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Preface

Dear colleagues,

Observational studies have shown that cardiovascular diseases are the leading cause of mortality

in the world, and it is estimated that disturbances such as ischemic heart disease and stroke account

for approximately 80% of cardiovascular disease mortality. Although various non-pharmaceutical

strategies addressed to the primary prevention of cardiovascular diseases such as tobacco control

policies, reducing the consumption of harmful food, and increasing physical activity still represent

a key strategy, they are often insufficient. Moreover, despite the availability of a plethora of

pharmaceutic approaches specifically targeting mechanisms involved in cardiovascular diseases over

recent years, the burden of these pathologies has only been marginally alleviated. Therefore, new

pharmaceutical and non-pharmaceutical strategies are necessary for both primary and secondary

prevention to reduce the burden of cardiovascular diseases.

It is well known that recent advances in pharmaceutics led to the development of new drugs

for cardiovascular diseases, which are able to significantly improve the short- and long-term

prognosis and to possibly prevent premature deaths. The present reprint brings together original

and review articles aiming to highlight the advances in the development of modern pharmaceutics

for cardiovascular diseases in recent years.

We would like to thank all the authors for their contributions and efforts that made this reprint

possible.

Ionut Tudorancea and Radu Iliescu

Editors
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Modern Approaches for the Treatment of Heart Failure: Recent
Advances and Future Perspectives
Irene Paula Popa 1,†, Mihai S, tefan Cristian Haba 1,2,†, Minela Aida Mărănducă 3 , Daniela Maria Tănase 2,4 ,
Dragomir N. S, erban 3, Lăcrămioara Ionela S, erban 3, Radu Iliescu 5 and Ionut, Tudorancea 1,3,*

1 Cardiology Clinic, “St. Spiridon” County Clinical Emergency Hospital, 700111 Ias, i, Romania
2 Department of Internal Medicine, “Grigore T. Popa” University of Medicine and Pharmacy,

700115 Ias, i, Romania
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5 Department of Pharmacology, “Grigore T. Popa” University of Medicine and Pharmacy, 700115 Ias, i, Romania
* Correspondence: ionut.tudorancea@umfiasi.ro
† These authors contributed equally to this work.

Abstract: Heart failure (HF) is a progressively deteriorating medical condition that significantly
reduces both the patients’ life expectancy and quality of life. Even though real progress was made
in the past decades in the discovery of novel pharmacological treatments for HF, the prevention
of premature deaths has only been marginally alleviated. Despite the availability of a plethora
of pharmaceutical approaches, proper management of HF is still challenging. Thus, a myriad of
experimental and clinical studies focusing on the discovery of new and provocative underlying
mechanisms of HF physiopathology pave the way for the development of novel HF therapeutic
approaches. Furthermore, recent technological advances made possible the development of various
interventional techniques and device-based approaches for the treatment of HF. Since many of these
modern approaches interfere with various well-known pathological mechanisms in HF, they have a
real ability to complement and or increase the efficiency of existing medications and thus improve the
prognosis and survival rate of HF patients. Their promising and encouraging results reported to date
compel the extension of heart failure treatment beyond the classical view. The aim of this review was
to summarize modern approaches, new perspectives, and future directions for the treatment of HF.

Keywords: heart failure; angiotensin receptor–neprilysin inhibitor; sodium-glucose co-transporter-2
inhibitors; soluble guanylate cyclase activator; cardiac myosin activation; autonomic modulation

1. Introduction

Heart failure (HF) is a progressively deteriorating medical condition that is associated
with a high risk of hospitalization and unscheduled hospital visits and significantly reduces
the patients’ life expectancy and quality of life [1]. Although epidemiological studies report
that heart failure affects about 1 to 2% of the general adult population, the true prevalence
of HF is likely closer to 4%, as it may be frequently undiagnosed or misdiagnosed, as in the
case of heart failure with preserved ejection fraction (HFpEF). Thus, HF is a major public
health issue, as well as a significant and ever-increasing socioeconomic burden [2]. The
number of patients living with HF is continuously increasing due to a plethora of factors
such as ageing population; improved survival following cardiac events such as myocardial
infarction; and because of a rising incidence of comorbidities such as hypertension, atrial
fibrillation, and type 2 diabetes [3].

Over the last 30 years, the medical management of HF has significantly progressed,
thus leading to the amelioration of quality of life and outcomes, especially for patients with
reduced left ventricular ejection fraction (HFrEF). The discovery of various pathological
mechanisms has made this possible and it has led to a better comprehension of heart failure
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and thus to the development of novel and effective therapies. Despite recent advances
in the pathophysiology of HF and the breakthroughs in the pharmacological and non-
pharmacological management of chronic HF, the overall patients’ prognosis remains poor.
Thus, the research and discovery of new underlying mechanisms of HF physiopathology
pave the way for the development of novel HF therapeutic approaches [4]. In this review,
we aimed to summarize the current pharmacological and non-pharmacological strategies,
and also we highlighted the new perspectives and future directions regarding HF treatment.

2. Pharmacological Therapies for Heart Failure
2.1. Pharmacological Therapies for HF: Angiotensin Receptor–Neprilysin Inhibitor (ARNI)

The autonomic nervous system, the renin–angiotensin–aldosterone system (RAAS),
and the natriuretic peptide (NP) system play a pivotal role in the modulation of the mecha-
nisms involved in the development and progression of HF [5]. It is well established that the
RAAS overactivation in patients with HF leads to increased aldosterone levels and sympa-
thetic tone, vasoconstriction, high levels of arterial blood pressure, and pathological cardiac
remodelling [5]. NPs induce various beneficial effects such as natriuresis, vasodilation,
antiproliferative properties, vascular remodeling, and a benefic modulation of RAAS. There-
fore, growing evidence indicates a myriad of positive outcomes of NPs for the treatment of
HF. Additionally, experimental studies have confirmed that neprilysin (a membrane-bound
endopeptidase)-induced NP degradation will mitigate all the above-mentioned beneficial
effects. Accordingly, the inhibition of neprilysin to increase the plasma concentration of
NPs became a promising approach for the treatment of HF [6]. Unfortunately, the inhibition
of the neprilysin alone resulted in elevated angiotensin II plasma levels, thus counteracting
the vasodilatory effects of neprilysin [7]. To overcome this drawback, angiotensin receptor
blockers were combined with neprilysin inhibitors, ushering in the notion of angiotensin
receptor–neprilysin inhibitor (ARNI) [7].

Omapatrilat was the first drug developed for the inhibition of both ACE and neprilysin
pathways, but the results from the OVERTURE (Omapatrilat Versus Enalapril Randomized
Trial of Utility in Reducing Events) trial did not show superior benefits when compared to
angiotensin-converting enzyme inhibitor (ACEi) alone in lowering heart failure hospital-
ization rate or mortality risk [7]. Due to an increased incidence of angioedema induced by
omapatrilat reported by the OCTAVE (Omapatrilat Cardiovascular Treatment Assessment
Versus Enalapril) study, further development of this medication was discontinued [8]. The
PARADIGM-HF (Prospective Comparison of ARNI With ACEI to Determine Impact on
Global Mortality and Morbidity in Heart Failure) trial showed promising results since the
combination sacubitril–valsartan was superior to enalapril alone in decreasing the risk
of death from cardiovascular causes, all-cause mortality, hospitalization for heart failure
(HHF) and HF symptoms, and physical limitations [9].

At the time of enrollment, all patients in the PARADIGM-HF trial were hemodynam-
ically stable and treated with an ACEi or angiotensin receptor blocker (ARB). The goal
of the PIONEER-HF (Comparison of Sacubitril–Valsartan versus Enalapril on Effect on
NT-proBNP in Patients Stabilized From an Acute Heart Failure Episode) study was to
assess the safety and effectiveness of sacubitril–valsartan in comparison with enalapril
in hospitalized patients with worsening HF, more than half of whom were not receiving
neither an ACEi nor an ARB at the point of enrollment [10]. Surprisingly, the introduction
of sacubitril–valsartan in the treatment of patients with HFrEF hospitalized for acute de-
compensated HF lowered N-terminal pro-B-type natriuretic peptide (NT-proBNP) levels
more than enalapril alone. Moreover, the patients treated with sacubitril–valsartan showed
comparable rates of worsening renal function, hyperkalemia, symptomatic hypotension,
and angioedema when compared to those treated with enalapril [10]. The findings of the
PIONEER-HF trial extended the indication of sacubitril–valsartan to patients hospitalized
for acute decompensated HF, patients with newly diagnosed HF, and patients without pre-
vious conventional therapy with RAAS inhibitors [11]. Intriguingly, in the PARAGON-HF
(Angiotensin–Neprilysin Inhibition in Heart Failure with Preserved Ejection Fraction) trial
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in which sacubitril–valsartan was compared to valsartan alone but in patients with HFpEF,
the primary composite outcome of total HF and death from cardiovascular causes did not
vary substantially between the two groups [12].

Taken together, all these data indicate that ARNI is a promising approach for the treat-
ment of HF. Thus, in the American College of Cardiology Foundation (ACCF), American
Heart Association (AHA), and Heart Failure Society of America (HFSA) guidelines, ARNI
therapy became a class 1A recommendation, and it should be the primary renin–angiotensin
modulator, whereas ACEi or ARB may be used if ARNI therapy is not possible [13]. Mean-
while, the latest European Society of Cardiology (ESC) guidelines give ARNI therapy a
1B recommendation class, indicating that it may be used as an alternative for ACEi in
symptomatic HFrEF patients despite optimal medical therapy (OMT) to reduce the risk of
HF hospitalization and death [14].

2.2. Pharmacological Therapies for HF: Sodium-Glucose Co-Transporter-2 Inhibitors (SGLT2i)

While sodium-glucose co-transporter-2 inhibitors (SGLT2i) were first developed as
oral drugs to lower blood glucose by the inhibition of renal tubular sodium-glucose cotrans-
porters, large randomized controlled studies have recently shown that SGLT2i improve
cardiovascular outcomes independent of diabetes, along with reducing the risk of HF
hospitalization, cardiovascular death, and all-cause mortality [15–18]. Although the mecha-
nisms of action of SGLT2i to improve outcomes in HF are not fully understood, various
hypotheses have been postulated, such as improvements in myocardial energetics and
loading conditions, beneficial effects on endothelial function and inflammation, and a delay
in the progression of kidney disease [19–21]. Taken together, these actions may explain the
early and persistent improvements in filling pressures and ventricular remodeling, thus
leading to the improvement of cardiovascular outcomes in HF patients [22–24].

In the EMPA-REG OUTCOME (Empagliflozin Cardiovascular Outcome Event Trial in
Type 2 Diabetes Mellitus Patients–Removing Excess Glucose), the first trial that assessed
the impact of SGLT2i on cardiovascular outcomes in patients with type 2 diabetes mellitus
(T2DM), empagliflozin showed a lower rate of the primary composite outcome of cardio-
vascular death, and also a reduced incidence of any cause of mortality or HF hospitalization
versus placebo [25]. Interestingly, the cardiovascular effects were independent of renal
function and glucose levels [26]. In the CANVAS (Canagliflozin Cardiovascular Assess-
ment Study) and CANVAS-R (Canagliflozin on Renal Endpoints in Adult Participants with
Type 2 Diabetes Mellitus) trials, canagliflozin showed cardiovascular benefits since it had a
lower risk of cardiovascular events and a significantly reduced exploratory endpoint of
HF hospitalization [27]. In the DECLARE-TIMI 58 (Dapagliflozin Effect on Cardiovascular
Events–Thrombolysis in Myocardial Infarction 58) interventional clinical trial, dapagliflozin
was shown to be superior to the placebo in improving glycemic control, in reducing the
relative risk of major adverse cardiac events by 16% among patients with prior myocardial
infarction, and in lowering HF hospitalization and cardiovascular and all-cause mortal-
ity in patients with HFrEF [28]. The results of these three cardiovascular outcome trials
(CVOT) have been confirmed by real-world studies, including CVD-REAL (Comparative
Effectiveness of Cardiovascular Outcomes in New Users of SGLT-2 Inhibitors) and the
ongoing EMPRISE (Empagliflozin Comparative Effectiveness and Safety Retrospective
Study) [29,30].

The remarkable amount of data demonstrating the beneficial effects of SGLT2i has
prompted more studies into their potential implications for cardiovascular events and
mortality in broader cohorts, which are not confined to diabetes groups. On that account,
an increasing number of studies, including two major randomized controlled trials, DAPA-
HF (Effect of Dapagliflozin on the Incidence of Worsening Heart Failure or Cardiovascular
Death in Patients with Chronic Heart Failure) and EMPEROR-Reduced (Empagliflozin
Outcome Trial in Patients with Chronic Heart Failure with Reduced Ejection Fraction),
examined the effects of SGLT2i in both diabetic and non-diabetic HF patients [31,32].
Almost 5000 patients with HF New York Heart Association (NYHA) class II to IV and an
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ejection fraction (EF) < 40% were included in the DAPA-HF trial [31]. The patients treated
with SGLT2i versus the placebo group showed a significantly reduced risk of the primary
composite outcome of worsening heart failure (hospitalization/urgent visit leading to
intravenous therapy for HF) or death from cardiovascular causes [31]. Similar outcomes
were also achieved with empagliflozin in the EMPEROR-Reduced trial [33]. Remarkably,
in both of these clinical trials, SGLT2i had similar effects in patients with or without
T2DM, suggesting that this class of medication has beneficial effects on HF, irrespective
of its anti-diabetic actions [31–34]. Taken together, all these encouraging results from both
experimental and clinical studies have led to the introduction of SGLT2i into the current
clinical guidelines as a Class 1A recommendation for the treatment of HFrEF [35,36].

Approximately half of all HF patients suffer from HFpEF, and it is expected that
this group of HF patients will increase due to a prolonged life expectancy and a growing
prevalence of comorbidities (i.e., hypertension, diabetes, obesity) that are now recognized
as direct contributors to HFpEF [37]. Unlike HFrEF, in which a plethora of drugs such as
beta-blockers, RAAS inhibitors, or SGLT2i are available, in HFpEF, a lack of proven efficient
therapy still exists. Thus, studies to determine if SGLT2i might be beneficial in patients
with HFpEF were also conducted. The PRESERVED-HF (Dapagliflozin in PRESERVED
Ejection Fraction Heart Failure) interventional clinical trial evaluated the hypothesis that
dapagliflozin treatment would improve symptoms, physical limits, and exercise capacity
in HFpEF patients [38]. Surprisingly, after 12 weeks of dapagliflozin treatment, a signifi-
cant and consistent clinical improvement was achieved across all predefined subgroups,
including patients with and without T2DM and those with EF above and below 60% [38].
The primary outcome of the DELIVER (Dapagliflozin Evaluation to Improve the Lives of
Patients with Preserved Ejection Fraction Heart Failure) interventional trial was to assess
whether dapagliflozin would reduce cardiovascular death, HF hospitalization, or urgent
HF visits in patients with HF and a left ventricular ejection fraction (LVEF) > 40%. Moreover,
in the DELIVER trial, patients with HF with improved LVEF, regardless of care setting
(including during hospitalization), were also enrolled [39]. Dapagliflozin led to a statisti-
cally significant reduction in the primary composite endpoint of worsening heart failure or
cardiovascular death, without a remarkable difference in benefit for patients with an LVEF
of ≥60% or less than 60%, or in other subgroups. Furthermore, dapagliflozin resulted in a
substantial decrease in the overall number of worsening heart failure events and cardiovas-
cular mortality. The occurrence of adverse effects was comparable to that of the placebo
group [39]. Since the AHA, ACCEF, and HFSA’s current guidelines classified SGLT2i as
class IIA, level B, for the management of HF with mildly reduced or preserved LVEF [13],
the findings reported by the DELIVER study may extend clinical practice guidelines for
dapagliflozin usage in HFpEF patients.

Empagliflozin is also a successful approach for HFpEF with LVEF ≤65% since it was
able to decrease HF hospitalization and significantly improve Health-Related Quality of
Life (HRQOL), as shown in the EMPEROR-Preserved (Empagliflozin Outcome Trial in
Patients with Chronic Heart Failure with Preserved Ejection Fraction) trial [40–42].

In the SOLOIST-WHF (Effect of Sotagliflozin on Cardiovascular Events in Patients
with Type 2 Diabetes Post Worsening Heart Failure) clinical trial, sotagliflozin, a dual
SGLT1/SGLT2 antagonist, substantially reduced the incidence of fatal cardiovascular
events, hospitalizations, and urgent visits for HF among diabetic patients with worsening
HF compared to placebo [18]. The increased incidence of primary endpoint events at 90 days
following randomization among placebo-treated patients highlighted that early treatment
initiation provides a significant potential to enhance outcomes [18]. The SOLOIST-WHF trial
was also designed to assess whether the advantages of SGLT2 inhibition apply to patients
with HFpEF, but concise results were difficult to obtain due to the small sample size of this
subgroup and early completion date [18]. In major clinical trials, including CREDENCE
(Evaluation of the Effects of Canagliflozin on Renal and Cardiovascular Outcomes in
Participants with Diabetic Nephropathy) and DAPA-CKD (A Study to Evaluate the Effect
of Dapagliflozin on Renal Outcomes and Cardiovascular Mortality in Patients With Chronic
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Kidney Disease), SGLT2i also showed significant benefits on renal and cardiovascular
outcomes in patients with or without type 2 diabetes [43,44]. The ongoing trial EMPA-
KIDNEY (The Study of Heart and Kidney Protection with Empagliflozin), with results
expected in 2022, assesses the efficacy of empagliflozin in reducing the progression of
kidney disease or cardiovascular death in patients with chronic kidney disease [45].

2.3. Pharmacological Therapies for HF: Soluble Guanylate Cyclase Activator-Vericiguat

The nitric-oxide-soluble guanylate cyclase (NO-sGC) pathway is altered in decom-
pensated HF due to a reduced NO bioavailability and a shift in the redox state of sGC,
which renders it insensitive to NO. Therefore, restoring NO-sGC-cGMP (cyclic guanosine
monophosphate) signaling should have the potential to alleviate the HF burden [46,47].
Vericiguat, a new oral sGC stimulator, targets the cGMP pathway by directly activating sGC
via a binding site independent of NO. Moreover, by stabilizing NO bound to its site [48],
vericiguat administration results in decreased inflammation, fibrosis, and hypertrophy [49].

On the contrary, sGC activators, such as cinaciguat, operate exclusively on abnormal
sGC, irrespectively of endogenous NO. In patients with HF, cinaciguat significantly de-
creased the pulmonary capillary wedge pressure (PCWP) at 8 h, but also increased the
incidence of arterial hypotension, which determined the early withdrawal of this trial. Due
to its distinctive pharmacokinetic and pharmacodynamic characteristics, vericiguat has a
minor impact on arterial blood pressure values when compared with other medications of
this class, reducing systolic blood pressure by almost 2 mmHg on average [50–52]. In trials
comparing vericiguat to placebo, anemia and symptomatic hypotension occurred more
often with vericiguat than with placebo [50]. In comparison to other sGC stimulators, such
as riociguat, which failed to meet the primary endpoint in phase 2 LEPHT (Riociguat in Pa-
tients with Pulmonary Hypertension Associated with Left Ventricular Systolic Dysfunction)
interventional clinical trial, modifications to the chemical composition of vericiguat have
led to increased pharmacokinetic stability, superior oral bioavailability, and a prolonged
half-life, allowing for once-daily oral intake [49,53].

SOCRATES-REDUCED (Phase IIb Safety and Efficacy Study of Four Dose Regimens
of Vericiguat in Patients with Heart Failure with Reduced Ejection Fraction Suffering From
Worsening Chronic Heart Failure) and VICTORIA (Vericiguat in Participants with Heart
Failure with Reduced Ejection Fraction) are the two clinical trials that assessed the safety
and effectiveness of vericiguat in HFrEF patients [50,52]. In the SOCRATES-REDUCED
trial, changes in NT-proBNP levels after 12 weeks did not vary considerably between the
vericiguat and placebo arms, but patients in the vericiguat group had better improvement
of the LVEF [52]. The VICTORIA trial proved the effectiveness and safety of vericiguat in
patients with HFrEF, with clear benefits in cardiovascular death and HF hospitalization. The
patients from VICTORIA were at a higher risk than those enrolled in previous clinical HFrEF
trials, as indicated by higher median NT-proBNP values (2816 pg/mL vs. 1608 pg/mL in
PARADIGM-HF) as well as patients with NYHA class III or IV symptoms (40% vs. 25%
in PARADIGM-HF) [9,50]. On the basis of the results of the VICTORIA study, the 2021
European Society of Cardiology (ESC) HF guidelines recommend that vericiguat may be
considered in symptomatic HFrEF patients whose HF has deteriorated even with guideline-
directed medical therapy (GDMT) to lower the risk of cardiovascular mortality or HF
hospitalization (Class IIb; Evidence Level: B) [14].

In the VITALITY-HFpEF (Outcomes in Vericiguat-treated Patients with HFpEF) trial,
the vericiguat alongside standard of care in HFpEF patients did not increase the quality of
life assessed by the Kansas City Cardiomyopathy Questionnaire (KCCQ) score [54]. This
may be consistent with the hypothesis that NO insufficiency is not the main condition in
the development of HFpEF, as opposed to HFrEF [55].

Patients with a recent worsening HF episode and a baseline NT-proBNP
value ≥ 8000 pg/mL appear to benefit the most from vericiguat [56]. The newly es-
tablished benefit and safety of vericiguat in individuals with high-risk HF may encourage
the supposition of a quintuple therapy by introducing vericiguat as a novel treatment
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approach for the treatment of HFrEF, alongside ACEi/ARB/ARNI, beta-blockers, MRA,
and SGLTi [57]. In future medical practice, the optimal time, titrating approach, and
pharmacological sequencing have yet to be determined.

2.4. Pharmacological Therapies for HF: Cardiac Myosin Activation—Omecamtiv Mecarbil

Various drugs that increase cardiovascular outcomes have been identified in patients
with HFrEF, but none of them addresses the main drawback of HFrEF, which is impaired
systolic function, subsequent decreased cardiac output (CO), and augmented filling pres-
sures [58]. In addition, systolic dysfunction is frequently associated with low levels of
arterial blood pressure, which makes it more difficult for patients to tolerate target dosages
of GDMT [59]. To maintain optimal CO in HFrEF, present targeted therapies counteract the
deleterious implications of hemodynamic and neurohormonal compensatory responses.
Beta-adrenergic receptor blockers, ACEI, ARB, ARNi, MRA, hydralazine, and nitrates are
evidence-based therapies that improve mortality, whereas ivabradine and digoxin provide
benefits for morbidity with no significant improvements in mortality [60]. Those medi-
cations that reduce mortality also frequently enhance LVEF and decrease left ventricular
end-diastolic volume (LVEDV) and left ventricular end-systolic volume (LVESV), while the
majority of drugs that have no effect on mortality fail to improve LVEF [61]. Medications
that improve or restore ventricular contractility by targeting underlying mechanisms of
the pathophysiology of HFrEF are theoretically promising for both the acute and chronic
therapy of HFrEF.

Myosin uses chemical energy to generate force for cardiac myocyte contraction, an ac-
tivity which is modulated by intracellular calcium levels and regulated by several upstream
signaling cascades [62]. Cardiac myosin activators are a novel class of myotropes that im-
prove myocardial function by directly enhancing cardiac sarcomere function [63]. Although
several medications have been developed to improve inotropy [64], omecamtiv mecarbil, a
cardiac myosin activator, is the first one that enhances systolic function by preferentially
enabling the actin–myosin interaction. Thus, omecamtiv mecarbil has the ability to increase
the contractile force without any influence on cardiomyocyte calcium handling [62] and
without direct impact on vascular, electrophysiological, or neurohormonal processes.

In the COSMIC-HF (Chronic Oral Study of Myosin Activation to Increase Contrac-
tility in Heart Failure) interventional clinical trial, 544 patients with HFrEF treated with
omecamtiv mecarbil showed an improved left ventricular systolic function, as assessed
by a rise in systolic ejection time and EF. Moreover, an improvement in the myocardial
strain was also reported, while left ventricular both systolic and diastolic volumes, NT-
proBNP, and heart rate (HR) decreased [65,66]. The first trial to demonstrate that selective
enhancement of cardiac contractility improves cardiovascular outcomes in patients with
HFrEF was GALACTIC-HF (Omecamtiv Mecarbil to Treat Chronic Heart Failure with
Reduced Ejection Fraction) [58,67,68]. In this randomized, double-blind, placebo-controlled
trial, patients who received omecamtiv mecarbil had a lower incidence of the composite
primary outcome of an HF event or death from cardiovascular causes than those in the
placebo arm [58]. Patients with an EF below the median (≤28%) showed superior benefits,
with a 16% reduction in the primary endpoint [59]. The premise that patients with higher
systolic dysfunction would benefit the most from this therapy is plausible and supported
by the mechanism of action of omecamtiv mecarbil. Interestingly, omecamtiv mecarbil
showed no adverse effect on blood pressure values, heart rate, potassium homeostasis, or
renal function. The slight decrease in HR was attributed to sympathetic withdrawal [59].
Although omecamtiv mecarbil treatment showed positive results on primary outcomes,
this study failed to demonstrate any improvements in secondary outcomes such as the
time to cardiovascular death, change in Kansas City Cardiomyopathy Questionnaire To-
tal Symptom Score (KCCQ-TSS), time to first HF hospitalization, and time to all-cause
death [58].

6



Pharmaceutics 2022, 14, 1964

2.5. Pharmacological Therapies for HF: Amino Acid Orexigenic Peptide Hormone—Ghrelin

Ghrelin, first discovered in 1999, is a 28-amino acid growth hormone (GH)-releasing
peptide, produced mostly by X/A-like cells of the stomach and, to a lesser degree, by the
heart and other organs [69,70]. Several research and observational studies suggest that
ghrelin presents a myriad of cardioprotective effects through its ability to enhance cardiac
contractility; to limit ischemia/reperfusion injury, cardiac cachexia, cardiac hypertrophy,
and fibrosis; to lower blood pressure by the inhibition of the sympathetic nervous system;
and to ameliorate the prognosis of both myocardial infarction (MI) and HF [71–73]. By
increasing NO levels and rectifying the endothelin-1/nitric oxide imbalance, ghrelin also
has a pivotal role in endothelial function by inducing anti-oxidant, anti-inflammatory, and
anti-apoptotic effects [74]. Although several experimental studies have documented the
cardiovascular effects of ghrelin, relatively few human clinical trials have been published to
date. A low dosage infusion of ghrelin for 60 min in 12 HF patients raised the mean arterial
pressure and cardiac and stroke volume index without affecting the heart rate [75]. In
another study including 10 patients with congestive HF, intravenous ghrelin administration
for three weeks showed substantial improvement of the LVEF and a reduction in LVESV [76].
Furthermore, it improved systolic function and exercise capacity, as measured by a rise in
peak workload and peak oxygen consumption during intense activity [76].

These significant and valuable cardiac effects, together with vascular protection, sug-
gest that ghrelin is a promising candidate for the treatment of congestive heart failure and
should be further investigated [74]. Synthetic ghrelin that replicates the actions of endoge-
nous ghrelin is widely used for the treatment of metabolic conditions and obesity. However,
this peptide may also function as a GH-independent mechanism in cardiomyocytes, a fact
that has generally been disregarded by scientists until now [74]. Therefore, additional
research is recommended to employ ghrelin as a viable heart failure treatment [77]. All the
pharmacological approaches are summarized in Table 1.
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Even though real progress has been made in the past decades in the discovery of novel
pharmacological treatments for HF, the prevention of premature deaths has only been
marginally alleviated. Despite the availability of a plethora of pharmaceutical approaches,
proper management of HF is still challenging. Thus, further research, experimental, and
clinical studies focusing on the discovery of novel drugs targeting new pathological mecha-
nisms involved in HF are still mandatory.

Recent technological advances have made possible the development of various in-
terventional techniques and device-based approaches for the treatment of cardiovascular
diseases. In the following paragraphs, we aimed to summarize the advances made in
the development of such procedures and device-based therapies for HF (other than car-
diac resynchronization therapy), since these approaches complement and increase the
efficiency of the classical drug-based treatments. Moreover, since many of these modern
approaches interfere with various well-known described pathological mechanisms in HF,
they have a real capability to increase the efficiency of existing medications and improve
the prognosis and survival rate. Thus, we consider that among the classical and recently
discovered drugs for the treatment of HF, non-pharmacological approaches (other than
cardiac resynchronization therapy) must also be discussed.

3. Non-Pharmacological Therapies for Heart Failure
3.1. Neuromodulatory Approaches

The autonomic nervous system (ANS) plays a critical role in the regulation and home-
ostasis of the human body, particularly of the cardiovascular system. Since in HF ANS
dysregulation has a detrimental effect on cardiac function, improving this pathological
alteration by various approaches may represent a pillar in the management of HF [78].
The sympathetic and parasympathetic systems are the two major components of ANS.
In the heart, the activation of the parasympathetic nervous system lowers heart rate and
decreases contractility, conductance, and myocardial O2 consumption, resulting in a reduc-
tion in cardiac output during relaxation [79]. Primarily responsible for parasympathetic
innervation is the vagus nerve, encompassing all major thoracic organs [80]. Complex
interactions between the sympathetic (SNS) and parasympathetic (PNS) nervous systems,
as well as regional responses and feedback from the central nervous system, contribute to
the modulation of cardiovascular homeostasis [81]. Briefly, excitation of the SNS causes
nerve terminals to release norepinephrine (NE), whereas the adrenal glands and medulla
release both norepinephrine and epinephrine. These catecholamines bind to adrenergic
receptors (ARs), which are further subdivided into subtypes α1, α2, β1, β2, and β3 [82].
In the human heart, β-ARs account for approximately 90% of all ARs, whereas α1-ARs
account for almost 10% [83].

HF is characterized by an imbalance of the ANS, which generates a vicious cycle,
meaning that the increased sympathetic activity together with reduced vagal activity
promote the progression of ventricular remodeling and worsening of heart failure, and
likewise, the development of HF further exacerbates the discrepancy between sympathetic
and vagal activity [84]. High levels of NE over the long-term enhance myocardial stress due
to chronic tachycardia increased afterload and oxygen consumption, thereby worsening
ventricular remodeling. Increased catecholamines bind with their own cardiomyocyte
β-receptors and stimulate G-protein-coupled receptor kinase upregulation, resulting in the
downregulation and desensitization of the β1 receptors at the plasma membrane [81,85,86].
These processes are thought to be protective mechanisms by which the heart preserves
itself against severe catecholaminergic toxicity, which commonly induces cyclic adenosine-
monophosphate-mediated calcium overload, leading to cardiomyocyte death [81,83,86].
The modulation of the heart PNS is achieved by nicotinic and muscarinic acetylcholine
receptors (nAChR and mAChR, respectively) through the neurotransmitter acetylcholine
(ACh) [81,87]. Experimental and clinical HF studies have reported that an increased HR,
together with a reduced HR variability, is the consequence of PNS dysfunction [88,89].
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Cardiac sympathetic denervation (CSD) is a surgical antiadrenergic intervention that has
significant antiarrhythmic effects, as demonstrated by both preclinical and clinical studies,
being effective in severe ventricular arrhythmias [90,91]. CSD decreases automaticity and
repolarization heterogeneity and prolongs repolarization. It exerts its effects by interfering
with both efferent and afferent neurons [92]. Left-sided sympathetic denervation has
been utilized effectively in refractory instances of long QT syndrome, catecholaminergic
polymorphic ventricular tachycardia [93], and ventricular arrhythmias in patients with
structural heart disease [94–96].

Renal denervation (RDNx) is a catheter-based procedure used to ablate renal nerves
as a solution to ameliorate the pathophysiology of HF by lowering the activity of the
sympathetic nervous system. In both HF experimental and clinical studies, RDNx is able
to induce antihypertensive effects but also improve adverse cardiac remodeling [97–100].
The REACH-pilot study was the first to evaluate the value of RDNx in HF symptomatic
patients. In the study, RDNx was related to improvements in both symptoms and exercise
ability. There was neither a substantial fall in blood pressure nor a decline in renal function,
and some patients were able to limit their usage of diuretics [101]. In the clinical studies
conducted so far, RDNx seems to be safe and well tolerated in patients with HFrEF by
improving HF symptoms and modestly lowering systolic and diastolic blood pressure
without worsening renal function [102]. Further insights into the mechanisms by which
RDNx improves the physiopathology of HF are required. In this regard, clinical trials with
control arms such as RE-ADAPT-HF (A Prospective, Multicenter, Randomized, Blinded,
Sham-controlled, Feasibility Study of Renal Denervation in Patients with Chronic Heart
Failure) and UNLOAD-HFpEF (Renal Denervation to Treat Heart Failure with Preserved
Ejection Fraction) are ongoing, with the results expected in the next years.

Vagus nerve stimulation (VNS). During an inflammatory response, the vagus nerve acts
as an afferent and efferent pathway between the brain and peripheral organs, including
the heart [103]. In the presence of proinflammatory cytokines in the periphery, the sen-
sory afferents of the vagus nerve are activated and transmit the signal to the brain. This
signal induces the release of acetylcholine from the vagus nerve efferents into the reticu-
loendothelial system, which limits inflammation by reducing the synthesis and release of
proinflammatory cytokines [104]. Thus, it is comprehensible that VNS might reduce the
proinflammatory state, which is already recognized as a critical pathogenic mechanism in
HF, particularly in HFpEF, since it is associated with promoting cardiac remodeling [104].
Schwartz and colleagues were the first to describe the efficacy of long-term VNS in patients
with heart failure. They reported an improvement in functional status, quality of life, and
left ventricular volume in HFrEF after vagus nerve stimulation [105]. However, larger
clinical studies of VNS in patients with HFrEF, such as NECTAR-HF (Neural Cardiac
Therapy for Heart Failure Study), INOVATE-HF (Increase of Vagal Tone in Chronic Heart
Failure), and ANTHEM-HF (Autonomic Neural Regulation Therapy to Enhance Myocar-
dial Function in Heart Failure) have not reliably reproduced the advantages so far [106–108].
The inconsistency may be the result of extensive variation in stimulation settings, targets,
and systems. ANTHEM HFrEF (Autonomic Regulation Therapy to Enhance Myocardial
Function and Reduce Progression of Heart Failure with Reduced Ejection Fraction) is an
adaptive, open-label, randomized, controlled study that is now enrolling and is expected
to provide more insights regarding the efficiency of VNS on HF outcomes [109].

Tragus nerve stimulation. One of the main drawbacks of vagus stimulation is the
invasive nature of this therapy, which is accompanied by surgical risks and low patient
tolerance [110]. Low-level tragus stimulation (LLTS) is a non-invasive transcutaneous
approach that may influence autonomic function by stimulating the auricular branch of the
vagus nerve (ABVN) [111]. Currently, ideal LLTS parameters are unclear. In both preclinical
and clinical research, LLTS parameters have been empirically determined. In a rat model
of heart failure with HFpEF, LLTS lowered both systolic and diastolic blood pressure.
Furthermore, left ventricular hypertrophy, circumferential strain, and diastolic function
were improved. It has also reduced inflammatory cell infiltration and fibrosis within the
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ventricle and induced downregulation of pro-inflammatory and pro-fibrotic genes [112].
Human trials of LLTS in HF patients are very limited. In a prospective, randomized,
double-blind, 2 × 2 cross-over trial, 1 h of LLTS improved the longitudinal mechanics of
the left ventricle and the heart rate variability (HRV) in patients with HFrEF [113]. In a
pilot, randomized, sham-controlled research including patients with HFrEF, 1 h of LLTS
improved microcirculation as assessed by flow-mediated vasodilatation [114].

Cardiac contractility modulation (CCM) is a novel approach that employs non-excitatory
electrical impulses to the interventricular septum during the absolute refractory period [115].
Implantation is similar to a conventional transvenous pacemaker device, except two right
ventricular leads are used. Mechanistic research has shown an increase in left ventricular
contractility and positive global effects on reverse remodeling, mostly as a result of cal-
cium handling improvements by phosphorylation of phospholamban and upregulation
of SERCA-2A [116]. Increases in functional ability and quality of life have been shown in
clinical trial data, but long-term outcome data are limited [117]. After two pilot studies to
validate the safety and feasibility of CCM in patients with HFrEF [118], FIX-HF-3 was the
first observational trial to evaluate the clinical efficacy of CCM treatment in 25 patients [119].
At a 2-month follow-up, improvements were found in LVEF, 6 min walk distance (6MWD),
NYHA functional class, and quality of life in HFrEF NYHA III patients [120]. This was
accompanied by the first randomized, double-blind crossover trial (FIX-CHF-4), which
included patients with severe HFrEF, defined as LVEF < 35%, NYHA class II-III, and a
narrow QRS duration. Those who were medically optimized were compared to those who
received additional CCM therapy, with measures taken after 12 weeks in each group. Peak
VO2 as assessed by cardiopulmonary exercise testing (CPEX) improved similarly in both
groups (0.4 mL/kg/min), which strongly indicated a placebo effect. After the 6-month
treatment period, however, only those with CCM showed a consistent improvement linked
with QoL indicators. In a recent randomized controlled study, FIX-HF-5C (Evaluation of the
Safety and Effectiveness of the OPTIMIZER System in Subjects with Heart Failure), which
enrolled patients with NYHA class III or IV symptoms, QRS length of 130 ms, and LVEF
between 25 and 45%, patients in the CCM arm had statistically significant improvements in
NYHA class, 6MWD, and quality of life, as well as a composite reduction in HFrEF hos-
pitalization and cardiovascular mortality. Moreover, a subgroup analysis of the FIX-HF-5
study revealed more substantial treatment advantages, such as that CCM therapy may
provide additional benefits in patients with a relatively moderate LVEF decline [121,122].

Baroreceptor activation therapy (BAT). The carotid body and sinus are innervated by
both PNS (via the vagus and glossopharyngeal fibers) and SNS (via cervical sympathetic
ganglia). Electrical stimulation of carotid sinus baroreceptors generates afferent signals to
the dorsal medulla, resulting in SNS reduction and enhanced vagal tone, which reduces
blood pressure and heart rate [123,124]. In HF patients, these responses associated with
the baroreceptor pathway are partially blunted due to carotid body alterations, leading to
baroreflex dysfunction and subsequent SNS overactivation [123]. Baroreceptor sensitivity
impairments in heart failure are related to higher death rates [125]. In preclinical studies,
BAT was shown to diminish sympathetic tone and increase parasympathetic signaling,
thus enhancing the autonomic input to the heart [126]. The BeAT-HF (Baroreflex Activation
Therapy for Heart Failure) clinical trial demonstrated that BAT is safe in HFrEF patients and
significantly improves patient-centered symptomatic endpoints of the QOL score, exercise
capacity, and functional status [127]. Moreover, a considerable improvement in NT-proBNP
levels was achieved with BAT, despite a disproportionate rise in the number of drugs in
the control group [127].

Endovascular Ablation of the Right Greater Splanchnic Nerve (GSN). Exertional dyspnea,
decreased aerobic capacity, and higher mortality are all linked to elevated intracardiac
filling pressures at rest and during exercise in HF patients with both reduced and preserved
ejection fraction [128–130]. As a result, several cardiovascular therapies aim to lower
intracardiac filling pressures in these patients to enhance exertional capacity and QOL and
improve cardiovascular morbidity [131].
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Reduced inotropic and chronotropic reserves, as well as impaired relaxation, all
contribute to higher filling pressures at rest and during activity. The vascular system is
also involved in this process by reducing pulmonary arterial compliance and increasing
pulmonary arterial resistance. Excessive blood volume distribution from extrathoracic com-
partments into the thorax is a major factor in high filling pressures in HF patients [131,132].
Splanchnic vasoconstriction mediated by the SNS causes rapid blood shifts from the
splanchnic compartment to the heart and lungs, which is a typical physiological adaptative
response mechanism during exercise. These rapid blood volume shifts from the splanchnic
to central vasculature, however, cause an exaggerated rise in heart filling pressures in
patients with HF, increasing exercise intolerance and possibly leading to HF decompensa-
tion [133,134].

Splanchnic nerve activity modulation has thereby been developed as a possible treat-
ment approach in HF patients to reduce volume redistribution and improve symptoms
and outcomes. Recent research has explored the impact of temporarily and permanently
blocking the GSN over the HF spectrum. Splanchnic nerve modulation has been proven
beneficial for both acute decompensated (ADHF) and chronic heart failure (CHF), according
to the Splanchnic Nerve Anesthesia in Heart Failure and Abdominal Nerve Blockade in
Chronic Heart Failure trials. In 11 ADHF patients with advanced HFrEF who underwent
short-term blockade of the greater splanchnic nerve via anesthetic agents, there was a
significant decrease in PCWP and an increase in the cardiac index [135]. Comparable
outcomes were yielded from a study including 18 CHF patients who underwent the same
procedure [136]. In HFpEF patients, permanent ablation of the right greater splanchnic
nerve led to a decrease in intracardiac filling pressures during exercise as soon as 24 h
following the intervention [137]. The Surgical Resection of the Greater Splanchnic Nerve
in Subjects Having Heart Failure with Preserved Ejection Fraction two-center study has
shown a substantial decrease in PCWP at the 3-month follow-up and a considerable 12-
month improvement in NYHA class and QOL [132]. To ablate the right-sided GSN, a
novel, endovascular, transvenous, minimally invasive procedure (splanchnic ablation for
volume management-SAVM) was designed, and it has been proven to be helpful in a small,
single-center open-label pilot trial [138].

REBALANCE-HF (Endovascular Ablation of the Right Greater Splanchnic Nerve in
Subjects Having HFpEF) is an ongoing, multicenter, randomized, sham-controlled trial
whose objective is to assess the safety of unilateral ablation of the right greater splanchnic
nerve and its effectiveness in improving hemodynamics, quality of life, and exercise
tolerance in patients with HFpEF [139]. The preliminary results from this trial show
that GSN ablation is efficient in reducing PCWP during exercise, with improving the
symptoms, but without a significant change in exercise capacity. The decrease in PCWP is
substantial and it is consistent with previous results suggesting that abnormalities in venous
capacitance play a significant role in the development of hemodynamic perturbations in
HFpEF during exercise [140]. These findings show for the first time that endovascular GSN
ablation can be used to treat HFpEF. All neuromodulatory approaches are summarized in
Table 2.

3.2. Respiratory Disorders Implicated in Heart Failure

Sleep-disordered breathing, a widespread condition affecting both the circulatory
and respiratory systems, is one element now recognized as contributing to the increased
morbidity and mortality in HF. Two primary sleep apnea syndromes have been described:
obstructive sleep apnea syndrome (OSA) and central sleep apnea syndrome (CSA) [109].

Stimulation of Phrenic Nerve. This procedure involves inserting an electrode into a bra-
chiocephalic or pericardiophrenic vein to detect the diaphragm’s contractions throughout
breathing and activate the diaphragmatic nerve during apnea, with the purpose to preserve
fairly constant pO2 and pCO2 levels and avoid SNS and RAAS overactivation [141,142]. In
the pivotal trial of the remedé system (Respicardia Inc., Minnetonka, MN, USA) involving
151 patients, the stimulation of the phrenic nerve showed a substantial decrease in the
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apnea–hypopnea index (AHI), central apnea index, arousal index, oxygen desaturation
4% index, percentage of sleep with rapid eye movement, and sleepiness (Epworth Sleepi-
ness Scale (ESS)) [143]. A 5-year follow-up investigation confirmed these findings [144].
According to Costanzo et al., patients who received phrenic nerve stimulation displayed
an increase in the QOL and LVEF without a substantial change in end-systolic and end-
diastolic volumes [141]. Large-scale clinical studies are necessary to determine the impact
of phrenic nerve stimulation on mortality in individuals with HF and CSA syndrome [145].

Synchronized Diaphragmatic Therapy. Increased intrathoracic pressure exerts persistent
stress on the heart muscle and may exacerbate heart failure (HF). The respiratory muscles
have a substantial effect on intrathoracic pressure, and, thus, the implantation of a device
coupled to an electrode that detects the heartbeat that activates the diaphragm was de-
veloped [145]. In the Stimulation of the Diaphragm in Patients with Severe Heart Failure
Following Heart Surgery randomized trial including 33 subjects, an improvement in LVEF
and HF symptoms, and an elevation in maximal power and oxygen consumption during
exercise testing was noticed, with no considerable improvement in the six MWT, nor the
BNP levels [146]. At the 1-year follow-up of the non-randomized VisOne Heart Failure
trial, improvements in LVEF, QOL, and 6MWT were reported [147]. Although both trials
included a limited number of patients, because of the encouraging outcomes, it might be
beneficial to conduct additional research on a larger scale.

3.3. Devices for Decongestion in HF

Although loop diuretics continue to represent the backbone of decongestive treat-
ment in HF, the occurrence of drug resistance, particularly with prolonged usage, poses a
therapeutic issue that requires the development of novel approaches [145].

TARGET-1 and TARGET-2 (A Study to Evaluate the Treatment of Patients with Acute
Decompensated Heart Failure (ADHF) Using an Automated Fluid Management System)
trials evaluated the safety and effectiveness of controlled decongestion using the Reprieve
system, which is intended to detect urine output and administer a specific amount of
substitute solution to reach the predefined fluid balance. In both trials, patients experienced
an increase in urine output, a decrease in body weight, and a drop in central venous
pressure (CVP), while the SBP remained constant and without renal dysfunction [148]. The
first human trials of the Doraya catheter, a device designed to transiently lower renal venous
pressure by generating a manageable gradient in the inferior vena cava just under the renal
veins, have shown encouraging results [149]. The Doraya catheter appears to represent an
innovative idea for the management of AHF patients with poor diuretic response, whereas
the Reprieve device is intended for AHF patients responsive to diuretics [145].

The VENUS-HF (VENUS-Heart Failure Early Feasibility Study) regarding the preCAR-
DIA system, a device implanted into the superior vena cava to induce transient blockage,
resulting in a reduction in right ventricular preload, revealed a reduction in right atrial
pressure and PCWP [150]. The WhiteSwell device, intended to produce a low-pressure
zone in the outflow of the thoracic duct into the venous system, has been studied in both
animal and human studies. In the animal experiment, WhiteSwell not only prevented the
collection of more fluid but also stimulated its discharge [151]. The orthopnea and oedema
improved when the device was applied to humans. The Aquapass system is a wearable
device designed to raise the skin temperature of the lower body without affecting the
body’s core temperature. Increasing sweat rate in HF patients appears to be a reasonable
option for decongestive treatment; nevertheless, further research is required to determine
the method’s particular usefulness and effectiveness [152].
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3.4. Ongoing Trials for Non-Pharmacological Therapies for HF

In the ALLEVIATE-HF-1 (NCT04583527), ALLEVIATE-HF-2 (NCT04838353), and
ALLEVIATE-HFrEF (NCT05133089) studies, patients with HFpEF, HFmEF, and HFrEF will
be enrolled for treatment through a no-implant interatrial shunt, using clinical, echocardio-
graphic, and invasive hemodynamic data. The transcatheter system is designed to lower
left atrial pressure by developing a therapeutic interatrial shunt, without the need for a
permanent cardiac implant or open-heart surgery.

RELIEVE-HF (Reducing Lung Congestion Symptoms in Advanced Heart Failure-
NCT03499236), a randomized clinical trial, is evaluating the impact of the V-Wave Ven-
tura Interatrial Shunt System on heart failure patients, including the ability to lower
hospitalizations and improve symptoms, exercise capacity, and quality of life. This small,
hourglass-shaped device facilitates blood to flow from the left to the right atrium, lowering
the pressure on the left side during physical activity.

It is a certainty now that the technological advances from the last years have paved
the way for the development of non-pharmacological approaches that may efficiently
complement classical HF therapy. Although further experimental studies are required
to elucidate the underlying mechanisms through which many of these therapies act, the
promising and encouraging results reported to date compel us to extend the HF treatment
beyond the classical view.

4. Future Perspectives of HF Management—Artificial Intelligence

A late-breaking discovery presented at the European Society of Cardiology’s (ESC)
Heart Failure 2022 congress was a voice analysis software that can be used by heart failure
patients at home that can detect fluid in the lungs in up to 80% of cases, three weeks
prior to an unexpected hospitalization or escalation in outpatient medication therapy [156].
As cardiovascular illnesses evolve, advances in therapeutic and diagnostic approaches
are required, and artificial intelligence (AI) is now being rapidly integrated into the field
of cardiovascular medicine. By analyzing colossal databases more effectively than the
human brain, AI has the potential to improve medical diagnosis, treatment, risk prediction,
clinical care, and drug development [157]. For healthcare providers, AI has the potential to
reduce the risk of adverse events, patient waiting times, and per capita expenditures while
boosting accessibility, productivity, and overall patient experience [158]. AI also has the
potential to reduce workloads and margin of error for physicians, as well as to improve
patient–doctor interactions and therapeutic decision making [159,160]. For patients, AI
can improve their health and well-being by increasing their knowledge, shared decision
making, and self-efficacy in disease management [160].

For accurate quantitative and qualitative evaluation of heart failure, AI has been in-
corporated into different cardiac imaging techniques, such as echocardiography, cardiac
magnetic resonance imaging, and cardiac computed tomography. Machine learning al-
gorithms have been found to deliver a near-instantaneous echocardiography evaluation.
Knackstedt et al. showed that the LVEF and longitudinal strain could be determined in less
than 8 s [161]. This quick and precise evaluation might also have applications outside the
cardiology department, such as in the emergency room, where point-of-care ultrasound
scans are becoming more popular [162]. AI has been also shown to be of crucial impor-
tance in cardiac magnetic resonance imaging, especially for ventricular segmentation [163].
Laser et al. compared knowledge-based reconstruction of right ventricular volumes to
the gold standard of direct cardiac MRI, finding that knowledge-based reconstruction
offers outstanding accuracy for right ventricular 3D volumetry [164]. AI-assisted 3D vi-
sualization and cardiac image reconstruction can aid in the identification of a range of
disorders [165,166]. Similarly, completely automated AI systems have provided a consid-
erably more accurate calculation of left ventricular mass, papillary muscle identification,
common carotid artery, and descending aorta measurements [167,168]. AI has been increas-
ingly used for cardiac computed tomography, particularly for the assessment of coronary
artery calcification scoring and risk stratification of future events [169]. Interestingly, AI
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uses various risk calculation scoring systems to estimate cardiovascular mortality and
predictive models to predict the risk of future hospitalization so that proper monitoring
and control may be carried out to avoid such harmful results [140–175].

Current HF healthcare services are insufficient to satisfy the demands of an ageing
population with rising comorbidities and disease complexity, as well as the disparity in
medical care distribution between rural and urban areas. As a result of these factors,
an urgent need to develop alternative healthcare treatments has arisen. eHealth apps
have the ability to relieve a large amount of the strain on healthcare services while also
improving patient care. The PASSION-HF (Patient Self-Care using eHealth in Chronic
Heart Failure) project intends to create a virtual doctor, a digital decision support system
that offers options based on current clinical standards. Patient independence is enhanced
by providing tailored HF management 24 h a day, 7 days a week. In addition, the program
establishes processes and decision points at which medical experts must be involved [176].

Although AI has the potential to solve many of the fundamental challenges faced
by the current HF pandemic, it is still a fast-growing field, and therefore some caution is
advised. Transparency in data quality, population representativeness, and performance
evaluation will be critical. Clinicians, patients, caregivers, and IT professionals should all
be included in discussions about legal, technological, and regulatory problems, with ethics
and equity being prioritized [177].

5. Conclusions

Heart failure is becoming an irrefutably significant disease entity as the population
ages. Thus, various mechanisms contributing to the development and progression of
HF have been discovered and targeted with novel medications and non-pharmacological
approaches throughout the last three decades. This has improved the clinical outcome of
millions of people worldwide with HF in terms of mortality, quality of life, and survival.
Researchers are aiming to identify subgroups in which specific drugs and/or devices may
be most successful, innovative methods for enhanced diagnosis and prediction of prognosis
in HF patients, and novel tools for treating HF. New therapies will hopefully bring more
benefits and extend these results to the treatment of HFpEF also, as well as other causes
and phenotypes of HF.
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Abstract: Fibrosis, characterized by an excessive accumulation of extracellular matrix, has long
been seen as an adaptive process that contributes to tissue healing and regeneration. More recently,
however, cardiac fibrosis has been shown to be a central element in many cardiovascular diseases
(CVDs), contributing to the alteration of cardiac electrical and mechanical functions in a wide range of
clinical settings. This paper aims to provide a comprehensive review of cardiac fibrosis, with a focus
on the main pathophysiological pathways involved in its onset and progression, its role in various
cardiovascular conditions, and on the potential of currently available and emerging therapeutic
strategies to counteract the development and/or progression of fibrosis in CVDs. We also emphasize
a number of questions that remain to be answered, and we identify hotspots for future research.

Keywords: antifibrotic strategies; cardiac fibrosis; cardiovascular diseases; fibrosis pathways; thera-
peutic strategies

1. Introduction

Cardiovascular diseases (CVDs) are the leading cause of death and morbidity, accounting
for up to one-third of deaths worldwide. The prevalence of CVDs has seen a tremendous
increase over the past decades, with a doubling of CVD cases between 1990 and 2019 [1].
In parallel, cardiovascular mortality has also gradually increased during this period, from
12.1 million in 1990 to 18.6 million in 2019 [1]. Metabolic, behavioral, environmental, and
social factors have all been linked to increased cardiovascular risk. Whereas several of those
factors are modifiable and their removal may lower the prevalence of CVDs, others, such
as age, race, sex, or family history, continue to have a significant impact on the evolution of
CVDs’ prevalence [1].

Initially seen as an adaptive process designed to ensure wound healing and tissue
repair following injury, myocardial fibrosis is now recognized as a major contributor to
CVDs and CVD-related morbidity and mortality in many clinical settings [2]. Accumulating
data show that most CVDs involve pathological myocardial remodeling characterized by
cardiac fibrosis. In myocardial infarction, fibrosis develops as a repair mechanism for
maintaining the integrity of the cardiac wall. However, over the long term, the lack of
contractile capacity of the fibrous tissue along with the death of cardiac myocytes eventually
lead to impaired cardiac function [2]. In many other CVDs (e.g., hypertensive heart disease,
diabetic, dilated, and hypertrophic cardiomyopathy, heart failure, chronic ischemic heart
disease, or cardiac arrhythmias), fibrosis is also recognized at present as a causative or at
least as an aggravating factor [2]. In addition, the natural process of aging promotes cardiac
fibrosis via countless pathophysiological pathways, even in the absence of concomitant
heart disease [2]. Myocardial fibrosis has thus rose as a promising diagnostic and prognostic
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marker in CVD patients, and strategies aiming to prevent, halt, or even reverse fibrosis
have emerged as promising means to prevent and/or treat various forms of CVD.

This paper aims to provide a comprehensive view on cardiac fibrosis, with a focus on
the main pathophysiological pathways involved in its occurrence and progression, its role
in various cardiovascular conditions, on the techniques available for fibrosis identification
and quantification, and on the potential of currently available and emerging therapeutic
strategies to counteract the development and/or progression of fibrosis in CVDs.

2. The Extracellular Matrix—From Physiology to Pathophysiology

The cardiac muscle and the conduction system, supported by a fibrous skeleton,
constitute the basic framework of the heart. The cardiac wall consists of three overlapped
layers: the epicardium, composed of fibro-elastic and adipose tissue, the myocardium,
consisting of cardiomyocytes arranged in layers and surrounded by a complex network
of proteins that form the extracellular matrix (ECM), and the endocardium, made up of
endothelium and subendothelial connective tissue [3]. At the level of the myocardium,
the ECM works as a scaffold for cellular components and contributes to the transmission
of the contractile force [4]. Tension strength is mostly provided by thick type I collagen,
which accounts for ≈85% of the cardiac collagen, whereas type III collagen, present in
smaller amounts (≈11%), is responsible for maintaining the elasticity of the ECM [4].
In addition to collagen, the ECM also contains elastic fibers, fibronectin, glycoproteins,
glycosaminoglycans, proteoglycans, latent growth factors, and proteases [4].

2.1. Cellular Components Involved in Cardiac Fibrosis

The main cellular component involved in cardiac fibrosis is represented by the cardiac
fibroblasts, which are responsible for maintaining ECM integrity by regulating collagen
turnover [5]. In contrast to cardiomyocytes, fibroblasts are non-excitable cells. Fibroblasts
are connected, however, via gap junctions, to the neighboring cardiomyocytes, thereby
contributing to optimal electrical conduction within the heart [6]. In settings favoring
cardiac fibrosis, such as ischemic, hypertensive, or valvular heart disease, fibroblasts
transdifferentiate into myofibroblasts (Figure 1), hybrid fibroblast/cardiomyocyte cells
that express numerous ultrastructural and phenotypic characteristics of muscle cells, but
not excitability [7]. Although most myofibroblasts originate in the myocardium, studies
have shown that they can also have hematopoietic or endothelial origin [7]. Myofibroblasts
play critical roles in both myocardial repair and fibrosis [8] and can be identified in the
damaged myocardium already from the early stages of the fibrotic response by highlighting
cytoplasmic actin-derived stress fibers and later α-smooth muscle actin [9]. Smooth muscle
myosin heavy chain, paxillin, and tensin can also be used as myofibroblast biomarkers [10].

Monocytes and macrophages are also critical for both the initial and the chronic phase
of the fibrotic response, but they also contribute to resolution of fibrosis [11]. Their ability to
exert both pro- and antifibrotic effects can be explained by the large heterogeneity of these
cells, which is related to the presence of several specific cell subpopulations and to their
variable response to microenvironmental factors [11]. Certain monocyte and macrophage
subpopulations have the ability to differentiate into myofibroblasts and to secrete numer-
ous profibrotic cytokines (such as interleukin (IL)-1β, tumor necrosis factor (TNF)-α, and
IL-6), growth factors (e.g., transforming growth factor β (TGF-β), platelet-derived growth
factors (PDGFs), and fibroblast growth factors (FGFs)), and proteases, thereby participating
in ECM remodeling [11]. The removal of dead cells by macrophages via phagocytosis
facilitates fibroblasts growth, further contributing to myocardial fibrotic remodeling [11].
In parallel, however, monocytes and macrophages also act to eliminate profibrotic stim-
uli via phagocytosis of apoptotic myofibroblasts, ECM cells, and residues [11]. Due to
their remarkable functional plasticity, macrophages also regulate the secretion of cytokines
and growth factors in response to changes in the microenvironment [11]. Other cells of
hematopoietic origin, such as the mast cells, have also been shown to play important roles
in the fibrotic process related to myocardial infarction and various cardiomyopathies [12].
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The role of mast cells in cardiac fibrosis seems to be primarily related to their increased
content in granules rich in bioactive mediators, cytokines, and growth factors, including
histamine and mast cell-specific proteases tryptase and chymase [12]. Although the role of
Th2 lymphocytes in pulmonary fibrosis has been thoroughly reviewed [13], the involve-
ment of lymphocytes in cardiac fibrosis is much less clear. A profibrotic effect of Th17 cells
has been reported in experimental myocardial fibrosis models [14], but other subsets of
T lymphocytes have been shown to act as fibrosis inhibitors [15]. Neutrophils, the first
cells that arrive at the site of a tissue injury, have also been shown to play critical roles
in myocardial inflammation and consequent fibrosis. After acute myocardial infarction,
neutrophils accumulate at the border between the healthy and the necrotic tissue and
release inflammatory mediators and proteolytic enzymes that degrade necrotic myocardial
cells and ECM residues [16]. Neutrophil persistence at the site of the injury appears to also
cause, however, additional damage to viable cardiomyocytes [16]. Neutrophil inhibition
one week after myocardial infarction has been shown to cause a paradoxical increase in
fibroblast activity and excessive collagen deposition [17], suggesting that the moment of
such a therapeutic intervention may be critical. Meanwhile, in a myocarditis animal model,
neutrophil extracellular traps strongly correlated with the amount of collagen deposited
and inhibition of cytokines responsible for neutrophil recruitment attenuated collagen
deposition in that model [18].
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Figure 1. Interactions between different cardiac cells involved in the development of cardiac fibrosis.
Cardiac cells (i.e., cardiac myocytes, macrophages, mast cells, lymphocytes, endothelial cells, and
fibroblasts) regulate cardiac fibrosis in a coordinated manner. In the presence of cardiac injury,
these cells release inflammatory mediators that stimulate fibroblast-to-myofibroblast differentiation,
contributing to the development of fibrotic tissue. Transforming growth factor-beta (TGF-β) is among
the most relevant of these profibrotic mediators. “+” designates a stimulatory effect.

The angiogenic response and the presence of perivascular fibrosis in settings associated
with cardiac fibrosis have drawn attention toward a potential role of endothelial cells in
cardiac remodeling and fibrosis, mainly via the secretion of endothelin, a major promotor
of fibrotic matrix production, by these cells [19]. By releasing proinflammatory cytokines
and chemokines, the endothelium has an important ability to recruit numerous types of
fibrogenic cells [20]. In addition, endothelial cells can take, via mesenchymal transition, a
mesenchymal cell phenotype, which enhances their invasiveness and migratory capacity,
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resistance to apoptosis, and ability to produce ECM components [7]. However, similarly
to other types of cells, endothelial cells also possess antifibrotic effects via the secretion of
factors such as interferon-γ-inducible protein-10/chemokine (C-X-C motif) ligand 10 and
hypoxia inducible factor-1, which have been shown to protect the murine heart and the
aorta from pressure overload via suppression of TGF-β signaling [21].

Cardiac myocytes can also trigger, through their death, a profibrotic inflammatory
response [22]. Moreover, in certain pathological settings, even viable cardiomyocytes can
promote, via pannexin-1 channels-induced ATP release, the activation of interstitial fibrob-
lasts [23]. Deoxycorticosterone/salt-sensitive cardiomiocyte mineralocorticoid receptors
have also been shown to play important roles in cardiac inflammation and fibrosis, whereas
loss of these receptors has been shown to attenuate the cardiac fibrotic response [24].
Cardiomyocyte-selective TGF-β receptor II (TβRII) blockade decreased interstitial fibrosis
in response to pressure overload [25], whereas cardiomyocyte-specific overexpression of
angiotensin II (Ang II) type 2 receptor (AT2) was shown to exhibit antifibrotic actions
mediated by the activation of the kinin–nitric oxide system [26].

2.2. Extracellular Components Involved in Cardiac Fibrosis

The accumulation of excessive amounts of fibrillar and non-fibrillar collagen within
the myocardium represents the landmark of cardiac fibrosis [27,28]. In the remodeled heart,
fibrillar collagen is represented by type I and type III collagen, the ratio between the two
depending on the context that favored cardiac fibrosis development [27,28]. Cardiac myofi-
broblasts are the main source of cardiac collagen. Once secreted, collagen is assembled and
cross-linked into a network that provides mechanical support and structural integrity to
bear the increased stress and load in the presence of myocardial injury [27,28]. Non-fibrillar
collagen type IV, VI, and VIII is also present in cardiac fibrosis [29]. Of these, type VI colla-
gen has been shown to activate cardiac fibroblasts and promote myofibroblast conversion,
whereas its absence has been associated with a reduction in myocardial fibrosis [29]. Other
ECM components, such as amino- and proteoglycans, elastin, fibronectin, and laminin,
are also present, and they play critical roles in maintaining cardiac structural integrity.
Elastin provides resilience and elasticity to the cardiac wall, fibronectin fibers, organized in
a fibrillar network at the cell surface, influence the structural and mechanical properties of
the ECM, whereas the structural role of laminin translates into ECM cells anchoring and
binding to multiple other proteins present within the matrix [4].

2.3. Types of Cardiac Fibrosis

The ability of the cardiac muscle to regenerate in response to injury is extremely low.
Cardiac repair therefore occurs mainly via fibroblasts activation and differentiation into
myofibroblasts, which is followed by excessive collagen deposition, fibrosis, increased
ECM stiffness, and impaired cardiac contractile function [30]. Three major types of fibrotic
changes have been described in the heart: replacement, interstitial, and perivascular fibro-
sis [30]. Replacement fibrosis is characterized by the loss and consequent fibrotic replacement
of cardiac myocytes. Interstitial fibrosis includes two subtypes: reactive and infiltrative
fibrosis. Reactive fibrosis occurs in response to pressure overload and is characterized
by excessive ECM, without significant loss of cardiomyocytes, whereas the accumulation
of insoluble proteins in the heart cells, as seen in Fabry disease, is defined as infiltrative
fibrosis [30]. Finally, perivascular fibrosis involves the deposition of connective tissue around
the blood vessels, as often seen in patients with hypertensive heart disease [30].

Regardless of the underlying cause, the accumulation of ECM proteins within the car-
diac interstitium initially occurs as a beneficial, protective mechanism that promotes wound
healing and tissue regeneration. Later, alterations in ECM composition and quality lead to
fibrosis progression beyond the physiological threshold and to negative consequences on
myocardial excitation–contraction coupling [31]. The distorted cardiac architecture increases
ventricular stiffness and alters the contraction and relaxation of the heart, resulting in
cardiac systolic and diastolic dysfunction [31]. Concomitantly, fibrosis disturbs the normal
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electrical activity of the heart, promoting both brady- and tachyarrhythmias [32]. Whereas
conduction blocks in the sinoatrial and/or atrioventricular nodes caused by fibrosis favor
bradyarrhythmias, tachyarrhythmias often occur due to the increased propensity to re-entry
of the fibrotic myocardium [32].

2.4. Molecular Pathways of Myocardial Fibrosis

Extensive evidence links the activation of the renin–angiotensin–aldosterone system
(RAAS) with the pathogenesis of cardiac fibrosis. The main effector of this system, Ang II,
has a wide range of cardiac physiological and pathophysiological effects [33]. Cells present
in the heart, particularly macrophages and fibroblasts, have been shown to produce both
renin and the angiotensin-converting enzyme (ACE), which are required to generate Ang
II. Once released, Ang II stimulates cardiac fibroblasts, directly and indirectly (via TGF-β),
promoting collagen production by these cells (Figure 2) [34]. In parallel, AngII decreases
the activity of matrix metalloproteinase (MMP)-1, thereby concomitantly reducing collagen
degradation [33]. These profibrotic effects of Ang II occur mainly via the AT1 receptors
and multiple subsequent intracellular signaling pathways [33]. Among them, the mitogen-
activated protein kinase (MAPK) and the phosphoinositol-3 kinase/Akt pathways have
been shown to regulate cardiac cells survival, apoptosis, and growth and to play critical
roles in Ang II-induced cardiac remodeling [35,36].
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Figure 2. Pathways related to angiotensin II and their contribution to myocardial fibrosis. The figure
describes the formation of angiotensin II (left part of the figure) and the consequent activation, via
AT1 receptors, of numerous inflammatory and profibrotic pathways (middle part of the figure),
which will eventually lead to profibrotic cardiac fibroblast and myocyte changes (right part of the
figure). Myocyte hypertrophy has been shown to promote fibrosis by stimulating fibroblast acti-
vation via a complex network of downstream signal transduction pathways and by increasing the
production of growth factors. “↑” designates an increase in profibrotic cardiac fibroblast and myocyte
changes. ACE—angiotensin-converting enzyme; AKT—protein kinase B; AT1—angiotensin II type 1
receptor; ECM—extracellular matrix; ERK—extracellular signal-regulated kinase; MAPK—mitogen-
activated protein kinase; MMPs—matrix metalloproteinases; TAK1—TGF-β-activated kinase 1;
TGF-β—transforming growth factor-beta.

In contrast, AT2 receptor stimulation counteracts the profibrotic effects of AT1 by
suppressing fibroblast proliferation and matrix synthesis [37]. Another component of
the RAAS system, aldosterone, also contributes to excessive ECM accumulation by acti-
vating macrophages, cardiac myocytes and fibroblasts and increasing the expression of
proinflammatory cytokines and chemokines [38].

G protein-coupled receptors (GPCRs) are cellular receptors that activate G-protein-
dependent intracellular signaling pathways [39]. In parallel, several GPCR kinase- and
β-arrestin2-mediated processes act as regulatory mechanisms to prevent excessive G protein
activation (Figure 3) [39].
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Figure 3. G protein-coupled receptors-related pathways and β-arrestin-mediated events. G-protein
coupled receptors are transmembrane proteins embedded in the membrane of cardiomyocytes,
fibroblasts, endothelial, and vascular smooth muscle cells that convert extracellular signals into
intracellular responses. When activated by agonists (e.g., epinephrine, peptide hormones), inactive
G protein heterotrimers dissociate into separate, active Gα and Gβγ subunits that differentially
control downstream signal transduction. Intracellular mediators such as protein kinases A and
C resulted from this process further phosphorylate the receptors and activate β-arrestin-mediated
signaling, activating subsequent signaling cascades involved in cardiac fibrotic disease. AC—adenylyl
cyclase; AKT—protein kinase B; cAMP—cyclic adenosine monophosphate; DAG—diacylglycerol;
EGFR—epidermal growth factor receptor; IP3—inositol trisphosphate; MAPK—mitogen-activated
protein kinase; PI3K—phosphoinositide 3-kinase; PIP2—phosphatidylinositol-4,5-bisphosphate;
PKA—protein kinase A; PLC—phospholipase C; PKC—protein kinase C.

Several ‘biased ligands’ can activate signaling pathways independent of the G proteins
but dependent on GPCR kinase/β-arrestin2 [39]. One such ‘biased ligand’ is metoprolol,
which can therefore promote cardiac fibrosis and alter the cardiac diastolic function [39].
Beta-adrenergic receptors (βARs) are the predominant GPCR subtype expressed within the
heart [40]. In physiological conditions, β1ARs represent ≈80% of the total cardiac βARs.
However, in the setting of heart failure, β1ARs percentage can decrease to as low as 60%,
with a concomitant increase in the proportion of β2ARs, whereas β3ARs are present in the
heart in much smaller amounts [40]. Excessive β1ARs stimulation has been linked with
myocyte apoptosis [40]. Meanwhile, the role of β2ARs in this setting remains controversial.
Some studies suggested that β2Ars-mediated signaling could be cardioprotective [40], but
in others, non-specific βARs stimulation with isoproterenol and transgenic overexpres-
sion of β2ARs were highly profibrotic [41,42], leaving this topic an open area for future
research. The role of β3AR in cardiac fibrosis remains even less understood, although recent
studies suggest that β3AR-mediated signaling could modulate oxidative stress-dependent
paracrine signaling and consequently exhibit antifibrotic effects [43].

Endothelin-1 (ET-1), a protein synthesized by the vascular endothelium, has also
been shown to play key roles in cardiac remodeling and dysfunction by promoting ECM
synthesis and decreasing collagenase activity [44]. In addition, in vitro studies have shown
that ET-1 increases fibroblasts’ resistance to apoptosis [45], whereas ET-1 antagonization
has been shown to attenuate cardiac fibrosis related to hypertension and myocardial
infarction [46].

Immediately after myocardial injury, inflammatory cells, fibroblasts, and cardiomy-
ocytes release a vast amount of cytokines and growth factors [11]. Among them, TNF-α,
IL-1β, and IL-6 levels are particularly increased in response to the inflammatory process
and strongly contribute to the future development of cardiac fibrosis [47]. The role of TNF-
α in cardiac fibrosis is supported by numerous experimental and clinical studies [48,49].
Meanwhile, the absence of TNF-α reduced the inflammatory response and cardiac fibrosis
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in mice [47], and TNF-α inhibition has been shown to improve left ventricular structure
and function in patients with advanced heart failure [48]. In contrast to the vast majority
of profibrotic stimuli, TNF-α does not exert its fibrotic effect by an increase but rather by
a decrease in collagen synthesis, suggesting that the profibrotic effect of TNF-α is more
likely to occur as a response to ECM degradation [49]. Additional mechanisms involved in
TNF-α-induced fibrosis include synthesis of the matrix protein cellular communication net-
work factor 4, favoring fibroblast proliferation, increased TGF-β1 expression, immune cell
activation and proliferation, and promotion of AT1 receptors synthesis [50]. Data regarding
the role of IL-1β in cardiac fibrosis are rather controversial. Some experimental studies
suggested that IL-1β may promote cardiac fibroblast migration, while others reported the
opposite [51]. In patients with rheumatoid arthritis, IL-1 inhibition led, however, to a
significant improvement in left ventricular function [52]. In some, but not all studies, a
relationship was found between low IL-6 levels and cardiac fibrosis [53,54].

The most studied fibrosis-related growth factor, TGF-β, has been shown to play a cen-
tral role in maladaptive cardiac remodeling in both myocardial infarction and heart failure
(Figure 1) [55,56]. In gain-of-function studies, cardiac overexpression of TGF-β1 increased
collagen deposition and promoted cardiac fibrosis, whereas TGF-β1 deficiency has been
associated with a lower degree of aging-related cardiac fibrosis [55,57]. The stimulating
effect of TGF-β on cardiac fibroblasts appears to be the basis for an increased synthesis
of ECM proteins [57]. Its effects on monocytes, lymphocytes, and cardiomyocytes further
contribute to the profibrotic effects of TGF-β [58] as well as the reversal of the fibrosis
degradation/preservation balance toward a matrix-preserving pattern via inhibition of
collagenases and induction of protease inhibitors such as plasminogen activator inhibitor-1
and tissue inhibitors of metalloproteinases [57]. Meanwhile, in experimental studies, a loss
of TGF-β receptors reduced cardiac fibrosis [59], further supporting the importance of TGF-
β signaling cascades in cardiac fibrosis. The TGF-β signaling cascades exert their profibrotic
effects through Smads, intracellular effector proteins, but also through Smad-independent
pathways, both leading to fibroblast activation (Figure 4) [60].
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Figure 4. Transforming growth factor beta-related pathways and their contribution to myocardial fibrosis.
Paracrine factors in fibroblasts, the most important of which is transforming growth factor-beta, induce
profibrotic responses in cardiomyocytes. The activation of type I and II transforming growth factor-beta
receptors regulates cell phenotypes by activating Smad- and non-Smad-related signaling pathways that
eventually result in cardiomyocyte apoptosis and hypertrophy. MAPK—mitogen-activated protein
kinase; TAK1—transforming growth factor-beta-activated kinase 1; TβIR—transforming growth factor-
beta receptor type I; TβIIR—transforming growth factor-beta receptor type II.
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Studies have shown Smad3 signaling to be critically involved in chronic fibrotic cardiac
remodeling and to contribute to fibroblasts activation, α-smooth muscle actin expression,
and synthesis of ECM [61]. In contrast, myofibroblast-specific Smad2 signaling appears
to be only transiently implicated in early adverse remodeling and does not seem to play
a major role in fibroblast activation [60]. Smad-independent profibrotic TGF-β-related
pathways involve p38, MAPK, extracellular signal-regulated kinase, and TGF-β-activated
kinase 1 (TAK1) signaling pathways activation (Figure 1) [62].

Exosomes are extracellular microvesicles that supply cells with RNA, proteins, lipids,
and other biologically active signaling molecules, while acting as couriers for intercellular
communication. Recent evidence indicates that in the presence of cardiac fibrosis, there
is altered intercellular communication via the exosomes [63]. In addition, exosomes have
been shown to alter the process of cardiac repair and to cause fibrosis via the modulation
of fibroblast function [64]. During cardiac injury, exosomes promote the activation of naive
fibroblasts to initiate the wound-healing process and contribute to fibroblast differentiation
into myofibroblasts [64]. Injured endothelial cells have also been shown to secrete exo-
somes enriched with profibrotic, antiangiogenic factors, and microRNAs that will further
contribute to cardiac fibrosis [65].

3. Identification and Quantification of Myocardial Fibrosis

Invasive and non-invasive methods have been developed over time in order to iden-
tify and quantify myocardial fibrosis (Table 1). Of these, myocardial biopsy is the most
reliable method.

Table 1. Advantages and disadvantages of different techniques used in the evaluation and quantifica-
tion of cardiac fibrosis.

Technology Advantages Disadvantages

Echocardiography

- favorable safety profile
- non-invasive
- acceptable to most patients
- low cost
- portable

- does not allow direct identification and
quantification of fibrosis type and extent

- cannot be used to measure and monitor the degree
and progression of myocardial fibrosis

- poor reproducibility
- dependent on acoustic windows
- affected by operator’s skills

Cardiac magnetic
resonance

- can identify macroscopic fibrosis
- can identify different patterns of fibrosis
- acceptable to patients
- non-invasive

- potential artifacts in uncooperative patients and in
the presence of tachyarrhythmias

- contraindicated in patients with magnetic
resonance-incompatible implants

- high cost

Endomyocardial
biopsy

- allows direct microscopic assessment of
myocardial components and
fibrotic changes

- risk of major complications
- sampling error in cases of localized fibrosis
- unreliable in detecting replacement fibrosis

3.1. Invasive Methods to Investigate Cardiac Fibrosis

A histological evaluation of myocardial tissue samples obtained during myomectomy,
open heart surgery, or endocardial biopsy remains the gold standard for diagnosing and
quantifying myocardial fibrosis [66]. Using appropriate staining methods, histological analysis
of the collagen volume fraction (CVF; i.e., the ratio of the sum of connective tissue areas to
the sum of all areas of connective and muscle tissue) is the most widely used method for
quantitative evaluation of cardiac fibrosis [66]. No cut-off values have been defined so far;
however, for CVF, the values varying considerably from one study to another. In addition,
the use of this technique is strongly limited by the fact that it requires direct, invasive access
to cardiac tissue samples, which carries inevitably the risk of several potentially major
complications. Moreover, in settings with regional fibrosis, obtaining tissue samples does
not guarantee a correct diagnosis.
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3.2. Non-Invasive Methods to Evaluate Cardiac Fibrosis

Several blood biomarkers have been proposed to assess cellular and molecular changes
that reflect the amount of fibrotic tissue of the heart. C-terminal propeptides of collagen I and
N-terminal propeptides of collagen III highly correlated with total CVF, creating optimism
about future clinical use [67]. However, both biomarkers have low specificity, and increased
levels can also be observed in liver fibrosis [68]. High levels of galectin-3, a molecule that
accelerates fibrosis by stimulating myofibroblast activation, have been associated with in-
creased mortality and worse prognosis in heart failure. However, no associations were found
between galectin-3 levels and CVF [69]. Circulating levels of miR-21, one of the regulators of
fibroblast activity, have been shown to correlate with myocardial expression of type I collagen
mRNA [70]. Its potential use as a blood biomarker for CVF and its cut-off values remain,
however, questionable. Higher TGF-β levels have been reported in patients with heart failure
compared with control [71]. However, its correlation with CVF remains to date unclear.

Cardiac magnetic resonance imaging (MRI) with T1 relaxometry can provide rapid
information on cardiac edema, fibrosis, and deposition diseases, whereas replacement
fibrosis can be evaluated using gadolinium MRI [72]. It should be noted, however, that this
latter technique is not reliable in settings characterized by diffuse fibrosis in a homogeneous
myocardium, although MRI-quantified fibrosis did correlate with cardiac function in
patients with heart failure with preserved ejection fraction [73]. In the absence of edema
or infiltrative disease, calculating the extracellular cardiac volume by T1 relaxometry after
gadolinium injection allows evaluating even small amounts of fibrosis, and the results
have been shown to correlate better with biopsy results than those obtained using other
MRI-based techniques [72].

With its favorable safety profile and relative ease of use, echocardiography is often
the first investigation used for assessing myocardial function and structure and for ob-
taining indirect data on cardiac fibrosis. Using speckle tracking echocardiography, one
can quantify myocardial thickening, shortening, and rotation dynamics [74]. In hyper-
trophic cardiomyopathy, regional impairment of myocardial function assessed by speckle
tracking echocardiography correlated with the presence of fibrosis detected by MRI [75].
Echocardiographic measurement of calibrated integrated backscatter is a technique de-
veloped to quantify the ultrasonic reflectivity of the myocardium in relation to the high
reflectivity of the pericardium and the low reflectivity of blood [76]. In patients with dilated
or hypertrophic cardiomyopathy and extensive fibrosis, the results have been shown to
correlate significantly with the amount of myocardial fibrosis measured histologically [76].
The most important limitation of all echocardiographic methods remains, however, the
need to obtain high-quality images.

4. Targeting Myocardial Fibrosis—A Magic Pill in Cardiovascular Medicine?

Immediately after any cardiac injury, a dynamic process of remodeling is initiated that
is critical for stabilization of the cardiac wall. Expansion of non-contractile, collagen-rich
tissue will lead, however, not only to scar tissue maturation but also to progressive adverse
remodeling, which stands at the foundation of many CVDs. Targeting myocardial fibrosis
could therefore provide tremendous benefits in many CVDs. However, because of the
critical role that fibrosis plays in wound healing and tissue repair, concerns remain that
fibrosis manipulation strategies may not completely innocuous. One of the major goals
of novel fibrosis-oriented therapies is therefore not to withhold the process of fibrosis but
rather to modify the properties of the scar tissue and to direct fibrotic pathways toward the
formation of a functionally efficient fibrotic tissue.

4.1. Cardiac Antifibrotic Effects of Non-Antifibrotic Drugs

Clinical and experimental studies have shown that for numerous drugs created for
various, non-antifibrotic purposes, the benefit could be at least partially linked to their
antifibrotic effects (Table 2).
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Given the major role that RAAS plays in cardiac fibrosis pathogenesis, molecules that
act at different RAAS levels have been investigated for their potential antifibrotic effects
(Table 2). Aliskiren, a molecule that binds to renin and limits the initial step required
for Ang II synthesis, has been shown to limit myocardial collagen deposition via Ang
II-dependent and (pro)renin receptor-related pathways [90]. Already used as first-line therapy
in a vast majority of CVDs, ACE inhibitors were also shown to reduce myocardial fibrosis
in several animal models [33]. The decrease in myocardial collagen content induced by
ACE inhibitors was related to a significant decrease in type I (but not type III) collagen
as well as to an increase in gelatinase activity [91]. However, several clinical trials have
failed to associate ACE inhibitors with a reduction in hospitalization and mortality in
patients with various conditions characterized by extensive cardiac fibrosis, suggesting
that ACE inhibition may be insufficient to effectively block the activity of multiple fibrosis
pathways [92]. The blockade of Ang II AT1 receptors efficiently reduced fibrosis in both
clinical and experimental settings [79,93]. Independently of their antihypertensive effects,
AT1 receptor inhibitors have been associated with a more important reduction in type I
collagen than ACE inhibitors [91]. Aldosterone inhibition reduced ECM, decreased fibrotic
markers levels, significantly improved ventricular function in animal studies, and signifi-
cantly reduced mortality in patients with heart failure and reduced ejection fraction [94].
Although in the Treatment of Preserved Cardiac Function Heart Failure With an Aldos-
terone Antagonist (TOPCAT) trial aldosterone inhibition failed to significantly improve the
composite endpoint of cardiovascular death, aborted cardiac arrest, or hospitalization [95],
a post hoc analysis of the trial indicated that this strategy may improve symptoms and
hospitalization in certain patient subgroups [96].

Beta-blockers have been shown to prevent fibrosis and improve survival in animal
models and to favorably affect prognosis in heart failure patients with preserved ejection
fraction [97,98]. However, in humans, the antifibrotic effects of beta-blockers remain highly
controversial (Table 2) [99]. This discordance could be at least partly related to the type
of beta-blocker administered; there are studies suggesting that different beta-blockers may
have opposite effects on the development of cardiac fibrosis [37]. Calcium channels blockers
have also been shown to reduce cardiac fibrosis in different animal studies. The long-term
administration of mibefradil, verapamil, and amlodipine reduced adverse cardiac remodel-
ing and improved ventricular function in rats with ischemic heart failure [100]. In humans,
the calcium channel blocker tetrandrine prevented myofibroblast activation and reduced
cardiac fibrosis via a mechanism independent of calcium channel blockade and of the
reduction in hemodynamic load [101]. Despite their anti-inflammatory effects, the ability
of statins to alleviate cardiac fibrosis remains questionable. In rats with hypertensive
heart disease, statin therapy reduced adverse cardiac remodeling, ventricular dysfunction,
and progression to heart failure [102]. In patients with heart failure, statins reduced type
III procollagen [81], the amount of myocardial fibrotic tissue and plasma markers of fi-
brosis [103]. However, in a 6-month randomized placebo-controlled study, the effect of
statins on cardiac remodeling was neutral [104], whereas in another study, statin use was
associated with an increase in serum collagen markers [82]. In experimental studies, en-
dothelin inhibitors reduced fibrosis in multiple organs, attenuated cardiac remodeling, and
significantly increased survival [105]. This did not seem to be the case, however, in patients
with heart failure [106]. Adding endothelin antagonists to ACE inhibitors, beta-blockers,
or aldosterone antagonists also does not seem to provide additional benefits in terms of
cardiac remodeling in patients with heart failure [107].

4.2. Novel Targets for Cardiac Fibrosis Prevention and Therapy

Studies have identified a number of novel targets for cardiac fibrosis prevention and
therapy (Table 3) [108].
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Table 3. Novel targets for cardiac fibrosis prevention and therapy.

Therapeutic Target Strategy

Cell transplantation Direct remuscularization
Stimulation of endogenous cardiovascular progenitor cells

TGF-β signaling

Suppression of TGF-β1
TGFβRII plasmid transfection
ALK5 inhibition
TGFβRII inhibition

Biomaterials

Hydrogel (alginate, polyester-VEGF, decellularized ECM,
gelatin-HGF)
Patch (alginate-neonatal rat cardiomyocytes, decellularized ECM)
Glue (fibrin-fibroblast growth factor)
Scaffold (fibrin–endothelial cells–smooth muscle cells)

Direct reprogramming

GMT (retrovirus/lentivirus)
GMHT (retrovirus)
miRNAs (miR-1, miR-133, miR-208, miR-499)
Chemical/small molecule cocktails

ALK5—transforming growth factor-beta 1 type I receptor kinase; ECM—extracellular matrix; GMHT—Gata4/
Mef2c/Hand2/Tbx5; GMT—Gata4/Mef2c/Tbx5; HGF—hepatocyte growth factor; TGF-β1—transforming growth
factor-beta 1; TGFβRII—transforming growth factor-beta receptor II; VEGF—vascular endothelial growth factor.

Due to its major role in cardiac fibrosis, the TGF-β signaling pathway has become one
of the most tempting targets in this setting. Anti-TGF-β antibodies were shown to efficiently
decrease fibroblast activation and to improve diastolic function in rats with cardiac pressure
overload, although they did not provide any improvement in myocyte hypertrophy or
systolic function in those rats [109]. Moreover, in an experimental model of myocardial
infarction, although anti-TGF-β1 antibodies reduced fibrosis, their use was associated with
increased mortality and dilatation of the left ventricle [110]. Alternative approaches, such
as soluble TβRII, a competitive inhibitor of TGF-β, and inhibitors of the TGFβRI kinase
(ALK5) have also been investigated. Both strategies reduced collagen synthesis and cardiac
fibrosis but also manifested non-negligible side effects [111,112]. GW788388, a blocker of
both ALK5 and TGFβRII that has improved pharmacokinetics and minimal toxic effects,
reduced left ventricular remodeling in rats with myocardial infarction [113], but the full
effects of this agent remain to be established. Inhibition of TAK1 and p38-MAPK has also been
investigated, and both showed promising effects on cardiac fibrosis [114,115]. Pirfenidone
and tranilast, two other TGF-β inhibitors, have also shown promising results in preclinical
studies [116,117]. For tranilast, clinical data on cardiac fibrosis are still lacking. Meanwhile,
in a recent phase II clinical trial, pirfenidone significantly reduced myocardial fibrosis in
patients with heart failure and low ejection fraction without causing serious adverse cardiac
events [83]. Pirfenidone’s numerous extra-cardiac, including gastrointestinal, neurological,
and dermatological side effects [118], remain, however, a serious concern. In mice, both
Smad3 deficiency and Smad3 inhibition efficiently reduced the amount of cardiac fibrosis
and prevented the decline in left ventricular ejection fraction [119], pointing Smad3 inhibi-
tion as a promising new antifibrotic approach. Increased levels of endogline, a co-receptor
of TGF-β1 and TGF-β3, have been associated with both heart failure and acute myocar-
dial infarction [120]. Meanwhile, decreased endoglin expression reduced the amount of
cardiac fibrosis and improved survival in mice with heart failure [121]. The antifibrotic
effect of blocking other TGF-β-related pathways, such as the RhoA–serum response factor-
myocardin-related transcription factor [122] or the transient canonical potential receptor
channels pathways [123] also remains to be evaluated in future studies.

In cardiac myocytes, the PDGF family includes PDGF-A and -C, while PDGFRα-positive
cells have been described in the cardiac interstitium. Endothelial cells express PDGF-B
and -D, while pericytes and smooth muscle cells are PDGFRβ-positive [124]. All PDGFs
have been shown to play a role in cardiac fibrosis. In transgenic mice, the overexpres-
sion of PDGF-C and -D has been associated with cardiac fibrosis and hypertrophy [125].
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Meanwhile, PDGF blockade reduced interstitial fibrosis in rats with myocardial infarction
and decreased fibroblast activation in dogs [126], and neutralizing PDGF receptor-specific
antibodies suppressed cell proliferation and collagen expression in cardiac fibroblasts [127].

Elevated levels of connective tissue growth factor (CTGF) have been detected in
myocardial infarction and heart failure and have been shown to correlate with the degree of
myocardial fibrosis [128]. The profibrotic effects of CTGF appear to emerge from its ability
to stimulate fibroblasts’ proliferation and transformation into myofibroblasts, although its
potential to intrinsically induce fibrosis seems to be rather low [129]. In some experimental
studies, the overexpression of CTGF had no significant profibrotic effects [130]. Other
studies indicated, however, that CTGF can exert profibrotic effects [131], and that CTGF
inhibition with monoclonal antibodies enhances cardiac repair, limits fibrosis, and ensures
better preservation of left ventricular systolic function post-myocardial infarction [132].

Although the exact mechanisms remain insufficiently understood, the administration
of angiotensin receptor–neprilysin inhibitors (ARNIs), a drug complex composed of a
neprilysin inhibitor precursor and a non-peptide Ang II receptor blocker, has been shown
to decrease the risk of death and hospitalizations in heart failure patients [133]. Preclinical
studies have shown significant improvement in ventricular remodeling following neprilysin
inhibition, and clinical trials later confirmed these results in patients with heart failure
treated with ARNIs [134,135]. The benefit appears to emerge from the synergistic actions of
the two components of ARNIs on multiple mechanisms involved in pathological cardiac
remodeling. Neprilysin inhibition increases the concentrations of vasodilator peptides, such
as the atrial and brain natriuretic peptides, and bradykinin, thereby improving myocardial
perfusion in the infarcted area, but also increases concomitantly the concentrations of
Ang II, whose effects are efficiently counteracted by the Ang II receptor blocker [135,136].
According to preclinical data, cardiac fibrosis and adverse remodeling are counteracted
by ARNIs mainly via inhibition of the Wnt/β-catenin pathway [137]. In addition, ARNIs
appear to attenuate cardiomyocyte growth and to increase the capillary/cardiomyocyte
ratio at the level of the border area between the infarcted and the healthy myocardium [135],
and even to reduce myocardial fibrosis, as reflected by the reduction in MMP-2, MMP-9,
and N-terminal propeptide of type I procollagen, leading to a reduction in left atrial
size and to significant improvement in left ventricular ejection in patients with heart
failure [138–140]. Disappointingly, however, ARNIs failed to reduce hospitalizations and
cardiovascular death in patients with heart failure and a left ventricular ejection fraction
≥45% (Table 2) [141].

4.3. Targeted Blockade—Aiming to Obtain a ‘Better Scar’

Although the direct manipulation of mechanisms involved in fibroblast recruitment
is not currently regarded as a primary target in the management of CVDs, this strategy
carries a major potential to favorably influence scar formation and tissue remodeling.

Monocyte chemoattractant protein-1 (MCP-1) provides key signals for the migration
and infiltration of inflammatory cells and activated fibroblasts. The overexpression of
MCP-1 at the cardiac level promotes fibroblast accumulation, contributing to improved
cardiac function and myocardial remodeling in transgenic myocardial infarction mice [142].
Meanwhile, MCP-1 deletion significantly reduced Ang-II-induced fibrosis by reducing
the uptake and differentiation of CD45+ fibroblast precursors [143]. The manipulation of
MCP-1 could thus emerge as a promising strategy to influence progenitor fibroblast cells
and to prevent fibrosis and adverse cardiac remodeling.

Modulation of collagen accumulation and maturation in order to obtain a myocar-
dial collagen network adapted to the local mechanical conditions could represent another
potential target in fibrosis-related CVDs. In myocardial infarction, expansion of the in-
farcted area is associated with poor mechanics and increased risk of rupture of the injured
wall. Approaches that stimulate compaction of the infarcted area by increasing collagen
cross-linking inside the scar could thus provide an option to counteract maladaptive car-
diac fibrosis. Modulation of lysyl oxidases, enzymes produced by activated fibroblasts
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that stiffen the collagen network by boosting collagen fibers cross-linking, appears to be
particularly promising in this regard [144].

Modulation of cardiomyocyte-fibroblast coupling inside the scar area, while keeping
the outer area unchanged may also help to create a ‘better scar’. In myocardial infarc-
tion, this would translate into increased trans-scar communication and transformation
of the infarcted area into an ‘electrically-transparent scar’, with more homogeneous elec-
trical activity and lower risk of re-entry [145]. This could be obtained by upregulating
heterotypic connexin (Cx)-coupling with drugs such as rotigaptide, which significantly
enhanced metabolic coupling in Cx43-coupled cells and attenuated gap junction closure
under metabolic stress [146].

Fibroblast-derived microRNA-enriched exosomes, paracrine signaling mediators of
cardiac hypertrophy and remodeling, are also regarded as highly promising. In vivo
silencing of miR-21 reduced fibrosis in pressure-overload-induced disease and increased
survival following myocardial infarction [70]. Other in vivo and in vitro studies suggested
that miR-125b promotes profibrotic signaling in endothelial-to-mesenchymal transition and
fibroblast activation [147]. miR-29 downregulation has also been associated with increased
cardiac fibrosis, while miR-29 overexpression reduced collagen expression in myocardial
infarction models [148]. In a mouse model of ATII-induced hypertension, mimetic miR-
29 transfection also reduced the development of cardiac fibrosis via the TGF-β/Smad3
pathway [149]. More recently, miR-145, miR-30, and miR-133 have also been shown to
modulate collagen deposition and to control structural ECM changes [150,151]. However,
challenges in targeting microRNAs to prevent cardiac fibrosis remain, which are mainly
related to their broad and non-specific effects. Nevertheless, ongoing efforts to identify the
molecular targets of non-coding RNAs are promising for future clinical interventions.

Periostin targeting is also seen as a potential option in fibrosis-related CVDs. Periostin
acts as a regulator of cardiac fibrosis by altering the deposition, diameter, and cross-
linking of collagen fibers, by modifying the mechanical adhesion between fibroblasts and
myocytes [152], and by recruiting activated fibroblasts via FAK-integrin signaling [153].
In heart failure patients, periostin distribution and expression has been associated with
the amount of fibrotic tissue, suggesting that periostin may be a potential biomarker of
cardiac remodeling in this setting [153]. In post-myocardial infarction mice, the genetic
manipulation of periostin was shown to improve cardiac function. However, it also led to
an overall increase in fibrosis [151]. Thus, the use of periostin as a potential target remains
a sensitive issue.

4.4. Indirect Blockade of Fibrosis via Stimulation of Myocardial Regeneration/Repair

The targeted delivery of biomaterials composed of natural (e.g., naturally derived ma-
trices) or synthetic (e.g., poly [N-isopropyl acrylamide]-based hydrogels) biomaterial +/−
cells or growth factors has been investigated as a potential novel antifibrotic therapeutic
strategy with promising results in rodent and large animal models [154]. Decellularized
cardiac ECM alone can also be used as a biomaterial to control cardiac fibrosis and to pro-
vide support for the infarcted wall [154]. Transcatheter injection of processed decellularized
cardiac ECM hydrogel has been shown to promote stem cells recruitment, proliferation,
and differentiation into cardiac cells [155] and to be safe for administration in human
patients [156]. Although the trial was not designed to assess efficacy, there was a decrease
in heart failure symptoms, an increase in 6-min walk test distance, and an improvement in
left ventricular remodeling in post-myocardial infarction patients [156]. Acellular patches
that provide cells with tissue-specific biochemical cues important for cell migration and
differentiation and tissue regeneration have also been investigated. The most used bio-
materials include growth factors, ECM molecules, heparin, and thrombomodulin, which
help to ensure a uniform surface coating of the polymeric cardiovascular scaffold [157].
The vascular endothelial growth factor, the insulin-like growth factor 1, the hepatocyte
growth factor, the myeloid-derived growth factor, neuregulin 1, the epidermal growth
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factor, and the fibroblast growth factor are the most widely employed to improve the
bioresponsive properties of the scaffolds [157].

Cardiac patches that use collagen as a scaffold have also been studied in combination
with a variety of cell types capable of exerting paracrine effects or to directly regenerate
the injured myocardium [158], whereas fibrin cardiac patches improved cell delivery in
a porcine model of post-infarction left ventricular remodeling [159]. Cells that promote
adipose-derived stem cell regeneration embedded into platelet-rich fibrin and patched in
myocardial infarction rats significantly decreased fibrotic mediators’ levels and increased
the expression of antifibrotic markers [160]. The implantation of pluripotent stem cells-
derived cardiomyocytes placed on collagen scaffolds into dilated mouse hearts was also
shown to decrease cardiac fibrosis and to increase the expression of osteopontin, which
is an acidic phosphoglycoprotein that regulates the MMPs [161]. Multiple experimental
studies provided highly promising results, and there are several ongoing clinical trials that
test the localized delivery of biomaterials and antifibrotic agents.

Cell-sheet implantation has been shown to attenuate remodeling, restore the damaged
myocardium, and improve cardiac function in several experimental models of myocardial
infarction and dilated cardiomyopathy [162]. The method was tested in patients with
myocardial infarction and dilated cardiomyopathy in a phase I clinical trial [163]. Although
not adequately powered, the trial indicated a decrease in pulmonary pressure and resistance,
as well as in the levels of BNP, an increase in walking distances on the 6-min walk test, and
an improvement in the New York Heart Association classification in the treated patients,
particularly in those with ischemic heart disease [163].

4.5. Modulation of Collagen Turnover

Procollagen processing by procollagen C-proteinase(s) is critical for the maturation
of soluble collagen precursors into insoluble collagen and is potentiated by procollagen
C-proteinase enhancers (PCPE-1 and -2) [164]. The expression levels of these later proteins
have been shown to strongly correlate with the degree of fibrosis in different animal mod-
els [164]. The effect of PCPE-1 manipulation on cardiac fibrosis has not been evaluated to
date. In the mouse liver, PCPE-1 deficiency decreased, however, the amount of fibrosis [165].
Meanwhile, PCPE-2 null hearts have been associated with a decrease in CVF and with
lower myocardial stiffness in mice with aortic constriction [166].

Increased collagen production via Smad7 is amidst the many mechanisms by which
miR-21 promotes cardiac fibrosis [167]. Elevated miR-21 expression has been shown to
negatively affect collagen cross-linking and, implicitly, CVF [168], suggesting that miR-21
silencing could inhibit collagen synthesis and could thus exhibit antifibrotic effects.

Serelaxin is a recombinant form of human relaxin-2, which is a hormone that con-
tributes, among others, to the degradation of the ECM. The antifibrotic effect of relaxin has
been reported in both the kidney and the heart [169] and appears to rely on the prevention
of cardiac fibroblast-to-myofibroblast transition via TGF-β/Smad3 pathway inhibition [170].
In addition, serelaxin has been shown to be safe in patients with acute heart failure [171],
making this molecule particularly appealing for future clinical research.

Alterations in the balance between MMPs and their specific tissue inhibitors (i.e.,
TIMPs) have been incriminated as contributors to the abnormal production of ECM [172].
Cardiac expression of TIMP-1 and -2 was shown to be significantly increased and strongly
correlated with the amount of cardiac fibrosis in patients with pressure overload [172].
Meanwhile, TIMP-3 has been shown to possess an increased affinity for ECM glycosamino-
glycans and to alter the fibroblast phenotype [173]. The targeted administration of TIMP-3
could thus emerge as a promising collagen-decreasing strategy. In myocardial infarction
pigs, the regional delivery of exogenous TIMP-3 showed positive effects on left ventricular
ejection fraction and volume as well as on the extent of the infarcted area [173].
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5. Gaps in Knowledge, Ongoing and Future Research

Cardiac fibrosis is a complex syndrome that affects not only the structure but also the
function of the heart, suggesting that myocardial ECM homeostasis is essential for normal
cardiac functioning. Identifying widely available, inexpensive, non-invasive, and highly
accurate biomarkers for in vivo quantification of not only gross but also subtle cardiac fibro-
sis should continue to represent a major priority, as is the case in numerous other clinical
settings [174,175]. Multiple strategies have been shown to efficiently counteract fibrosis.
However, incomplete knowledge regarding the complex pathogenesis of fibrosis limits
advancement in this field. Understanding the activation of cardiac fibroblasts and their role
in cardiac fibrosis is necessary to improve our pharmaceutical arsenal. The development
of safe and effective antifibrotic strategies also depends on a detailed decipherment of the
pathways involved in the antifibrotic response. The window of therapeutic opportunity
also remains unknown, at present, both spatially and temporally. Cardiac fibroblasts may
respond differently to different therapeutic interventions, depending on the underlying
profibrotic context [176]. In reparative fibrosis that follows myocardial infarction, the
blockade of fibroblasts may have discordant effects at the periphery versus the center of
the scar. Therapeutic approaches designed to block cardiac fibrosis should thus focus on
preventing excessive ECM deposition at the periphery of the scar and should not affect the
replacement of necrotic cardiomyocytes within the scar core. The most adequate moment
for blocking the different profibrotic pathways remains another pending issue at this point.
Blocking mediators at the wrong time could alter cellular responses that are critical for
tissue repair. In reparative fibrosis that occurs after massive acute injury (e.g., after acute
myocardial infarction), the beneficial effects of fibrotic tissue clearly outweigh its harmful
effects. In such settings, early antifibrotic interventions could negatively affect the healing
process and promote rupture of the heart wall, whereas delayed fibrosis inhibition may be
ineffective if the fibrotic process is no longer reversible.

Numerous strategies aiming to prevent, block, and even reverse cardiac fibrosis have
been extremely promising in animal models. However, their evaluation in human patients
delays or, if they were tested in clinical settings, the results were rather disappointing.
Interspecies discordances obviously mandate caution when trying to extrapolate data from
animal studies to human medicine and can contribute to the discordant results obtained
with different antifibrotic agents. Other factors may play, however, even greater roles. Drug
doses used in animal studies are often much higher than those suitable for clinical use, and,
with very few exceptions, currently used animal models have limited ability to adequately
replicate human CVDs. Whereas in humans, CVDs are most often diseases of elderly
individuals, with numerous concomitant cardiac and non-cardiac conditions, treated with
different medications, including with a wide variety of cardioactive drugs, and in whom
treatment adherence is often questionable, most animal data arise from young, healthy
animals, fully compliant to all forms of therapy and who have no concomitant diseases and
no concomitant therapy [177]. Using more clinically relevant animal CVDs models would
certainly increase the translational value of data obtained in animal models. Meanwhile,
clinical trials on innovative strategies have either been performed on a small number of
patients or the follow-up period was much too short, considering the important interspecies
differences regarding the time needed for the development of fibrosis, which seems to
be much longer in humans [177]. Signaling pathways, profibrotic mechanisms, and even
the type of fibrosis that develops have also been shown to vary greatly depending on the
underling fibrose-promoting condition, suggesting that although most cardiac diseases
involve a certain degree of fibrosis, a ‘one size fits all’ approach is unlikely to provide the
solution in cardiac antifibrotic therapy. To date, with the exception of biomaterial-based
approaches, which have been largely studied in post-myocardial infarction fibrosis, antifi-
brotic strategies have rarely been studied targeted on a specific type of fibrosis. Thorough
understanding of the pathophysiological mechanisms underlying each type of myocardial
fibrosis could provide the key for safe and efficient, targeted antifibrotic therapy.
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Data from clinical trials confirmed the safety of stem cells from different tissue sources,
using different delivery routes, but their exact clinical benefit remains to be established.
Large phase III clinical trials are in progress, and their results will be essential to determine
the role of this novel, non-pharmacological approach. To fully understand the potential
role of stem cell therapy in cardiac fibrosis, the mechanisms by which this therapy exerts
its effects will also need to be clarified. Inhibition of the RAAS using anti-Ang II vaccines,
administration of Ang (1–7), and ACE2 overexpression recently emerged as a promising
new tool for myocardial fibrosis management in animal models and even in small clinical
trials. Antifibrotic drugs used in different other settings would also be worth consideration.
Pirfenidone, nintedanib, tranilast, bosentan, macitentan, ambrisentan, and thalidomide are
drugs with excellent results in pulmonary fibrosis, and only a minority of them has been
evaluated so far in CVDs. Hydralazine and ivabradine, already widely used in patients
with CVDs, were shown to significantly attenuate renal fibrosis, but very few studies have
assessed their cardiac antifibrotic effect (Table 2). Sildenafil was reported to exert antifibrotic
effects not only in the genitals but also in the lungs and skin. A similar effect on cardiac
fibrosis could thus contribute to the improvement in ventricular function associated with
sildenafil usage. Bioengineering and cell transplant therapy have also demonstrated major
potential in indirectly blocking fibrosis by stimulating myocardial regeneration/repair. Di-
rect cell reprogramming and molecular targets, such as epigenetic modifiers and miRs, have
also been proposed as novel promising pharmacological tools to prevent the development
of cardiac scar tissue. Targeting cardiac fibrosis is still associated, however, with a number
of major limitations, and the mechanisms that lead to excessive ECM formation remain
incompletely understood. In the absence of myocardial regeneration, the degradation of
large areas of fibrosis could result in catastrophic consequences. Future studies will need to
fully elucidate the mechanisms involved in cardiac fibrosis, to identify safe and effective
methods to counteract this harmful process, and to establish the most appropriate time
to intervene.

6. Conclusions

Cardiac fibrosis is currently acknowledged as a central element in the vast majority
of CVDs. Due to the complexity of the signaling pathways, to its dual, protective and
deleterious impact, and to the numerous cell types involved in the fibrotic process, safe and
effective therapies for cardiac fibrosis inhibition and/or reversal remain difficult to develop.
Continuous research in this area will have to fully elucidate the mechanisms involved in
cardiac fibrosis, to identify safe and effective antifibrotic methods, and to establish the most
appropriate time to intervene.
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Abstract: Despite progress in understanding the pathogenesis of atherosclerosis, the development
of effective therapeutic strategies is a challenging task that requires more research to attain its
full potential. This review discusses current pharmacotherapy in atherosclerosis and explores the
potential of some important emerging therapies (antibody-based therapeutics, cytokine-targeting
therapy, antisense oligonucleotides, photodynamic therapy and theranostics) in terms of clinical
translation. A chemopreventive approach based on modern research of plant-derived products is
also presented. Future perspectives on preventive and therapeutic management of atherosclerosis
and the design of tailored treatments are outlined.

Keywords: atherosclerosis; pharmacotherapy; emergent therapeutics; natural anti-atherosclerotic products

1. Introduction

Atherosclerosis is currently recognized as a progressive metabolic and immune-
inflammatory disease that affects the intimal lining of medium- and large-sized arter-
ies [1–3]. It is considered to be the main cause of atherosclerotic cardiovascular diseases—a
category that include coronary artery disease, cerebrovascular disease and peripheral artery
disease [4]. Ischemic heart diseases and stroke are the major atherosclerotic cardiovascular
events, representing 85% of cardiovascular deaths and 28% of all-cause mortality [5]. Ac-
cording to the Global Burden of Cardiovascular Diseases and Risk Factors Study, 1990–2019,
cardiovascular diseases affected 523 million patients globally and were the underlying cause
of 18.6 million deaths—approximately one-third of all deaths worldwide [6,7]. Although
significant advances have been made in the diagnosis and treatment of atherosclerosis
and its pathological mechanisms, subsequent complications and importance in the field
of medicine, many aspects are yet to be known and elucidated; in particular, pharma-
cotherapy of atherosclerosis is a challenging task. The pathogenesis of atherosclerosis is
complicated and multifactorial, involving interplay between the cellular structure of the
arterial intima, lipid metabolism and inflammatory factors [8–10]. After historically being
localized mainly in the Western countries, atherosclerosis has spread worldwide and to
younger people, females and all races. Further, in addition to the traditional risk factors
(age, males older than 45 years and females older than 55 years, family history of premature
cardiovascular diseases, arterial hypertension, hypercholesterolemia, diabetes, smoking
and obesity/overweight), new risks factors have been identified, such as genetics, homocys-
teine, high-sensitivity C-reactive protein (hs-CRP), sleep disorders, sedentary lifestyle, air
pollution and environmental stress [4,9,11]. Despite considerable progress in atherosclerosis
research, current therapies are insufficient to effectively treat this disease. It is appreciated
that the currently available medicines cannot prevent the occurrence of even 70% of clinical
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events [12]. There is a need for effective preventive strategies and better therapeutic options
for atherosclerosis. This review discusses mechanisms, clinical efficacy and limitations
and current evidence for atherosclerosis therapy starting from classical pharmacotherapy
(statins, fibrates and cholesterol absorption inhibitors) to emerging therapies (antibody-
based therapeutics, cytokine-targeting therapy, antisense oligonucleotides, photodynamic
therapy and theranostics). Further, alternative chemopreventive strategies based on natural
products are explored. Future perspectives on the preventive and therapeutic management
of atherosclerosis and the design of tailored treatments are outlined.

2. Pathogenesis of Atherosclerosis

Pathobiology of atherosclerosis involves crosstalk between lipid metabolism imbal-
ance, endothelial dysfunction, inflammatory pathways, oxidative stress and genetic predis-
position. Endothelial cells, inflammatory cells and vascular smooth muscle cells (VSMCs)
play key roles in disease development and progression. The main events that occur in
atherogenesis are illustrated in Figure 1.
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Figure 1. The pathogenesis of atherosclerosis. Atherogenesis is linked to both lipid metabolism
and immune-inflammatory pathways. The process which leads to the formation of atherosclerotic
plaques is complex and involves multiple steps. Endothelial dysfunction—induced by various nox-
ious stimuli, including cardiovascular risk factors, disturbed hemodynamics and/or high levels of
circulating lipids, particularly LDL—is a key component in the onset of atherosclerosis. Subendothe-
lial accumulation of LDL and its oxidative modification to oxLDL promotes endothelial injury and
induces a complex picture of immuno-inflammatory responses, starting from monocyte recruitment
and macrophage activation, which lead to foam-cell formation and atherosclerotic plaque develop-
ment. Monocyte chemoattractant protein 1 (MCP-1) and adhesion molecules (vascular cell adhesion
molecule-1 (VCAM-1) and intercellular adhesion molecule-1 (ICAM-1)) are mainly responsible for
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monocyte chemotaxis and adhesion. Atherogenic activation and phenotypic switching of vascular
smooth muscle cells (VSMCs) induced by pro-inflammatory signaling (interferon γ (IFN-γ) and tumor
necrosis factor α (TNF-α)) and growth factors (platelet-derived growth factor (PDGF), transforming
growth factor β (TGF-β) and basic fibroblastic growth factor (bFGF)) also contribute to foam cell and
plaque formation. Calcification and extracellular matrix remodeling may stabilize atherosclerotic
plaques. Macrophages and foam cells release matrix metalloproteinases (MMPs) that promote the
rupture of plaques and lead to major thrombotic events [13,14].

2.1. Endothelial Cells

Healthy endothelium is a major regulator of vascular homeostasis, releasing a wide
spectrum of factors that control vascular tone and permeability, fluid balance, cellular
adhesion, thromboresistance and fibro-inflammatory-proliferative responses. Endothelial-
derived nitric oxide (NO) is a major factor that promotes vasoprotective and anti-
atherosclerotic behavior [15,16]. Classical (hypercholesterolemia, hypertension, diabetes,
chronic smoking and aging) and non-classical (ambient air pollution, mental stress and
chronic inflammatory diseases) cardiovascular risk factors alter endothelial function, switch-
ing from a quiescent phenotype toward one that involves the impairment of NO-dependent
signaling and pro-inflammatory and pro-thrombotic maladaptive responses [17]. Damage
to endothelial function is an early hallmark of atherosclerosis, but it also has diagnostic
and therapeutic significance [17]. Dysfunctional endothelial cells (ECs) exhibit increased
permeability, a vasoconstrictive profile and express leukocyte adhesion by releasing ad-
hesion molecules (vascular cell adhesion molecule-1 (VCAM-1), intercellular adhesion
molecule-1 (ICAM-1) and E- and P-selectin); also, the pro-inflammatory nuclear factor-κB
(NF-κB) and activator protein 1 (AP-1) pathways are activated, and the cytoskeletal and
junctional proteins are dysregulated [13,18]. In addition, ECs showed an altered profile of
gene expression and repair [19]. This defective endothelial phenotype allows subendothe-
lial accumulation of low-density lipoproteins (LDL) and their atherogenic modification by
oxidation and aggregation [20]. Locally reactive oxygen species (ROS) and myeloperoxi-
dase, 15-lipoxigenase and nicotinamide adenine dinucleotide phosphate (NADH/NADPH)
oxidases appear to mediate oxidation of LDL [21]. Oxidized LDL (oxLDL) contributes to
the development and progression of atherosclerosis through induction of inflammatory and
immune cell infiltration into the vascular wall, increase of oxidative stress and upregulation
of the renin–angiotensin system [21].

2.2. Inflammatory Cells

Monocytes/macrophages. Recruitment of circulating monocytes within the intima is
elicited by the retention of lipoproteins and is one of the earliest atherogenic events; this
process continues in subsequent stages of disease progression. Monocyte chemoattractant
protein 1 and 3 (MCP-1 and -3) chemokines are implicated in monocytic chemotaxis to
damaged vascular areas [22]. In the subendothelial space, monocytes differentiate into
macrophages, which engulf the modified LDL via several scavenger receptors (SR-A1,
CD36 and LOX1/SR-E1) and lead to the formation of foam cells [23]. Apart from their role
as scavengers, the activated macrophages contribute to the release of vasoactive factors
(endothelins, eicosanoids, ROS, chemokines, tissue factor (TF) and matrix metallopro-
teinases (MMP-2, MMP-8, MMP-12)) [14,20,24] that exhibit thrombogenic, inflammatory
and plaque-destabilizing properties and accelerate the progression of atherosclerotic le-
sions [20,25]. Due to their high plasticity, macrophages can adopt different functional
phenotypes as a result of their adaptation to the local environment, such as intracellular
energy metabolism [26,27]. Genetic and epigenetic variables—including non-coding RNA
and gut microbiota—can also influence macrophage function, influencing both inflamma-
tory response and resolution/repair [27]. The traditional model of macrophage polarization
includes two phenotypes: M1 and M2. “Classic” M1 macrophages are triggered by Th1
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cytokines (interferon-γ (IFN-γ) and tumor necrosis factor α (TNF-α)) and molecular com-
plexes associated with pathogens (lipopolysaccharides). They exhibit an inflammatory be-
havior, increasing levels of IL-6, IL-12, IL-23, TNF-α and IL-1β cytokines and chemokines in-
volved in Th1 recruitment (CXCL-9, CXCL-10 and CXCL-11). In addition, M1 macrophages
produce RSO via NADPH oxidase and stimulate tissue destruction [26]. “Alternative” M2
macrophages are usually polarized by Th2-related cytokines such as IL-4, IL-33 and IL-13.
They express immunomodulatory properties, stimulate tissue recovery and secrete anti-
inflammatory cytokines (IL-10) and chemokines (CCL17, CCL22, CCL24) [26]. The M1 type
is commonly encountered in atherosclerotic areas in patients with coronary heart disease
and heart attack, being prevalent in vulnerable plaques [26]. Depending on the stimuli,
other macrophage phenotypes have been described in atherosclerosis. Mox macrophages
are triggered by oxidized phospholipids and are characterized as a proatherogenic type
that is abundant in advanced plaques [23]. Further, the so-called M4 phenotype shows a
pro-inflammatory and proatherogenic profile, being polarized by the CXCL4 chemokine.
It promotes destabilization of the plaque’s fibrous cap and appears to be irreversible in
atherosclerotic plaques. Mhem and M(Hb) are bleeding-related phenotypes that exhibit
atheroprotective properties, promoting cholesterol outflow and resistance to the formation
of foam cells [23,26,28].

Lymphocytes. Immunoregulatory CD4+ and CD8+ T cells are encountered in all stages
of atherosclerotic plaque development and progression. On the other hand, B lymphocytes
are rare in the intimal plaque [20]. The differentiation of T cells into functional types
depends on local metabolic and systemic conditions, such as hypoxia, cellular energy
metabolism, cellular cholesterol efflux, hypercholesterolemia and epigenetic changes [27].

CD4+ T-helper (Th) cells represent about 70% of T lymphocytes in atherosclerotic areas,
with the Th1 subtype predominant. Th1 cells secrete IFN-γ, TNF-α and IL-2 cytokines,
which enhance the atherogenic processes [22,29]. CD8+ T cells are commonly found in
severe advanced lesions and appear to exhibit proatherogenic and plaque-destabilizing
properties [30]. The Th2 subtype shows both proatherogenic and protective effects. Thus,
its related IL-4 cytokines contribute to plaque progression, while IL-5 and IL-33 exhibit
anti-atherogenic properties via the production of IgM-type anti-oxLDL antibodies and
reduction of the size of the atherosclerotic area. Induction of Th2 cells is pronounced in
severe hypercholesterolemia [29].

CD4+ regulatory T cells (Tregs) represent 1–5% of all localized T cells within the
atherosclerotic plaque. They exert immunosuppressive effects and are master modulators
of inflammatory responses. A prevalent atheroprotective function has been documented
for Tregs-related cytokines (IL-10 and transforming growth factor (TGF-β)) [29,31].

The T helper 17 (Th17) cells have been also been identified in atherosclerotic zones.
They produce IL-17A that promotes autoimmunity but also induces modification of
atherosclerotic plaque. On the one hand, IL-17A can enhance recruitment and activation
of myeloid cells, while on the other hand, it stabilizes plaque via stimulation of collagen
production. Therefore, its role is controversial [32].

Dendritic cells. Dendritic cells exert both direct and indirect effects in atherogenesis.
Direct actions include lipid uptake and transformation in foam cells, antigen presentation
and activation/proliferation of T cells and mediation of efferocytosis, a phagocytic clearance
of apoptotic cells. Indirect effects are related to regulation of other immune cell functions
and recruitment of circulating leucocytes or hematopoietic cells to the vascular area via
secretion of pro-inflammatory mediators (TNF-α, IL-1, IL-12, IL-23, IL-27 and IL-33). [33].
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2.3. Vascular Smooth Muscle Cells (VSMCs)

VSMCs are involved in the development of atherogenesis through their migration
and proliferation and induction of matrix synthesis and foam cell formation. Even VSMC
apoptosis and senescence contribute to atherosclerosis [24]. VSMCs are activated in re-
sponse to various factors (TNF-α, IFN-γ, TGF-β, platelet derived growth factor (PDGF)
and basic fibroblastic growth factor (bFGF)), ROS, shear stress, blood flow, matrix stiffness
and modified cholesterol); once activated, they switch from a contractile phenotype to a
synthetic state that promote extracellular matrix (ECM) production, plaque growth and
fibrotic cap formation [18]. The vulnerable thinning of the fibrous cap as a result of defec-
tive efferocytosis and cell necrosis can cause rupture of the plaque and thrombosis, which
further triggers severe cardiovascular events (unstable angina, myocardial infarction, stroke
and sudden cardiac death) [34]. VSMCs genes associated with differentiation, migration
and phenotypic switching are transcriptionally regulated by epigenetic mechanisms such
as DNA methylation [24].

The role of epigenetics in regulating the atherosclerotic process has been increasingly
recognized, with DNA methylation most commonly associated, as methylation levels
control the expression of pro- and anti-atherosclerosis genes [35]. Further, non-coding
RNA participates in the regulation of apoptosis, pyroptosis, autophagy, proliferation
and migration of endothelial cells, monocytes, macrophages and VSMCs, making it a
component of the atherosclerotic cycle and a target for future therapy [36].

2.4. Risk Factors

As we mentioned before, atherogenic changes are sustained and magnified by the
influence of various classical (conventional) and non-classical (non-traditional) risk fac-
tors. A brief description of atherogenic mechanisms induced by the major factors is
presented below.

2.4.1. Classical Risk Factors
Hypercholesterolemia

High levels of total cholesterol and triglycerides (TG) plus lipoprotein imbalance (with
the prevalence of atherogenic fractions (LDL) and decrease of high-density lipoproteins
(HDL)) play a crucial role in atherosclerosis, initiating the pathological processes we
previously described. They are associated with the impairment of endothelium-dependent
vasodilatation and ECs function and repair, abnormal vasomotor response, disturbed
hemodynamics, oxidative stress and inflammation [37,38]. Familial hypercholesterolemia is
an inherited hyper-LDL-cholesterolemia caused by deleterious mutations in LDL receptors
or genes [39]. Hepatic LDL receptors are important for the removal of plasma cholesterol.
The binding of LDL to its receptors is mediated by apolipoprotein B, while proprotein
convertase subtilisin-kexin type 9 (PCSK9) is responsible for the degradation of LDL
receptors. Mutations of genes that code LDL receptors, apoliprotein B or PCSK9 may result
in minimal cholesterol clearance, leading to extensive accumulation [40].

The control of circulating cholesterol is one of the most-used targets of current anti-
atherosclerotic pharmacotherapy and dietary recommendations.

Hypertension. Elevated blood pressure accentuates the progression of atherosclerosis,
increasing its severity and expanding lesions. The deleterious effects of arterial hyper-
tension are due to multiple mechanisms, including endothelial dysfunction induced by
mechanical and hemodynamic stress, increase of atherogenic lipoprotein uptake into the
intima and monocyte adherence to the endothelial line. Further, vascular inflammation,
promotion of the synthetic state of VSMCs and the activation of prothrombotic factors
via angiotensin (Ang) II and other vasoconstrictive peptides play significant roles [41–43].
In addition to its established role in hypertension, the renin–angiotensin system (RAS)
has major implications in atherosclerosis pathogenesis via various cellular and molecular
mechanisms. Ang II, the main effector of RAS, induces oxidative stress in the cardiovascular
system, significantly alters ECs function, upregulates the expression of adhesion molecules
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(ICAM-1, VCAM-1) and inflammatory cytokines (TNF-α, IL-6) and stimulates growth
factor expression (insulin-like growth factor and platelet-derived growth factors). Ang II
stimulates plaque formation in the early stages and promotes plaque progression; in ad-
vanced disease, it destabilization the atherosclerotic plaque by regulating ECM composition
and MMP release [44].

Diabetes. Diabetes mellitus increases the incidence of atherosclerosis and accelerates
the progression and the clinical manifestation of atherosclerotic pathology. More than
90% of patients with diabetes and atherosclerosis are diagnosed with type 2 diabetes,
which is generally known to amplify the risk of cardiovascular complications and mortal-
ity. Diabetes-related metabolic abnormalities, such as chronic hyperglycemia, advanced
glycation end-products, dyslipidemia, free fatty acid excess and insulin resistance, cause a
cascade of modifications that impact multiple cell types and alter vascular homeostasis [45].
They impair endothelial cell function, promote vasoconstriction and thrombosis, increase
proinflammatory signaling, enhance foam cell formation and stimulate atherogenic VSMCs
behavior [45,46]. Prediabetic patients are also at risk. Hyperglycemia leads to increased
hematopoiesis and ROS-producing neutrophils, as well as to the production of extracellular
vesicles from vascular endothelial cells and leukocytes, which, in turn, facilitate atheroscle-
rosis via ROS-producing NADPH oxidase and LDL-scavenging CD36. They also carry
specific miRNAs that promote hematopoiesis and inflammation [47].

Smoking. Chronic smoking is a major cause of cardiovascular morbidity and mortality.
It triggers atherothrombotic events and promotes atherosclerosis and contributes to all of its
clinical expressions. Tobacco exposure (even passive smoking) is associated with vasomotor
dysfunction and endothelial cell damage, inflammation (elevated levels of TNF-α, IL-6 and
CRP), dysfunctional thrombo–hemostatic response via alterations in platelet activity and
antithrombotic/prothrombotic factors, impairment of lipid profile and lipid peroxidation
and VSMCs proliferation [48,49].

Aging. Atherosclerosis is more frequently encountered in the older population, being
linked to changes in both myeloid cell hematopoiesis and vasculature, as these systems
share the same inflammatory pathway mediated by IL-6 signaling. This highlights the
role of anti-inflammatory therapies in the prevention of atherosclerosis [50]. Aging is
an independent risk factor for atherosclerosis and adverse cardiovascular outcomes. All
atherogenic events are amplified with increasing age. The most important age-related
changes that support and promote atherosclerosis include vascular stiffness and rigidity,
endothelial cell injury, persistent vascular inflammation and oxidative stress, increased
of atherogenic lipoprotein uptake and leukocyte adhesion, hypertension, alteration of
mitochondrial function in vasculature and mitophagy impairment. Elevated DNA damage,
extensive telomere shortening, epigenetic alteration and gene transcription dysregulation
are characteristic features of both aged cells and atherosclerotic plaques [50,51].

2.4.2. Non-Classical Risk Factors

Hyperhomocysteinemia, defined as homocysteine values higher than 10−2 mol/L, is a
new, independently important risk factor for atherosclerosis and cardiovascular disease [52].
Elevated levels of plasma homocysteine may arise from abnormalities of enzymes involved
in its metabolism or nutritional deficiencies of folate, B6 and/or B12 vitamins. Older age,
tobacco use, hypertension and male gender are associated with increased homocysteine
levels. Further, patients with renal dysfunction, malignant neoplasm and systemic lu-
pus erythematosus show the same tendency [53]. Hyperhomocysteinemia promotes a
proatherogenic and prothrombotic microenvironment via several mechanisms that include
oxidative stress, endoplasmic reticulum stress, endothelial dysfunction, increase of platelet
aggregation, alteration of fibrinolysis, activation of proinflammatory cytokine production
and stimulation of VSMCs proliferation [52,53]. It is important to mention that hyperhomo-
cysteinemia reinforces the effects of other risk factors, such as smoking, hypertension and
lipid metabolism imbalance [54].
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Bacterial and viral infections.
Infection with a variety of pathogens (Chlamydia pneumoniae, periodontal pathogens,

Helicobacter pylori, Human Immunodeficiency Virus, Influenza virus and Cytomegalovirus)
may contribute to the development of atherosclerosis triggering and enhancing the systemic
inflammatory response. Elevated CRP levels as a marker for predictive atherosclerotic risk
have been reported in these patients. Besides, other mechanisms that promote atherogenesis
can be also involved, such as: endothelial damage, altered cell metabolism, monocyte and
macrophage activation, dysregulated lipid metabolism and hyperhomocysteinemia [48].
Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2), responsible for the
2019 coronavirus pandemic (COVID-19) is also strongly associated with atherosclerotic
cardiovascular diseases and their complications. The suggested mechanisms include
cytokine storm (TNF-α, IL-1β, IL-2, IL-6 and CRP) and thrombotic microangiopathy [55].

Environmental Pollutants.
Epidemiological studies show a consistent relationship between atmospheric pollu-

tants (particulate matter and gaseous products) exposure and atherosclerotic cardiovascular
diseases. Air pollutants generated by anthropogenic activities (fossil fuels, refining and
construction) and natural sources (volcanic eruptions and wildfires) can induce athero-
genic responses via several mechanisms, such as: endothelial dysfunction, alteration of
systemic micro- and macrovascular tone, hyperlipidemia, tissue inflammation, increase
of thrombogenicity, oxidative and neuroendocrine stress, tissue damage and plaque insta-
bility. It is important to mention that air pollution exposure amplifies the effects of other
cardiovascular risk factors (hypertension, insulin resistance and aging) [48,56].

Some autoimmune disorders (psoriasis, rheumatoid arthritis, systemic lupus erythe-
matous and antiphospholipid syndrome), mental health disorders (chronic depression),
sleep disorders and polycystic ovarian syndrome have also been linked to an increased
atherosclerotic and cardiovascular risk. Although the mechanisms are not fully understood,
chronic inflammation, oxidative stress and neuro-endocrine abnormalities may contribute
significantly [48].

Given the higher prevalence of atherosclerosis in men as compared to women in the
pre-menopause age, plus the sudden rise of incidence in women after menopause, together
with the abundance of sex hormone receptors in the vascular endothelium, sex hormones
also play a role in atherosclerosis development, and the onset of menopause represents
another risk factor [57].

2.5. Groups Prone to Atherosclerosis

Several population groups are at a higher risk of developing atherosclerosis or a
disease associated with it. These include: familial dyslipidemia, women, older people,
type 2 diabetes mellitus, metabolic syndrome, patients with acute coronary syndromes,
stroke, chronic kidney disease, transplantation, peripheral artery disease, chronic immune-
mediated inflammatory diseases, patients with Human Immunodeficiency Virus (HIV) and
patients with severe mental illness. Familial dyslipidemias are associated with genetic syn-
dromes, the most frequent and studied being familial hypercholesterolemia. Usually, they
imply the alteration of lipid metabolism and a similar lipid profile in many members of the
same family. Women have a lower risk than men before the onset of menopause; however,
after the age of 55, the risk is equal in both genders, and cardiovascular mortality tends
to be higher in women. The use of statins has not been fully studied in patients >75 years
old and thus there is no full recommendation for treatment to be initiated. Further, given
the lower treatment adherence in this group and high likelihood of other comorbidities,
cardiovascular risk is also higher. Type 2 diabetes mellitus is associated with organ damage
(nephropathy and retinopathy neuropathy), dyslipidemia, obesity and hypertension, which
significantly increase the risk for atherosclerotic cardiovascular disease. Patients who have
already suffered major events such as coronary syndromes or strokes (which also have a
major atherosclerotic etiology) are at a higher risk of reoccurrence plus have more difficulty
reaching and maintaining LDL target values. Chronic kidney disease is itself a major

58



Pharmaceutics 2022, 14, 722

cardiovascular risk factor, and it is associated with increased atherosclerosis. From the early
stages, TG levels rise and HDL levels are low, while small, dense LDL particles become
predominant with disease progression. Post-transplant patients (especially heart, lung,
liver, kidney or allogenic hematopoietic stem cell transplantation) as well as those who
have undergone immunosuppressive therapy have an altered lipid profile, with increased
total cholesterol, very-low-density lipoprotein (VLDL) and TG levels. Further, interactions
between immunosuppressive medication and lipid-lowering drugs should be taken into
consideration. Peripheral artery disease is already a manifestation of atherosclerosis, yet it
is always associated with an increased risk for major events, such as strokes or coronary
atherosclerotic syndromes [58].

3. Current Pharmacotherapy in Atherosclerosis

Currently available anti-atherosclerotic pharmacotherapy includes mainly lipid-
lowering agents, namely statins, fibrates, cholesterol-absorption inhibitors and proprotein
convertase subtilisin/kexin type 9 (PCSK-9) inhibitors [59]. Antiplatelet and antihyperten-
sive drugs are also prescribed.

3.1. Statins

Statins are the most-commonly prescribed drugs, being first-line therapy for atheroscle-
rosis and clinical management of the cardiovascular risk. They are effective both in primary
and secondary prevention of cardiovascular disease [60]. The atheroprotective activity
of statins involves both potent LDLc-lowering properties and multiple non-lipid-related
pleiotropic effects, including enhancement of nitric oxide (NO) bioavailability, alleviation of
endothelial dysfunction, anti-inflammatory, immunomodulatory and antioxidant abilities,
stabilization of atherosclerotic plaques and inhibition of cardiac hypertrophy [61]. The
major mechanism of statins is competitive and reversible inhibition of 3-hydroxy-3-methyl
glutaryl coenzyme A (HMG-CoA) reductase, a rate-limiting enzyme in the cholesterol
biosynthesis pathway. The decrease of cholesterol levels leads to upregulation of LDL-
receptor expression and increased bloodstream LDLc clearance, reducing circulating LDLc
by 20–55% [60]. Further, statins inhibit hepatic synthesis of apolipoprotein B100 and
decrease production of triglyceride-rich lipoprotein [62]. They can alter plaque biology
and reduce foam cell formation via suppression of oxLDL uptake by CD36, scavenger
receptor A and LOX-1 receptor and inhibition of macrophage oxidative activity [62,63].
Other beneficial effects of statins include inhibition of endothelial nitric oxide synthase
(eNOS), decrease of CRP levels, reduction of adhesion molecules (E-selectin and ICAM-1),
suppression of myeloperoxidase-derived and nitric oxide-derived oxidants, upregulation
of key antioxidant enzymes (glutathione peroxidase and superoxide dismutase) and recruit-
ment of endothelial progenitor cells (useful in repairing ischemic injuries) [61,64]. Clinical
statins are simvastatin, lovastatin, pravastatin, fluvastatin, atorvastatin, rosuvastin and
pitavastatin [62]. The most important side effects of statin therapy are muscle symptoms
(myalgia and rhabdomyolysis), liver dysfunction and renal failure. [60,65].

3.2. Fibrates

These lipid-lowering agents attenuate premature atherosclerosis and cardiovascular
risk in atherogenic dyslipidemias, including those from type II diabetes and metabolic
syndrome [66]. Fibrates are considered an effective therapeutic strategy in patients with
moderate to high residual cardiovascular risk, mainly those with hypertriglyceridemia
and low high-density lipoprotein cholesterol (HDLc) values [67]. They decrease plasma
triglycerides (TG) and TG-rich lipoproteins and increase HDLc, primarily through the
activation of peroxisome proliferator-activated receptor α (PPARα), a master transcription
factor that regulates lipid and carbohydrate metabolism, impacting fatty acid uptake and
activation, TG turnover, lipid droplet biology and gluconeogenesis [68,69]. Additional
anti-atherogenic activity of fibrates includes anti-inflammatory effects and the decrease of
vascular cell adhesion molecule (VCAM) and MCP-1 levels [67]. The best-known fibrates
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are fenofibrate, gemfibrozil and bezafibrate. Common adverse effects associated with
fibrates are gastro-intestinal, liver and musculoskeletal disturbances [59].

3.3. Cholesterol Absorption Inhibitors

Ezetimibe is the commonly used drug of this type. It inhibits intestinal absorption of
dietary and biliary cholesterol and related phytosterols, preventing transport of cholesterol
through the intestinal wall [70]. Its association with simvastatin enhances the lipid-lowering
effect of ezetimibe. The molecular target of the drug is Niemann–Pick C1-Like 1 protein, a
critical cholesterol-trafficking factor [59,71].

3.4. Proprotein Convertase Subtilisin/Kexin Type 9 (PCSK-9) Inhibitors

PCSK-9 is another relevant cholesterol-lowering target that is involved in the regu-
lation of LDL receptors. The gene that encodes PCSK-9 is implicated in familial hyperc-
holesterolemia, and their gain- and loss-of-function mutations lead to high and low levels
of LDLc, respectively. Alirocumab and evolocumab are two human monoclonal antibodies
that act as PCSK-9 inhibitors. They are approved in the treatment of familial hypercholes-
terolemia and in patients with atherosclerotic cardiovascular disease who require additional
LDLc reduction.

Further, inclisiran is a small interfering RNA molecule (siRNAs) that suppresses PCSK-
9 synthesis in hepatocytes. It specifically binds to PCSK-9 mRNA, inhibits its translation and
switches off PCSK-9 synthesis, resulting in a substantial and long-lasting decrease of serum
LDLc levels. Analysis of data from three clinical trials showed that inclisiran decreased
LDLc concentration by 51%, total cholesterol by 37%, ApoB by 41% and lowered the
incidence of significant negative cardiovascular events by 24% [12]. The main therapeutic
indications of inclisiran are primary hypercholesterolemia and mixed dyslipidemia in
monotherapy or combined with statins or other lipid-lowering agents in patients who
cannot achieve LDLc goals. Although the drug has an acceptable side effects–benefits
profile, it should be noted that the potential pro-thrombotic activity of inclisiran can become
clinically relevant after a long period of use in patients with high cardiovascular risk [72].

3.5. Renin–Angiotensin System (RAS) Inhibitors

RAS can be inhibited using three main types of agents: direct renin inhibitors (e.g.,
Aliskiren), angiotensin converting enzyme (ACE) inhibitors (captopril, enalapril and
perindopril) and angiotensin receptor blockers (ARBs) (losartan, candesartan and irbe-
sartan). Apart from their main activity, these drug classes can also have a hypolipemic
effect, as atherosclerosis is linked to the renin–angiotensin system, as previously mentioned.
Prevention of post-vascular injury myointimal proliferation, inhibition of Ang II-induced
vascular proliferation or simply the lowering of blood pressure can decrease atherosclerosis
formation. Further, compared to other blood-pressure-lowering classes (beta-blockers
and calcium channel blockers), only RAS inhibitors exhibit anti-atherosclerotic properties.
However, it should be noted that these drug classes are foremost blood-pressure-lowering
medication, and the lipid-lowering properties are only potential additional effects [73–77].

4. Emerging Therapies
4.1. Cytokine-Targeting Therapy

Since atherosclerosis is no longer considered just a lipid-derived disease, and the
role of inflammation in the atherosclerotic process has been revealed, strategies targeting
inflammatory pathways were developed as promising new avenues to treat this pathology.
The most-investigated inflammatory targets have been IL-1β, IL-6, CRP, TNF-α and IFN-γ,
and the promising therapeutics are presented below [78].
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4.1.1. Anti-IL-1β Agents

Cytokine IL-1β is involved in all stages of atherosclerosis, being a major pathogenic
factor in plaque instability. It increases expression of chemokines (MCP-1) and adhesion
molecules (ICAM-1, VCAM-1), stimulates proliferation and differentiation of vascular
smooth muscle cells, and induces the activation of macrophages and the secretion of dif-
ferent proinflammatory mediators (IL-6) and MMPs [79]. Canakinumab is a recombinant
human monoclonal antibody that was approved for the treatment of cryopyrin-associated
periodic syndrome, adult-onset Still’s disease, systemic juvenile idiopathic arthritis or famil-
ial Mediterranean fever. It binds to IL-1β and blocks its interaction with the IL-1 receptor,
neutralizing IL-1β signaling [80]. In the CANTOS study (Canakinumab Anti-inflammatory
Thrombosis Outcome Study), involving patients with a history of myocardial infarction
and a high-sensitivity CRP level (≥2 mg/L), canakinumab therapy led to a 15% reduc-
tion in major cardiovascular events (nonfatal myocardial infarction, nonfatal stroke and
cardiovascular death). Furthermore, in a pre-specified secondary analysis of trial results,
all-cause and cardiovascular mortality decreased by 31% in treated patients, regardless
of the reduction in lipid levels. The safety profile of canakinumab is favorable, but it
can increase the risk of infections and could promote plaque instability [79,81]. Another
known IL-1β blocker is anakinra, a recombinant IL-1 receptor antagonist used in therapy of
rheumatoid arthritis and neonatal-onset multisystem inflammatory disease [80]. In clinical
trials in patients with acute coronary syndrome, anakinra significantly reduced the acute
inflammatory response and subsequent cardiovascular events and hospitalizations. Due
to side effects related to frequent administration, however, the drug is not appropriate for
chronic disease management [79].

4.1.2. Anti-IL-6 Agents

IL-6 is a pleiotropic and potent cytokine, being a marker of inflammation related
to cardiovascular risk. Elevated IL-6 levels are associated with increased cardiovascular
events and mortality. Pro-atherogenic effects of IL-6 include increase of amyloid pro-
tein, fibrinogen, adhesion molecules (ICAM-1, VCAM) and CRP expression, activation of
endothelial cells and platelets, stimulation of vascular smooth muscle proliferation and
macrophage lipid accumulation. In addition, IL-6 promotes progression of coronary artery
disease [82,83]. There are also data that support some atheroprotective properties of IL-6 via
upregulation of ATP binding cassette transporter (ABC)A1, a protein that mediates choles-
terol efflux from cells to apolipoproteins and prevents foam cell formation. Tocilizumab is
a recombinant humanized monoclonal antibody that interferes with the binding of IL-6
to its specific receptors on different cell types. It prevents inflammatory responses and
is recommended in moderate to severe rheumatoid arthritis, systemic juvenile idiopathic
arthritis and in COVID patients. Clinical studies have shown some cardiovascular benefits
of tocilizumab. In patients with non-ST-segment elevation myocardial infarction (NSTEMI),
tocilizumab reduced CRP levels by up to 50%. Further, it decreased troponin T values in
patients who underwent percutaneous coronary intervention (PCI) and improved myocar-
dial salvage after STEMI (ASSAIL-MI trial) [84]. Unfortunately, tocilizumab causes adverse
changes in the lipid profile, raising LDL and TG via reductions in LDL receptor levels.
Currently, ziltivekimab, a novel human monoclonal antibody targeting the IL-6 ligand,
is being developed for atherosclerosis treatment. Phase 2 of the RESCUE trial reported
that subcutaneous administration of ziltivekimab in patients with high cardiovascular
risk significantly reduced biomarkers of systemic inflammation and thrombosis known
to promote the atherothrombotic process (hsCRP, fibrinogen, serum amyloid A, secretory
phospholipase A2 and LP(a)). Treatment was well-tolerated and had no influence on the
total cholesterol to HDLc ratio [12,85].
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4.1.3. Anti-TNF-α Agents

TNF-α is a master regulator of inflammatory events and immune responses and a ma-
jor player in atherogenesis. It induces endothelial barrier dysfunction by increasing vascular
permeability, decreases NO bioavailability, stimulates vascular ROS generation (primarily
anion superoxide), promotes endothelial expression of cell adhesion molecules (E-selectin,
VCAM-1 and ICAM-1) and stimulates the recruitment and migration of leukocytes in the
vascular wall. Moreover, TNF-α alters smooth muscle cell function by stimulating their
proliferation and inducing a proatherogenic phenotype [86]. Several TNF-α inhibitors, such
as monoclonal antibodies (infliximab, adalimumab, golimumab and certolizumab pegol)
and etanercept, a dimeric fusion protein produced by recombinant DNA technology, have
been developed and introduced against inflammatory and autoimmune disorders. Studies
have shown that anti-TNF-α medicines improve endothelial function, aortic stiffness and
vascular wall properties and decrease the risk of cardiovascular events in rheumatological
patients or those with psoriasis. However, in patients with severe cardiovascular disease,
TNF-α inhibitors failed to show clinical benefits. To the best of our knowledge, currently
there are no ongoing clinical trials focused on the use of anti-TNF-α agents in patients with
high cardiovascular risk [87,88].

4.2. Anti-P-Selectin Therapy

P-selectin is another interesting therapeutic target in atherosclerosis and vascular
diseases. It is an inflammatory adhesion molecule strongly expressed on the surface of
activated platelets and endothelial cells. P-selectin facilitates recruitment and attachment
of circulating leukocytes to vascular walls and promotes proinflammatory cytokine release
and thrombus formation [89]. Therapeutics targeting P-selectin are being intensively
investigated in preclinical and clinical studies. Among them, inclacumab, a fully human
IgG4 monoclonal antibody, is a very promising agent. It inhibits P-selectin activity and
showed anti-cell adhesion, anti-inflammatory and antithrombotic effects in patients with
cardiovascular diseases. The SELECT-ACS trial found that inclacumab significantly reduced
myocardial damage after PCI in NSTEMI patients [12]. The drug appears to be well-
tolerated, and new clinical trials with inclacumab are planned [90].

4.3. Angiopoietin Like (ANGPTL3) Targeting Agents

ANGPTL3 is a secretory protein belonging to the angiopoietin-like protein family.
Due to its crucial role in human lipoprotein metabolism by inhibition of lipoprotein and
endothelial lipases, ANGPTL3 has emerged as a promising target in cardiovascular and
metabolic therapy [91]. Inhibition of ANGPTL3 activity leads to an important reduction in
all major lipoprotein types, and loss-of-function (LOF) variants of ANGPTL3 were associ-
ated with a protective role against cardiovascular disorders, decreasing the risk of coronary
heart disease by 34% [92]. Evinacumab is a recombinant human monoclonal antibody
that inactivates circulating ANGPTL3 via the formation of complexes with the protein. It
reduces plasma TG, LDLc and very-low-density lipoprotein cholesterol (VLDLc) levels,
augmenting the clearance of TG-rich lipoproteins. In 2021, evinacumab was approved by
the FDA for treatment of homozygous familial hypercholesterolemia [12,93]. An intensive
therapy based on evinacumab, alirocumab and atorvastatin, targeting all apoB-containing
lipoproteins, may provide an improved anti-atherosclerotic approach. This combination
inhibited the progression of atherosclerotic lesions, reducing the area, size and proliferation
of macrophages in plaque [94].

Alongside evinacumab, a similar reduction in atherogenic lipoproteins was obtained
in human subjects with vupanorsen (AKCEA/IONIS-ANGPTL3-LRX), a N-acetyl galacto-
samine-conjugated second generation antisense oligonucleotide. It targets hepatic ANGPTL-
3mRNA interacting with the asialoglycoprotein receptor and can develop favorable car-
diometabolic effects in patients with atherosclerosis [95]. Although the product met the
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primary endpoint of the Phase IIb TRANSLATE-TIMI 70 clinical trial (that included statin-
treated subjects with dyslipidemia), some current programs of clinical development for
vupanorsen have been discontinued due to safety issues related to hepatic side effects [96].

4.4. Photodynamic Therapy (PDT)

PDT is an emerging minimally invasive procedure used to treat various oncologic,
infectious and non-oncologic diseases. In recent years, PDT has attracted attention as an
interesting therapeutic option in atherosclerosis. It induces the stabilization and regres-
sion of atherosclerotic plaques and promotes vascular healing. Macrophage depletion,
decrease in foam cell content and repopulation of plaques with non-proliferating smooth
muscle cells contribute to the plaque stabilizing effects induced by PDT. Besides, PDT can
prevent restenosis following clinical coronary angioplasty. The procedure involves three
components: photosensitizer, light with a specific wavelength and molecular oxygen. The
photosensitizer specifically accumulates in the atherosclerotic plaques and, after light activa-
tion, triggers a photochemical response that includes the generation of ROS and interference
of cell survival and remodeling processes [97–100]. A number of conventional photosensi-
tizers, namely porphyrins (hematoporphyrin derivative, Verteporfin), phtalocyanine deriva-
tives, chlorins (Talaporfin sodium), 5-aminolevulinic acid and motexafin lutetium showed
phototherapeutic properties in atherosclerosis in preclinical studies [101–110]. However,
translation of PDT to clinical use warrants further studies with experimental models similar
to human coronary atherosclerosis, clarification of some issues related to the appropriate
type, toxicity and dosage of photosensitizer, light hypersensitivity and cutaneous photo-
sensitivity, interference with arterial calcification and lipid-lowering/antiplatelet drugs
and selective delivery in the atherosclerotic area [97–99]. Novel nanotechnology-based
delivery systems and intravascular administration (balloon catheters) of photosensitizers
allow targeted, selective therapy and minimization of side effects. Polymer nanoparticles,
self-assembled protein nanostructures and liposome-based formulations were suggested
as possible delivery strategies. Further, photosensitizer targeting could be increased by
conjugation with various ligands for class A scavenger receptors or dextran receptors
localized on macrophage surfaces. Significant improvements in laser technology may also
support the optimization of PDT and its translation to clinical settings [97,99].

4.5. Theranostics

Theranostics constitute an innovative strategy integrating diagnosis and therapy
in a single delivery agent. Although the application of theranostics in cardiovascular
diseases is still in its infancy, the field has attracted increasing attention, and research
on the development of these agents is growing. Theranostic medicine allows targeted
therapy, enhances drug effectiveness and provides efficient, image-guided and personalized
treatment of diseases [111,112].

Advanced imaging techniques (magnetic resonance imaging (MRI), computed to-
mography (CT), photoacoustic imaging, positron emission tomography (PET), optical
coherence tomography (OCT) and laser device imaging (LDI)) and various nanocarriers (in-
organic particles (metal oxides, gold, silver and silica), lipid-based nanoparticles, polymeric
nanoparticles, dendrimers or carbon nanotubes) have been studied in theranostic therapy
of atherosclerosis and vascular diseases [113–115]. Macrophages are the most-used target
for theranostics, and nanomaterials are conjugated with binding ligands such as peptides
or antibodies for this purpose [115].

Iron oxide nanoparticles, paramagnetic perfluorocarbon nanoparticles conjugated
with fumagillin, cerium oxide and iron oxide nanocomposites, solid lipid nanoparticles and
HDL-like magnetic nanostructures were designed mainly as MRI contrast agents [116–122].
Among them, iron oxide nanoparticles appear to be the most promising materials for MRI
treatment. Their conjugation with antibodies targeting macrophages proved their ability
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to visualize atherosclerotic plaques [115,123,124]. An intrinsic affinity of the atheroscle-
rotic plaque for macrophages and the lack of immunoreactions were noticed for HDL-like
nanoparticles. They stimulated cholesterol efflux and regression of the atherosclerotic
plaque. Theranostic systems comprised of MRI, solid lipid nanoparticles and ultrasmall
superparamagnetic iron oxide particles loaded with prostacyclin inhibited platelet aggrega-
tion, and iron nanocomposites quenched ROS in inflammatory macrophages [122].

Gold nanoparticles were mostly used as CT contrast agents, damaging inflammatory
macrophages. Further, copper sulfide nanoparticles conjugated with monoclonal antibody
targeting transient receptor potential cation channel subfamily V member (TRPV1) pro-
vided feasible agents for photoacoustic imaging in atherosclerosis. They are able to detect
and reduce lipid storage and atherosclerotic lesions in vivo [125]. For improved detec-
tion and visualization of atherosclerotic plaques, hybrid nanosystems combining imaging
techniques (PET-MRI, PET-CT) and different associated nanoparticles with multimodal
properties (such as magneto-fluorescent nanoparticles with high affinity for endothelial
cells, dextran-coated magnetofluorescent iron oxide nanoparticles labeled with PET tracer
64Cu and HDL-mimicking nanoparticles) have been suggested [125–127].

Although theranostics provides rapid and noninvasive diagnosis of atherosclerosis in
animal models, development of clinically acceptable theranostics implies further research to
solve some drawbacks related to design, systemic toxicity and stability of nanomaterials, the
use of experimental models closer to human atherosclerosis and industrial production [115].

5. Natural Products with Anti-Atherosclerotic Properties

Medicinal plants and their bioactive compounds are considered as alternative pre-
ventive and therapeutic strategies in atherosclerosis as well as a valuable resource for
pharmaco-research. Many plant products found in the daily human diet promote normal
cardiovascular physiology and reduce the impact of conventional cardiovascular risk fac-
tors. There is also strong preclinical and clinical evidence that some plant products are
capable of exerting significant anti-atherosclerotic effects. They can attenuate oxidative
stress, protect against lipid peroxidation, positively modulate HDLc function, develop lipid-
lowering effects, suppress proinflammatory signaling pathways and mediators, improve
endothelial function, inhibit foam cell formation and reduce the severity and progression
of atherosclerotic lesions (Table 1) [128]. In addition, plant products can modulate human
gut microbiota to a healthier phenotype by revitalizing beneficial phylotypes (Bacteroides,
Lactobacillus, Bifidobacterium and Akkermansia) and reducing proatherogenic commensals
(Clostridium, Prevotella and Desulfovibrio) [129]. The mechanisms of action are multiple and
versatile, and the same product can exert pleiotropic effects. The most-promising medicinal
plants and phytocompounds with anti-atherosclerotic properties are presented in Table 1.
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Among plant bioactives, phenolic compounds (flavonoids, stilbenes, anthocyanins and
phenolic acids) appear to more potently modulate simultaneous signaling and mechanistic
pathways in atherosclerosis. Further, dietary intervention trials support their protective
effect in cardiovascular risk [148]. Daily intake of more than 29 mg of flavonoids may lead
to a 68% reduction in the occurrence of major cardiovascular events (after correction of
some known cardiovascular risk factors, such as smoking, sedentary lifestyle, obesity and
high blood pressure) [149]. Garlic and Chinese sage preparations have been intensively
studied and showed the most obvious atheroprotective properties. Despite strong pre-
clinical evidence, clinical trials reported heterogeneous or inconsistent results for some
plant products. This can be explained by great interindividual variability, methodological
shortcomings, product diversity in terms of botanical origins, chemical characterization and
lack of standardization, dosage, study period and short follow-up. Genetic polymorphisms
and functionality of gut microbiota also contribute to variability of clinical outcomes. Con-
trolled and multicentric trials of plant-derived products with large sample size and robust
criteria for selection of subjects, as well as long-term evaluation, are needed to substantiate
their potential clinical use in atherosclerosis.

6. Conclusions and Future Perspectives

Our review provides updated information on atherosclerosis and current pharma-
cotherapeutic approaches. In spite of remarkable progress achieved in understanding the
mechanisms underlying the complex pathogenesis of atherosclerosis, the development
of successful anti-atherosclerotic therapies remains a challenging task. Current therapeu-
tic interventions are focused on improving lipoprotein metabolism and on modulation
of atherosclerosis progression. Apart from statins, emerging therapies based on some
cytokine-targeted agents (mainly, monoclonal antibodies) are also included in clinical prac-
tice. Another interesting emerging strategy is theranostics, which allows simultaneous
treatment and imaging, promising an efficient approach to atherosclerosis and cardiovascu-
lar diseases. However, theranostics needs additional research, especially encompassing
systemic toxic effects and the nanomaterial manufacturing process prior to clinical use.
The establishment of chemopreventive strategies in atherosclerosis is also of paramount
importance since prophylaxis is more beneficial than trying to reduce atherosclerotic le-
sions and plaque. The inclusion of documented and well-characterized plant products
as components of these preventive programs could be a valuable intervention. Besides
the effect of standardized plant products as an add-on therapy to conventional medicines,
they could be an interesting avenue for the development of new therapeutics. The design
of personalized treatments based on the concept of so-called “network medicine”—that
includes the analysis and integration of genetic, metabolic and epigenetic factors—has been
suggested as a more effective and appropriate therapeutic strategy in atherosclerosis [12].
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12. Gluba-Brzózka, A.; Franczyk, B.; Rysz-Górzyńska, M.; Ławiński, J.; Rysz, J. Emerging anti-atherosclerotic therapies. Int. J. Mol.

Sci. 2021, 22, 12109. [CrossRef] [PubMed]
13. Gopalan, C.; Kirk, E. Atherosclerosis. In Biology of Cardiovascular and Metabolic Diseases; Gopalan, C., Kirk, E., Eds.; Academic

Press: Cambridge, MA, USA, 2022; pp. 85–101.
14. Wang, T.; Butany, J. Pathogenesis of atherosclerosis. Diagn. Histopathol. 2017, 23, 473–478. [CrossRef]
15. Deanfield, J.E.; Halcox, J.P.; Rabelink, T.J. Endothelial function and dysfunction. Testing and clinical relevance. Circulation 2007,

115, 1285–1295. [CrossRef] [PubMed]
16. Gimbrone, M.A., Jr.; García-Cardeña, G. Endothelial cell dysfunction and the pathobiology of atherosclerosis. Circ. Res. 2016, 118,

620–636. [CrossRef]
17. Daiber, A.; Chlopicki, S. Revisiting pharmacology of oxidative stress and endothelial dysfunction in cardiovascular disease:

Evidence for redox-based therapies. Free Radic. Biol. Med. 2020, 157, 15–37. [CrossRef]
18. Wang, T.; Palucci, D.; Law, K.; Yanagawa, B.; Yam, J.; Butany, J. Atherosclerosis: Pathogenesis and pathology. Diagn. Histopathol.

2012, 18, 461–467. [CrossRef]
19. Raggi, P.; Genest, J.; Giles, J.T.; Rayner, K.J.; Dwivedi, G.; Beanlands, R.S.; Gupta, M. Role of inflammation in the pathogenesis of

atherosclerosis and therapeutic interventions. Atherosclerosis 2018, 276, 98–108. [CrossRef] [PubMed]
20. Falk, E. Pathogenesis of atherosclerosis. J. Am. Coll. Cardiol. 2006, 47 (Suppl. S8), C7–C12. [CrossRef] [PubMed]
21. Alfarisi, H.A.H.l.; Mohamed, Z.B.H.; Ibrahim, M.B. Basic pathogenic mechanisms of atherosclerosis. Egypt J. Basic Appl. Sci. 2020,

7, 116–125. [CrossRef]
22. Mehu, M.; Narasimhulu, C.A.; Singla, D.K. Inflammatory Cells in Atherosclerosis. Antioxidants 2022, 11, 233. [CrossRef] [PubMed]
23. Farahi, L.; Sinha, S.K.; Lusis, A.J. Roles of macrophages in atherogenesis. Front Pharmacol. 2021, 12, 785220. [CrossRef] [PubMed]
24. Hai, Z.; Zuo, W. Aberrant DNA methylation in the pathogenesis of atherosclerosis. Clin. Chim. Acta 2016, 456, 69–74. [CrossRef]

[PubMed]
25. Fukuda, D.; Sata, M. Role of bone marrow renin-angiotensin system in the pathogenesis of atherosclerosis. Pharmacol. Ther. 2008,

118, 268–276. [CrossRef] [PubMed]
26. Poznyak, A.V.; Nikiforov, N.G.; Starodubova, A.V.; Popkova, T.V.; Orekhov, A.N. Macrophages and foam cells: Brief overview of

their role, linkage, and targeting potential in atherosclerosis. Biomedicines 2021, 9, 1221. [CrossRef]
27. Tabas, I.; Lichtman, A.H. Monocyte-Macrophages and T Cells in Atherosclerosis. Immunity 2017, 47, 621–634. [CrossRef]

[PubMed]
28. Bobryshev, Y.V.; Ivanova, E.A.; Chistiakov, D.A.; Nikiforov, N.G.; Orekhov, A.N. Macrophages and their role in atherosclerosis:

Pathophysiology and transcriptome analysis. BioMed Res. Int. 2016, 2016, 9582430. [CrossRef] [PubMed]
29. Pedicino, D.; Giglio, A.F.; Ruggio, A.; Massaro, G.; D’Aiello, A.; Trotta, F.; Lucci, C.; Graziani, F.; Biasucci, L.M.; Crea, F.; et al. In-

flammasome, T lymphocytes and innate-adaptive immunity crosstalk: Role in cardiovascular disease and therapeutic perspectives.
Thromb. Haemost. 2018, 118, 1352–1369. [CrossRef] [PubMed]

30. Ilhan, F.; Kalkanli, S.T. Atherosclerosis and the role of immune cells. World J. Clin. Cases. 2015, 3, 345–352. [CrossRef] [PubMed]
31. Malat, Z.; Taleb, S.; Ait-Oufella, H.L.; Tegdui, A. The role of adaptative T cell immunity in atherosclerosis. J. Lipid Res. 2009, 50,

S364–S369. [CrossRef] [PubMed]
32. Van Bruggen, N.; Ouyang, W. Th17 cells at the crossroads of autoimmunity, inflammation, and atherosclerosis. Immunity 2014, 40,

10–12. [CrossRef]

69



Pharmaceutics 2022, 14, 722

33. Zhao, Y.; Zhang, J.; Zhang, W.; Xy, Y. A myriad of roles of dendritic cells in atherosclerosis. Clin. Exp. Immunol. 2021, 206, 12–27.
[CrossRef] [PubMed]

34. Subramanian, M.; Tabas, I. Dendritic cells in atherosclerosis. Semin. Immunopathol. 2014, 36, 93–102. [CrossRef] [PubMed]
35. Hou, H.; Zhao, H. Epigenetic factors in atherosclerosis: DNA methylation, folic acid metabolism, and intestinal microbiota. Clin.

Chim. Acta 2021, 512, 7–11. [CrossRef] [PubMed]
36. Yuan, Y.; Xu, L.; Geng, Z.; Liu, J.; Zhang, L.; Wu, Y.; He, D.; Qu, P. The role of non-coding RNA network in atherosclerosis. Life Sci.

2021, 265, 118756. [CrossRef] [PubMed]
37. Frolich, J.; Lear, S.A. Old and new risk factors for atherosclerosis and development of treatment recommendations. Clin. Exp.

Pharmacol. Physiol. 2002, 29, 838–842. [CrossRef] [PubMed]
38. Fruchart, J.C.; Nierman, M.C.; Stroes, E.S.; Kastelein, J.J.; Duriez, P. New risk factors for atherosclerosis and patient risk assessment.

Circulation 2004, 109, III15–III19. [CrossRef] [PubMed]
39. Tada, H.; Takamura, M.; Kawashiri, M. Familial hypercholesterolemia: A narrative review on diagnosis and management

strategies for children and adolescents. Vasc. Health Risk Manag. 2021, 17, 59–67. [CrossRef] [PubMed]
40. Turgeon, R.D.; Barry, A.R.; Pearson, G.J. Familial hypercholesterolemia. Review of diagnosis, screening, and treatment. Can. Fam.

Physician 2016, 62, 32–37. [PubMed]
41. Vogel, R.A. Coronary risk factors, endothelial function, and atherosclerosis: A review. Clin Cardiol. 1997, 20, 426–432. [CrossRef]

[PubMed]
42. Chobanian, A.V.; Alexander, R.W. Exacerbation of atherosclerosis by hypertension: Potential mechanisms and clinical implications.

Arch. Intern. Med. 1996, 156, 1952–1956. [CrossRef]
43. Kirabo, A.; Harrison, D.G. Hypertension as a risk factor for atherosclerosis. In Atherosclerosis: Risks, Mechanisms, and Therapies;

Wang, H., Patterson, C., Eds.; John Wiley & Sons, Inc.: New York, NY, USA, 2015; pp. 63–75.
44. Poznyak, A.V.; Bharadwaj, D.; Prasad, G.; Grechko, A.V.; Sazonova, M.A.; Orekhov, A.N. Renin-angiotensin system in pathogene-

sis of atherosclerosis and treatment of CVD. Int. J. Mol. Sci. 2021, 22, 6702. [CrossRef] [PubMed]
45. Poznyak, A.; Grechko, A.V.; Poggio, P.; Myasoedova, V.A.; Alfieri, V.; Orekhov, A.N. The diabetes mellitus-atherosclerosis

connection: The role of lipid and glucose metabolism and chronic inflammation. Int. J. Mol. Sci. 2020, 21, 1835. [CrossRef]
[PubMed]

46. Beckman, J.A.; Creager, M.A.; Libby, P. Diabetes and atherosclerosis: Epidemiology, pathophysiology, and management. JAMA
2002, 287, 2570–2581. [CrossRef]

47. Liang, Y.; Wang, M.; Wang, C.; Liu, Y.; Naruse, K.; Takahashi, K. The mechanisms of the development of atherosclerosis in
prediabetes. Int. J. Mol. Sci. 2021, 22, 4108. [CrossRef] [PubMed]

48. Kuk, M.; Ward, N.C.; Dwivedi, G. Extrinsic and intrinsic responses in the development and progression of atherosclerosis. Heart
Lung Circ. 2021, 30, 807–816. [CrossRef] [PubMed]

49. Ambrose, J.A.; Barua, R.S. The pathophysiology of cigarette smoking and cardiovascular disease: An update. J. Am. Coll. Cardiol.
2004, 43, 1731–1737. [CrossRef]

50. Tyrrell, D.J.; Goldstein, D.R. Ageing and atherosclerosis: Vascular intrinsic and extrinsic factors and potential role of IL-6. Nat.
Rev. Cardiol. 2021, 18, 58–68. [CrossRef]

51. Wang, J.C.; Bennett, M. Aging and atherosclerosis: Mechanisms, functional consequences, and potential therapeutics for cellular
senescence. Circ. Res. 2012, 111, 245–259. [CrossRef]

52. Zhao, J.; Chen, H.; Liu, N.; Chen, J.; Gu, Y.; Chen, J.; Yang, K. Role of hyperhomocysteinemia and hyperuricemia in pathogenesis
of atherosclerosis. J. Stroke Cerebrovasc. Dis. 2017, 26, 2695–2699. [CrossRef]

53. Stein, J.H.; McBride, P.E. Hyperhomocysteinemia and atherosclerotic vascular disease: Pathophysiology, screening, and treatment.
Arch. Intern. Med. 1998, 158, 1301–1306. [CrossRef]

54. Ganguly, P.; Alam, S.F. Role of homocysteine in the development of cardiovascular disease. Nutr. J. 2015, 14, 6. [CrossRef]
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Abstract: Arterial hypertension (HTN) is one of the most prevalent entities globally, characterized by
increased incidence and heterogeneous pathophysiology. Among possible etiologies, oxidative stress
(OS) is currently extensively studied, with emerging evidence showing its involvement in endothelial
dysfunction and in different cardiovascular diseases (CVD) such as HTN, as well as its potential as a
therapeutic target. While there is a clear physiological equilibrium between reactive oxygen species
(ROS) and antioxidants essential for many cellular functions, excessive levels of ROS lead to vascular
cell impairment with decreased nitric oxide (NO) availability and vasoconstriction, which promotes
HTN. On the other hand, transcription factors such as nuclear factor erythroid factor 2-related
factor 2 (Nrf2) mediate antioxidant response pathways and maintain cellular reduction–oxidation
homeostasis, exerting protective effects. In this review, we describe the relationship between OS and
hypertension-induced endothelial dysfunction and the involvement and therapeutic potential of Nrf2
in HTN.

Keywords: arterial hypertension; HTN; nuclear factor erythroid factor 2-related factor 2; Nrf2;
oxidative stress; antioxidant

1. Introduction

Arterial hypertension (HTN) represents a persistent increase in blood pressure (BP),
measuring at least 140/90 mmHg according to the European Society of Hypertension
(ESH) and European Society of Cardiology (ESC), and it is one of the major risk factors
for cardiovascular diseases (CVD) [1]. It is estimated that 1.13 billion people suffer from
hypertension worldwide, making it the main cause of strokes and coronary heart disease
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(CHD). Therefore, approximately 8.5 million deaths per annum are attributed to raised
BP [2]. Considering the context of the COVID-19 pandemic, it is worth mentioning that
almost all available evidence up to this date suggests that HTN can be a risk factor of
severe COVID-19 disease and can also become a serious sequela [3–6]. The etiology of
hypertension, as it is complex and involves a myriad of varied factors, continues to remain
one of the top scientific subjects of interest. While the role of inflammation and oxidative
stress (OS) in HTN is currently extensively explored [7–10], the precise deleterious effect of
HTN on endothelial integrity and the involvement of molecules such as the nuclear factor
erythroid 2-related factor 2 (Nrf2) in the pathogenesis and evolution of raised BP remain
elusive [11,12].

In this narrative review, we aim to describe the relationship between OS and
hypertension-induced endothelial dysfunction and the role and therapeutic potential of
Nrf2 in HTN.

2. Oxidative Stress in Hypertension

Oxidative stress is a process that takes place inside the cells and occurs in situations
where there is an increased number of reactive oxygen species (ROS) or a low antioxidant
response towards cell aggression [13–15]. There are several endogenous sources of ROS
within cardiac myocytes, especially enzymes such as mitochondrial enzymes, nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase, xanthine oxidoreductase (XOR), and
uncoupled endothelial nitric oxide synthase (eNOS) [16–18]. OS exerts its harmful effects
on tissues by causing endothelial lesions and enlargement and thickening of the heart’s
walls, mainly of the left ventricle, thus serving as one of the main processes that lead to
HTN and other CVDs [19]. Endothelial dysfunction is characterized by decreased NO, with
or without an imbalance between endothelium-derived relaxing and contracting factors
combined with a prothrombotic and a proinflammatory state [20].

An immense variety of enzymes work to keep the balance inside the cells. In addition,
molecules such as glutathione and ascorbate act as direct antioxidants in increased blood
pressure conditions [21]. For a long time, researchers have been investigating the precise
role of OS as a generator or potential therapeutic target, not only in the pathophysiology
of HTN [22], or in pulmonary hypertension [23,24], but also in endothelial dysfunction
associated with other cardiovascular and metabolic diseases [25]. Therefore, we will briefly
discuss the main precursors of OS and their involvement in HTN.

2.1. ROS and Nitric Oxide

ROS following OS have extremely harmful cardiac effects because the heart is a big
consumer of oxygen (~8–15 mL O2/min/100 g tissue while resting, and it can go up to more
than >70 mL O2/min/100 g tissue while exercising) [26,27]. During sustained physical
activity, molecular O2 is no longer reduced to water, but to superoxide O2−. This free
radical is the precursor to most of the other ROS: hydrogen peroxide (H2O2), hydroxyl
radical (·OH), singlet oxygen (1O2), and alpha-oxygen (α-O). ROS are also known to have
benefits such as defense against pathogens, but increased levels can lead to cardiovascular
apoptosis and ischemic injuries [28–30]. The main harmful processes exerted on cardiac
myocytes are DNA and RNA damage, lipid peroxidation, deactivation of specific enzymes,
and oxidation of amino acids [31]. Enhanced levels of ROS have been associated with
HTN; however, new generations of protein targets that include ROS-forming or toxifying
enzymes that could act as pharmacological agents are needed [32,33].

Nitric oxide (NO) is a colorless gas, a molecule produced by the myocardium in
physiological conditions, and its major function is to dilate vessels. Decreased levels of
NO are associated with cardiovascular diseases [34,35]. There are four known NOS iso-
forms: endothelial NOS (eNOS), found in cardiac and coronary endothelium; neuronal
NOS (nNOS), found in cardiac cells; inducible NOS (iNOS), derived from neutrophils
or myocytes in conditions of inflammation; and mitochondrial NOS (mtNOS), present
in cardiac mitochondria [36,37]. The beneficial roles of NOS are mediating heart protec-
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tion, improving endothelial integrity, and decreasing injuries of reperfusion caused by
ischemia [38]. In ischemic situations, NO accumulates and produces ROS, leading to cardiac
insults [36]. Usually, eNOS is the main source of endothelium-derived NO [39]. In order
to synthesize NO from eNOS, a series of cofactors are involved, and its disruption leads
to a monomeric form of the enzyme, which is uncoupled, and instead of NO, superoxide
is formed. Uncoupled eNOS has been observed in patients with essential hypertension
and atherosclerosis [40,41]. Endogenously activated Nrf2 and eNOS are thought to play a
role in OS induced by myocardial infarction [36]. Higashi et al. [42] studied deficiency of
tetrahydrobiopterin (BH4), a cofactor for NO synthase, and concluded that BH4 restores
endothelium-dependent vasodilation in hypertensive patients.

2.2. Mitochondria

Mitochondria have multiple functions, being a variable source of ROS under physi-
ological conditions and maintaining the redox status inside cells [43]. The small amount
of ROS produced during respiration is not dangerous, and it is detoxified by endogenous
means. However, in hypoxic or ischemic conditions, mitochondria generate elevated levels
of ROS, which increase the chances of apoptosis and even myocardial infarction (MI) [44].
An increasing number of studies have emphasized that mitochondria can produce high
levels of ROS in hypertensive animal models [45–47]. Dikalov et al. [48] have shown in
their study that endothelial tissue treated with angiotensin II increased mitochondrial ROS
generation and the damage caused to the cells and the body systems, such as decreased
membrane potential and decreased respiratory control ratio, respectively. Aside from the
peripheral effects, ROS can regulate blood pressure via central mechanisms. Mitochondrial
superoxide is overproduced in conditions of activated renin–angiotensin system (RAS) in
the central nervous system (CNS) [49]. More than that, the mitochondrial ROS activate
Nrf2 and promote the expression of genes involved in the control of mitochondrial and
antioxidant genes via various protein kinases [50]. Taking into consideration the mitochon-
drial implications in cardiovascular pathophysiology, further studies could lead to new
treatment strategies in hypertension.

2.3. NADPH Oxidase (Nox)

NADPH oxidase (Nox) is a membrane-bound enzyme complex considered an impor-
tant source of ROS in cardiac cells. This is the only known category of enzymes specialized
in producing ROS, and it was first described in immune cells such as macrophages and
neutrophils as molecules with antimicrobial properties. The Nox family is comprised of
Nox 1, Nox 2, Nox 3, Nox 4, Nox 5, dual oxidase 1 (Duox 1), and Duox 2 which in states
of hyperactivity produce excessive levels of ROS, contributing to endothelial dysfunction,
inflammation, and cardiovascular remodeling. Angiotensin II regulates Nox function in
vessels [51–54]. Mice and rats treated with this peptide hormone expressed increased
generation of ROS and enhanced activity of Nox 1, Nox 2, and Nox 4 [21]. In order to
establish how Nox-produced ROS influence blood pressure, many researchers conducted
genetic studies. Their results noted that in mice with Nox 1 deletion, hypertension cannot
be induced by angiotensin II. Overexpression of human Nox 1 in experimental animals re-
vealed increased blood pressure and aortic superoxide production as a result of angiotensin
II action in vascular smooth muscle cells, ventricular hypertrophy, and oxidative stress [55].
In fibroblast-specific deficiency of Nox 2 knockout mice, the response to angiotensin II was
considerably decreased. This resulted in a decreased hypertensive response and an inhib-
ited vascular smooth muscle growth [56]. On the other hand, Nox 4 knockout mice infused
with angiotensin II showed no change in blood pressure. However, in these mice, vascular
inflammation, thickening of the media, and endothelial dysfunction have been noted,
showing that Nox 4 exerts beneficial effects on the cardiovascular system. The experimen-
tal animals which developed hypertension were treated with nonspecific Nox inhibitors
(apocynin or diphenylene iodonium) and the specific inhibitor gp91 ds-tat. Consequently,
both the blood pressure and the vascular OS in those animals were lowered [21].
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As is known, the glucose metabolism is altered in hypertension. The pentose phos-
phate pathway (PPP), also called the phosphogluconate pathway and the hexose monophos-
phate (HMP) shunt, acts as an essential element of cellular metabolism. The HMP shunt
pathway plays a key role in NADPH2 and in ribose-5-phosphate formation and is involved
in metabolic control by interacting with other metabolic pathways such as glycolysis, glu-
coneogenesis, and glucuronic acid. This pathway occurs in two phases that are illustrated
by many reactions. The oxidative phase reactions are catalyzed by prostaglandin (PGD)
and by the glucose-6-phosphate dehydrogenase (G6PD), both known to be controlled by
Nrf2 [57,58]. G6PD is involved in the pathogenesis of pulmonary artery remodeling and
occlusive lesion formation within the hypertensive lungs [59]. In the nonoxidative phase,
NRF2 positively regulates the expression of transaldolase 1 (TALDO1) and transketolase
(TKT) [58]. As deficiency in the HMP pathway can lead to different disorders, research data
suggest the HMP shunt may have potential as a therapeutic target.

2.4. XOR

Xanthine oxidoreductase is an important source of superoxide and hydrogen peroxide
in conditions of heart ischemia, inflammation, and OS. Its catalytic properties transform
hypoxanthine to the end-product uric acid [60]. Mervaala et al. [61] studied the involvement
of XOR in vascular damage induced by angiotensin II using double-transgenic rats (dTGRs)
harboring human renin and human angiotensin genes. They showed that these rats
presented overactivity of XOR in kidneys in contrast with control rats. The activity of
the enzyme was successfully decreased using valsartan, an angiotensin II type 1 receptor
antagonist. Moreover, valsartan, 30 mg/kg for three weeks, reduced not only blood
pressure, but also cardiac hypertrophy and 24 h proteinuria. In the same study, oxypurinol,
an XOR inhibitor, was used to preincubate renal arteries, resulting in an endothelium-
dependent vascular relaxation by 20%. However, it has been proven that ROS generated by
XOR are not the major factors responsible for endothelial dysfunction in dTGRs and that
other enzymes might play a major role in angiotensin II-induced vascular dysfunction in
these rats [62].

Data so far show that OS and endothelial dysfunction are causes or consequences
of HTN. Dysfunctional endothelium secondary to OS and its derivative molecules and
pathways loses its capacity to protect the vessel wall, with the subsequent possibility of
smooth muscle cell proliferation, monocyte adhesion, raised adhesion molecule expression,
and finally development of atherosclerosis. Therefore, in order to prevent this vicious
chain of events, researchers focus their attention on different pathways or molecules which
contribute to OS-induced HTN.

3. Nrf2

Nrf2 was first discovered in 1994 by Moi et al. [63], and it is a nuclear transcription
factor that plays a major role in regulating the cellular adaptive antioxidant response.
It is a master regulator of cytoprotective responses [64]. Nrf2 does not have antioxida-
tive functions but exerts antioxidant effects by activating the transcription of target an-
tioxidant genes: HMOX-1, NQ01, MT1A, superoxide dismutase (SOD), catalase (CAT),
glutathione peroxidase (GPx), glutathione-S-transferase (GST), and γ-glutamylcysteine
synthase (γGCS) [65,66]. Nrf2 is a polypeptide composed of 605 amino acids and 7 do-
mains (Neh1, Neh2, Neh3, Neh4, Neh5, Neh6, Neh7). Kelch-like ECH-associated protein
1 (Keap1) inhibits Nrf2’s transcriptional action by keeping it bound to itself under phys-
iological conditions [67]. Keap1 is a polypeptide composed of 624 amino acid residues
and 5 domains: NTR (N-terminus), IVR, BTB/POZ DGR, and CTR (C-terminus). Scientific
research established in cell lines and animal models that Nrf2/Keap1 pathway activation
exerts protective effects in ischemia–reperfusion injury in vessels [68].

Under oxidative stress conditions, Nrf2 can be phosphorylated by several enzymatic
pathways. Protein kinase C phosphorylates Nrf2 on Ser40 and allows Nrf2 to detach
from Keap1 [69]. Other kinases that can modulate Nrf2’s activity include extracellular
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signal-regulated kinase (ERK) [70], phosphoinositide 3-kinases (PI3K) [71], AMP-activated
protein kinase (AMPK) [72], and mitogen-activated protein kinase (MAPK) [73]. Phospho-
rylated Nrf2 (p-Nrf2) then binds to antioxidant response elements (AREs) in the nucleus,
triggering the transcription of various genes which encode antioxidants, detoxifying en-
zymes, proteasomes, and antiapoptotic proteins aiming to scavenge excessive ROS. Nrf2
can also be activated through the canonical mechanism, where ROS oxidize part of the
cysteine residues in Keap1, which in turn decreases Nrf2 ubiquitination and increases
Nrf2 translocation to the nucleus, where the antioxidant transcription process can be initi-
ated [74,75]. More than that, in Nrf2’s activity, phosphorylation by kinases plays a vital role
in its posttranslational regulation. Notably, glycogen synthase kinase-3 (GSK-3) regulates
negatively, whereas AMP-activated kinase, casein kinase 2, and protein kinase C positively
modulate Nrf2 activity via phosphorylation of various sites [76]. Nrf2 is the key activator
of AREs [77] (Figure 1).
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Figure 1. Role of the nuclear factor erythroid factor 2-related factor 2 (Nrf2) in oxidative stress. In
physiological conditions, Nrf2 is bound to Keap1 (the key negative regulator and the inhibitory
protein of Nrf2) and is secured to the actin cytoskeleton. This limits its transcriptional activity in
the nucleus. Under OS conditions, the IVR domain leads to conformational alterations. Nrf2 is
activated via canonical mechanism and/or via phosphorylation with secondary dissociation of Nrf2
from Keap1, which translocates into the nucleus and combines with the Maf protein to compose
a heterodimer, capable of identifying the suitable ARE sequence. This activated ARE-mediated
gene transcription is the Nrf2/Keap1–ARE pathway, which exerts antioxidant cellular functions
via regulating the expression of antioxidant genes such as SOD, GST, CAT, and NQO1. Kelch-like
ECH-associated protein 1 (Keap1); intervening region (IVR); endoplasmic reticulum (ER); reactive
oxygen species (ROS); antioxidant response element (ARE); musculoaponeurotic fibrosarcoma (Maf);
superoxide dismutase (SOD); glutathione S-transferases (GSTs), catalase (CAT); heme oxygenase-1
(HO-1); glutamylcysteine synthetase (GCS); protein kinase C (PKC); fructosamine-3-kinase (FN3K);
AMP-activated protein kinase (AMPK); mitogen-activated protein kinase (MAPK).

Although Nrf2 has been portrayed as an effective agent to protect the heart, its destruc-
tive side has been of current interest [78]. Kannan et al. [79] noted in 2013 that sustained
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activation of Nrf2 can also lead to cardiac dysfunction. Others have stressed the protective
role of Nrf2 in the first phase of pressure overload-induced adaptation of the heart, while
the Nrf2 KO showed a decreased rate of cardiac hypertrophy and recovery of cardiac func-
tion by eight weeks after transverse aortic arch constriction in rodents [80]. Considering
both sides of Nrf2, it is clear that further research regarding how this transcription factor
can affect the heart and blood vessels at a molecular level is needed.

Nrf2 in Hypertension

A gamut of evidence displays the key role of Nrf2 in cardiovascular diseases [81];
in metabolic disorders [82], diabetes [83,84], or obesity [85–87]; and even in autoimmune,
gastrointestinal, and neurodegenerative diseases or cancer [88].

Endothelial dysfunction represents a crucial step in the development of atherosclerosis.
As it needs to be prevented by means of antioxidative processes, Nrf2 may represent a
modality to protect cells against endogenous and exogenous oxidants and thus prevent
endothelial dysfunction onset [89].

Associated with Nrf2, peroxisome proliferator-activated receptor gamma (PPARγ)
is a nuclear receptor and a nutritional factor that is involved in inflammation response
and homeostatic control by stimulating the expression of antioxidant genes together with
the retinoid X receptor (RXR) [90]. It acts as a modulator of different pathways, such as
Nrf2, RAS, and P13/Akt/NOS [91]. Blood pressure regulation, improved lipid profile
and anti-inflammatory response, and ameliorated sensitivity to insulin are amongst the
beneficial effects of PPARγ [92].

ROS produced during inflammation can activate Nrf2 and the nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-kB). Once activated, Nrf2 attenuates ROS and
consequently NF-kB activity [88]. Therefore, Nrf2 and NF-kB are both transcription factors
that mediate the cellular response under conditions of OS and inflammation. NF-kB plays
an important role in inducing the expression of multiple proinflammatory genes, such as
those encoding chemokines and cytokines [93,94]. As a consequence, disrupted NF-kB
activation contributes to the pathogenesis of multiple inflammatory diseases. Bhandari
et al. [95] proposed a potential interplay between Nrf2 and NF-kB, where each pathway
could inhibit the transcription activity of the other factor. Moreover, this crosstalk appears
to work both ways, with Nrf2 having the ability to inhibit NF-kb and the other way
around. Other transcription factors that activate Nrf2 are the aryl hydrocarbon receptor
(AhR), specificity protein 1 (Sp-1), myocyte-specific enhancer factor 2 D (MEF2D), p53,
c-Myc, c-Jun, and breast cancer 1 (BRCA1) [78]. Additionally, recent evidence displays
the major role of Nrf2 in protecting against OS and inflammation by stimulating phase II
antioxidant enzymes such as glutathione S-transferase (GST), UDP-glucuronosyltransferase
(UGT), UDP-glucuronic acid synthesis enzymes, and HO-1 [96,97]. Nrf2 also exerts its
anti-inflammatory effect by binding to the promoter sequence of the key proinflammatory
cytokines (IL-1β, IL-6) and by reducing the activity of RNA polymerase II, which will result
in the suppression of gene expression [98].

The link between OS and HTN has already been proven in several animal models, but
there is still room for research to also prove this in humans. Lopes et al. [99] used male
Wistar Kyoto rats (WKY) and stroke-prone spontaneously hypertensive rats (SHRSP) to
study how the vascular Nrf2 system influences vascular function and redox signaling. Nrf2
was downregulated in SHRSP in conditions of increased vascular OS which was connected
with vascular dysfunction. However, Nrf2 activators, bardoxolone and L-sulforaphane,
blocked the formation of angiotensin II-induced ROS, resulting in restored endothelial
dysfunction and decreased inflammation in both WKY and SHRSP cells. Therefore, the
author stresses the vasoprotective function of Nrf2 in HTN.

Another study performed by Banday and Lokhandwala [100] also investigated the
role of Nrf2 in decreasing OS and BP in rats. Rats treated with L-buthionine-sulfoximine
(BSO) were used to test whether sulforaphane could lower OS, decrease BP, and repair
renal dopamine receptors (D1Rs). The study has successfully demonstrated the hypothesis
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that by activating Nrf2, the phase II antioxidant enzymes are generated, which leads to
decreased OS and a well-functioning D1R system. These findings confirm that the use of
sulforaphane helps in keeping BP in a normal range.

Tan et al. [69] have recently studied how the Nrf2 pathway decreases OS in the rostral
ventrolateral medulla (RVLM) and whether Nrf2 intervenes in β-arrestin1’s antihyperten-
sive action. RVLM is one of the key areas involved in the regulation of BP and sympathetic
activity. β-Arrestin1 is a cytosolic protein acting as a cofactor in the desensitization of
β-adrenergic receptors [101]. The results confirmed the antihypertensive role of the over-
expression of β-arrestin1 in the RVLM by activating the Nrf2 pathway and increasing the
generation of antioxidant enzymes. All these reactions lead to a decreased sympathetic
outflow and a reduced BP value.

High BP caused by kidney diseases is often called renal HTN or renovascular HTN. It
is important to mention that HTN could be both a cause and an effect of chronic kidney
disease [102]. The renin–angiotensin–aldosterone (RAAS) system is responsible for regu-
lating BP and electrolyte and fluid balance in the kidneys. The activation of this hormone
system generates angiotensin II, which stimulates in turn the production of aldosterone.
Aldosterone is the main mineral corticosteroid hormone, and its main function is to pre-
serve sodium and water in the kidneys, thus causing the BP to increase [103–105]. Xiao
et al. [106] discovered that in mice suffering from chronic heart failure which overexpressed
angiotensin-converting enzyme 2 (ACE2), the sympathetic output was remarkably low.
Others studied the hypothesis that ACE2 could decrease ROS generation using a pathway
involving Nrf2 and antioxidant enzymes in the RVLM. The study succeeded in proving that
both ACE2 and Nrf2 have the ability to inhibit sympathetic activity in HTN and chronic
heart failure when they are administered in the RVLM [107]. Others noted in hypertensive
rodent models that via OS and endothelial dysfunction, HTN could be one of the causes
of Nrf2 transcriptional misregulations and not the other way around [99,108]. By cause of
raised levels of Nrf2 repressors in hypertensive models, these results imply that the Nrf2
antioxidant defense system is insufficient to counteract the effects of OS.

Current scientific research focuses more on discovering specific factors linked to
an inadequate Nrf2 signaling system, rather than on the Nrf2 antioxidant adaptative
responses [108]. Nonetheless, perhaps amplifying Nrf2 activity may hold therapeutic
potential for ameliorating HTN.

4. Therapeutic Options in HTN

The pharmacological Nrf2 activators are electrophilic compounds that can modify
cysteine residues in Keap1 and ultimately its conformation through oxidation/alkylation.
This process induces inhibition of Keap1-mediated degradation of Nrf2, with a consequently
raised load of newly synthesized Nrf2, which augments Nrf2 transcription functions [109].
As follows, these “Nrf2 activators” actually represent Keap1 inhibitors [110].

The antioxidant defense system represented by the Nrf2 activators may include a wide
range of compounds and derivatives with great potential in chronic diseases; however, few
are explored in hypertension. Examples include the following: phenolic compounds (buty-
lated hydroxyanisole, butylated hydroxytoluene, and tert-butyl hydroquinone), isopropyl
sulfur cyanogen compounds (sulforaphane), 1,2-mercapto-3-sulfur ketone derivatives
(oltipraz), hydrogen peroxide compounds (hydrogen peroxide, isopropyl benzene hydro-
gen peroxide, and 4-butyl hydroperoxide), natural compounds from plants (curcumin,
resveratrol, plumbagin, tanshinone, luteolin, oleanolic acid, etc.), and compounds that are
rich in arsenic, selenium, trace elements, and heavy metal ions [109,111]. Registered drugs
such as statins and metformin also have the ability to activate Nrf2 [91].

4.1. Nrf2 Activators: Bardoxolone Methyl, Sulforaphane, and Dimethyl Fumarate

Bardoxolone methyl (BM), a semisynthetic triterpenoid, is an Nrf2 activator and
NF-kB pathway inhibitor, reducing OS, inflammation, and excessive RAS activation and
promoting mitochondrial functions within the cells [112,113]. It has been proven that BM
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can be used as a powerful antiviral treatment option in hepatocyte cultures of hepatitis
B and C viruses and also in herpes simplex virus type 1 [114,115]. Due to the current
pandemic situation, studies regarding the use of BM in treating SARS-CoV-2 infections
are still ongoing. There are currently two clinical phase III trials ongoing that investigate
the safety of bardoxolone (CDD0-ME) therapy in patients with pulmonary hypertension:
the Ranger trial (NCT03068130) and the CATALYST trial (NCT02657356). As we are at the
inception of exploring the Nrf2–HTN relationship, it is not unexpected that we could not
identify a specific clinical trial that explores therapy with Nrf2 in HTN.

Taking this into consideration, it is necessary to understand Nrf2’s mediator role and
the additional contribution of BM in the anti-inflammatory processes which take place
throughout the body systems.

Sulforaphane (SFN), an isothiocyanate, is also a potent natural Nrf2 activator, which
was first isolated from red cabbage and hoary cress and later from broccoli [116]. Its
direct interaction with Keap1 allows Nrf2 to accumulate in the nucleus and to activate
cytoprotective mechanisms in order to protect cells from ROS [117]. SFN has the ability to
activate over 500 genes by means of the Nrf2/ARE signaling pathway. SFN is known as a
natural compound that can induce phase II enzymes in vivo and in vitro. These enzymes
play a role in inactivating and eliminating toxic substances accumulated during periods
of OS within the vascular smooth muscle cells [118]. Senanayake et al. [119] studied the
effect of SFN on SHRSP and Sprague Dawley (SD) rats. The research demonstrated that
this Nrf2 activator decreased the three used parameters (systolic blood pressure, diastolic
blood pressure, and mean arterial pressure) by 9%, 12%, and 11%, respectively, in SHRSP,
while there was no effect on SD rats. Moderate activation of Nrf2 by SFN, which is basically
a dietary factor, may emphasize the mild protective role of Nrf2 through a healthy diet,
which could amplify the therapeutic benefits of this antioxidant-gene-modulated system.

Dimethyl fumarate (DMF) (Tecfidera), named after the earth smoke plant (Fumaria
officinalis), is the methyl ester of fumaric acid. DMF has been reported to be one of the most
potent Nrf2 activators, having antioxidant and anti-inflammatory properties [92]. This
drug was approved in 2013 by the US Food and Drug Administration (FDA) as first-line
treatment of relapsing–remitting multiple sclerosis [120] and in 2017 was approved by the
European Medicines Agency (EMA) for the treatment of moderate-to-severe chronic plaque
psoriasis [121].

DMF exerts potential neuroprotective, immunomodulating, antifibrotic, and radiosen-
sitizing activities, which are dependent on Nrf2 antioxidant pathways. After oral adminis-
tration, DMF is converted into its active metabolite monomethyl fumarate (MMF). MMF
reacts with C151 in Keap1, thereby activating Nrf2 which subsequently translocates to the
nucleus and binds to the AREs. This induces the expression of a number of cytoprotective
genes, including NAD(P)H quinone oxidoreductase 1 (NQO1), sulfiredoxin 1 (Srxn1), heme
oxygenase-1 (HO1, HMOX1), superoxide dismutase 1 (SOD1), gamma-glutamylcysteine
synthetase (gamma-GCS), thioredoxin reductase-1 (TXNRD1), GST, and glutamate-cysteine
ligase catalytic subunit (Gclc). It increases the synthesis of the antioxidant glutathione
(GSH), and via inhibition of the NF-kB-mediated pathway, DMF modulates the produc-
tion of certain cytokines [120]. Additionally, DMF activates the Nrf2/Keap1 pathway by
S-alkylating Keap1 and by forcing BACH1, an Nrf2 inhibitor, to leave the nucleus [122].

Little attention has been given to the relation between DMF and CVDs, especially HTN.
Experimental studies show that DMF reduces inflammation, oxidative damage, and fibrosis
in mouse models of pulmonary arterial hypertension [123] and can attenuate aberrant
remodeling after acute vascular injury in rodent carotid arteries [124]. Hsu et al. [125]
studied male rats which were exposed prenatally to dexamethasone and postnatally to
a diet rich in fats in order to develop HTN. After maternal DMF therapy in offspring,
programmed HTN was prevented from developing. Via AKT/Nrf2 pathway, DMF reduces
ROS generation and stimulates the expression of antioxidative genes regulated by Nrf2,
having a protective role in pulmonary HTN or in diabetic cardiomyopathy [126]. Other
researchers noted that fumaric acid and succinic acid may treat gestational hypertension by
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downregulating the expression of ten-eleven translocation 1 (TET1) and calcium-activated
potassium channel subunit β1 (KCNMB1) [127].

Although DMF demonstrated efficacy in diverse clinical trials in other diseases,
hypertension-related studies failed to show therapeutic efficacy and were dropped, termi-
nated, or withdrawn. A double-blinded, placebo-controlled study of DMF (NCT02981082)
in systemic sclerosis–pulmonary hypertension (SSc-PAH) patients was terminated due to
low recruitment numbers. In a small-size pilot study, patients with pulmonary arterial
hypertension-associated systemic sclerosis tolerated DMF poorly and did not provide
power to suggest efficacy. Still, authors suggest that Nrf2 remains a valid therapeutic target
and should be tested in future trials by using better Nrf2 agonists [128].

Considering this emerging evidence, we may consider that fumaric acid esters might
be beneficial for patients with vascular diseases [129]; however, more research that could
expand the treatment area of DMF to other diseases such as hypertension, with clinical
utility and favorable safety profiles, is desired.

4.2. Natural Nrf2 Activators

A myriad of ingredients that are used daily and have the ability to promote the nuclear
translocation of Nrf2 are reported in Table 1. Among these, spices were demonstrated to
have potential as natural Nrf2 pathway activators that can be used in disorders caused by
OS [130,131].

Table 1. Salient effects of natural Nrf2 activators. Kelch-like ECH-associated protein 1 (Keap1);
nuclear factor erythroid factor 2-related factor 2 (Nrf2); glycogen synthase kinase-3 (GSK-3); mal-
ondialdehyde (MDA); superoxide dismutase (SOD); nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-κB); heme oxygenase-1 (HO-1); plasma glutathione peroxidase (GSH-Px).

Authors and
Ref.

Natural
Compound

Organic
Compound

Species and/or Cells
Researched Meaningful Findings

Kim et al. [132] Pepper Methysticin
Murine cell cultures

murine RAW 264.7 cell
line

- Oxidation or alkylation of the
Keap1 proteins;

- Inhibited binding of Nrf2 to
Keap1;

- Phosphorylation of Nrf2 by
GSK-3 and subsequent
proteasomal degradation.

Wafi et al. [133] Turmeric Curcumin Sixty male C57BL/6
mice 10 weeks of age

- Decreased MDA and SOD levels;
- Suppression of the

Bax/Bcl-2-caspase-3
pathway-mediated cell death;

- Diminished inflammation,
fibrosis, and hypertrophy.

Ji et al. [134] Ginger 6-
Dehydrogingerdione

Human mesenchymal
stem cells

- Inhibition of NF-κB activation.

Mimura et al.
[135] Rosemary Carnosic acid

U373MG cells (human
glioblastoma

astrocytoma cells)

- Keap1 inactivation.

Mohan Manu
et al. [136]

Water hyssop
(Bacopa monnieri)

Dammarane-type
triterpenoid

saponins
Adult male Wistar rats

- Restored expression of Nrf2,
NQO1 gene, and HO-1 followed
by increased antioxidant
enzymes and total glutathione
levels.
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Table 1. Cont.

Authors and
Ref.

Natural
Compound

Organic
Compound

Species and/or Cells
Researched Meaningful Findings

He et al. [137] Thyme Thymol Zebrafish

- Activated Nrf2/Keap1 pathway
(signifcant downregulation of
Keap1 expression and
upregulation of Nrf2
expression).

Korenori et al.
[138] Wasabi Allyl isothiocyanate HepG2 (human

hepatoma)

- Increased Keap1 modification
and diminished Nrf2
degradation.

Kanlaya et al.
[139] Green tea Catechins

Madin–Darby Canine
Kidney (MDCK) renal

tubular cells

- Increased antioxidative activity
of phase II enzymes.

Paul et al. [140] Ashwagandha Triterpene lactones

Coronary artery
occlusion in rats;

myocardial infarction
in rats

- Abrogated apoptosis in an
Nrf2-dependent manner;

- Increased phase II detoxification
enzymes.

Farkhondeh
et al. [141]

Grapes, berries,
cranberries, nuts,
cocoa, and dark

chocolate

Resveratrol Adult male
Sprague-Dawley rats

- Significant increase in GSH-Px
and SOD.

Yang et al. [142]

Tomatoes,
watermelons, red

carrots, grapefruits,
and papayas

Lycopene Human umbilical vein
cell line

- Inhibited NF-κB nuclear
translocation and
transactivation.

Ramyaa et al.
[143]

Apples, citrus fruits,
onions, green leafy
vegetables, honey

Quercetin
Vero cells (African

green monkey kidney
epithelial cells)

- Nuclear Nrf2 translocation.

The experimental studies from Table 1 demonstrated that modulating natural products
via Nrf2 pathways exerts beneficial antioxidant and anti-inflammatory effects [132,137,140]
in severe heart failure [133], in radiation-induced OS [134], in induced-cardiac stress [136],
in renal impairment [139], in atherosclerosis [142], and in ochratoxin-induced toxicity [143]
and also shows cytoprotective and antimicrobial properties [135]; cytoprotective and can-
cer chemopreventive effects [138]; and anti-inflammatory, antioxidant, hepatoprotective,
neuroprotective, cardioprotective, renoprotective, antiobesity, antidiabetic, and anticancer
effects [141] in other chronic diseases. Although the studies mentioned did not directly
explore the effect of natural products in hypertension, the administration of these natu-
ral products leads to an Nrf2 response with subsequent activation of various protective
pathways which can be linked to vascular protection.

These elements bring new scientific ideas and opportunities for future researchers to
explore the association between these natural Nrf2 activators and HTN and the potential
therapeutic targets of these natural Nrf2 activators in this disease.

4.3. Other Therapeutic Options via Nrf2

Antioxidants consist of a group of enzymes and molecules that counteract the harmful
effects of ROS, and their main role is to keep a balance between these two systems, not to
fully reduce oxidants, as they can also protect against pathogens [144]. Antioxidants can be
produced endogenously, but their level might be inadequate. Therefore, the body needs
additional exogenous sources of antioxidants, usually obtained from plants or drugs [145].
Plants have been used for their antioxidant properties for a long period of time, and
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they have proved to be able to effectively restore the balance between oxidation and
antioxidation by removing ROS. They have few side effects, decrease ROS production, and
stop oxidation by restricting the beginning and spreading of redox reactions [146].

Thioredoxin (Trx), glutaredoxin (Grx), and peroxiredoxin (Prx) belong to the thiore-
doxin family and can be found in all organisms. They function as antioxidants and are
implicated in a myriad of CVDs, including HTN, atherosclerosis, ischemic heart diseases,
and cardiac hypertrophy [147]. Ahsan et al.’s review article [148] emphasized how Trx
serum levels can work as biomarkers in identifying cardiac adaptative reactions. Moreover,
mesenchymal stem cells genetically modified to express Trx1 showed an increased ability
to proliferate and divide into cardiomyocytes, smooth muscle cells, and endothelial cells,
making them a potential therapy for cardiac failure [149,150].

Inhibition of G6PD with a competitive inhibitor (6-aminonicotinamide) and with non-
competitive inhibitors (dehydroepiandrosterone and epiandrosterone) relaxes pulmonary
arteries and precontracted aorta [151]. Dehydroepiandrosterone reduces pulmonary vascu-
lar resistance in pulmonary hypertensive rats [152], and researchers reported in humans
that low levels of dehydroepiandrosterone sulfate are associated with increased severity of
pulmonary hypertension [153]. A double-blind, randomized, placebo-controlled phase III
study (NCT00581087) demonstrated that dehydroepiandrosterone improves pulmonary
hypertension in chronic obstructive pulmonary disease (COPD) [154].

Additionally, researchers demonstrated that fructosamine 3-kinase (FN3K) triggers
protein deglycation influencing Nrf2 activity. Sanghvi et al. [155] noted that FN3K is absent
in certain cell stress such as cancer, and via Keap1, this can lead to extensively glycated
Nrf2, which affects the ability of Nrf2 to bind proteins and interact with transcription
cofactors. FN3K may represent a novel target of Nrf2 activity in cancer [155,156]. Even if
the role of FN3K in arterial hypertension remains unclear, polymorphisms of the FN3K
gene in patients with diabetes display a protective role against severe microangiopathy and
macroangiopathy diabetes complications [157]. These data suggest that the FN3K–Nrf2
pathway is involved in different vascular alterations that may lead to hypertension and
could represent a new therapeutic target.

Currently, multiple drugs are being used in the treatment of HTN, but they do not act
via the Nrf2/Keap1 pathway. Among promising redox drugs for CVD therapy are antioxi-
dants targeted against mitochondria (mitoQ) and Nrf2 activators (SFN, BM, DMF) [158].
There is strong evidence for resveratrol’s antioxidant and anti-inflammatory properties
and its beneficial role for patients with CVD, but it was found to be less effective in obese
individuals [159]. Anyway, further research into resveratrol’s properties and bioavailability
is desirable.

As hypertension is a multifactorial disease, its clinical management usually includes
lifestyle approaches and multiple-drug administration. So far, the efforts to find redox-
based therapies are still ongoing as there is still no evidence of a fully efficient Nrf2-
targeted drug in CVD, and implicitly HTN [8,109]. Further investigation and validation
through clinical trials of a single Nrf2 activator via a certain pathway or a combination with
another antioxidant are needed [150]. These results may provide enough scientific proof to
implement a novel Nrf2–HTN therapeutic approach with practicability in clinical settings.

5. Conclusions and Future Directions

Arterial hypertension continues to remain an incremental and significant worldwide
medical issue. The complex heterogeneity behind HTN also includes the imbalance and
misregulation of OS factors. Even if HTN pathogenesis cannot be explained by only one
mechanism, present-day data exhibit the deleterious effects of enhanced OS activity and
excessive ROS products which perpetuate endothelial dysfunction and hypertension via
different pathways. Nonetheless, research continuously brings us new molecules and
transcriptional factors such as Nrf2, which in addition to its involvement in cardiovascular
pathogenesis holds potential as a novel therapeutic approach in chronic diseases such
as HTN. Preclinical studies support the anti-OS and anti-inflammatory effects of Nrf2 in
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HTN through regulation via various pathways. The pharmaceutical modulation of Nrf2
activity using natural and synthetic compounds enhances cell survival and sets in motion
the endogenous defense antioxidant system. Biopharmaceutical companies are currently
working on developing new drugs that target the Keap1–Nrf2 system, being challenged
however by off-target effects and lack of a precise monitoring panel.

These results should encourage scientists to continue their research in this field. We
hope for new discoveries which could help further demonstrate the key role of Nrf2 in
HTN and its potential as a novel therapeutic target. Therefore, more research on this subject
is essential for translating the OS concept into clinical practice.
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Abstract: Despite the reduction of cardiovascular events, including the risk of death, associated with
sodium/glucose cotransporter 2 inhibitors (SGLT2i), their basic action remains unclear. Sodium/
hydrogen exchanger (NHE) has been proposed as the mechanism of action, but there are controversies
related to its function and expression in heart failure (HF). We hypothesized that sodium transported-
related molecules could be altered in HF and modulated through SGLT2i. Transcriptome alterations
in genes involved in sodium transport in HF were investigated in human heart samples by RNA-
sequencing. NHE11 and NHE1 protein levels were determined by ELISA; the effect of empagliflozin
on NHE11 and NHE1 mRNA levels in rats’ left ventricular tissues was studied through RT-qPCR. We
highlighted the overexpression of SLC9C2 and SCL9A1 sodium transport genes and the increase of
the proteins that encode them (NHE11 and NHE1). NHE11 levels were correlated with left ventricular
diameters, so we studied the effect of SGLT2i on its expression, observing that NHE11 mRNA levels
were reduced in treated rats. We showed alterations in several sodium transports and reinforced
the importance of these channels in HF progression. We described upregulation in NHE11 and
NHE1, but only NHE11 correlated with human cardiac dysfunction, and its levels were reduced
after treatment with empagliflozin. These results propose NHE11 as a potential target of SGLT2i in
cardiac tissue.

Keywords: SGLT2i; empagliflozin; heart failure; NHE1; NHE11; sodium channel

1. Introduction

Heart failure (HF) continues to be a public health problem in industrialized countries
due to its high morbidity and mortality rate. There are currently no curative treatments,
so many investigations are studying possible therapeutic targets [1,2]. Sodium/glucose
cotransporter 2 inhibitors (SGLT2i), a novel anti-diabetic drug class, have been shown to
reduce the incidence of cardiovascular events and have been found to have beneficial effects
even in patients without type 2 diabetes [3,4]. At present, the study of the effects of SGLT2i
HF is a hot topic since the underlying mechanisms involved in the cardiac protective actions
of this pharmacological treatment remain unclear. Among the proposed mechanisms of
action are the shifts in myocardial metabolism from glucose consumption to ketone body
utilization, reduction of oxidative stress and inhibition of the sodium-hydrogen exchanger
(NHE) [5].
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It has been published that SGLT2i acts within the heart to directly inhibit sodium/
hydrogen exchanger 1 (NHE1) [6]. Moreover, the inhibition of cardiac NHE1 reduces
cytoplasmic Na+ and Ca2+ concentrations, increasing mitochondrial Ca2+ levels and im-
proving the viability of cardiomyocytes and mitochondrial function [7–9]. However, there
are studies that question the direct inhibition of NHE1 in cardiac tissue and its effect on
the regulation of intracellular Na+ concentration [10]. Nevertheless, the NHE family con-
sists of many molecules involved in pH homeostasis, including the unknown molecule
NHE11. Published studies about NHE11 are currently scarce. SLC9C2 (NHE11 protein)
belongs to the mammalian sperm-NHE-like subfamily (SLC9C). SLC9Cs encode an NHE-
like N-terminal domain and a long non-conserved C-terminal part with similarity to the
Na-transporting carboxylic acid decarboxylase transporter family [11]. Previously Wang
D et al. [12] described that sperm NHE could perform as functional NHE. However, the
specific activity of NHE11 is unknown. Furthermore, other sodium transporters expressed
in the heart are proposed as possible targets of SGLT2i, such as the role of glucose/sodium
transporters in the action mechanism of these drugs [13].

Therefore, due to the existing controversy in relation to the effect of SGLT2i on NHE
and the lack of evidence on the expression and alterations in the levels of other sodium
transporters in pathological and healthy human hearts, we analyzed the status of the main
sodium transporters in HF. In addition, we delved into the study of the sodium/hydrogen
exchangers deregulated by analyzing their protein levels and their relationship with cardiac
function parameters. Furthermore, we studied the effect of empagliflozin (EMPA) on
NHE11 expression in vivo, using an animal model, for the first time.

2. Materials and Methods
2.1. Human Sample Collection

In this study, we used a total of 84 human left ventricular tissue samples from patients
with end-stage HF undergoing heart transplantation (mean age of 54 ± 10 years, 85% were
men). Patients had previously been diagnosed with significant comorbidities, including
hypertension (38%) and type 2 diabetes (34%). Patients were classified according to the
functional criteria of the New York Heart Association (NYHA) and received medical
treatment according to the guidelines of the European Society of Cardiology [14]. The
clinical characteristics of the patients used in each study are summarized in Table 1.

Table 1. Clinical characteristics of patients with heart failure (HF).

RNA-Seq Analysis Protein Analysis

HF (n = 26) HF (n = 70)

Age (years) 53 ± 10 54 ± 10
Gender male (%) 96 84
NYHA class III–IV III–IV
BMI (kg/m2) 27 ± 5 26 ± 5
Hypercholesterolemia (%) 13 21
Prior hypertension (%) 25 38
Prior type 2 diabetes (%) 29 35
Hemoglobin (mg/mL) 14 ± 3 13 ± 2
Hematocrit (%) 40 ± 7 39 ± 6
LVEF (%) 21 ± 8 23 ± 8
LVESD (mm) 66 ± 12 60 ± 11
LVEDD (mm) 74 ± 11 68 ± 10

Data are shown as the mean value ± SD; NYHA, New York Heart Association; BMI, body mass index; LVEF,
left ventricle ejection fraction; LVESD, left ventricular end-systolic diameter; LVEDD, left ventricular end-
diastolic diameter.

A total of 16 control donors (CNT) were used (mean age 54 ± 18 years, 80% were men).
The CNT samples were obtained from non-diseased hearts that could not be transplanted
owing to surgical reasons or blood type incompatibility. The cause of death of these
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donors was a cerebrovascular event or a motor vehicle accident. All control donors had
normal left ventricular function (ejection fraction > 50%) and no history of cardiac disease.
Comorbidities and other echocardiographic data were not available for the CNT group in
accordance with the Spanish Organic Law on Data Protection 15/1999.

The left ventricle is an integral part of the cardiovascular system; it pumps blood
at a higher pressure compared with the other heart chambers, as it faces a much higher
workload and mechanical afterload, so it is essential for normal function [15]. Specifically,
fresh transmural samples were obtained from near the apex of the left ventricle at the time
of transplantation and preserved in 0.9% NaCl at 4 ◦C for a maximum of 6 h from the time
of removal from coronary circulation. The tissue samples were stored at –80 ◦C until use.
A reduced time between sample receipt and storage yielded higher-quality samples, as
evidenced by the RNA integrity numbers of ≥9.

This study was approved by the Ethics Committee (Biomedical Investigation Ethics
Committee of La Fe University Hospital of Valencia, Valencia, Spain). Prior to tissue
collection, signed informed consent was obtained from each patient. The study was
conducted in accordance with the guidelines of the Declaration of Helsinki [16].

2.2. Transcriptomic Analysis

Transcriptome-level differences between the HF and CNT samples were investigated
by means of large-scale screening of 36 heart samples (HF, n = 26; CNT, n = 10). The
RNA isolation and RNA-seq procedures and analyses have been extensively described
previously by Roselló-Lletí et al. [17]. Briefly, RNA extractions were performed using a
PureLink™ Kit (Ambion Life Technologies, Waltham, MA, USA), and cDNA libraries were
obtained following Illumina’s recommendations. Transcriptome libraries were sequenced
on the SOLiD 5500 XL (Applied Biosystems, Waltham, MA, USA) platform. The data
used in this publication have been deposited in the NCBI Gene Expression Omnibus
(GEO) and can be retrieved using the GEO Series accession number GSE55296 (http:
//www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE55296, accessed on 28 April 2014).

2.3. NHE11 and NHE1 Protein Concentration

NHE11 and NHE1 protein levels were determined on 80 heart samples (HF, n = 70;
CNT, n = 10). Protein extraction has been extensively described previously by Roselló-Lletí
et al. [18]. Briefly, twenty-five milligrams of the frozen left ventricle were homogenized
in an extraction buffer (2% SDS, 10 mM EDTA, 6 mM Tris–HCl, pH 7.4) in a FastPrep-24
homogenizer (MP Biomedicals) with specifically designed Lysing Matrix D tubes. The ho-
mogenates were centrifuged, and the supernatant was aliquoted. Protein concentrations of
NHE11 and NHE1 were determined using a specific sandwich enzyme-linked immunosor-
bent assay (NHE11 ELISA Kit MBS9323174 from MyBioSource, and NHE1 ELISA Kit
SEG374Hu from Cloud-Clone Corp.) following the manufacturer’s specifications. The
test had a limit of detection of 0.1 and 0.052 ng/mL for NHE11 and NHE1, respectively.
The intra- and inter-assay coefficients of variation were <15% for NHE11 and <12% and
<10% for NHE1. No significant cross-reactivity or interference between NHE11, NHE1,
and analogs was observed. The tests were quantified at 450 nm in a dual-wavelength
microplate reader (Sunrise; TECAN, Tecan Ibérica Instrumentación S.L., Barcelona, Spain)
using Magellan version 2.5 software (TECAN).

2.4. In Vivo Study

Adult male ZDF (Zucker diabetic fatty) rats (ZDF-Leprfa/fa), purchased from Charles
River Laboratories at 7 weeks of age with a body weight range of 200–250 g, were used in
this study. The information related to their housing, feeding and treatment was extensively
explained by Aragón-Herrera et al. [19]. The animals were fed ad libitum with the special
rodent chow Formulab 5008 (LabDiet). The rats were accommodated in individual cages
under controlled conditions. The rats were randomly divided into two groups: CNT (n = 10)
with mineral drink treatment and treated (n = 12) with EMPA 30 mg/kg/d for 6 weeks.
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EMPA was provided by Boehringer Ingelheim Pharma GmbH&Co and administered p. o.
via drinking water (dissolved by sonication) and initiated when the rats achieved fasting
glucose levels of 350.75 ± 18.59 mg/dL (12 weeks old). After 6 weeks from the start of
treatment, the animals were killed by decapitation. At the time of sacrifice, the rats were
19 weeks old, and the mean weight was 425 g in the EMPA-treated rats and 399 g in the
untreated rats. The tissues were collected and quickly frozen on liquid nitrogen and stored
at −80 ◦C until subsequent analysis.

SLC9C2 (NHE11) and SLC9A1 (NHE1) mRNA levels were determined in the left
ventricle of CNT and EMPA-treated rats through RT-qPCR. RNA was extracted using a
NucleoSpin kit (Macherey-Nagel GmbH & Co., Allentown, PA, USA), according to the
manufacturer’s instructions. One microgram of total RNA was reverse transcribed into
cDNA using the Transcriptor First Stand cDNA Synthesis Kit (F. Hoffman-La Roche Ltd.,
Basel, Switzerland). Perfect Master Mix SYBER®Green kit (with LOW ROX) and specific
primers provided by Anygenes® for rat Slc9c2 (GenBank accession no. XM_008769700.2),
rat Slc9a1 (GenBank accession no. NM_012652.2), and rat Rn18S (GenBank accession no.
NR_046237.1) were used to normalize the expression data. RT-qPCR was performed on the
Stratagene MX3000p according to the manufacturer’s instructions (Agilent Technologies,
Santa Clara, CA, USA). The relative expression of the SLC9C2 and SLC9A1 genes was
calculated according to the Livak method of 2−∆∆Ct [20].

The study was performed in accordance with the ARRIVE guidelines (Animals in
Research: Reporting In Vivo Experiments) and the European Union Directive 2010/63.
All animals were maintained and killed using protocols approved by the Animal Care
Committee of the University of Santiago de Compostela in accordance with European Union
Directive 2010/63. The application approval number for these experimental procedures was
15005/2015/003. The number of animals employed in the experimental procedures was the
minimum necessary to develop our objectives and to ensure a pertinent statistical power.

2.5. Statistical Analysis

Clinical characteristics were expressed as mean ± standard deviation for continuous
variables and percentages for discrete variables. Results for each variable were tested for
normality using the Kolmogorov-Smirnov method. Continuous variables not following
normal distribution were compared using the Mann-Whitney test, and categorical clinical
variables were compared using the chi-square test. Variables with a normal distribution
were compared using Student’s t-test for continuous variables and Fisher’s exact test for
discrete variables. The Pearson and Spearman correlation coefficient was calculated to
analyze the association between variables. A p < 0.05 was considered statistically significant.
All statistical analyses were performed using SPSS software (version 20.0; IBM SPSS Inc.,
Armonk, NY, USA).

3. Results
3.1. Human Left Ventricle mRNA Expression of the Main Sodium Channels

Differences in transcriptome-level between HF and CNT samples were investigated
with a large-scale screening of 36 heart samples (HF, n = 26 and CNT, n = 10) using RNA-
seq technology. We analyzed the main sodium transporters expressed in cardiac tissue
(Supplementary Table S1), which were classified in relation to the type of transport used for
the exchange of molecules in the cell. Among analyzed uniporter (Figure 1A), we observed
SCN1A under-expression (FC = −1.802, p = 0.013), a voltage-dependent ion channel, ASIC1
over-expression (FC = 1.588, p = 0.026), and a voltage-independent ion channel. Moreover,
we observed differential expressions in several cotransporters (Figure 1B,C), specifically,
alterations in the symporter SLC5A7 (FC = −1.495, p = 0.049) and the antiporters SLC8A1
(FC = −1.210, p = 0.041), SCL9A1 (FC = 1.170, p = 0.020) and SLC9C2 (FC = 4.459, p = 0.005).
SLC9A1 and SLC9C2 are sodium/hydrogen exchangers which encode the NHE1 and
NHE11 proteins, respectively. Regulatory molecules of the different sodium transporters
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analyzed were also altered (Figure 1D), such as GPD1L (FC = −1.373, p = 0.014), SLC9A3R2
(FC = 1.147, p = 0.036), SCN2B (FC = 1.806, p = 0.001), and SCN3B (FC = 1.564, p = 0.031).
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Figure 1. mRNA expression levels of altered genes involved in sodium transport in human heart
failure (HF) hearts. (A) Uniporter (SCN1A and ASIC1). (B) Symporter (SLC5A7). (C) Antiporter
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Moreover, the analyzed genes that code for the different sodium/glucose transporters,
potential targets of the SGLT2i, including SLC5A1 (SGLT1 protein) and SLC5A2 (SGLT2
protein), were detected in the human hearts of patients with HF and CNT individuals,
but we did not observe statistically significant differences in the expression between both
groups (Figure 1E).

3.2. Human Protein Expression of NHE11 and NHE1

In addition, using a specific enzyme-linked immunosorbent assay, with total heart
samples increased to 80 (HF, n = 70 and CNT, n = 10), we found significant upregulation
in the protein levels of NHE11 (FC = 1.614, p = 0.042) and NHE1 (FC = 1.518, p = 0.018) in
the HF hearts (Figure 2A). Moreover, we did not find significant differences in NHE11 and
NHE1 cardiac protein levels between the HF group with type 2 diabetes and those without
(Figure 2B).
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Furthermore, NHE11 protein expression levels showed a positive correlation with
established echocardiographic parameters (Table 2), specifically left ventricular end-systolic
(r = 0.334, p = 0.011) and left ventricular end-diastolic (r = 0.290, p = 0.029) diameters.

Table 2. Relationships between NHEs protein levels and ventricular parameters.

LVESD LVEDD

NHE11 r = 0.334
p = 0.011

r = 0.290
p = 0.029

NHE1 ns ns
LVESD, left ventricular end-systolic diameter; LVEDD, left ventricular end-diastolic diameter; ns, not significant.

3.3. SLC9C2 (NHE11) and SLC9A1 (NHE1) mRNA Levels in Empagliflozin-Treated Rats

The effects of SGLT2i treatment on SLC9C2 (NHE11 protein) and SLC9A1 (NHE1
protein) mRNA levels were analyzed in the rat models’ left ventricular tissues by RT-qPCR.
For this, untreated rats (n = 10) and rats treated with EMPA (n = 12) were used. Our results
showed a reduction in the expression of both SLC9C2 (FC = −2.047, p = 0.010; Figure 3A)
and SLC9A1 (FC = −1.504, p = 0.034; Figure 3B) in the rats treated with EMPA.
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4. Discussion

Our findings showed alterations in several sodium transporters, highlighting the up-
regulation in two sodium/hydrogen exchangers (NHE1 and NHE11) in the left ventricular
tissue of HF patients with and without diabetes. Furthermore, NHE11 protein levels were
positively correlated with ventricular diameters, supporting the importance of this sodium
transporter in cardiac pathology. For this reason, we analyzed, for the first time, the effect
of empagliflozin, an SGLT2i, on NHE11 levels. Our results showed a relevant reduction of
NHE11 mRNA levels in empagliflozin-treated rats.

Many studies have attempted to identify the pathophysiological mechanisms on which
SGLT2i acts in the context of HF. One of the main proposed mechanisms is the inhibition of
the sodium/hydrogen exchanger [6,7]. In this study, we demonstrated the upregulation
of unknown sodium/hydrogen exchanger 11 in human heart tissue. The most relevant
finding was the reduction of NHE11 mRNA expression levels in the left ventricular tissue of
rats treated with empagliflozin. Currently, there is a lack of knowledge about the function
of this molecule [11]; however, in the context of periodontitis, a chronic inflammatory
disease, the association between the SLC9C2 gene and systolic and diastolic blood pressure
has been described [21].

NHE1 is the most studied sodium transporter in the context of cardiac pathology.
In addition, it has been published that SGLT2i acts within the heart to directly inhibit
NHE1 [6,7]. Controversially, Chung et al. [10] have shown that SGLT2i did not act as direct
inhibitors of NHE1 activity under physiological pH conditions in an animal model. On
the other hand, it has been described that SGLT2i reduces NHE1 mRNA expression in
mouse cardiofibroblasts and in the left ventricle of infarcted rats, acting as an indirect
inhibitor of its function [22,23]. Additionally, we confirmed the reduction of NHE1 mRNA
levels in empagliflozin-treated rats. Still, little is known regarding NHE1 expression in
human myocardium. In a previous study, the abundance of NHE1 protein was similar
in ventricular tissue from hearts with end-stage HF and in patients with low ejection
fraction [24]. We described, for the first time, the upregulation of NHE1 mRNA and
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protein levels in the left ventricular tissue from HF patients when compared with healthy
donor hearts.

In recent years, a hypothesis that has gained strength describes that beneficial action of
SGLT2i on HF is due to a systemic effect [5]. SGLT2i could act as modulators of metabolic
fuel used by the myocardium, specifically reducing glucose consumption and increasing the
use of ketone bodies, which ameliorate adverse left ventricle remodeling [25,26]. Previously,
we observed alterations in lipids metabolism in HF patients [27], as well as in animal models
treated with empagliflozin [19]. In addition, sodium/hydrogen exchangers are related to
different functions in the cell. NHE1 has been related to the regulation of cellular pH, the
cellular response to insulin stimuli and the process of apoptosis [28,29]. These are some
of the described mechanisms on which SGLT2i acts [30,31], so it is interesting to know
the modulation of NHE1 in relation to these processes. Furthermore, the structure of the
isoform NHE11 is similar to NHE1 [11], but further studies are necessary to know the
function of NHE11 in heart tissue.

Furthermore, the expression of sodium/glucose receptors (SGLTs) was analyzed.
There is controversy regarding the presence of SGLT2 in the heart [32–35], but we have
shown that SGLT2 is expressed in the human left ventricle, although at a low level. This
sodium/glucose cotransporter did not seem to have a relevant role in HF since we did
not find alterations in its mRNA expression. In fact, it should be noted that none of
the sodium/glucose cotransporters expressed in the heart were altered in HF. However,
over-expression of SGLT1 (SLC5A1 gene) has been described in patients with ischemic
cardiomyopathy and diabetic cardiomyopathy [36]. In addition, Sayour et al. [13] showed
an over-expression of SGLT1 in HF patients of different etiology and the control group
was composed of patients with a preserved systolic function who went through mitral
valve replacement.

Our study was limited on several points, and the results must be interpreted in this
context. This study does not distinguish cell types and we have determined the gene
expression profiles in an animal model treated with SGLT2i, but we do not know its effect
in HF patients. However, we believe that the current analyses provide substantial evidence
and our findings represent a necessary first step for future research.

5. Conclusions

Our findings showed alterations in several sodium transports and reinforced the
importance of these channels in HF progression. We described upregulation in NHE11 and
NHE1 in HF patients, but only NHE11 correlated with cardiac dysfunction. In addition, the
most relevant finding was the change observed in the expression of the unknown NHE11
after treatment with empagliflozin. These results propose NHE11 as a potential target of
SGLT2i in cardiac tissue.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pharmaceutics14101996/s1, Table S1: Genes related to sodium
channels in heart failure patients.
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Abstract: Tissue-regenerative properties have been attributed to secreted paracrine factors derived
from stem cells and other cell types. In particular, the secretome of γ-irradiated peripheral blood
mononuclear cells (PBMCsec) has been shown to possess high tissue-regenerative and proangiogenic
capacities in a variety of preclinical studies. In light of future therapeutic intravenous applications of
PBMCsec, we investigated the possible effects of PBMCsec on white blood cells and endothelial cells
lining the vasculature. To identify changes in the transcriptional profile, whole blood was drawn from
healthy individuals and stimulated with PBMCsec for 8 h ex vivo before further processing for single-
cell RNA sequencing. PBMCsec significantly altered the gene signature of granulocytes (17 genes),
T-cells (45 genes), B-cells (72 genes), and, most prominently, monocytes (322 genes). We detected
a strong upregulation of several tissue-regenerative and proangiogenic cyto- and chemokines in
monocytes, including VEGFA, CXCL1, and CXCL5. Intriguingly, inhibitors of endopeptidase activity,
such as SERPINB2, were also strongly induced. Measurement of the trans-endothelial electrical
resistance of primary human microvascular endothelial cells revealed a strong barrier-protective
effect of PBMCsec after barrier disruption. Together, we show that PBMCsec induces angiogenic
and proteolytic processes in the blood and is able to attenuate endothelial barrier damage. These
regenerative properties suggest that systemic application of PBMCsec might be a promising novel
strategy to restore damaged organs.

Keywords: regenerative medicine; cell-free secretomes; paracrine factors; single-cell RNA sequencing;
serine protease inhibitor; endothelial barrier

1. Introduction

Central goals in modern regenerative medicine are the repair of injured tissues and
organs along with restoration of their innate functions [1]. Cell-based therapies have made
tangible progress in this field over the past decades [2]. Mesenchymal stem cells (MSC)
possess high capacities for self-renewal and differentiation, which makes them a highly
attractive option to promote tissue regeneration. However, in spite of encouraging pre-
clinical data, most of the first-in-men clinical trials failed to show effectivity in patients [3,4].
Beyond that, it became increasingly apparent that released paracrine factors, rather than
engraftment and differentiation of applied stem cells, are crucial for most of the beneficial
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biological effects and, thus, predominantly contribute to the observed tissue-regenerative
effects [5–8]. In addition, stem-cell secretome-based therapies bear considerable limitations,
including the need for invasive procedures for isolation, low abundance, and high costs for
expansion and preservation. This highlights the need for alternative sources [9].

Recently, several studies suggested peripheral blood mononuclear cells (PBMCs) as
a valuable alternative source to MSCs [10,11]. In addition, γ-irradiation of PBMCs has
been shown to promote the production and release of soluble factors and to exert tis-
sue protection [10]. In-depth functional analyses of the secretome of γ-irradiated PBMCs
(PBMCsec) revealed a vast array of proteins, lipids, and extracellular vesicles as the main
biological constituents and confirmed that the presence of all fractions is required in order
for PBMCsec to exert its biological effects to full capacity [12,13]. The modes of action via
which PBMCsec exerts its beneficial effects range from promotion of angiogenesis [12],
antimicrobial activity [14], cytoprotection [15], immunomodulation [16], improvement
of re-epithelization [17] to vasodilation and the inhibition of platelet aggregation [18].
More recently, Laggner and colleagues were able to demonstrate a decrease of dendritic
cell-mediated skin inflammation in a murine model of contact hypersensitivity, as well
as inhibition of basophil and mast cell degranulation after treatment with PBMCsec, fur-
ther expanding the broad spectrum of possible clinical implications of this investigational
medicinal product [19,20]. Beneficial effects of PBMCsec have thus far been examined in
numerous preclinical setups of experimental tissue damage, including acute myocardial
infarction, autoimmune myocarditis, stroke, and spinal cord injury (for a review, see [21]).
Topical administration of PBMCsec enhanced wound healing in a murine full-thickness
skin model [17] and improved tissue survival in a rodent epigastric flap model [22]. Similar
results were observed in a porcine model of burn injury, where the application of PBMCsec
markedly improved epidermal thickness after injury [23]. In addition, beneficial effects of
PBMCsec were also observed after intraperitoneal or intravenous administration. PBMCsec
decreased the affected area and improved neurological outcome in rodent models of cere-
bral ischemia and acute spinal cord injury after systemic application [24,25]. Furthermore,
PBMCsec ameliorated myocardial damage, improved overall cardiac performance, and
promoted cytoprotection of cardiomyocytes in rodent and porcine models of acute myocar-
dial infarction (AMI) [10,15]. Interestingly, transcriptional changes were not restricted to
the infarcted myocardium and the circumjacent heart tissue but also detected in the liver
and the spleen, suggesting a systemic effect of PBMCsec beyond the site of injury [26].

For the treatment of cardiovascular pathologies caused by thromboembolic occlusion
of arterial blood flow such as acute myocardial infarction and ischemic stroke, the rapid
interventional re-establishment of vessel perfusion still remains the first-line therapy as
it maximizes the rescue of ischemic tissue and, thus, decisively determines the primary
outcome in affected patients [27]. However, increasing emphasis is attributed to the attenu-
ation of damages secondary to reperfusion injury, as it represents a considerable risk factor
for long-term tissue functions [28]. During extended periods of oxygen deprivation, cells
suffer from intracellular calcium overload [29] and disturbed mitochondrial energy pro-
duction [30], which ultimately lead to cell death and the release of inflammatory mediators
and reactive oxygen species [31]. In turn, inflammatory cells infiltrate the damaged area
and release proinflammatory cyto- and chemokines. In addition, neutrophils release serine
proteases [32,33], which contribute to endothelial barrier dysfunction, further enhancing
vascular injury in small arterial blood vessels and downstream capillaries [34]. As a result,
large amounts of intravascular fluids along with the damaging mediators diffuse into the
interstitial space to cause further damage [34].

Since PBMCsec has shown tissue-regenerative properties in several animal models
and there is an urgent need for novel systemic tissue-regenerative therapeutic interven-
tions, we investigated the effects of PBMCsec on white blood cells and on the endothelial
barrier function.
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2. Materials and Methods
2.1. Ethics Statement

This study was conducted in accordance with the Declaration of Helsinki and local
regulations. Blood samples were obtained from healthy volunteers who had given their
consent to donate. Use of primary HUVECs, primary DMECs, and blood samples was
approved by the Institutional Review Board of the Medical University of Vienna (Ethics
committee votes: 1280/2015, 1539/2017, and 1621/2020). All donors provided written
informed consent.

2.2. Generation of PBMCsec

Isolation of PBMCs and generation of PBMCsec have previously been described in
detail [35], and a graphical overview is given in Figure 1A. In brief, PBMCs of volun-
teer blood donors aged 18–45 years were enriched by Ficoll-Paque PLUS (GE Healthcare,
Chicago, IL, USA) density centrifugation, diluted to a concentration of 2.5 × 107 cells/mL
in CellGenix granulocyte–monocyte progenitor dendritic cell medium (CellGenix, Freiburg,
Germany) and exposed to 60 Gy cesium-137 γ-irradiation (IBL 437C, Isotopen Diagnostik
CIS GmbH, Dreieich, Germany). Following 24 h of incubation, cells and cellular debris were
removed by centrifugation at 800× g for 15 min, and supernatants were passed through
a 0.2 mm filter. The cell-free secretome generated by 2.5 × 107 cells/mL corresponds to
25 units/mL PBMCsec. Next, methylene blue treatment was performed for viral clear-
ance [35]. Secretomes were lyophilized, terminally sterilized by high-dosage-irradiation
(Gammatron 1500, UKEM60Co irradiator with a maximum capacity of 1.5 MCi), and cryop-
reserved. Lyophilized compounds were reconstituted in 0.9% NaCl (B. Braun Melsungen
AG, Melsungen, Germany) to the desired concentrations.

Figure 1. Experimental overview (A) Isolation of PBMCs from healthy donors and subsequent
procedures necessary for the generation of PBMCsec. (B) The experimental setup involved two
branches. In order to investigate pharmacodynamics effects of PBMCsec, human whole blood cells
were treated with PBMCsec or left untreated for 8 h prior to further processing them for single-cell
RNA sequencing. Plasma was collected from PBMCsec-treated whole blood and controls after 24 h of
incubation and analyzed in a series of functional assays. In addition, we evaluated effects mediated
directly by PBMCsec on endopeptidase activity and endothelial barrier protection. This figure was
generated using Biorender.com (accessed on 6 June 2022).
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2.3. Preparation of Single-Cell Suspension of Human Whole Blood

For scRNA-seq, heparinized human whole blood was drawn from two age-matched
male donors (age donor 1: 29 years; age donor 2: 29 years). A total of 3 mL of whole blood
was either treated with PBMCsec (GMP APOSEC lot number: A00918399135; diluted in
0.9% NaCl; final concentration: 12.5 units/mL) or left untreated. Samples were incubated at
37 ◦C for 8 h. Red blood cells were removed by Red Blood Cell Lysis Buffer (Abcam, Cam-
bridge, MA, USA). Cells were then washed twice with PBS containing 0.04% bovine serum
albumin (BSA) and sequentially passed through 100 and 40 µm cell strainers. Using the
LUNA-FL Dual Fluorescence Cell Counter (BioCat, Heidelberg, Germany) and the Acri-
dine Orange/Propidium Iodide Cell Viability Kit (Logos Biosystems, Gyeonggi-do, South
Korea), samples were set at a concentration of 1 × 106 cells/mL and displayed a viability
above 90%.

2.4. Dermal Microvascular Endothelial Cell Culture

Dermal microvascular endothelial cells (DMECs) were isolated from human foreskin.
Foreskin was digested with dispase (Corning). The epidermis was removed, and the fore-
skin was scraped to dislodge endothelial cells. Cells were sorted for CD31 with magnetic
beads (Thermo Fisher Scientific). Endothelial cells were cultured in endothelial growth
medium (EGM-2; Lonza) containing 15% fetal bovine serum (FCS; Thermo Fisher Scien-
tific, Waltham, MA, USA) and supplements for microvascular cells (Lonza). Cells were
maintained in a humidified atmosphere containing 5% CO2 at 37 ◦C and passaged at 90%
confluence. Prior to experiments, cells were authenticated and confirmed to be free of
contamination by mycoplasma. Endothelial cells were used at passages 2–8.

2.5. Tube Formation Assay

Proangiogenic properties of PBMCsec and plasma of PBMCsec-treated whole blood
were compared in a tube formation assay with human umbilical vein endothelial cells (HU-
VECs, passage 8) as described previously [36]. HUVECs (Lonza, Basel, Switzerland) were
thawed and routinely cultured in polystyrene culture flasks (Merck Millipore, Burlington,
MA, USA) containing endothelial cell basal medium-2 (EBM-2; Lonza) supplemented with
endothelial cell growth medium-2 (EGM-2, Lonza) until fully confluent. The medium was
changed every other day for a total of two passages. Prior to the tube formation assay,
cells were maintained in EBM-2 containing 3% (v/v) heat-inactivated fetal bovine serum
(Lonza) overnight and starved in basal EBM-2 without supplements for 3 h. Cells were
seeded on growth factor-reduced Matrigel Matrix (Corning Inc. Life Sciences, Tewksbury,
MA, USA) in µ-slides Angiogenesis (ibidi GmbH, Graefelfing, Germany) at a density of
10 × 104 cells per well and stimulated with the supernatant obtained from 3 mL of whole
blood cells for 4 h. Micrographs were acquired by an inverted phase contrast microscope
(CKX41 Olympus Corporation; Tokyo, Japan) equipped with a 10× objective (CAch N,
10×/0.25 PhP; Olympus) using a SC30 camera (Olympus) and cellSens Entry software
(version 1.8; Olympus). Tubule formation was quantified by the Angiogenesis Analyzer
plugin [37] of ImageJ (version 1.53, java 1.8.0_172) using default settings.

2.6. Protein Quantification by Enzyme-Linked Immunosorbent Assay (ELISA)

For in vitro experiments, heparinized human whole blood was drawn from male
donors (age donor 1:29 years; age donor 2:29 years; age donor 3:30 years). A total of 3 mL
of whole blood was centrifuged (1000× g for 10 min at room temperature) freshly after
venipuncture or after 24 h long cultivation of whole blood in absence or presence of
12.5 units/mL PBMCsec. Plasma samples were then stored at −20 ◦C until further use.
Protein levels of Human CXCL1, human CXCL5, human SERPINB2, human VEGF-A,
and human urokinase (R&D Systems, Biotechne, Minneapolis, MN, USA) were quantified
by ELISA as recommended by the manufacturer. Absorbance was measured at 450 nm
by a Spark multimode microplate reader (Tecan, Männedorf, Switzerland), and analyte
quantifications were determined using external standard curves.
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2.7. Protease Activity Assays

To test the inhibitory effects of PBMCsec on protease activity, we performed a fluo-
rometric enzyme activity assay (Enzcheck) using the unselective serine protease trypsin
(ThermoFisher Scientific, Waltham, MA, USA) at a concentration of 0.05%. Enzyme sub-
strate was diluted in provided assay buffer according to manufacturer’s instruction. Equal
amounts of trypsin were 1:2 diluted in assay buffer, control medium, or PBMCsec concen-
trated at 12.5 units/mL for 5 min before adding 10 µL to the prepared substrate mixture
adding up to a total volume of 100 µL per well. The Urokinase Inhibitor Screening Kit
(Sigma-Aldrich, St. Louis, MO, USA) was used to test the effect of the investigated plasma
samples and PBMCsec on urokinase activity. In brief, 45 µL plasma sample were diluted in
an equal volume of provided assay buffer. Human urokinase and substrate were added as
suggested by the protocol, adding up to a total reaction volume of 100 µL per well. Samples
from three donors were analyzed. For both tests, samples were then incubated at room
temperature for a total of 60 min. Absorbance at 450 nm was measured by FluoStar Optima
microplate reader (BMG Labtech, Ortenberg, Germany) in 15 min intervals.

2.8. Electrical Cell-Substrate Impedance Sensing (ECIS)

Electrical cell-substrate impedance sensing (ECIS, Applied Biophysics, Troy, NY, USA)
was used to measure the electrical resistance of endothelial monolayers. A total of 12,000
endothelial cells were seeded on array plates (Ibidi) coated with gelatin (Sigma). After the
resistance at 4000 Hz reached a stable plateau of >1000 Ω, endothelial cells were treated with
indicated substances. Electrical resistance of cell monolayers was continuously monitored
at 250 Hz [38].

2.9. Gel Bead-In Emulsion (GEMs) and Library Preparation

Single-cell RNA-seq was performed using the 10X Genomics Chromium Single-Cell
Controller (10X Genomics, Pleasanton, CA, USA) with the Chromium Single-Cell 3′ V3
Kit following the manufacturer’s instructions. After quality control, RNA sequencing was
performed by the Biomedical Sequencing Core Facility of the Center for Molecular Medicine
(Center for Molecular Medicine, Vienna, Austria) on an Illumina HiSeq 3000/4000 (Illumina,
San Diego, CA, USA). For donor 1, we detected 2003 cells in the untreated sample and
1281 cells in the PBMCsec-treated sample, while donor 2 had 12,356 cells in the untreated
sample and 10,865 cells in the PBMCsec-treated sample. Raw sequencing data were then
processed with the Cell Ranger v3.0.2 software (10X Genomics, Pleasanton, CA, USA) for
demultiplexing and alignment to a reference genome (GRCh38).

2.10. Data Analysis

Secondary data analysis was performed using R Studio in R (Version 4.0.4; The R
Foundation, Vienna, Austria) using the R software package “Seurat” (Seurat v.4.0.0, Satija
Lab, New York, NY, USA). Cells were first analyzed for their unique molecular identifiers
(UMI) and mitochondrial gene counts to remove unwanted variations in the scRNA-seq
data. Cells with UMI counts below 200 or above 2500 and more than 10% of mitochondrial
genes were excluded from the dataset. Next, we followed the recommended standard
workflow for integration of scRNA-seq datasets [39]. Data were scaled, and principal
component analysis (PCA) was performed. Statistically significant principal components
(PCs) were identified by visual inspection. Using the Louvain algorithm at a resolution of
0.025, we identified a total of four communities. The preselected PCs and identified clusters
served for Uniform Manifold Approximation and Projection for Dimension Reduction
(UMAP). After bioinformatics integration of datasets of untreated and PBMCsec-treated
samples, erythrocytes were removed by excluding all cells with expression of hemoglobin
subunit beta (HBB) >0.5. Clusters were then annotated on the basis of the expression of well-
established cell-type-defining marker genes. We used UMAP-plots, feature plots, heat maps,
volcano plots, and violin plots to visualize differences between the investigated conditions.
To determine DEGs, normalized count numbers were used. We applied the FindMarkers
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argument using default settings to calculate DEGs for clusters of interest between conditions
with a log-foldchange threshold of 0.25 and an adjusted p-value <0.05. A log2 fold-change
increase in gene expression above 1 was considered as upregulation, while a decrease below
−1 was considered as downregulation. Only genes with an avgLog2FC above 1 and below
−1 were forwarded to the Metascape [40] online software package to identify significantly
enriched pathways (−log10(p-value) >2). Additionally, the same gene sets were processed
by Cytoscape plug-in ClueGO [41] to visualize significantly (p-value <0.05, kappa score:
0.4) enriched molecular functions for the investigated conditions.

2.11. Statistical Analysis

For single-cell RNA-seq, two donors were analyzed. Negative binomial regression was
performed to normalize data and achieve variance stabilization. The Wilcoxon rank sum test
was applied, followed by the Bonferroni post hoc test, to calculate differentially expressed
genes. For in vitro experiments, at least three different donors were used. For data analysis
of the tube formation assay, investigators were blinded to treatments. Data were statistically
evaluated using GraphPad Prism v8.0.1 software (GraphPad Software, San Diego, CA,
USA). When analyzing three or more groups, ordinary one-way ANOVA and multiple
comparison post hoc tests with Dunnett’s correction were calculated, and p-values <0.05
were considered statistically significant. Data are presented as the mean ± standard error
of the mean (SEM).

3. Results
3.1. PBMCsec Modulates the Gene Signature of T Cells, B Cells, Granulocytes, and Monocytes

To investigate the degree to which PBMCsec alters the transcriptional landscape of im-
mune cells in human whole blood, we conducted single-cell RNA sequencing (scRNA-seq)
of whole-blood samples treated ex vivo with PBMCsec for 8 h. A methodological overview
of the experimental approach employed in this study is provided in Figure 1. Bioinformatics
analysis and UMAP clustering revealed four main cell populations consisting of monocytes,
T-cells, B-cells, and granulocytes in all investigated conditions (Figure 2A). Identification
was based on the expression of cluster marker genes including the CD14 molecule (CD14),
CD3D molecule (CD3D), membrane spanning four domains A1 (MS4A1), and peptidase
inhibitor 3 (PI3) for the respective cell types (Figure S1). Although significantly fewer
cells were analyzed from donor 1, all cell types were found in both donors (Figure S2A).
Treatment with PBMCsec did not result in a significant change in relative cell numbers
(percentage of cells in untreated vs PBMCsec for T-cells: 75.73% vs. 74.86%; monocytes:
14.31% vs. 14.97%; B-cells: 8.89% vs. 8.09%; granulocytes 1.03% vs. 1.90%) (Figure 2B).
The transcriptional heterogeneity between cell types was confirmed in a heatmap showing
the average expression of cluster-defining genes of each cell type (Figure 2C). Next, we
assessed changes in gene expression for all cell populations after treatment with PBMCsec.
We calculated the number and distribution of significantly up- (Figure 2D) and downregu-
lated genes (Figure 2E) for each cell type compared to the untreated control. A total number
of 45 differentially expressed genes (DEG) (16 upregulated; 29 downregulated) were de-
tected in T-cells, along with 72 in B-cells (28 upregulated, 44 downregulated) and 17 in
granulocytes (two upregulated; 15 downregulated) (Figure S3A–C). Monocytes displayed
the highest number of differentially expresses genes (173 upregulated; 148 downregulated),
including upregulation of serpin family B member 2 (SERPINB2), epiregulin (EREG), inter-
leukin 1 beta (IL1B), C–X–C motif chemokine ligand 1 (CXCL1), C–X–C motif chemokine
ligand 3 (CXCL3), (CXCL5), and vascular endothelial growth factor A (VEGFA), and down-
regulation of S100 calcium-binding protein A8 (S100A8), S100 calcium-binding protein
A9 (S100A9), allograft inflammatory factor 1 (AIF1), CD36 molecule (CD36), and CD163
molecule (CD163), amongst others (Figure 2F). From this, we can conclude that ex vivo
stimulation of human whole blood with PBMCsec significantly changed gene expression in
blood immune cells, most prominently in monocytes.
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Figure 2. Ex vivo treatment of human whole blood cells alters the transcriptional profile in the
monocyte subset and upregulates pathways associated with tissue regeneration. (A) UMAP clustering
identified T-cells, monocytes, B-cells, and granulocytes in untreated and PBMCsec-treated samples
with (B) similar cell frequency for each cluster between the investigated conditions. (C) Heatmap
of cluster-defining marker genes of normalized gene expression showing distinct gene patterns
between T-cells, monocytes, B-cells, and granulocytes. Bar plots represent the number of (D) up- and
(E) downregulated genes in PBMCsec-treated samples compared to untreated control. Genes with
an adjusted p-value < 0.05 and an average log2 fold change ≥1 or ≤−1 were considered as DEGs.
(F) Volcano plot showing the regulated genes in monocytes treated with PBMCsec when compared
to untreated monocytes. Upregulated genes are marked in green, while downregulated genes are
shown in red.
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3.2. PBMCsec Induces Tissue-Regenerative Pathways in Monocytes from Human Whole Blood

Next, we identified biological pathways associated with the differentially regulated
genes across the identified cell types. Biological functions such as angiogenesis and cy-
tokine production were enriched in T- and B-cells treated with PBMCsec (Figure S3D,F),
while activation of myeloid cells and responses to oxidative stress were associated with
the downregulated gene sets (Figure S3E,G). No significantly regulated pathways were
identified in granulocytes. The top Gene Ontology pathways associated with upregu-
lated genes in monocytes after treatment with PBMCsec included response to lipid and
to interleukin 1, along with terms strongly associated with wound healing, angiogen-
esis, regulation and production of cytokines, and regulation of endopeptidase activity
(Figure 3A). Upregulated gene sets in monocytes treated with PBMCsec were highly com-
parable between the two donors (Figure S2B,C), and expression of SERPINB2, VEGFA,
CXCL1, and CXCL5 was significantly upregulated by PBMCsec in monocytes from both
donors (Figure S2D,E), indicating a low donor variability. Major pathways associated
with biological processes resulting from the downregulated gene set in monocytes treated
with PBMCsec involved activation and differentiation of leukocytes, generation of reactive
oxide species, and processing and presentation of antigens (Figure 3B). The complete lists
of all up- and downregulated pathways (Figure S4A,B) and genes (Supplementary Files
S1 and S2, respectively) are provided as Supplementary Materials. A closer look at the
genes involved in the degranulation and cell activation of leukocytes revealed different
members of the S100 and leukocyte immunoglobulin-like receptor (LILR) families to be
downregulated in monocytes treated with PBMCsec (Figure S5A). Furthermore, we ob-
served a downregulation of genes associated with the generation of reactive oxygen species,
including the scavenger receptor CD36, the pattern recognition receptor CLEC7A, and
a subunit of the NADPH oxidase complex in NCF1 (Figure S5B). We further sought to
confirm our findings using ClueGO to investigate molecular functions related to these gene
sets. In line with the initial analysis, we again identified strong associations with molecular
functions related to cyto- and chemokine activity, signaling, and negative regulation of
cysteine-type endopeptidase activity for the upregulated genes (Figure 3C), while functions
related to immune receptor signaling, oxidoreductase activity, and antigen presentation
were significantly associated with the set of downregulated genes (Figure 3D). From this
analysis, we can conclude that monocytes were mostly affected by PBMCsec, resulting in
the induction of tissue-regenerative processes, while processes associated with leukocyte
activation and reactive oxygen species generation were downregulated.
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Figure 3. Tissue-regenerative pathways are upregulated in monocytes treated with PBMCsec Gene
ontology pathway analysis was performed in Metascape. The top 20 biological processes affected
by the upregulated (A) and downregulated (B) DEG in monocytes treated with PBMCsec are listed
and hierarchically sorted by −log10(p-value) and enrichment factor (>2). (C) ClueGO visualization of
molecular functions associated with upregulated and (D) downregulated genes in monocytes treated
with PBMCsec.

3.3. Paracrine Factors in the Plasma of PBMCsec-Treated Whole Blood Exert Proangiogenetic
Effects In Vitro

Since several cytokines and growth factors were upregulated in monocytes treated
with PBMCsec (Figure 2F), we next assessed the protein levels of selected factors in plasma
derived from PBMCsec-treated whole blood. PBMCsec, fresh plasma collected immedi-
ately after venipuncture, and untreated plasma after ex vivo incubation for 24 h served
as controls. Gene expression of CXCL1, CXCL5, and VEGFA showed strong upregula-
tion in monocytes after stimulation with PBMCsec (Figure 4A). This was confirmed on
a protein level, when CXCL1 (2873 ± 2093 pg/mL), CXCL5 (6413 ± 1911 pg/mL), and
VEGF-A (117.2 ± 13.04 pg/mL) were strongly elevated in plasma PBMCsec, while being
undetectable in controls (Figure 4B). In contrast, several proinflammatory factors, such as
IL-1β, TNF-α, and IFN-γ were not detectable in the plasma of PBMCsec-treated whole
blood (data not shown). We next aimed to assess the proangiogenic capacity of fresh
plasma, plasma of untreated whole blood, and plasma of PBMCsec-treated whole blood in
an in vitro endothelial cell tube formation assay (Figure 4C). While controls showed little
ability to induce tube formation, plasma of PBMCsec-treated whole blood displayed the
highest proangiogenic properties as indicated by a significant increase in total segment
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length, as well as in numbers of nodes and junctions (Figure 4D). In summary, we could
demonstrate that the expression and secretion of proangiogenic paracrine factors were
strongly increased in whole blood cells following treatment with PBMCsec.

Figure 4. Paracrine factors are induced by PBMCsec in human plasma and enhance endothelial cell
tube formation in vitro. (A) Gene expression of the proangiogenic chemokines CXCL1 and CXCL5,
as well as growth factor VEGFA, is strongly induced in monocytes treated with PBMCsec when
compared to untreated monocytes (B) Assessment of protein levels for CXCL1, CXCL5, and VEGF-A
by ELISA in plasma from PBMCsec-treated whole blood and controls (n = 3 biological replicates
measured in duplicates). (C) Representative images of HUVEC tube formation assay in presence
of fresh plasma, plasma from untreated whole blood, and plasma obtained from PBMCsec-treated
whole blood after 24 h of ex vivo cultivation (scale bar 250 µm) with (D) analysis of number of
nodes and junctions per field and total segment length (n = 3). Ordinary one-way ANOVA was
performed. Dunnett’s multiple comparison test was carried out to compare groups; * p < 0.05,
** p < 0.01, *** p < 0.001, **** p < 0.0001.

112



Pharmaceutics 2022, 14, 1600

3.4. PBMCsec Inhibits Protease Activity In Vitro and Induces the Selective Serine Protease
SERPINB2 in Human Whole Blood Ex Vivo

Increased protease activity, as seen in acute cardiovascular or inflammatory diseases,
has been shown to significantly contribute to tissue destruction, thus representing an
attractive target for tissue regeneration [42,43]. Evidence from previous studies identified
monocytes as a source of protease inhibitors [44]. As our pathway analysis also revealed
an association of upregulated genes in monocytes with the regulation of endopeptidase
activity, we next aimed to confirm this finding in functional assays in vitro. Therefore, we
performed a protease activity assay to test a potential anti-proteolytic effect of PBMCsec on
the nonselective serine protease trypsin. While the medium control showed a negligible
inhibitory effect on protease activity (3.72 ± 0.55%), PBMCsec led to a significant inhibition
of the enzymatic activity (40.51 ± 4.728%) (Figure 5A). Furthermore, SERPINB2 displayed
the highest positive log2 fold-change induction (Figure 5B) of all DEGs in monocytes treated
with PBMCsec in our sequencing analysis. SERPINB2 is a member of the serpin superfamily
of serine proteases and encodes plasminogen activator inhibitor type II (PAI-2), which is
involved in the irreversible inhibition of urokinase [45]. First, we determined the protein
levels of SERPINB2 in PBMCsec, fresh plasma, plasma of untreated whole blood, and
then compared them to plasma of PBMCsec-treated whole blood. In accordance with the
present literature, only very low levels of SERPINB2 were detectable in the control samples.
In contrast, plasma obtained from PBMCsec-treated whole blood showed significantly
elevated levels of SERPINB2 (11908 ± 3530 pg/mL) (Figure 5C). As SERPINB2 mainly acts
as an inhibitor for urokinase [45], we next evaluated the plasma levels of urokinase, as well
as the inhibitory effect of plasma PBMCsec on its activity in vitro. Whereas high levels
of urokinase were still detected (Figure 5D), urokinase activity was strongly reduced by
PBMCsec-treated plasma (Figure 5E), indicating that the observed urokinase inhibitory
action was a result of the presence of a urokinase inhibitor rather than a quantitative
decrease in available urokinase. While in vitro urokinase activity was not affected by
PBMCsec alone, addition of fresh plasma (38.45% ± 5.94%) and plasma of untreated
whole blood (40.78% ± 17.07%) resulted in a considerable inhibition of urokinase activity.
Interestingly, this effect was even more pronounced in the presence of plasma obtained
from PBMCsec-treated whole blood (79.48 ± 2.15%) (Figure 5E). Together, these data show
that soluble factors with anti-proteolytic activities were present in PBMCsec or strongly
induced in white blood cells after treatment with PBMCsec.
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Figure 5. PBMCsec inhibits serine protease activity in vitro and increases levels of SERPINB2 in
plasma of PBMCsec-treated whole blood. (A) Trypsin activity measured by increase in fluorescence
intensity of cleaved substrate over time in the presence and absence of PBMCsec (n = 3 biological
replicates). (B) Gene expression of the urokinase inhibitor SERPINB2 in monocytes treated with
PBMCsec (p-value < 0.0001) compared to untreated monocytes. (C) SerpinB2 (n = 3 biological
replicates measured in duplicates) and (D) urokinase (n = 3 biological replicates) protein levels of
fresh plasma, untreated plasma, and plasma of PBMCsec-treated whole blood. (E) In vitro assessment
of urokinase activity of fresh plasma, plasma from untreated whole blood, and plasma obtained from
PBMCsec-treated whole blood. ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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3.5. PBMCsec Ameliorates Thrombin-Induced Decrease in Endothelial Barrier Function

The activity of inflammatory mediators and serine proteases has been shown to sup-
port angiogenesis, as well as increase vascular leakage, by decreasing the endothelial barrier
function [38,46]. Electrical cell-substrate impedance sensing enables the continuous assess-
ment of changes in quality and function of a cellular barrier in response to different stimuli
over time [47]. Loss of barrier function in endothelial cells can result in increased extravasa-
tion of immune cells and harmful mediators into the extravasal space, further increasing
tissue damage [48]. Hence, we examined whether PBMCsec affected the thrombin-induced
drop in endothelial barrier function by utilizing electrical cell-substrate impedance sens-
ing. Addition of thrombin resulted in a transient decrease in trans-endothelial resistance,
reaching the lowest point 5 min after stimulation (29% ± 12% barrier function relative to
untreated basal medium control) (Figure 6). While the simultaneous addition of thrombin
and control medium resulted in a similar change in barrier resistance (38% ± 2%) com-
pared to basal medium, PBMCsec inhibited the thrombin-induced decrease in endothelial
resistance (84% ± 14%) (Figure 6). Therefore, PBMCsec positively influenced endothelial
barrier function in vitro by attenuating thrombin-mediated changes in endothelial cells.

Figure 6. PBMCsec ameliorated the thrombin-induced decrease in endothelial cell barrier func-
tion. Representative evaluation of one of three independently conducted experiments. Paracellular
resistance at 250 Hz was measured in DMECs challenged with 2 units/mL thrombin alone or in
combination with control medium (CellGenix) or PBMCsec at 12.5 units/mL over time. The green
arrow marks the time point of stimulation with the respective treatments. The bar plot shows the
changes in endothelial barrier function for the investigated conditions relative to the basal medium
(EBM-2) control. One-way ANOVA was performed with post hoc Dunnett’s multiple comparison
test to compare groups to basal medium; * p < 0.05, ** p < 0.01.

4. Discussion

The beneficial effects of PBMC-derived cell secretomes in the regeneration of damaged
tissues and organs have already been well described [10,15,21,24,25]. In order to transit from
these promising preclinical studies to the treatment of patients, the safety and tolerability of
topical administration of autologous PBMCsec in dermal wounds was successfully assessed
in a clinical phase I trial (MARSYAS I, NCT02284360) [49]. On the basis of these results,
an ongoing clinical phase I/II trial has been initiated to evaluate the safety and efficacy
of topically administered allogeneic PBMCsec for the treatment of diabetic foot ulcers
(MARSYAS II, NCT04277598) [50]. In light of future therapeutic approaches using systemic
administration of PBMCsec to regenerate inner organs, we analyzed in the present study
the effects of PBMCsec on whole blood and the endothelium in more detail.
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Using scRNA-seq, we identified a strong induction of tissue-regenerative pathways
after treatment of human whole blood with PBMCsec ex vivo. In particular, biological
processes associated with the regulation of vasculature development, wound healing, and
regulation of endopeptidase activity, as well as decreased superoxide anion generation and
leukocyte degranulation, all of which contribute to tissue regeneration, were significantly
overrepresented in our analysis. The observed changes of the transcriptional profile of
white blood cells treated with PBMCsec were most pronounced in monocytes, while all
other cell types showed comparably low alterations in gene expression. Our finding is
in line with previous publications where functional changes were mainly reported in
monocytes after stimulation with conditioned medium from MSCs [51,52]. As monocytes
are an important part of the innate immune system, a rapid response to extracellular
stimuli, such as PBMCsec, was expected. Interestingly, only few granulocytes, which
also represent a main constituent of innate immunity, were detected in our single-cell
analysis. A low detectability of the different granulocyte populations in scRNA-seq has
been reported before and might be due to their overall low RNA content and presence of
RNAses [53]. This assumption is further supported by the extremely low mRNA counts in
the few granulocytes detected in our analysis. Interestingly, T- and B-cells also showed only
minor gene regulation after exposure to the secretome. As both cell types belong to the
adaptive branch of the immune system, it is tempting to speculate that repeated exposure
of lymphoid cellular subsets to PBMCsec might result in a more pronounced adaptive
immune response. Furthermore, the natural process of aging may lead to various changes
in immune cells from whole blood, which manifest as decreased immunological activity in
older individuals. Indeed, previous studies in animal models have reported on positive
age-associated effects of blood from young donors [54]. However, in light of our ongoing
and future clinical studies, we here used PBMCsec produced under GMP conditions, which
represents a pool of donors in the age range of 18–45 years. As pooling averages all active
factors in PBMCsec, further studies will be necessary to fully address age-related effects.

Examination of the altered gene sets in monocytes revealed upregulation of several
members of the chemokine (C–X–C motif) ligand (CXCL) family (CXCL1, CXCL2, CXCL3,
CXCL5, and CXCL8), as well as different growth factors after stimulation with PBMCsec.
In addition, high protein levels of CXCL1, CXCL5, and VEGF-A were detected in the
plasma of PBMCsec-treated whole blood. These factors have previously been described as
important constituents of PBMCsec, contributing to its tissue-regenerative actions [13,15].
Yet, we were not able to detect these proteins in PBMCsec in our assays. This discrep-
ancy could be explained by the lower concentration of PBMCsec that we used in our
ex vivo study. The lower concentration of PBMCsec had to be used for the stimulation
of PBMCs, and endothelial cells as 1:2 dilutions with fresh medium were necessary for
cell viability. Nevertheless, all these factors were strongly induced in whole blood and
abundantly present in the plasma derived from PBMCsec-treated whole blood, indicating
a significant amplification of the production of tissue regenerative factors. In addition, our
transcriptional analysis revealed a downregulation of genes involved in the generation
of superoxide anion species with an inhibitory effect on the formation of reactive oxygen
species in PBMCsec-treated monocytes. Expression of the scavenger receptor CD36 on
monocytes treated with PBMCsec was amongst the most strongly downregulated genes. In
monocytes and macrophages, activation of this receptor promotes increased production of
reactive oxygen species, which in turn reinforced damage to the vasculature [55]. Further-
more, CD36 is known to modulate the uptake of oxidized lipid species by macrophages,
leading to functional changes in these cells. As they accumulate lipids, these so-called
foam cells then promote proliferation and inflammation of endothelial and smooth muscle
cells, which contributes to the formation of atherosclerotic plaques [56]. Given that reactive
oxygen species increase after re-establishment of perfusion and aggravate tissue damage
in a series of cardiovascular pathologies, our data offer a potential mechanism via which
PBMCsec might directly and/or indirectly reduce tissue damage after ischemic conditions.
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Future studies will elucidate the influence of PBMCsec on the generation and amelioration
of reactive oxygen species.

Various biological active components have already been identified, contributing to
the diverse effects of PBMCsec, including cytokines, growth factors, lipids, and exosomes.
In particular, lipids present in PBMCsec have been shown to strongly impact immune cell
functions. Laggner et al., recently demonstrated that PBMCsec-derived lipids interfere
with dendritic cell differentiation and mast cell and basophil granulocyte degranulation,
thereby improving skin inflammation and allergic symptoms, respectively [19,20]. This spe-
cial composition of biologically active cytokines, growth factors, lipids, and exosomes,
amongst other yet unidentified substances, makes PBMCsec a highly effective compound
against tissue damage and inflammation. Previous work from our group demonstrated that
paracrine factors released from γ-irradiated PBMCs positively influence tissue regeneration
by affecting endothelial cell survival and sprouting [12]. In addition, we here showed
that PBMCsec was also able to inhibit thrombin-induced disruption of the endothelial
barrier in dermal microvascular endothelial cells. This effect might counteract increased
leakage of blood vessels, thereby preventing insufficient perfusion of the vital part of the
injured organ and amplification of the damage. We also observed an inhibitory effect of the
plasma of PBMCsec-treated whole blood on the serine protease urokinase, which was not
detected in PBMCsec alone. Thus, de novo synthesis of the urokinase inhibitor SERPINB2
could mediate this effect. Serine protease inhibitors are widely discussed as promising
therapeutic approaches for several disease entities. Recently, Vorstandlechner et al. iden-
tified dipeptidyl-peptidase 4 (DPP4) and urokinase (PLAU) as important drivers of skin
fibrosis, and targeted inhibition of both molecules was shown to reduce myo-fibroblast
formation and improve scar quality [57]. Implications for therapeutic targeting of serine
proteases are also evident for myocardial infarction [58,59]. While early re-vascularization of
occluded blood vessels still remains the gold-standard intervention to maximize rescue of
functional tissue, increasing emphasis is being put on the reduction of late onset events
caused by accumulation of proinflammatory stimuli, proteases, and other detrimental
factors, secondary to reperfusion injury [32]. Mauro and colleagues reported reduced in-
farction sizes following treatment with alpha-1-antitrypsin, in addition to revascularization,
in a murine model of myocardial infarction [60]. This was further reinforced by a report by
Hooshdaran et al., where inhibition of the serine proteases cathepsin G and chymase was
shown to reduce adverse cardiac remodeling, myocyte apoptosis, and fibrosis in a murine
model of myocardial ischemia reperfusion injury [61]. In addition, a recent publication by
Sen and colleagues reported a central role for SerpinB2 in the coordinated resolution and
repair of damaged tissue after ischemia/reperfusion in a murine kidney injury model [62].
These data suggest that, in addition to the protective action of serine protease inhibitors
investigated in our study, they might also show valuable tissue-regenerative and antifi-
brotic properties. Further studies are needed to fully decipher the contribution of protease
inhibitors already present in PBMCsec, as well as de novo induced inhibitors such as
SerpinB2, and their respective roles in the inhibition of tissue-damage or the restoration of
damaged tissue and organs.

Paracrine signaling for the prevention of a proinflammatory response and cell death,
as well as induction of angiogenesis, is essential to restore damaged tissues and or-
gans [52,63]. We previously showed that PBMCsec was able to positively modulate all of
these events [12,15,64], and administration of a single dose of PBMCsec was sufficient to
almost completely inhibit heart damage in a porcine model of experimental myocardial
infarction [15]. However, given that pharmacodynamic investigations revealed that several
main components of PBMCsec were only traceable for minutes to a maximum of 5 h in
the blood of rats and dogs after intravenous application of human PBMCsec, this finding
was rather unexpected [65]. Whether human PBMCsec induces a comparable release of
pro-regenerative factors in these animal models has not been investigated so far. Our new
data provide a reasonable explanation for this observation and suggest that PBMCsec
induces the production of a new secretome in human white blood cells with additional
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regenerative properties. This is in line with our findings of increased endothelial cell sprout-
ing after treatment of HUVECs with plasma of PBMCsec-treated whole blood. Cell types
other than PBMCs, which could also contribute to the regenerative effects, can be found
in whole blood. Thrombocytes are known for their proangiogenic properties, which are
mainly due to the release of VEGF upon thrombocyte activation [66]. Interestingly, previous
work from our group identified an inhibitory effect of PBMCsec on platelet activation and
aggregation [18], suggesting that PBMCsec does not promote the release of proangiogenic
mediators from thrombocytes. In contrast, an increased activity was observed in untreated
plasma after cultivating whole blood for 24 h, as compared to fresh plasma, which might
be a result of thrombocyte activation in the absence of PBMCsec. Importantly, our results
indicate that the pharmacodynamic effect of a single application of PBMCsec can be sig-
nificantly prolonged by continuous stimulation, comparable to the behavior of a damped
wave. Therefore, this induced secretome, produced over an extended period of time, might
multiply the pro-regenerative properties of PBMCsec by combining them with those of
the newly induced factors. However, further studies in a human setting will be necessary
to fully explore the tissue-regenerative potential of the newly formed secretome and to
examine for how long this effect can be maintained.

In summary, our scRNA-seq analysis identified key mechanisms, potentially contribut-
ing to tissue regeneration, which might occur after systemic application of a cell secretome
derived from irradiated PBMCs. PBMCsec displays a broad spectrum of mechanistic modes
of actions that greatly complement each other and, therefore, positively contribute to tissue
regeneration in a wide range of pathological settings. In addition, our data suggest that the
effects in vivo are not restricted to direct actions of PBMCsec but also arise from further
stimulation of circulating monocytes in the blood. Further human clinical studies in the
future will clarify the underlying mechanisms and the therapeutic benefit of systemic
treatment of damaged organs with PBMC-derived secretomes.
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Abstract: We recently established a large animal model that recapitulates key clinical features of heart
failure with preserved ejection fraction (HFpEF) and tested the effects of the pan-HDAC inhibitor
suberoylanilide hydroxamic acid (SAHA). SAHA reversed and prevented the development of car-
diopulmonary impairment. This study evaluated the effects of SAHA at the level of cardiomyocyte
and contractile protein function to understand how it modulates cardiac function. Both isolated adult
feline ventricular cardiomyocytes (AFVM) and left ventricle (LV) trabeculae isolated from non-failing
donors were treated with SAHA or vehicle before recording functional data. Skinned myocytes
were isolated from AFVM and human trabeculae to assess myofilament function. SAHA-treated
AFVM had increased contractility and improved relaxation kinetics but no difference in peak calcium
transients, with increased calcium sensitivity and decreased passive stiffness of myofilaments. Mass
spectrometry analysis revealed increased acetylation of the myosin regulatory light chain with SAHA
treatment. SAHA-treated human trabeculae had decreased diastolic tension and increased developed
force. Myofilaments isolated from human trabeculae had increased calcium sensitivity and decreased
passive stiffness. These findings suggest that SAHA has an important role in the direct control
of cardiac function at the level of the cardiomyocyte and myofilament by increasing myofilament
calcium sensitivity and reducing diastolic tension.

Keywords: heart failure; contractility; calcium; cardiomyocyte; myofilament; HDAC inhibitor
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1. Introduction

Heart failure (HF) represents a major global health crisis. There are currently an esti-
mated 26 million adults living with heart failure worldwide and this number is predicted to
rise in the future [1]. About half of all heart failure patients are diagnosed with heart failure
with preserved ejection fraction (HFpEF) and the other half with heart failure with (mildly)
reduced ejection fraction (HFmrEF, HFrEF) [2]. There is a stark contrast in the etiology
of the syndrome and treatment options available for patients with HFrEF and HFpEF.
While there are several drug classes that have proven to effectively improve mortality in
HFrEF, until recently no therapeutics have improved the outcome in patients with HFpEF.
EMPEROR-Preserved, a randomized clinical trial comparing empagliflozin vs. placebo in
HF patients with an EF greater or equal to 40%, produced a positive outcome [3]. To address
this lack of treatments, we must bridge the gap from basic science where novel therapeutic
targets are identified to pre-clinical and translational medicine. Part of the solution involves
developing representative animal models that capture multiple aspects of the complex
human syndrome of HFpEF [4]. Our lab previously published an in-depth characterization
of the feline model of slow progressive pressure overload, which recapitulates several key
clinical features of HFpEF [5,6]. While these animals have preserved ejection fraction, they
develop systolic and diastolic dysfunction when assessed using speckle-tracking-based
strain analysis and invasive hemodynamics. Aortic banded animals also develop pul-
monary hypertension secondary to elevated LV filling pressures, which is accompanied
by structural remodeling, reduced lung compliance, increased intrapulmonary shunting,
and impaired oxygenation. This robust and extensively characterized cardiopulmonary
phenotype is a useful platform for testing potential therapies for heart failure [6].

While developing new treatments is important, repurposing Federal Drug Adminis-
tration (FDA)/European Medicine Agency (EMA)-approved therapies for HF has gained
attention in recent years as these drugs have already been clinically evaluated for other
diseases [7]. In line with this idea, we decided to focus on epigenetic/post-translational
modifications as a therapeutic target by testing suberoylanilide hydroxamic acid (SAHA,
vorinostat), which is a pan-histone deacetylase (HDAC) inhibitor, and was the first in class
therapy to earn FDA approval in 2006 as a treatment for cutaneous T-cell lymphoma [8].
HDACs are enzymes that have genomic and non-genomic effects. Deacetylation of histones
by HDACs leads to chromatin compaction, acting as an off switch for mRNA synthesis and
regulating gene expression. HDACs can also facilitate post-translational protein modifi-
cations by catalyzing the removal of lysine acetyl groups from ε-amino groups of lysine
residues [9,10]. HDACs are activated in cardiomyocytes subjected to pressure overload [11].
Using HDAC inhibitors to harness this integral catalytic activity is a promising therapeutic
strategy. We previously showed that SAHA treatment improved systolic and diastolic
cardiac, pulmonary, and mitochondrial function in an animal model of HFpEF [5]. More
in-depth analyses provided a potential mechanism for the improvement in diastolic func-
tion. Using isolated myofibrils, we found a significant improvement in the linear relaxation
duration with SAHA. Linear relaxation duration represents inactivation of thin filament
regulatory proteins after Ca2+ unbinds [12]. This finding indicates that SAHA may have
a direct role in modulating diastolic function via direct control of relaxation properties
of myofibrils.

However, mechanisms and substrates for acetylation/deacetylation responsible for
the improvements in systolic and diastolic cardiac function are poorly understood. Several
studies have assessed the effect of SAHA in cardiomyocytes isolated from rodents and
provided valuable insight [13,14], but there were still many unanswered questions. Fur-
thermore, no study has assessed the functional effects of SAHA on human cardiac tissue.
To address this gap in knowledge, we performed an in-depth analysis using tissue and
cellular components from both non-failing human hearts and a large mammalian model
with comparable physiological properties (action potential duration) and myosin heavy
chain composition [15,16]. Our aim was to develop a better understanding of how SAHA
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treatment modulates systolic and diastolic function at a cellular and molecular level and its
contractile components and identify potential substrates for acetylation/deacetylation.

2. Materials and Methods

Figure S1 details the experimental design.

2.1. AFVM Isolation

AFVMs were isolated from the left ventricle of domestic short hair kittens (n = 4,
6 months old) (Marshall Laboratories) as previously described [5,17–19]. Animals were
sedated with 50 mg/kg of ketamine and 0.1 mg/kg of acepromazine (intramuscular), then
50 mg/kg of sodium pentobarbital (intraperitoneal). The heart was excised via cardiectomy,
washed in ice cold Krebs-Henseleit Buffer (KHB) (12.5 mmol/L glucose, 5.4 mmol/L KCl,
1 mmol/L lactic acid, 1.2 mmol/L MgSO4, 130 mmol/L NaCl, 1.2 mmol/L NaH2PO4,
25 mmol/L NaHCO3, and 2 mmol/L Na-pyruvate, pH 7.4) and then the aorta was cannu-
lated. The coronary arteries were then flushed with KHB to clear out any remaining blood.
The heart was retrograde perfused with KHB using a modified Langendorff apparatus,
then switched to digestion buffer (KHB, 180 units/mL collagenase type II (Worthington
Biochemical Corporation, NJ, USA) and 50 µmol/L CaCl2). All solutions were heated to
37 ◦C prior to perfusion through the heart and aerated with 95% oxygen and 5% CO2 to
maintain pH at 7.4. The heart was continuously checked to monitor digestion and then the
left ventricle was separated from the rest of the heart and minced. The cardiomyocytes were
then filtered, resuspended, and equilibrated in room temperature KHB with 200 µmol/L
CaCl2, and 1% bovine serum albumin (BSA) added.

2.2. AFVM Acute SAHA Treatment and Contractility/Calcium Recordings

Once AFVM had settled via gravity, they were washed with Normal Tyrode’s solution
(NT) (10 mM glucose, 5 mM HEPES, 5.4 mM KCl, 1.2 mM (MgCl2) (6H2O), 150 mM NaCl,
and 2 mM NA-pyruvate, pH 7.4) with 1mM CaCl2 (NT + 1 mM CaCl2) added. A stock
solution of 5 mM SAHA was prepared and then serially diluted to 2.5 µM of SAHA using
NT + 1 mM CaCl2. Corresponding dilutions of DMSO were prepared in NT + 1 mM CaCl2
to use as the vehicle treatment. Cells were treated with SAHA or vehicle and incubated
for 90 min. After 90 min, cells were incubated with Fluo-4am (ThermoFisher Scientific,
Waltham, MA, USA) and Pluronic™ F-127 (ThermoFisher Scientific) for 12–15 min. Cells
were then loaded onto a heated chamber of an inverted microscope and perfused with NT
+ 1 mM CaCl2 with 2.5 µM SAHA or corresponding DMSO dilution added. Cells were
first paced at 0.5 Hz to check for any not following stimulation. Once the steady state
was reached, a minimum of 15 contractions was recorded using the IonOptix Calcium and
Contractility platform. Background fluorescence was recorded for all cells. Analysis was
performed offline using the IonOptix IonWizard software. Background fluorescence was
subtracted from the calcium recording prior to performing calculations during analysis.
Peak calcium transient was calculated as F/F0, where F is peak calcium and F0 is base-
line calcium. Fractional shortening was calculated as ((baseline sarcomere length—peak
sarcomere length/baseline sarcomere length) × 100).

2.3. Trabeculae Harvest

Trabeculae were isolated from the ventricles of human non-failing donor hearts that
were not suitable for transplantation (n = 7 patients) or right atrial appendages (n = 30) as
previously described [20]. A small piece of myocardium (5–8 mm × 5–8 mm) was excised
and immediately stored in ice-cold cardioplegic solution for transportation to the lab.
Using a stereomicroscope, small endocardial trabeculae (cross-sectional area < 0.8 mm2)
(LV: n = 18, RA: n = 28) were dissected off the larger piece of tissue.
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2.4. Trabeculae Developed Force Experiments

The individual trabeculae were then moved to an organ bath where it was mounted
on miniature hooks attached to a force-transducer and superfused with modified Tyrode’s
solution at 37 ◦C (127 mM NaCl, 2.3 mM KCl, 25 mM NaHCO3, 0.6 mM MgSO4, 1.3 mM
KH2PO4, 2.5 mM CaCl2, 11.2 mM glucose, 5IE/L insulin). The trabeculae were then
electrically stimulated (STM1 Scientific Instruments) at 1 Hz (voltage 25% over threshold)
and gradually stretched to reach the optimum preload, which is considered baseline.
Developed force (systolic force—diastolic force) was recorded using a force transducer
(Scientific instruments) and stored digitally (Labview) as well as with a thermorecorder
(Graphtec Linearcorder WR 3320) for offline analysis. Baseline measurements were recorded
and then trabeculae were treated with 10 µM SAHA or vehicle (DMSO) for 120 min. For
selective HDAC inhibitor studies, data was collected using both low (Rodin-A: 2 µM;
IRBM-D: 100 nM) and high (Rodin-A: 10 µM; IRBM-D: 250 nM) concentrations, in addition
to a control group (DMSO 10 µM). Measurements were recorded at 15 min intervals for the
entire 120 min treatment period for all trabeculae experiments. In profiling against isolated
recombinant HDAC isoforms for inhibition of enzymatic activity, Rodin-A selectively
inhibited the HDAC1 and HDAC2 isoforms. The half maximum inhibitory concentration
(IC50) for HDAC1 and HDAC2 was 0.15 µM and 0.43 µM, respectively. IRBM-D selectively
inhibited the HDAC1, HDAC2, and HDAC3 isoforms. The IC50 for HDAC1, HDAC2, and
HDAC3 was 13 nM, 18 nM, and 11 nM, respectively. Detailed pharmacokinetic data has
been previously reported [21,22].

2.5. Skinned Myocyte Functional Experiments

Skinned cardiomyocytes from human trabeculae were prepared as described pre-
viously [23]. Briefly, tissue was suspended in Isolation solution (108 mM KCl, 10 mM
Imidazole, 8.9 mM KOH, 7.1 mM MgCl2, 5.8 mM ATP, 2 mM EGTA) containing 0.5% Triton
and 1:100 protease/phosphatase inhibitors (Halt, Thermo Fisher Scientific) and mechani-
cally homogenized at 7000 RPM. The homogenate was then passed through a 70 µm filter
and left on ice for 20 min. The filtered myocytes were pelleted by centrifugation at 120 RCF
for 2 min and then resuspended in isolation solution without Triton. For the isolated
adult feline ventricular myocytes (AFVMs), this same procedure was adopted except for
mechanical homogenization and filtering.

To perform the active tension experiments, single cardiomyocytes were attached to
two pins (one attached to a calibrated force transducer and the other to a piezo length
controller) with UV-curing glue (Thor Labs, Newton, NJ, USA). The myocyte was then
perfused with solutions of varying calcium concentration and the force exhibited by the
cell in response to each was recorded and normalized to the myocyte cross-sectional area.
The data were fit to a Hill equation to determine the Fmax and EC50. All experiments were
performed at a sarcomere length of 2.1 µm and at room temperature. For the AFVM, n = 3
felines. For non-failing human, n = 7 patients.

To determine the myocyte passive tension, the cell was moved to a bath free of calcium.
Using the length controller pin, the cell was next stretched in 0.2 µm increments from
resting sarcomere length of 1.6–2.8 µm. The passive force at each sarcomere length was
measured with the force transducer and normalized to the myocyte cross-sectional area.
The data were fit to an exponential growth equation. These experiments were performed at
room temperature. For the AFVM, n = 3 felines. For non-failing human, n = 7 patients.

2.6. Myofilament Protein Enrichment

Tissue was homogenized at 7000 RPM in a standard rigor buffer (SRB) containing
0.5% Triton and 1:100 protease/phosphatase inhibitors and left on ice for 20 min. The
homogenate was then centrifuged at 1800 RCF to pellet the myofilament proteins. The
pellet was washed twice in triton-free SRB by resuspension and centrifugation at 1800 RCF.
The myofilament protein pellet was next solubilized in 9M urea, sonicated, and centrifuged
at 10,000 RCF. The now solubilized myofilament proteins were collected as the supernatant
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and stored in aliquots at −80 ◦C. Protein concentration was determined by Pierce BCA
Assay (Thermo Fisher Scientific).

2.7. Myofilament Immunoblots

Samples of 20 µg myofilament protein were combined in a 1:1 (v/v) ratio with SDS-Tris
Glycine gel loading buffer (Novex) supplemented 1:5 with Bolt reducing buffer (Novex) and
heated at 95 ◦C for 10 min. The samples were then loaded on 4–12% Bis Tris Plus gradient
gels and proteins were separated by electrophoresis at 200 volts and then transferred onto
a nitrocellulose membrane. The membrane was incubated in Revert Total Protein Stain
(LICOR) to verify equal loading and serve as a loading control and then blocked for 1 h
at room temperature in 1:1 0.1% Tween-TBS/Intercept TBS blocking buffer (LICOR). The
Anti-Lysine Acetylation antibody (Cytoskeleton, 19C4B2.1) was added at 1:500 dilution in
blocking buffer and incubated overnight at 4 ◦C. The blot was washed in TBS-T and then IR-
dye donkey anti-mouse 680RD secondary antibody (LICOR) was added at 1:10,000 dilution
for 1 hour at room temperature. The results were visualized using the Azure c600 imaging
system and analyzed using LICOR Image Studio. For analysis, the lysine-acetylation signal
was normalized to the total protein signal.

2.8. Mass Spectrometry

Myofilament protein lysates were separated by SDS-PAGE as above. The gel was then
fixed in 50% methanol/10% acetic acid for 15 min and incubated in Coomassie Brilliant
Blue for 30 min with gentle agitation, followed by destaining overnight (10% methanol,
7.5% acetic acid). Approximately 24 h after adding the destain solution, the gel was washed
with HPLC-grade water twice for 1 h each.

The bands of interest (20 kDa) were cut from the gel and added to 1.5 mL Eppendorf
tubes containing 100 mM ammonium bicarbonate. The tubes were incubated at 37 ◦C
for 15 min and 600 RPM in a shaking incubator. The solution was discarded, replaced
with a 1:1 (v/v) ammonium bicarbonate/acetonitrile solution, and then incubated again in
the same fashion. After 15 min, a 100% acetonitrile solution was added, and the shaking
incubation repeated. These three incubations constitute the “wash” step, which is repeated
later. The gel pieces were next suspended in 250 mM DTT in 100 mM ammonium bicar-
bonate and incubated at 56 ◦C for 1 h and 600 RPM to reduce disulfide bonds. Alkylation
was performed with 50 mM iodoacetamide in 100 mM ammonium bicarbonate at room
temperature for 45 min in a dark room. Following this incubation, the iodoacetamide was
removed and the wash step detailed above was repeated.

To digest the protein, 5 µg of Trypsin/LysC protease was added to the gel pieces in
200 µL 100 mM ammonium bicarbonate and incubated at 37 ◦C for 18 h and 600 RPM. The
peptide-containing solution was then collected, and the gel pieces were washed twice in
50% acetonitrile/5% formic acid to collect the remaining peptides. The peptide solutions
were dried by vacuum centrifugation, reconstituted in 3% acetonitrile/0.1% formic acid, and
~100 ng was subjected to high pressure liquid chromatography in a 25 cm PepMap RSLC
C18 column coupled to tandem mass spectrometry on a LTQ Orbitrap XL mass spectrometer.
Three technical replicates were run for each of the three samples in the vehicle and SAHA
treatment groups. The acquired raw data files were analyzed using the Peaks Bioinformatics
software and matched to the Felis catus proteome FASTA database downloaded from
Uniprot. The fixed modification was cysteine carbamidomethylation (+57.02) and the
variable modification was lysine acetylation (+42.01). For analysis, acetylated RLC peptides
were normalized to total RLC peptides identified for each sample. Outliers greater than
two standard deviations from the mean were removed.

2.9. Western Blot for Calcium Handling Proteins

Right atrium samples (n = 8 patients) were homogenized in homogenization buffer and
protein concentration was determined using Pierce BCA assay (Thermo Fisher Scientific).
A total amount of 10 µg of protein per sample was loaded on a 4–12%—Bis-TRIS Gradient
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Gel (BioRad, Hercules, CA, USA) or in case of PLB a 16.5% TRIS-TRICINE-Gel (BioRad).
Samples were transferred to nitrocellulose membranes (Amersham Protram) of 0.45 µm
or 0.1 µm for PLB and probed with the following antibodies: GAPDH (Cell Signaling
Technology #5174, Danvers MA, USA), RyR_2808_Ser (Badrilla #A010-30, Leeds, UK), ph-
CaMKII Thr286 (Abcam #32678, Cambridge, UK), Serca2a (Badrilla #A010-20), Acetylated
Lysine (Cell Signaling Technology # Ac-K-103), RyR-total (Abcam #2827), CamKII-total
(Santa Cruz #sc-9035, Dallas, TX, USA), NCX (Abcam #177952), and Cav1.2 (Alomone
Labs #ACC-003, Jerusalem, Israel). For secondary antibodies, HRP-conjugated ECL-Anti
mouse IgG (GE Healthcare #NA931, Marlborough, MA, USA) and ECL-Anti Rabbit IgG
(GE Healthcare #NA934) were used. Blots were imaged with the ChemiDoc Touch (BioRad)
and band intensity was quantified using Image Lab Software 6.0.1 (BioRad).

2.10. Statistical Analysis

Data management and statistical analyses were performed using Graph Pad PRISM
7.05 (La Jolla, CA, USA). All data are expressed as the mean ± the standard error. Com-
parisons of two independent groups were performed using a two-sided Student’s t-test
for unpaired samples or Mann–Whitney test in the case where data were not normally dis-
tributed. Normality distribution was assessed by using Shapiro–Wilk normality test. When
three or more groups were included, one-way ANOVA was performed. For the functional
measurements in human trabeculae, a repeated measure two-way ANOVA was performed.
If a significant interaction was identified, the Tukey post-hoc test for multiple comparisons
was used. Two-sided testing was used for all statistical tests. A p-value of ≤0.05 was used
to determine significance for all statistical tests. The data that supports the images and
plots within this paper, as well as other findings from this study, are available from the
corresponding author upon reasonable request.

3. Results
3.1. SAHA Improves Cardiomyocyte Contractility and Calcium Handling

We assessed the acute effects of SAHA treatment on cardiomyocyte function using
adult feline ventricular myocytes (AFVM) isolated from healthy males. Freshly isolated
cells were treated with 2.5 µM SAHA or vehicle (Dimethyl sulfoxide (DMSO)) for 90 min
and then paced using field stimulation (0.5 Hz). Once cells reached a steady state, contrac-
tions and calcium transients were recorded. Representative traces for the contraction and
calcium transient are shown in Figure 1A,E. There was a significant increase in contraction
magnitude assessed by fractional shortening in SAHA vs. vehicle cells (veh: 6.36 ± 0.71
vs. SAHA: 4.00 ± 0.36; p = 0.0099), in addition to faster relaxation kinetics (time to 50%
baseline) (0.67 s ± 0.05 vs. 0.55 s ± 0.04; p = 0.0142) and return velocity (0.34 µm/s ± 0.05
vs. 0.87 µm/s ± 0.15; p = 0.0250) (Figure 1B–D). While there was no difference in peak
calcium transients between groups (Figure 1F), there was a significant shortening of the
recovery phase of calcium transients, reflected by the time to 30% of fluorescence signal
decay (Time to BL 30%) in SAHA vs. veh-treated cells (0.37 s ± 0.02 vs. 0.30 s ± 0.01;
p = 0.0044) (Figure 1G). The time to 30% return to BL was selected because mammals
with long action potential duration have two phases of calcium reuptake with the first
phase being primarily mediated by sarcoendoplasmic reticulum calcium transport ATPase
(SERCA), while the second phase includes a contribution of the sodium–calcium exchanger
(NCX), which is activated with repolarization [24]. Choosing 30% to BL is a conservative
approach to capture primarily the first phase where SERCA is active. Tau, which is the
time constant of the rate of cytosolic Ca2+ removal, was also significantly improved with
SAHA vs. vehicle (0.64 s ± 0.07 vs. 0.47 s ± 0.04; p = 0.0276) (Figure 1H). Taken together,
SAHA increased contraction magnitude and relaxation velocity and accelerated cytosolic
Ca2+ removal without altering the peak calcium transients.
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Figure 1. Effect of SAHA treatment on AFVM function. AFVM were isolated and incubated with
SAHA or vehicle (2.5 µM) for 90 min, then incubated with Fluo-4am and Pluronic™ F-127 before
functional measurements were acquired. (A) Representative contraction of SAHA treated vs. vehicle
AFVM, which had an improvement in (B) fractional shortening, (C) Time to 50% baseline of contrac-
tion and (D) return velocity. (E) Representative calcium transient showing no difference between
SAHA and vehicle-treated AFVM (F) peak calcium transient, but there was a decrease in (G) time
to 30% baseline and (H) tau; n = 17–22 myocytes/parameter from 4 felines. Fractional shortening
and tau were analyzed using two-sided Student’s t-test. Time to 50% BL, return velocity, calcium
transient, and time to 30% BL were analyzed using Mann–Whitney test. NS stands for not significant.
* p < 0.05, ** p < 0.01. Data shown are means ± SEM.

3.2. SAHA Treatment Increases Myofilament Calcium Sensitivity

To assess the acute direct effect of SAHA on the sarcomere and differentiate myofila-
ment from calcium cycling [25] effects, AFVM treated with 2.5 µM SAHA or vehicle for
90 min underwent a skinned myocyte isolation procedure. The membrane is exposed to
triton detergent to chemically permeabilize all membranous structures including the nu-
cleus, sarcolemma, sarcoplasmic reticulum, mitochondria, and other subcellular organelles,
leaving only intact myofilaments [26]. This allows for direct assessment of myofilament
function. Figure 2A shows average force–calcium relationship for SAHA and vehicle-
treated skinned myocytes. There was a significant leftward shift with SAHA treatment.
EC50 is the calcium concentration at which force is 50% of the maximum and representative
of myofilament calcium sensitivity [23]. SAHA significantly reduced EC50 compared to veh
(1.18 ± 0.07 µM vs. 0.95 ± 0.05 µM; p = 0.0092), indicating an increase in calcium sensitivity
(Figure 2B). Maximal calcium-activated force (Fmax) was also significantly increased with
SAHA treatment (15.24 ± 1.11 mN/mm2 vs. 20.68 ± 2.19 mN/mm2; p = 0.0397) (Figure 2C).
Furthermore, there was a significant decrease in passive stiffness at increasing sarcomere
lengths (Figure 2D). These data indicate that SAHA treatment significantly altered several
indices of myofilament function, including calcium sensitivity, Fmax, and passive stiffness.
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Figure 2. Effect of SAHA treatment on AFVM myofilament function. Skinned myocytes were isolated
from AFVM to assess myofilament function. The (A) average force-calcium curves for SAHA and
vehicle-treated skinned myocytes demonstrate a clear left shift with SAHA treatment. There was
a decrease in the (B) EC50 with SAHA treatment, indicating an increase in myofilament calcium
sensitivity and an increase in (C) maximal calcium-activated force (Fmax); n = 10 myocytes from
3 felines for each group. There was a decrease in (D) passive stiffness at increasing sarcomere lengths.
n = 8 vehicle treated myocytes from 3 felines, n = 10 SAHA-treated myocytes from 3 felines. All
analysis was performed using a two-sided Student’s t-test. * p < 0.05 Data shown are means ± SEM.

3.3. SAHA Treatment Alters Myosin Regulatory Light Chain Acetylation

Next, we aimed to assess the underlying mechanisms of SAHA-related effects and
identify substrates for acetylation/deacetylation that influence cardiac function. As an
HDAC inhibitor, SAHA blocks the removal of lysine acetyl groups. Based on the im-
provement in AFVM myofilament function with SAHA treatment, we hypothesized that
myofilament acetylation would be increased as well. There was no significant difference
in global AFVM myofilament acetylation between groups treated with vehicle or SAHA
(Figure 3A,B). However, there was one distinct band at approximately 20 kDa that dis-
played significantly increased acetylation (1.00 ± 0.08 vs. 1.99 ± 0.20; p = 0.0011) (Figure 3C).
To confirm the identity of this 20 kDa band, it was run on an SDS-PAGE/Coomassie gel, ex-
cised, and analyzed by mass spectrometry (MS) (Figure 3D). The band contained primarily
myosin regulatory light chain (RLC, MYL2, MLC-2), which was significantly acetylated
with SAHA treatment (0.04 ± 0.002 vs. 0.06 ± 0.004; p = 0.0098) (Figure 3E). One specific
RLC site, lysine 115 (K115), had a significant increase in acetylation (0.002 ± 0.001 vs.
0.01 ± 0.002; p = 0.0444) (Figure 3F).
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hearts, which were not suitable for transplantation (Table S1). SAHA-treated trabeculae 
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Figure 3. Effect of SAHA on myofilament acetylation. The myofilament acetylation was assessed in
acutely treated AFVM (A–F). Western Blot analysis revealed that (A,B) total myofilament acetylation
was not increased with SAHA treatment but there was significantly more (C) acetylation at a 20 kDa
band (indicated with arrow in (A)); n = 6 felines per group. (D) Coomassie staining was performed,
and the band was cut out for mass spectrometry analysis, which revealed that this 20 kDa band with
(E) increased acetylation is the myosin regulatory light chain with one (F) specific residue (lysine
115) driving the increase in acetylation; n = 3 felines per group, 3 technical replicates per sample. All
analysis was performed using a two-sided Student’s t-test. Data shown are means ± SEM

3.4. SAHA Treatment Improves Developed Force and Diastolic Tension in Non-Failing Human
Ventricular Myocardium

To validate the findings from AFVMs using a more translational approach, we re-
peated several experiments using left ventricle trabeculae isolated from non-failing human
hearts. Trabeculae allow for the assessment of multicellular function in human intact
myocardium [20,27–31]. For this study, trabeculae were used to assess the direct acute
effects of SAHA. Ventricular trabeculae were isolated from non-failing human donor hearts,
which were not suitable for transplantation (Table S1). SAHA-treated trabeculae had a
less pronounced decrease in developed force over time (natural run down) (Figure 4A)
with a similar systolic peak force (Figure S2A), although diastolic tension (Figure 4B)
was significantly decreased. These findings are in line with the decreased passive stiff-
ness we observed in vivo [5] and ex vivo. Furthermore, the maximum rate of force rise
(dF/dtmax) normalized to diastolic tension was increased by SAHA treatment (Figure 4C).
The maximum rate of force decay (dF/dtmin) was not different between groups (Figure
S2B). These findings suggest increased contractility and decreased diastolic tension with
SAHA treatment.
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Figure 4. Effect of acute SAHA treatment on human trabeculae. Trabeculae were isolated from
biopsies of non-failing human LV. There was an increase in (A) developed force and decreased
(B) diastolic tension with SAHA treatment, with an increase in (C) dF/dtmax/diastolic tension;
n = 5–13 trabeculae per parameter from 7 patients. Myofilaments were isolated from human LV
trabeculae. There was a slight left shift in the (D) average force-calcium curve with SAHA treatment.
SAHA-treated samples had a reduction in (E) EC50, indicating an increase in myofilament calcium
sensitivity but no difference in (F) Fmax; n = 7 control myocytes from 3 patients, 9 SAHA from 3
patients. SAHA-treated samples had a decrease in (G) passive stiffness at increasing sarcomere
lengths; n = 7 myocytes from 3 patients in each group. For trabeculae functional experiments (A–C),
repeated measure two-way ANOVA was performed. For the myofilament functional experiments
(D–G), analysis was performed using a two-sided Student’s t-test. * p < 0.05, ** p < 0.01. Data shown
are means ± SEM.

3.5. SAHA Treatment Enhances Myofilament Calcium Sensitivity in Non-Failing Human
Ventricular Myocardium

Myofilaments were then isolated from the human trabeculae samples. Figure 4D
shows the average force-calcium curves for SAHA and vehicle-treated samples. Just as
in the SAHA-treated AFVM skinned myocytes, there was a significant decrease in EC50
(1.08 ± 0.08 vs. 0.85 ± 0.05; p = 0.0266) (Figure 4E) with no change between groups for
Fmax (Figure 4F). Consistent with our findings in AFVM, there was a significant decrease in
passive stiffness at increasing sarcomere lengths with SAHA treatment (Figure 4G). Thus,
SAHA treatment increases calcium sensitivity in human myocardium and at the same time
reduces passive stiffness.

We assessed the protein abundance of key cardiac calcium-handling proteins in hu-
man myocardium to assess if they are involved in SAHA-mediated effects. There was
no significant difference in protein abundance of phosphorylated calcium/calmodulin-
dependent protein kinase (pCaMKII T286), CaMKII, sarcoendoplasmic reticulum calcium
transport ATPase (SERCA), sodium-calcium exchanger 1 (NCX1), ryanodine receptor (Ryr),
Ryr serine 2808, Cav1.2, Cav1.2 150 kDa, and Cav1.2 75 kDa. These findings suggest that
improvemenst in cardiac function with SAHA treatment are not due to changes in the
abundance or activity levels of these proteins (Figure 5A–J).
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Figure 5. Effect of acute SAHA treatment on abundance of calcium handling proteins. Western Blots 
(A) of right atrium trabeculae after being treated with vehicle or SAHA. There was no change in 
protein abundance with SAHA treatment for (B) phosphorylated calcium/calmodulin-dependent 
protein kinase (pCaMKII T286), (C) CaMKII, (D) sarcoendoplasmic reticulum calcium transport 
ATPase (SERCA), (E) sodium–calcium exchanger 1 (NCX1), (F) ryanodine receptor (Ryr), (G) Ryr 
serine 2808, (H) Cav1.2, (I) Cav1.2 150 kDa, and (J) Cav1.2 75 kDa; n = 7–8 samples per protein from 
8 patients. All analysis was performed using a two-sided Student’s t-test. NS stands for not signifi-
cant. Data shown are means ± SEM. 
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Figure 5. Effect of acute SAHA treatment on abundance of calcium handling proteins. Western Blots
(A) of right atrium trabeculae after being treated with vehicle or SAHA. There was no change in
protein abundance with SAHA treatment for (B) phosphorylated calcium/calmodulin-dependent
protein kinase (pCaMKII T286), (C) CaMKII, (D) sarcoendoplasmic reticulum calcium transport
ATPase (SERCA), (E) sodium–calcium exchanger 1 (NCX1), (F) ryanodine receptor (Ryr), (G) Ryr
serine 2808, (H) Cav1.2, (I) Cav1.2 150 kDa, and (J) Cav1.2 75 kDa; n = 7–8 samples per protein from
8 patients. All analysis was performed using a two-sided Student’s t-test. ns stands for not significant.
Data shown are means ± SEM.

3.6. Isoform Selective HDAC Inhibition Increases Developed Force in Dose Dependent Manner

To harness the potential of HDACi to treat cardiovascular diseases, safer compounds
may be required to enable long-term treatment. Therefore, more selective inhibitors of
HDACs were explored to assess whether improved selectivity could maintain efficacy and
minimize the dose-limiting toxicities, but with limited success so far [21]. Italfarmaco has
designed new HDACi core scaffolds that maintain the inhibitory activity toward HDAC1
and HDAC2 and optimize the structure−activity relationship (SAR) for hematological
safety in patients. In order to determine if this improvement in myocardial function is
conserved with a more targeted approach, we evaluated the effect of these isoform selective
HDAC inhibitors on non-failing human atrial trabeculae. Two class I-selective HDAC
inhibitors, Rodin-A (inhibits HDAC 1 + 2) and IRBM-D (inhibits HDAC 1 + 2 + 3) were
tested at high and low concentrations vs. vehicle (DMSO). The higher concentrations of
Rodin-A and IRBM-D both caused a significant acute increase in developed force vs. the
vehicle-treated group (Rodin-A: 94.5% ± 11.3%, n = 8; IRBM-D: 100.2% ± 7.7%, n = 7; veh:
70.7% ± 5.4%, n = 8; p < 0.05) (Figure 6A). There was also an increase in dF/dtmax and
dF/dtmin with the higher concentration treatment (Figure 6B,C). This effect appears to be
dose dependent as lower concentrations of Rodin-A and IRBM-D have blunted effects on
developed force and kinetics (Figure 6D–F). This data provides proof of concept for the
potential effectiveness of isoform selective HDAC inhibitors in human myocardium.
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Figure 6. Effect of isoform selective HDAC inhibition on non-failing human trabeculae. Trabeculae 
were isolated from right atrial appendages (RAA) and treated with Rodin-A, IRBM-D, or vehicle at 
high or low concentrations. (A) Developed force, (B) dF/dtmax, and (C) dF/dtmin were all increased 
with high concentrations of Rodin-A and IRBM-D compared to vehicle treatment. There was no 
significant difference (D) developed force, (E) dF/dtmax, and (F) dF/dtmin in the lower concentration-
treated groups compared to vehicle; high concentration: Rodin-A, n = 8 trabeculae; IRBM-D, n = 9 
trabeculae; low concentration: Rodin-A, n = 7 trabeculae; IRBM-D, n = 13 trabeculae; vehicle, n = 8 
trabeculae. RAA trabeculae were isolated from 30 patients. All analysis was performed using re-
peated measure two-way ANOVA. * p < 0.05, ** p < 0.01, *** p < 0.001 Rodin-A vs. vehicle, # p < 0.05, 
## p < 0.01, ### p < 0.001 IRBM-D vs. vehicle. Data shown are means ± SEM. 
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Figure 6. Effect of isoform selective HDAC inhibition on non-failing human trabeculae. Trabeculae
were isolated from right atrial appendages (RAA) and treated with Rodin-A, IRBM-D, or vehicle
at high or low concentrations. (A) Developed force, (B) dF/dtmax, and (C) dF/dtmin were all
increased with high concentrations of Rodin-A and IRBM-D compared to vehicle treatment. There
was no significant difference (D) developed force, (E) dF/dtmax, and (F) dF/dtmin in the lower
concentration-treated groups compared to vehicle; high concentration: Rodin-A, n = 8 trabeculae;
IRBM-D, n = 9 trabeculae; low concentration: Rodin-A, n = 7 trabeculae; IRBM-D, n = 13 trabeculae;
vehicle, n = 8 trabeculae. RAA trabeculae were isolated from 30 patients. All analysis was performed
using repeated measure two-way ANOVA. * p < 0.05, ** p < 0.01, *** p < 0.001 Rodin-A vs. vehicle,
# p < 0.05, ## p < 0.01, ### p < 0.001 IRBM-D vs. vehicle. Data shown are means ± SEM.

4. Discussion

We previously [5] described the effects of SAHA in a large animal model of slow
progressive pressure overload, recapitulating features of human HFpEF. We provided
evidence supporting several potential mechanisms but there were many unanswered
questions regarding how SAHA regulates cardiac function. This study was designed
to develop a deeper understanding of how SAHA modulates function at the level of
the cardiomyocyte and its contractile components. Furthermore, this study is the first
to describe the effects of SAHA on human ventricular myocardium and extend these
findings by performing parallel experiments using tissue derived from a large mammal
with comparable physiological features. Using a systematic approach, we assessed the
effect of SAHA on global cardiomyocyte function, myofilament function, and protein
acetylation. Our study identified significant changes upon SAHA treatment in three cardiac
properties—(1) increased contractility; (2) accelerated relaxation, and (3) decreased passive
tension, suggestive of multiple sites of action on a cellular/molecular level.

4.1. SAHA Improves Contractility in Feline and Human Myocardium via Increasing Myofilament
Calcium Sensitivity

In vivo SAHA treatment increased speckle-tracking-based global radial strain in our
feline model [5]. In vitro data from the current study confirm these findings. SAHA
increased fractional shortening in AFVMs and developed force in human non-failing my-
ocardium. SAHA also induced a significant increase in the maximal rate of force rise
(dF/dtmax) when normalized to diastolic tension. These findings suggest that SAHA treat-
ment exerts positive inotropic effects, as the trabeculae generated similar peak systolic
forces at lower diastolic tension (preload) compared to the vehicle-treated group [32].
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In HFpEF patients, limited systolic reserve also affects diastolic function because recoil
and suction forces during early diastole are attenuated [33], thus, improved contractil-
ity by SAHA may indirectly improve diastolic function. It is important to note that the
increase in contractility is not mediated via an increase in calcium transients, which is
an unfavorable mode of action in patients with heart failure. Several clinical trials have
reported increased mortality and progression of heart failure among patients treated with
inotropes, which alter intracellular calcium concentrations due to increased myocardial
oxygen demand and arrhythmias. Emerging therapies to improve cardiac function via opti-
mizing metabolism (mitotropes; e.g., SGLT2-inhibitors) or increasing sarcomere function
(myotropes; e.g., omecamtiv mecarbil) may provide useful alternatives in the future [34].
In this regard, SAHA might be another promising candidate, since inotropy is mediated
via calcium-independent mechanisms. In skinned myocyte experiments, we showed that
ex-vivo acute treatment of AFVM and human myofilaments resulted in increased calcium
sensitivity with SAHA treatment, reflected by a leftward shift of the force-calcium curve.
Myofilament calcium sensitivity reflects the contractile response of the myofilaments to a
given calcium concentration [35]. Troponin I (TnI) phosphorylation on multiple residues
via protein kinase A contributes significantly to calcium-sensitive force production and
myofilament relaxation. A single phosphorylation of TnI at serine 23 and 24 accelerates
relaxation, but decreases contractility, thus enhancement in myocardial calcium sensitivity
may slow down relaxation [36,37]. In our study we found a hastened relaxation and ruled
out the contribution of classic key cardiac calcium handling proteins, suggesting alternative
and several mechanisms underlying the effects of SAHA.

4.2. SAHA Increases Relaxation by Accelerating Cytosolic Calcium Removal

We previously described that in vivo SAHA treatment shortened the phase of linear
relaxation duration on a myofibrillar level, which correlated with invasively measured
indices of diastolic function (tau, LVEDP) [5]. While there is a growing body of evidence
describing the impact of HDAC inhibition on the cardiovascular system, there is little
evidence describing the effects of SAHA on cardiomyocyte function. The studies currently
available in the literature describe the effect on cardiomyocytes isolated from rodents [13,14].
Meraviglia et al. reported increased SERCA2 acetylation and activity after SAHA treatment
in cardiomyocytes isolated from healthy adult rats [13]. This study found no change in the
amplitude or time to peak calcium transient between control and SAHA treated groups, in
line with our findings. Tau, used as a surrogate for cytosolic calcium clearing, which was
improved in the SAHA-treated cells, as was the time to 10%, 50%, and 90% decay in the
fluorescence signal. We also found a shortening in tau and time to 30% BL, representing
accelerated calcium reuptake. Meraviglia et al. also reported increased SERCA ATPase
activity with SAHA treatment in microsomes isolated from both rat cardiomyocytes and HL-
1 cells (AT-1 mouse atrial cardiomyocyte tumor lineage), which would be an explanation
for increased rate of calcium removal [13]. However, they did not report differences in the
contractility of the cell, with no change in fractional shorting or maximal rate of shortening
but did note an increase in the maximal rate of re-lengthening. In our study, we saw a
significant increase in fractional shortening with no difference in peak calcium in SAHA
vs. veh-treated AFVMs, which is suggestive of increased myofilament calcium sensitivity.
Bocchi et al. [14] assessed the effects of SAHA on cell contractility and calcium dynamics
in unloaded ventricular myocytes isolated from the heart of control and diabetic rats.
Although fractional shortening was unaltered, the maximal rate of shortening (−dL/dtmax)
and time to peak calcium transient (TTP) were improved by SAHA. A potential explanation
for the differences in results between this study and previous reports are differences in
physiological properties between a rodent and a larger mammal, including prolonged
action potential duration and myosin heavy chain composition (αMHC vs. βMHC) [15,16].
The physiological properties of felines more closely mimic those of humans, making the
model highly valuable for translational research. We provide robust evidence of increased
relaxation kinetics and cytosolic calcium removal with SAHA treatment. These effects
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together with improved myofibrillar relaxation (previously shown by our group) could
explain the net improvements in in vivo diastolic function (reduction in LVEDP) seen in
our model [5] despite an increase in myofilament calcium sensitivity.

The most consistent finding throughout the different aspects of this study is that
SAHA decreases passive stiffness. Initially, diastolic tension was significantly decreased in
intact trabeculae. Myofilaments isolated from treated AFVM and human trabeculae had a
significant decrease in passive stiffness with SAHA treatment. The mechanism driving this
beneficial functional change is unclear. We speculate that post-translational modification of
the microtubule and/or titin may play a role.

4.3. Myosin Regulatory Light Chain Acetylation Is Increased with SAHA Treatment

Based on the evidence that HDACs can mediate post-translational modifications
and the observed changes in myofilament function with SAHA treatment, assessing the
myofilament for changes in acetylation was the clear next step. There was a significant
increase in acetylation of a band at around 20 kDa, which mass spectrometry analysis
revealed to be myosin regulatory light chain (RLC). More specifically, lysine 115 (K115) was
heavily acetylated with SAHA treatment. The RLC and essential light chain (ELC) are part
of the neck region of the myosin motor that is an essential part of muscle contraction [38].
Both the RLC and ELC can alter muscle contraction by mediating changes in myosin motor
activity, again highlighting their importance in the function of muscle [38]. While few
studies have looked at acetylation of myosin or the associated light chains, two proteomic-
based reports have described cardiac acetylation of different species. The guinea pig
cardiac lysine acetylome had similar acetylation to the AFVM in this study but did not note
K115 [39]. In another study, top-down mass spectrometry was performed in both human
and swine atrial and ventricular tissue. Both human and swine atrial RLC were found to
be Nα-acetylated, but the significance of this finding was unclear and once again K115
was not noted [40]. Both studies described the proteome but did not report any functional
findings to supplement the characterization. In this study, we narrowed our focus to the
cardiomyocyte and myofilament to better understand how SAHA exerts its beneficial effects
and provide evidence for a potential novel mechanism for pan-HDAC inhibition to directly
impact cardiac function. Previous studies have reported co-localization of HDAC2 and
myofibrils but did not report the substrate [41]. We provided evidence of a substrate via the
acetylation of RLC K115. The current literature on cardiac acetylation is more descriptive
and lacks functional analysis [39,40], but our study provides a functional assessment in
addition to the proteomic data.

Since previous clinical trials using pan-HDAC inhibitors reported adverse effects
such as leukocytopenia, thrombocytopenia, gastrointestinal symptoms, and QT interval
prolongation [42], a more targeted approach may be needed to improve the safety profile of
this class of drugs. Therefore, we assessed the functional effects of isoform-selective HDAC
inhibitors, which are not commercially available. In this proof-of-concept study, we found
a dose-dependent increase in developed force and twitch kinetics in human atrial tissue
when inhibiting class 1 HDACs 1 + 2 using Rodin-A and HDACs 1 + 2 + 3 using IRBM-D.
Future studies are warranted to delineate molecular and myofilament changes.

We report for the first time the effects of SAHA on human cardiac tissue and provide
functional insights using live twitching human trabeculae. In the current study, we have
provided evidence of a potential new mechanism for pan-HDAC inhibition improving
cardiac function by improving myofilament calcium sensitivity. Importantly, we identified
a potential substrate for hyperacetylation via SAHA that may be in direct control of cardiac
contractility. The impact on relaxation is likely explained by (1) faster diastolic Ca2+ removal
from the cytosol seen in isolated AFVMs; (2) improved myofibril relaxation [5] (recently
reported by our group); and (3) improved contractility, which affects recoil and suction
force during diastole (in vivo) [33]. We could not determine what underlying mechanisms
are driving the improved passive tension, but it might be due to acetylation changes on
myofilament proteins, titin, and/or microtubules as well.
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Since the experiments described above were performed using a relatively acute period
of HDAC inhibition treatment, the beneficial effects are likely due to post-translational
modification by a direct effect of increased myofilament protein acetylation and not due to
epigenetic effects (altering gene expression). It is important to point out, however, that we
previously studied the effect of chronic SAHA treatment [5], which may lead to changes in
gene expression and likely have broader cellular effects. Thus, we cannot rule out whether
elevated RLC acetylation and myofilament calcium sensitivity is limited to the acute phase
or if these are lasting changes. Future studies are needed to parse out the effects of acute
and chronic SAHA administration.

These findings suggest that SAHA exerts multiple effects to culminate in improved
cardiac function. The experiments performed were essential for laying the foundation for
future studies that can have a more targeted focus on delineating mechanistic insights.

5. Limitations

Human HFpEF is a complex clinical syndrome and cannot be fully recapitulated in
any animal model. However, the feline model used does capture several key clinical char-
acteristics (i.e., elevated filing pressures, diastolic dysfunction, pulmonary hypertension,
LV hypertrophy, LA dilation, and impaired function), making it a suitable platform for
testing therapies. These animals are young (2 months of age at start of study) and have
no metabolic comorbidities. Non-failing human cardiac tissue is rare and samples are
available in limited quantities. This constrained the analyses that could be performed
and did not allow for the development of an in-depth molecular component of the study
using human cardiac tissue. Western blot analysis for abundance of key calcium handling
proteins was performed using atrial tissue. While ventricular tissue would have been ideal,
freshly harvested atrial tissue was available, and this allowed for us to assess the effect of
SAHA compared to vehicle on live human myocardium. While we focused primarily on
the myofilament, changes to titin or microtubules could also play a role in mediating the
functional improvements observed. We did not perform any titin or microtubule-related
experiments as they were beyond the scope of the study.
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Abstract: Inflammation is a key feature of atherosclerosis. The inflammatory process is involved in
all stages of disease progression, from the early formation of plaque to its instability and disruption,
leading to clinical events. This strongly suggests that the use of anti-inflammatory agents might
improve both atherosclerosis progression and cardiovascular outcomes. Colchicine, an alkaloid
derived from the flower Colchicum autumnale, has been used for years in the treatment of inflammatory
pathologies, including Gout, Mediterranean Fever, and Pericarditis. Colchicine is known to act over
microtubules, inducing depolymerization, and over the NLRP3 inflammasome, which might explain
its known anti-inflammatory properties. Recent evidence has shown the therapeutic potential of
colchicine in the management of atherosclerosis and its complications, with limited adverse effects.
In this review, we summarize the current knowledge regarding colchicine mechanisms of action
and pharmacokinetics, as well as the available evidence on the use of colchicine for the treatment of
coronary artery disease, covering basic, translational, and clinical studies.

Keywords: atherosclerosis; inflammation; colchicine; NLRP3 inflammasome; coronary artery disease;
acute coronary syndrome

1. Introduction

Cardiovascular (CV) diseases remain the leading cause of mortality worldwide, ac-
counting for up to one third of all registered deaths [1]. The main underlying cause behind
cardiovascular disease is atherosclerosis, a chronic inflammatory disease targeting large and
medium-sized arteries. In the USA alone, 400,000 people die of coronary artery atherosclero-
sis and over one million suffer from acute coronary syndrome each year [2]. Management of
cardiovascular disease focuses on three main areas: (i) lipid lowering strategies, (ii) control
of non-lipid risk factors (such as diabetes, hypertension, obesity, etc.) and (iii) stabilization
of the atheromatous plaque, preventing rupture and thrombosis [3]. Current therapies,
however, fail to prevent the reoccurrence of ischemic events, a phenomenon known as
residual risk [4]. In a ten-year follow-up study of patients post ST elevation myocardial
infarction (STEMI), 42% of patients presented with recurrent ischemic events, a risk that
was highest during the first year (23.5% per patient/year) even when receiving currently
recommended pharmacological treatment [5]. Therefore, the need for new therapies has
shifted the focus towards anti-inflammatory drugs than can potentially target the chronic
inflammation milieu of atherosclerotic plaques [6].
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2. Methods

We conducted a full search of animal and human research, from basic studies to
randomized clinical trials and meta-analyses, examining the use of colchicine for the
treatment of atherosclerosis and/or coronary artery disease. Medline, Pubmed and Embase
databases were searched until May 2022. Two researchers independently screened titles
and abstracts of articles for full-text review. After data extraction, two researchers chose
the most relevant articles and were in charge of elaborating the initial text, which was then
sent to every author for further evaluation. If there were any discrepancies on a specific
subject, the topic was re-analyzed, and a consensus was achieved. The final version of the
manuscript was approved by every author.

3. Inflammation in Atherosclerosis

Inflammation plays a central role in the pathogenesis of atherosclerosis [7]. Both
the innate and adaptative immune responses are involved in the process of atheroma
formation, with monocyte/macrophages as key players throughout disease progression [8].
The development of the atherosclerotic plaque starts with the infiltration and accumulation
of modified, apolipoprotein B-containing lipoproteins within the vessel wall [9]. Once in
the intima layer, oxidized cholesterol in lipoproteins triggers the activation and production
of inflammatory mediators in charge of recruiting circulating monocytes to the site of
injury [9]. Within the vessel wall, monocytes differentiate to macrophages and engulf
modified lipoproteins, becoming foam cells [9]. Foam cells continue to release inflammatory
cytokines, in particular TNF-α and interleukin-1β (IL-1β) [10], exacerbating endothelial
dysfunction and perpetuating the inflammatory response [11]. Advanced atherosclerotic
plaques are characterized by a large lipid-rich core—composed of foam cells, cell debris and
extracellular cholesterol—and a fibrous cap, formed by extracellular matrix and smooth
muscle cells [12]. In later stages of the disease, macrophages within the plaque release
matrix metalloproteinases that target the fibrous cap, destabilizing the plaque and setting
the stage for plaque rupture and the consequent ischemic event [13,14] (Figure 1).

Neutrophils also participate in all stages of atherosclerosis development [15]. Indeed,
circulating levels of neutrophils in humans predict future cardiovascular events [16], while
in mice they correlate with the size of the developing plaque [17]. Myeloperoxidase
(MPO), the main component of neutrophil granules, has been found in atherosclerotic
plaques [18]. It has been shown that MPO-induced lipid peroxidation favors foam cell
formation [19]. MPO can also activate metalloproteinases, inducing plaque disruption,
by the release of reactive oxygen species (ROS) [20]. Similarly, neutrophils are known
to release extracellular matrix proteinases that contribute to plaque destabilization [21],
like elastase [22] and proteinase-3 [23], locating particularly in rupture-prone areas of the
plaque [24,25]. Neutrophil depletion in apolipoprotein E knockout (ApoE KO) mice has
been shown to reduce monocyte infiltration and plaque formation in the aorta [26]. In fact,
neutrophils can affect monocyte recruitment through several mechanisms [27], including
increased expression of adhesion molecules in the endothelium through the release of
granule-proteins proteinase 3 and azurocidin [28]. Furthermore, neutrophil extracellular
traps (NETs) are web-like structures made of genetic material, histones, MPO and others,
which are released upon neutrophil activation [29]. The process of NETs formation is
called NETosis and is introduced to discriminate this pathway from other types of cell
death [30]. Of note, NETs have been found in atherosclerotic plaques of both mice and
humans [31–33]. Increased levels of NETosis markers are associated with the severity
of coronary atherosclerosis in patients [34]. Similarly, Mangold et al. have shown that
the number of NETs and activated neutrophils in patients with acute coronary syndrome
(ACS) is related to final infarct size [35]. Finally, autopsied disrupted plaques (i.e., with
hemorrhage or erosion) from patients with ACS, presented significantly more neutrophils
and NETs compared with plaques without those features [36].
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Figure 1. Atherosclerotic plaque development. Atherosclerosis starts with the accumulation of mod-
ified lipoproteins inside the vessel wall, which triggers the recruitment of leukocytes, monocytes 
and neutrophils from circulation. Once in the intima layer, monocytes differentiate into macro-
phages, which can now engulf the modified lipoproteins, becoming foam cells. Macrophages also 
continue to release inflammatory mediators—such as cytokines and chemokines—in response to 
the increased levels of cholesterol, further amplifying the response. Neutrophils also release pro-
inflammatory mediators through granules and NETosis, contributing to an exacerbation of the in-
flammatory state within the vessel wall. Foam cells, apoptotic cells and cell debris, lipid droplets 
and extracellular cholesterol crystals (CCs) coalesce in the center of the growing plaque, forming 
the necrotic core, which is kept stable thanks to the fibrous cap: a structure made of smooth muscle 
cells and extracellular matrix proteins. The release of proteinases by macrophages and neutrophils 
weakens the fibrous cap, favoring plaque rupture and the exposure of the contents of the plaque to 
circulation, triggering blood coagulation and the clinical manifestations of atherosclerosis. 
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Figure 1. Atherosclerotic plaque development. Atherosclerosis starts with the accumulation of
modified lipoproteins inside the vessel wall, which triggers the recruitment of leukocytes, monocytes
and neutrophils from circulation. Once in the intima layer, monocytes differentiate into macrophages,
which can now engulf the modified lipoproteins, becoming foam cells. Macrophages also continue to
release inflammatory mediators—such as cytokines and chemokines—in response to the increased
levels of cholesterol, further amplifying the response. Neutrophils also release pro-inflammatory
mediators through granules and NETosis, contributing to an exacerbation of the inflammatory state
within the vessel wall. Foam cells, apoptotic cells and cell debris, lipid droplets and extracellular
cholesterol crystals (CCs) coalesce in the center of the growing plaque, forming the necrotic core,
which is kept stable thanks to the fibrous cap: a structure made of smooth muscle cells and extracellu-
lar matrix proteins. The release of proteinases by macrophages and neutrophils weakens the fibrous
cap, favoring plaque rupture and the exposure of the contents of the plaque to circulation, triggering
blood coagulation and the clinical manifestations of atherosclerosis.

Cholesterol accumulates in atherosclerotic plaques not only in the form of intracellular
cholesterol esters but also intra and extracellular cholesterol crystals (CCs) [37]. CCs have
been found in all stages of atherosclerotic plaque development [38,39] and have been shown
to be associated with plaque rupture [40]. CCs can induce NETosis, which can in turn
prime macrophages to synthetize cytokine precursors, such as pro-IL-1β [31]. CCs can
also directly activate the nucleotide-binding oligomerization domain-like receptor, pyrin
domain-containing 3 (NLRP3) inflammasome in macrophages, resulting in the release of
mature IL-1β, a key cytokine involved in the development and disruption of atherosclerotic
plaques [37].

4. The NLRP3 Inflammasome

The innate immune system relies on a set of germline-encoded pattern recognition
receptors (PRRs) to recognize pathogenic insults as well as defective cells [41]. PRRs detect
the presence of pathogen-associated molecular patterns (PAMPs) or damage-associated
molecular patterns (DAMPs), triggering downstream inflammatory pathways leading to
removal of the insult and tissue repair [41]. The inflammasomes are cytosolic, multimeric
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protein complexes that respond to PAMPs and DAMPs [42]. Five members of the PRRs have
been confirmed to form inflammasomes, key among them the NLRP3 inflammasome [43].
The NLRP3 inflammasome responds to a wide variety of activators including monosodium
urate, extracellular adenosine triphosphate (ATP) and CCs [44]. The basal levels of the
components of the NLRP3 inflammasome and their targets are very low [45]. As such,
a two-step process of priming and activation is required [46,47]. The priming step is
induced by the activation of Toll-like receptors (TLRs) and cytokine receptors, leading
to upregulation of the transcription of NLRP3 and pro-IL-1β [48]. Afterwards, further
stimuli will promote the inflammasome assembly, resulting in cytokine production [45].
Upon activation, the NLRP3 receptor oligomerizes and interacts with the adaptor protein
apoptosis-associated speck-like protein containing a caspase-recruitment domain (ASC), to
recruit and activate pro-caspase-1 [49,50]. Active caspase-1 can now cleave pro-IL-1β and
pro-IL-18 into their biologically active, highly inflammatory forms [42].

In the context of atherosclerosis, CCs are considered a major driver of NLRP3 inflam-
masome activation [37]. It has been postulated that CCs activate the inflammasome in a
process involving lysosomal damage after phagocytosis [51]. The inefficient clearance of
CCs results in the leakage of cathepsin B into the cytoplasm, which in turn can activate
the inflammasome complex [52]. Accordingly, the inflammatory response elicited by in-
traperitoneal CCs injection in WT mice is absent in mice deficient in NLRP3 inflammasome
components [38]. Oxidized LDL has also been shown to induce NLRP3 activation through
lysosomal disruption via interaction with CD36 [53]. As such, macrophages lacking CD36
fail to release IL-1β, indicating lack of NLRP3 activation [53].

The contribution of IL-1β to atherogenesis has been established by several animal
studies, hinting at a role of the NLRP3 inflammasome in disease development [54–56].
Bone-marrow deficiency of ASC is associated with reduced vascular inflammation and
neointimal formation in a mouse model of vascular injury [57]. LDLR KO mice receiving
NLRP3, ASC or IL-1β deficient bone marrow developed significantly reduced atheroscle-
rosis when challenged with an atherogenic diet [38]. Similarly, systemic or bone-marrow
deficiency of caspase-1/11 is associated with a reduction in atherosclerotic lesions in both
ApoE [58,59] and LDLR KO mice [60]. Conversely, bone marrow transplantation studies
in ApoE KO mice have shown that lack of NLRP3, ASC or caspase-1 had no effect on
atherosclerotic plaque size, plaque stability or macrophage infiltration [61]. Differences
in experimental conditions might explain these contrasting results. In humans, high ex-
pression of NLRP3 inflammasome components has been detected in carotid atherosclerotic
plaques [62] and high levels of expression of NLRP3 correlate with the severity of coronary
artery atherosclerosis [63]. The inflammasome has been shown to be primed in peripheral
monocytes from ACS patients compared with controls [64] and levels of NLRP3, IL-1β,
IL-18 and other inflammasome components have been found to be elevated in ACS patients
compared with controls [65]. Taken together, these studies highlight the important role of
IL-1β and the NLRP3 inflammasome in atherosclerosis and mark them as possible targets
for the development of new therapeutic strategies.

5. Colchicine

Colchicine is a botanical alkaloid derived from the flower Colchicum autumnale, first
described as a medicinal plant in the Ebers papyrus of ancient Egypt in 1550 BC, where
it was used for the management of pain and swelling [66]. The colchicine molecule,
chemical name N-[(7S)-5,6,7,9-tetrahydro-1,2,3,10-tetramethoxy-9-oxobenzo(a)heptalen-7-
yl)acetamide], is composed of three rings [67]. The A (trimethoxyphenyl moiety) and C ring
(methoxytropone moiety) are highly involved in binding to tubulin and are maintained in
a rigid configuration by B-rings [67]. Modifications to both the A and C rings significantly
affect tubulin binding [67,68], while modifications on the B rings are associated with
changes in activation energy of the binding and association/dissociation kinetics [69].

Nowadays, colchicine is widely used for the treatment of acute gout flares and Fa-
milial Mediterranean Fever (FMF) [70,71]. It has also been used in other inflammatory
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conditions such as calcium pyrophosphate disease, Adamantiades–Behcet’s syndrome
and—in the cardiovascular field—pericarditis [72]. Given the ease of access, low cost and
favorable safety profile, colchicine has emerged as a potential oral treatment targeting the
inflammatory component of atherosclerosis.

Mechanistically, colchicine acts by inhibiting tubulin polymerization, disrupting the
cellular cytoskeleton, and impairing several processes including mitosis, intracellular
transport, and phagocytosis [73]. Furthermore, colchicine inhibits neutrophil chemotaxis
and adhesion to the inflamed endothelium [74]. At nanoconcentrations, colchicine alters
E-selectin distribution on endothelial cells, affecting neutrophil adhesion [75]. On the
µM level, colchicine induces L-selectin shedding, preventing recruitment [75]. Paschke
and colleagues have also shown that colchicine affects human neutrophil deformabil-
ity and motility, affecting a key step in inflammatory processes, cell extravasation [76].
Monosodium urate (MSU)-induced superoxide production in neutrophils in vitro is also
affected by colchicine treatment [77]. Superoxide production inhibition has also been re-
ported in vivo in MSU-treated peritoneal macrophages, at a dosage significantly lower than
the required to affect neutrophil infiltration [78]. Colchicine also modulates TNF-α synthe-
sis by rat liver macrophages [79] and downregulates TNF receptors in both macrophages
and endothelial cells [80].

Platelets play a key role in atherosclerosis complications [12]. Early reports have
suggested that colchicine might also affect platelet aggregation [81] through mechanisms
involving inhibition of cofilin and LIM domain kinase 1 [82]. In FMF patients, colchicine
reduced β-thromboglobulin levels, a protein released during platelet activation, with no
effect on mean platelet volume, a marker of platelet activity [83]. A more recent experiment
by Shah and colleagues showed that colchicine administration to healthy subjects at a
clinically relevant dose (1.8 mg single dose) reduced leukocyte-platelet aggregation (both
monocyte and neutrophil) as well as levels of surface markers of platelet activity, such
as p-selectin and PAC-1 (activated GP IIb/IIIa), with no effect on homotypic platelet
aggregation [84]. Likewise, Raju and colleagues have also showed that oral colchicine at a
dose of 1 mg did not affect platelet aggregation in response to several stimuli, in patients
with acute coronary syndrome [85]. It is possible then that the anti-inflammatory action of
colchicine on neutrophils could impact platelet function. NETs can facilitate thrombosis
by promoting platelet adhesion, activation, and aggregation, and also the accumulation
of prothrombotic factors such as von Willebrand factor and fibrinogen [86]. Interestingly,
colchicine has been shown to reduce NETosis induced by CC [87], in neutrophils isolated
from individuals with Behcet’s disease [88] and in patients with ACS [89].

6. Colchicine and the NLRP3 Inflammasome

Several studies have confirmed that colchicine limits NLRP3 inflammasome activ-
ity. Martinon and colleagues first described inactivation of the NLRP3 inflammasome by
colchicine in THP1 cells treated with monosodium urate crystals [90]. In patients with
FMF colchicine suppressed IL-1β release from both bone marrow-derived macrophages
where the inflammasome was constitutively activated and peripheral blood monocytes [91].
Misawa and colleagues also reported a dose-dependent effect of colchicine on IL-1β pro-
duction in J774 macrophages treated with various inducers of the NLRP3 inflammasome,
including MSU and ATP [92]. Furthermore, colchicine has been described as inhibiting
the intracellular transport of ASC, preventing co-localization of NLRP3 components and
thus the consequent release of active IL-1β [92]. The pathway through which colchicine
inhibits the NLRP3 inflammasome is not clear, however some mechanisms have been
proposed. In a model of small intestinal injury, Otani and colleagues showed that colchicine
inhibited protein expression of cleaved caspase-1 and IL-1β, without affecting mRNA levels
of NLRP3 or IL-1β. Monocyte caspase-1 inhibition has been detected in ACS patients as
well [64]. Very recently, using molecular dynamic simulation in a mouse model, it has
been proposed that colchicine could interact with the ATP binding region of the NLRP3-
NACHT domain, thus potentially precluding inflammasome activation [93]. Similarly, in
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ATP-mediated NLRP3 inflammasome activation, formation of P2X7 pores is a key step [94].
In this context, Marques-da-Silva et al. demonstrated that colchicine is a strong inhibitor of
pore formation in mouse peritoneal macrophages after ATP-induced ethidium bromide
permeability, resulting in the release of lower levels of ROS and IL-1β [95]. The same results
were also seen in vivo, in mice inoculated with lipopolysaccharide and ATP [95].

The ability of colchicine to interfere with the activation of the NLRP3 inflammasome,
in addition to its effect on microtubule formation and neutrophil-mediated inflammation,
points towards the use of colchicine as a potential strategy to target the inflammatory
component of atherosclerosis.

7. Pharmacokinetics and Safety

Colchicine is rapidly absorbed by the jejunum and ileum with a bioavailability that
fluctuates between 24 to 88% [96]. Peak plasma concentrations occur within 0.5–2 h
after oral administration, although it can be detected in leukocytes up to 10 days after
ingestion [97]. In circulation, approximately 40% is conjugated to plasmatic proteins
and the establishment of colchicine–protein complexes in tissues contributes to its large
volume distribution [67]. Colchicine is rapidly distributed to peripheral leukocytes and
concentration in these cells may exceed those detected in plasma [98]. Most of the drug
undergoes enterohepatic recirculation, leading to a second peak in plasma within 6 h
of ingestion, and is eliminated through feces and bile [97]. Around 20% of colchicine is
eliminated in the urine at 2 h and 30% after 24 h [97]. Colchicine average elimination
half-life is 20 h, which can be prolonged by certain pathologies including renal failure and
hepatic cirrhosis [99].

Gastrointestinal (GI) intolerance (diarrhea, abdominal pain, vomiting) is the most com-
mon side effect of colchicine, affecting around 20% of patients, followed by myalgias [100].
Most of these side effects can be managed with lower daily doses (around 0.5 mg/day)
or long-term treatments [100]. Regarding safety, the first meta-analysis that looked at the
safety of colchicine use only reported an 83% increased risk of GI side effects, with no
evidence of significant serious adverse effects over 824 patient-years [101]. Similar results
have been recently reported by Stewart and colleagues in a meta-analysis of 35 randomized
controlled trials [102]. Colchicine significantly increased diarrhea (RR 2.4, 95% confidence
interval (CI) 1.6–3.7) and other GI events (RR 1.7, 95% CI 1.3–2.3). No increased rate of
other adverse events was detected, including infection, hepatic, hematological, muscular,
and sensorial events [102]. On the other hand, a pooled analysis of randomized clinical
trials comparing low dose colchicine versus placebo showed that colchicine was associated
with a significantly higher risk of non-CV death (OR 1.55; 95% CI 1.10 to 2.17; p = 0.01)
compared with the placebo group [103]. However, few studies were included and, as stated
by the authors, the events reported were low, indicating that the data should be considered
with caution [103]. In line with this, a recent retrospective cohort of 24,410 patients with
gout showed that colchicine use resulted in an increased risk of pneumonia (adjusted HR,
1.42; 95% CI 1.32–1.53; p < 0.05), related to use duration and accumulated dose [104].

Colchicine interacts with two main proteins that impact its pharmacokinetics and phar-
macodynamics: cytochrome P450 3A4 (CYP3A4) and P-glycoprotein. Intestinal and hepatic
CYP3A4 metabolize colchicine by demethylation, producing 2- and 3-demethylcolchicine [97].
P-glycoprotein, on the other hand, limits GI availability by extruding colchicine from the
GI tract [67]. Adverse reactions have been reported by patients consuming either CYP3A4
inhibitors or P-glycoprotein inhibitors, resulting in altered colchicine metabolism and toxi-
city [67]. Dose adjustment is recommended in these situations. Some cases of myopathy
and/or rhabdomyolysis have been reported for instances when colchicine was used in
conjunction with statins, however, they are in general well tolerated when used simulta-
neously [105]. Death due to colchicine administration has been reported when used in
conjunction with clarithromycin, particularly in patients with renal insufficiency [106].
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8. Colchicine in Atherosclerosis
8.1. Pre-Clinical Studies

The first animal studies looking at the potential use of colchicine for atherosclerosis
showed rather conflicting results. Colchicine administration of high-lipid diet-fed rabbits
resulted in a reduction of circulating lipids, restoration of normal triglyceride levels and a
protective effect on plaque development in the aorta [107]. On the other hand, colchicine
administration on a swine model of balloon-induced atherosclerosis showed the opposite
effect, with a mild worsening of plaque development [108]. Though the models used were
different, the inconclusive results might have tampered the interest in the usage of this drug
for atherosclerosis management. Early in vitro experiments in smooth muscle cells isolated
from human atherosclerotic plaques showed that colchicine affected proliferation and
migration, which could potentially impact atherosclerosis development [109]. More recently,
Huang and colleagues have shown that colchicine administration to hyperlipidemic rats
resulted in a reduction in circulating levels of C-reactive protein and lipoprotein associated
phospholipase A2, while elevating nitric oxide production, pointing to an improvement
in endothelial function. Interestingly, this effect was further enhanced by the concomitant
administration of atorvastatin [110]. While Kaminiotis and colleagues have shown that
oral administration of colchicine in high-cholesterol diet-fed rabbits showed no effects
on atherosclerosis progression [111], Mylonas and colleagues have shown in the same
model that colchicine-based anti-inflammatory therapies significantly diminished de novo
atherogenesis, decreased triglyceride levels [112,113] and also tampered Krüppel-like
factor 4—a transcription factor involved in atheromatosis—overexpression in thoracic
aortas [113].

The effect of colchicine in acute myocardial infarction has also been explored. Intraperi-
toneal administration of colchicine in a mouse model of ischemia/reperfusion resulted in a
significant reduction in infarct size 24 h after injury, when administered before reperfusion
had been established [114]. Significant improvement in hemodynamic parameters and
cardiac fibrosis were also reported [114]. Colchicine has also been shown to be protective
when administered after ischemia/reperfusion injury, reducing macrophage infiltration,
cardiac remodeling, and dysfunction in a rat model of left coronary artery (LCA) liga-
tion [115]. Similarly, in a mouse model of MI induced by permanent LCA ligation, short-
term colchicine administration post MI significantly improved survival, cardiac function
and heart failure [116]. This improvement in cardiac performance was associated with
a reduction in monocyte and neutrophil infiltration, mRNA expression of inflammatory
cytokines and components of the NLRP3 inflammasome 24 h after injury [116]. In SRBI
KO/ApoeR61h/h mice, orally administered colchicine resulted in improved survival after
feeding with atherogenic diet, however, neither inflammatory markers nor aortic plaque
volume were different between the treated and untreated groups (González L, Martínez G,
unpublished data).

Finally, the role of colchicine in plaque stabilization has been recently explored by
Cecconi and colleagues [117], where atherosclerosis was induced by a high cholesterol diet
and balloon endothelial denudation in rabbits. Colchicine treatment reduced the relative
increase in aortic wall volume, measured as normalized wall index, and inflammation,
measured as 18F-FDG uptake in PET/CT imaging, which could potentially help stabilize
the plaque. This effect, however, was only seen in animals with high levels of circulat-
ing cholesterol [117]. Table 1 summarizes the available pre-clinical data on colchicine
and atherosclerosis.
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Table 1. Pre-clinical studies.

Study Animal Model Disease Induction Colchicine
Dosage *

Length of
Intervention Main Findings

Wojcicki et al.,
1986 [107] Rabbit High-lipid diet 0.2 mg/kg i.p. twice

a week 3 months

Reduction of
circulating lipids,

restoration of normal
triglyceride levels
and a protective
effect on plaque

development in the
aorta

Lee et al.,
1976 [108] Yorkshire Swine

Balloon-induced
denudation of

aortic endothelium
plus hypercholes-

terolemic
diet

0.2 mg/kg/day 6 months

Slight worsening of
atherosclerosis

development in the
aorta. No effect on
serum cholesterol

levels

Huang et al.,
2014 [110]

Sprague–Dawley
rats

High fat, high
cholesterol diet for

6 weeks

0.5 mg/kg body
weight/day i.p. 2 weeks

Reduction in
circulating levels of
C-reactive protein

and lipoprotein
associated

phospholipase A2.
Elevation of nitric
oxide production.

Effect was enhanced
when administered
along atorvastatin

Kaminiotis
et al., 2017 [111]

New Zealand
White rabbits

High cholesterol
diet (1% w/w)

2 mg/kg body
weight 7 weeks

No effect of
colchicine on

atherosclerosis or
IL-18 levels. Slight

effect on triglyceride
levels

Spartalis et al.,
2021 [112]

New Zealand
White rabbits

High cholesterol
diet (1% w/w)

2 mg/kg body
weight plus

250 mg/kg body
weight/day

fenofibrate or
15 mg/kg body

weight/day
N-acetylcysteine

(NAC)

7 weeks

Colchicine reduced
aortic atherosclerosis

especially when
combined with NAC.

Reduction in IL-6
and lower

triglyceride levels
were also reported

Mylonas et al.,
2022 [113]

New Zealand
White rabbits

High cholesterol
diet (1% w/w)

2 mg/kg body
weight plus

250 mg/kg body
weight/day

fenofibrate or
15 mg/kg body

weight/day NAC

7 weeks

Reduction in de
novo atherogenesis

in the aorta and
reduction of KLF4

expression in
thoracic aortas

Akodad et al.,
2017 [114] C57BL/6 mice

Ligation of left
coronary artery

followed by
reperfusion

400 µg/kg i.p. 25 min before
reperfusion

Significant reduction
of infarct size.

Improvement of
hemodynamic

parameters.
Decreased cardiac

fibrosis
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Table 1. Cont.

Study Animal Model Disease Induction Colchicine
Dosage *

Length of
Intervention Main Findings

Mori et al.,
2021 [115] Wistar Rats

Ligation of left
coronary artery

followed by
reperfusion

0.4 mg/kg/day i.p. 7 days

Reduction in post
acute MI

inflammation,
ventricular

remodeling, and
dysfunction

Fujisue et al.,
2017 [116] C57BL/6J mice

Permanent ligation
of left descending

coronary artery
0.1 mg/kg/day 7 days port MI

Attenuation of
pro-inflammatory

cytokines and
NLRP3

inflammasome
components.

Improved cardiac
function, heart
function and

survival.

Cecconi et al.,
2021 [117]

New Zealand
White Rabbit

balloon endothelial
denudation plus
high cholesterol

diet

0.2 mg/kg/day,
5 days/week, SQ 18 weeks

Reduction of the
increase in aortic
wall volume and

inflammation

* Oral administration unless stated otherwise; i.p: intraperitoneal; NAC: N-acetylcysteine; NLRP3: nucleotide-
binding oligomerization domain-like receptor, pyrin domain-containing 3; SQ: subcutaneous.

8.2. Translational Studies

In a pilot study including 64 patients with stable coronary artery disease (CAD), Nidorf
and colleagues showed that colchicine in low doses decreased high-sensitivity C-reactive
protein (hsCRP) levels, a biomarker of inflammation, with no significant side effects [118].
However, the same protective effect was not seen in a pilot randomized controlled trial
including patients with acute coronary syndrome (ACS) or stroke, where colchicine failed
to reduce hsCRP levels [85]. The different results could be explained by the cause behind
hsCRP elevation, which might not be sensitive to colchicine treatment, the dosage used and
the context in which the drug was used—acute vs chronic inflammation. A local approach
was then used by our group, in which the effect of colchicine on inflammatory cytokine
production was assessed in blood samples collected from the coronary sinus [119]. ACS
patients were recruited and randomized to receive either colchicine or placebo on top of
standard therapy and levels of IL-1β, IL-18 and IL-6 were quantified. Acute colchicine
administration resulted in a significant reduction in transcoronary cytokine gradients,
suggesting a local intracardiac effect on the NLRP3 inflammasome [119]. In a follow-up
study in a different cohort of ACS patients, a significant reduction in the release of IL-1β
was observed with colchicine treatment in stimulated peripheral blood monocytes [64]. This
reduction was associated with a suppression of monocyte caspase-1 activity. Colchicine was
also able to reduce transcoronary and monocyte production of chemokines in treated ACS
patients compared with control, which could also positively impact CV outcomes [120].
Furthermore, colchicine treatment suppressed NET production post percutaneous coronary
intervention in ACS patients, a process that has been associated with periprocedural
MI [89]. Tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) is a
cytokine belonging to the TNF family of ligands. Evidence shows that a deficiency in
circulating TRAIL is associated with atherosclerotic plaque development, probably by
inducing a more dysfunctional type of macrophage, with less migratory capacity, and
impaired reverse cholesterol efflux and efferocytosis [121]. Research from our group shows
that acute colchicine treatment significantly increases plasma TRAIL levels, purportedly
regulating the inhibitory effect of IL-18 upon TRAIL [122].
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The anti-inflammatory potential of colchicine in chronic CAD has been recently reval-
uated. Colchicine—either alone or in combination with methotrexate—did not improve
coronary endothelial function in patients with stable CAD, measured through non-invasive
MRI [123]. In a proteomics study, serum samples from CAD patients were compared
before and 30 days after colchicine treatment. The expression of a total of 37 proteins was
reduced, including members of the NLRP3 inflammasome pathway (IL-18, IL-1 receptor
antagonist and IL-6), adaptative immune system proteins (C-C motif chemokine 17, CD40
ligand, pro-IL-6) and proteins involved in neutrophil degranulation (myeloperoxidase,
myeloblastin and azurocidin among others) [124]. A reduction in median hsCRP has also
been reported [124]. In the same cohort of patients, colchicine reportedly affected some
biomarkers of inflammation. Colchicine treatment for a year resulted in a reduction of ex-
tracellular vesicle (EV) NLRP3 protein but no changes in serum NLRP3 protein levels [125].
Lower levels of hsCRP were also detected but this reduction was not related to EV NLRP3
protein levels [125]. MicroRNAs are known to be involved in multiple pathways driving
atherosclerosis development. Barraclough and colleagues recently studied the microRNA
signature in ACS patients and how colchicine might affect its expression [126]. Plasma
samples collected from the aorta, coronary sinus and right atrium were collected from
control, ACS standard therapy and ACS standard therapy plus colchicine patients. A total
of 30 miRNAs were significantly elevated in the ACS group compared with controls. In
patients with ACS, 12 miRNAs were lower when patients received colchicine and seven of
these returned to control levels after colchicine treatment. More importantly, three miRNAs
suppressed by colchicine are known to be regulators of inflammatory pathways, indicating
that levels of miRNAs could potentially be used to track treatment effectiveness [126].

8.3. Phase 2 Clinical Studies

Colchicine has been shown to be protective in the context of ischemia/reperfusion,
in accordance with pre-clinical results. The perioperative administration of colchicine to
patients undergoing coronary bypass grafting resulted in a reduction in postoperative levels
of myocardial injury biomarkers such as high-sensitivity troponin T (hsTrop) and creatine
kinase-myocardial brain fraction (CKmb) [127]. Deftereos and colleagues have also reported
beneficial effects of colchicine administration to STEMI patients treated with percutaneous
coronary intervention [128]. Colchicine significantly reduced CKmb concentrations as well
as infarct size when compared with placebo group [128]. However, the anti-inflammatory
effect of colchicine could not be demonstrated in another study including STEMI patients,
where hsCRP levels remained unaffected by the treatment [129]. Oral administration
of high dose colchicine also demonstrated no effect on infarct size (assessed by cardiac
magnetic resonance) in STEMI patients, when administered at reperfusion and for five
consecutive days [130].

The anti-inflammatory effect of colchicine treatment in ACS patients seems to be associ-
ated with positive changes at atherosclerotic plaque level. In a prospective nonrandomized
observational study including 80 patients with recent ACS, colchicine administration was
associated with a reduction in low attenuation plaque volume (LAPV)—a measure of
plaque instability and predictor of future coronary events [131]. A positive correlation
between LAPV and reduced hsCRP levels has also been reported [131]. Furthermore,
the addition of colchicine on top of standard therapy in ACS patients (0.5 mg daily for
six months) positively impacted the occurrence of major adverse cardiovascular events,
improving overall survival in a randomized, placebo-control trial [132]. Reduction in
inflammatory markers (hsCRP, IL-6) after colchicine treatment has been reported in chronic
coronary artery disease as well [133].

The Colchicine–PCI randomized trial evaluated the effect of colchicine administration
before (1–2 h, 1.8 mg) percutaneous coronary intervention on post-PCI myocardial injury,
in patients with stable angina (SA) and ACS [134]. Shah and colleagues have reported that
preprocedural colchicine did not protect against PCI-related myocardial injury (including
PCI-related MI and MACE at 30 days), despite a reduction in IL-6 and hsCRP levels (22–24 h
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post-PCI) [134]. Dissimilar results have been reported by Cole and colleagues in a similar
pilot study, evaluating SA and ACS patients [135]. Colchicine administration prior to PCI
intervention (1.5 mg, 6–24 h) significantly reduced major and minor periprocedural MI and
injury, especially in NSTEMI patients [135]. Colchicine also significantly reduced pre-PCI
inflammatory cytokine levels (IL-6, IL-1β, TNF-α, IFN-γ) and white blood cell counts, with
no differences in post-PCI values [136]. Absolute Troponin change was also reportedly
lower in the colchicine group [136]. The difference in results might be influenced by both
the population studied and, very importantly, the time of colchicine administration.

8.4. Phase 3 Clinical Studies and Meta-Analyses

In the setting of ACS, the COLCOT trial randomized 4745 patients to receive colchicine
(0.5 mg BID) or placebo within 30 days post-MI [137]. Colchicine led to a significant
reduction of the primary outcome (a composite of death from cardiovascular causes,
resuscitated cardiac arrest, myocardial infarction, stroke, or urgent hospitalization for
angina leading to coronary revascularization) by 23% (HR 0.77; 95% CI 0.61–0.96; p = 0.02).
This was mainly driven by a significant reduction in the incidence of stroke (HR 0.26; 95%
CI 0.10–0.70) and urgent hospitalization for angina leading to coronary revascularization
(HR 0.50; 95% CI 0.31–0.81) [137]. Interestingly, in a post-hoc analysis of COLCOT, time-to-
treatment initiation (i.e., length of time between the index MI and the initiation of colchicine)
was inversely correlated with colchicine clinical benefit. Indeed, when administered in-
hospital within the first three days after the event, colchicine was associated with a 48%
reduction in the risk of ischemic events; which contrasted with a lack of benefit when
started later (four to seven days, and seven to thirty days) [138]. The other RCT in the ACS
setting, the COPS trial, was an Australian-based study that randomly assigned 795 patients
diagnosed with MI or unstable angina to receive colchicine (0.5 mg BID for one month,
then 0.5 mg QD for eleven months) vs. placebo [139]. Although the original trial failed to
demonstrate a benefit on the one-year primary outcome, an extended 24-month follow-up
did show a significant 40% reduction in the composite of all-cause mortality, ACS, ischemia-
driven-unplanned-urgent revascularization, and non-cardioembolic ischemic stroke. Of
note, just as in COLCOT, the main outcome was driven by a significant reduction in urgent
revascularization (HR, 0.19; 95% CI 0.05–0.66; p = 0.009) [140].

In the setting of chronic CAD, the LoDoCo trial randomized 532 patients to receive
colchicine 0.5 mg or no colchicine, using an open label design [141]. Colchicine led to a
reduction of the primary outcome (composite of ACS, out-of-hospital cardiac arrest, or
non-cardioembolic ischemic stroke) of 67% (HR 0.33; 95% CI 0.18–0.59; p < 0.001), due
to a significant reduction in the risk of ACS (HR 0.33; 95% CI 0.18–0.63; p < 0.001). This
same group published, seven years later, the LoDoCo 2 trial, using a more robust—double
blinded, placebo controlled—study design and a 10-fold higher number of patients [142].
In this landmark trial, colchicine led to a reduction in the primary outcome (a composite
of cardiovascular death, spontaneous (nonprocedural) myocardial infarction, ischemic
stroke, or ischemia-driven coronary revascularization) of 31% (HR 0.69; 95% CI 0.57–0.83;
p < 0.001), which was due, again, to a significant reduction of MI (HR 0.7; 95% CI 0.53–0.93;
p = 0.01) and also of ischemia-driven coronary revascularization (HR 0.75; 95% CI 0.60–0.94;
p = 0.01) [142].

The analysis of the components of ACS in LoDoCo suggested that colchicine reduced
the probability of acute coronary events unrelated to stent disease (i.e., in native segments),
with lack of effect in the prevention of stent-related disease (i.e., acute stent thrombosis
or stent restenosis) [141]. However, in a previous study that included diabetic patients
undergoing PCI with bare metal stents, six-month angiographic restenosis rates were
reduced by 62% in the group of patients randomized to colchicine as compared with
patients in the control group (16% vs. 33%; OR 0.38, 95% CI 0.18–0.79; p = 0.007) [143].
These results may suggest that, along with atheroma plaque stabilization in native coronary
arteries, the anti-inflammatory and anti-mitotic effects of colchicine may be equally effective
in the prevention of neointimal hyperplasia, the central process in the pathophysiology of
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in-stent restenosis. However, the effects of colchicine preventing stent related disease in the
era of new generation drug eluting stents may be unclear, as the rates of restenosis have
decreased significantly [144].

As individual trials suffer from significant heterogeneity regarding the clinical setting
(acute versus chronic CAD), treatment (colchicine dose and length of follow-up) and end
point definitions, several systematic reviews and meta-analysis have been conducted to the
summarize clinical effects of colchicine [145–148]. In one of these, by Fiolet and colleagues,
inclusion criteria were restricted to RCT’s with a minimum follow-up of three months, thus
including the five trials mentioned above. In their analysis, colchicine reduced the risk
for the primary endpoint—a composite of MI, stroke, or cardiovascular death—by 25%
(RR 0.75; 95% CI 0.61–0.92; p = 0.005) with a low between-trial heterogeneity (I2 = 23.9%).
Colchicine led to a significant reduction of the individual endpoints MI by 22% (RR 0.78;
95% CI 0.64–0.94; p = 0.010), stroke by 46% (RR 0.54; 95% CI 0.34–0.86; p = 0.009), and
coronary revascularization by 23% (RR 0.77; 95% CI 0.66–0.90; p < 0.001) [145]. In subgroup
analysis the benefit observed with colchicine was consistent in both acute and chronic
coronary syndrome and irrespective of gender [145]. It is noteworthy that the magnitude of
the benefit obtained with colchicine in patients with CAD is comparable to that achieved by
each of the mainstay therapies for the secondary prevention of CAD—such as antiplatelet
agents and statins [149,150]—and has been achieved against a background of optimal
treatment with these therapies.

The applicability of these findings may depend upon specific patient subsets. For
example, the observed benefit of colchicine may be even higher in patients with diabetes
mellitus. In a meta-analysis conducted by Kuzemczak and colleagues, in patients with CAD,
the absolute risk reduction of the composite endpoint of MACE achieved by colchicine in
patients with diabetes was greater than in patients without diabetes (absolute risk reduction
of 3.94% vs. 2.32%, p < 0.001) [151]. On the other hand, as most trials have excluded patients
with heart failure and chronic kidney disease, the effects of colchicine for the treatment of
CAD in these important populations remain unknown.

Despite these favorable effects seen with colchicine, some trials have documented
concerning results regarding non-CV mortality. In the COPS trial the rate of all-cause death
was higher in the colchicine group compared with placebo (HR 8.20; 95% CI 1.03–65.61;
p = 0.047) due to an increase in non-cardiovascular deaths, which were mostly due to
sepsis [139]. Likewise, in the LoDoCo 2 trial there was an increase in non-cardiovascular
deaths (HR 1.51; 95% CI 0.99–2.31), but without a parallel increase in severe infections, new
cancer diagnosis or severe gastrointestinal adverse effects [142]. Meta-analyses have shown
a non-significant lower incidence of cardiovascular mortality (RR 0.82; 95% CI 0.55–1.23;
p = 0.339) counterbalanced by a non-significant higher incidence of non-cardiovascular
deaths (RR 1.38; 95% CI 0.99–1.92; p = 0.060), with no difference in all-cause mortality
(RR 1.08; 95% CI 0.71–1.62; p = 0.726) [145].

Taken together, RCTs show a consistent beneficial effect of colchicine by limiting new
cardiovascular events and stroke. However, some barriers remain before a widespread use
of colchicine in clinical practice can be adopted. Firstly, and as discussed above, its net effect
on mortality is still under scrutiny, with a possible increase in non-cardiovascular deaths,
which needs to be clarified in future trials. Secondly, in the era of precision medicine,
a more individualized approach may be adopted to target specific populations where
colchicine can produce a maximum benefit, such as in those patients with (i) persistent
inflammation after the index event (i.e., persistently high hsCRP); (ii) particular markers
of excess NLRP3 inflammasome activity (i.e., carriers of the rs10754555 gene variant); or
(iii) high-risk of recurrence (such as diabetics). And finally, in the setting of secondary
prevention of coronary artery disease, incorporating an additional drug to patients who
are already under treatment with multiple medications with proven benefit brings forth
the problem of poor adherence, as well as the risk of aggravating polypharmacy in an
increasingly elderly and frail population. Table 2 summarizes the available phase 2 and
phase 3 data on colchicine and atherosclerosis.
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Table 2. Phase 2 and 3 clinical studies.

Trials Setting Key Inclusion
Criteria

No. of
Participants Treatment Main Results Follow Up

(Mean)

Giannopoulos
et al.

(2015) [127]
CABG

Patients
undergoing

CABG
59

Colchicine
0.5 mg BID vs.

placebo

↓ 62% hsTnT and ↓ 52%
CK-MB concentration

48 h after
surgery

Deftereos et al.
(2015) [128] STEMI

STEMI ≤ 12 h
from pain onset

(treated with
PCI)

151

Colchicine
loading dose of

2 mg plus
0.5 mg BID vs.

placebo

↓ 49% of CK-MB and
↓ 57% of hsTnT AUC
concentration ↓ 25%
MI volume (MRI)

9 days

COLIN
(2017) [129] STEMI

STEMI with one
main coronary

artery occluded
44 Colchicine 1 mg

QD vs. placebo

No significant effect on:
- hsCRP peak

value

During
hospitalization

Mewton et al.
(2021) [130] STEMI STEMI referred

for PCI 192

Colchicine 2 mg
loading dose

plus 0.5 mg BID
vs. placebo

No significant effect on:
- Infarct size at

5 days (MRI)
- LV end-diastolic

volume change at
3 months (MRI)

3 months

Vaidya et al.
(2018) [131] ACS ACS

(<1 month) 80
Colchicine

0.5 mg QD plus
OMT vs. OMT

alone

↓ Low attenuation
plaque volume in
CCTA (↓ 40.9% vs.
↓ 17%)
hsCRP (↓ 37.3% vs.
↓ 14.6%)

12 months

Akrami et al.
(2021) [132] ACS

ACS (with
medical therapy

or PCI)
249

Colchicine
0.5 mg QD vs.

placebo

↓ 71% MACE
↓ 84% ACS
No significant effect on:
- Decompensated

HF
- Death from any

cause
- Cardiovascular

death

6 months

Fiolet et al.
(2020) [133] CCS CCS and hsCRP

≥ 2 mg/L 138 Colchicine
0.5 mg QD

↓ 41% hsCRP levels
↓ 16% IL-6 levels 30 days

Colchicine-PCI
(2020) [134] PCI

Subjects
referred for PCI
(ACS or CCS)

400
Colchicine

1.8 mg
pre-procedural

No significant effect on:
- PCI-related

myocardial injury
- 30-day MACE

(Death from any
cause, MI, revas-
cularization)

30 days

COPE-PCI
(2021) [135] PCI

Patients
undergoing PCI

(CCS or
NSTEMI)

196
Colchicine

1.5 mg
pre-procedural

↓ 41% Periprocedural
myocardial injury 24 hrs

COLCOT
(2019) [138] ACS

MI (treated
with PCI)

within 30 days
4745

Colchicine
0.5 mg BID
vs. placebo

↓ 23% MACE
↓ 84% Stroke
↓ 50% urgent
hospitalization for
angina leading to
coronary
revascularization
No significant effect on:
- Cardiovascular

death
- Resuscitated

cardiac arrest
- MI

19.5 months
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Table 2. Cont.

Trials Setting Key Inclusion
Criteria

No. of
Participants Treatment Main Results Follow Up

(Mean)

COPS
(2020) [139] ACS

ACS treated
with PCI or

optimal
medical
therapy

795

Colchicine
0.5 mg BID

for one month,
then

0.5 mg QD for
11 months vs.

placebo

↓ 84% Ischemia-driven
urgent
revascularization
↓ Death from any cause
(8 vs. 1 patients)
No significant effect on:
- MACE
- ACS
- Stroke (ischemic,

non-
cardioembolic)

12 months

COPS
(2021) [139] ACS

ACS treated
with PCI or

optimal
medical
therapy

795

Same as above,
no colchicine or

placebo from
months 13 to

24.

↓ 41% MACE
↓ 81% Ischemia-driven
urgent
revascularization
No significant effect on:
- Death from any

cause
- ACS
- Stroke (ischemic,

non-
cardioembolic)

24 months

LoDoCo
(2013) [141] CCS

CCS, clinically
stable for

>6 months
532

Colchicine
0.5 mg QD

vs. no
colchicine

↓ 67% MACE
↓ 67% ACS
No significant effect on:
- Cardiac arrest
- Stroke (ischemic,

non-
cardioembolic)

36 months

LoDoCo2
(2020) [142] CCS

CCS, clinically
stable for >6

months
5522

Colchicine
0.5 mg QD
vs. placebo

↓ 31% MACE
↓ 30% MI
(spontaneous,
nonprocedural)
↓ 25% ischemia-driven
coronary
revascularization
No significant effect on:
- Cardiovascular

death
- Stroke (ischemic)

28.6 months

Deftereos S,
et al.

(2013) [143]
ACS/CCS

Diabetic
patients

undergoing PCI
with BMS

196
Colchicine
0.5 mg BID
vs. placebo

↓ 62% Angiographic in
stent restenosis↓ 58%
IVUS in stent restenosis

6 months

↓: indicates reduction of measured outcome. ACS: Acute coronary syndrome; AUC: area under the curve;
BID: twice daily; BMS: bare-metal stent; CABG: coronary artery bypass grafting; CCS: chronic coronary syn-
drome; CCTA: coronary computed tomography angiography; CKMB: creatine kinase-MB; HF: heart failure;
hsCRP: high-sensitive C reactive protein; hsTnT: high-sensitive Troponin T; IVUS: intravascular ultrasound;
LV: left ventricle; MACE: Major adverse cardiovascular events, refers to the composite primary endpoint of each
study, including all the individual outcomes listed in the box.; MI: myocardial infarction; MRI: magnetic resonance
imaging; NSTEMI: non-ST-elevation MI; OMT: optimal medical therapy; PCI: percutaneous coronary intervention;
QD: once daily; STEMI: ST-elevation MI; UA: unstable angina.

9. Conclusions

The inflammatory component of atherosclerosis pathogenesis offers new avenues
through which novel therapies can be used and/or developed. Though around for decades,
only recently has colchicine been in the eye of scientists and clinicians looking for new
therapies for the management of coronary artery disease complications. The intracellular
effects of colchicine directly impact key cellular players of inflammation, resulting in
protective effects against atherosclerosis development (Figure 2). Translational research
and phase 2 and 3 clinical trials have predominantly shown a beneficial effect of colchicine
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by modulating many underlying processes related to athero-inflammation and resulting in
less clinical events. However, the net clinical effect upon mortality is still unclear and new
trials must address this issue to be able to finally introduce this long-waited drug into the
therapeutic toolkit to treat coronary artery disease.
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affect microtubule stability, impacting several intracellular processes including mitosis, phagocyto-
sis, and intracellular transport. It has also been reported that colchicine affects NLRP3 inflam-
masome activation, impacting inflammatory cytokines production, both directly and through its 
action on microtubules. These intracellular effects directly impact the inflammatory response of 
neutrophils, monocyte/macrophages, and blood vessels, which translates into several cardiovascu-
lar benefits. The overall effect on plaque stability and progression impacts the clinical manifestations 
of atherosclerosis, reducing the incidence of major adverse cardiovascular effects, suggesting that 
the addition of colchicine to the management of coronary artery disease might be beneficial. 
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Figure 2. Role of colchicine in coronary artery disease treatment. Colchicine has been described to
affect microtubule stability, impacting several intracellular processes including mitosis, phagocytosis,
and intracellular transport. It has also been reported that colchicine affects NLRP3 inflammasome
activation, impacting inflammatory cytokines production, both directly and through its action on
microtubules. These intracellular effects directly impact the inflammatory response of neutrophils,
monocyte/macrophages, and blood vessels, which translates into several cardiovascular benefits. The
overall effect on plaque stability and progression impacts the clinical manifestations of atherosclerosis,
reducing the incidence of major adverse cardiovascular effects, suggesting that the addition of
colchicine to the management of coronary artery disease might be beneficial.
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Abstract: Compelling evidence supports the causative link between increased levels of low-density
lipoprotein cholesterol (LDL-C) and atherosclerotic cardiovascular disease (CVD) development. For
that reason, the principal aim of primary and secondary cardiovascular prevention is to reach and
sustain recommended LDL-C goals. Although there is a considerable body of evidence that shows
that lowering LDL-C levels is directly associated with CVD risk reduction, recent data shows that the
majority of patients across Europe cannot achieve their LDL-C targets. In attempting to address this
matter, a new overarching concept of a lipid-lowering approach, comprising of even more intensive,
much earlier and longer intervention to reduce LDL-C level, was recently proposed for high-risk
patients. Another important concern is the residual risk for recurrent cardiovascular events despite
optimal LDL-C reduction, suggesting that novel lipid biomarkers should also be considered as
potential therapeutic targets. Among them, small dense LDL particles (sdLDL) seem to have the most
significant potential for therapeutic modulation. This paper discusses the potential of traditional and
emerging lipid-lowering approaches for cardiovascular prevention by targeting sdLDL particles.

Keywords: lipids; lipoproteins; small dense LDL; cholesterol; prevention; therapy

1. Introduction

The pathogenesis of atherosclerotic cardiovascular disease (CVD) involves the inter-
play of multiple pathophysiological processes, exposing a complex network of emerg-
ing risk factors and therapeutic targets. Nevertheless, elevated low-density lipoprotein-
cholesterol (LDL-C) has been recognized as one of the few risk factors with a fundamental
causative role in CVD [1]. However, today, it is widely accepted that routine quantification
of LDL-C level does not provide an insight into the quality of circulating LDL pool, which
is composed of a mixture of particles, differing in lipid content, density, size, electric charge,
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and potential proatherogenic properties [2]. Among them, the assessment of small dense
LDL (sdLDL) particles is of particular importance since it is established that they have the
greatest atherogenic potential [2]. Nevertheless, the complexity of techniques for measuring
sdLDL seems to be the major obstacle for wider application of this biomarker in clinical
practice [3]. Similarly, although statins remain a cornerstone of current lipid-lowering
therapy [1], a clear benefit of introducing innovative therapeutic approaches [4] and nu-
traceuticals [5] in the lipid management of high-risk patients should not be neglected.

Small dense LDL particles, being profoundly involved in atherosclerosis development,
are highly important as a target for modern pharmacological and non-pharmacological
therapy. In recent years, novel therapeutics with great potential for sdLDL reduction,
beyond of that achieved by traditional lipid-lowering medications, have been approved.
Furthermore, the results of intervention studies using nutraceuticals have pointed to several
prospective candidates with a favorable impact on these atherogenic particles. This paper
will review the effects of current and emerging therapeutic options for the modulation of
sdLDL particles.

2. Small Dense LDL and Cardiovascular Risk

One of the main clinically important consequences of plasma LDL heterogeneity is that
a considerable proportion of patients might develop CVD despite optimal LDL-C concen-
trations. This phenomenon is attributed to the differences in cholesterol content within LDL
particles among individuals exhibiting similar LDL-C levels [6]. Indeed, numerous studies
have confirmed that smaller LDL particle size, increased sdLDL proportion, and/or ele-
vated cholesterol concentration carried by sdLDL (sdLDL-C) are associated with the onset
of CVD, independently of LDL-C level [7–9]. These data clearly indicate the superiority of
LDL quality over LDL quantity in CVD risk prediction. Of note, it has been suggested that
electric charge can also affect the atherogenic properties of LDL. Namely, it has been demon-
strated that more electronegative LDL subfractions are present in a higher extent in the
plasma of hypercholesterolemic subjects [10]. Moreover, previous studies have shown that
these particles induce apoptosis and inhibit the differentiation of endothelial cells [10,11].
Recent evidence pointed toward the proatherogenic role of electronegative LDL, which is
accomplished through the promotion of inflammation, macrophage differentiation, and
triglyceride (TG) accumulation in lipid droplets [12]. However, as recently reviewed by
Rivas-Urbina et al. [13], a full spectrum of biological roles of electronegative LDL in various
pathological conditions remains to be elucidated. Interestingly, it has been shown that
the amount of electronegative LDL subfractions determined by capillary isotachophoresis
correlates negatively with LDL particle size, thus suggesting that electronegative LDL is
accumulated in the sdLDL fraction [14]. In addition, Zhang et al. [15] demonstrated that
rosuvastatin treatment significantly reduced the electronegative LDL contained in both
large and sdLDL, thereby implying another pleiotropic effect of statins. Bearing in mind
an obvious similarity in the biological effects of electronegative LDL and sdLDL particles,
the question of their association and potential synergistic activity during atherosclerosis
development deserves further investigation.

Insulin resistance is a well-studied metabolic alteration that serves as a driving force
for increased sdLDL formation. In brief, an insulin-resistant state favors production and
simultaneously delays catabolism of very-low density lipoprotein (VLDL), which results in
hypertriglyceridemia [16]. Further activation of cholesterol-ester transfer protein (CETP)
stimulates the exchange of triglycerides and cholesterol-esters (CE) between VLDL and
LDL particles. The cascade of events culminates through the hydrolysis of TG-rich LDL
particles by hepatic lipase, which converts them into sdLDL [17]. Of note, high-density
lipoproteins (HDL) also undergo similar modification, which ultimately leads to a reduction
in HDL-C level [3]. Therefore, insulin-resistant individuals are usually characterized by a
specific form of atherogenic dyslipidemia, comprising elevated TG, low HDL-C level, and
preponderance of sdLDL particles [18].

163



Pharmaceutics 2022, 14, 825

A crucial step in atherosclerotic plaque formation is cholesterol accumulation in
macrophages and their transition to lipid-rich foam cells in the arterial wall. SdLDL
particles are recognized as the main origin of deposited cholesterol in atherosclerotic
plaque. Compared to larger LDL subfractions, sdLDL particles possess considerably higher
atherogenic capacity due to delayed clearance from plasma and easier accumulation in
the subendothelial space [2]. In addition, sdLDL particles are more prone to structural
modifications, which further increase their proaterogenic properties. Adverse modifications
of sdLDL particles include oxidation, desialylation, glycation, and alterations of protein
components [19]. Clinically, the most important consequence of sdLDL accumulation in
plasma and subendothelial space is their subsequent transformation into oxidized LDL
particles (oxLDL). These particles have a central role in foam cell formation, but also possess
potent biological effects in terms of promoting endothelial dysfunction, inflammation,
oxidative stress, cell proliferation, and thrombosis, thereby further contributing to plaque
progression and destabilization [20]. Hence, several categories of patients with this specific
metabolic disorder, intimately associated with increased CVD risk, could benefit from
sdLDL measurement and therapeutic modulation (Figure 1).
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Figure 1. Therapeutic approaches for the reduction in sdLDL particles.

To summarize, screening for sdLDL should be advised to a wide range of high-
risk subjects including those with multiple risk factors, particularly metabolic syndrome,
patients with type 2 diabetes mellitus, but also patients who need secondary prevention, in
attempting to reduce the residual risk. Although lipid guidelines, as the framework for
CVD risk assessment, recommend standard lipid screening, advanced lipid testing might
identify individuals with hidden cardiovascular risk by assessing the alterations of a wide
range of lipid biomarkers. In this manner, assessment of LDL heterogeneity including
sdLDL or LDL particle number (LDL-P) can be achieved by employing ultracentrifugation,
gradient gel electrophoresis, HPLC, NMR, and ion mobility techniques [21]. Aside from
these sophisticated methods, homogeneous assays for cholesterol content within sdLDL
(sdLDL-C) have become available in routine laboratories, thus offering the possibility of a
personalized approach in CVD prevention as well as of therapeutic individualization.

3. The Effect of Novel Lipid-Lowering Therapies on sdLDL Particles

Currently, the effects of novel lipid-lowering therapies on sdLDL reduction have been
less explored, mainly because these medications were only recently approved. Therefore, this
section will discuss their potential beneficial effects on sdLDL, based on the pharmacological
mechanisms and available data gathered from observational studies and clinical trials.
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3.1. PCSK9-Targeted Therapies

Proprotein convertase subtilisin/kexin type 9 (PCSK9) is a serine protease that en-
hances the degradation of hepatic LDL receptors, thus abolishing the clearance of LDL
particles by the liver [22]. So far, two innovative approaches for targeting PCSK9 including
inhibition of its activity or synthesis have emerged as effective and safe interventions for
LDL-C lowering and cardiovascular prevention. In particular, two monoclonal anti-PCSK9
antibodies, evolocumab and alirocumab, are able to bind PCSK9 in plasma and antag-
onize its action while inclisiran, a small interfering ribonucleic acid (siRNA), prevents
the translation of PCSK9 mRNA [4]. Both strategies aim to re-establish cholesterol home-
ostasis by increasing the expression of LDL receptors, which will consequently promote
the clearance of LDL particles by the liver. Convincing data from the FOURIER [23] and
ODYSSEY OUTCOMES [24] trials demonstrated substantial LDL-C level reduction by
50% with evolocumab and alirocumab, respectively. At present, PCSK9 inhibitors are
recommended for patients with familial hypercholesterolemia and secondary prevention
of high-risk patients who fail to reach the LDL-target despite optimal treatment or those
intolerant to statins [4].

Regarding inclisiran, data from phase III trials (Orion 10 and 11) showed that LDL-C
level reduction of 50% can be achieved by two doses per year [25,26]. In late 2020, inclisiran
was authorized in the EU for the treatment of patients with primary hypercholesterolemia
and the secondary prevention for patients who require additional LDL-C lowering [27].
Toward the end of 2021, inclisiran was also approved by FDA.

Several observational studies have shown a positive correlation of plasma PCSK9 and
sdLDL levels in high-risk patients [28,29]. Thus, targeting PCSK9 might also be a promising
strategy to control the level of circulating sdLDL particles. Analysis of the data from
the DESCARTES trial showed that addition of evolocumab to statin therapy in patients
with hyperlipidema significantly reduced concentrations of TG-rich lipoproteins and both
large and small LDL particles [29]. Similarly, a post hoc analysis of phase II alirocumab
trials showed a significant reduction in cholesterol content in all atherogenic lipoproteins
including small dense LDL subclasses [30]. In addition, recent studies in patients with
familial hypercholesterolemia suggest that beneficial effects of PCSK9 inhibitor therapy
on sdLDL particles are associated with an improvement in endothelial function [31] and
carotid stiffness [32]. While exploring the potential benefit of PCSK9 targeting for sdLDL
reduction, one should not neglect that inclisiran is also efficient in reducing atherogenic
lipoproteins (i.e., non-HDL-cholesterol and Lp(a) levels) [26,33,34]. However, the effects on
sdLDL are yet to be determined.

3.2. Bempedoic Acid

An innovative approach of LDL-C lowering by bempedoic acid offers an additional
option for targeting sdLDL particles. Namely, bempedoic acid attenuates the activity of
ATP-citrate lyase (ACL), an enzyme responsible for the generation of acetyl-coenzyme A,
the central building unit for lipogenesis and steroidogenesis [35]. Since bempedoic acid
inhibits cholesterol synthesis at an earlier point than HMG-CoA reductase, it is useful as an
add-on therapy to statins and/or ezetimibe. By inhibiting cholesterol synthesis, bempedoic
acid causes the upregulation of hepatic LDL receptors and consequent clearance of LDL
particles, thus lowering plasma LDL-C levels alone by 15–25%, while in combination with
ezetimibe, more than 30% [36]. Bempedoic acid was authorized in the U.S. and the EU
for primary prevention of patients with heterozygous familial hypercholesterolemia and
for secondary prevention of CVD patients who require additional lowering of the LDL-C
level [37].

Data from clinical trials showed that the beneficial effects of bempedoic acid are also
reflected in the improvement in other lipid status parameters such as non-HDL-C and
apolipoprotein B (apo B), but also on the level of high-sensitivity C-reactive protein (hsCRP),
a marker of subclinical inflammation [38]. A meta-analysis of phase II and phase III trials
showed that bempedoic acid significantly reduced the LDL particle number (LDL-P), but
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had no effects on VLDL particle number and TG level [39]. It also has a beneficial effect on
serum glucose level by activating liver AMP-kinase [40]. Notably, in a recent analysis of
pooled data from phase III trials, the use of bempedoic acid was not associated with the
risk for diabetes onset or worsening metabolic control in patients with diabetes [41]. Hence,
bempedoic acid seems to be safe for insulin-resistant subjects. This specific category of
patients would also be expected to benefit the most from sdLDL reduction by bempedoic
acid, but this effect remains to be tested in the future.

3.3. Lomitapide

Lomitapide is a small molecule that binds and inhibits microsomal triglyceride transfer
protein (MTP) in the liver and intestine. Since MTP facilitates the transfer of TG, phos-
pholipids, and CE to apoB during the assembling processes of chylomicrons and VLDL
particles [42], inhibition of its activity reduces the levels of TG-rich lipoproteins in plasma.
One of the first MTP inhibitors, tested in the animal model of human homozygous familial
hypercholesterolemia, demonstrated a reduction in plasma apoB-containing lipoproteins
without alterations of liver enzymes [43]. However, since inhibition of MTP induced
accumulation of TG in hepatic and intestinal cells, further research was abandoned due
to the possible adverse effects [44]. Lomitapide was evaluated in a phase III study in
homozygous familial hypercholesterolemia patients with ongoing lipid-lowering therapy
and apheresis. It was found that LDL-C level decrease was dose-dependent and that most
patients achieved a LDL-C reduction of more than 50% [45]. The efficacy of lomitapide
was confirmed by the results of a long-term extension study [46] as well as by another
clinical study [47] and real-world data [48]. The treatment also reduced TG and non-HDL-C
levels [46]. However, high doses were associated with adverse effects such as steatorrhea,
gastrointestinal symptoms, or liver steatosis. At present, lomitapide has been approved
only for the management of homozygous familial hypercholesterolemia [49].

Despite beneficial effects on serum TG level, there is no convincing data to conclude
whether lomitapide could be considered for the management of atherogenic dyslipidemia.
Based on the data from a phase III clinical study, lomitapide treatment was associated with
a moderate decrease in HDL-C levels [45]. However, Yahya et al. [50] showed that such
a reduction in HDL-C was followed by the shift of the HDL subclass distribution toward
more extensive, more buoyant HDL 2 particles, without significant impact on cholesterol
efflux capacity (i.e., HDL functionality). Currently, no available data have demonstrated
the effects of lomitapide on the sdLDL particles. Observational data suggest that a common
polymorphism −492G/T within the promoter of the MTP gene is not associated with
variations in LDL size and subclass distribution [51]. However, these findings do not
exclude targeting of MTP as a potential strategy for the modulation of sdLDL, and the
potential effects of lomitapide need to be evaluated in further studies.

3.4. Evinacumab

Angiopoietin-like protein 3 (ANGPTL3) is a member of the ANGPTL family of proteins
with numerous functions in lipid metabolism, inflammation, glucose homeostasis, and
cancer [52]. ANGPTL3 primarily regulates lipid metabolism by modulating the availability
of TG for adipose, heart, and skeletal muscles throughout the inhibition of lipoprotein
(LPL) and endothelial lipase (EL) [53]. The deficiency of ANGPTL3 enhances the clearance
of TG-rich lipoproteins and carriers of ANGPTL3 mutations have lower plasma TG, LDL-
C and HDL-C levels, and reduced CVD risk [54]. Thus, ANGPTL3 is recognized as an
emerging therapeutic target for dyslipidemia.

Evinacumab is a fully human monoclonal antibody directed against ANGPTL3. It
binds the N-terminal domain of ANGPTL3 and abolishes the inhibition of LPL and EL [55].
Evinacumab demonstrated a dose-dependent reduction in LDL-C, TG, non-HDL-C, HDL-C,
total cholesterol, apoB, and Lp(a) levels in a randomized, double-blind, placebo-controlled
trial including subjects with moderately elevated LDL-C levels [56]. In the phase III ELIPSE
HoFH study, evinacumab administration was associated with a reduction in LDL-C and
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TG levels by 49% and 50%, respectively [57]. A proof-of-concept study showed that the ad-
dition of evinacumab to standard lipid-lowering therapy of familial hypercholesterolemia
further reduced LDL-C levels [58]. The effect on LDL-C level reduction is likely to be
mediated by an increased catabolic rate of apoB within the LDL particles and their pre-
cursors [59]. Evinacumab has been authorized for the treatment of homozygous familial
hypercholesterolemia by FDA and EMA since 2021 [60].

Recent studies in apparently healthy subjects [61] and patients with diabetes [62] have
reported a positive association between increased plasma ANGPTL3 and sdLDL particles.
These findings suggest possible beneficial effects of ANGPTL3 inhibition on sdLDL, which
should be verified in the future. Aside from evinacumab, two additional approaches
for the silencing of ANGPTL3 synthesis by antisense oligonucleotides (ANGPTL3-RLX)
and siRNA (ARO-ANG3) are currently being investigated in clinical trials. Furthermore,
Fukami et al. [63] recently developed a peptide vaccine for the targeting of ANGPTL3 and
demonstrated a reduction in sdLDL-C level in a preclinical study, offering a promising new
approach to the treatment of atherogenic dyslipidemia.

4. The Effect of Nutraceuticals on sdLDL Particles

Dietary supplements and functional food are recommended for lowering LDL-C con-
centrations in individuals with high cholesterol concentrations and intermediate or low
cardiovascular risk who are not candidates for pharmacotherapy as well as in patients with
high and very high cardiovascular risk but with inadequate response to pharmacother-
apy [1]. The LDL-C lowering effects of nutraceuticals rise from their capability to modulate
basic processes of exogenous cholesterol absorption, endogenous cholesterol synthesis,
its metabolism, and elimination (Figure 1). By affecting these and several other processes
within lipoprotein metabolism, nutraceuticals can also modulate sdLDL particles. However,
scientific research still needs to fully confirm clinical evidence of the nutraceuticals’ efficacy
and evaluate its safety and tolerability.

4.1. Phytosterols

Primary food sources of phytosterols are vegetable oil, vegetable margarine, cereal
products, vegetables, nuts, and legumes. Dominant phytosterols from food are β-sitosterol,
campesterol, stigmasterol, and campestanol [64]. Approximate daily intake is between
250 mg/day in Northern Europe to 500 mg/day in Mediterranean countries [1]. Phytos-
terols directly compete with exogenous intestinal cholesterol for the Neimann-Pick C1-Like
1 (NPC1L1) transporter on enterocytes and thus reduce cholesterol absorption. A compen-
satory increase in hepatic LDL receptor expression follows diminished intestinal cholesterol
uptake, which altogether results in a decrease in plasma LDL-C concentration [65]. Daily
intake of 2 g of phytosterols can decrease the total cholesterol (TC) and LDL-C levels up
to 10%, with little or no effects on HDL-C and TG concentrations [1,66]. Regarding the
qualitative and quantitative characteristics of LDL particles, the results of previous studies
showed that intake of phytosterols has positive effects [67,68]. In patients with metabolic
syndrome, two months of supplementation with four g/day of phytosterols resulted in
reduced TC, LDL-C, and sdLDL-C levels [69]. Furthermore, the results of Garoufi et al. [70]
showed that daily consumption of 2 g of plant sterols decreased sdLDL-C levels in chil-
dren with hypercholesterolemia. On the other hand, 12 weeks of supplementation with
2.6 g/day of phytosterol esters showed no effects on the proportion of LDL subclasses and
mean LDL diameter in hypercholesterolemic adults who were not taking lipid-lowering
therapy [70]. Nevertheless, recent scientific findings support the view that adequate daily
phytosterol supplementation can lower cardiovascular risk in hypercholesterolemic indi-
viduals by reducing sdLDL particles [1]. Current European recommendations endorse
a supplementation with more than two g/day of phytosterols in hypercholesterolemic
individuals with low or intermediate cardiovascular risk and adults and children with
familial hypercholesterolemia [1]. Daily phytosterol intake is also recommended for high-
and very high-risk patients who fail to achieve recommended LDL-C goals with statin
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therapy [1]. Possible adverse effects of phytosterol supplementation are related to potential
lower intestinal absorption of fat-soluble vitamins [71]. Notably, these nutraceuticals are
not recommended for individuals with sitosterolemia, a metabolic disorder resulting from
a mutation in genes that encode ABCG5/G8 transporters and subsequent retention of
phytosterols [72].

4.2. Dietary Fiber

Dietary fiber, soluble and non-soluble, mainly found in vegetables, fruits, grains, and
legumes, are nutraceuticals resistant to digestion in the small intestine with beneficial
effects on cholesterol metabolism. The mechanisms of action of dietary fiber (pectin, β-
glucans, psyllium) with respect to cholesterol metabolism are not completely resolved, but
their main effect is attributed to the ability to boost the excretion of bile acids and fecal
cholesterol [73,74]. In this way, dietary fiber indirectly modifies LDL receptor expression
and enhances the clearance of LDL particles [75]. A systematic review and meta-analysis
of randomized controlled trials showed that daily intake of approximately 3.5 g of β-
glucan significantly reduced LDL-C concentration [76]. Shrestha et al. [77] showed that
daily intake of a combination of psyllium and phytosterols reduced LDL-C concentration,
but also reduced the medium and small LDL particles and increased LDL size. Current
ESC/EAS guidelines recommend a daily intake of 3 to 10 g of dietary fiber to achieve a
relevant reduction of 3–5% in LDL-C concentration [1].

4.3. Monacolin K

Being the main source of LDL-C in plasma, liver cholesterol synthesis also affects the
amount of every LDL subclass. However, in contrast to the well-studied beneficial effects of
pharmacological agents HMG-CoA reductase inhibitors on the size and distribution of LDL
subclasses, only scarce evidence is available regarding natural products with similar activ-
ity. Red yeast rice’s major bioactive constituent monacolin K, also known as lovastatin, is
renowned for its beneficial hypolipemic effects [78]. To the best of our knowledge, no stud-
ies have analyzed the effects of isolated monacolin K on sdLDL particles. However, a recent
study of Galletti et al. [79] revealed a significant increase in LDL particle size in patients
with metabolic syndrome after 24-week treatment with a combination of lipid-lowering
nutraceuticals containing monacolin K, berberine, and policosanol. Administration of the
same nutraceuticals reportedly caused a reduction in the relative proportion of sdLDL
particles in a group of 30 patients with familial combined hyperlipidemia [80]. However, it
should be appreciated that other components of the mentioned nutraceutical combination
also exhibit hypocholesterolemic effects. Specifically, policosanol, a long-chained alcohol
derived from various fruits, nuts, sugarcane etc., also acts as an inhibitor of cholesterol
synthesis as well as a stimulator of LDL uptake and cholesterol excretion [81]. Similarly,
berberine can enhance LDL uptake by upregulation of LDL receptors and inhibition of
PCSK9 [82,83]. Therefore, it remains to be established how these nutraceuticals separately
affect plasma sdLDL and whether they act synergistically when combined. Regarding the
safety of the supplementation, monacolin K adverse effects mostly arise from its analogy
with statins; possible rhabdomyolysis is the major concern. However, available evidence
suggests that administration of 3–10 mg/day of monacolin K has minimal side effects, so it
is generally considered safe [84].

4.4. Polyphenols

Flavonoids are among the best-studied polyphenols in terms of hypolipemic activity.
However, their precise effects on the redistribution of lipoprotein particles are largely
unexplored. However, there is evidence of the specific influence of several flavonoids on
sdLDL particles. For example, it has been demonstrated that citrus flavonoids such as
naringin and hesperidin exhibit lipid-lowering effects by inhibiting HMG-CoA reductase
and acyl-CoA:cholesterol O-acyltransferase (ACAT) activities in rats [85]. Likewise, berg-
amot (Citrus bergamia) flavonoids reportedly possess statin-like effects [5]. It has also been
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shown that the administration of bergamot flavonoid extract (neoeriocitrin, neohesperidin
and naringin) for six months resulted in a significant increase in large, alongside a concomi-
tant decrease in small LDL subclass proportions, in subjects with hypercholesterolemia [86].
Similar results were reported for the soluble derivative of hesperidin, which is an abundant
flavonoid in citrus fruit peel. Namely, it was demonstrated that the 24-week long admin-
istration of 500 mg/day of glucosyl-hesperidin to hypertriglyceridemic patients caused
an increase in LDL particle size [87]. Furthermore, in general, citrus flavonoids have a
good safety profile and minimal side effects [88], so they could be promising agents in
ameliorating LDL subclass distribution, and can ultimately be used for the prevention and
treatment of cardiovascular disease [88].

Soy isoflavones such as genistein are capable of the downregulation of HMG-CoA
activity [89]. Accordingly, a meta-analysis showed that soy isoflavones significantly re-
duce TC and LDL-C concentrations [90]. In contrast, any beneficial influence of isolated
soy isoflavone administration on sdLDL particles was not proven in postmenopausal
women [91]. It should also be appreciated that several concerns were raised concerning the
safety of soy isoflavones. Namely, due to their estrogen-like effects, it is necessary to clarify
whether using these compounds could be associated with an increased risk for specific
types of cancer [92].

Other polyphenols also affect cholesterol synthesis. It has been shown that curcumi-
noids, bioactive polyphenolic compounds of turmeric (Curcuma longa), cause a decrease in
the enzymatic activity of HMG-CoA reductase, among other effects [93,94]. Although the
impact of curcuminoids on serum lipid profile has been confirmed [95], Moohebati et al. [96]
reported that short-term (four weeks) supplementation with 1 g/day of curcuminoids did
not provide any changes in sdLDL-C. Similarly, Panahi et al. [97] found no differences in
sdLDL-C after eight weeks of prolonged curcuminoid supplementation in patients with
metabolic syndrome.

4.5. Omega-3 Long-Chain Polyunsaturated Fatty Acids

It has long been documented that omega-3 long-chain polyunsaturated fatty acids (n-3
LCPUFA) can significantly modulate the lipid profile, mainly by reducing TG levels [5]. The
two most intensively studied n-3 LCPUFA, relevant to human health are eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA). Many previous studies have explored the
influence of n-3 LCPUFA administration on sdLDL. Bearing in mind the contribution of
hypertriglyceridemia in sdLDL genesis, it was reasonable to assume that n-3 LCPUFA, by
their TG-lowering activity, can indirectly affect sdLDL particles. Indeed, it has been shown
that DHA supplementation (3 g/day) for 90 days improved LDL subclass distribution in
both fasting and postprandial plasma of patients with hypertriglyceridemia [98]. Similar
results were obtained after six week long administration of 1.52 g/day of DHA in subjects
with decreased HDL-C [99]. Regarding EPA, Satoh et al. [100] demonstrated that purified
EPA (1.8 g/day for three months) provoked a decrease in the proportion of sdLDL-C and
sdLDL particles as well as in CETP activity. Moreover, a recent in vitro study showed that
EPA is highly potent in preventing the oxidation of sdLDL [101].

The combined effects of EPA and DHA have been examined in various clinical studies.
Thus, it has been shown that the concentration of large LDL particles increased and the
concentration of sdLDL decreased in type 2 diabetes patients after 12 weeks of supple-
mentation with 4 g/day of n-3 LCPUFA, in parallel with their standard treatment [102].
Similarly, as reported by Agouridis et al. [103], combined therapy of low-dose rosuvastatin
and n-3 LCPUFA (2 g/day) was equally effective in raising LDL particle size, along with
high-dose rosuvastatin in patients with mixed dyslipidemia and metabolic syndrome. Con-
sidering the significant side effects of high-dose statins, these results might be of interest
for the individualization of hypolipemic therapy in subjects with an inadequate response
to statins. In addition, a recent randomized, open-label phase 4 study demonstrated that
8-week treatment with n-3 LCPUFA (2 g/twice-daily) in combination with statins yielded
a significant increase in LDL particle size in dyslipidemic patients [104]. Interestingly,
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3-month administration of 1.7 g/day of n-3 LCPUFA did not cause any changes in sdLDL
percentage in patients with end-stage renal disease [105].

Other n-3 PUFAs might also be of interest regarding their putative effects on athero-
genic dyslipidemia. Kawakami et al. [106] demonstrated that 12-week supplementation
with flaxseed oil, as an abundant source of alpha-linolenic acid (ALA), is associated with a
significant decrease in sdLDL-C concentration in healthy adult Japanese men. In contrast,
Wilkinson et al. [107] demonstrated that 12-week dietary intake of flaxseed oil did not cause
significant changes in LDL subclass distribution when compared to the supplementation
with fish oil in healthy male adults. Interestingly, Tuccinardi et al. [108] demonstrated that
walnut consumption decreased the concentration of sdLDL particles in obese individuals.
Walnuts (Juglans regia) are rich in polyphenols and fiber, but especially in ALA. However,
it should be noted that sample size in the majority of these studies was rather small, so
larger studies are needed, either to confirm or to rule out any contribution of ALA to the
amelioration of LDL subfraction profile.

A meta-analysis of 21 randomized controlled trials [109] has shown that n-3 LCPUFA
containing products are well tolerated, although several side effects are present including
fishy taste, dermatological and gastrointestinal problems as well as alterations of biochemi-
cal parameters. However, these adverse effects were mild in general. Recently, it has been
suggested that the genetic background might be responsible for individual susceptibility
to adverse reactions after supplementation with n-3 LCPUFA [110] and this could have
important consequences in terms of an individualized approach during the administration
of these nutraceuticals.

4.6. Other Nutriceuticals

Prickly pear (Opuntia ficus indica) is a plant from the Cactaceae family that is distributed
worldwide including in the Americas, Africa, Australia, and the Mediterranean. The
prickly pear pulp, peel, seeds, and cladodes are rich in PUFA, phytosterols, and phenolic
compounds, and this plant is traditionally recognized by its beneficial health effects [111].
It has been shown that a 4-week regular intake of pasta containing Opuntia ficus extract
decreased the percentage of sdLDL particles in subjects with at least one criterion for
metabolic syndrome fulfilled [112]. These findings advocate for a wider use of prickly pear
as part of a nutraceutical approach to dyslipidemia.

Oolong tea is a moderately fermented extract of the leaves of Camellia sinensis, which
is a mixture of polyphenolic compounds, catechins, and their polymeric derivatives
theaflavins and arubigins [113]. The main oolong tea antiatherogenic effect is most likely
a reduction in TC and LDL-C concentrations. Proposed mechanisms of action involve
the polyphenols’ antioxidative properties, activation of the AMPK signaling pathway, in-
hibition of HMG-CoA reductase, interaction with cholesterol absorption, and inhibition
of bile acid reabsorption [114,115]. In addition, Shimada et al. [116] showed that oolong
tea consumption affected the atherosclerosis progression in patients with coronary artery
disease by improving the lipid profile and slightly increasing the LDL particle size.

It has been found that biologically active soy proteins and peptides could be involved
in the regulation of LDL receptor activity [117], reduction in intestinal cholesterol ab-
sorption [118], cholesterol biosynthesis rate, and increase in bile salt fecal excretion [119].
Clinical evidence for these effects of soy proteins has been recently published in a meta-
analysis of 46 studies [120]. The authors concluded that soy proteins significantly reduced
TC and LDL-C concentrations in adults and supported plant protein dietary intake [120].
Furthermore, Desroches et al. [121] showed that soy protein consumption shifted LDL
particle distribution toward a less atherogenic pattern in hypercholesterolemic individuals
older than 50 years.

Although not nutraceuticals in strict terms, probiotics can modify the gut micro-
biome, thereby altering the bioavailability of dietary compounds and affecting the entire
energy metabolism. For these reasons, the impact of probiotics and the gut microbiome on
metabolic changes associated with obesity has been the focus of contemporary research.
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Several mechanisms have been proposed to explain the hypocholesterolemic effects of
probiotics: decreased absorption of intestinal cholesterol through its precipitation with
deconjugated bile salts; assimilation of cholesterol by microbial cells; its metabolic transfor-
mation to coprostanol; or decreased expression of cholesterol transporter in the enterocyte
membrane [122]. In line with this, the beneficial effects of probiotics on LDL-C have been
reported [123,124], although not in all studies [125]. A recent study by Michael et al. [126] an-
alyzed the influence of lactobacilli and bifidobacteria supplementation (50 billion CFU/day)
for six months in overweight and obese individuals. Apart from a significant decrease
in body weight, hypercholesterolemic patients also experienced a reduction in sdLDL-C
following supplementation, which is an interesting finding that should be further explored.
The use of probiotics is generally considered safe, but one should not neglect that adverse
effects have been reported in vulnerable populations (e.g., infants, immunocompromised
patients) [127]. Thus, further investigations are needed to fully evaluate the possible
benefits of probiotics in controlling lipid profile abnormalities.

5. Conclusions

Even though sdLDL has been long recognized as an essential feature of atherosclerosis
development, it is still neither a part of the routine assessment of CVD risk, nor a specific
therapeutic target. At present, commercially available electrophoretic systems such as
Lipoprint represent the most reliable routinely applicable method for the assessment of
sdLDL levels [2]. In addition to sdLDL, this method provides an insight into the entire
spectrum of LDL subclasses in plasma and is more economical than other methodolo-
gies [2]. Regarding the measurement of sdLDL alone, automated homogenous enzymatic
assays for sdLDL-C concentration determination are the most readily available for medical
laboratories, and therefore could be recommended as an optimal and feasible methodology
for assessing sdLDL in clinical practice. Numerous investigations have demonstrated that
both conventional pharmacological treatment and novel therapeutic approaches designed
to affect specific aspects of lipid metabolism also target sdLDL particles. In addition, there
is a plethora of evidence that nutraceuticals, besides their confirmed effects on LDL-C,
can also modify a qualitative aspect of these particles. However, additional large-scale
clinical trials are needed to fully evaluate the capabilities of various pharmacological and
non-pharmacological approaches to improve LDL quality by reducing the sdLDL content.

Bearing in mind that genetic factors have recently been shown to contribute to the
effectiveness of pharmaceutical approaches by targeting LDL, these factors should also be
considered in the context of effective cardiovascular prevention. Namely, it is now firmly es-
tablished that numerous genetic variants may cause inter-individual variations in response
to lipid-lowering therapy [128]. So far, ample evidence is available confirming the associa-
tion between the efficacy of statin therapy and certain single nucleotide polymorphisms
of the genes encoding proteins that participate in cholesterol synthesis and removal from
plasma such as HMG-CoA reductase, LDL-receptor, and PCSK9, but also apolipoprotein
E. Investigators of the Prospective Study of Pravastatin in the Elderly at Risk (PROSPER)
reported that polymorphism in the 3′-untranslated region (UTR) of the LDL-receptor gene
contributed to different therapeutic response to pravastatin [129], while researchers of the
Cholesterol and Pharmacogenetics (CAP) trial showed that a common haplotype within
3′-UTR of the LDL-receptor gene is associated with reduced response to simvastatin [130].
In the same study, the presence of both LDL-receptor and HMG-CoA reductase gene
polymorphisms was associated with an additionally attenuated lipid-lowering effect of
simvastatin [130]. The results of the Justification for the Use of Statins in Prevention: an
Intervention Trial Evaluating Rosuvastatin (JUPITER) trial suggested that certain genetic
variants of PCSK9 are also able to modulate response to statin therapy [131]. In line with the
previous, Feng et al. [132] recently demonstrated a more favorable response to statins in the
carriers of loss-of-function variants of the PCSK9 gene. Regarding apolipoprotein E gene
polymorphism, it was shown that the carriers of ε2 allele have more favorable response
to atorvastatin [133], in contrast to the carriers of the ε4 allele [134]. Genetic variations of
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PCSK9 have also been proposed to affect the response to PCSK9 inhibitor therapy observed
in clinical trials [135], but currently there is no available data to confirm this assumption.
Overall, genetic testing could be useful for the identification of high-risk patients that
cannot achieve therapeutic LDL-C goals. According to available evidence, the presence
of mutations responsible for severe defects in the LDL-receptor and/or gain-of-function
mutations of the PCSK9 gene might suggest an unsatisfactory response to statin therapy.
Given the fact that the latest guidelines recommend the addition of emerging lipid-lowering
agents to statin therapy in patients requiring further LDL-C lowering, pharmacogenomic
studies with combined therapy are highly welcomed. These data would hopefully pave
the way for a personalized approach toward more efficient targeting of sdLDL.
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Abstract: Low-dose aspirin represents the best option in the secondary prevention of coronary artery
disease, but its extensive use in primary prevention is limited by the occurrence of gastric mucosal
lesions and increased risk of bleeding. We investigated the safety profile of a novel sublingual
aspirin formulation in 200 healthy volunteers, randomly assigned to ten (n = 20 each) different 7-day
once-daily treatment regimens. Gastric mucosal injury based on the modified Lanza score (MLS), the
histopathology of gastric mucosa and the serum determination of thromboxane B2 (TXB2) and urinary
11-dehydro-TXB2 levels were evaluated at basal as well as after 7 days of each placebo or aspirin
treatment regimen. In Groups A and B (placebo—oral and sublingual, respectively), no changes in
MLS and in gastric mucosal micro-vessel diameter were found at day 7. In contrast, in Groups C
and D (oral standard aspirin—100 and 50 mg daily, respectively), the median MLS was significantly
increased. Very few changes were found in Groups E and F (standard sublingual aspirin—100 and
50 mg, respectively). Groups G and H (oral administration of micronized collagen-cogrinded aspirin)
showed gastric protection compared to Groups C and D. Moreover, Groups I and L (sublingual
collagen-cogrinded aspirin—100 and 50 mg, respectively) showed a significant reduction (Group I)
or total abolition (Group L) of gastric mucosal lesions and no difference compared to the standard
one in serum TXB2 and urinary 11-dehydro-TXB2 levels. In conclusion, our data show that the
new formulation leads to a better safety profile compared to standard aspirin, representing a better
therapeutic option for extended use in primary and secondary prevention of cardiovascular diseases.

Keywords: aspirin; coronary artery disease prevention; gastric protection; micronization; colla-
gen cogrinding

1. Introduction

Aspirin is the most successful drug in history. It was discovered over a hundred
years ago, and, now, one billion tablets are consumed every year worldwide. In particular,
evidence has been collected showing that low-dose aspirin may play a crucial role in the
secondary prevention of both cardiovascular and cerebrovascular diseases [1–3]. Moreover,
due to its direct, as well as indirect, damaging effect on gastric mucosa, the occurrence of
aspirin-related peptic ulcers is increasing [4–6], and upper intestine bleeding still represents
a major issue in patients chronically using aspirin.
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The effect of aspirin has been assessed in the last forty years. In particular, it is known
that aspirin inhibits cyclooxygenase-1 (COX-1) in platelets, leading to a reduction in platelet
thromboxane A2 (TXA2) and the subsequent inhibition of platelet adhesion and aggregation,
which are major steps that contribute to preventing cardiovascular complications [6,7].
However, the activity of aspirin is accompanied by a reduction in the protective activity
exerted by the biosynthesis of gastric mucosal prostaglandin E2 (PGE2), an effect that
increases the risk of gastric lesions and bleeding [8]. However, the inhibition of COX-1
as a result of taking aspirin is accompanied by the enhanced production of another class
of COX-related products, namely, leukotrienes, mostly leukotriene B4, which leads to
vasoconstriction and inflammation in gastric tissues, an effect associated with aspirin-
induced gastric injury [9]. Finally, direct gastric mucosal lesion has been found to occur in
patients undergoing long-term low-dose aspirin treatment, mostly due to its direct entry
into gastric mucosal cells via non-ionic mechanisms, an effect associated with the back
diffusion of hydrogen ions into mucosal cells [10].

The occurrence of damage of the gastric mucosa and the bleeding found in patients
undergoing chronic oral treatment with low-dose aspirin have recently been confirmed
in the ASCEND study [11], which elucidated that gastric injury counteracts the benefit
derived from a more extended use of low-dose aspirin in the primary prevention in patients
with diabetes, though further studies are required in this area. This, however, represents the
basis for assessing therapeutic strategies aimed at combining gastro-protective drugs with
aspirin in order to attenuate its potential damaging effect at the gastric level [11,12]. In fact,
the use of protonic pump inhibitors (PPIs), as well as H2 histamine receptor antagonists,
has been proven to be effective in protecting the gastric mucosa in patients undergoing
low-dose aspirin treatment; this strategy, however, is associated with an increase in sanitary
cost and is drug metabolism dependent [13,14]. Moreover, the use of aspirin formulations,
in which the drug is combined with compounds that increase gastric pH, is associated
with impaired aspirin absorption, as its entry into the cells is influenced by changes in its
solubility, which decreases at higher pH levels [15–17]. Thus, the development of a better
aspirin formulation still represents a challenge for researchers working in this area.

Recently, we developed and tested a new aspirin formulation based on an original
process, which includes micronization and cogrinding with collagen of its crystalline form,
thereby achieving a better drug absorption associated with significant protection of gastric
mucosa [18].

In particular, both oral and sublingual administration of the novel aspirin formulation
showed an early occurrence of serum concentration peak response compared to the stan-
dard crystalline drug formulation. This effect was associated with a decrease in both TXB2
serum concentration (the metabolite of platelet TXA2) and urinary 6-keto-PGF1α, which
represents another reliable bio-marker of aspirin efficacy at the COX level [18].

Finally, experiments in rats have been performed in order to verify the attenuated
impact of the novel aspirin formulation on the gastric mucosa. In particular, aspirin,
either standard or collagen-cogrinded aspirin, at doses previously proven to produce
gastric lesions, was given orally to rats to compare their damaging effects. Under these
experimental conditions, we found that the severity of the aspirin-induced ulceration
of the gastric mucosa was reduced when aspirin was cogrinded with collagen, an effect
confirmed by histopathological studies [18]. Thus, the novel aspirin formulation seems to
possess non-inferiority efficacy compared to standard aspirin and a better safety profile as
evaluated in the experimental models of aspirin-related gastric damage.

The present randomized, double-blind, placebo-controlled study was performed in
healthy volunteers in order to assess the safety profile of the novel formulation based on
micronization and the cogrinding of aspirin with collagen.
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2. Materials and Methods
2.1. Materials

Type I bovine collagen hydrolysate was purchased from LapiGelatin (Pistoia, Italy).
Aspirin (acetylsalicylic acid), maltodextrin, microcrystalline cellulose, sodium carboxy-
methyl starch, sucralose and magnesium stearate were purchased from Sigma-Aldrich
(Milan, Italy).

2.2. Preparation of Aspirin Formulations

A mixture of hydrolyzed bovine collagen and crystalline aspirin was micronized and
cogrinded in a ratio of 1 to 1 by means of a pin rotor mortar, which leads to microniza-
tion of powder particles at <40 µm (Pulverisette 14, Fisher, Idar Oberstein, Germany).
Optical microscopy showed, after 20 min, the disappearance of micro-crystals of aspirin,
replaced by amorphous particles surrounded by collagen. The amorphization of aspirin
was confirmed by means of differential scanning calorimetry (DSC), performed with Perkin
Elmer apparatus DSC7 and calibrated with Indium. The samples were examined with a
scanning speed of 5.0 C/min. Granular aspirin was tested, highlighting the melting peak
in the range of 133.9–136.8, which characterizes the crystalline building. In contrast, when
evaluating aspirin micronized and cogrinded with bovine collagen hydrolysate via DSC,
the melting peak between 135 ◦C and 138 ◦C disappeared. The aspirin amorphization after
cogrinding with collagen was also confirmed by Raman microspectroscopy, as previously
described [18].

In the second step, standard crystalline aspirin and aspirin micronized and cogrinded
with collagen powders were used to obtain oral and sublingual formulations (tablets) by
means of mechanical compression (Ronchi, Italy) under good manufacturing procedure
(GMP-Institute of Research for Food Safety & Health, University of Catanzaro, Catanzaro,
Italy) conditions. Microcrystalline cellulose, sodium carboxy-methyl starch, sucralose
and magnesium stearate were thus used as excipients. When required, maltodextrin was
used to obtain a homogeneous final weight for each tablet, as well as in the formulations
for placebo. Placebo was obtained by substitution of aspirin and/or collagen in tablets
with maltodextrin.

2.3. Study Design

A randomized, double-blind, placebo-controlled study was performed to evaluate the
effect of oral, as well as sublingual, standard aspirin and micronized and collagen-cogrinded
aspirin on gastric mucosal lesions and on serum TXB2 and 11-dehydro-TXB2 urinary levels.
The study was carried out in 200 healthy volunteers, and data were compared with a
placebo-treated group. The study complied with the principles of the Good Clinical
Practice International Conference on Harmonization rules, was performed according to the
CONSORT Statement and its checklist (http://www.consort-statement.org/, accessed on
9 January 2022; see Supplementary Materials) and was approved by the Regional Ethics
Committee (extension study of EudraCT N. 2013-002980-24, 1 July 2013). Each study
participant provided written informed consent. Inclusion and exclusion criteria are listed
in the Supplementary Materials.

A total of 200 healthy volunteers were randomized using computerized random
number generation by an independent investigator (CIRM, Milan, Italy) on a double-blind
basis and randomly assigned to 10 groups (20 subjects each) according to the type and dose
of aspirin or placebo (Table 1 summarizes subjects’ demographics). In particular, healthy
volunteers received 7-day, once-daily treatment regimens: Groups A and B received oral
and sublingual placebo, respectively; Groups C and D received standard oral aspirin of
100 mg or 50 mg, respectively; Groups E and F received sublingual aspirin of 100 mg or
50 mg, respectively; Groups G and H received oral micronized and collagen-cogrinded
aspirin of 100 mg or 50 mg, respectively; and, finally, Groups I and L received sublingual
micronized and collagen-cogrinded aspirin of 100 mg or 50 mg, respectively. On day 7,
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healthy volunteers entering the study received two low-fat meals (lunch and dinner at 12
and 18 h, respectively). Only mineral water was allowed.

Table 1. Demographics of healthy volunteers enrolled in the study. Values are expressed as mean ± SD.

Group N. Age
(Years)

Gender
(Male/Female)

Body Weight
(Kg)

Body Mass
Index (Kg/m2) Smoking Concomitant

Treatment

A—placebo oral 20 32 ± 6 10 M and 10 F 68 ± 8 23 ± 2 0 0

B—placebo sublingual 20 35 ± 4 10 M and 10 F 66 ± 7 25 ± 4 0 0

C—oral standard
aspirin 100 mg 20 34 ± 4 9 M and 11 F 66 ± 6 24 ± 4 0 0

D—oral standard
aspirin 50 mg 20 34 ± 5 11 M and 9 F 68 ± 7 23 ± 5 0 0

E—sublingual
standard aspirin 100 mg 20 34 ± 5 11 M and 9 F 65 ± 8 23 ± 3 0 0

F—sublingual
standard aspirin 50 mg 20 35 ± 5 9 M and 11 F 68 ± 8 24 ± 3 0 0

G—oral micronized
collagen-cogrinded

aspirin 100 mg
20 33 ± 4 10 M and 10 F 67 ± 6 24 ± 4 0 0

H—oral micronized
collagen-cogrinded

aspirin 50 mg
20 34 ± 5 11 M and 9 F 66 ± 6 25 ± 3 0 0

I—sublingual
micronized

collagen-cogrinded
aspirin 100 mg

20 35 ± 4 10 M and 10 F 66 ± 8 25 ± 4 0 0

L—sublingual
micronized

collagen-cogrinded
aspirin 50 mg

20 34 ± 4 9 M and 11 F 68 ± 8 23 ± 5 0 0

Gastroscopy and blood and urine sample collection for analytical tests were performed
in fasted volunteers on days 1 and 7 alongside the administration of the first and last doses
of the drugs or the placebo. All of the procedures required the supervision of an investigator,
who also instructed the healthy volunteers on the correct procedures for taking the aspirin
or placebo at their home. A pill count was performed on day 7 in order to verify the
compliance and adherence of subjects to the assigned treatment, which was 100%. This
was also confirmed by contacting healthy volunteers by telephone on days 2–6. All subjects
were instructed to not eat any meal for at least 6 h after taking the aspirin or placebo.
Finally, drinking water was not allowed for at least 1 h before and after taking the aspirin
or placebo.

Before administration of aspirin formulations or placebo and after the sixth dose, all
subjects performed a 24 h urine collection in order to study the effect of aspirin on urinary
levels of 11-dehydro-TXB2 (by means of ELISA immunoassay; BioRad, Milan, Italy).

Plasma TXB2 and urinary 11-dehydro-TXB2 were validated for precision and accuracy
according to EMA guidelines. The mean serum levels of TXB2 and urinary 11-dehydro-
TXB2 in healthy volunteers were 306 ± 45 ng/mL and 465 ± 58 pg/mg creatinine, re-
spectively. Changes in these parameters were assumed to calculate the % response after
aspirin treatment.

2.4. Endoscopy and Collection of Gastric Mucosal Samples for Histopathology

Gastroduodenal endoscopy was performed in healthy volunteers enrolled in the
study after they fasted overnight, with an Olympus GIF-XQ 240 flexible gastroscope
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(Olympus Corporation, Tokyo, Japan). A blinded endoscopist collected the pictures and
video sequences necessary for assessing the status of gastric mucosa during gastroscopy
in both placebo- and aspirin-treated patients. The extent of gastric lesions was scored
via the so-called modified Lanza score (MLS) system (Grade 0 = no erosion/hemorrhage,
Grade 1 = 1–2 lesions of erosion and/or hemorrhage found in one area of the stomach,
Grade 2 = 3–5 lesions of erosion and/or hemorrhage localized in one area of the stomach,
Grade 3 = 6–9 lesions of erosion and/or hemorrhage detected in one area of the stomach or
no more than 10 lesions in two areas in the stomach, Grade 4 = erosion and/or hemorrhage
detected in three areas in the stomach or no less than 10 lesions in the whole stomach,
and Grade 5 = gastric ulcer). The MLS was assessed as a means of three evaluations
made by three independent endoscopists unaware of the group composition of the subjects
undergoing gastroduodenal endoscopy. Gastric mucosa biopsy was collected from three
different areas representative of the total gastric surface. Gastric specimens were stained
with hematoxylin–eosin, and the sub-epithelial microvessels were measured according to
their short-axis section. A mean of thirty vessels for each subject was taken as representative
for assessing microvascular impairment in the subepithelial vessels.

2.5. Statistical Analysis

For the evaluation of data in our comparison between the groups, we used the sta-
tistical software SPSS version 22. The data were expressed as mean ± SD, and statistical
comparisons were made by parametric tests (Student’s t-test or repeated measures analysis
of variance, followed by the Student–Newman–Keuls test). The Shapiro–Wilk test was
used to evaluate the distribution of the normality data. A probability value of p < 0.05 was
considered to be statistically significant.

3. Results
3.1. Dissolution Studies

We investigated the in vitro dissolution of standard aspirin, as well as micronized
collagen-cogrinded aspirin, in 50 and 100 mg tablets. The procedures defined by the
USP/NF monograph dissolution procedure for aspirin tablets were followed for dissolution
studies. In particular, the dissolution profiles of the products were defined in samples
determined at times 1, 3, 6 and 15 min with a Q point at 30 min. A modified test procedure
was also performed by using dissolution media prepared in accordance with the USP
reagents section on the preparation of buffers at pH 1.2 and 6.8, respectively.

For calibration procedures, solutions contained aspirin at a concentration of 1 mg/mL
under the same pH conditions as those of the dissolution buffer. Solutions of 1mg/mL
were also used to obtain the isosbestic point for aspirin. Measurements were performed via
a Cary Model 50 spectrophotometer (Agilent Technologies, Santa Clara, CA, USA), which
were carried out after the collection and filtering of each sample. The procedures were
performed according to GMP requirements.

At the two pH values, the aspirin tablet formulations were dissolved to an extent
of 92.5 ± 2 and 99.2 ± 3%, respectively, at 15 min, while at the same time, the standard
aspirin tablet was dissolved to an extent of 47.6 ± 3 and 82.8 ± 3%, at the two pH values,
respectively. The dissolution studies carried out in vitro showed that the tablet containing
aspirin micronized and cogrinded with collagen is characterized by a substantially faster
dissolution compared to standard aspirin tablets at pH conditions ranging from 1.2 to
6.8 levels. Moreover, a pH-dependent dissolution capacity was found for both forms of
aspirin, with lower dissolution rates detected at lower pH levels.

In all of the 200 subjects enrolled, the study was completed according to protocols
between January 2018 and December 2019 at the IRC-FSH (Institute of Research for Food
Safety & Health, University of Catanzaro, Catanzaro, Italy). There were no significant
differences in the demographic or clinical characteristics (e.g., age and sex) at baseline
among the different groups (Table 1). None of the subjects experienced any consistent
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adverse events associated with aspirin, such as gastrointestinal hemorrhage or major
abdominal symptoms.

3.2. Gastric Mucosal Injury Induced by Standard Aspirin or Aspirin Micronized and Cogrinded
with Collagen

The changes in the MLS in each subject associated with the different treatments are
shown in Figure 1. The median (range) MLS in Groups A and B (placebo) was 0 (0–1).
A significant increase in the median MLS (3, 0) was observed in Group C, who received
oral standard aspirin (100 mg daily for 7 days), in comparison with that in the groups
receiving placebo (Groups A and B; Figure 1). This effect was moderately attenuated in
Group D, who received 50 mg of oral standard aspirin, and in Groups E and F, who received
standard aspirin sublingually at doses of 100 and 50 mg, respectively. The administration
of oral aspirin micronized and cogrinded with collagen (Groups G and H), at doses of
100 and 50 mg, respectively, produced a further reduction in the aspirin impact on gastric
mucosa. Indeed, the MLS was 2 and 1, respectively, compared to standard aspirin. A
better response was found when micronized and collagen-cogrinded aspirin was given
sublingually at doses of 100 mg (Group I—MLS 1) and 50 mg (Group L—MLS 0), the latter
effect being similar to the one found with the placebo groups (Figure 1). Thus, aspirin
micronized and cogrinded with collagen seems to display a better safety profile compared
to standard aspirin.

Figure 1. Gastric modified Lanza score (MLS) gastroscopy evaluation in healthy volunteers receiving
placebo orally or sublingually (Groups A and B, respectively); receiving 100 or 50 mg of standard
aspirin orally (Groups C and D, respectively); receiving 100 or 50 mg of standard aspirin sublingually
(Groups E and F, respectively); receiving aspirin micronized and cogrinded with collagen orally
(Groups G and H) or sublingually (Groups I and L). § p < 0.05 standard aspirin vs. placebo; * p < 0.05
collagen cogrinded aspirin vs. standard aspirin.

3.3. Gastric Micro-Vessel Vasodilatation Induced by Standard as Well as Micronized and
Collagen-Cogrinded Aspirin

Treatment with oral standard aspirin (Groups C and D; 100 and 50 mg/daily, re-
spectively) for 7 days significantly increased the median diameter of the sub-epithelial
micro-vessels as compared with that of the groups receiving placebo (Groups A and B;
Figure 2). A similar response was seen when standard aspirin, 100 and 50 mg/day, was
given to healthy volunteers (Groups E and F, respectively; Figure 2). In contrast, this effect
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was found to be attenuated when micronized and collagen-cogrinded aspirin was given
to the study population. In particular, in healthy volunteers taking aspirin micronized
and cogrinded with collagen orally (Groups G and I) or sublingually (Groups H and L),
a significant decrease in the diameter was found as compared with that of the standard
aspirin regimen; in fact, the median diameter of the micro-vessels in the sublingual aspirin
group was almost the same as the one found in the placebo group (Figure 2).

Figure 2. Gastric sub-epithelial micro-vessel diameter in healthy volunteers receiving placebo orally
or sublingually (Groups A and B, respectively); receiving 100 or 50 mg of standard aspirin orally
(Groups C and D, respectively); receiving 100 or 50 mg of standard aspirin sublingually (Groups
E and F, respectively); receiving aspirin micronized and cogrinded with collagen orally (Groups G
and H) or sublingually (Groups I and L). § p < 0.05 standard aspirin vs. placebo; * p < 0.05 collagen
cogrinded aspirin vs. standard aspirin.

3.4. TXB2 and Urinary 11-Dehydro-TX B2 Determinations

The administration of oral aspirin, as well as sublingual aspirin (100 and 50 mg), either
standard or micronized and cogrinded with collagen, was associated with decreased TXB2
serum levels as detected at day 7 compared to the groups receiving placebo. No significant
changes were seen among the different regimens of aspirin treatment. Moreover, urinary
measurements of 11-dehydro-TXB2 showed a similar response, thereby confirming that
aspirin micronized and cogrinded with collagen showed a non-inferiority response to the
COX enzyme compared to the crystalline standard formulation (Table 2).

The administration of standard aspirin and aspirin micronized and cogrinded with
collagen given orally or sublingually did not produce any change in routine blood analytical
biomarkers. In addition, no side effects or adverse drug reactions were described. Finally,
the compliance and adherence were 100% in all groups and all the enrolled subjects in
the study.
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Table 2. The effect of standard aspirin, collagen-cogrinded aspirin and placebo, given orally or
sublingually to healthy volunteers, on serum TXB2 (ng/mL) and urinary 6-dehydro-TXB2 (pg/mg cre-
atinine) at Time 0 before treatment and after 7 days of treatment. Values are expressed as mean ± SD
* p < 0.05 treatment vs. placebo.

Group Serum TXB2
Time 0

Serum TXB2
7 Days

Urinary
11-dehydro-TXB2

Time 0

Urinary
11-dehydro-TXB2

7 Days

A—placebo oral 302 ± 44 278 ± 48 485 ± 54 490 ± 58

B—placebo sublingual 298 ± 38 281 ± 45 498 ± 50 486 ± 46

C—oral standard aspirin
100 mg 286 ± 40 38 ± 12 * 485 ± 52 86 ± 26 *

D—oral standard aspirin
50 mg 295 ± 38 71 ± 18 * 505 ± 48 108 ± 27 *

E—sublingual standard
aspirin 100 mg 304 ± 42 48 ± 14 * 495 ± 50 95 ± 18 *

F—sublingual standard
aspirin 50 mg 302 ± 35 70 ± 15 * 502 ± 46 118 ± 22 *

G—oral micronized
collagen-cogrinded aspirin 100 mg 300 ± 44 36 ± 12 * 494 ± 54 77 ± 16 *

H—oral micronized
collagen-cogrinded aspirin 50 mg 286 ± 40 64 ± 15 * 506 ± 54 106 ± 20 *

I—sublingual micronized
collagen-cogrinded aspirin 100 mg 290 ± 44 30 ± 14 * 496 ± 48 66 ± 18 *

L—sublingual micronized
collagen-cogrinded aspirin 50 mg 302 ± 38 46 ± 20 * 502 ± 48 88 ± 18 *

4. Discussion

The occurrence of gastric lesions in patients undergoing low-dose aspirin treatment
for cardiovascular risk prevention represents a relevant issue, which, in some cases, limits
the extensive use of such an antiplatelet drug [19,20].

In particular, data originating from very recent clinical trials and a meta-analysis
performed on this topic confirmed that the efficacy of low-dose aspirin in the primary
prevention of cardiovascular risk is seriously counteracted by the concomitant increased
risk of gastric bleeding [21–24]. Thus, the limitation of aspirin-induced gastric injury and
the development of a better aspirin may be considered relevant challenges for the research
in this area [18,25,26].

The pathogenesis of aspirin-related gastric injury is complex and involves many
players, including a reduced production of the protective gastric mucous associated with
changes in gastric pH and direct gastrolesive action [27]. Furthermore, the dysregulation
of nitric oxide (NO) production has been shown to contribute to the gastric lesions found
in patients undergoing aspirin treatment. This fits with the evidence showing that aspirin
induces inflammation in the gastric mucosa [28,29] as expressed by the dilatation of gastric
microvessels.

Here, we reported that a better formulation of aspirin may represent an innovative
way to maintain consistent antiplatelet activity as found with standard aspirin with a
significant reduction in gastric injury and a better safety profile.

In particular, the micronization of aspirin and the cogrinding of the crystalline form of
this drug with collagen lead to an innovative formulation that enhances drug absorption,
thereby reducing gastric lesions associated with 7-day treatment with this drug. This con-
firms the previous evidence, in which we measured the serum concentration of aspirin both
standard and micronized and cogrinded with collagen. These data are not surprising, as it
is known that the micronization of crystalline drugs is clearly accompanied by an enhanced
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absorption of aspirin. In particular, evidence has been accumulated that micronization,
which is able to reduce the size of crystalline aspirin, is associated with better drug ab-
sorption throughout both the gastric and sublingual mucosa. This has been confirmed by
evidence obtained by means of Raman spectroscopy, which showed that the micronization
of aspirin leads to a complete de-structuring of the crystalline form of the drug, an effect
that has been demonstrated to increase the speed and rate of the absorption of many drugs,
including aspirin. However, cogrinding aspirin with collagen leads to significant gastric
protection. Indeed, collagen has been shown to produce both direct and indirect protection
of the gastric mucosa, mostly due to its effect on gastric mucous. This effect occurs with
no changes in gastric pH, compared to many of the compounds combined with aspirin
in recent years, which are associated with an elevation of gastric pH. In particular, this
effect is associated with a reduction in aspirin-related gastric injury, with the consequence,
however, of poor aspirin absorption and subsequent reduced aspirin activity.

The innovative formulation of aspirin micronized and cogrinded with collagen seems
to resolve many of the previous issues found with standard aspirin. Indeed, the extent
of gastric erosions subsequent to oral aspirin was reduced when aspirin was micronized
and cogrinded with collagen as detected via gastroscopy and measured via the Lanza’s
score [30]. In particular, the use of the sublingual formulation of the micronized aspirin
occurred with no changes in the gastric mucosa compared with standard aspirin. However,
this effect was associated with comparable effects of novel aspirin formulation in the
biomarkers of antiplatelet activity. Indeed, both the levels of TXB2 (the footprint of aspirin
activity on platelet COX) and the levels of 11-dehydro-TXB2 (the urinary metabolite of
TXA2) were comparable when using both sublingual and oral aspirin micronized and
cogrinded with collagen when compared to standard aspirin, suggesting a non-inferiority
profile of the novel formulations in the efficacy of aspirin. The better safety profile of novel
aspirin is confirmed by the data from histopathological studies, which showed that the
diameter of the microvessels of the gastric mucosa is reduced in subjects undergoing 7-day
treatment with novel aspirin compared to the standard one, an effect that may be explained
on the basis of the anti-inflammatory role of collagen when combined with aspirin, as
expected with the micronized formulation compared to the standard, crystalline drug.

5. Conclusions

In conclusion, the present study demonstrated that low-dose standard aspirin induces
gastric mucosal injury in healthy volunteers, an effect associated with the dilatation of
the micro-vessels of gastric tissues. This response was attenuated when aspirin was
micronized and cogrinded with collagen, with no significant changes in the ability of the
new formulations to inhibit thromboxane formation.

Further studies are required in patients to verify the efficacy and safety of better aspirin
formulations in both primary and secondary cardiovascular risk prevention in patients.
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Abstract: The COVID-19 pandemic has put a tremendous stress on the medical community over the
last two years. Managing the infection proved a lot more difficult after several research communities
started to recognize the long-term effects of this disease. The cellular receptor for the virus was
identified as angiotensin-converting enzyme-2 (ACE2), a molecule responsible for a wide array of
processes, broadly variable amongst different organs. Angiotensin (Ang) 1-7 is the product of Ang
II, a decaying reaction catalysed by ACE2. The effects observed after altering the level of ACE2 are
essentially related to the variation of Ang 1-7. The renin-angiotensin-aldosterone system (RAAS)
is comprised of two main branches, with ACE2 representing a crucial component of the protective
part of the complex. The ACE2/Ang (1-7) axis is well represented in the testis, heart, brain, kidney,
and intestine. Infection with the novel SARS-CoV-2 virus determines downregulation of ACE2 and
interrupts the equilibrium between ACE and ACE2 in these organs. In this review, we highlight the
link between the local effects of RAAS and the consequences of COVID-19 infection as they arise
from observational studies.

Keywords: renin-angiotensin-aldosterone system; RAAS; angiotensin-converting enzyme-2; ACE2;
angiotensin 1-7; Ang (1-7); COVID-19; long-term effects

1. Introduction

Angiotensin-converting enzyme-2 (ACE2), a type I transmembrane protein expressed
in many organs such as the heart, kidneys, lungs (type II alveolar cell), and intestine,
plays a central role in the pathology of COVID-19 infection [1]. As it was in the case of
SARS-CoV, the coupling of the virus molecule to the ACE2 receptor leads to fusion and
downregulation [2,3]. Angiotensin-converting enzyme (ACE) and ACE2 are involved in
the function regulation of several organs, metabolic condition, and, ultimately, the renin-
angiotensin-aldosterone system (RAAS). Currently, this axis is described as two closely
interlocking components: a deleterious arm—ACE—and a protective arm—ACE2 [4].
Despite the beneficial side of ACE2, a higher propensity for severe forms of infection has
been previously assigned to higher levels of circulating ACE2 [5]. The vast majority of
the effects precipitated by COVID-19 infection on key peripheral organs are linked to
derangement of the ACE2/ACE axis. There is an ever-growing number of studies focused
on observing the impact of the infection outside the lung. Additionally, the considerable
amount of medical records allows for a thorough analysis of risk factors.

In this review, we aim to shed light on the molecular mechanisms underlying the
tremendous consequences of COVID-19 infection, while keeping the RAAS at the heart of
the discussion.
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2. RAAS—The Classical View

The classical view of the renin-angiotensin-aldosterone system considers three pep-
tides whose names comprise the acronym RAA axis. Angiotensinogen is converted to
angiotensin I by renin, then further to Ang II by ACE.

Conventionally, the receptors angiotensin II binds to are only angiotensin receptor
(AT) type-1 (AT1-R) and AT2-R. There have been other subtypes reported, such as AT3-R
and AT4-R; however, the former has not been assigned a gene, so its existence is uncertain,
while the latter is part of the AT4-R/Ang IV yet poses no affinity towards Ang II or its
analogues (Figure 1) [6].
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coupled receptor; AT, angiotensin receptor.

Currently, RAAS is viewed as a balance between, on one side, the detrimental actions
of Ang II—AT1-R, and, on the other side, the protective effects of Ang II—AT2-R, Ang
(1-7)—Mas receptor pathway, and Alamandine—Mas-related G protein receptor pathway.
Stimulation of AT1-R subtype by the main peptide driver of RAAS—Ang II—leads to
vasoconstriction, antinatriuresis, aldosterone level increase, sympathetic nervous system
upregulation, and inflammation-mediated organ damage. Stimulation of AT2-R is generally
considered to yield opposite effects, and is therefore protective [6]. The effects mediated by
Ang (1-7)—MasR and Alamandine—MrgD are thoroughly discussed further in this text.

The degree of independence between the AT1 and AT2 receptors is highlighted by
in vivo consequences after angiotensin-receptor blockers (ARB) administration [7]. Selec-
tive blockade of AT1-R would lead to a proportionally higher quantity of substrate binding
to the remaining substrate, AT2-R. Furthermore, blockade of AT1-R at renal level results in
increased levels of circulating renin and therefore higher levels of circulating Ang II, which
would exhibit its protective effects on the only free receptors, AT2. Several studies have
reported dramatically increased effects of AT2-R selective stimulation in the presence of
small-dose ARB, which may be explained by a higher constitutive expression of AT1-R
compared to AT2-R [8–10].

Metabolism end-products of Ang are Ang III and Ang IV. The former has a half-life
five times lower in plasma than Ang II, and the latter exhibits its effects largely at the
central level, with very low influence on peripheral AT1/2 subtypes [11]. For these reasons,
Ang III and Ang IV contribute only slightly to the whole array of effects of Ang II.
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3. RAAS—The Alternative Pathway

A new involvement in blood pressure control was unveiled in the early 2000s [12,13].
In this axis, Ang II is converted to Ang (1-7) by the catalytic activity of the then novel dis-
covery, ACE2. The ACE–Ang II–AT1-R axis hyperactivation commonly leads to deleterious
effects such as vasoconstriction, inflammation, endothelial dysfunction, thrombosis, and
the well-established pro-hypertensive profile; the other, ACE2–Ang (1-7)–MasR typically
reverts the forementioned effects. Ang (1-7) is found at a rather pseudo-stationary concen-
tration state. There are at least three enzymes which aid in synthesis of Ang (1-7), and the
reaction with the highest rate is different among the peripheral organs [14] (Figure 2).
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3.1. ACE2 Enzyme

Following the efforts of discovering “ACE-like enzymes” in Drosophila melanogaster,
mammalian homologue of ACE has been cloned and named “angiotensin-converting
enzyme 2” (ACE2) [12,13,15]. ACE2 is an extracellular transmembrane protein expressed
more restrictively to the surface of specific tissues including heart, kidney, endothelium,
and testis [13]. Like ACE, it can be cleaved from the cell surface, resulting in the soluble
form sACE2 [16]. Despite exhibiting considerable similarity and identity to human ACE,
ACE2 functions exclusively as a carboxypeptidase, cleaving only the C-terminal residue
from Ang I, yielding Ang (1-9) and from Ang II, likewise yielding Ang (1-7). Regardless,
both the structures of ACE2 and ACE display a zinc-binding motif; typical angiotensin-
converting enzyme inhibitors (ACEI) do not return any inhibition on ACE2 activity [12].
Arguably, inhibitors designed to act on C-terminal dipeptide-releasing enzymes—ACE—do
not bind efficiently to C-terminal cleaving enzymes—ACE2.

3.2. SARS-CoV-2 and Its Receptor, ACE2

A full-fledged crisis emerged as the severe acute respiratory syndrome virus 2 (SARS-
CoV-2) pandemics took over in late 2019. Most coronaviruses determine moderate enteric
and pulmonary distress through the establishment of a proinflammatory profile [17]. SARS-
Cov-2 belongs to the genus Betacoronavirus, but unlike the common coronaviruses, precip-
itates serious respiratory dysfunction [18,19]. ACE2 behaves as a receptor for SARS-CoV-2,
and once the complex is formed, it is immediately internalized [20,21]. Surface expression
of ACE2 is therefore diminished through consumption; circulating serum levels—sACE2—
may also decrease, accounting for an absolute decrease in shedding. A decline in ACE2
levels will most probably be denoted by an alteration in synthesis of both Ang (1-9) and
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Ang (1-7). Furthermore, degradation of the hypertensive components of RAAS may be
impeded by the low levels of enzyme ACE2. Therefore, a disequilibrium throughout
the entire RAA axis is expected. While Ang (1-9) exhibits only few of the characteristics
SARS-CoV-2 interferes with, Ang (1-7) is the most important substrate to account for the
extensive effects of the infection.

3.3. Angiotensin (1-9)

Ang (1-9) is considered an intermediate product. The production step is catalysed by
ACE-2, while consumption is catalysed by ACE. Ang (1-9) should exhibit in vivo a pseudo-
stationary concentration; the absolute value of concentration at a specific time is directly
determined by—amongst other factors—the ratio of the enzymatic activities of ACE-2 and
ACE. Any alteration in ACE-2 activity would therefore yield significant effects on a systemic
scale. The first direct receptor-mediated effect turned out to be the antihypertrophic effect
mediated by AT2-R, independent of MasR pathway manipulation [22].

Infusion of Ang (1-9) in hypertensive elevated Ang II level rats resulted in significant
blood pressure drop and circulating Ang II level reduction. A co-infusion experiment
aimed to disclose the receptor for Ang (1-9) proved that MasR antagonist did not affect
the beneficial properties of Ang (1-9), while AT2-R antagonist completely reversed the
effects [22]. Controversial claims regarding either a possible interaction of Ang (1-9) with
AT1-R, or in vivo transformation of this peptide to Ang II, were advanced in an attempt to
explain the in vivo arterial pro-thrombotic activity exhibited by Ang (1-9) in rats [23,24]. To
date, there are no reports of an enzyme to aid in conversion of Ang (1-9) to Ang II, nor a
quantified affinity towards receptor subtypes other than AT2-R angiotensin. Extracellular
signal-regulated kinase (ERK)1/2 pathway downregulation seems to be the key mechanism
involved in the antifibrotic and antihypertrophic properties exhibited through AT2-R
stimulation [25].

3.4. Angiotensin (1-7)

Angiotensin (1-7) is the most potent product of the protective arm of RAAS. Syn-
thesis can take place three ways: (a) directly and most efficient, from Ang II by catalytic
action of ACE2 [26]; (b) directly, from Ang I, catalysed by thimet oligopeptidase (THOT),
neutral endopeptidase (NEP), and prolyl endopeptidase (PEP) [27,28]; and (c) through an
intermediary product Ang (1-9), and therefore with a slow reaction speed, by means of
ACE2 then ACE [29]. Degradation of Ang (1-7) takes place by parallel first-order kinetic
reactions; decarboxylation yields a novel compound—Alamandine—by a not currently
individualised enzyme. Interaction of alamandine with Mas-related G protein-coupled
receptor (MrgD) explained some of the previously noted effects of Ang (1-7) which could
not be assigned to Mas axis [30].

3.4.1. Intracellular Signalling Pathways Employed by Angiotensin (1-7)

The majority of the effects generated by this heptapeptide are mediated by the MasR
pathway. Downstream activation leads to Akt phosphorylation, upregulation of inducible
nitric oxide synthases, and intracellular cyclic guanosine monophosphate (GMP) increase.

Besides the classical MasR pathway, Ang (1-7) mediates some of its cardioprotective
effects by behaving as a beta-arrestin recruiter. Agonistic action at the active site of AT1-R
leads to recruitment of beta1/2 arrestins, intracellular molecules which effectively block the
active site in an irreversible manner. AT1-R engagement by Ang (1-7) leads ultimately to a
transient activation of ERK1/2 axis, displaying a cardioprotective profile [31]. The affinity
towards receptors other than MasR was also independently demonstrated by using human
kidney (HK-2) cells [32]. Effects of low-concentration MasR agonist were not influenced
by subsequent MasR blockade, but reversed by AT2 and AT1-R blockade, which owes a
degree of affinity of Ang (1-7) to both receptors (Figure 3).

193



Pharmaceutics 2022, 14, 1906

Pharmaceutics 2022, 14, x 5 of 27 
 

 

to a transient activation of ERK1/2 axis, displaying a cardioprotective profile [31]. The af-

finity towards receptors other than MasR was also independently demonstrated by using 

human kidney (HK-2) cells [32]. Effects of low-concentration MasR agonist were not in-

fluenced by subsequent MasR blockade, but reversed by AT2 and AT1-R blockade, which 

owes a degree of affinity of Ang (1-7) to both receptors (Figure 3). 

 

Figure 3. Comparative mechanisms of Ang II and Ang (1-7). Ang, angiotensin; MrgD, Mas-related 

G protein receptor D; AT1-R, angiotensin receptor type I; GTP, guanosine triphosphate; GDP, gua-

nosine diphosphate; PLC, phospholipase C; PKC, protein kinase C; DAG, diacylglycerol; IP3, tri-

phosphate inositol; Ca Ch, Calcium channel of smooth endoplasmic reticulum; eNOS, endothelial 

nitric oxide synthase; nNOS, neuronal; PI3K/Akt pathway; PDK1, phosphoinositide-dependent pro-

tein kinase 1. 

Influence on Metabolism 

Activation of Glycogen Synthase Kinase-3 beta (GSK3β), a crucial insulin mediator, 

may be Akt-dependent or direct; nevertheless, metabolic effects should be expected after 

manipulation of Ang (1-7), and indeed, oral administration of coated peptide attenuates 

hyperglycaemia in type 2 diabetes mellitus rodents showing impaired insulin sensitivity 

[33,34]. While GSK3β further downstream controls glycogen synthesis, phosphorylation 

of Akt Substrate-160 (AS160) by Akt is required for Glucose Transporter Type-4 translo-

cation to occur. GSK3β and AS160 synergically inhibit phosphorylation of the inhibitory 

site at Insulin Receptor Substrate 1. 

ACE2 knockout mice showed reduced concentration of tryptophan and other large 

amino acids in blood (valine, threonine, and tyrosine) [35]. Histologically, the mice dis-

played diffuse mucosal inflammation and altered intestinal microbiota. Inflammatory 

susceptibility in ACE2-deficient subjects was remedied by supplying only tryptophan, 

which may indicate a benefit in a tryptophan rich diet in COVID patients. Along with the 

current knowledge regarding blood sugar levels and microbiota, insulin resistance and 

impaired glucose homeostasis can be partially explained by an imbalance of ACE forms 

[36]. 

Oxidative Stress 

Nicotinamide adenine dinucleotide phosphate (NADPH) inhibition leads to reduced 

oxidative stress by inhibiting the detrimental activity of inducible nitric oxide (NO) syn-

thase [37]. ACE2 knockout display hypertensive phenotypes aggravated by endothelial 

dysfunction, proved by the worse outcome induced by diabetes- and shock-induced 

Figure 3. Comparative mechanisms of Ang II and Ang (1-7). Ang, angiotensin; MrgD, Mas-related G
protein receptor D; AT1-R, angiotensin receptor type I; GTP, guanosine triphosphate; GDP, guanosine
diphosphate; PLC, phospholipase C; PKC, protein kinase C; DAG, diacylglycerol; IP3, triphosphate
inositol; Ca Ch, Calcium channel of smooth endoplasmic reticulum; eNOS, endothelial nitric oxide
synthase; nNOS, neuronal; PI3K/Akt pathway; PDK1, phosphoinositide-dependent protein kinase 1.

Influence on Metabolism

Activation of Glycogen Synthase Kinase-3 beta (GSK3β), a crucial insulin media-
tor, may be Akt-dependent or direct; nevertheless, metabolic effects should be expected
after manipulation of Ang (1-7), and indeed, oral administration of coated peptide at-
tenuates hyperglycaemia in type 2 diabetes mellitus rodents showing impaired insulin
sensitivity [33,34]. While GSK3β further downstream controls glycogen synthesis, phos-
phorylation of Akt Substrate-160 (AS160) by Akt is required for Glucose Transporter Type-4
translocation to occur. GSK3β and AS160 synergically inhibit phosphorylation of the
inhibitory site at Insulin Receptor Substrate 1.

ACE2 knockout mice showed reduced concentration of tryptophan and other large
amino acids in blood (valine, threonine, and tyrosine) [35]. Histologically, the mice dis-
played diffuse mucosal inflammation and altered intestinal microbiota. Inflammatory
susceptibility in ACE2-deficient subjects was remedied by supplying only tryptophan,
which may indicate a benefit in a tryptophan rich diet in COVID patients. Along with
the current knowledge regarding blood sugar levels and microbiota, insulin resistance
and impaired glucose homeostasis can be partially explained by an imbalance of ACE
forms [36].

Oxidative Stress

Nicotinamide adenine dinucleotide phosphate (NADPH) inhibition leads to reduced
oxidative stress by inhibiting the detrimental activity of inducible nitric oxide (NO) syn-
thase [37]. ACE2 knockout display hypertensive phenotypes aggravated by endothelial
dysfunction, proved by the worse outcome induced by diabetes- and shock-induced kidney
injury, viral lung injury, and chronic liver injury [38]. The unifying characteristic among
these models is an increase in oxidative stress in ACE2 knockout male mice [39,40].

Arterial Blood Pressure

Vascular smooth muscle tone may be modulated either directly—as determined by
upregulation of endothelial and neuronal NO synthase, subsequent cyclic GMP rise and
vasodilation—or indirectly. Ang 1-7 treatment leads to normalisation of surface expression
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of the proteins Tumor Necrosis Factor (TNF)-Alpha Converting Enzyme (TACE) and
Sodium Hydrogen Exchanger-3 (NHE3) in proximal renal tubule cells [41]. TACE is
responsible for surface ACE-2 shedding; the high levels expressed in hypertension only
compound the problem regarding low activity of Ang 1-7 [42]. NHE3 is a key transporter
in proximal renal tubule cells; upregulation leads to increased reabsorption and drop in
diuresis [43]. The reactive oxidative species (ROS) and NO generation in genetic deletion
of ACE2 enabled researchers to observe the direct effect of Ang (1-7), and only slight but
consistent elevation of blood pressure was noted [39]. Results are, however, discordant
among different genetic mouse strains [44]. Vascular dysfunction—loss of the vessel
ability to modulate local tone—only reinforces the previously noted consistently increased
vascular tone [41].

Apoptosis

Mitogen-activated protein kinase pathway and nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB) transcription factor are both toned down in vascular
smooth muscle cells, endothelium, and proximal tubule in kidney after infusion of the
heptapeptide [45,46], resulting in a lesser inflammatory response, reduced cell death, re-
duced fibrosis, and satisfactory preservation of organ function. Finally, stimulation of
MrgD by alamandine may account for the effects observed in triple blockade (MasR, AT1,
AT2-R). Through phosphoinositide-dependent protein kinase 1 (PDK1), it mediates phos-
phorylation and activation of Akt, which downstream will activate inducible NO synthases.
Figure 4 sums up the most important paths Ang (1-7) acts.
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Figure 4. An extensive scheme displaying the mechanisms Ang (1-7) influences on an intracellular
level. β-arr1/2, β-arrestins; GSK3β, glycogen synthase kinase 3β; AS160, Akt substrate 160; IRS-1,
insulin receptor substrate 1; PGI, PGE, prostaglandins; NHE3, sodium hydrogen exchanger 3; NF-KB,
nuclear transcription factor; iNOS, inducible nitrous oxide synthase; MAPK, mithogen-activated
protein kinase; NADPH, nicotin-amide-diphospho-hydrogenase.

3.4.2. Effects Mediated by Angiotensin (1-7) in Specific Organs

In order to assess the effects mediated by Ang (1-7) in an individual setting, several
strategies have been employed to manipulate either the substrate or the receptor activities:
pharmacological concentration alterations of circulating Ang (1-7), genetically modified
expression of ACE2, and MasR. Significantly involved in the Ang (1-7)/MasR axis due to
the high local Mas expression, the brain exhibits both local and systemic effects in response
to manipulation of this axis.

Brain

Metabolism of the heptapeptide closely resembles the description in Figure 2. All
components of RAS described above have been determined in brain tissue; however,
not every compartment exhibits all of them, nor has any neuron type been identified
to produce all those substances [47]. Despite that, Ang (1-7) presence has only been
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selectively demonstrated; ACE2 is present through every single brain compartment, mainly
in neurons rather than glia cells [48]. MasR was identified in certain compartments mostly—
but not exclusively—related to cardiovascular control: nucleus tract solitary (NTS), rostral
and caudal ventrolateral medulla (RVLM, CVLM), paraventricular nucleus (PVN), and
supraoptic nucleus (SON) [49].

Improved modulation of baroreflex by enhancing the bradycardic component, cardiac
autonomic balance regaining, and renal sympathetic tone control restauration stand as
explanation for the experiment in which long-term stimulation of Ang (1-7) axis leads to sig-
nificant drop in hypertensive response to Aldosterone-NaCl artificial infusions or high-salt
regime [50,51]. Aldosterone-NaCl treatment mimics the effect of Ang II systemically, while
also downregulating any intrinsic renin or Ang II secretion. Deoxycorticosterone acetate
(DOCA)-salt hypertension is predominantly characterized by upregulated sympathetic
activity. Mas knockout mice (equivalent to ACE imbalanced profile) displayed—besides im-
paired baroreflex and aberrant renal sympathetic tone activity rise—blunted Jarisch-Bezold
and chemoreceptor reflexes, with the entire neural network for blood pressure control
being influenced [52].

The baroreflex response is the most intricate of all previously mentioned cardiovas-
cular mechanisms. ACE inhibition led to improvement of bradycardic component in
normotensive and spontaneous hypertensive rats (SHR). Inhibition of ACE2 axis by infu-
sion of A-779 (an antagonist of Ang (1-7)) led to a significantly depressed sensitivity in
normotensive, yet to a mild, almost insignificant attenuation of baroreflex in SHR, which
comes to emphasize the imbalance between the two Angiotensin axis in the hypertensive
subjects [53]. Infusion of A-779 in ACE inhibitor-treated SHR subjects promptly reverted
the beneficial effects [54]. The favourable outcome met by ACEI treatment was most likely
exhibited through Ang (1-7). Increased levels of Ang (1-7) at NTS—a key cardiovascular
reflex command centre—and signalling through Phosphoinositide 3-kinase (PI3K) pathway
may be responsible [55].

Fructose-fed rats treated with intracerebroventricular high-dose Ang (1-7) displayed
protective (High-density lipoprotein) HDL-Cholesterol values, normal glucose tolerance,
and normal levels of insulin. The peripheral cardioprotective and metabolic effects of central
administration of Ang (1-7) were mediated via shifting Ang II/ACE2 equilibrium and
further consequences on NO production rise (neuronal NOS activation via Mas axis) [56,57].

Emotional stress and anxiety-like syndromes were noted in Mas-deficient animals [58].
Chronic intracerebroventricular infusion of Ang (1-7) proved effective in reducing both
anxiety- and depression-like syndromes [59]. Increase in ACE2 activity by use of ACEI
showed a mood improvement in depression-suffering hypertensive patients [60]. The
emotional response to stress can therefore be improved by administering ACEI class drugs,
discontinuation of which would be deeply unwise from perspectives of both cardiovascular
risk and cerebral involvement. Further benefit comes from the modulation of cardiovascular
response evoked by acute emotional stress. Microinjections of Ang (1-7) into the basolateral
amygdala—an area of the limbic system—lead to attenuation of pressor reflex in response
to acute psychic stress [61].

Cardiac Direct Involvement

Coronary vessels seem to be favourably responsive at nanomolar order of concentra-
tion, with higher concentrations exhibiting no or constrictive effect [62].

Cardiomyocytes acutely exposed to Ang (1-7) only display a slight elevation in NO
release by activation of endothelial and neuronal nitric oxide synthase (eNOS, nNOS) [63];
chronic exposure leads to significant effects on calcium-handling proteins, with increased
expression of Sarcoendoplasmic Reticulum Calcium ATPase-2 (SERCA2), higher Calcium
(Ca) transient amplitude and faster Ca uptake. This may explain the beneficial effects of
ACE2 axis stimulation in chronic heart failure subjects [64].

Identification of Ang (1-7) and Mas axis in sinoatrial node provides the morphopatho-
logical fundamentals for the observed biphasic effect (an excessively high local peptide
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concentration worsened the prognosis) in administration of different concentration of Ang
(1-7), only one order of magnitude apart [65,66]. Long-term overproduction of Ang (1-7)
has proved to reduce cardiac fibrosis in many studies, reducing oxidative stress, autophagy
prevention, and reducing mitogen-activated fibroblast proliferation [67,68]. The main
axis involved are Mas-R, Insulin-like Growth Factor-1 Receptor (IGF1R)/PI3K/Akt, and
alteration of mitogenic prostaglandin profile [69].

Contradicting its expected cardioprotective effects, overexpression of human ACE2 in
mouse heart lead to ventricular tachycardia and sudden death [70]. An explanation may
arise from the role of apelin, a peptide involved in a variety of cardiovascular pathological
processes. Apelin serves as substrate for ACE2 and as a biomarker in cardiovascular dis-
eases including coronary artery disease, stroke, ischemic heart disease, and infarction [71].
The lower the level of apelin, the worse the prognosis in those subjects. Manipulation of
ACE axis towards a deep imbalance in favour of ACE2/Ang (1-7)/MasR may, therefore,
prove detrimental in already fragile COVID patients.

Kidney

Inside the kidney water regulation network, Ang (1-7) and antidiuretic hormone (AVP)
are involved in a very delicate balance. The effects of Ang 1-7 at central level may not
parallel the ones on a peripheral level.

Ang (1-7) effects are distinct among different brain areas. Even in the same cerebral
structure, there may be a whole range of distinctive effects owing to certain physiopatholog-
ical conditions. As such, infusions in the PVN in rodents exhibit different effects according
to the state of the subject involved. Following Ang (1-7) microinjection in a healthy sub-
ject, an increase in AVP was demonstrated [72]. However, an inverse relationship was
noted between Ang (1-7) concentration and AVP release in haemorrhagic conditions of
an ethanol-intoxicated model [57]. The underlying mechanism is the already consistent
NO-induced release by Ang (1-7), which in the second study displayed an inhibitory effect
on AVP secretion.

Ang (1-7) presents a wide array of effects on kidney function, which are way beyond
our target. In almost all instances, perfusion/injection of Ang (1-7) in the microenvi-
ronment of the studied kidney (or glomerular portion) resulted either in no effect, or
natriuresis/diuresis, antiproteinuric, or rarely Ang II antagonism [27]. Antidiuretic effects
were noted in only two instances. Worth mentioning is the possible involvement of re-
ceptors other than Mas pathway; antidiuretic effects noticed in healthy normotensive rats
could be blocked by pre-treatment with Angiotensin Receptor Blockers (ARB) Losartan—
Ang (1-7) may display some affinity towards AT1R [73]. Additionally, antidiuretic effect
in inner medullary-collecting tubule cells of water-loaded rats seems to involve V2-AVP
receptor [74]. Administering A-779 prior to AVP blunted the water reabsorption; similarly,
AVP antagonist forskolin prior to Ang (1-7) resulted in no increase in cyclic Adenosine
Monophosphate (cAMP) and in no effect in the collecting tubule cell. Cross-antagonist
administration following the inspected substance returned no inhibition; the mechanism
underlying AVP/Ang (1-7) and their interconnecting substrate-receptor affinity may rely
upon binding with subsequent cross-internalization of complex.

Renal vasculature in vitro exhibited afferent arteriole vasodilation in response to
Ang (1-7) [75]. Recent in vivo studies prove the vasodilatory effect, yet also the inverse
dependence on the degree of RAAS activation [76]; thus, low sodium intake and co-infusion
of Ang II lead to hyperactivity of RAAS in the hypertensive human, which diminishes the
beneficial effect of intrarenal infusion of Ang (1-7).

Vascular Actions

Ang (1-7) is endogenously produced by vascular endothelium, and therefore induces
endothelium-dependent vasorelaxation. Furthermore, it enhances the vasodilator effect of
bradykinin in several vascular beds [77].
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Besides the well-known effect of vasodilation, Ang (1-7) exhibits antiproliferative and
antithrombotic actions [78,79]. The antiproliferative side is mediated through an increase
in prostacyclin (PGI2), which in turn reduced activity of mitogen-activated protein kinase
(MAPK) Ang II-stimulated pathway. Neointimal thickness and stenosis reduction in rat
stenting model, slowing of the osteogenic transition of vascular smooth muscle cells in
calcified specimens, and cardiac fibroblast antiproliferative potential were noted [68,80,81].
The antithrombotic side is mediated by the increase in prostacyclin PGI2 and enhanced
release of NO from platelets, both part of the Mas axis [82].

Most of the work around Ang (1-7) has been aimed at understanding its effect on
vessels and blood pressure. While Ang II/AT1R is widely distributed in all vascular beds,
Ang (1-7)/Mas is specific to certain vascular beds—kidney, lungs, adrenals, brain. In
normotensive rats, either short or long-term infusion of Ang (1-7) resulted in increased
conductance in the previously mentioned vascular beds. However, a proportional car-
diac output increase allowed these subjects to not display any significant blood pressure
changes [83].

Many of the vascular effects Ang (1-7) exhibits in vivo are mediated through Mas-
R activation, which in turn activates eNOS and enhances NO release. Previously, we
noted also the nNO inducting activity of the same Mas-R. Ang (1-7) is also involved in a
fine-tuned network involving PI3K/Akt pathway, as demonstrated by the NO levels in Mas-
transfected cells and in vivo transcription activation of Forkhead box protein O1 (FOXO1),
a well-known negative regulator of Akt cascade [84,85]. The same PI3K/Akt pathway
is—peripherally—involved in improvement of insulin sensitivity in fructose-fed rats [33].

In human endothelium, Ang (1-7) counteracts effects mediated by Ang II through
a common enzyme, Src homology-2 domain-containing protein tyrosine phosphatase-2
(SHP-2). Antioxidant action occurs by opposing the activation of NADPH oxidase by
AT1-R, while anti-inflammatory activity occurs through inhibition of NFkB nuclear factor
translocation in nuclear cells and attenuation of Vascular Cell Adhesion Molecule-1 (VCAM-
1) expression, otherwise an early marker of endothelial dysfunction [86,87].

Restoration of ACE2 function in stroke-prone spontaneously hypertensive rats (which
constitutively present a low ACE2 level) leads to significant stroke risk decrease, lower
blood pressure profiles, and improved endothelial function [88–90]. Function restoration
and perhaps overshooting the imbalance of ACE axis towards the protective side may yield
strongly beneficial therapeutic results.

4. Medium and Long-Term Complications Determined by Infection with SARS-CoV-2
4.1. Brain

Neurological involvement has been recognized in more than 80% of severe cases of
SARS-CoV-2 infection [91]. The choroid plexus cells proved to be the sense and relay
station for neuroinflammation in the context of SARS-CoV-2 infection [92]. Additionally,
persistence of the virus for several months in various anatomic sites other than the lungs
has brought the brain into focus [93]. There is a wide range of central nervous system
(CNS) severe complications in infected patients, generating five pathological profiles:
encephalopathies, inflammatory conditions, ischemic strokes, peripheral disorders, and
other miscellaneous neurological impairments [94].

A constant clinical finding which emerges even before the onset of respiratory symp-
toms is the distress in smell and taste sensations in patients infected with SARS-CoV-2 [95].
A decrease of the sensory input leads to a corresponding decrease in the grey matter of
the relay and final cerebral stations [96]. The olfactory system encompasses connections to
and from the piriform cortex, hippocampus, parahippocampal gyrus, entorhinal cortex,
and orbitofrontal cortex [97]. Therefore, it is sensible to put more effort into analysing the
previously mentioned regions from whole brain slices. Significant alteration of any of those
components (piriform cortex, hippocampus, parahippocampal gyrus, and orbitofrontal
cortex) may indicate a direct effect of the infection while simultaneously reducing the error
arising from cerebral degeneration owing to pre-existing conditions.
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Computer Tomography (CT) and Magnetic Resonance Imaging (MRI) are the most
useful imaging techniques for cerebral tissue. A longitudinal analysis employing images
both prior and after infection would reinforce the direct correlation between brain slice
aspect and long-term disease consequences [98].

Multimodal brain imaging of 401 patients both before and after infection with SARS-
CoV-2 allowed researchers to gain more insight into the long-term effects of mild-to-
moderate infection [97]. Case-versus-control analysis of brain slices returned significant
longitudinal changes in several olfactory-related areas; among the 10 most significantly al-
tered areas were the amygdala, the hippocampus, and the piriform cortex. An imbalance in
the ACE2/ACE axis in the context of SARS-CoV-2 infection, along with important staining
in the same mentioned areas for the Mas receptor, may explain the observed longitudinal
alteration (persistent relative decrease of function) of the hippocampus, piriform region of
the frontal lobe, and the amygdala [49,99].

A critical role of the RAAS is represented by the involvement in learning and mem-
ory control; long-term potentiation of limbic structures, particularly the hippocampus
and amygdala, is mediated through the Mas axis [100]; the imbalance in the ACE axis
will therefore disturb the stress response, learning, and memory through a dual coupled
mechanism—organic volume density and function. Indeed, studies have already been
advanced regarding COVID-19 infection and mental health [101,102]. Neurocognitive
symptoms have been consistently mentioned, such as delirium, chronic attention span
worsening, and decreased memory capacity. A key aspect regarding mental health is
represented by the social burden the pandemic has brought along [101]; the social aspect
in a patient with already altered mental health may be more significant than previously
expected.

A worsened stress management, owing to the transformations occurred in the amyg-
dala and hippocampus, will also have peripheral consequences, which will most probably
parallel the direct effects of the Ang (1-7) level decrease on specific organs. Cardiovascular
response to acute stress has been linked to local concentration of Ang (1-7) in amygdala [61].

Cognitive impairment is a characteristic for post-COVID patients, the older ages
exhibiting the most significant difference when compared to uninfected subjects [98].
Recently, a correlation has been established between an increase in the protective arm of the
RAA axis and cognitive function and depression attenuation [103,104]. An imbalance of the
ACE axis, with the prevalence of the deleterious arm, may account for the overwhelming
reports of depression in post-COVID patients [102,105–107].

4.2. Heart

Acute cardiac injury was commonly reported as a complication, and was 13 times more
often in Intensive Care Unit (ICU) patients than in non-critical cases [108]. Several studies
reported a direct correlation between cardiac Troponin T (TnT)—mirroring acute cardiac
injury—and inflammatory profile markers (C-reactive protein CRP, leucocytosis, dimer, and
procalcitonin) [109,110]. Anatomopathological analysis of tissue in non-survivors returned
macrophage as the key cell owing to the local inflammation [111]. The category of patients
with underlying cardiovascular disease (CVD) displayed a higher frequency of elevated
TnT levels compared to patients with no history of CVD [109]. The same group of patients
recorded a higher risk ratio of major complications—including arrythmias—and a higher
infection severity. As such, TnT level could stand as the link between acute cardiac injury
and life-threatening arrythmias, two major cardiac complications of COVID-19 infection.

The propensity for cardiac injury in severe forms of SARS-CoV-2 infection has been
positively correlated to elevated Troponin I (TnI) levels immediately after hospital admis-
sion [112]. In addition, normal TnI levels in the first 24 h after admission are significantly
linked to lower mortality [113].

Heart failure—quantified by N-Terminal pro B-type Natriuretic Peptide BNP (NT-
proBNP)—was also in a direct relationship with inflammation and injury markers [109,110].
It is not yet clear whether this manifestation is due to pre-existing left ventricular dys-
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function or is an acute phenomenon in the context of myocarditis. Apart from ACE2
involvement, lung injury may explain heart failure; drop in functional residual volume
results in pulmonary hypertension and acute right heart failure.

Arrhythmias were observed significantly more frequently in patients presenting acute
cardiac injury, and the incidence of the two complications were statistically correlated. Up
to 44% of patients transferred to ICU displayed cardiac arrhythmia at some point during
admission [114]. Although both ventricular and atrial arrhythmias were noted, the former
may be the first apparent [115].

4.3. Renal

The pooled incidence of Acute Kidney Injury (AKI) in USA and Europe was 28.6%,
and only 5.5% in China, the difference being represented by the definitions used [116]. With
increasing severity of the disease, the proportion of AKI cases increases too. Physiopathol-
ogy of AKI is an interlocking blend of local and systemic inflammation, endothelial injury,
activation of coagulation pathways, and RAAS imbalance.

Anatomopathological findings reveal a more severe decline in renal function compared
to actual necrotic process in the nephron tubule—characteristic decoupling for septic shock
related AKI [117]. Other analysis returned thrombotic microangiopathy besides acute
tubular injury and collapsing glomerulopathy [118]. The latter is the first clue in favour
of endothelial activation and pro-thrombotic local status. Collapsing glomerulopathy,
named, COVID-19 associated nephropathy (COVAN), is most likely explained by the
same mechanism underlying HIV-associated nephropathy. The mechanism involved is
represented by podocyte injury—reinforced by presence of viral particles inside cells—and
filtration membrane disruption with subsequent proteinuria [119].

Endothelial dysfunction plays, again, a key role in pathology. Worth remembering
is the association of elevated inflammatory markers with the poor prognosis of COVID-
19-infected patients. Micro- and macro-vascular thrombosis in the context of endotheliitis
have been thoroughly reported, including in the kidney vascular system [120,121]. Platelet
activation, microvascular vasodilation, enhancement of immune cell adhesion (assembly of
Neutrophil Extracellular Traps (NETs)), and increased vascular permeability all come to
reinforce the pro-thrombotic status of a COVID-19 patient [122]. Patients at high risk of
severe COVID-19 present with hypertension or diabetes, which themselves depict chronic
endothelial dysfunction; reduction in bioavailability of NO may be a central element in
explaining the severe course in these patients.

Sepsis-like injury may be explained by the direct action of inflammatory mediators
such as TNF at renal endothelial and tubule cell level [123]. Interferon upregulation
by the viral infection may represent the (or one of the) cytokines involved in podocyte
injury-related proteinuria [124]. Complement activation also plays a pivotal role in endothe-
lial dysfunction and AKI persistence and progression to fibrosis/chronic kidney disease.
Higher levels of anaphylatoxins have been constantly recognized in COVID-19 patients,
which led to a greater binding of C5a to its receptor on both endothelial (EC) and tubule
epithelial cell [125].

4.4. Vascular

Reports from hospitalized patients revealed an imbalanced and exhausted immune
profile, an apparent hyperactivation consistent with “cytokine storm”, macrophage ac-
tivating syndrome, most severe in sickest patients. In these cases, immunoparalysis is
characterized by significant drop in Human Leukocyte Antigen (HLA)-DR molecule ex-
pression on CD14 monocytes, and CD4 and Natural Killer (NK) cell cytopenia inversely
correlated with IL-6 and CRP levels. IL-1β levels were lower than expected for such a
tremendous inflammatory response [126].

EC activation occurs as response to IL-6, IL-1 (secondary to IL-6), damage- and
pathogen- associated molecular pattern (result of viral-mediated cell death). Activated
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ECs exhibit pro-inflammatory gene expression, immune cell adhesion and chemotaxis,
increased vascular permeability, and alteration of local thrombotic potential.

Kawasaki-like diseases (KD) coexisting with multisystem inflammatory syndrome
in children (MIS-C) were reported in several instances of COVID-19 infection [127,128].
It seems that acute vasculitis in children may progress towards giant coronary artery
aneurysms significantly more frequent in COVID-19 affected patients than in the KD
patient, pre-COVID-19 era [129].

Pulmonary ECs dysfunction surely represents part of the picture of severe hypoxia
and acute distress syndrome by altering the air–blood barrier thickness and permeability.
Thrombosis in ECs activation is mediated both by EC secretion of Plasminogen Activa-
tor Inhibitor-1, Tissue Factor, von Willebrand factor, and NETs formation. Several reports
returned up to 25% incidence of venous thromboembolism, with correlation between throm-
botic events and lack of prophylactic anticoagulation [130,131]. Macrovascular thrombosis
evidence is brought by a case series of ST-segment elevation myocardial infarction pa-
tients, but with no sign of plaque rupture at angiography [132]. EC dysfunction may
contribute along the EC activation to the potential for thrombosis; knockout ACE2 rodents
demonstrated EC dysfunction, and this has been recently linked to the thrombotic events
susceptibility [39,133] (Figure 5).

Pharmaceutics 2022, 14, x 12 of 27 
 

 

Higher levels of anaphylatoxins have been constantly recognized in COVID-19 patients, 

which led to a greater binding of C5a to its receptor on both endothelial (EC) and tubule 

epithelial cell [125]. 

4.4. Vascular 

Reports from hospitalized patients revealed an imbalanced and exhausted immune 

profile, an apparent hyperactivation consistent with “cytokine storm”, macrophage acti-

vating syndrome, most severe in sickest patients. In these cases, immunoparalysis is char-

acterized by significant drop in Human Leukocyte Antigen (HLA)-DR molecule expres-

sion on CD14 monocytes, and CD4 and Natural Killer (NK) cell cytopenia inversely cor-

related with IL-6 and CRP levels. IL-1β levels were lower than expected for such a tre-

mendous inflammatory response [126]. 

EC activation occurs as response to IL-6, IL-1 (secondary to IL-6), damage- and path-

ogen- associated molecular pattern (result of viral-mediated cell death). Activated ECs 

exhibit pro-inflammatory gene expression, immune cell adhesion and chemotaxis, in-

creased vascular permeability, and alteration of local thrombotic potential. 

Kawasaki-like diseases (KD) coexisting with multisystem inflammatory syndrome in 

children (MIS-C) were reported in several instances of COVID-19 infection [127,128]. It 

seems that acute vasculitis in children may progress towards giant coronary artery aneu-

rysms significantly more frequent in COVID-19 affected patients than in the KD patient, 

pre-COVID-19 era [129]. 

Pulmonary ECs dysfunction surely represents part of the picture of severe hypoxia 

and acute distress syndrome by altering the air–blood barrier thickness and permeability. 

Thrombosis in ECs activation is mediated both by EC secretion of Plasminogen Activator 

Inhibitor-1, Tissue Factor, von Willebrand factor, and NETs formation. Several reports re-

turned up to 25% incidence of venous thromboembolism, with correlation between 

thrombotic events and lack of prophylactic anticoagulation [130,131]. Macrovascular 

thrombosis evidence is brought by a case series of ST-segment elevation myocardial in-

farction patients, but with no sign of plaque rupture at angiography [132]. EC dysfunction 

may contribute along the EC activation to the potential for thrombosis; knockout ACE2 

rodents demonstrated EC dysfunction, and this has been recently linked to the thrombotic 

events susceptibility [39,133] (Figure 5). 

 

Figure 5. A summary of the previously described consequences of COVID-19 infection. 

  

Figure 5. A summary of the previously described consequences of COVID-19 infection.

5. COVID-19 Infection Severity: Proven Risk Factors and Their Link to
ACE2 Expression
5.1. Age

COVID-19 infection plot for percentage of critical care cases (out of seropositive
individuals) vs age displayed intriguing and oddly inconsistent behaviour. While infection
was most mild in children, its severity escalated with age, particularly in the above-80-year-
olds group.

It is currently known that children infected with COVID-19 have either no or mild
symptoms. Depending on the study design and therapy reporting, asymptomatic patients
represented from 16% to 36% [134–136]. Again, these rates are fairly underestimated due
to the low detection in the asymptomatic category. No significant sex difference was noted,
and no statistically relevant age distribution profile was noted after examining several
studies [134–139]. There is conflicting evidence regarding risk factors for contracting the
infection: obesity, chronic respiratory conditions, viral co-infection, and immunodepres-
sion [140]. Interestingly, though, the highest rate of patients to require critical care was
consistently found in the lowest age groups [134,141–143]. Evidence was, however, dif-
ficult to find, due to most authors not linking cases which required invasive treatment
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to age groups. However, rates of both contracting the infection and requiring ICU were
systematically reported as lower than in adults [138].

Several articles released in 2020 reporting COVID-19 cases in <19-year-olds have high-
lighted that young frail patients are at risk for developing severe form of infection [134,142,143].
In all cases, most patients demanding ICU or assisted ventilation were under 1 year-old.
Furthermore, the category of patients 1 month-old or less were reported to be most vulner-
able [134]. Independent risks under multivariable analysis were age, male sex, respiratory
symptoms at presentation, and pre-existing medical conditions. Median interquartile range
(IQR) age in patients requiring intensive care versus all admitted cases showed a shift
towards lower values, presumably due to the high proportion of under 1 year-old subjects
considered in this study.

A sensible theory to explain the peak in severity profile in infants advances the higher
serum expression of ACE2 receptors in children owing to the higher predisposition of
this age category to infection. Serum concentration of ACE2 in infants <1 year-old were
reported to be significantly higher than any other children and adult age group [5]. This was,
however, the only statistically significant finding of the authors, other age groups reporting
similar quantities of sACE2. Availability of the pathogen’s receptor in the bloodstream may
explain the higher symptomatic rate and mortality in the <1 year-old age group. It is worth
noting the inverse relationship between ACE2 expression and infection intensity, which is
particular only to infants. The biphasic role of ACE2 expression in tissues vs plasma has
been noted in previous outbursts of SARS infections [144]. Nevertheless, recent work has
produced conflicting evidence regarding sACE2 levels and patient prognostic [145,146].

Age-stratified mortality and ICU necessity rates reveal a steep profile with increasing
age; considering that most of the infections in children and young adults go unnoticed, the
steepness increases even more dramatically towards the elderly group. Many countries
unfortunately became understaffed during the first peak of the pandemic in May 2020, so
an in-hospital death rate drop in the highest age categories may observed.

Several studies have separately discussed risk factors for contracting the infection,
while others have focused on disease progression. However, it was essential to establish a
strong link between risk factors for development of disease, and severity or progression of
infection once it was attained [140].

5.2. Demographic Factors

Age and male sex proved to be independent risk factors both for contracting the
disease and admission to ICU [147]. Intriguingly, though, a study from the same year (2020)
highlights a more in-depth method of assessing a patient and predicting individual risk
of developing a more severe form of infection [148]. A correlation was advanced between
biological aging—which in turn takes into consideration up to 9 biological markers—and
severity of disease. Ethnicity as an independent risk factor returned inconclusive results;
the lower socioeconomic status may be responsible in this analysis.

5.3. Arterial Hypertension

Hypertension was a constant risk factor for severity and mortality for in-hospital
patients. It was determined that hypertension along with high average systolic blood
pressure and high systole-diastolic variability (not individually) in COVID-19 patients
lead to a darker prognosis compared to patients with low and stable blood pressure [149].
Hypertension alone may not be at fault. Advancing in age results in an imbalance between
ACE/Angiotensin II and ACE2/Angiotensin (1-7) enzymes. Indeed, curvilinear association
between ACE2 levels and age was noted until 55 years old, beyond which the circulating
level of enzyme moderately dropped with advancing age [150]. The imbalance between
the Ang II and Ang (1-7) axis is easily reinforced by the baseline pro-inflammatory status
consistently present in older ages [151].

Shortly after the beginning of the pandemic, ACE2 was proven to be the principal
receptor through which the virus gets inside the cell and then the bloodstream. Anti-
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hypertensive drugs belonging to the class of RAA axis inhibitors are commonly known
to upregulate levels of ACE2, although evidence is scarce and disparate [152,153]. It may
seem counterintuitive to continue medication and enhance the virus’s natural ability to
penetrate in the body by over-expressing the virus receptor.

Still, patient management revealed that poor blood pressure control, both previously
and during admission, lead to high mortality. Adequate hypertension management was
still necessary. To support this hypothesis, evidence shows that previous hypertension
treatment in COVID-19 patients may indeed lower the in-hospital mortality [154]; this
surprising result was recognized after observing the outcome of hypertensive patients with
a history of at least 6 months of treatment with ACEI/ARB inhibitors. Their conclusion was
not, however, supported by similar subsequent studies, yet practitioners were reassured
there was no reason to switch to other medication class or discontinue their patients’ current
hypertension treatment [155].

5.4. Diabetes

Poor blood sugar control (HbA1C) comprised a significant risk factor for worse infec-
tion progression, but not for contracting it. It is demonstrated that diabetes patients present
an inadequate immune response to infections: impaired cytokine signalling (impaired
IFN-alpha synthesis) and high cellular response to molecular signals (highly sensitised
monocytes) [156,157]. Concisely, the diabetes patient is vulnerable to fungi and bacterial
infections, and shows an unbalanced response to viral agents. Moreover, as a response
to ACE upregulation in different tissues, ACE2 enzyme is overexpressed in serum, liver,
and pancreas of the diabetic patient, and may partially explain the higher vulnerability to
COVID-19 infection [158].

5.5. Obesity

Poor weight management was the third most incriminated risk factor for mortality.
Increased plasma ACE2 were positively correlated with body mass index (BMI) and gly-
cosylated haemoglobin (HbA1C), thus predicting the high risk. A typical obese patient
presents with the following cohort of diseases: hypertension, insulin-resistant diabetes, and
dyslipidaemia [150]. All these factors considered, weight-related ACE2 level may represent
too small a fraction of the whole risk to an obese patient.

5.6. Pregnancy

Out of the infected female patients, a significantly higher percentage of pregnant
women required hospitalization compared to non-pregnant subjects [159]. The most likely
mechanism for the higher susceptibility is represented by the relative immune suppression
characteristic to pregnancy state. Increased infection severity in pregnant subjects positively
correlated with higher age, greater weight, diabetes, and hypertension [160,161]. Mortality
cases were ascribed to respiratory failure and multiple organ failure [162]. The increased
susceptibility for acute respiratory distress syndrome may be linked to the alteration of
forced vital capacity during pregnancy [160]. Moreover, a synergistic yet deleterious
effect may be caused by the pro-thrombotic state common in COVID-19 patients and
the hypercoagulable state in pregnancy; the resulting coagulopathy could represent the
foundation of multiple organ failure [163].

6. Long-COVID Organ-Specific Management

In spite of the highly assertive vaccination campaigns, there were tremendous num-
bers of cases, increasingly higher with each wave of the pandemic. The last wave of the
pandemic proved to be the most challenging, owing to the new category of "long-haul”
COVID-19 subjects [164]. In some individuals, following the acute phase, the virus resides
in specific tissues. Reactivation of the virus, accelerated by a prolonged immune dysfunc-
tion and a whole range of other systems degradation, may explain the diversity of long-
lasting symptoms [165]. Specific follow-up for COVID-19 patients who developed at least
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one acute complication should be mandatory. This strategy may allow healthcare providers
to identify certain long-term complications—found under the term “long-COVID”—in the
early phases, and therefore the patients to benefit sooner from adequate treatment.

6.1. CNS Complications Evaluation

Depression-like syndrome, anxiety, and post-traumatic stress disorder (PTSD) are
some of the most encountered psychiatric findings in COVID-19 survivors [107,166]. Sever-
ity of long-COVID syndrome is unlikely to be related to severity of the infection [167].
Precise identification of COVID-19 survivors who are prone to psychiatric sequels becomes
extremely challenging, owing to the wide array of mechanisms through which COVID-19
affects the CNS and the neurological burden a pre-existing illness may exhibit [168]. Inde-
pendent risk factors for long-COVID “brain fog” were female sex, severity of respiratory
symptoms, and admission to ICU during hospitalization [169]. Indeed, acute lung injury
has been demonstrated to yield significant long-term neurological impairment, hypoxemia
representing a major mechanism [170]. There is important inconsistency regarding the time
interval between when the screening for newly onset psychiatric disorders should take
place and the infection symptom onset [166,169,171].

Magnetic resonance imaging of the brain proved a very powerful tool in assessing
brain damage associated with COVID-19 infection [98,172]. The longitudinal effects were
thoroughly documented, allowing for a deeper understanding of the link between olfactory
sense loss and brain impact. It is worth remembering that psychiatric disorders may or
may not be mirrored by an organic dysfunction. PTSD, as one of the most severe forms
of psychiatric sequels in COVID-19 survivors, proves a model for difficult neurological
assessment [168]. Differentiating cognitive complaint as belonging to psychological trauma
or neurological insult is key to diagnosis of PTSD; however, the healthcare provider must
always be aware that the patient they are examining may be displaying a combination of the
forementioned. In addition, patients found in high-risk categories for infection may already
display a varying degree of neurological impairment secondary to underlying disease.
Even COVID-19 survivors who do not exhibit the whole myriad of symptoms characteristic
to PTSD—the condition known as post-traumatic stress-disorder—may display subjective
and objective cognitive deficits [173].

Therefore, assessment of psychiatric damage in the context of COVID-19 should
occur earlier during treatment, target vulnerable categories of patients, and comprise a
wider variety of symptoms, and must lower the threshold for diagnosis [168]. Further
management of patients is limited only to pre-existing guidelines, but further COVID-19-
related pathology should be suspected and the treatment tailored accordingly.

6.2. Cardiovascular Complications Evaluation and Guidance

Onset or persistence of cardiovascular symptoms weeks after the acute infection phase
requires the patient to undergo an extensive battery of tests tailored to the main presumed
diagnosis. Physical examination should be focused on the patient’s symptoms and signs,
and the common cardiovascular parameters (heart rhythm evaluation, respiratory sounds,
peripheral oxygen saturation, and check for peripheral oedema) [174]. A detailed clinical
history must include the full cardiovascular profile obtained in the acute COVID-19 phase,
the infection severity as indicated by any newly arising short-term complications, and the
treatments the patients has undergone since first symptom onset. Echocardiogram serves
as a very useful tool in assessing any wall motion anomalies, indirectly indicating the status
of the coronary vessel network.

New or persistent infectious myocardial involvement can be assessed through transtho-
racic echocardiography (TTE) or more advanced techniques such as cardiac magnetic res-
onance imaging (CMR) and positron emission tomography (PET) [175,176]. COVID-19
myocarditis treatment strategies involving steroid drugs, purified immunoglobulins, or
antiviral therapy have yielded inconclusive results; newer protocols only recommend
adapting previous strategies of treatment for viral myocarditis [177,178].
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Life-threatening arrhythmias have been significantly correlated to age, basal heart rate,
and antiviral therapy [179]. Atrial fibrillation is considered a significant occurrence in the
acute phase of infections; new-onset arrhythmias are less encountered in the medium and
long-term phases [180]. Drug–drug interactions explain the necessity of a thorough history
regarding treatment directly targeted at COVID-19 infection [181]. Prolongation of QT
corrected interval (QTc) through repeated electrocardiographic (ECG) recordings may help
in identifying patients at risk for developing life-threatening arrhythmias [171,174,179].

Elevated concentration of N-terminal pro-B-type natriuretic peptide in a dyspnoeic
post-acute COVID-19 patient may justify the requirement for TTE imaging [182,183]. A
diagnosis of heart failure should be further managed according to the already existing
guidelines [171]. Despite previous concerns regarding use of ACEI and possibly increased
susceptibility of virus cell entry, current protocols encourage continuation of pre-existing
treatment [184]. Echocardiography may view any abnormality in pulmonary hemodynamic,
therefore predicting the course of acquired lung disease; integration of pulmonary status,
right ventricle size and function, left ventricle function, and any valvular abnormality
provide a more accurate image of cardiovascular and lung condition [185].

The increased risk for thrombotic events in the context of recent COVID-19 infection
may be reversed by administering standard prophylactic anticoagulation: 40 mg enoxaparin
daily [186]. Any higher dose did not yield a significant benefit regarding thrombotic
versus haemorrhagic event occurrence in an inpatient setting. Outpatient pharmacological
prophylaxis has been proposed, and guidelines provide consistent recommendations;
severe cases of COVID-19 without any thromboembolic risk factor may benefit from
extended anticoagulation, up to 6 months [174,187].

6.3. COVID-19-Related Chronic Kidney Disease Predictors

Acute kidney injury and chronic kidney disease have previously demonstrated a recip-
rocal correlation, one serving as a major risk factor for the development of the other [188].
Similarly, the relationship between COVID-19 severity and CKD course is, most probably,
bidirectional [189]. At the cellular level, CKD is characterized by chronic inflammation,
fibrosis, abnormal apoptosis rates, hypoxia, and vascular dysfunction, all processes which
have been linked to medium-term consequences of COVID-19 [117,118,120,123,125]. The
extent of decline in renal function directly determined by the amplitude of glomerular
filtration rate drop during the AKI episode, the balance of regenerative and destructive
processes, and, nonetheless, the pre-existing grade of CKD [190,191]. The risk for progres-
sion of CKD was evident even in COVID-19 patients who did not require hospitalization;
expectedly, risk was highest among the admissions to critical care unit [192]. Oxygen
therapy requirement in ICU is not, however, an entirely accurate predictor for rapidly
worsening kidney function [193].

Inconsistency in reports regarding long-term kidney damage due to COVID-19 in-
fection may be linked to an inconsistent protocol for CKD staging [194]. Overestimation
of kidney damage was presumably attributed to an inadequate diagnostic procedure in
the context of late-phase COVID-19 survivors [166,194]. Renal outcome in long-COVID
patients should be compared with similar age-group kidney function, but also with CKD
prevalence in general population. Proteinuria should be a key diagnostic criterion for
COVID-19-related CKD, owing to the age-adapted definition of CKD, and the high fre-
quency proteinuria is reported in COVID-19 patients [195]. These would allow for better
identification of subjects at high-risk of rapid worsening renal function and could facilitate
adequate medical care in the likelihood of increasing demand for intermittent dialysis [196].

7. Conclusions

SARS-CoV-2 is a currently running search for optimal management both for sick
patients and for subjects who have contracted the disease. Renin-angiotensin-aldosterone
system control an overwhelming range of processes at the cellular level. RAAS equilibrium
disturbance is determined by the downregulation of ACE2 expression in the context of
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COVID-19 infection. The diversity and multitude of local effects controlled by this same
axis comes to reinforce the strong connection between ACE2 alteration and organ-specific
consequences of the disease. The brain, a central compartment exhibiting significant expres-
sion of the ACE2/Ang 1-7 axis, displays both local and central relay-controlled mechanisms.
The cardiovascular and renal late manifestations of the disease are therefore also deter-
mined by a local and the central relay mechanism. There is an intricate network between
these organs, and disruption of one will surely produce an echo in all others. Furthermore,
there is rapidly emerging evidence concerning persistent or new-onset symptoms several
months after COVID-19 infection was diagnosed. Knowledge regarding SARS-CoV-2 target
organs and specific damage related to the infection, should enable healthcare providers to
assess medical profile of long-COVID patients more precisely and promptly.

More refined protocols for diagnosis of long-COVID target-organ sequels should
be elaborated. Brain damage secondary to pre-existing chronic diseases may sharply
interfere with cerebral sequels related to long-COVID. Renal damage assessment should
include at least one criterion to differentiate from function collapse related to aging—that
is, proteinuria. Cardiovascular state evaluation should be thoroughly performed in high-
risk categories of patients, in order to easily identify the mechanism for a potentially
serious complication. The physician should obtain an anamnesis regarding in-hospital
disease course, current and previously administered medication, should pay attention to
subjective complaints of the patient, and shall promptly perform an electrocardiogram and
echocardiogram.

The protective arm of RAAS influences a myriad of molecular level mechanisms: NO
balance influencing, oxidative stress shielding, Na transmembrane transport, inflammation
inhibition, apoptosis control and many more. These statements should encourage the
scientists into developing more targeted treatments for COVID-19 survivors; we hope
that new strategies of upregulating the levels of ACE2/Ang 1-7/MasR axis could prevent
instalment of severe long-term consequences of the virus, or at least improve the quality
of life for the already diagnosed patients several months post-infection. More research is
required in order to clarify whether the ACE2 axis is the only fundamental cornerstone of
long-term COVID-19 effects, yet it is nevertheless representative of the pathophysiology of
the infection.
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