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Preface

The incidence of cardiovascular disorders (CVDs), which are intricate and multifaceted, escalates
in the aging population. The severity of the CVD is a vital factor when deciding the treatment, as it is
associated with heart failure and mortality. Efforts are focused on developing novel pharmaceuticals
through the physicochemical modification of drug molecules and the design and synthesis of
new compounds, emphasizing drug delivery, controlled release, and targeted administration to
enhance therapeutic efficacy. Researchers are investigating novel methodologies, encompassing
contemporary pharmacology and gene therapy, to enhance these delivery systems. Although several
pre-clinical investigations have demonstrated that specific pharmacologic drugs and therapeutic
interventions dramatically diminish CVDs’ severity beyond the effects of reperfusion alone, only a
limited number of these therapies have successfully transitioned into clinical trials or normal clinical
practice. The optimization of pharmacological substances is essential for the further development
of diagnostic, therapeutic, and preventive techniques in cardiology. Promoting the endogenous
regeneration of the heart is crucial for enhancing the prognosis of patients with cardiac damage and
developing appropriate therapeutic options. The Special Issue titled “Molecular Pharmacology and
Interventions in Cardiovascular Disease” is addressed to researchers, clinicians, and professionals
involved in the fields of cardiovascular medicine, pharmacology, and biomedical research. Its goal is
to compile and share the most recent research results, creative methods, and treatment approaches

related to molecular mechanisms and interventions in cardiovascular diseases.

Magdalena Zabielska-Kaczorowska
Guest Editor






E‘ International Journal of K\
“] Molecular Sciences MD\Py

Editorial
Editorial for the Special Issue Titled “Molecular Pharmacology
and Interventions in Cardiovascular Disease”

Magdalena Zabielska-Kaczorowska

Department of Physiology, Medical University of Gdansk, 80-211 Gdansk, Poland;
magdalena.zabielska@gumed.edu.pl; Tel.: +48-58-349-15-20

1. Introduction

Cardiovascular diseases (CVDs) include coronary artery disease, hypertension, and
various cardiac disorders, among other conditions that impact the heart and vascular
system. These diseases are commonly linked to a variety of risk factors, including diabetes,
high blood pressure, and high cholesterol [1]. As the population’s mean age rises, so does
the prevalence of cardiovascular disorders, which are intricate and multifaceted [2]. With
a focus on drug delivery, controlled drug release, and targeting to the site of action to
maximise the therapeutic effect, efforts are being made to develop novel pharmaceutical
and non-pharmaceutical modulators in CVDs [3]. These advancements aim not only to
enhance the efficacy of treatments but also to minimise side effects, ultimately improving
patient outcomes. Researchers are exploring innovative approaches, including modern
pharmacology and gene therapy, to further refine these delivery systems [4].

This special issue of the International Journal of Molecular Sciences (IJMS), entitled
“Molecular Pharmacology and Interventions in Cardiovascular Disease”, contains 4 reviews
and 6 original research papers written by a panel of experts who highlighted recent ad-
vances, discussed potential drug targets, and aimed to elucidate pharmacologic strategies
that may be employed to promote cardiac repair after injury. These contributions provide
valuable insights into the intricate mechanisms underlying cardiovascular pathology and
offer a glimpse into future therapeutic avenues. The collective findings underscore the im-
portance of continued research in this critical area of medical science to achieve therapeutic
gain and enhance the efficacy of protocols for cardiac therapy.

2. Research

The original articles cover a range of topics from the use of novel inhibitors to analyses
of vascular permeability mediators in cardiovascular disorders. Two publications are
focused on the treatment of an aneurysm. Increased levels of matrix metalloproteinases
(MMPs) and destabilisation of the vessel wall due to the breakdown of the extracellular
matrix’s (ECM) structural elements, primarily collagen and elastin, are caused by acceler-
ated inflammatory processes during aneurysm development. ECM proteolysis is inhibited
by tissue inhibitors of metalloproteinases (TIMPs), which directly control MMP activity.
Here, Golombek et al. suppressed MMP-9 by synthetic TIMP-1 encoding mRNA exoge-
nously delivered into the aorta, which triggered the expression of TIMP-1 protein. These
findings suggested that TIMP-1 mRNA administration is promising as an aneurysm ther-
apy method [5]. In order to prevent aneurysm formation in Marfan syndrome (MFS),
strategies to block downstream effectors of angiotensin II type 1 receptor (AT1R)-mediated
signalling were investigated in the work of Callejon et al. It was found that inhibiting
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the progression of aneurysms in MFS may require total blocking of AT1R function, which
can be accomplished by administering a high dosage of losartan [6]. The next set of two
investigations is related to the inflammation strongly involved in cardiovascular disease.
Inhibition of the interleukin-6 receptor (IL-6R) has demonstrated efficacy in alleviating
myocardial damage and decreasing the levels of the prothrombotic and inflammatory
mediator, neutrophil extracellular traps (NETs). A major contributor to the development of
NET consists of the enzyme peptidylarginine deiminase 4 (PAD4). In STEMI patients, a
correlation between PAD4, IL-6R, and troponin release was shown by Kindberg et al. [7].
The pathophysiology of atherosclerosis and the development of in-stent restenosis (ISR)
are significantly influenced by inflammation. It was found by Hytonen et al. that a novel
synthetic flavonoid, 3,7-dihydroxy-isoflav-3-ene (DHIF) showed promise in limiting ISR
through antioxidant action. DHIF treatment did not postpone endothelial healing following
stenting injury and markedly decreased inflammation and proliferation in the restenotic
lesions [8]. Investigation of Luecht et al. was conducted into the inflammatory response in
macrophages triggered by perioperative serum samples taken from congenital heart defect
(CHD) patients undergoing cardiopulmonary bypass (CPB) heart surgery. By activating
STAT3 through IL-6 and IL-8, CPB triggered an increase in the production of cytokines and
mediators of vascular permeability. Treating those patients with Stattic increased TNFx
expression while attenuating all mediators examined [9]. In the work of Brosinsky et al.
using the inducible cardiomyocyte-specific monoamine oxidase B (cmMAO-B) knockout
mouse model, the effects of ROS generation mediated by MAO-B on RV dilatation and
function in response to pulmonary artery banding were examined [10]. During pulmonary
hypertension (PH), the elevated production of reactive oxygen species (ROS) in the mi-
tochondria is crucial for the development of right ventricular hypertrophy (RVH) and
failure (RVF). Compared to their littermates, cnMAO-B KO mice were shielded against RV
dilatation, hypertrophy, and dysfunction after RV pressure overload. The hypothesis that
c¢cmMAO-B plays a significant role in RV hypertrophy and failure during PH was validated
by these findings.

3. Review

Review articles present several up-to-date aspects of the pharmacological interven-
tions in CVDs. Kulpa et al., reviewed data showing that research on catestatin (CTS) is
encouraging and suggests that it may be used to treat a variety of CVDs. It was found that
CTS stimulates endothelial cells and cardiomyocytes to produce more NO. Additionally,
for patients with mildly decreased or retained HF, CTS may serve as a biochemical marker.
However, there are some conditions, including atherosclerosis, where studies regarding
the impact of CTS on vessel wall remodelling were conflicting, and its significance in
these conditions is still unclear [11]. Liu et al. made an insightful review about the ther-
apeutic strategies of cirrhotic cardiomyopathy (CCM). Patients with CCM may benefit
from treatments including antioxidants, anti-inflammatory, and anti-apoptotic drugs. Such
strategies are now primarily restricted to animal studies, hence carefully planned clinical
trials are required to validate these compounds. Another possible therapeutic agent are
non-selective beta-blockers (NSBBs), which should, in theory, have therapeutic effects on
CCM. Nevertheless, there is inconsistency among the outcomes from various studies [12].
Menezes et al. summarised the current state of treatment for hypertrophic cardiomyopathy
(HCM), a complex heart disease characterised by alterations in a number of biological
processes, such as ROS control, ionic homeostasis, structural remodelling, and metabolic
balance. It was proposed that mitochondrial redox signalling and genetic mutations are
the key regulating variables in HCM [13]. Szczepanska-Sadowska et al. explored the
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interactions between the hormones of the hypothalamo—pituitary—adrenal axis and vaso-
pressin (AVP). This review summarises recent knowledge about steroid hormones and AVP
that are often released together and act closely together to control behaviour, metabolism,
blood pressure, and water-electrolyte balance. Significant changes occur in the interactions
between AVP and HPA during inflammation, neurogenic stress, and metabolic, respiratory,
and cardiovascular disorders. In metabolic diseases, inappropriate interactions between
AVP and steroids may cause or accelerate cardiovascular diseases [14].

This Special Issue underlines the richness but also the complexity of approaches in
CVDs treatment. The present challenge is to accelerate the exploration of unique phar-
macological targets for clinical applications. As the Guest Editor, I hope that the findings
included in this Special Issue will inspire further investigations in this challenging field.

Acknowledgments: The guest editor would like to express gratitude to the reviewers for their
insightful criticism and to all of the authors for their outstanding contributions.

Conflicts of Interest: The author declares no conflicts of interest.
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Abstract: Inflammation contributes to myocardial injury in ST-elevation myocardial in-
farction (STEMI). Interleukin-6 receptor (IL-6R) inhibition has been shown to mitigate
myocardial injury and reduce levels of the prothrombotic and inflammatory mediator,
neutrophil extracellular traps (NETs). The enzyme peptidylarginine deiminase 4 (PAD4)
is central in NET formation. We hypothesized that PAD4 links IL-6R activation and NET
formation. Methods: We conducted thrombus aspiration and peripheral blood sampling
in 33 STEMI patients. In thrombi and leukocytes, we quantified the mRNA of IL-6, IL-6R,
and PADA4. In peripheral blood, the protein levels of IL-6, IL-6R, PAD4, dsDNA, H3Cit,
MPO-DNA, and troponin T were quantified. Results: In thrombi and circulating leukocytes,
PAD4 mRNA was associated with IL-6R mRNA (thrombi: = 0.34, 95% CI [0.16-0.53],
p = 0.001, circulating leukocytes: 3 = 0.92, 95% CI [0.07-1.77], p = 0.036). There were
no correlations between PAD4 and IL-6 in thrombi and leukocytes. The protein levels
of IL-6R were associated with the NET marker H3Cit (rs = 0.40, p = 0.02). In thrombi,
PAD4 mRNA was associated with high levels of troponin T (3 = 1.15 95% CI [0.27-2.04],
p = 0.013). Conclusion: We demonstrate an association between PAD4, IL-6R, and troponin
release in STEMI patients. Our findings indicate a PAD4-mediated connection between
IL-6R and NET formation and highlight PAD4 as a potential treatment target for mitigating
inflammation and myocardial injury in STEML

Keywords: coronary thrombus; NETs; STEMI; inflammation; IL-6R; PAD4

1. Introduction

Circulating levels of interleukin (IL)-6 increase during the acute phase of ST-elevation
myocardial infarction (STEMI) and are associated with infarct size and adverse clinical
outcomes [1,2]. A central source of IL-6, which binds to the IL-6 receptor (IL-6R), is the
NOD-, LRR-, and pyrin domain-containing protein 3 (NLRP3) inflammasome axis, a key
mediator of inflammation [3]. A randomized, placebo-controlled trial, ASSessing the effect
of Anti-IL-6 treatment in Myocardial Infarction (ASSAIL-MI), demonstrated that IL-6R
inhibition with tocilizumab administered during PCI in patients with STEMI reduced the
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inflammatory response and myocardial damage [4]. Activation of IL-6R can mediate a vast
array of both pro- and anti-inflammatory effects in cardiovascular diseases [5]. We recently
reported that tocilizumab attenuates the formation of neutrophil extracellular traps (NETs)
in the ASSAIL-MI trial and suggested that this could explain part of the IL-6R-mediated
cardioprotective effect of tocilizumab [6].

NETs are extracellular web-like structures composed of double-stranded DNA
(dsDNA), citrullinated histones, and various neutrophil proteins. They are released from
activated neutrophils during STEMI in a process called NETosis [7,8]. NETs contribute
to atherothrombosis through their clot-stabilizing, cytotoxic, and proinflammatory prop-
erties [9-12]. Circulating NET markers have repeatedly been linked to myocardial dam-
age and clinical outcomes in STEMI [10,13], and NETs have been observed in coronary
thrombi [14-18]. During NETosis, chromatin decondensation is initiated by the intracellular
protein peptidylarginine deiminase 4 (PAD4) [19]. Inhibition of PAD4 has shown cardiopro-
tective effects in preclinical models of myocardial infarction, making it a promising target
for further studies [20]. We have previously identified an association between increased
IL-6R gene expression and markers of myocardial damage in aspirated coronary thrombi
from patients with STEMI [21]. In the present study, we hypothesized that IL-6R and
NETosis are linked by PAD4. To test this, we analyzed aspirated coronary thrombi and
circulating blood from patients with STEMI and assessed the associations between IL-6R,
IL-6, PAD4, and NETs.

2. Results
2.1. Baseline Characteristics

The baseline characteristics of the study cohort are outlined in Table 1. The mean
age was 60 years, and the female inclusion rate was 9%. The majority (79%) presented
with total coronary occlusion prior to PCI, defined as TIMI flow 0. Twelve patients (36%)
had retrograde flow to the culprit coronary artery, suggesting longstanding atherosclerotic
disease. The available markers with their respective locations are listed in Table 2.

Table 1. Baseline characteristics.

Total n = 33
Age, years 60 (£11)
Females 3 (9%)
Current or previous smoker 27 (84%)
BMI, kg/m? 27.7 (23.4,28.6)
sBP, mmHg 127 (£31)
dBP, mmHg 82 (£19)
Heart rate 70 (65, 90)
Prior myocardial infarction 1 (3%)
Prior hypertension 11 (33%)
Prior diabetes mellitus type 2 4 (12%)
Prior medication:

Acetylsalicylic acid 6 (18%)
P2Y12-inhibitor 2 (6%)
Anticoagulation 3 (9%)
RAAS inhibitors 5 (15%)

Betablocker 4 (12%)
Aldosterone antagonist 0 (0%)
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Table 1. Cont.

Total n = 33

Statins

6 (18%)

Symptom start to PCI, min

152 (122, 343)

Culprit artery:
LAD 16 (48%)
Cx 6 (18%)
RCA 11 (33%)
Troponin T peak, ug/L 3434 (1250, 6967)
CRP, mg/L 2.71 (0.96, 6.03)

Values are given as mean (+SD), median (IQR 25, 75), or proportions (%). BMI = body mass index,
sBP = systolic blood pressure, dPB = diastolic blood pressure, RAAS = renin-angiotensin—aldosterone sys-
tem, PCI = percutaneous coronary intervention, LAD = left anterior descending artery, Cx = circumflex artery,
RCA = right coronary artery, CRP = C-reactive protein.

Table 2. Available markers and their locations.

Gene Expression in Thrombi  Gene Expression in Circulating Leukocytes  Circulating Levels

L6 v v v
IL-6R v % v
PAD4 Vv Vv vV

dsDNA X X Vv
MPO-DNA X X N4
H3Cit X X N4
All circulating proteins were quantified by ELISA in serum, except MPO-DNA, which was quantified in EDTA
plasma. dsDNA was stained with PicoGreen in EDTA plasma and quantified with fluorometry. IL-6 = intereleukin-
6, IL-6R = interleukin-6 receptor, PAD4 = peptidylarginine deiminase 4, dSDNA = double-stranded DNA, MPO-
DNA = myeloperioxidase-DNA, H3Cit = citrullinated histone H3.
2.2. Investigations in Coronary Thrombi
2.2.1. Associations Between PAD4, IL-6R, and IL-6 mRNA Levels
PAD4 mRNA was detected in 27 of the 33 coronary thrombi. A correlation between
mRNA for PAD4 and IL-6R in coronary thrombi was strongly suggested, although not
statistically significant (Figure 1a). This association persisted, now statistically significant,
in a multivariate, linear regression model adjusted for age, sex, and symptom duration
(Table 3). In contrast, no association was found between PAD4 and IL-6 mRNA.
(@) (b)
4 = e L)
s, - r=038,p=0.053 ¢ | et © r=0.55, p=0.001
] L) . . . o 'y
0 2 4 6 8 0 5 1 15 2

mMRNA IL-6R in coronary thrombi mRNA IL-6R in circulating leukocytes

Figure 1. Scatterplots with Spearman’s Rho of PAD4 mRNA and IL-6R mRNA levels in (a) coronary
thrombi and (b) circulating leukocytes. mRNA levels were measured by qPCR. PAD4 = peptidylargi-
nine deiminase 4, IL-6R = interleukin-6 receptor.
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Table 3. Associations between PAD4 mRNA, IL-6R mRNA, and troponin T in thrombi and PAD4
mRNA and IL-6R mRNA in leukocytes.

Univariate Multivariate
B CI p-value B CI p-value
Association with PAD4 mRNA in coronary thrombi
IL-6R mRNA 0.34 0.16-0.51 0.001 0.34 0.16-0.53 0.001 *
(S EEHT TR S 1.0 0.20-1.80 0.016 115 0.27-2.04 0.013 *
quartile g4 vs. 1-3
Association with PAD4 mRNA in circulating Ieukocytes
IL-6R mRNA 0.98 0.18-1.77 0.017 0.92 0.07-1.77 0.036 *

Univariate and multivariate linear regression models of associations between mRNA in coronary thrombi (orange)
and circulating leukocytes (green). mRNA levels were measured by qPCR. PAD4 = peptidylarginine deiminase 4,
IL-6R = interleukin-6 receptor. * Adjusted for age, sex, and symptom duration.

2.2.2. Associations Between PAD4 mRNA Levels and Troponin T

The level of PAD4 mRNA in coronary thrombi was associated with high peak troponin
T in a multivariate, linear regression model adjusted for age, sex, and symptom duration
(Table 3). In contrast, PAD4 mRNA levels in circulating leukocytes, PAD4 protein levels, and
the other circulating NET markers (dsDNA, MPO-DNA, and H3Cit) were not associated
with troponin T.

2.2.3. Immunofluorescence Investigations of NETosis

The NET markers, histone H3 and neutrophil elastase, were detected in 27 and 29 of 33
thrombi, respectively. The presence of NETs in coronary thrombi is illustrated in Figure 2

with co-localization of two NET markers, histone H3 and neutrophil elastase, alongside
extracellular DNA.

(b) (c) (d)

(e)

Figure 2. Co-localization of NET markers in coronary thrombi. (a): The HE-stained image displayed a
cluster of abundant inflammatory cells, predominantly neutrophil granulocytes, with fibrin appearing
as eosinophilic and amorphous deposit filaments. b-e: Immunofluorescence-stained thrombus, as
in (a). (b): The nuclei and extracellular DNA were stained with DAPI (blue). (c): The nuclei were
stained with histone H3 (red). On the left, web-like structures show extracellular deposits of histone
H3. (d): Green-stained neutrophil elastase (NE) was abundant in the cytoplasm, cell membrane, and
extracellular granular debris. (e): Co-staining showed the co-localization of DAPI (blue), NE (green),
and histone H3 (red). Magnification was 100 x, and the scale bar length was 20 um. Arrows indicate
extracellular staining of the chosen NET markers.
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2.3. Investigations in Peripheral Blood
2.3.1. Associations Between PAD4 mRNA, IL-6, IL-6R, and NETs

As for the coronary thrombi, the mRNA of PAD4 and IL-6R mRNA were correlated in
circulating leukocytes (Figure 1b). This association remained statistically significant in a
multivariate, linear regression model adjusted for age, sex, and symptom duration (Table 3).
The serum protein levels of the NET marker H3Cit were correlated with IL-6R protein
levels (rs = 0.40, p = 0.02). No other correlations were observed between NET markers and
IL-6R protein levels, or between NET markers and IL-6 protein levels.

2.3.2. Comparison of Coronary PAD4 mRNA and Circulating Markers

PAD4 mRNA levels in coronary thrombi correlated with protein levels of PAD4 in
peripheral blood measured in serum (r; = 0.39, p = 0.048). PAD4 mRNA levels in thrombi
also correlated with dsDNA (rs = 0.47, p = 0.014) measured in plasma, but not with the
other NET markers in peripheral blood.

3. Discussion

In coronary thrombi from patients with STEMI, we found that PAD4 mRNA levels
correlated with IL-6R mRNA expression, as well as myocardial injury measured as troponin
T. We also observed correlations between PAD4 mRNA and IL-6R mRNA in circulating
leukocytes, and between protein levels of IL-6R and H3Cit in peripheral blood. Together,
these findings might suggest that PAD4 links IL-6R signaling and NETosis in STEML

Individually, both NETs and IL-6 signaling have been associated with the formation
and stabilization of thrombi in myocardial infarction [3,22]. The web-like structure of
NETs coated with neutrophil proteins (Figure 2) has prothrombotic and procoagulant
effects and hampers fibrinolysis [10,11,23-25]. The release of NETs, called NETosis, occurs
from minutes to hours after the neutrophil cell is activated, and local NETosis within the
coronary thrombi during acute myocardial infarction participates in the prevention of
spontaneous reperfusion of the coronary artery [8,26-28]. In previous studies, the levels
of NETs in coronary thrombi have been correlated with infarct size and clinical outcomes,
and our finding that PAD4 mRNA is associated with high levels of troponin T corroborates
the importance of NETosis in coronary thrombi for myocardial injury in STEMI [8,14].
Importantly, this is further supported by the correlation between PAD4 mRNA and cir-
culating dsDNA, as both NETosis and myocardial cell damage are potential sources of
circulating dsDNA after STEMI. As part of IL-6 signaling, our group has previously shown
that the NLRP3-activated pathway, with IL-1p and IL-6 as downstream proteins, is also
highly regulated in coronary thrombi, and that local IL-6R mRNA in thrombi is linked to
myocardial damage [21]. It has recently been shown that neutrophil cells themselves also
release NLRP3 in the early inflammatory phase of myocardial ischemia, and that NLRP3
is not only a precursor but also a stimulus for NETosis [29,30]. Although the IL-6-PAD4
axis has been described in other acute and chronic diseases [31,32], this is, to the best of our
knowledge, the first time the interplay between NETosis and IL-6R signaling in coronary
thrombi has been investigated. Our demonstration of an association between PAD4 mRNA
and IL-6R mRNA aligns with our recent finding that IL-6R inhibition reduces the neutrophil
cell’s ability to undergo NETosis and marks PAD4 as an emerging target to mitigate local
inflammation [6]. The concept of PAD4 inhibition is supported by experimental models
that have shown reductions in NET-induced damage in myocardial infarction by PAD4
inhibition [20,33]. Considering the findings from this study, exploring the effects of PAD4 or
IL-6R inhibition on coronary thrombus composition is warranted. Such interventions may
not only promote thrombus destabilization but also mitigate ischemia-reperfusion injury
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in patients with STEMI. As ischemia-reperfusion injury is a significant contributing factor
to myocardial damage without effective treatment, it represents an ongoing challenge in
modern cardiology [34-36].

We observed, like the findings in thrombi, an association between PAD mRNA and IL-
6R mRNA in circulating leukocytes, where neutrophils represent the predominant subtype.
This observation might suggest that the findings in coronary thrombi were derived from
neutrophils, although admixture from other inflammatory cells like macrophages cannot
be ruled out. Activated circulating neutrophil cells also play an active role during ischemia—
reperfusion injury [36]. NETosis might thus play a role in this detrimental process. In this
study, peripheral blood samples were collected simultaneously with thrombus aspiration,
i.e., as reperfusion started and before the full effect was presumably reached. We have
previously published that coronary thrombi and circulating leukocyte mRNA levels of
IL-6 and IL-6R did not correlate with the protein levels of IL-6 and IL-6R in peripheral
blood [21], suggesting that peak concentrations of mRNA and protein may occur at distinct
time points. Nevertheless, we did find a correlation between the protein levels of the
NET marker H3Cit and IL-6R in the circulation. H3Cit is the direct product of PAD4
activity, which was upregulated both in coronary thrombi and circulating leukocytes, and
is considered as a specific NET marker [37,38].

Limitations

The sample size in our study is suitable for hypothesis-generating studies but limits
subgroup analysis and increases the risk of type II statistical errors. We only included
patients that underwent thrombus aspiration at the discretion of the PCl-operator. These
patients might represent a subgroup with higher propensity for thrombus formation com-
pared to the general STEMI population, and their thrombi composition might differ from
that of most other patients with STEML. In addition, the low female study participation rate
of 9% limits the generalizability of our results. Moreover, the chosen marker of NETs can
be discussed, as NET composition might vary depending on the initial stimuli [39,40], and
more ideal markers for STEMI-related research cannot be ruled out. Also, IL-6R exists in
two forms, as membrane-bound (mIL-6R) and soluble (sIL-6R). In this study, only sIL-6R
was measured in the circulation. In addition, quantification of the immunofluorescence-
stained factors in coronary thrombi would have added valuable insight; however, we lacked
the necessary expertise and facilities to perform it at the time of the study. Furthermore,
the timing of blood sampling may be relevant to our findings. All samples were obtained
at the catheterization lab shortly after hospital admission, but the ischemic period ranged
from 60 to 1440 min. The processes of translation from mRNA to protein, as well as the
elimination of proteins, could be in different stages. Lastly, this is a cross-sectional study,
and causality cannot be determined. Future studies are needed to establish the value of
these markers in the context of myocardial infarction.

4. Materials and Methods
4.1. Study Design

The material analyzed in this study was collected for the Thrombus Aspiration in ST-
elevation myocardial Infarction (TASTI) trial (registered at clinicaltrials.gov, NCT02746822),
as previously described [21]. Briefly, 33 patients with STEMI treated with percutaneous
coronary intervention (PCI) and thrombus aspiration were consecutively included between
August 2015 and January 2019. Thrombi and peripheral blood samples were obtained
simultaneously in the catheterization lab, and an additional peripheral blood sample was
drawn the following morning.
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4.2. Thrombi Preparation

Intracoronary thrombi were obtained using a standard aspiration catheter, rinsed with
saline, and divided into two equal portions. One portion was preserved in 10% buffered
formalin, processed chemically, and embedded in paraffin for subsequent histological and
immunofluorescence analyses. The second portion was snap-frozen in RNA-later solution
(Qiagen, Hilden, Germany) and stored at —80 °C to facilitate later RNA extraction and
gene expression analysis.

The formalin-fixed, paraffin-embedded (FFPE) thrombi were serially sectioned at
3.5 pm. Sections 1 and 7 were stained with hematoxylin and eosin (HE). For immunofluo-
rescence analysis, the FFPE thrombi were immunofluorescence-stained for histone H3 and
neutrophil elastase (Supplementary Tables S1 and S2). Double immunofluorescence was
performed sequentially using a Ventana Discovery Ultra automated slide stainer (Ventana
Medical System, 750-601, Roche, Basel, Switzerland). Monoclonal mouse anti-human
neutrophil elastase (M752, Dako, Glostrup, Denmark) diluted 1:50 in Discovery Antibody
Diluent (05266319001, Roche Diagnostics, Basel, Switzerland) was incubated for 32 min,
followed by incubation with OmniMap anti-mouse HRP (5269652001, Roche) for 12 min
and Discovery FITC (07259212001, Roche Diagnostics, Basel, Switzerland) for 12 min.

Monoclonal rabbit anti-histone H3 (4499S, Cell Signaling Technology, Inc., Danvers,
MA, USA) diluted 1:400 in Discovery Antibody Diluent (05266319001, Roche Diagnostics,
Basel, Switzerland) was incubated for 32 min, followed by OmniMap anti-Rabbit HRP
(05269679001, Roche Diagnostics, Basel, Switzerland) for 12 min and Discovery Rhodamine
(07259883001, Roche Diagnostics, Basel, Switzerland) for 12 min. Heat-induced epitope
retrieval (HIER) was performed before the second cycle using Discovery CC1 (06414575001,
Roche Diagnostics, Basel, Switzerland) for 48 min at 95 °C, and peroxidase was inactivated
using a Discovery inhibitor (7017944001, Roche Diagnostics, Basel, Switzerland). Cell nuclei
were stained with Discovery QD 4’,6-Diamidino-2-Phenylindole (DAPI) (5268826001, Roche
Diagnostics, Basel, Switzerland) for 8 min, and the sections were mounted with ProLong
Glass Antifade Mountant (Molecular Probes, Thermo Fisher Scientific, Waltham, MA,
USA).

4.3. Blood Sampling Protocol

Peripheral venous blood was drawn into tubes without additives for serum analysis
and tubes containing EDTA for plasma analysis. Tubes without additives were kept at room
temperature for 30-60 min to ensure complete coagulation, followed by centrifugation at
2100x g for 10 min at room temperature. EDTA tubes were immediately placed on ice and
centrifuged within 30 min at 2500 g for 20 min at 4 °C to procure platelet-poor plasma.
Following centrifugation, serum and plasma samples were divided into aliquots and stored
at —80 °C for subsequent analyses. BD PAXgene™ Blood RNA tubes were maintained at
room temperature for 2-72 h to stabilize leukocyte RNA prior to storage at —80 °C.

4.4. Laboratory Analysis

For mRNA quantification, we extracted RNA from the snap-frozen thrombi samples
utilizing the High Pure RNA Tissue Kit (Roche Diagnostics GmbH, Mannheim, Germany),
supplemented with Proteinase K Solution and stabilized with lysing buffer. Homogeniza-
tion was achieved using a Thermomixer (Eppendorf AG, Hamburg, Germany) and stainless
steel grinding balls (Qiagen GmbH, Hilden, Germany). We isolated RNA from PAXgene
tubes with the PAXgene® Blood RNA Kit (PreAnalytix, Qiagen GmbH) and further per-
formed purification using RNeasy® MinElute® Cleanup Kit (Qiagen). RNA quality and con-
centration (ng/pL) were assessed with the NanoDrop™ 1000 Spectrophotometer (Thermo
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Scientific, Wilmington, DE, USA). Complementary DNA was synthesized from equal
amounts of RNA using the qScript™ c¢cDNA SuperMix (Quanta Biosciences, Gaithersburg,
MD, USA). Real-time PCR was conducted on a ViiA™ 7 system (Applied Biosystems, Foster
City, CA, USA) with TaqMan® Universal PCR Master Mix (P/N 4324018) and TaqMan®
assays for IL-6 (Hs00174131_m1), IL-6R (Hs01075664_m1), and PAD 4 (Hs01057483_m1).

In peripheral blood drawn at admission, dsDNA was quantified in EDTA plasma
using the fluorescent nucleic acid stain Quant-iT PicoGreen (Invitrogen, Paisley, UK) and
measured by fluorometry (Fluoroskan Ascent, Thermo Fisher Scientific Oy, Vantaa, Finland).
Myeloperoxidase-DNA (MPO-DNA) complexes were assessed in undiluted EDTA plasma
using an enzyme-linked immunosorbent assay (ELISA) technique previously described
by Kessenbrock et al. [41]. Briefly, microplates were coated with the capture antibody
anti-MPO (Bio-Rad, Hercules, CA, USA) and incubated overnight at 4 °C. After blocking
with bovine serum albumin, patient samples and a peroxidase-labeled anti-DNA antibody
(Cell Death Detection kit, Roche Diagnostics GmbH, Mannheim, Germany) were added
and incubated for two hours. Following incubation, a peroxidase substrate was introduced,
and absorbance was measured and expressed as optical density (OD) units. H3Cit levels
were analyzed in serum in a 1:2 dilution with ELISA buffer using a commercial sandwich
ELISA kit (Cayman Chemical, Ann Arbor, MI, USA). PAD4, IL-6, and IL-6R were quantified
in serum using commercially available ELISA kits (PAD4 (human), Cayman Chemical, Ann
arbor, MI, USA and Quantikine® HS ELISA, R&D Systems®, Minneapolis, MN, USA). All
samples were analyzed on one plate of the specific assays. The intra-assay coefficients
of variability were 5.8% (dsDNA), 7.9% (MPO-DNA), 13.2% (H3Cit), 1.4% (PAD4), 10.6%
(IL-6), and 3.6% (IL-6R).

Cardiac troponin T was measured in serum collected at admission and on the fol-
lowing day with commercial electrochemiluminescence immunoassay (third-generation
cTnT, Elecys 2010, Roche, Mannheim, Germany). The inter-assay coefficient of variability
was 7%.

4.5. Statistical Methods

The demographic data were given as median (25% and 75% percentiles), mean (SD),
or numbers (%) as appropriate. All variables were evaluated for normality by histograms
and qg-plots. Correlation analyses were performed by Spearman’s Rho. Linear associations
were analyzed with linear regression. Multivariable models were adjusted for the covariates:
age, sex, and symptom duration. We chose not to adjust for inflammatory-linked variables
like CRP and troponin T. The level of statistical significance was set to two-sided p < 0.05.
All statistical analyses were performed on STATA v.18 SE (StataCorp LLC, College Station,
TX, USA).

5. Conclusions

We demonstrate an association between PAD4, IL-6R, and troponin release in STEMI
patients. This indicates a PAD4-mediated link between IL-6R and NET formation and
highlights PAD4 as a potential treatment target for mitigating inflammation and myocardial
injury in STEMI. Further mechanistic and clinical studies are needed to confirm a causal
relationship and clarify the therapeutic potential of PAD4 inhibition in STEML.
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The following abbreviations are used in this manuscript:

STEMI ST-elevation myocardial infarction

-6 Interleukin-6

IL-6R Interleukin-6 receptor

NETs Neutrophil extracellular traps

PAD4 Peptidylarginine deiminase 4

dsDNA Double-stranded deoxyribonucleic acid

H3Cit Citrullinated histone H3

MPO-DNA  Myeloperioxidase bound to deoxyribonucleic acid
NLRP3 NOD-, LRR-, and pyrin domain-containing protein 3
ASSAIL-MI  Assessing the effect of anti-IL-6 treatment in myocardial infarction
PCI Percutaneous coronary intervention

FFPE Formalin-fixed, paraffin-embedded

ELISA Enzyme-linked immunosorbent assay
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Abstract: Congenital heart defects (CHDs) are one of the most common congenital malformations
and often require heart surgery with cardiopulmonary bypass (CPB). Children undergoing cardiac
surgery with CPB are especially at greater risk of post-operative complications due to a systemic
inflammatory response caused by innate inflammatory mediators. However, the pathophysiological
response is not fully understood and warrants further investigation. Therefore, we investigated the
inflammatory response in macrophages initiated by peri-operative serum samples obtained from
patients with CHD undergoing CPB cardiac surgery. Human differentiated THP-1 macrophages
were pretreated with Stattic, a STAT3 (Tyr705) inhibitor, before stimulation with serum samples.
STAT3 and NF-kB activation were investigated via a Western blot, IL-13, TNF«, IL-10, mediators for
vascular permeability (VEGF-A, ICAM), and SOCS3 gene expressions via RT-qPCR. CPB induced an
inflammatory response in macrophages via the activation of the STAT3 but not NF-«B signaling path-
way. Longer duration on the CPB correlated with increased cytokine, VEGF, and ICAM expressions,
relative to individual pre-operation levels. Patients that did not require CPB showed no significant
immune response. Pretreatment with Stattic significantly attenuated all inflammatory mediators
investigated except for TNFo in the macrophages. CPB induces an increased expression of cytokines
and mediators of vascular permeability via the activation of STAT3 by IL-6 and IL-8 in the serum
samples. Stattic attenuates all mediators investigated but promotes TNF« expression.

Keywords: congenital heart defects; cardiopulmonary bypass; macrophages; sterile inflammation;
vascular permeability; STAT3; NF-kB p65; Stattic; DAMPs; cytokines

1. Introduction

Congenital heart defects (CHDs) are one of the most common congenital malforma-
tions and often require heart surgery with cardiopulmonary bypass (CPB) [1]. Among
others, the operation itself and CPB-induced ischemia/reperfusion injury lead to the release
of inflammatory mediators and damage-associated patterns (DAMPs) into the bloodstream,
activating various cascades (coagulation cascade, complement system, immune system)
and inducing an acute inflammatory response, which may lead to post-operative compli-
cations such as systemic inflammatory response syndrome (SIRS) [2,3] and capillary leak
syndrome (CLS) [4,5]. Despite technological progress, the harmful influences of CPB in
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neonates and children are often pronounced due to their immature tissue, organ function,
and immune system. Moreover, the disparity in size between the CPB circuit and patients’
cardiovascular system surface increases the risk for complications [6-8], resulting in higher
morbidity with prolonged stays in the intensive care unit (ICU), prolonged ventilation
times and sedation, increased drainage losses, and an increased need for diuretics and
catecholamines [9,10]. Furthermore, the group of surviving adults with congenital heart
defects (ACHDs) is growing thanks to medical advances and treatments. ACHDs represent
an unique patient group with distinct physiological characteristics that may impact both
their surgical outcomes and inflammatory responses to CPB [11,12].

To minimize complications in heart surgery, a multimodal approach is necessary
due to the complex pathogenesis [13]. There have been further developments in vari-
ous areas, including neuroprotective strategies, improved kidney and blood coagulation
management, and measures in infection prevention specifically aimed at reducing the
inflammatory response [14]. CPB systems optimized for children with shorter tubes of a
smaller diameter, coating of the tubes with biocompatible substances such as heparin, and
further development of surgical techniques that enable shorter operating times have led to
a significant improvement in the surgical treatment of congenital heart defects and safer
pediatric cardiac surgery with lower complication rates [13,15-17].

However, measures that intervene directly with the immune response such as the
pre-operative administration of glucocorticoids, which is established in many centers, are
viewed critically. There are currently no standardized guidelines. The optimal dosage, time
of administration, and specific patient groups that may profit from glucocorticoids and
many other factors remain unclear [18-22]. Moreover, there is a general lack of data from
both pediatric and ACHD patients since previous studies have mainly focused on adults
with non-congenital heart defects.

Regarding cellular signaling pathways, the emphasis of many former studies has
been on the transcription factor NF-«B [3,23,24]. Furthermore, the pathophysiology of the
triggered inflammatory reaction and the associated complications is still not fully under-
stood. In our study, we focus on the evolutionarily conserved JAK-STAT3 pathway, which
can be activated by inflammatory mediators such as IL-6 [25]. The JAK-STAT3 pathway
plays a major role in regulating the immune response by modulating the expression of
various cytokines and mediators for vascular permeability [26,27]. Moreover, multiple
crosstalk mechanisms are being described between the STAT3- and NFkB-signaling path-
way. Lee et al. demonstrate a constitutive NF«B activity maintained by STAT3 in cancer
cells via complex formation with NFkB subunits and the direct modulation of the gene
expression of components important for NFkB signaling [28]. IL-6 is released by differ-
ent cell types including macrophages, T cells, and endothelial cells, and is an important
mediator in acute inflammatory reactions by modulating the balance between pro- and
anti-inflammatory mediators; by interfering in the cell growth, survival, and differentiation;
or by promoting the production of acute-phase proteins [29,30]. Particularly in pediatric
patients, IL-6 is already an established biomarker for Sepsis [31,32].

The goal of our exploratory study is to better understand the heterogenous patient
population who underwent corrective or palliative heart surgery for CHD at our hospital,
as well as to shed light on the complex pathophysiology of CPB-induced inflammation
in this cohort. Therefore, we optimized THP-1 human macrophages differentiated from
acute monocytic leukemia cells by the PMA model to investigate the in vitro inflammatory
response induced by the secreted mediators in peri-operatively collected serum samples
from our patient cohort with CHD who underwent cardiac surgery with and without
CPB. Moreover, we aim to investigate if there is a correlation between CPB duration and
inflammatory response with a focus on the activation of the JAK-STAT3 pathway.

2. Results

In the current study, we enrolled 56 consecutive patients whose demographic and
clinical data are summarized in Table 1. The study cohort consisted of 31 males of a median
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age of 2.3 years (range: 0 to 59 years) and 25 females of a median age of 3.6 years (range:
0 to 65 years). Our heterogeneous cohort included patients with a broad range of ages
(47 patients between 0 and 18 years old and 9 patients between 18 and 65 years old),
congenital heart diseases, and a complexity of anomalies treated in our hospital. In order
to collect a representative cohort for patients with CHD, we included patients receiving
their first and corrective operation such as closure of simple atrial or ventricular septal
defects, as well as patients undergoing palliative surgery such as Norwood I, pulmonal
atrial banding, or Fontan procedures. No neonatal patients were included in the study and
all patients survived until hospital discharge.

Table 1. Demographic and clinical data.

Sex
Male Female
Number of patients: 56 31 (55%) 25 (45%)
Demographic data (median; range)
Age (years) 2.3 (0-59) 3.6 (0-65)
. 11.6
Weight (kg) (2.8-101) 15.2 (3.2-104)
Characteristics of operation and CBP (median; range)
RACHS-1 3(1-4) 2 (1-6)
Warnes 2 (1-3) 2 (1-3)
L . 361
Operation time (min) (93-900) 313 (153-804)
CBP time (min) 180 (0-540) 120 (60-540)
Aortic cross-clamp time (min) 79 (0-518) 56 (0-266)

RACHS-1 = Risk Adjustment for Congenital Heart Surgery 1; CPB = cardiopulmonary bypass.

To quantify the complexity of the surgical procedure based on risk adjustment con-
cerning in-hospital mortality, we used Risk Adjustment for Congenital Heart Surgery 1
(RACHS-1) [33]. RACHS-1 could not be assessed for one 2-year-old patient as the car-
diac surgery was performed to implant a two-chamber pacemaker in the patient with
a congenitally corrected transposition of the great arteries and third-degree congenital
atrioventricular block, and this kind of operation is not included in this risk score.

Severity of CHD was classified according to the three categories suggested by
Warnes et al. [12]: complex (e.g., the transposition of the great arteries, pulmonary atresia,
tricuspid atresia, hypoplastic left heart syndrome), moderate (e.g., atrioventricular canal
defects, tetralogy of Fallot, the coarctation of the aorta, ventricular septal defects with associ-
ated lesions), and mild (e.g., isolated small atrial septal defects or isolated small ventricular
septal defect without associated lesions, isolated congenital aortic valve disease).

2.1. Schedule for Peri-Operative Serum Sample Collection

Serum samples from our patient cohort were collected as previously described [34].
Briefly, blood samples were obtained via the central venous line pre-operatively after the
induction of anesthesia (T0), post-operatively upon arrival in the pediatric intensive care
unit (PICU) (T1), 6 h after the operation (T2), and 24 h after the operation (T3), as illustrated
in Figure 1.

2.2. CPB Induces Activation of STAT3 but Not NF-xB p65 Signaling Pathway in THP-1
Macrophages In Vitro

As previously reported, we detected significantly elevated levels of IL-6, IL-8, and
IL-10 concentrations in the serum samples from patients with CHD undergoing cardiac
surgery with CPB at all post-operative timepoints investigated (T1-T3), relative to indi-
vidual baseline values (T0) [34]. Since both IL-6 and IL-8 are known to phosphorylate
the STAT3 and IL-10 is known to inhibit the NF-«kB p65 signaling pathways, we investi-
gated the inflammatory signaling pathways induced in the THP-1 macrophages by these
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inflammatory mediators in our CHD cohort. We observed a significant increase in STAT3
phosphorylation at the Tyr705 site post-operatively, relative to individual baseline values,
as shown in Figure 2a. Post-operative serum-mediated STAT3 phosphorylation was signifi-
cantly increased immediately after surgery upon arrival in the pediatric intensive care unit
(PICU) (T1, p = 0.0363), then gradually returned to individual baseline values over the 24 h
observation period after the operation. No significant increase in STAT3 phosphorylation
at the Ser727 site was observed. Moreover, pretreatment with 5 uM Stattic significantly
attenuated STAT3 activation at T1 (p = 0.0248) in the macrophages. Interestingly, we did not
observe any significant increase in NF-kB p65 phosphorylation induced by post-operative
CPB serum samples, as shown in Figure 2b. In fact, post-operative values were, in gen-
eral, lower than individual baseline values, and pretreatment with Stattic significantly
reduced NF-«B p65 phosphorylation 6 h after the operation (T2, p = 0.0162). Moreover,
we also observed a significant attenuation of NF-«B p65 phosphorylation by Stattic in our
LPS-stimulated experimental positive control (p = 0.0038).

Insertion of central venous catheter ,Arrival on ICU
Pre-operativ > Operation > Post-operativ >
TO T1
Inclusion criteria: Exclusion criteria: _ . T2
- <4 weeks of age - <37th gestational week 6h T3
- Syndromal diseases 24h

- Immunodeficiencies
- Immunosuppression

Figure 1. Patients’ blood samples were obtained via the central venous line pre-operatively after the
induction of anesthesia (T0), post-operatively upon arrival in the pediatric intensive care unit (PICU)
(T1), and both 6 h (T2) and 24 h (T3) after the operation.
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Figure 2. (a) CPB induces the activation of STAT3 at phosphorylation site Tyr705 that was attenuated
by pretreatment with 5 uM Stattic in THP-1 macrophages in vitro. LPS had no effect on STAT3
phosphorylation. (b) CPB had no effect on the NF-«B p65 signaling pathway in THP-1 macrophages
in vitro. Pretreatment with Stattic attenuated LPS-induced NF-«kB p65 phosphorylation. Data from
five separate experiments (1 = 5) are represented as box plots. Statistical test analysis: RM one-way
ANOVA with Dunnett’s multiple comparisons post-test relative to individual pre-operative control
(T0), a paired t-test relative to an untreated sample of the same time point, or an unpaired t-test
relative to control; * p < 0.05 was considered significant.

2.3. Prolonged Duration of CPB Correlated with Induced Inflammatory Response and Increased
Expression of Mediators of Vascular Permeability in THP-1 Macrophages In Vitro

We observed that the peri-operative kinetics of the expression of cytokines and media-
tors of vascular permeability induced by patients” serum in THP-1 macrophages in vitro
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can be correlated with the duration of CPB, as shown in Figure 3. The patient cohort was
classified into four distinct groups based on the duration of CPB as follows: 0 h (1 =5),1-3 h
(n=32),4-6 h (n =13), and 7-9 h (n = 6). Patients undergoing cardiac surgery without CPB
(0 h) did not elicit a significant immune response post-operatively in the macrophages for
all targets investigated. Increased IL-1f3 expression in the macrophages correlated with an
increased duration of CPB immediately after operation upon arrival in the pediatric inten-
sive care unit (PICU) that was significantly higher for the 7-9 h CPB group (T1, p = 0.0283)
relative to patients operated on without CPB (0 h), as shown in Figure 3a. A moderate dura-
tion of CPB, 1-3 h and 4-6 h, elicited a continuous increase in IL-13 expression throughout
the post-operative phase that ultimately peaked at 24 h in both groups but did not reach
significancy. Similarly, we observed that induced TNFa expression in the macrophages
also continuously increased throughout the post-operative phase and peaked at 24 h in
both 1-3 h and 4-6 h CPB groups but did not reach significancy relative to patients without
CPB, as shown in Figure 3b. Interestingly, TNFx expression in the 7-9 h CPB group did not
increase and was similar to the 0 h CPB group. Induced IL-10 expression for the 7-9 h CPB
group was significantly higher than patients operated on without CPB immediately after
the operation at T1 (p = 0.0291) and remained significantly higher 6 h after the operation
(T2, p = 0.0284) before returning to baseline, as shown in Figure 3c. IL-10 expression for the
4-6 h CPB group continuously increased throughout the post-operative phase and reached
significancy at both 6 h (T2, p = 0.0243) and 24 h (T3, p = 0.0254).

The elicit expression of the mediators of vascular permeability, including intracellular
adhesion molecule-1 (ICAM) and vascular endothelial growth factor (VEGF), as well as
the suppressor of cytokine signaling 3 (SOCS3), in the macrophages also showed similar
correlation with the duration of CPB. We observed an immediate significant spike in SOCS3
expression relative to patients without CPB at T1 (p = 0.0015) that decreased towards base-
line but remained significant 6 h after the operation (T2, p = 0.0375), as shown in Figure 3d.
Interestingly, we did not observe any induced ICAM expression in the macrophages in our
entire cohort, as shown in Figure 3e. ICAM expression in the 4-6 h CPB group continuously
increased throughout the post-operative phase, which peaked at 24 h but did not reach
significancy. Induced VEGF expression kinetics in the macrophages were similar to that of
SOCS3, with a significant spike in the 7-9 h CPB group immediately after the operation
at T1 (p = 0.0005) that decreased back to baseline but remained significant 6 h after the
operation (T2, p = 0.0009), as shown in Figure 3f.

In summary, increasing the duration of CPB from 1 to 6 h elicited an immune
response that gradually increased post-operatively upon reaching significancy relative
to individual baseline values 24 h after the operation. In general, the 4-6 h CPB group
showed a higher immune response than the shorter 1-3 h group. On the other hand, an
extreme duration of CPB lasting from 7 to 9 h resulted in an immediate induced immune
response in the macrophages upon arrival at the ICU (T1) that gradually decreased
towards baseline.

2.4. Stattic Attenuates CPB-Induced Cytokines and Mediators of Vascular Permiability but
Promotes TNFa Expression in THP-1 Macrophages In Vitro

Cardiac surgery requiring the assistance of CPB to correct congenital heart defects
is known to induce a systemic inflammatory response in patients. Based on our experi-
mental observations and previous reports of the role of STAT3 in post-operative systemic
inflammation [35], we investigated the role of CPB in the induction of the expression of
cytokines and mediators of vascular permeability, as well as the effect of pretreatment
with 5 uM Stattic on this inflammatory response, in an in vitro model of human THP-1
macrophages. Serum samples collected from patients were categorized according to the
duration of CPB: no CPB (0 h) and 1-3 h, 4-6 h, and 7-9 h CPB. In general, we observed
that serum samples from patients undergoing heart operation with the assistance of CPB
elicited higher cytokine expressions than patients that did not require CPB, as shown in
Figure 4. Additionally, the data are also shown in sub-groups with respect to patients’
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age, children (0-18 yrs old) and adults (18-65 yrs old), in Figure S1 of the supplementary
file. Interestingly, serum-induced IL-1f3 and IL-10 expressions were significantly lower
upon arrival at the ICU after the operation (T1) then individual baseline values before the
operation (T0) in patients not requiring CPB, as shown in Figures 4a and 4c, respectively.
We observed a significant decrease in IL-1[3 expression in patients not requiring CPB (0 h) at
T1 (p = 0.0260), as shown in Figure 4a. However, for patients undergoing CPB, we observed
a significant increase in IL-13 expression in the 1-3 h CPB group at T3 (p = 0.0268) and in
the 4-6 h group at T3 (p = 0.0216). Stattic significantly attenuated IL-1f3 expression in the
4-6 h CPB group at TO (p = 0.0231), T1 (p = 0.0197), and T3 (p = 0.0158).
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Figure 3. A prolonged duration of CPB correlates with expressions of serum-induced cytokines and
mediators of vascular permeability in THP-1 macrophages in vitro, including (a) IL-13, (b) TNF«,
(c) IL-10, (d) SOCS3, (e) ICAM, and (f) VEGE. Data from 56 patients are represented as line graphs.
Statistical test analysis: RM one-way ANOVA with Dunnett’s multiple comparisons post-test relative
to patients not undergoing CPB (0 h); * p < 0.05 was considered significant.

We also observed a significant increase in TNFo expression in the 1-3 h CPB group at
T3 (p = 0.0097) but a significant decrease in the 1-9 h CPB group at T1 (p = 0.0273), as shown
in Figure 4b. Interestingly, Stattic significantly augmented TNF« expression in the 1-3 h
CPB group at all time points investigated, TO (p < 0.0001), T1 (p = 0.0029), T2 (p < 0.0001),
and T3 (p = 0.0002); in the 4-6 h CPB group at TO (p = 0.0015), T1 (p = 0.0332), and T3
(p = 0.0220); and in the 7-9 h CPB group only at T1 (p = 0.0237).
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IL-10 expression showed similar expression kinetics to IL-13 expression. We ob-
served a significant decrease in IL-10 expression in patients not requiring CPB (0 h) at T1
(p = 0.0128), as shown in Figure 4c. Moreover, for patients undergoing CPB, we observed
a significant increase in IL-10 expression in the 1-3 h CPB group at T3 (p = 0.0299) and in
the 4-6 h group at T2 (p = 0.0193) and T3 (p = 0.0086). Stattic significantly attenuated IL-10
expression in the 0 h CPB group at TO (p = 0.0049), in the 1-3 h CPB group at T1 (p = 0.0058),
in the 4-6 h CPB group at T3 (p = 0.0173), and in the 7-9 h CPB group at T2 (p = 0.0030).

We further investigate the expression of the mediators of vascular permeability, ICAM
and VEGE, as well as the inhibitor of the Stat3 activation molecule, SOCS3. We observed a
significant decrease in ICAM expression in patients not requiring CPB (0 h) at T1 (p = 0.0051),
but no significant changes in patients undergoing CPB, as shown in Figure 5a. Interestingly,
Stattic significantly increased ICAM expression in the 1-3 h CPB group at TO (p = 0.0430) and
T2 (p = 0.0207) but decreased ICAM expression in the 4-6 h CPB group at T1 (p = 0.0368).
For VEGF expression, we observed a significant increase only in the 1-3 h CPB group at T3
(p = 0.0252), as shown in Figure 5b. Stattic significantly attenuated VEGF expression in the
1-3 h CPB group at T1 (p = 0.0004) and in the 4-6 h CPB group at T1 (p = 0.0057) and at T3
(p = 0.0091). SOCS3 expression was significantly upregulated in the 1-3 h CPB group at T1
(p = 0.0465), as shown in Figure 5c. Stattic increased SOCS3 in the 1-3 h CPB group at T1
(p = 0.0252). Additionally, the data are also shown in sub-groups with respect to patients” age,
children (0-18 yrs old) and adults (18-65 yrs old), in Figure S2 of the supplementary file.
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Figure 5. Effects of Stattic on expressions of mediators of vascular permeability, (a) ICAM, (b) VEGE,
and (c) the inhibitor of STAT3 activation (SOCS3) in THP-1 macrophages in vitro, stimulated with
serum samples from patients undergoing cardiac surgery without and with CPB. The patient cohort
was classified into four distinct groups based on the duration of CPB as follows: 0 h (n =5), 1-3h
(n=32),4-6h (1 =13),and 7-9 h (n = 6). Statistical test analysis: RM one-way ANOVA with Dunnett’s
multiple comparisons post-test relative to individual pre-operative control (T0) or a paired t-test
relative to an untreated sample of the same time point; * p < 0.05 was considered significant.

3. Discussion

As previously reported, we detected significantly elevated levels of serum IL-6, IL-8,
and IL-10 at all post-operative timepoints investigated (T1-T3) in patients with congen-
ital heart defects undergoing cardiac surgery involving CPB [34]. Other clinical studies
have also reported similar significant elevations in plasma cytokine levels in patients un-
dergoing CPB [36,37]. Moreover, CPB-induced release of DAMPs such as mitochondrial
DNA (mtDNA), which can also elicit a systemic immune response via toll-like receptor-9
signaling, has also been reported [38]. In our effort to investigate the underlying molecular
mechanisms of inflammation in our in vitro model of CPB-induced macrophage activation,
the significant increase in Stat3 and lack of NF-«B p65 activation indicate cytokines and
not DAMPs as the dominant mediators of inflammation after the operation in our cohort.
In fact, we observed that NF-«B p65 phosphorylation was lower immediately after the
operation (T1) and continued to decrease relative to individual baseline levels before CPB
(TO) (Figure 2a and Figure 2b, respectively).

The combined effect on the signaling pathways resulted in a significant increase in
IL-1p, TNF«, and IL-10 expressions 24 h post-operatively (T3) for patients who under-
went moderate durations of CPB. Blocking Stat3 activation by Stattic partially attenuated
IL-1B and IL-10 expressions at some observed time points but significantly augmented
TNFo expression at basically all investigated time points after the operation after stimu-
lation with serum samples from the same patients (Figure 3a, Figure 3b, and Figure 3c,
respectively). Our findings correlate with those of de Jong et al., who reported that the
abrogation of the IL-10/STAT3 pathway restored in vitro in LPS-induced TNF-« produc-
tion in human PBMC isolated from a pediatric cohort undergoing CPB-assisted surgery
to correct simple congenital heart defects was independent of p38 MAPK attenuation or
IkB-ox degradation [35].

During the acute phase reaction following CPB, surgical trauma, ischemia-reperfusion
injury, contact with the surface of the external circulatory system, and other triggers
can induce the secretion of various pro- and anti-inflammatory cytokines and adhesion
molecules, which is mediated by NF-kB signaling. Justifiably so, various therapeutic
strategies emphasize the attenuation of NF-kB activation to minimize the systemic in-
flammatory response. However, Stat3 has also been shown to play a crucial role in the
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anti-inflammatory pathway [39,40]. Specifically, the anti-inflammatory properties of IL-10
and its effect on macrophage deactivation have been reported [38]. However, the direct
effect of IL-10 on NF-«B activity is controversial. Murray proposed that IL-10 can indirectly
inhibit NF-kB-driven gene transcription via the activation of Stat3 to reduce the overall
transcriptional rate of specific genes [41]. Moreover, Stat3-deficient macrophages have
been reported to have high sensitivity to a lipopolysaccharide, a potent mediator of NF-«B-
driven inflammation. The authors also further concluded that the IL-10 activation of Stat3
is critically involved in the deactivation of macrophages and neutrophils [39].

Both VEGF and ICAM-1 not only play an important role in promoting tumor angio-
genesis but they are also potent inducers of vascular permeability, which play a major role
in the induction of endothelial dysfunction and the associated capillary leak syndrome.
It is well known that VEGF activates the STAT3 signaling pathway, inducing a positive
feedback loop [42-44]. Furthermore, it has been shown that IL-6 promotes the expression of
VEGE, and thereby the inhibition of the IL6R-STAT3 signaling pathway leads to a reduced
production of VEGF [45,46]. Regarding ICAM, STAT3 is known to promote its expression
by binding to the ICAM promoter after being activated by inflammatory mediators such as
IL-6 or TNF« [42,47].

Our findings suggest that STAT3 signaling plays a vital role in the systemic inflam-
matory response commonly observed after cardiac surgery requiring CPB. Moreover, the
STAT3 modulation of ICAM-1 and VEGF is crucial in determining not only the inflamma-
tory response, but also vascular health and tissue repair mechanisms during and after CPB.
Similarly to our previous findings, we continue to observe large inter-individual differ-
ences in the inflammatory response in our patients’ cohort for all targets investigated [48].
Furthermore, we analyzed the influence of age in our previously published feasibility study
including 19 patients ranging from 0 to 18 years of age [48], as well as in our follow-up
study with 105 patients ranging from 0 to 65 years of age (data currently under preparation
for publication). In both studies, we observed that patients” age and sex had no significant
influence on the investigated biomarkers for post-operative inflammation. Minimizing
the post-operative sterile inflammatory response induced by cardiopulmonary bypass
may significantly reduce the patient’s risk and improve the outcome. A multimodal ap-
proach is most likely needed for any therapeutic strategy and a focus on post-operative
cytokine-induced STAT3 signaling should be included.

4. Materials and Methods
4.1. Protocol for Serum Sample Collection

The study was approved by the Ethics Committee of Charité—Universitdatsmedizin
Berlin, Germany (decision EA2/180/19). Serum samples from our patient cohort were
collected as previously described [34]. Briefly, blood samples were obtained via the central
venous line pre-operatively after the induction of anesthesia (T0), post-operatively upon
arrival in the pediatric intensive care unit (PICU) (T1), and both 6 h (T2) and 24 h (T3) after
the operation (Figure 1). We collected 1 mL blood from patients <15 kg and 2 mL of blood
from patients >15 kg at each time point in Serum-Gel Microvette® 500 (20.1344 Sarstedt,
Niimbrecht, Germany). Samples were centrifuged at 10,000 x g for 10 min and temporarily
stored at —8 °C until transfer to final storage at —80 °C.

4.2. Cell Culture

THP-1 cells represent a human monocytic cell line that can be transformed to macrophages
by stimulating with PMA, as described further below. By optimizing a standard transfor-
mation and activation protocol in our laboratory, the use of THP-1 cells allows us to obtain
reproducible results that mimic human inflammatory responses under controlled condi-
tions [49,50]. Immortalized human THP-1 cells were purchased from ATCC (American Type
Culture Collection: TIB-202) and grown in suspension in an RPMI 1640 (Gibco, Thermo
Fisher, Karlsruhe, Germany) medium supplemented with 10% (v/v) heat-inactivated fetal
bovine serum (FBS, Merck Millipor, Billerica, USA) and 100 U/mL penicillin and 100 pg/mL
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streptomycin (Gibco, Thermo Fisher, Karlsruhe, Germany) in a humidified, 37 °C, 5% CO,
incubator. A total of 1 x 10° cells were plated in 35 x 10 mm tissue culture-treated plates
(Nunclon™ Delta Surface, Thermo Scientific, Karlsruhe, Germany) in the presence of
15 ng/mL phorbol 12-myristiate-12 acetate (PMA, Sigma-Aldrich, Munich, Germany) for
3 days, followed by incubation in a PMA-free medium for 24 h prior to stimulation with
serum samples or LPS. Differentiated THP-1 macrophages were then pretreated with 5 uM
Stattic, a STAT3 (Tyr705) inhibitor, for 1 h, followed by incubation with serum samples,
which were diluted with an RPMI complete medium in a ratio of 1:2 (T0 = pre-operative, T1
= upon arrival at intensive care unit, T2 = 6 h post-operatively, T3 = 24 h post-operatively)
or 0.05 pg/mL LPS for 1 to 4 h. Stattic is well characterized and established in the scientific
literature. Stattic specifically inhibits the JAK-STAT3 pathway by inhibiting the STAT3
SH2 domain and therefore STAT3 activation and nuclear translocation. It has been shown
to be a reliable inhibitor of short-term cell stimulation with high specificity for inhibiting
STAT3 without significantly affecting other cell signaling pathways, which allows for the
investigation of the role of STAT3 [51].

4.3. Protein Isolation and Western Blot Analysis

For an intracellular protein analysis, cells were harvested after a 1 h stimulation
and centrifuged at 6000x g for 10 min and cell pellets were lysed in an RIPA buffer
supplemented with protease and phosphatase inhibitors (1:100, Sigma-Aldrich, Munich,
Germany). Protein concentration was assessed via a Pierce BCA Protein Assay (Thermo
Scientific, Karlsruhe, Germany). Intracellular protein samples were incubated with a
Pierce Lane Marker Reducing Sample Buffer (Thermo Scientific, Karlsruhe, Germany)
at 95 °C for 5 min and loaded onto a 12% SDS polyacrylamide gel for electrophoresis.
Afterwards, proteins were transferred onto an Immobilon® -P polyvinylidene fluoride
membrane (Merck Millipore Ltd., Cork, Ireland) overnight at 30 V using a tank-blotting
procedure (Bio-Rad Laboratories, Munich, Gernamy). Membranes were then blocked for
1 h at room temperature with 5% BSA (Pierce™, Rockford, IL, USA) or 3% nonfat dried
milk (PanReac AppliedChem, Darmstadt, Germany) in TBS + 0.1% Tween 20. Primary
antibodies for (3-Actin (1:20,000, Cell Signaling, Boston, MA, USA, Cat# 4967), phospho-
NF-«kB p65 (Ser536) (1:500, Cell Signaling, Boston, USA, Cat# 3033), NF-«B p65 (1:1000,
Cell Signaling, Boston, USA, Cat# 3034), phosphor-Stat3 (Tyr705) (1:500, Cell Signaling,
Boston, USA, Cat# 9145), and Stat3 (1:1000, Cell Signaling, Boston, USA, Cat# 9139) were
diluted in a blocking solution and incubated overnight at 4 °C. Secondary antibodies anti-
rabbit IgG-HRP (1:20,000, Cell Signaling, Boston, USA, Cat# 7074) or anti-mouse IgG-HRP
(1:10,000, Santa Cruz, Heidelberg, Germany, Cat# sc-516102)) were incubated for 1 h at
room temperature. SuperSignal™ West Dura Extended Duration Substrate (Thermo Fisher
Scientific, Karlsruhe, Germany) was used to visualize protein expression, captured using a
Molecular Imager® ChemiDoc™ XRS System, and Image Lab™ Software V6.1.0 (Bio-Rad,
Feldkirchen, Germany) was used for a densitometry analysis.

4.4. RNA Isolation and RT-PCR

Total RNA from THP-1 cells was isolated via acidic phenol/chloroform extraction
using ROTI®Zol RNA (Carl Roth, Karlsruhe, Germany) according to the manufacturer’s
instructions. RNA concentration and purity were assessed by spectrophotometric measure-
ments at 260 nm and 280 nm with a Nanodrop 2000 (Nanodrop, Thermo Fisher Scientific,
Karlsruhe, Germany) and agarose gel electrophoresis. Reverse transcription was performed
using 500 ng total RNA via a qScriber™ cDNA Synthesis Kit (highQu, Kraichtal, Germany)
in a thermal cycler (PTC200, MJ Research, St. Bruno, Canada) according to the manufac-
turer’s instructions. The expression of target genes and GAPDH as a reference gene control
was analyzed by real-time qPCR using TagMan Gene Expression Assays (summarized in
Table 2) and ORA™ SEE qPCR Probe ROX H Mix (highQu, Kraichtal, Germany) according
to manufacturers’ recommendations. We assessed the relative quantification of gene ex-
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pression normalized to GAPDH as a reference gene via the method and results are

depicted as fold changes.

Table 2. List of TagMan Real-Time PCR Assays for RT-qPCR analysis.

Gene Assay ID
IL-1B3 Hs01555410_m1
IL-10 Hs00961622_m1
TNF« Hs00174128_m1
ICAM Hs00164932_m1
VEGF Hs00900055_m1
SOCS3 Hs02330328_s1
GAPDH Hs02786624_g1

4.5. Statistical Analysis

A power analysis showed that a sample size of 51 participants will reach a power of
80% at a two-sided level of significance of 5% to detect a difference in TNFo with a Cohen’s
d effect size of 0.4 (mean difference of —0.58 and standard deviation (SD) of 1.42 based
on our preliminary data). The sample size calculation based on the paired t-test was used
despite the intended analysis with a one-way repeated ANOVA. Regarding a post hoc
test, it will lead to the sample size based on the paired t-test. Sample size calculation was
performed by using program R version 3.6.2 with a package “pwr” and built-in command
“pwr.t.test” (https://CRAN.R-project.org/package=pwr, accessed on 31 March 2023).

Western blot and RT-qPCR data were analyzed and illustrated using GraphPad Prism
10 (GraphPad Software, Inc., La Jolla, CA, USA). RM one-way ANOVA with Dunnett’s
multiple comparisons post-test was relative to an individual pre-operative control (T0), a
paired t-test was relative to an untreated sample of the same time point, or an unpaired
t-test was relative to a control; * p < 0.05 was considered significant. For the Western blot
analysis, data from at least 3 independent experiments are presented as the mean £ SD
and p values < 0.05 were considered significant. For a patient serum sample analysis, the
relative quantification of gene expression normalized to GAPDH as a reference gene via
the 2722t method was conducted, and results are depicted as fold changes relative to TO.
p values < 0.05 were considered significant.

5. Conclusions

In summary, we provide evidence that the inflammatory response following cardiac
surgery involving CPB is driven in part by the activation of the STAT3 signaling pathway
in macrophages. CPB induced an increased expression of cytokines and mediators of
vascular permeability in macrophages via the activation of STAT3 by IL-6, IL-8, and IL-10
in the serum samples obtained post-operatively from CHD patients. Pretreatment with
Stattic attenuates IL-13, IL-10, and VEGF but promotes TNFo and SOCS3 expressions in
macrophages. However, the effect of Stattic on ICAM expression was dependent on the
duration of CPB. Our findings support the hypothesis that STAT3 is involved in the systemic
inflammatory response observed in CHD patients following cardiac surgery involving CPB,
resulting in both pro- and anti-inflammatory effects. Moreover, the patient population with
congenital heart disease (CHD) includes individuals of a diverse age range and weight. We
hypothesize that the factors contributing to post-operative inflammation, particularly the
complexity of the CHD, surgical duration, and aortic clamping time, which is associated
with ischemia-reperfusion-induced injury, have a greater impact on outcomes than age
per se. Nonetheless, the limitations of our study to investigate the systemic inflammatory
response induced by CPB lie in the heterogeneity of our cohort as well as the use of a
monoculture in vitro model.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ijms252212398 /s1.
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Abstract: Inflammation is a major component of the pathogenesis of atherosclerosis and the formation
of in-stent restenosis (ISR). A novel flavonoid, DHIF, attenuates reactive oxygen species and nf-kB
signaling and has potential to limit ISR via antioxidant action. While current drug eluting stents (DESs)
perform well in clinical practice, new therapies to prevent ISR without dependance on cytotoxic
drugs are warranted. Our objective was to test whether DHIF reduces ISR in a hyperlipidemic
rabbit aorta model of ISR via attenuated inflammatory responses. WHHL rabbit aortas (n = 24)
were denuded. Six weeks after injury, stents were implanted into the denuded aortas. DHIF was
dissolved in carboxymethyl cellulose (CMC) and administered orally with two doses. CMC served
as a control. The animals were sacrificed six weeks after stenting. ISR was evaluated from stent
histomorphometry and immunohistology was used to assess the inflammatory and antiproliferative
effects of the treatment. ISR was reduced from 20.9 & 3.0% in controls to 15.2 £ 2.4% (p = 0.0009)
and 16.4 + 2.1% (p = 0.004) in the low- and high-dose groups, respectively. The neointimal area
covered by macrophages was 32 + 9.3% in the controls, 17.2 & 5.9% (p = 0.005) in the low-dose
group and 19.4 + 7.9% (p = 0.008) in the high-dose group. DHIF significantly reduces ISR and local
inflammation in stented arterial regions and could be used to reduce ISR when bare metal stents are
used. Targeting local inflammation in the arterial wall may provide a way to reduce ISR in a clinical
setting and further studies are warranted.

Keywords: antioxidant: redox; superoxide; NF-kappaB; vessel injury; phytochemical; phytoestrogen;
restenosis; rabbit model

1. Introduction

Coronary artery stenting is a standard treatment for stabile and acute obstructive
coronary artery disease [1,2]. The cytostatic drug eluting stents (DESs) reduce in-stent
restenosis (ISR) through the inhibition of smooth muscle cell (SMC) proliferation and
matrix secretion; nevertheless [3,4], earlier generations of DES have also been shown to
prolong endothelial dysfunction, induce neoatherosclerosis and increase the risk of late
stent thrombosis after coronary intervention [5,6]. Stent thrombosis is usually prevented
with the use of dual antiplatelet therapy (DAPT) following treatment with a DES. Many
patients are, however, at a high risk of bleeding while on DAPT and alternative therapeutic
approaches are warranted. Although newer generations of DES have demonstrated im-
proved safety and completely bioabsorbable devices have entered the market, it is vital to
further investigate the mechanism of restenosis as well as exploring alternative solutions
for the prevention and treatment of restenosis [5].

A controlled level of reactive oxygen species (ROS) and a healthy endothelium are
essential for vascular homeostasis [6-9]. A percutaneous coronary intervention procedure
with a stent causes injury to the endothelium and the deeper layers of the vessel wall,
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and this injury induces abundant ROS production [3,7,10]. An excess of ROS and the
dysfunction of the endothelium contribute significantly to the progression of ISR. Both
the restoration of antioxidant balance and the induction of re-endothelialization reduce
ISR [8,11,12].

Flavonoids are a group of plant-derived chemicals, or phytochemicals. Due to their
phenyl structure, flavonoids possess substantial antioxidant capacity in vitro. The ability
of flavonoids to decrease oxidative stress in vivo, however, is suggested to result from the
regulation of intracellular signaling and gene expression [13]. Isoflavones, a subgroup of
flavonoids, resemble 17-estradiol in structure, and therefore may conduct estrogen agonist
or antagonist action within the body, depending on concentration [14]. A novel synthetic
flavonoid, 3,7-dihydroxy-isoflav-3-ene (DHIF), has been shown to attenuate NF-«B, prevent
elevation in the ROS level, reduce proliferation and induce apoptosis in the neointima
after arterial injury [15,16]. All these features are central in reducing ISR. Nevertheless, the
efficacy of DHIF for the treatment of ISR has not been previously studied.

In this study, our objective was to examine the effects of oral treatment with DHIF on
ISR in an atherosclerotic WHHL rabbit aorta after stent placement. The effects of DHIF
administration are examined by determining the inflammatory response post stenting and
the development of the neointima six weeks after stent deployment. We hypothesized
that an attenuated inflammatory response would, in turn, be associated with reduced
neointima formation.

2. Results
2.1. In-Stent Restenosis

After the 42-day follow-up, histological restenosis in the stented artery was 20.9 £ 3.0%
in the control animals. DHIF-treated animals showed a significantly lower ISR of 15.2 & 2.4%
and 16.4 £ 2.1% (low dose, p = 0.0009, and high dose, p = 0.004, respectively). There were
no differences in the injury scores between the groups with scores of 1.2 £ 0.2, 1.1 £ 0.1
and 1.0 £ 0.2 (control, low dose and high dose, respectively; low dose p = 0.66; high dose
p = 0.13) (Figure 1). Descriptive statistics and effect size estimates are shown in Table 1.

Table 1. Descriptive statistics and effect size estimates.

In-Stent Restenosis Neointimal Apoptosis
Control Low Dose High Dose Control Low Dose High Dose
Mean 209 15.2 16.4 Mean 3.8 9.1 14.2
Median 20.3 15.2 15.8 Median 24 9.1 14.2
Range 8.5 6.7 5.5 Range 7.4 11.2 15.2
Cohen’s d 1.6 1.3 Cohen’s d 1.4 2.0
Endothelialization Pharmacokinetics
Control Low Dose High Dose Control Low Dose High Dose
Mean 87.1 75.4 86.1 Mean 0.0 271.1 630.8
Median 88.2 76.0 90.0 Median 0.0 266.5 573.7
Range 422 20.4 53.8 Range 0.0 259.1 891.5
Cohen’s d 0.7 0.1 Cohen’s d 4.5 3.9
Neointimal Macrophages Injury Score
Control Low Dose High Dose Control Low Dose High Dose
Mean 32.0 17.2 19.4 Mean 1.2 1.1 1.0
Median 32.9 18.1 18.1 Median 1.1 1.1 1.0
Range 30.0 16.7 22.7 Range 0.5 0.3 0.6
Cohen’s d 1.5 1.2 Cohen’s d 0.3 0.7
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Table 1. Cont.

Neointimal Proliferation

Inflammation Score

Control Low Dose High Dose Control Low Dose High Dose
Mean 6.7 2.3 2.3 Mean 1.4 1.3 1.5
Median 54 1.8 2.5 Median 1.4 1.2 1.4
Range 12.6 3.8 2.8 Range 0.6 0.4 0.5
Cohen’s d 0.9 0.8 Cohen’s d 0.7 0.0

Summary of descriptive statistics for the evaluated parameters and effect size evaluation with Cohen’s d values.
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Figure 1. In-stent restenosis, inflammation and injury scores. In-stent restenosis was significantly
reduced in the treatment groups compared to the controls (top left graph and HE histology). There
were no differences in injury or inflammation scores at d42 determined from HE histology (top
middle and right graphs). Data in graphs are shown as mean =+ SD. Significance in graphs: ** p < 0.01;
**p <0.001.

2.2. Inflammation, Proliferation and Apoptosis

The neointimal area covered densely with macrophages was 32 % 9.3% in the controls,
17.2 £5.9% (p = 0.005) in the low-dose group and 19.4 & 7.9% (p = 0.008) in the high-dose
group (Figure 2). There were no differences in the inflammation scores of 1.5 £ 0.2, 1.3 & 0.2
and 1.5 £ 0.2 (control, low dose and high dose, respectively; low dose p = 0.22; high dose
p =0.99) (Figure 1).

In the neointima, there were on average 7.2 £5.2,23 £ 1.7 (p =0.03) and 2.7 + 1.1
(p = 0.03) proliferating cells per square millimeter in the control, low-dose and high-dose
groups, respectively. The number of apoptotic cells in the control CMC-treated animals
was 3.8 & 2.5 per mm? of neointima. For the treatment groups, the numbers of apoptoses
were 9.1 + 3.9 (p = 0.05) and 14.2 £ 6.3 (p = 0.0004) cells/mm? (low dose and high dose,
respectively) (Figure 3).
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Figure 2. Neointimal macrophages. Macrophage areas measured in the neointimas of the treatment
group stents (RAM-11 staining) were significantly smaller compared to the controls. Data are shown
as mean £ SD, significance ** p < 0.01.
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Figure 3. Apoptosis and proliferation. The high-dose treatment group showed increased apoptosis in
the neointimal tissue at d42. Proliferation was attenuated in the neointimas of both treatment groups
compared to the controls. Stainings from ApopTag kit for apoptosis and Ki-67 for proliferation. Data
are shown as mean =+ SD; significance: * p < 0.05; *** p < 0.001.
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2.3. Endothelium

There were no significant differences in the endothelial coverage between the study
groups. The endothelial coverage of the total lumen perimeter was 87.1 £ 15.4% in the
controls, 75.4 £ 7.9% in the low-dose group and 86.1 £ 18.1% in the high-dose group (low
dose p = 0.32; high dose p = 0.98) (Figure 4).
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Figure 4. Endothelialization. No differences were seen in the rate of endothelial recovery by d42

between the study groups. Complete re-endothelialization was not observed in any of the groups.

Data are shown as mean =+ SD.

2.4. Clinical Chemistry and Safety Tissue Histology

There were no significant differences between the groups in clinical chemistry analyses.
Safety tissue histology presented no adverse effects related to the therapy (Table 2).

Table 2. Clinical chemistry.

Control (CMC) Low-Dose DHIF High-Dose DHIF
do d42 do d42 do d42
ALT 2234+100 23.0+£59 31.3+£105 232439 266+£195 2691185
ALP 413+207 378=+131 340+75 285+55 368+11.7 323+87
AST 153 £45 17373 270£137 183+36 21.0+9.8 229+£98
GT 25+£21 27x£09 52+07 56x1.1 76+71 6.6 £ 3.6
Bilirubin 0.7£03 05+03 04+02 0.6=£03 04+04 0.8=£03
Creatinine 59.0+ 113 537+58 66.7+175 642+179 83.6+153 87.6£251
Cholesterol ~ 15.1 4.9 15.8 £ 6.0 121 £9.7 129 +£9.5 173 £ 2.6 16.1+4.7
Triglycerides 8.6 + 8.4 9.8 £6.7 6.6 £0.7 53£17 9.8 £35 74+47
hS-CRP 012+£0.03 012+£0.02 010£0.02 012+£0.02 011+0.01 0.1040.02

No significant changes were observed in standard laboratory tests between the study groups or between d0 and
d42. Serum levels of ALT (Alanine Aminotransferase), ALP (Alkaline Phosphatase), AST (Aspartate Amino-
transferase), GT (Gamma-glutamyltransferase), bilirubin, creatinine, total cholesterol, triglycerides and High
Sensitivity C-Reactive Protein (hS-CRP) were determined.
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2.5. Pharmacokinetics

One hour after drug administration, the serum concentrations of DHIF were
271.1 £ 84.7 ng/mL (p = 0.018) and 630.8 + 230.9 ng/mL (p < 0.0001) in the low- and
high-dose groups, respectively. No drug was detected in the control animals (Figure 5).
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Figure 5. Pharmacokinetics. Levels of the study compound were measured one hour after the drug
administration. Levels show a dose-dependent plasma concentration. Data are shown as mean + SD;
significance: * p < 0.05; *** p < 0.0001.

3. Discussion

In this study, a synthetic isoflavone, DHIF, significantly reduced ISR six weeks after
stent deployment in a clinically relevant atherosclerotic WHHL rabbit model. In addition,
treatment with DHIF in both dosage groups reduced the macrophage coverage of the neoin-
tima to approximately half of the coverage observed in the controls. This is highly important
as inflammation is a key pathogenic factor in atherosclerosis and ISR [17-19]. Neointimal
macrophages induce SMC proliferation and medial SMC migration into the neointima, both
of which increase the volume of the neointima. The complicated atherosclerotic process
is still centered on the properties and function of macrophages and smooth muscle cells
when in contact with cholesterol [20-23]. This interplay of SMCs and macrophages in
the presence of cholesterol led us to choose this highly relevant atherosclerotic model to
conduct the present study in. Neointimal macrophages also promote the development of
atherosclerotic vulnerable plaques, which are prone to rupture [3]. Furthermore, DHIF
treatment induced apoptosis in the neointimal tissue while reducing proliferation.

Vascular injury causes ROS production to exceed compensatory antioxidant mech-
anisms and distorts the delicate ROS balance in the artery wall. This distortion results
in inflammation and SMC proliferation [10]. Hence, redox regulation may explain the
anti-inflammatory effects of DHIF observed in this study.

DHIF has been shown to attenuate NF-«B signaling in injured carotid artery. NF-kB
family is a major regulator in injury, inflammation, cell proliferation and cell death [16,24].
All of these processes have a crucial role in the progression of ISR. Flavonoids’ ability to
decrease oxidative stress in vivo is proposed to result from the regulation of intracellular
signaling and gene expression [25]. There is evidence that isoflavones upregulate antioxi-
dant gene expression through the modulation of NF-«kB and Nrf2 [13]. An NF-«B decoy
eluting stent reduced ISR in hypercholesterolemic rabbits [16].

The endothelial coverage was greater than 75% in our three study groups with no
significant differences between the groups. The finding suggests that DHIF treatment
causes no delay in endothelial healing six weeks after injury. This successful healing is
important as healthy endothelium restricts leukocyte infiltration and SMC proliferation
and thus arrests the processes of ISR and neoatherosclerosis. A healthy endothelium also
protects from potential in-stent thrombosis. Overall, the extent of re-endothelialization
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observed in this study is comparable to what we have observed in previous experiments
with the WHHL-ISR model [26].

There were no significant differences in ISR or macrophage infiltration of the neointima
between the two daily doses of 25 mg/kg and 50 mg/kg of DHIFE. In addition, both dosages
were equally effective in reducing proliferation in the neointima. Thus, a daily dose higher
than 25 mg/kg had very little impact on the treatment outcome. While we observed more
apoptotic cells in the neointimas of the high-dose animals, this did not translate into better
treatment outcomes with regard to ISR formation.

A limitation of the study is the lack of a DES group as an additional control. The major-
ity of stents implanted today have a drug coating and this will affect the microenvironment
within the neointima. A DES study with a prolonged follow-up is warranted to study the
effects of this therapy on neoatherosclerosis in DES.

4. Materials and Methods
4.1. Denudation and Stent Deployment

Adult Watanabe heritable hyperlipidemic (WHHL) rabbits (n = 24) weighing 3.1 to
3.6 kg were kept on a standard diet [27]. A denudation injury of the entire aorta was
performed with a 3F Fogarty embolectomy catheter (Edwards Lifesciences, Irvine, CA,
USA) introduced by femoral artery cut-down [26]. Six weeks after the injury, a bare
metal stent (Trimax, Abbott Vascular, IL, USA) introduced by a carotid artery cut-down was
deployed into an infrarenal abdominal aortic segment free of side branches, documented by
angiography. The rabbits received 40 mg aspirin in drinking water starting two days before
stenting. Clopidogrel was administered p.o., starting with a 30 mg loading dose on the day
of stenting, followed by 15 mg daily. Enoxaparin was administered at a dose of 1 mg/kg
s.c. daily from stenting [28]. Animals were sacrificed 42 days after stent deployment.
Aortic stented segments and safety tissues from the heart, lung, liver, spleen, kidney and
semimembranosus muscle as well as segments of the proximal and distal aorta in relation to
the stent were collected and further processed for analysis. Instrumentations and euthanasia
were performed under medetomidin (Domitor, 0.3 mg/kg, Orion, Espoo, Finland) and
ketamine (Ketalar, 20 mg/kg, Pfizer, NY, USA) anesthesia. All animal experiments were
authorized by the national Animal Experiment Board in Finland (ELLA).

4.2. Drug Administration

DHIF was purified by silica gel chromatography, followed by confirmation of the
purity by mass spectrometry-liquid chromatography. DHIF was dissolved in 1% car-
boxymethyl cellulose (CMC) solution for administration. Animals were randomized into
control group receiving CMC only, and two study groups receiving 25 mg/kg or 50 mg/kg
(low dose and high dose, respectively) of DHIF daily. The daily dose was divided into two
portions equal in size administered every twelve hours with an orogastric tube. Animals
were weighed once a week for accurate dosing. The first dose was administered two days
before stent implantation and administrations were continued until sacrifice.

4.3. Blood Sampling

Arterial blood samples of six milliliters were collected from each rabbit before the
first drug administration, before and after stent implantation and at sacrifice. Serum total
cholesterol, LDL, HDL, creatinine, liver enzymes and high sensitivity-C Reactive Protein
(hsCRP) were determined from the samples. Clinical chemistry analysis was performed at
the Eastern Finland laboratory center. In addition, arterial blood samples were collected
two weeks after stent implantation, one hour after drug administration, to evaluate DHIF
drug serum levels.

4.4. Tissue Processing

The stents were paraformaldehyde-fixed and embedded in methylmethacrylate
plastic resin (Technovit® 9100, Heraeus Kulzer GmbH, Division Technique, Wehrheim,
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Germany) [12]. Safety organ tissues were embedded into paraffin. Embedded stent and
safety samples were prepared into 5-7 um thick sections and stained. The histological stent
sections represent the middle section of the stents.

4.5. Immunohistochemistry

Immunohistochemistry was performed with monoclonal antibodies (mAbs) against
endothelium (CD31, 1:50, Agilent Dako, CA, USA), SMCs (HHE35, 1:50, Enzo, NY, USA),
macrophages (RAM-11, 1:200, Dako) and proliferating cells (Ki-67, 1:100, Dako, with
citrate buffer antigen retrieval). Apoptosis analyses were performed from sections with
the ApopTag-kit (Millipore, MA, USA). Images were captured using an AX70 microscope
(Olympus Optical, Japan) and further processed for publication with Photoshop (Adobe,
CA, USA), adjusting brightness and contrast evenly over each image.

4.6. Histomorphometry

The proportional ISR was determined as the ratio of neointimal area to the area of
the internal elastic lamina {[1 — (Luminal area/IEL area) x 100]} from HE-stained sections
of the cross-sections of the stented aortas at x25 magnification. The proportion of intact
endothelium of artery lumen perimeter was measured from CD31 immunostained sections
of the stented aortas at x40 magnification. The area covered with dense immunostaining
with RAM11 per neointimal area was quantified from sections at x200 magnification
covering the entire intima. The number of proliferating cells per area was quantified from
Ki67-immunostained histological sections at <400 magnification. All histomorphometric
analyses were performed using analysis software (Soft Imaging system, version 1) in a
blinded manner. Pathological changes in safety tissues were assessed from HE-stained
histological sections.

4.7. Statistical Analysis

All data represent mean =+ standard deviation (SD). The statistical significance of the
results is conveyed by values of p < 0.05 (*), p < 0.005 (**), p < 0.001 (***) and p < 0.0001 (****).
Statistical significance was evaluated using GraphPad Prism software (version 10, Graph-
Pad, MA, USA). Data normality was assessed with Shapiro-Wilk test and the data further
analyzed with one-way ANOVA followed by Dunnett’s post hoc test. Cohen’s d values
were determined for effect size analysis.

5. Conclusions

In this study, a novel synthetic isoflavone, DHIF, significantly reduced ISR six weeks
after stent deployment in a clinically relevant atherosclerotic WHHL rabbit model. The ad-
ministration of DHIF significantly reduced inflammation and proliferation in the restenotic
lesions and did not delay endothelial recovery after the stenting injury. In the days of
modern DESs, new concerns, especially regarding the need for dual antiplatelet therapy for
high-bleeding-risk patients, have arisen. Therefore, new therapies without cytotoxic agents
that impair endothelial recovery are in demand. Safety and the ease of oral administration
make DHIF a potent drug candidate to treat restenosis.
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Abstract: Aneurysms pose life-threatening risks due to the dilatation of the arteries and carry a high
risk of rupture. Despite continuous research efforts, there are still no satisfactory or clinically effective
pharmaceutical treatments for this condition. Accelerated inflammatory processes during aneurysm
development lead to increased levels of matrix metalloproteinases (MMPs) and destabilization of the
vessel wall through the degradation of the structural components of the extracellular matrix (ECM),
mainly collagen and elastin. Tissue inhibitors of metalloproteinases (TIMPs) directly regulate MMP
activity and consequently inhibit ECM proteolysis. In this work, the synthesis of TIMP-1 protein was
increased by the exogenous delivery of synthetic TIMP-1 encoding mRNA into aortic vessel tissue in
an attempt to inhibit MMP-9. In vitro, TIMP-1 mRNA transfection resulted in significantly increased
TIMP-1 protein expression in various cells. The functionality of the expressed protein was evaluated
in an appropriate ex vivo aortic vessel model. Decreased MMP-9 activity was detected using in situ
zymography 24 h and 48 h post microinjection of 5 ug TIMP-1 mRNA into the aortic vessel wall.
These results suggest that TIMP-1 mRNA administration is a promising approach for the treatment
of aneurysms.

Keywords: aneurysm; synthetic mRNA; cardiovascular diseases; TIMP-1; protein replacement
therapies; cardiovascular interventions

1. Introduction

Cardiovascular diseases (CVDs) are the leading cause of death worldwide and cause
more than 1.8 million deaths each year, representing 37% of all deaths in the European
Union (EU) [1] and placing a significant burden on medical healthcare systems. A subfam-
ily of CVDs are aneurysms, which are caused by progressive focal abnormal dilatation
of the arteries due to local weakening of the blood vessel wall. They can develop in
various locations throughout the body, including the aorta (abdominal or thoracic aortic
aneurysm), blood vessels supplying the brain (cranial aneurysm), and other parts of the
body (peripheral aneurysm).

Aortic aneurysms affect the body’s main artery, the aorta, and if left untreated, can
lead to catastrophic dissections and ruptures with massive internal bleeding, with an
overall mortality rate of 90% [2,3], corresponding to more than 200,000 deaths per year
worldwide [4]. Abdominal aortic aneurysms (AAA) are the most commonly identified
aortic aneurysms and have the highest prevalence in the over-65 age group (approximately
4-7% of men and 1-2% of women) [5].

Current therapeutic options for the treatment of aneurysms include medical stabi-
lization, monitoring of progression, and surgical treatment for late-stage AAA patients.
Medical stabilization relies on regular and systemic administration of antihypertensive
drugs to reduce the shear forces on the vessel wall to slow the growth of the aneurysm
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without being able to restore the fragile vessel. Several drugs, such as (3-blockers, calcium
antagonists, and angiotensin-converting enzyme (ACE) inhibitors, have been tested in
this regard, with some beneficial effects reported but not consistently confirmed in larger
and controlled studies. Thus, there is currently no effective and specific drug therapy to
stabilize or heal aneurysms. Consequently, the monitoring of aneurysm progression and
surgical treatment of patients involving open aneurysm repair (OAR) or endovascular
aneurysm repair (EVAR) in late aneurysm stages are the only options to mitigate the risk of
fatal rupture [6].

Several factors may play a role in the development of AAA, including advanced age,
male gender, smoking, family history, hypertension, and atherosclerosis. At the tissue
level, extracellular matrix (ECM) degradation leads to aortic wall weakening and dilatation,
which may subsequently result in aneurysm rupture with high mortality and morbidity.

The wall of the arteries consists of three layers: The innermost layer is the tunica intima,
which is in contact with the blood and consists of an endothelial cell layer. The second layer,
the tunica media, contains smooth muscle cells (SMCs) and the ECM composed of elastic
and collagen fibers, which provide stability as well as elasticity. The tunica adventitia is
the outer layer composed of fibroblasts, vasa vasorum, lymphatic vessels, nerves, and
immune and stem cells [7]. In pathological conditions, such as aortic aneurysms, the vessel
wall is destabilized due to defective or deficient structural components. Inflammation
and upregulation of proteolytic processes lead to the degradation of the major structural
proteins, elastin and collagen, in the aortic vessel wall. The ECM protein elastin is the
load-bearing component and is responsible for the elasticity and resilience of large arteries,
whereas collagen is responsible for the structural integrity and tensile strength bearing load
at high pressures or when elastin fails. Over time, elastin degradation, cyclic strain, and
increased wall tension lead to progressive aortic dilatation [8].

High levels of elastin degradation products have been found in serum samples from
AAA patients [9]. These products might lead to disease progression by increasing chemo-
taxis and activation of mononuclear cells. Oxidative stress, inflammation, and accelerated
SMC apoptosis further promote aortic wall destabilization [8-10]. Moreover, inflamma-
tion in the vessel wall caused by chemokines and elastin degradation products, among
others, leads to the recruitment of leukocytes to the aortic vessel wall and activation of
macrophages, which in turn produce pro-inflammatory molecules and matrix metallopro-
teinases (MMPs) [11-13].

MMPs are a group of enzymes involved in the physiological turnover of the ECM
during wound healing or tissue remodeling processes by degrading structural components,
such as elastin or collagen. MMP-2, -9, and -12 play a major role in the degradation of
the ECM in degenerative AAAs [12]. In particular, MMP-9, also called gelatinase B, is
responsible for the degradation of elastin and collagen type I and IV. Increased MMP-9
plasma levels as well as mRNA expression levels could be detected in AAA compared
to healthy aortic vessels [14]. Interestingly, an AAA size dependency of the MMP-9
content was observed in patients with AAA [15]. MMP-9 mRNA expression levels were
significantly higher in moderate diameter sized (5- to 6.9 cm) compared to small (<4.0 cm)
and large (>7.0 cm) AAAs, indicating a crucial role of MMP-9 in the progression of the AAA
process. The activity of MMPs is regulated by their endogenous inhibitors, the family of
tissue inhibitors of metalloproteinases (TIMPs), and thus, they also play an important role
in ECM remodeling and disease development. Therefore, an imbalance between MMPs
and TIMPs has been associated with the pathophysiology and progression of various
diseases, such as CVDs [16]. The stoichiometric ratio between the non-covalent binding
of TIMP and MMP has been reported to be 1:1 [17]. Thus, maintaining the MMP:TIMP
ratio is the principal basis for the development of several new drugs. TIMP-1 is a soluble
protein secreted by cells into the ECM and is the endogenous inhibitor of MMP-9 [18].
Moreover, TIMP-1 has a high affinity for almost all active MMPs and can bind to pro-
MMP-9, slowing its activation [18]. Decreased TIMP-1 levels have been detected in aortic
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aneurysms, providing a favorable environment for ECM degradation and further aneurysm
expansion [19].

A promising new approach for tissue regeneration by reproducing missing or dam-
aged proteins is the use of synthetic messenger RNA (mRNA) [20]. Synthetic mRNA
offers the possibility of protein synthesis under physiological conditions. There are already
numerous in vivo studies of synthetic mRNA-based drugs for protein replacement therapy,
immunotherapy, and vaccine production. The breakthrough came with mRNA-based
SARS-CoV-2 vaccines developed during the COVID-19 pandemic, as the first-ever ap-
proved mRNA therapeutics [21,22]. For more than two decades, mRNA technology has
been optimized. Special attention has been paid to the optimization of mRNA to reduce
unwanted immune-activating side effects and to increase mRNA stability and protein
expression efficiency [23]. Both can be achieved by incorporating modified nucleotides [24],
integrating a 3'poly(A)-tail and a 5'-end cap structure [25], as well as optimization of
the codon sequences and untranslated regions [26], and optimizing the codon sequences
(increasing GC-rich codons and reducing AU-rich codons) can be used instead of modified
nucleotides [27]. Moreover, compared to viral vectors and recombinant proteins, in vitro
transcribed mRNA has several advantages, e.g., there is no risk of insertional mutagen-
esis [28,29], and the protein of interest is only transiently expressed, avoiding potential
protein-dependent side effects [28]. The local overexpression of TIMP-1 protein prevented
elastin depletion and aneurysm formation as well as rupture in rats [30].

In this study, TIMP-1 protein expression was analyzed after the in vitro TIMP-1 mRNA
transfection of cells. Afterward, a microinjection-based method was developed to deliver
the TIMP-1 mRNA into the vessel wall. The successful expression of TIMP-1 after the
delivery of synthetic TIMP-1 mRNA in ex vivo porcine and human aortic vessel walls was
demonstrated and the functionality of the produced TIMP-1 protein was evaluated using
in situ zymography.

2. Results
2.1. Transfection of Cells with Synthetic TIMP-1 mRNA

To analyze TIMP-1 protein production, 3 x 10° EA.hy926 cells, NUFFs (newborn
foreskin fibroblasts), or HUVECs (human umbilical vein endothelial cells) were transfected
with 0.5, 1.0, or 1.5 ug synthetic TIMP-1 mRNA. Using ELISA, significantly increased
TIMP-1 levels were detected in the supernatants of all cell types 24 h after TIMP-1 mRNA
transfection (Figure 1A). Except for EA.hy926 cells, increasing the TIMP-1 mRNA concen-
tration to 1.5 pg resulted in a significant increase in TIMP-1 protein expression. Higher
levels of TIMP-1 were detected in the supernatants of the cells than in the cell lysates
(Figure 1B), indicating the secretion of TIMP-1 protein into the extracellular space after
translation. In EA.hy926 cells and NUFFs, only transfection of 1.5 pg TIMP-1 mRNA
resulted in significantly higher TIMP-1 levels in cells compared with cells transfected with
transfection reagent (L2000) alone (Figure 1B). In HUVECSsS, transfection of 0.5 ug TIMP-1
mRNA already resulted in significantly increased TIMP-1 levels in cells.

2.2. Delivery of Synthetic mRNA into the Aortic Vessel Wall by Microinjection

To investigate the delivery of synthetic mRNA into the blood vessel wall, 1 ug of
Cy3-labeled hGLuc mRNA was injected ex vivo using hollow microneedles from the
intraluminal side into porcine and human aortic vessel walls. In paraffin cross-sections, the
localization of Cy3-labeled hGLuc mRNA was analyzed using fluorescence microscopy.
In these histologic sections, the individual compartments of the vessels, tunica intima,
tunica media, and tunica adventitia, were readily recognizable. The cell nuclei were stained
with DAPI (blue). Cy3-labeled hGLuc mRNA (red) was detected mainly in the tunica
adventitia of the porcine aortic wall (Figure 2A) and the tunica media of the human aortic
wall (Figure 2B).
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Figure 1. Analysis of TIMP-1 protein expression after the transfection of different cells with synthetic
TIMP-1 mRNA. During the analysis, 3 x 10° EA.hy926 cells, NUFFs, or HUVECs were transfected
with 0.5, 1.0, and 1.5 ug TIMP-1 mRNA complexed 1:1 with Lipofectamine 2000 (L2000). After 4 h
incubation at 37 °C and 5% CO,, the transfection complexes were replaced with the appropriate
corresponding cell culture medium. After additional incubation for 24 h at 37 °C and 5% CO,, the
TIMP-1 protein concentration in the (A) supernatants and (B) cell lysates was determined using
human TIMP-1 specific ELISA. Cells treated with medium or medium containing L2000 served as
controls. The results are shown as the mean + SD (n = 3). Statistical differences were determined using
one-way ANOVA followed by Tukey’s multiple comparisons test. (* p < 0.05, ** p < 0.01, *** p < 0.001,

and *** p < 0.0001).
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A Cy3-hGLuc-mRNA Control
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Figure 2. Application of synthetic hGLuc mRNA into ex vivo porcine and human aortic vessel walls.
1 pg of Cy3-labeled hGLuc mRNA complexed with 1 uL L2000 in 50 pL Opti-MEM was injected into
porcine (A) and human (B) aortic vessel walls from the intraluminal side. After microinjection, the
samples were fixed in 4% PFA, and paraffin sections were prepared (2.5 um). Cell nuclei were stained
with DAPI. White arrows indicate the Cy3-labeled hGLuc mRNA in the tunica media and adventitia.
DAPI (blue), Cy3-labeled hGLuc mRNA (red). I.: tunica intima, M.: tunica media, and A.: tunica
adventitia. Left column: 5x magnification, right column: 40 x magnification. (porcine n = 3; human
n=4).
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To determine whether the administered hGLuc mRNA could be translated into protein,
the supernatants of ex vivo cultivated aortic vessels were collected at 24 and 48 h post-
injection. Compared with control groups injected with medium alone or medium with
L2000, microinjection of hGLuc mRNA in both human as well as porcine aortic vessels led
to significantly increased luciferase activity after 24 h of incubation (Figure 3). After 48 h of
incubation, similar luciferase activity was measured in the supernatant of porcine vessels
as after 24 h, indicating that most of the injected mRNA was translated in the first 24 h
of incubation (Figure 3, left). In human aortic vessels, slightly higher luciferase activity
was detected after 48 h compared to 24 h. Although cell activity might be impaired in
human pathogenic vessels derived from aortic aneurysms compared with healthy vessels,
a significant amount of expressed luciferase protein was detected after 24 and 48 h of
incubation after mRNA injection (Figure 3, right).
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Figure 3. Protein expression after the injection of synthetic hGLuc mRNA into ex vivo porcine and
human aortic vessel walls. Luciferase activity was detected after ex vivo microinjection of 1 ug
synthetic hGLuc mRNA complexed with 1 uL L2000 in the porcine aorta (left) and human aorta
(right). Cell supernatants were analyzed using luciferase assay after incubation at 37 °C and 5% CO,
for 24 and 48 h, respectively. Aortic vessels injected with medium or medium containing 1 pL L2000
were used as the control. For statistical analysis, two-way ANOVA test with subsequent Tukey’s
multiple comparisons test was performed (* p < 0.05; ** p < 0.01). The results are shown as means +
SEM (porcine n = 4; human n = 5).
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2.3. Production of TIMP-1 Protein after the Delivery of Synthetic TIMP-1 mRNA in the Porcine
Aortic Vessel Wall

To determine whether the administered TIMP-1 mRNA leads to increased TIMP-1
protein expression, the supernatants of ex vivo cultivated porcine aortic vessels were
collected at 24 and 48 h post injection with 3 ug TIMP-1 mRNA. Significantly increased
TIMP-1 levels were detected after 48 h of incubation using ELISA (Figure 4).

2.4. Detection of MMP-9 Inhibition after the Application of Synthetic TIMP-1 mRNA in Porcine
and Human Aortic Vessel Walls

After demonstrating that ex vivo aortic tissue can express the desired protein up to 48 h
post injection of synthetic mRNA using hGLuc encoding mRNA, the same ex vivo model
was used to evaluate the functionality of expressed TIMP-1 protein. In situ zymography
can visualize and assess the proteolytic activity of MMP-9 in histological sections using
the fluorescently labeled MMP substrate DQ-gelatin. Enzymatic cleavage of DQ-gelatin
by active MMPs results in a green fluorescence signal [31]. Since the activity of MMP-9
is inhibited by EDTA, which binds catalytically necessary Zn>* ions, the tissue sections
incubated with EDTA served as negative controls for the in situ zymography. TIMP-1 binds
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covalently to MMP-9 and inhibits DQ-gelatin cleavage. Thus, the ability of TIMP-1 protein,
which is produced after the microinjection of TIMP-1 mRNA into the vessel wall, to inhibit
MMP-9 was investigated in both porcine and human aortic vessels. For this purpose, 5 ug
of human synthetic TIMP-1 mRNA was injected ex vivo into porcine and human aortic
vessels from the side of the intima and incubated for 24 or 48 h. After fixation, MMDP-9
activity was assessed in paraffin sections using in situ zymography, MMP-9-dependent DQ-
gelatin cleavage efficiency was determined, and TIMP-1 mRNA-treated versus untreated
groups were compared. Both 24 and 48 h after injection of TIMP-1 mRNA, a significantly
lower signal of DQ-gelatin was detected in the porcine vessel wall than in vessels treated
with L2000 alone (Figure 5). As expected, the lowest MMP-9 activity was detected in
EDTA-treated vessel sections. The synthetic mRNA could be also microinjected from the
side of the adventitia in porcine aortic samples (Figure S1). Here, the results were similar
to those obtained with mRNA injections from the side of the intima.
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= 150- = 3 ug TIMP-1 mRNA
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= 50- e
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24h 48 h

Figure 4. Detection of TIMP-1 levels in the supernatant of porcine aorta after the microinjection of
3 ug TIMP-1 mRNA. 3 pg of TIMP-1 mRNA was complexed with L2000 in 50 uL Opti-MEM and
injected into the porcine aortic vessel wall. TIMP-1 levels in the supernatant were detected 24 and
48 h post injection using TIMP-1 ELISA. The results are shown as means + SEM (n = 3). Statistical
differences were determined using two-way ANOVA followed by Tukey’s multiple comparisons test.
(*p <0.05).

The ECM structures of the porcine (Figure 52) and human (Figure S3) aorta sam-
ples were also analyzed after hematoxylin and eosin, elastin, and collagen staining of
the histological sections. No differences between the control and treated groups could
be observed.

Similar results were obtained in human aortic tissue after the injection of TIMP-1
mRNA and incubation for 24 and 48 h (Figure 6). Here, a strongly reduced DQ-gelatin
signal was observed both 24 and 48 h after the injection of synthetic TIMP-1 mRNA
compared with the L2000 control groups. Thereby, the inhibitory function of the produced
TIMP-1 protein was confirmed. The proteolytic MMP-9 activity was successfully inhibited
and decreased in mRNA-treated tissues.
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Figure 5. Analysis of MMP activity using in situ zymography in porcine aorta after the microinjection
of human TIMP-1 mRNA and incubation for 24 and 48 h. During the analysis, 5 ug of TIMP-1 mRNA
complexed 1:1 with L2000 in 50 uL. Opti-MEM was injected ex vivo from the side of the intima into
the porcine aorta. Tissues were incubated for 24 and 48 h at 37 °C and 5% CO,. Injection of L2000 only
in Opti-MEM served as a control. Post incubation, the tissues were fixed, and 5 pm paraffin sections
were prepared. MMP-9 activity was visualized by using DQ-gelatin-based in situ zymography. To
verify enzymatic gelatin cleavage by MMPs, control sections were inhibited with EDTA before the
addition of DQ substrate. Cell nuclei were stained using a DAPI-containing mounting medium.
DQ gelatin: green; nuclei: blue. 20 x magnification; (n = 3). Arrows indicate areas with decreased
DQ-gelatine fluorescence signal.
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Figure 6. Analysis of MMP activity using in situ zymography in the human aorta after microinjection
of human TIMP-1 mRNA and incubation for 24 and 48 h. During the analysis, 5 ug of TIMP-1 mRNA
complexed 1:1 with L2000 in 50 uL. Opti-MEM was injected ex vivo from the side of the intima into
the human aorta. Tissues were incubated for 24 and 48 h at 37 °C and 5% CO,. Injection of L2000
only in medium served as a control. Post-incubation tissues were fixed, 5 um paraffin sections were
prepared, and MMP-9 activity was visualized by using DQ-gelatin-based in situ zymography. To
verify enzymatic gelatin cleavage by MMPs, control sections were inhibited with EDTA before the
addition of DQ substrate. Cell nuclei were stained using a DAPI-containing mounting medium. DQ
gelatine: green; nuclei: blue. 20x magnification; (n = 4).
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2.5. Analysis of TIMP-1 mRNA Translation Efficiency by Variation of Nucleotide Modifications

To improve the protein expression efficiency of the mRNA, different nucleotide modi-
fications were incorporated into the mRNA and tested. In the prior analysis, the nucleotide
modifications ¥/5mC were used. ¥ was replaced by me'¥, and TIMP-1 mRNA was
modified with either me'¥ /5mC or me!¥ only. Next, 1.5 ug of each mRNA variant was
complexed with 1.2000, and 3 x 10° EA.hy926 cells were transfected. After 24 h, protein
translation efficiency was analyzed via TIMP-1-specific ELISA in supernatants (Figure 7).
Through the incorporation of me!¥ only, the protein expression efficiency was significantly
enhanced. The additional modification with 5mC did not improve translation.
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Figure 7. Impact of nucleotide modification on synthetic TIMP-1 mRNA expression efficiency in
EA.hy926 cells. First, 3 x 10° EA.hy926 cells were seeded and transfected with 1.5 g of TIMP-1
mRNA complexed with 1.5 pL of 12000 in Opti-MEM for 4 h at 37 °C and 5% CO,. Thereafter,
the transfection complexes were replaced by cell culture medium, and the cells were incubated at
37 °C and 5% CO;. Cells treated with Opti-MEM or Opti-MEM plus L2000 served as controls. After
24 h, the TIMP-1 concentration was determined in collected supernatants via human TIMP-1-specific
ELISA. The results are shown as the mean + SEM (n = 3). Statistical differences between the mRNA-
treated groups were determined using one-way ANOVA following Tukey’s multiple comparison test
(*p <0.05,**p <0.01).

3. Discussion

Increased MMP activity is known to play a significant role in various diseases, includ-
ing CVDs as well as other diseases like cancer [16]. In cardiovascular diseases, MMPs are
involved in processes such as plaque destabilization, vascular remodeling, and aneurysm
formation [32]. In cancer, MMPs facilitate tumor invasion, metastasis, and angiogene-
sis [33].

AAAs are characterized by arterial dilatation, degeneration of arterial architecture,
disruption of the ECM, inflammatory infiltration, oxidative stress, and, in particular the
presence of matrix-degrading enzymes like MMPs, necessitating multifactorial potential
treatments. ECM degradation, particularly mediated by matrix MMPs, is considered crucial
for AAA occurrence and progression. Due to its multifactorial pathogenesis, potential AAA
treatments have included anti-inflammatory agents, endogenous proteinase inhibitors
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such as TIMPs, and genetic and pharmacological inhibition of MMPs [34]. Early attempts
to develop MMP inhibitors were based on hydroxamate-based inhibitors, which were
based on the structure of collagen and contained a group that inactivates the catalytic
zinc ion via chelation [35]. However, this approach led to intolerable side effects like joint
stiffening [36]. Later, beyond others, antibody-based therapeutics were developed for
selective inhibition of MMPs [37-39]. Multiple studies have proven that the administration
of doxycycline suppresses aortic dilation, inhibits MMP-9 expression and activity, and
reduces the incidence of AAA formation [40]. However, currently, the antibiotic substance
doxycycline is the only MMP inhibitor approved by the Food and Drug Administration
(FDA) for use in humans [41] and is used to treat periodontitis [42]. Thus, there is a great
need to develop selective and locally effective MMP inhibitors, which are also well tolerated.
A very interesting approach is using antibody-conjugated nanoparticles encapsulating
different MMP inhibitors such as batimastat, doxycycline, or pentagalloylglucose in AAA
models showing positive effects on aneurysms [43—45]. In addition, the nanoparticles
can specifically target the damaged tissue area following systemic application by specific
binding of the conjugated antibody to the damaged elastic fibers present in the affected
vessel area.

TIMPs could form the basis for another new class of MMP inhibitors. Studies using
MMP- and TIMP-knockout mice have definitively shown the importance of MMP / TIMP
imbalances in the onset and progression of AAA [11,46], making the endogenous MMP
inhibitor TIMP-1 a relevant candidate. Allaire et al. used retroviral vectors to introduce
TIMP-1 cDNA into SMCs, which they then injected into the aortic lumen of rats with
aneurysms [30]. Local TIMP-1 overexpression prevented aneurysmal degeneration and
rupture. Since MMPs also lead to unstable plaques in atherosclerosis, Rouis et al. injected
TIMP-1 DNA via an adenoviral vector venously into an atherosclerotic mouse model [47],
which resulted in high hepatic expression of TIMP-1. The increased TIMP-1 concentration in
the plasma led to a significantly reduced number of atherosclerotic lesions in atherosclerosis-
susceptible hypercholesterolemic apoE—/ — mice. While this is a promising strategy, the
further effects of a systemic increase in TIMP-1 on the organism still need to be evaluated.
Giraud et al. showed that gingival fibroblasts (GFs) with increased secretion of TIMP-1
deposited on the adventitia of AAAs decreased inflammation and ECM destruction and
prevented aneurysm progression and rupture [48].

mRNA-based therapeutics represent an innovative approach for producing effective
proteins directly within the targeted cells and in affected areas. Unlike DNA, synthetic
mRNA circumvents the need to enter the cell nucleus, thus mitigating the risk of insertional
mutations. Moreover, it also offers the advantage of fast, uncomplicated, and cost-effective
production. Additionally, its transient activity and subsequent elimination via physio-
logical degradation pathways curtail possible adverse effects. Notably, existing mRNA
therapeutics, such as vaccines, have demonstrated their adaptability to swiftly respond
to viral mutations, exemplifying the versatility of this approach [28]. Despite the most
common use of synthetic mRNA as vaccines, mRNA-based protein replacement therapeu-
tics have already entered the clinical stage, offering tremendous potential as new therapy
options for several diseases [49,50]. Nevertheless, tissue- and cell-specific targeted delivery
still remains one of the biggest hurdles.

To our knowledge, we have demonstrated for the first time the applicability of syn-
thetic TIMP-1 mRNA as a new approach for the inhibition of MMP activity in blood vessels.
Following these promising results, we plan to conduct in vivo studies in aneurysm models.
These will allow a more comprehensive evaluation of the TIMP-1 mRNA effect in a physio-
logically relevant context. However, the current ex vivo data provide essential insights that
will guide our in vivo research.

In our study, the intraluminal injection of the synthetic TIMP-1 mRNA using mi-
croneedles resulted in successful delivery to the tissue and the expression of the target
protein, serving as a suitable delivery method for the used ex vivo model. Further possible
application methods for therapeutic use are mRNA-coated stents, direct injection into the
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aortic wall via a catheter, or systemic targeted delivery systems such as nanoparticles. The
intraluminal route using a catheter infusion was used in a recent study for the local delivery
of pentagalloylglucose to AAAs in pigs. A first-in-human pilot study is being conducted
to assess the novel localized treatment for stabilizing small- to medium-sized infrarenal
abdominal aortic aneurysms [51].

In summary, the use of synthetic TIMP-1 mRNA represents a promising new strategy
for the treatment of cardiovascular diseases characterized by the loss of elastic structural
proteins or increased inflammation, such as aneurysms, dissections, and atherosclerosis, by
decreasing MMP-9 activity. It is therefore an innovative and novel strategy that has the
potential to prevent the progression of aneurysms in the future.

4. Materials and Methods
4.1. Cultivation of Cells

EA hy926 cells (ATCC) and human fibroblasts (NUFFs, newborn foreskin fibroblasts,
AMS Biotechnology (Europe) Ltd., Abingdon, UK) were cultivated in Dulbecco’s modified
Eagle medium (DMEM) with high glucose and L-glutamine with 10% heat-inactivated
fetal bovine serum (FBS) at 37 °C and 5% CO,. Cells were washed once with Dulbecco’s
phosphate-buffered saline (DPBS) and detached with 0.05% trypsin-EDTA. All cell culture
reagents were obtained from Thermo Fisher Scientific (Waltham, MA, USA). Human umbil-
ical vein endothelial cells (HUVECs, (PromoCell, Heidelberg, Germany)) were cultivated
in VascuLife EnGS endothelial cell culture medium (without hydrocortisone) (Lifeline Cell
Technology, Frederick, MD, USA) at 37 °C and 5% CO,. The cells were washed once with
DPBS and detached using 0.04% trypsin/0.03% EDTA and trypsin neutralizing solution
(TNS) 0.05% in 0.1% BSA (both Promocell, Heidelberg, Germany). Cell culture flasks
were coated with 0.1% gelatin (Fluka, Morristown, NJ, USA) in PBS for 15 min at room
temperature (RT) before seeding the cells. The medium was changed every 3—4 days, and
the cells were passaged upon reaching a confluency of 80-90%.

4.2. mRNA Synthesis

Synthetic mRNA was produced via in vitro transcription (IVT) as previously de-
scribed [52]. Plasmids containing either secretable humanized Gaussian luciferase (hGLuc)
or human TIMP-1 encoding sequences were ordered from Eurofins Genetics (Ebersberg,
Germany). These plasmids were used to generate the DNA templates containing the coding
sequence of hGLuc or TIMP-1 via PCR. Therefore, 50-100 ng of plasmid and the HotStar
HiFidelity Polymerase Kit (Qiagen, Hilden, Germany) were used according to the man-
ufacturer’s instructions. Forward (5-TTGGACCCTCGTACAGAAGCTAATACG-3') and
reverse primers (5'-T120-CTTCCTACTCAGGCTTTATTCAAAGACCA-3) were purchased
from ELLA Biotech (Martinsried, Germany). PCR was performed using the following PCR
cycling conditions: 94 °C for 3 min, 30 cycles of denaturation to generate single strands at
94 °C for 45 s, hybridization of primers at 60 °C for 1 min, elongation at 72 °C for 1 min, and
final elongation at 72 °C for 5 min. The amplified PCR products were purified using the
QIAquick PCR purification kit (Qiagen, Hilden, Germany) according to the manufacturer’s
instructions. The concentration and purity of the DNA were analyzed photometrically, and
the size of the amplified DNA fragments was controlled via 1% agarose gel electrophoresis.

IVT was performed using a T7 MEGAscript Kit (Life Technologies, Darmstadt, Ger-
many) according to the manufacturer’s instructions. Therefore, 1.5 ug of the hGLuc or
TIMP-1 template DNA was used. During IVT, a 2.5 mM 3’-O-Me-m7G(5")ppp(5')G RNA
cap structure analog (ARCA, New England Biolabs, Frankfurt am Main, Germany) and
nucleotides (1.875 mM GTP, 7.5 mM ATP, 7.5 mM 5-methyl-CTP (5mC), 7.5 mM ¥Y). were
incorporated. This mRNA modification was named ¥/5mC. To analyze the impact of
nucleotide modification on TIMP-1 protein expression, TIMP-1 mRNA was also produced
with 7.5 mM N1-methylpseudouridine (me'¥) instead of ¥ and 7.5 mM 5mC (named
me!'¥/5mC) or 7.5 mM CTP (named me!¥ /C). ATP, GTP, and CTP from the MEGAscript
T7 Kit were used, and the others were from TriLink (BioTechnologies, San Diego, CA, USA).
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To each IVT reaction, 40 U RiboLock RNase inhibitor (Thermo Scientific, Waltham, MA,
USA) was added, and the IVT reaction was incubated for 4 h at 37 °C. For the removal of the
DNA template, 1 puL of TurboDNase was added and incubated for a further 15 min before
performing mRNA purification with the RNeasy Mini Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. Subsequently, mRNA was dephosphorylated
at 37 °C for 30 min with 15 U Antarctic phosphatase (New England Biolabs, Frankfurt
am Main, Germany) and purified as described above. The concentration and purity of
mRNAs were analyzed photometrically, and the size of the mRNAs was confirmed via 1%
agarose gel electrophoresis and staining with 1x GelRed (Biotium, Fremont, CA, USA) in
1x Tris-borate-EDTA (TBE) buffer for 1 h at RT.

4.3. Cy3 Labeling of hGLuc mRNA

To evaluate the localization of the mRINA in the blood vessel walls, hGluc mRNA
was labeled with the fluorophore Cy3. Therefore, Cy3 was linked to the mRNA using a
copper-free click chemistry reaction. During IVT, 5-azido-C3-UTP (Jena Bioscience, Jena,
Germany) molecules were integrated into the mRNA and subsequently labeled with Cy3.
For this purpose, 25% 5-azido-C3-UTP (1.875 mM) and 75% ¥ (5.625 mM) were used for
IVT as described in our previous study [53]. The azido mRNA was purified and coupled
with DBCO-sulfo-Cy3 (Jena Bioscience) in a 5:1 ratio in a total volume of 40 puL nuclease-free
water for 1 h at 37 °C. The labeled mRNA was purified using the RNeasy Mini Kit (Qiagen,
Hilden, Germany) and evaluated via 1% agarose gel electrophoresis.

4.4. Transfection of Cells with TIMP-1 mRNA

During this stage, 3 x 10> HUVECs, NuFFs, or EA hy926 cells were seeded per well
of a 6-well plate and cultivated overnight at 37 °C and 5% CO; in the respective cell
culture medium. Before the seeding of HUVECs, cell culture plates were coated with 0.1%
gelatin in PBS for 15 min. The cells were transfected with 0.5, 1, or 1.5 ug synthetic mRNA
complexed with Lipofectamine™ 2000 (L2000) in a 1:1 ratio in 1 mL Opti-MEM (except for
0.5 pg mRNA, where 1 pL L2000 was used). Opti-MEM alone (medium) or Opti-MEM with
1.5 uLL L2000 (L2000) were used as controls. For the analysis of modified nucleotides on
TIMP-1 mRNA expression efficiency, 1.5 ug of each modified TIMP-1 mRNA variant was
complexed with 1.5 pL. L2000 and transfected into EA.hy926 cells. Transfection mixtures
were incubated for 20 min at RT. Before adding the transfection mixtures, the cells were
washed once with DPBS, and the cells were incubated for 4 h at 37 °C and 5% CO, with the
transfection complexes. Then, the transfection mixtures were replaced with 2 mL of cell
culture medium, and the cells were incubated for another 24 h at 37 °C and 5% CO,. Cell
culture supernatants were collected, snap-frozen in liquid nitrogen, and stored at —80 °C
until performing TIMP-1 protein-specific ELISA. Furthermore, the cells were lysed to detect
intracellular TIMP-1 protein amounts via ELISA.

4.5. Lysis of Cells after TIMP-1 mRNA Transfection

The cells were washed 2x with 1 mL cold DPBS, overlaid with 300 uL cold 1x RIPA
buffer with 1:100 Halt™ Protease Inhibitor Cocktail (both from Thermo Fisher Scientific,
Waltham, MA, USA), and incubated on ice for 5 min. The cells were then lysed via repeated
pipetting, transferred to a reaction tube, and treated in an ultrasonic bath for 3 x 10 s with
a 10 s pause in between. Subsequently, the cell lysates were centrifuged at 13,000 rpm, 4 °C
for 25 min. The supernatant was collected, snap-frozen in liquid nitrogen, and stored at
—80 °C until performing the TIMP-1 protein-specific ELISA.

4.6. Application of Synthetic mRNA into Blood Vessel Walls
4.6.1. Tissue Preparation

Porcine and human aortic tissues were transferred to 0.9% NaCl solution immediately
after collection and used for microinjections on the same day. Before microinjection, the
tissue was cut into 0.5 x 0.5 cm pieces and incubated for 30 min in an antibiotic solution
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composed of 250 mg/mL gentamicin (Sigma-Aldrich, St. Louis, MO, USA) and 1.25 mg/mL
amphotericin B (PromoCell, Heidelberg, Germany) in DMEM followed by washing with
DPBS (both from Thermo Fisher Scientific (Waltham, MA, USA)).

4.6.2. Injection of Synthetic hGLuc or TIMP-1 mRNA

To analyze synthetic mRNA-mediated protein expression in the aortic vessel wall,
synthetic mRNA was delivered ex vivo to porcine and human aortic vessel walls by
microinjection from the side of the intima using MicronJet600™ hollow microneedles from
NanoPass Technologies (Nes Ziona, Israel). Therefore, 1 ug of hGLuc mRNA or 3 or 5 ug
TIMP-1 mRNA was complexed in a 1:1 ratio (ug:pL) with L2000 and incubated in a total
volume of 50 pL Opti-MEM for 20 min at RT. The prepared mRNA solutions were drawn
into a 1 mL syringe (Luer-LokTM, Becton, Dickinson and Company, Franklin Lakes, NJ,
(USA)) using a cannula, which was replaced by the microinjection needle for the injection
from the intraluminal side. After injection, samples were incubated for 5 min at RT, washed
once in DPBS, and incubated at 37 °C in 5% CO; in 1 mL EC medium in a 12-well plate
for 24 to 48 h to analyze the luciferase activity, TIMP-1 amount by ELISA and the activity
of exogenously produced TIMP-1 protein in the vessel wall using in situ zymography.
Microinjection of 50 uL. Opti-MEM and the corresponding amount of L2000 into the tissue
served as controls. For the in-situ zymography, the tissue samples were incubated for 48
and 72 h at 4 °C in 10x zinc fixative (Formalin free, BD Pharmingen™, Becton, Dickinson
and Company, Franklin Lakes, NJ, USA).

To evaluate the localization of the mRNA after microinjection into the blood vessel
wall, 1 pg Cy3 labeled hGLuc mRNA was complexed with 1 uL L2000 in 50 pL Opti-MEM
for 20 min at RT. Tissue treated with Opti-MEM and the corresponding amount of L2000
served as the control. After the microinjection, the tissues were washed 1x in DPBS and
fixed overnight in 4% paraformaldehyde (PFA) at 4 °C for histological analyses.

4.6.3. Detection of Luciferase Activity

After the delivery of synthetic hGLuc mRNA into the aortic vessel wall, the expression
of hGLuc in tissue supernatants was determined using a luciferase assay. Therefore, 40 puL
of each supernatant was transferred in triplicate into a 96-well plate (Nunc Maxisorp,
Thermo Fisher Scientific (Waltham, MA, USA)), 100 pL of 20 pg/mL coelenterazine (Carl
Roth, Karlsruhe, Germany) in DPBS (w/o Ca%t/ Mg2+) was injected automatically into each
well, and luminescence was detected in Relative Light Units (RLU) using the microplate
reader Mithras LB 940 (Berthold Technologies, Bad Wildbad, Germany).

4.7. Histological Analysis
4.7.1. Detection of Microinjected mRINA in the Aortic Vessel Wall

After fixation, the samples were washed twice in 2 mL DPBS, transferred to embed-
ding cassettes, and coated with 100% ethanol. Subsequently, automated dehydration and
embedding in paraffin were performed by the Institute of Pathology at the University Hos-
pital of Ttibingen. Subsequently, tissue sections with a thickness of 2.5 um were prepared.
Afterward, the sections were deparaffinized 4x for 5 min in xylene rehydrated stepwise in
an ethanol series: 2x 99% for 1 min, 2x 96% for 1 min, and 2x 70% for 1 min, washed twice
in nuclease-free water, and then boiled for 2 min in TBE buffer (pH 9). The slides were
cooled under running water, washed three times with DPBS, and, in the case of Cy3 mRNA
injection, embedded in Fluoroshield Mounting Medium with DAPI (Vector Laboratories,
Burlingame, CA, USA). Xylene and ethanol were both provided by AnalaR NORMAPUR
(VWR, Darmstadt, Germany). To detect Cy3-labeled mRNA, fluorescence images were
taken using an Axiovert135 microscope (Carl Zeiss, Oberkochen, Germany) and analyzed
with AxioVision Rel 4.8 software.
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4.7.2. In Situ Zymography

After fixation, the tissue was transferred to embedding cassettes, dehydrated, and
embedded using a tissue embedding device and an automated tissue processor at the
Institute of Pathology at the University Hospital of Tiibingen. The tissue was then poured
into paraffin blocks and 5 um thick sections were prepared using the Microtome Microm
HM 355S (Thermo Fisher Scientific (Waltham, MA, USA)) and mounted on SuperFrost®
microscope slides (R. Langenbrinck, Emmendingen, Germany). The tissue sections were
deparaffinized in xylene (100% xylene, mixture of isomers, AnalaR NORMAPUR, VWR,
Darmstadt, Germany) twice for 2 min and rehydrated using descending ethanol (AnalaR
NORMAPUR, VWR, Darmstadt, Germany) series (100%, 80%, 70%, and 60%). The slides
were washed in double-distilled water (ddH,O) and stained in a humidity chamber using
an EnzChek™ Gelatinase/Collagenase Assay Kit (Thermo Fisher Scientific (Waltham, MA,
USA)) by adding 250 pL substrate solution consisting of 1 mg/mL of the fluorescence-
labeled DQ-gelatine diluted 1:50 in reaction buffer ((150 mM NaCl (NORMAPUR®, VWR
International, LLC., Radnor, PA, USA), 5 mM CaCl,, 50 mM Tris-HCI, 0.2 mM sodium azide
(all from Sigma-Aldrich, Darmstadt, Germany); pH 7.6)) to each section and incubation
at 37 °C for 2 h. As a control, tissue sections were treated for 1 h with 20 mM EDTA to
inhibit enzymatic metalloproteinase activity. These control slides were then incubated at
37 °C for 2 h with the substrate solution also containing 20 mM EDTA. Afterward, the
sections were washed 3 x for 1 min in ddH,O and fixed in 250 uL 4% PFA for 10 min in the
dark, followed by 2x washing for 5 min in DPBS. Finally, the tissue sections were covered
with Fluoroshield mounting medium containing DAPI (Vector Laboratories, Newark,
NJ, USA) to stain the cell nuclei. Images were taken using the Axiovert135 fluorescence
microscope (Carl Zeiss, Oberkochen, Germany) and analyzed using AxioVision Rel 4.8
program software.

4.8. Human TIMP-1 ELISA

TIMP-1 amount was detected in the cell lysates and cell culture supernatants after
TIMP-1 mRNA transfection and the microinjection of mRNA into the aortic tissue. The
amount of TIMP-1 was detected using human TIMP-1 DuoSet ELISA (R&D Systems,
Minneapolis, MN, USA) according to the manufacturer’s instructions. Cell supernatants
and lysates were diluted (cell supernatants: 1:150-1:250; cell lysates 1:50) in 1% BSA in
DPBS before ELISA. Supernatants of aortic vessel tissue cultivation were not diluted. The
absorbance of the samples was measured using a microplate reader (Eon Synergy 2, BioTek
Instruments, Winooski, VT, USA) at 450 nm with a correction wavelength of 540 nm.

4.9. Statistical Analysis

The data are shown as the mean + standard deviation (SD) or standard error of the
mean (SEM). One- or two-way analysis of variance (ANOVA) was performed followed by
Tukey’s multiple comparisons test. All of the analyses were performed using Origin Pro
2024b (v10.15) and GraphPad Prism version 9.3.1. Differences of p < 0.05 were considered
statistically significant.

5. Conclusions

In this study, the synthesis of TIMP-1 protein was induced by the exogenous delivery
of synthetic TIMP-1 encoding mRNA into the aortic vessel to inhibit MMP-9. In vitro
experiments demonstrated a significant increase in TIMP-1 protein expression in various
cells following TIMP-1 mRNA transfection. Additionally, TIMP-1 protein expression was
further increased through nucleotide modifications and the replacement of ¥ /m5C with
me!¥. The functionality of the expressed protein was assessed using an appropriate ex
vivo aortic vessel model, revealing a decrease in MMP-9 activity detected using in situ
zymography 24 and 48 h after the microinjection of 5 ug TIMP-1 mRNA into the aortic
vessel wall. These results indicate that administering TIMP-1 mRNA holds potential as a
treatment strategy for aneurysms.
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Abstract: Increased mitochondrial reactive oxygen species (ROS) formation is important for the
development of right ventricular (RV) hypertrophy (RVH) and failure (RVF) during pulmonary
hypertension (PH). ROS molecules are produced in different compartments within the cell, with
mitochondria known to produce the strongest ROS signal. Among ROS-forming mitochondrial
proteins, outer-mitochondrial-membrane-located monoamine oxidases (MAOs, type A or B) are
capable of degrading neurotransmitters, thereby producing large amounts of ROS. In mice, MAO-B is
the dominant isoform, which is present in almost all cell types within the heart. We analyzed the effect
of an inducible cardiomyocyte-specific knockout of MAO-B (cmMAO-B KO) for the development of
RVH and RVF in mice. Right ventricular hypertrophy was induced by pulmonary artery banding
(PAB). RV dimensions and function were measured through echocardiography. ROS production
(dihydroethidium staining), protein kinase activity (PamStation device), and systemic hemodynamics
(in vivo catheterization) were assessed. A significant decrease in ROS formation was measured in
cmMAO-B KO mice during PAB compared to Cre-negative littermates, which was associated with
reduced activity of protein kinases involved in hypertrophic growth. In contrast to littermates in
which the RV was dilated and hypertrophied following PAB, RV dimensions were unaffected in
response to PAB in cnMAO-B KO mice, and no decline in RV systolic function otherwise seen in
littermates during PAB was measured in cnMAO-B KO mice. In conclusion, cmMAO-B KO mice
are protected against RV dilatation, hypertrophy, and dysfunction following RV pressure overload
compared to littermates. These results support the hypothesis that cnMAO-B is a key player in
causing RV hypertrophy and failure during PH.

Keywords: pulmonary hypertension; monoamine oxidase; right heart

1. Introduction

Cardiac hypertrophy occurs as a result of a variety of heart diseases, including
pulmonary arterial hypertension (PAH). PAH increases right ventricular (RV) afterload,
inducing—if prolonged—RYV hypertrophy (RVH). With sustained pressure overload, patho-
logical remodeling of the RV occurs, leading to RV dilation and, finally, RV failure (RVF) [1].
While smaller amounts of reactive oxygen species (ROS) act as signaling molecules and

Int. ]. Mol. Sci. 2024, 25, 6212. https:/ /doi.org/10.3390/ijms25116212 59 https://www.mdpi.com/journal/ijms



Int. J. Mol. Sci. 2024, 25, 6212

contribute to RVH, excessive ROS formation contributes to the transition of adaptive to
maladaptive hypertrophy (maladaptive remodeling) and the development of RVF [2,3].
Excessive ROS formation can induce cardiac dysfunction by activating stress protein ki-
nases, through oxidative modification of contractile proteins, by disturbing metabolism
and the intracellular ion homeostasis, or by damaging mitochondria and thereby inducing
cell death [4].

Apart from a number of cytosolic enzymes, mitochondria also contribute to increased
ROS formation [5], and scavenging of mitochondrial ROS attenuates pressure overload-
or hypoxia-induced RVH and/or RVF [6]. Mitochondrial ROS are not only derived from
the respiratory chain complexes but also from a variety of other mitochondrial proteins.
Some of these proposed proteins are uncoupling proteins (UCPs), including p66shc and
monoamine oxidases (MAOs) [2,3]. While the importance of UCP, namely UCP2, for
ROS formation is debated [3], its importance for the development of RVF during pressure
overload has been established [7]. On the contrary, while there is no doubt that p66shc
contributes to ROS formation, especially in stress situations [8,9], p66shc has no impact
on RVH or RVF during pressure overload [10], which, in part, might be related to its low
expression in cardiomyocytes [11].

MAQ:s are located at the outer mitochondrial membrane where they degrade neuro-
transmitters to produce ROS. There are two isoforms, MAO-A and MAO-B, presenting
92% of sequence identity [12,13]. MAO-B, which is expressed to a greater extent in the
myocardium of mice and humans [14], differs from MAO-A with respect to substrate
specificity and inhibitor sensitivity. The two MAO isoforms have common substrates, such
as dopamine but also specific substrates. MAO-B can metabolize 1-methyl histamine [15],
produced by the histamine-N-methyltransferase [16], while MAO-A metabolizes serotonin
(or 5-hydroxytryptamin, 5-HT) and catecholamines (for review, see [17]). MAO requires
flavin adenine dinucleotide as a cofactor that is reduced by the reaction and subsequently
re-oxidized by oxygen and water, generating hydrogen peroxide [18]. MAO can also form
reactive aldehydes, such as 4-hydroxynonenal, as a byproduct of catecholamine metabolism
through cardiolipin peroxidation inside mitochondria in primary cardiomyocytes.

While the importance of MAOs in the pathophysiology of left ventricular diseases is
well-established [19-22], data on their importance for RV diseases are rare, but involvement
in PH has been proposed [23]. In rats, PH secondary to monocrotaline injection [24],
sugen5416/hypoxia, or pulmonary artery banding [25] upregulates MAO-A expression in
the pulmonary vasculature and the failing RV. The MAO-A inhibitor clorgyline reduces
RV afterload and pulmonary vascular remodeling in sugen/hypoxia rats through reduced
pulmonary vascular proliferation and oxidative stress, resulting in improved RV stiffness
and relaxation and reversed RV hypertrophy. In rats with PAB, clorgyline has no direct
effect on the RV [25].

MAO:s are expressed in all cardiac cells, including cardiomyocytes, fibroblasts, and en-
dothelial and vascular smooth muscle cells (for review, see [3]). A permanent cardiomyocyte-
specific knockout of MAO-A reduces the incidence of catecholamine-induced arrhythmias
in mice [26]. Recently, we demonstrated that a lack of cardiomyocyte-specific MAO-B
reduces left ventricular infarct size in vitro [27] and in vivo [28]. Information on the impor-
tance of cardiomyocyte-specific MAOs in RV disease is absent. We therefore investigated
the effects of MAO-B-mediated ROS formation on RV dilatation and function in response
to pulmonary artery banding in the inducible cardiomyocyte-specific MAO-B knockout
mouse model [27].

2. Results

To determine the role of MAO-B during RVH, Myh6-MCreM_x_MAOBﬂ/ 1 mice were
used to induce a cardiomyocyte-specific knockout of MAO-B (cmMAO-B KO) and com-
pared to Cre-negative littermates (MAO-B/l). Pulmonary artery banding (PAB) was
performed to achieve pressure overload, and SHAM-operated animals served as controls.

60



Int. ]. Mol. Sci. 2024, 25, 6212

Body weight and heart rate were similar among the different groups of mice (Table S1).
Also, the effect of PAB on left ventricular function was comparable between MAO-Bfl/fl
and cmMAO-B KO mice (Table S1). Pulmonary artery banding resulted in a similar
increase in RV systolic pressure in MAO-B/fl and cmMAO-B KO mice measured during
RV catheterization (Figure S2).

2.1. Effect of cnMAO-B Knockout on Reactive Oxygen Species Formation

MAO-B is known to produce ROS during oxidative deamination of neurotransmit-
ters. In certain stress situations, like for left ventricular diseases, the importance of ROS
generated by MAOs was already described [22]. To investigate the influence of MAO-B
during RV pressure overload, intracellular ROS detection was performed for MAO-Bf1/fl
and cmMAO-B KO mice. Following three weeks of PAB, ROS formation increased in
MAO-B/fl mice. In contrast, the effect was completely blunted in cmMAO-B KO mice
(Figure 1).
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Figure 1. Increased ROS production in response to PAB was abrogated in cnMAO-B KO mice.
Representative images (20 x microscope’s magnification) of cryosections of RV tissue stained with
dihydroethidium (DHE) dye from PAB- or SHAM-operated MAO-B/fl and cmMAO-B KO mice (A).
Quantification of ROS formation in RV tissue from MAO-B/fl (SHAM and PAB n = 6 each)
and cnMAO-B KO (SHAM and PAB n = 6 each) mice by measuring mean grey values of the
DHE signal. Data are presented as mean fold change compared to MAO-B/fl SHAM + SD,
*and #: p < 0.05 analyzed through two-side ANOVA (B).

In concordance with the proposed substrates of MAO-B, histamine and ethanolamine
concentrations were increased in cmMAO-B KO mice following three weeks of PAB (LC-
MS/MS analysis) when compared to MAO-Bf/fl mice (Figure S3).

2.2. Effect of cnMAO-B Knockout on Right Ventricular Dimension and Function

RV pressure overload can induce RV remodeling, finally leading to RVFE. It was demon-
strated that MAO-B is a key regulator for cardiac structural and functional disarrangement
in the left ventricle [29]. The role of cnMAO-B for the development of RVH and/or RVF
is unknown.

Echocardiographic analysis revealed that banded MAO-B/l mice showed a signifi-
cant increase in RV inner diameter (RVID) and a decrease in RV systolic function (TAPSE),
both effects being absent in cnMAO-B KO mice (Figure 2).
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Figure 2. PAB-operated cmMAO-B KO mice were unaffected in their RV dimension and systolic
function. RV geometry and function of MAO-B/fl (SHAM n = 33, PAB n = 33) and cmMAO-B KO
(SHAM n = 22, PAB n = 23) mice were measured through echocardiography three weeks after PAB or
SHAM surgery. Data are shown for right ventricular inner diameter (RVID in mm) (A) and tricuspid
annular plane systolic excursion (TAPSE in mm) (B). The dots represent the individual data points.
Data represent the mean + SD, ### and ***: p < 0.005 analyzed through two-side ANOVA. Images
of apical four-chamber view (1) and the systolic excursion of the tricuspid valve (TAPSE) (2) of one
representative MAO-B and cmMAO-B KO heart (C). LA: left atrium, LV: left ventricle, RA: right
atrium, RV: right ventricle. Horizontal arrows represent RVID; vertical arrows represent TAPSE.

RV wall thickness (RVWT, echocardiography) was increased in MAO-B/fl mice;
again, the effect was blunted in cnMAO-B KO mice (Figure 3A). The lack of increased
cardiomyocyte hypertrophy in cmMAO-B KO mice compared to MAO-B/fl mice during
PAB was confirmed on the protein level measuring the hypertrophy marker Myosin Heavy
Chain (MYH) 7 in the right part of the septum (The Jess Simple Western system) (Figure 3B).

2.3. Effect of cnMAO-B Knockout on Protein Kinase Activity during PAB

Because ROS production was increased in MAO-B/fl mice during PAB, we assessed
the protein kinase activity to identify the de-regulated kinases. Redox-sensitive kinases
are known to be involved in cardiac hypertrophy [30,31], so it was assumable that the
loss of MAO-B could have an impact. Interestingly, differences in kinase activity could be
observed within the types of surgery as well as within the genotypes, as the activities of
the kinase were influenced by the cardiomyocyte ablation of MAO-B as well as by PAB
(Figure S4). However, in order to assess the role of cnMAO-B during RVH, the focus was
mainly on the PAB groups.
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Figure 3. Cardiomyocyte-specific deletion of MAO-B protected the hearts from RVH. Three weeks
after SHAM /PAB surgery, mice were evaluated for RVH development. Echocardiography was used
to determine right ventricular wall thickness RVWT (in mm). Each dot represents the individual
data point. Data represent the mean + SD for MAO-B/fl (SHAM n = 36, PAB n = 36) and cnMAO-B
KO mice (SHAM n = 28, PAB n = 30) (A). The Jess Simple Western system was used to detect the
hypertrophy marker Myosin Heavy Chain (MYH) 7 at the protein level in the right part of the septum
of MAO-B1/fl and emMAO-B KO mice (n = 4 for each of the four conditions) normalized to vinculin.
Data represent the mean + SD relative to the MAO-B/fl SHAM group (B). Both diagrams were
analyzed through two-side ANOVA, #: p < 0.05, ##f and ***: p < 0.005.

The involvement of ROS as indirect secondary messengers during RVH has already
been described [32]. The Ras/Raf/MAPK(MEK)/ERK signaling pathway represents an im-
portant signal cascade regulating cardiac hypertrophy [33,34], and half of the de-regulated
kinases belong to this MAP kinase signaling pathway (Figure 4, Table S2). In particular,
RAF kinases (ARAF/BRAF/RAF1) have already been identified as key regulators during
cardiac hypertrophy in mice [30,35].

The activity of protein kinases, which are considered to be involved in cardiac hyper-
trophy, was increased in MAO-B/fl mice during PAB when compared to cnMAO-B KO
mice. In addition, all three RAF kinases were significantly downregulated after PAB in
cmMAO-B KO mice (Figure 4).

2.4. Effect of cnMAO-B Knockout on Cardiomyocyte Function

Next, we examined the contraction behavior of cardiomyoyctes as RV geometry and
function were impaired in MAO-B/fl mice after PAB.

Isolated RV cardiomyocytes were analyzed from PAB- and SHAM-operated mice.
Cardiomyocyte contraction, relaxation, and shortening velocities were not affected by
pressure overload, and no significant differences were detected between MAO-B/fl and
cmMAO-B KO mice (Table 1).
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Figure 4. The activity of the kinases involved in cardiac hypertrophy was decreased in cmMAO-
B KO mice in response to pressure overload. Functional protein association networks of kinases
were analyzed in the right part of the septum of mice due pressure overload. MAO-B/fl and
c¢cmMAO-B KO mice underwent PAB surgery (n = 4, for each group). After three weeks, protein
lysates from the right part of the septum were prepared for kinome profiling. Sequential two-group
comparisons were performed to identify kinases, which are differentially regulated because of the
genetic background and in response to pressure overload. The resulting hits were uploaded into the
String protein database webpage to create images representing functional relationships revealing
protein, i.e., kinase, association networks. The Venn diagram highlights the number of kinases that
are significantly (p < 0.05) de-regulated in not only one but multiple two-group comparisons. For
the reactome diagram, the outer color reflects the kinase activity highlighted for PAB: MAO-B/fl vs.
c¢cmMAO-B KO.

Table 1. cmMAO-B KO and pressure overload had no influence on contraction behavior of cardiomy-
ocytes. Cell shortening of isolated cardiomyocytes from RV three weeks after PAB (MAO-B/f n = 6,
ecmMAO-B KO n = 5) or SHAM (MAO-B/fl n = 6, cmMAO-B KO n = 6) surgery (n = number of
mice, 36 cardiomyocytes were analyzed per animal). Data of diastolic cell length (Ldiast in pum),
contraction velocity (Con Vel in pm/s), relaxation velocity (Rel Vel in um/s), and load-free cell
shortening (quantified as percent shortening amplitude normalized to the diastolic cell length of
individual cells (dL/L(%)) are shown. Data represent the mean + SD.

RV Ldiast (um) Con Vel Rel Vel (um/s)  dL/L (%)
(um/s)
Wi SHAM 109934979  202.63+51.36  166.05+ 4505 8.53 + 1.82
MAO-B PAB 111324723 18299 + 46.88  151.03 + 4533  7.65 + 7.65

SHAM  112.08 £11.66 21558 £72.75  180.14 £59.07 9.10 +2.44

ecmMAO-BKO  pAp 10836+ 11.00 183.64 - 4888 15243 +4510 830 + 2.08

3. Discussion
3.1. Main Findings

The current study aims to clarify the role of cardiomyocyte MAO-B in the development
of RV hypertrophy and failure. The main findings of this study are (1) that RV pressure
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overload increases myocardial ROS formation in a MAO-B-dependent manner; (2) that
functions of isolated RV cardiomyocytes are neither affected by pressure overload nor
by MAO-B knockout; and (3) that the development of RV hypertrophy and failure upon
pressure overload is abolished by an inducible cardiomyocyte-specific knockout of MAO-B.

3.2. MAO and ROS Formation

In isolated mitochondria from mice hearts, we and others could demonstrate both
MAO-A and MAO-B expression, with MAO-B being the dominant isoform [3]. How-
ever, cardiomyocyte MAO-A also exerts cardiac effects; cardiomyocyte-specific MAO-A
inhibition exerts an anti-arrhythmic effect by enhancing diastolic calcium handling under
catecholamine stress. Mechanistically, this is facilitated by a reduction in ROS generation,
consequently leading to decreased oxidation of type II protein kinase A and calmodulin
kinase II [26]. Thus, MAO-A can also contribute to myocardial ROS formation under certain
stress conditions (catecholamines). However, with pressure overload as used in the present
study, increased myocardial ROS formation seen in MAO-B/l mice was completely abol-
ished following cardiomyocyte-specific knockout of MAO-B. Therefore, the contribution of
MAO:s to stress-induced ROS formation depends on the underlying stimulus.

3.3. MAO Substrates

Mice deficient for both MAO-A and MAO-B demonstrate increased tissue levels of
serotonin, norepinephrine, dopamine, and phenylethylamine [36], and genetic ablation of
MAO-A increases the serotonin concentration in the blood and tissue in rats [37]. Similarly,
blockade of MAO by drugs used for other indications (e.g., antidepressants) can alter
histamine levels in mice hearts [38]. Here, we demonstrated that cardiomyocyte-specific
knockout of MAO-B increased myocardial histamine and ethanolamine levels, confirming
the above substrates for MAO-B and their usage for the formation of myocardial ROS.
Interestingly, histamine profoundly impacts the pathophysiology of the heart, resulting
in hypertension-induced cardiac hypertrophy (for review, see [39]) through activation of
histamine-H2 receptors [40] and histamine-H2 receptor polymorphisms, which altered
heart failure development in patients [41]. However, despite the increase in histamine levels
following knockout of MAO-B in cardiomyocytes, hypertrophic growth induced by pres-
sure overload following pulmonary artery banding was decreased in cnMAO-B KO mice.

3.4. MAO and Pulmonary Hypertension

Data on the importance of MAOs for RV diseases are rare, but involvement in PH has
been proposed [23]. In rats, PH secondary to monocrotaline injection [24], sugen5416/hypoxia,
or pulmonary artery banding [25] upregulated MAO-A expression in the pulmonary
vasculature and the failing RV. The MAO-A inhibitor clorgyline reduced RV afterload and
pulmonary vascular remodeling in sugen/hypoxia rats, while clorgyline had no direct
effect on the RV following PAB [25]. This is in contrast to the findings of the present
study, where inducible cnMAO-B KO preserved RV geometry and function following PAB.
Potential explanations for the observed difference could relate to (1) species differences (rats
vs. mice), (2) genetic vs. pharmacological approaches, (3) the mode of pressure overload
(sugen/hypoxia vs. banding), or (4) as discussed in Section 3.2., substrate availability
(catecholamines vs. histamine).

3.5. MAO and RV Geometry

In hearts [42] as well as in isolated cardiomyocytes [43] of spontaneously hyperten-
sive rats, MAO activity is significantly increased even before the development of cardiac
hypertrophy [43]. Increased MAO activity might represent an early event in the develop-
ment of cardiac hypertrophy [42] due to its potential impact on cardiac metabolism [44], as
cardiac hypertrophy normally goes along with a metabolic switch to preferential use of
carbohydrates rather than fatty acids [45—47]. In the present study, RV hypertrophy during
PAB was dependent on ROS produced by MAO-B, as cardiomyocyte-specific MAO-B
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knockout abolishes both ROS formation and RV hypertrophy (measured with echocar-
diography and on the protein level). Data on MAO-dependent effects on myocardial
hypertrophy are supported by the measured alterations in protein kinase activity; while
PAB increased the activity of redox-sensitive protein kinases involved in hypertrophic
growth [31,33], this effect of PAB was blunted in the myocardium from mice with the
cardiomyocyte-specific knockout of MAO-B.

For instance, recently, it was shown that BRAF was elevated in humans with heart fail-
ure. In addition, cardiomyocyte-specific activation of BRAF in mice led to hypertrophy [30].
Furthermore, a cardiomyocyte-specific KO of BRAF resulted in protection against car-
diomyocyte hypertrophy, induced by angiotensin II, in mice [35].

Here, we were able to confirm the connection of activated BRAF and hypertrophy, as
these kinases were downregulated in myocardium without cnMAO-B compared to their
respective littermates during pressure overload.

In mice, transverse aortic constriction or doxorubicin intoxication led to an increase in
left ventricular dimensions (end-diastolic, end-systolic left ventricular diameter) [21,29].
Either global knockout of MAO-B [29] or its pharmacological blockade [21] attenuated
the stress-induced changes in left ventricular geometry. Similarly, in the present study,
cardiomyocyte-specific knockout of MAO-B abolished the pressure-overload-induced
increase in RV diameter.

3.6. MAO and Cardiomyocyte Function

It is accepted that a functional impact of hypertrophy is an increased contractility, a
common feature of patients with PAH [48] and animals with pressure overload [49]. In a
previously published study, we indeed described an improved function of wildtype RV
cardiomyocytes following three weeks of PAB [50]. However, whether the observed effect
in the above study was ROS-dependent or secondary to changes in cardiac metabolism
remains unknown. On the contrary, increased ROS formation can directly reduce cardiomy-
ocyte function through oxidative modification of contractile proteins [51,52]. In the present
study, although myocardial ROS were increased with PAB and remained unaffected fol-
lowing cardiomyocyte-specific MAO-B knockout, neither intervention altered the function
of isolated RV cardiomyocytes. Thus, the amount of ROS formed by MAO-B during PAB
appears to be insufficient to directly modify contractile proteins.

In conclusion, cmMAO-B KO mice were protected against RV dilatation, hypertrophy,
and dysfunction following RV pressure overload compared to littermates. These results
support the hypothesis that cnMAO-B is a key player in causing RV hypertrophy and
failure during PH.

4. Materials and Methods
4.1. Animals and Ethical Concerns

The conditions of the used animals in the present study conform to the Guide for the
Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH
publication No. 85-23, revised 1996) and were authorized by the “Regierungspréasidium
Gieflen” (GI 20/1 Nr. G 31/2019). Mice were bred in the animal facility of the Physiological
Institute in GiefSen, Germany. Generation, breeding, and induction of knockout mice were
performed as previously described in detail [27]. Cardiomyocyte-specific knockout was
induced by tamoxifen feeding; Myh6-MCreM_x_MAO-BY/fl mice (cmMAO-B KO) were
fed 400 mg/kg tamoxifen citrate for two weeks, followed by ten weeks of standard chow.
Cre-negative MAO-Bf/f! littermates that underwent the same protocol were used as control
mice. In the present study, 12-18-week-old female and male mice were used, which were
keptin a 12 h light/dark cycle and had free access to standard chow and drinking water,
unless otherwise indicated. A schematic overview of the experimental design is shown
in Figure S1.
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4.2. Pulmonary Artery Banding (PAB) In Vivo

The operations were performed as previously described in detail [53]. Thirty min-
utes prior to the surgery, analgesic buprenorphine hydrochloride (Temgesic®, 0.1 mg/kg,
Sigma-Aldrich, Steinheim, Germany) was given subcutaneously. To initiate the inhalation
anesthesia, 3-4% isoflurane supplemented with 100% oxygen were used and maintained
at 1.5-2.5% during the surgery. Before the mice were placed on a heating surface, they
were intubated and so mechanically ventilated by using the mouse ventilator MiniVent
type 845 (Hugo Sachs Elektronik, March-Hugstetten, Germany). Via the second intercostal
space, a left anterolateral thoracotomy was performed. Afterwards, a small titanium clip
(Hemoclip®, Edward Weck & Co., Inc., Research Triangle Park, NC, USA) was placed
with a modified hemoclip applier around the pulmonary trunk. In this way, a 65-70%
construction of the pulmonary artery could be achieved. Subsequently, the chest and skin
were closed with 6.0 prolene sutures. The SHAM group underwent the same procedure
without the application of the hemoclip.

4.3. Echocardiography

Three-week-postoperative transthoracic echocardiography was performed by us-
ing the Vevo2100 high-resolution imaging system equipped with a 30 MHz transducer
(VisualSonics, Toronto, ON, Canada). Inhalation anesthesia was initiated with 3—-4% and
maintained with 1.5-2% isoflurane in oxygen. The heart rate was monitored by taping
all legs to ECG electrodes, and the temperature of the mice was controlled during the
procedure. To evaluate the right heart function in vivo, right ventricular wall thickness,
right ventricular internal diameter, and tricuspid annular plane systolic excursion were
measured. Calculations were performed offline with the software Vevo LAB (version 5.5.0).

4.4. Invasive Hemodynamic Measurement

Three weeks after PAB or SHAM operations, hemodynamic measurements were con-
ducted under anesthesia. The animals were anaesthetized with 3-4% isoflurane in oxygen
and ventilated with a rodent ventilator (Harvard Apparatus, Holiston, MA, USA). Mainte-
nance of anesthesia could be achieved with 2-3% isoflurane supplemented with oxygen.
The mice were laid supine on a heating platform with three legs taped to electrocardiogram
electrodes for monitoring of the heart rate. A rectal thermometer (Indus Instruments,
Houston, TX, USA) was used to control the body temperature. The heating pad helped to
keep the body temperature at 36.5-37.5 °C. Invasive hemodynamic measurements were per-
formed using a micro pressure catheter (Millar instruments, Houston, TX, USA). Systemic
arterial pressure was measured via the right carotid artery.

4.5. Isolation and Culture of Adult Mouse Ventricular Cardiomyocytes

As described by Betker et al., cardiomyocytes were isolated from the control group
and the cnMAO-B KO group [54]. Following to the anesthesia with 4-5% isoflurane
and the cervical dislocation, hearts were extracted, rapidly rinsed with 4 °C cold 0.9%
NaCl, and attached on a cannula of the Langendorff apparatus. With retrograde perfusion
in the Langendorff system containing collagenase and calcium-free buffer with a pH
of 7.4 at 37 °C (in mmol/L: 10 Glucose monohydrate D*, 25 Hepes, 2.5 KCl, 1.2 KH,POy,,
1.2 MgS04-7H,0, 110 NaCl), hearts were digested. Thereafter, the right ventricular wall,
left ventricular wall, and ventricular septum were separated. The ventricular tissues were
minced and incubated for another 5 min in the recirculating buffer. The septum was stored
and frozen at —80 °C. The two suspensions were filtered through a 200 um nylon mesh
and via centrifugation separated from other cells. Within these washing steps, cells were
resuspended in culture medium (in mmol/L: 2.5 CaCl,-dihydrate, 5 Glucose, 10 Hepes,
4.7 KCl, 1.2 KHyPOy4, 0.8 MgSOy4, 118 NaCl and 1.9 Na-Pyruvate) by step-wise increasing
the concentrations of calcium up to 1 mM. Subsequently, cells were plated on laminin-
coated 35 mm culture dishes (Falcon, type 3001). To remove non-attached cardiomyocytes,
cells were washed with fresh culture medium after 45 min. The cardiomyocytes were
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cultured in this medium and ready for analysis; they were kept in an incubator at 37 °C,
5.5% CO,, and a humidity of 95% until then.

4.6. Determination of Cell Contraction

Cell contraction behavior of MAO-B1/fl and cmMAO-B KO animals was analyzed
at room temperature by using a cell-edge-detection system. The isolated and cultured
cardiomyocytes were stimulated via two AgCl electrodes with biphasic electrical stimuli
constructed out of two equal but opposite rectangular 50 V stimuli of 0.5 ms duration. With
a voltage of 2 Hz each cell was stimulated and measured four times. For the cell shortening
calculation, the mean of these measurements was taken. Additionally, cell lengths were
analyzed by using a line camera, recorded at 500 Hz. The results were represented as cell
shortening and normalized to diastolic cell length (dL/L(%)).

4.7. Metabolome Analysis: Sample Extraction

Heart tissues were removed from the mice and immediately frozen in liquid nitrogen.
Next, the frozen tissues were homogenized on dry ice and stored at —80 °C. For metabolite
extraction, 10-20x the volume of ice-cold methanol extraction buffer was added to the
samples (e.g., 20 mg of tissue equals 200-400 pL of extraction buffer). The methanol
extraction buffer contains 100% methanol with 1 mM of TCEP, 1 mM of ascorbic acid,
0.1% formic acid, and 0.1 uM of internal standards. The samples were vortexed and
sonicated on ice until completely homogenous. Next, the samples were put on ice for
15 min and subsequently centrifuged at 14,000 rpm for 10 min at 4 °C to remove protein.
The supernatant was transferred to another tube. Two times the volume of MilliQ-water
was added. The samples were frozen at —80 °C, followed by a sublimation step on a freeze-
dryer using the Alpha 3-4 LSCbasic system (Martin Christ, Osterode am Harz, Germany).
Next, the dried samples were reconstituted in 80 uL of 200 mM of boric acid buffer, shortly
vortexed, and incubated on ice for 15 min. Next, 20 pL of AQC reagent was added (from
AccQ-Taq Derivatization Kit, Milford, CT, USA, Waters application note). The samples
were shortly vortexed and derivatized for 10 min at 55 °C. After the incubation step, the
samples were put back on ice and centrifuged again at 14,000 rpm for 10 min at 4 °C. At
last, the supernatant was transferred to MS glass vials.

4.8. LC-MS/MS Analysis

Metabolites were identified and quantified by using a 1290 Infinity II Bio LC system
coupled to a 6495C QQQ MS in dynamic MRM mode (both Agilent Technologies, Wald-
bronn, Germany). In detail, metabolites were identified with authentic standards and/or
via retention time, elution order from the column, and 1-2 transitions. LC separation of
metabolites was performed on an Agilent Zorbax Extend RR HD 1.8 um (2.1 x 150 mm)
column with a solvent system of 0.1% formic acid in water (A) and 0.1% formic acid in
acetonitrile (B). The LC gradient was 19 min long, with the following schedule: 0 min 1%
B, 2 min 1% B, 9 min 15% B, 14 min 30% B, 16 min 60% B, and 17 min 65% B until 19 min
1% B. The flow-rate was set to 300 pL/min, and the column temperature was set to 30 °C.
Data acquisition was performed in positive ionization mode. The gas temperature was
set to 290 °C, and the gas flow was set to 20 L/min. The nebulizer was set to 45 psi. The
sheath gas flow was set to 11 L/min, with a temperature of 400 °C. The capillary voltage
was set to 3800 V with a nozzle voltage of 500 V. The voltages of the High-Pressure RF and
Low-Pressure RF were set to 150/60 V, respectively.

4.9. Detection of Intracellular ROS

To detect intracellular ROS, cell-permeable fluorescent dye dihydroethidium (DHE)
was used. Cryosections of RV from MAO-B1/fl and cmMAO-B KO were incubated with
DHE (dissolved in 1x PBS) for 5 min at 37 °C in the dark. Subsequently, the cryosections
were washed with PBS and fixed with Dako Fluorescent Mounting Medium (Dako, North
America, Inc., Carpinteria, CA, USA). Slides were then placed under a fluorescence micro-
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scope (BZ-X810 Keyence, Neu-Isenburg, Germany) and analyzed with the Quantity One
1-D Analysis Software (BIO-RAD, Version 4.6.6).

4.10. Peptide-Based Kinase Activity Assay

Protein isolation and peptide-based kinase activity assays for tyrosine as well as ser-
ine/threonine kinases (using the PamStation device, Pamgene, ‘s Hertogenbosch, The
Netherlands) were conducted according to the manufacturer’s instructions, as previously
described [55-57]. As the right ventricle consists of a small amount of tissue and this tissue
had already been used for other analyses, the right parts of the septum were used for the
subsequently performed analysis of kinase activity and protein expression. This meant that
the same set of mice could be used. It was assumed that tissue from the right ventricle was
mainly included on the right side of the septum. For lysis of the right part of the septum,
the tissues were mechanically homogenized using the Precellys tissue homogenizers and
1.4 mm ceramic beads (zirconium oxide) at 5500 rpm for 10 s two times, in the presence of
100 pL of M-PER lysis buffer (Thermo Fisher Scientific, Waltham, MA, USA) supplemented
with protease and phosphatase inhibitor cocktail (Thermo Fisher Scientific). Afterwards,
the homogenates were incubated for 1 h at 4 °C and centrifuged at 13,000 rpm at 4 °C
for 15 min, and the supernatant was immediately aliquoted, flash-frozen, and stored at
—80 °C until the time point of measurement. The protein concentration was determined
using a bicinchoninic acid (BCA) protein assay kit (Thermo Fisher Scientific) according
to the manufacturer’s instructions. Then, 10 pg of protein lysate was applied on the tyro-
sine kinase PamChips (2 ug for serine/threonine kinase, respectively) to investigate the
kinase-mediated phosphorylation of the substrate peptides. The assay was performed ac-
cording to the manufacturer’s instructions using the Evolve software (PamGene, Evolve 3,
version 3.1.0.5). Based on the pattern of phosphorylation for the four experimental condi-
tions, bioinformatic analyses through BioNavigator software (PamGene, BioNavigator 6,
version 6.3.67.0) using protein databases allowed for a prediction of kinases upstream of
these events.

4.11. Jess Simple Western System (ProteinSimple, San Jose, CA, USA)

This is an automated, capillary-based size separation immunoassay. This technology
was used to detect the hypertrophy marker Myosin Heavy Chain 7 (MYH?) (Invitrogen,
Waltham, MA, USA, NOQ7.5.4D, diluted 1:50) at the protein level in the right part of
the septum of mice. MYH? protein was normalized to Vinculin (Sigma-Aldrich, V9131,
diluted 1:125,000). The standard reagent pack containing the components for preparing the
samples and the size marker (12-230 kDa) was applied according to the manufacturer’s
instructions. For each capillary, 2.4 uL of the sample with an average concentration of
5.6 ug/uL (resulting in a total protein amount of 13.4 ug on average) was mixed with 0.6 uL
of 5x fluorescence master mix (provided as part of the standard reagent pack). Next, the
samples were denatured for 5 min at 95 °C, quickly centrifuged, and stored on ice. The
plate was loaded with all components according to the manufacturer’s pipetting scheme
and afterwards centrifuged for 5 min at 1000x g. The plate as well as the cartridge (i.e.,
capillaries) were placed in the Jess device (ProteinSimple, San Jose, CA, USA), and a fully
automated separation together with the immunodetection of proteins took place within
three hours. Detection was based on chemiluminescence using horseradish peroxidase-
coupled secondary antibodies. The light emission was detected using a CCD camera and
then analyzed using the Compass software (version 4.1.0, Protein Simple). The results, i.e.,
protein expression reflected by band intensities, are displayed in traditional lane view as
well as electropherograms, which allow for quantification by defining the respective area
under the curve.

4.12. Statistical Analysis

Data presented in the figures are expressed in means + SD and individual data points.
Data presented in the tables are expressed as means & SD. A p-value < 0.05 is considered
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to indicate a significant difference. All data were analyzed through two-side ANOVA. The
program GraphPad Prism 9.4.1 was used for statistical analysis.
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Abstract: Cardiovascular outcome in Marfan syndrome (MFS) patients most prominently depends
on aortic aneurysm progression with subsequent aortic dissection. Angiotensin II receptor blockers
(ARBs) prevent aneurysm formation in MFS mouse models. In patients, ARBs only slow down aortic
dilation. Downstream signalling from the angiotensin II type 1 receptor (AT1R) is mediated by G
proteins and 3-arrestin recruitment. AT1R also interacts with the monocyte chemoattractant protein-1
(MCP-1) receptor, resulting in inflammation. In this study, we explore the targeting of 3-arrestin sig-
nalling in MFS mice by administering TRV027. Furthermore, because high doses of the ARB losartan,
which has been proven beneficial in MFS, cannot be achieved in humans, we investigate a potential
additive effect by combining lower concentrations of losartan (25 mg/kg/day and 5 mg/kg/day)
with barbadin, a 3-arrestin blocker, and DMX20, a C-C chemokine receptor type 2 (CCR2) blocker. A
high dose of losartan (50 mg/kg/day) slowed down aneurysm progression compared to untreated
MFS mice (1.73 £ 0.12 vs. 1.96 &= 0.08 mm, p = 0.0033). TRV027, the combination of barbadin with
losartan (25 mg/kg/day), and DMX-200 (90 mg/kg/day) with a low dose of losartan (5 mg/kg/day)
did not show a significant beneficial effect. Our results confirm that while losartan effectively halts
aneurysm formation in F bn1C104G/+ MFS mice, neither TRV027 alone nor any of the other compounds
combined with lower doses of losartan demonstrate a notable impact on aneurysm advancement.
It appears that complete blockade of AT1R function, achieved by administrating a high dosage of
losartan, may be necessary for inhibiting aneurysm progression in MFS.

Keywords: Marfan syndrome; AT1R antagonism; (3-arrestin; aortic aneurysm

1. Introduction

Marfan syndrome (MFS) is a heritable disorder characterized by abnormalities in the
connective tissues, primarily affecting the ocular, skeletal, and cardiovascular systems [1].
It is caused by pathogenic variants in the FBN1 gene and follows an autosomal dominant
inheritance pattern, although a very rare number of MFS families have been reported to
harbour autosomal recessive variants [2]. While MFS typically segregates within families,
around 30% of cases are caused by de novo variants [1,3].
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Amongst all clinical features, the cardiovascular manifestations of MFS contribute
most significantly to the observed morbidity and mortality. The primary cardiovascular
characteristic is the enlargement of the aortic root, specifically at the sinus of Valsalva, a
feature present in the majority of patients. There can be considerable variability in the rate
of this dilation among affected individuals. As a result of the aortic root enlargement, aortic
valve insufficiency with subsequent regurgitation can develop. Dilation may progress to
an aneurysm, potentially leading to a type A dissection or rupture. A small percentage of
patients (10-20%) show dilation of the descending and abdominal aorta, which can result
in a type B dissection [3].

At the mechanistic level, an increase in transforming growth factor beta (TGF-f3) path-
way activity has been observed in aortic wall samples from individuals with syndromic
thoracic aortic aneurysm (TAA), as well as in mouse models of MFS [3-5]. The FBN1
gene encodes for the fibrillin-1 protein, a structural macromolecule that forms microfibrils
through polymerisation. These microfibrils are found in the connective tissue, contributing
to the creation of tissue-specific frameworks and serving as reservoirs for growth factors,
such as TGF-. Due to pathogenic variants in the FBN1 gene, these fibrillin microfibrils
fail to adequately sequester TGF-3 within latent TGF-{3 binding complexes connected to
fibrillin-1 [6]. This disruption is believed to lead to the observed dysregulation of the TGF-f3
pathway. Since this pathway regulates several processes in cells, its dysregulation may even-
tually contribute to other molecular features described in the aortic walls of TAA samples,
including the phenotypic switching of vascular smooth muscle cells (VSMCs), endothelial
dysfunction, changes in the extracellular matrix (ECM), and inflammation [5,7,8].

Despite recent advancements in our understanding of TAA pathomechanisms, the
available pharmacological options remain quite limited. 3-blockers are widely acknowl-
edged as the standard of care required to decrease the aortic dilation rate by reducing blood
pressure. Nevertheless, the trials conducted so far do not demonstrate a full arrest of aortic
growth, highlighting the necessity of additional studies to determine the effectiveness of
(-blockers in this context [9]. The use of more cardiac-specific 3-blockers might improve
tolerability, but certain individuals may still experience intolerance to medications within
this class of drugs. Hence, for this group of patients, the use of angiotensin II type 1 receptor
blockers (ARB) can be considered an alternative or adjunctive therapy [10]. This class of
medication has been used for treating renal disorders characterised by elevated levels
of TGER, providing additional evidence for their use in other conditions associated with
excessive TGFf signalling [11]. While the use of the ARB losartan selectively antagonises
the angiotensin II type 1 signalling only, debate about the contribution of angiotensin II
type 1 receptor (AT1R) and angiotensin II type 2 receptor (AT2R) to aortic aneurysm is still
ongoing. It is suggested that the two receptors exert opposite effects: the former appears to
contribute to pathogenesis, while the latter is suggested to have a protective effect [4].

Despite the very encouraging results from the preclinical losartan study in a murine
MFS model [12], the ARB losartan did not show superior effects compared to standard
therapy (i.e., -blockade) in a human comparative trial [13]. The largest trial showed that a
high dose of 3-blockers (up to four-fold of the normal dose) performed equally well as a
low dose of losartan [13,14]. A meta-analysis also suggested that treatment with 3-blockers
and losartan could have an additive effect, although the study did not have enough power
to prove it [10]. Furthermore, subsequent trials have shown that higher doses of sartans
perform better (personal communication: Dr. Harry C. Dietz). The latter was also shown in
the MFS mouse model: a high dose of losartan performed much better than low or medium
doses of losartan. The human equivalent dose of this high oral dose of losartan would be
4-8 mg/kg/day, which is much higher than the doses commonly used in a human setting.
Currently used doses in MFS patients are up to 2 mg/kg/day in children and 100-150 mg
per day (1.4-2.1 mg/kg/day) in adults. These higher doses in humans may result in more
side effects.

Although current therapies targeting AT1R do not completely prevent aortic dilation
and dissection, the involvement of AT1R in TAA seems to be evident. Exploring new
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approaches for targeting ATIR remains a promising strategy to improve treatment for
TAA. In particular, AT1R blocking strategies that would reinforce the use of lower doses
of losartan would be very attractive. AT1R signalling involves two different components:
G protein activation, which promotes vasoconstriction, and 3-arrestin recruitment, which
leads to enhanced cardiomyocyte contractility and cell survival. Classical ARBs, such as
losartan, inhibit both pathways [15]. Nevertheless, emerging evidence indicates that biased
ligands can selectively target these pathways independently, engaging specific subsets
of the normal signalling repertoire of the receptor, particularly the -arrestin pathway.
However, the precise effects of such selectivity are yet to be fully understood [16].

TRV027 is a (-arrestin-biased ATIR ligand that competitively inhibits G-protein-
dependent signalling while promoting 3-arrestin recruitment. In rats, it has been shown to
reduce arterial pressure similarly to an ARB, but unlike an ARB, it also enhances cardiac
contractility and maintains stroke volume [17]. In both in vitro and in vivo settings, TRV(027
has been demonstrated to have antiapoptotic and inotropic effects in wild-type (WT) mice
but not in -arrestin knock-out mice [17]. In a dog model of acute heart failure, TRV027
has acted as a potent and balanced vasodilator, improving cardiac output and offering
renal benefits [18]. In a ApoE~/~ mouse model in which aortic aneurysms were induced by
angiotensin II type 1 (Ang II), the co-infusion of Ang II with TRV(27 prevented the forma-
tion of these aneurysms. TRV027 halted some detrimental effects such as aortic dilation,
asymmetric wall thickening, inflammation, vascular fibrosis, elastolysis, and the seepage of
blood [19]. These findings suggest that TRV027 could offer therapeutic benefits by blocking
G-protein-mediated vasoconstriction and other damaging processes while simultaneously
promoting cardio- and reno-protective (3-arrestin-mediated signalling [18-20].

Although the above-mentioned studies have shown that 3-arrestin-biased stimula-
tion may result in positive cardiovascular effects, the literature also suggests positive
effects following its deletion. A murine MFS model with genetic (3-arrestin (3arr2) dele-
tion, i.e., Fbn1C1041G/+/ [SarrZ’/ ~ mice, exhibited delayed aortic root dilation compared to
Fon1C104G/+ mijce. Moreover, the aortas of Fbn1C1041G/+/ ,BarrZ’/ ~ mice showed reduced
mRNA and protein expression of key mediators involved in TAA formation, including
matrix metalloproteinase (MMP)-2 and -9, along with decreased activation of ERK1/2,
compared to Fbn1C1941G/+ mice [21]. Using primary aortic root smooth muscle cells where
(-arrestin was targeted through small interfering RNAs, it was demonstrated that the
induction of MMP-2 and -9 expression by Ang Il relies on Barr2. This pathway involves
the activation of ERK1/2 and transactivation of epidermal growth factor receptor (EGFR).
These results suggest that (3-arrestin may play a non-canonical role in TAA formation
in MFS by regulating the ERK1/2-dependent expression of pro-aneurysmal genes and
proteins downstream of the AT1R [21]. 3-arrestin deficiency has also been shown to attenu-
ate abdominal aortic aneurysm (AAA) in an ApoE~/~ mouse model in which AAA was
induced by Ang II infusion [22].

Another emerging important player in TAA development is vascular inflamma-
tion [23-25]. Tieu et al. showed that Ang II infusion in C57BL/6] mice led to the production
of monocyte chemoattractant protein 1 (MCP-1). The activation of MCP-1-mediated path-
ways resulted in the progression of aneurysm growth and dissection following Ang II
infusion, while MCP-1 knock-out mice showed delayed aneurysmal growth [26]. Previous
studies have also suggested an interplay between the ATIR and the receptor for MCP-1,
known as a C-C chemokine receptor type 2 (CCR2). Functional heteromers of the AT1R
and CCR2 resulted in the CCR2-G protein coupling, sensitive to AT1R activation, as well
as to apparent enhanced (3-arrestin recruitment with agonist co-stimulation. Moreover, in a
rat model of chronic renal disease, it was observed that combined treatment with AT1R
and CCR?2 selective inhibitors was synergistically beneficial [27].

Thus, the aim of this study is to explore alternative strategies for targeting AT1R-
mediated signalling that could be beneficial in MFS. To achieve this, we first investigate
the effect of targeting 3-arrestin downstream signalling by administering TRV027, which
promotes (-arrestin recruitment. Secondly, we evaluate the combined effects of the biased
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ATIR ligands barbadin and DMX200 with low doses of the ARB losartan as a potential
strategy to enhance effectiveness while potentially minimizing side effects (Figure 1).
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Figure 1. Mechanism of action of the tested compounds. (A) TRV027 functions as a 3-arrestin-
biased ligand, competitively inhibiting G-protein-dependent signalling while promoting (3-arrestin
recruitment. (B) Barbadin selectively blocks (-arrestin. The combination of barbadin with losartan,
a Angll antagonist, may result in the potentiated inhibition of AT1R. (C) DMX-200 acts as a CCR2
inhibitor. CCR2 couples with ATIR, triggering inflammatory cascades. By combining losartan with
DMX-200, AT1R blocking may be further potentiated by also inhibiting subsequent inflammatory
pathways. Image created with BioRender.com.

2. Results
2.1. TRV027 Infusion Does Not Show Any Beneficial Effect on Ascending Aorta and Aortic Root
Dilation in a MFS Mouse Model

Based on its previously reported positive effect on blood pressure and aortic disten-
sibility [17-19], we hypothesised that TRV027 infusion in MFS mice may have a positive
effect in preventing aortic dilation. Small osmotic pumps were subcutaneously implanted
in male littermate MFS (Fbn1€10416/+) and WT mice, achieving a TRV027 infusion rate of
10 pg/kg/min. A control group was also included, in which mice were infused with saline
solution. At 4 weeks of age, just before the start of the treatment, MFS mice already showed
dilation of the aortic root compared to WT (Figure 2), while no dilation of the ascending
aorta was detected (Figure S1). At 8 and 12 weeks of age, after 4 and 8 weeks of treatment,
respectively, no significant differences were observed on aortic root and ascending aorta
diameters between MFS and WT mice infused with TRV027 and saline solution. MFS mice
from both groups showed significant dilation of the aortic root at 8 and 12 weeks compared
to their WT counterparts (at 8 weeks, p < 0.0001 for TRV027-treated group and p = 0.0016
for the saline control group; at 12 weeks, p < 0.0001 for both TRV027 and the control group)
(Figure 2). These results suggest that TRV027 treatment has no impact on the aortic root or
the ascending aorta enlargement of MFS or WT mice.
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Figure 2. TRV027 does not have any effect on the aortic root diameter of MFS mice. Echocardiography
data at 12 weeks show that the aortic root diameter of MFS mice treated with TRV027 during a period
of 8 weeks are not significantly different to those treated with vehicle solution. MFS mice from
both groups (vehicle and TRV027-treated mice) show a significant dilation before the start of the
treatment (4 weeks), during the treatment (8 weeks), and after the end of the treatment (12 weeks).
Data are represented as boxplots. Statistical test analysis: One-way ANOVA and Tukey’s post-test
per timepoint. **** p < 0.0001, ** p < 0.001, ** p < 0.01 and * p < 0.05. VEH: vehicle; WT: wild type;
MUT: mutant.

2.2. Combined Treatment of Barbadin and Losartan Does Not Show a Significant Effect on
Ascending Aorta and Aortic Root Diameter Compared to Losartan Alone

Based on the previous observation that the knock-out of (3-arrestin-2 improved aortic
dilation in the MFS Fbn1<1%1G/+ mouse model, we hypothesised that combined treat-
ment with the biased (-arrestin blocker barbadin, alongside a lower dose of losartan,
may have similar effects on the prevention of aortic dilation to a high dose of losartan by
itself. This idea raises the possibility of achieving superior efficacy without facing side
effects associated with high doses of losartan in humans. To test the hypothesis, we gave
a combined treatment of both losartan (25 mg/kg/day) and barbadin (0.9 mg/kg/day)
to WT and MFS mice and compared them with MFS and WT treated with losartan alone
(25 mg/kg/day). The treatment started at 4 weeks of age and continued until 12 weeks
of age. Our results showed that aortic root diameters were already increased in MFS
mice from 4 weeks of age, just before the start of the treatment (Figures 3 and S7). When
comparing both treated groups, combined treatment with both losartan (25 mg/kg/day)
and barbadin (0.9 mg/kg/day) did not show any significant improvement in the aortic root
dilation over time compared to using losartan (25 mg/kg/day) alone (Figures 3 and 57).
Both treated MFS mice groups showed significant dilation compared to their WT coun-
terparts at 8 and 12 weeks (at 8 weeks, p < 0.0001 for barbadin- and losartan-treated
mice and p = 0.061 for losartan-treated mice; at 12 weeks, p = 0.0087 for barbadin- and
losartan-treated mice and p < 0.0001 for losartan-treated mice) (Figures 3 and S7). These
findings suggest that an additive treatment with barbadin does not exert any effect on
the aortic phenotype of MFS mice. It is noteworthy that this experiment does not include
a group treated with barbadin alone. Although we observed no synergistic effect from
the combined treatment of barbadin and losartan, it cannot be concluded what the im-
pact of barbadin alone is on aortic dilatation in MFS mice. Additional interactions with
losartan could potentially influence the effect of barbadin when administered together.
A subtle decrease in aortic diameter in both treated WT and MFS mice was observed at
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8 and 12 weeks compared with their respective genotypes in the untreated group (Figure 3).
However, these differences did not reach statistical significance in either case. Since the
same decrease was observed in both treated groups, this suggests that losartan alone
may be responsible for this effect. This finding suggests that while losartan at a dose of
25 mg/kg/day has some beneficial effect on aortic growth in both MFS and WT mice, it
is not enough to prevent dilation in MFS mice. As for the ascending aorta measurements,
there was no evident dilation in MFS mice at the ages when diameters were measured
(4, 8, and 12 weeks of age), and no distinction was observed between the two treated groups
(Figure S3). Additionally, there were no differences in ascending aortic diameter between
treated and untreated mice (Figure S3).
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Figure 3. Combined treatment with barbadin and losartan does not show any significant effect on
the aortic root diameter of MFS mice compared to losartan alone. Echocardiography data at 12 weeks
show that aortic root diameters of MFS mice treated during a period of 8 weeks with barbadin and
losartan are not significantly different to those treated with losartan alone. MFS mice from both
groups (barbadin and losartan and losartan alone) show a significant dilation compared to the WT
controls before the start of the treatment (4 weeks), during the treatment (8 weeks), and after the end
of the treatment (12 weeks). A slight decrease in diameter is observed at 8 and 12 weeks for MFS
and WT mice of both treated groups compared with the vehicle, but this difference lacks statistical
significance. Data are represented as boxplots. Statistical test analysis: One-way ANOVA and Tukey’s
post-test per timepoint. ****p < 0.0001, *** p < 0.001, ** p < 0.01 and * p < 0.05. VEH: vehicle; LOS:
losartan; BARB: barbadin; WT: wild type; MUT: mutant.

2.3. Combined Treatment of DMX-200 and Low Dose of Losartan Does Not Show Any Significant
Effect on the Ascending Aorta and Aortic Root Diameter of MFS Mice Compared to Both Treated
and Untreated WT Groups

Based on prior studies in the context of chronic kidney disease, we hypothesised that
co-inhibition of AT1R and CCR2 may result in a decrease in 3-arrestin recruitment but
also highly affect CCR2-G protein signalling, possibly through allosteric modulation [27].
Another study has assessed the combinatory effect of DMX200 with an ARB in the context
of COVID-19 to potentially achieve a synergistic anti-inflammatory effect [28]. We propose
that combinatory blockage of AT1IR and CCR2 may result in selective (3-arrestin inhibition
while also preventing inflammatory cascades, having to a positive effect on aneurysm
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formation. From these observations, we aimed to find if the combination of CCR2blocker
DMX-200 with a low dose of losartan could produce comparable outcomes in averting aortic
dilation as a high dose of losartan alone. Hence, WT and MFS mice received a combined
treatment of a low dose of losartan (5 mg/kg/day) and DMX-200 (90 mg/kg/day) and
were compared with a group treated with high dose of losartan alone (50 mg/kg/day). As
shown in Figure 4, we observed that, at both 8 and 12 weeks of age, the MFS group treated
with high dose of losartan showed no statistically significant difference with the treated
WT group. This suggests that a high dose of losartan can prevent aneurysm development
in our murine MFS model. Moreover, a reduction in aortic diameter was noted in the WT
group upon treatment with a high dose of losartan at 8 and 12 weeks, as opposed to its
untreated counterpart. This can also be observed when considering the growth rate of the
aortic root diameter, with treatment with a high dose of losartan resulting in a lower growth
rate in both WT and MFS mice compared to both untreated groups (Figure 5). On the other
hand, the MFS group treated with low dose of losartan and DMX-200 showed a statistically
significant difference (p < 0.0209) in aortic diameter when compared to the WT counterpart
at 12 weeks. However, when compared to the MFS group treated with high dose of losartan,
it was observed that the difference was not statistically significant. This might also suggest
a trend in decreased aortic dilation in the group treated with losartan and DMX-200. It
is important to note that DMX200 was not tested alone, and the effect of the low dose of
losartan (5 mg/kg/day) is also unknown. We can conclude that combination of these two
compounds at the tested doses does not exhibit any significant positive effect on aortic
dilatation in MFS mice. However, we cannot determine the individual effects of DMX200
and the low dose of losartan, as a potential interaction between the two could be influencing
the outcome when administered together.
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Figure 4. Combined treatment of DMX-200 and low dose of losartan does not show any significant
effect on the aortic root diameter of MFS mice compared to both treated and untreated WT groups.
Echocardiography data at 12 weeks show that aortic root diameters of MFS mice treated during
a period of 8 weeks with DMX-200 and low dose of losartan are significantly different to those in
the WT group receiving the same treatment. On the other hand, MFS mice treated with high dose
of losartan alone show no difference to the treated WT group during the whole treatment period
(8 weeks in total). Similarly, no significant difference is observed between the MFS group treated
with high dose of losartan and vehicle WT group at 12 weeks. A slight decrease in aortic diameter is
also observable in WT group treated with high dose of losartan when compared to WT vehicle group.
Data are represented as boxplots. Statistical test analysis: One-way ANOVA and Tukey post-test
per timepoint *** p < 0.001, ** p < 0.01 and * p < 0.05. VEH: vehicle; LOS: losartan; WT: wild type;
MUT: mutant.

79



Int. ]. Mol. Sci. 2024, 25, 5025

A B
* 0.8 *
061 8-
= WT VEH =T MUT VEH

T T 0.6 .
E ne =T WT high LOS £ m= MUT high LOS
et 04* ® g S
Q “e o 0.4
B S
.; e = : = £ 0.2
T 02 ia s '
5 I 8
& & 0.0

0.0 0.2

Figure 5. Growth rate of mice upon no treatment and high dose of losartan. The growth rate is
represented by the difference in the aortic root diameter between 4 and 12 weeks of age. A decrease
in the aortic root diameter of WT (A) and MFS (B) mice is observed upon treatment with a high dose
of losartan when compared to the untreated group. Statistical test analysis: Mann—-Whitney U-Test.
*p <0.05. LOS: losartan; VEH: vehicle; WT: wild type; MUT: mutant..

3. Discussion

Despite very promising results in an MFS mouse model, human clinical studies
pursuing ATIR blockade achieved less convincing results [13]. A meta-analysis of all
ARB/ 3-blocker human studies showed that both ARBs and 3-blockers slow down aortic
root dilation to some extent but do not provide full rescue of the phenotype as in mice [10].
One of the possible explanations is that the doses of ARBs in the mouse trials were very high
and, thus, might not have been tolerable in humans. AT1R activation triggers two different
signalling components: G protein cascade, which promotes vasoconstriction, and 3-arrestin
recruitment, which leads to enhanced cardiomyocyte contractility and cell survival [29]. In-
terestingly, recent findings suggest that biased ligands can selectively target these pathways
independently, engaging specific subsets of the normal signalling repertoire of the receptor,
particularly the p-arrestin pathway. However, the precise effects of such selectivity remain
not fully understood [16]. As such, we tested different pharmaceutical strategies aiming
at the modulation of the AT1R/(-arrestin signalling pathway in the Fbn1<1041G/+ MFS
mouse model. Existing data on the role of 3-arrestin have been ambiguous. In this study,
we explored if biased inhibition or stimulation plays a positive, negative, or neutral role in
the ATIR effects. Furthermore, it has been shown that the MCP-1 -CCR2 pathway plays
a role in aneurysm development [26]. Hence, this study also aimed to investigate if the
combined inhibition of the AT1R and CCR2 may represent a therapeutic avenue for aortic
aneurysm development.

TRV027 has shown cardio- and reno-protective and antiapoptotic effects in different
animal models [17-19]. At a dose of 10 ng/kg/day, TRV027 exhibits potent G protein
inhibition with 3-arrestin recruitment, resulting in lowered arterial pressure and increased
cardiac contractility in rats [17]. Despite these promising outcomes, our findings indicate
that TRV027 infusion at a rate of 10 ug/kg/day does not influence the aortic diameter in
the MFS model Fbn1<1%41G/* | This could suggest that solely inhibiting G-protein-dependent
signalling is not sufficient to prevent TAA in MFS. The potential counteraction of any
G protein blocking effect by 3-arrestin recruitment, promoted by TRV027, could also
contribute to this lack of effect on aortic root diameter in the MFS model. Additionally, the
dose used in this study, while effective in producing cardiac-related benefits in rats, might
not be sufficient to exert any observable effect on aortic dilation in MFS mice. Increasing
the concentration of TRV027, however, presents challenges due to the limited solubility
of TRV027 in water (300 mg/mL). Furthermore, other limitations include insufficient
pharmacological data on the efficacy and stability of TRV(027 administration via infusion
with minipumps.
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Our findings also indicate that barbadin, a known selective inhibitor of 3-arrestin, did
not confer any benefits in mitigating aortic aneurysm progression in Fbn1C10416/+ mice.
The anticipated positive outcome was based on previous studies demonstrating delayed
aortic root dilation in Fhn1C1041G/+/ ‘Barr27/ ~ mice, suggesting that inhibiting (3-arrestin
with a compound might result in a similar effect. Research about the effects of different
concentrations of barbadin is limited but has shown that a dosage of 0.3 mg/kg/day is able
to potentiate the effects of the weight-loss drug lorcaserin in male mice [30]. Nevertheless,
our study found that, even with a higher dose, there is no impact on the aortic diameter
of MFS mice. The observed lack of efficacy could potentially be attributed to the need
for a more potent 3-arrestin blockade, considering that gene knock-out represents a more
robust intervention compared to receptor blocking using a compound. Higher doses of
barbadin might be required to exert a therapeutic effect. However, such doses may deviate
from clinically relevant levels (no data are currently available), raising concerns about the
translatability of these findings to human patients.

Losartan has already been reported to prevent aortic dilation in the MFS model
Fbn1€1041G/+ [12], and with our study, we confirmed the efficacy of a high dose of losartan
(50 mg/kg/day). AT1IR and CCR2 were reported to functionally interact, and combined
treatment with the CCR2 inhibitor DMX-200 (30 mg/kg/day) and irbesartan, another AT1R
antagonist, synergistically decreased (-arrestin recruitment and inflammatory cascades
in chronic kidney disease [27]. However, in our study, the combination of a lower dose of
losartan and DMX-200 (90 mg/kg/day) did not show any effect in preventing or arresting
aortic dilation, and a further increase in the DMX-200 doses would not be translatable to
humans [31,32].

This study has some limitations. While we investigated the combined treatment
of barbadin and DMX200 with losartan, we did not evaluate their individual effects.
Consequently, definitive conclusions regarding the impact of barbadin and DMX200 alone
on aortic aneurysm in MFS mice cannot be drawn. However, the current purpose of our
study was to show an additive positive effect of these compounds on top of lower losartan
doses, as this would have clinical relevance. We addressed this question and observed no
significant synergistic effect, at least with the doses tested in this study.

In conclusion, we observed that none of the tested compounds targeting downstream
effectors of AT1R signalling exerted a significant effect on the aneurysms in the MFS mouse
model Fbn11941G/ - In contrast, a high dose of losartan (50 mg/kg/day), which blocks the
ATIR, was able to prevent the development of aortic dilation. This finding could indicate
that full AT1R blockade might be required for the inhibition of aneurysm progression in
MEFS. Such inhibition could be obtained via an additive effect of another compound on
top of a lower losartan dose. [10]. Alternatively, the observed effects of the high dose
of losartan on aortic diameter may be independent of the AT1R, indicating alternative
mechanisms. Indeed, a potential additive effect of treatment with losartan and (3-blockers,
which primarily target blood pressure and are not AT1R-related, has been suggested [10].
However, due to insufficient statistical power in the studies, conclusive evidence has not
been established. Alternatively, another strategy could involve more site-directed losartan-
mediated AT1R blockade based on nanoparticles designed to target the aneurysmal aortic
area. The latter could potentially provide a more localised and stronger effect of locally
delivered losartan. This approach could lead to better outcomes without the accompanying
side effects of using high doses.

4. Materials and Methods
4.1. Mice

Fbn1C19416/+ and WT mice on a C57Bl6] background were used in this study. The
total number of mice used per treatment group and genotype was N = 10. However, for
plot representation, the number of mice included decreased to N = 7 due to animal loss
from non-cardiovascular-related causes or the insufficient quality of the echocardiography
imaging data. Fbn1¢1%1G/+ and WT mice were housed together up to a maximum of
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8 mice per cage. All mice had ad libitum access to food and water. Mice were treated for
8 weeks, starting at 4 weeks of age. After the end of the treatment, mice were euthanised
via CO, inhalation.

4.2. TRVO027 Treatment

TRV027 (Trevena Inc., Chesterbrook, PA, USA) was infused on Fon1€1041G/+ and WT
mice using micro-osmotic pumps (Alzet model 1004, Durect corporation, Cupertino, CA
USA) at an infusion rate of 10 ng/kg/min. The pumps were implanted at 4 weeks of age
and only changed once, at 8 weeks of age. In the control group, osmotic pumps were
implanted with saline solution following the same procedures.

4.3. Barbadin and Losartan (25 mg/kg/day) Treatment

Fbn1“1041G/+ and WT received daily intraperitoneal injections with either barbadin
(0.9 mg/kg/day) or DMSO solution (control). Barbadin (2774, Axon Medchem B.V., Gronin-
gen, The Netherlands) was first dissolved in DMSO (15408099, Fisher Scientific B.V., Brussel
Belgium) at a concentration of 3.33 mg/mL and subsequently diluted in PBS-Tween80
(11590476, Fisher Scientific B.V., Brussel, Belgium and P1754, Merck, Hoeilaart, Belgium) at
a dose of 0.9 mg/kg/day, accounting for the weight of each animal. The same procedure
was applied for the control group, but DMSO solution was used instead of barbadin. The
injections started at 4 weeks and continued until 12 weeks of age. All mice were addition-
ally treated with losartan at a dose of 25 mg/kg/day. Losartan was dissolved in drinking
water at a concentration of 0.3g/L, and drinking bottles were replaced once per week.

4.4. DMX-200 and Losartan (5 mg/kg/day and 50 mg/kg/day) Treatment

Fbn1C1041G/+ and WT were treated with a high dose of losartan (50 mg/kg/day) or
low dose of losartan (5 mg/kg/day) and DMX-200 (396265, Merck, Hoeilaart, Belgium)
(90 mg/kg/day) in drinking water. Losartan was dissolved in drinking water at a con-
centration of 0.6 g/L to obtain the high dose of losartan and 0.06 g/L for the low dose
of losartan. DMX-200 was dissolved at a concentration of 0.36 g/L. The solutions were
changed once per week.

4.5. Transthoracic Echocardiography

To visualise the aorta, the hairs of unsedated mice were removed with “Veet sensitive
skin” cream. Next, mice were weighted (Figures S4-56) and subjected to echocardiography
using a VisualSonics Vevo 2100 imaging system (FUJIFILM VisualSonics, Inc., Toronto,
Canada) and a 30 MHz transducer. Both aortic root and ascending aorta (Figures S1-53)
were imaged in B-mode and PLAX view. Measurements of the aortic root were taken
in the sinus of Valsalva, while measurements of the ascending aorta were taken in the
mid-ascending aorta. Three independent measurements from the maximal internal aortic
dimensions were averaged. All data acquisition steps and measurements were performed
while blind to genotype and treatment.

4.6. Statistics

Data are represented in interquartile range (IQR) boxplots, in which the error bars
represent minimum and maximum values, the horizontal bars indicate median values,
and the extremities of the boxes indicate interquartile ranges. Comparison of the aortic
diameters between multiple groups within each timepoint was performed with a one-way
ANOVA analysis, followed by a post hoc analysis with Tukey’s multiple comparisons test
(Tables S1-54). Differences in aortic growth between the two groups were tested with a
Mann-Whitney U-Test. A value of p < 0.05 was considered statistically significant. Data
analysis and plotting were carried out using GraphPad Prism software version 9.0.0.

Supplementary Materials: The following supporting information can be downloaded via this link:
https:/ /www.mdpi.com/article/10.3390/ijms25095025/s1.
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Abstract: Cardiovascular diseases are one of the leading causes of mortality and morbidity
worldwide. The pathogenesis of this group of disorders is highly complex and involves
interactions between various cell types and substances, among others, catestatin (CTS).
In recent years, numerous researchers have expanded our knowledge about CTS’s role in
development and its potential for the treatment of a variety of diseases. In this review, the
authors discuss CTS’s importance in the pathogenesis of arterial hypertension, coronary
artery disease, and heart failure. Moreover, we present CTS’s influence on heart and
vessel function.

Keywords: arterial hypertension; cardiovascular disease; catestatin; coronary artery
diseases; heart failure; molecular mechanisms

1. Introduction

Cardiovascular diseases (CVDs) account for one of the leading causes of morbidity
and mortality worldwide. As CVDs remain the dominant cause of death in Europe,
ischemic heart disease (IHD) has been the leading reason [1]. IHD is a group of related
syndromes exhibiting myocardial ischemia and dysfunction due to an imbalance between
the supply and the heart’s demand for blood. In most cases, atherosclerosis is the main
factor contributing to stenosis in the coronary arteries and, therefore, a reduction in blood
flow [2,3]. Atherosclerosis is a chronic inflammatory disease in which cholesterol-rich
plaques deposit inside the arterial walls. A complex multicellular process characterizes
it. Both genetic and environmental factors facilitate the expansion of the atherosclerotic
plaques in various arterial territories [4]. Several risk factors for IHD have been established,
including hypercholesteremia, diabetes, arterial hypertension (HA), obesity, and metabolic
syndrome [5]. Developing and implementing novel preventive and treatment methods
should be crucial to mitigate CVD risk factors and reduce the public health burden of
CVDs in all countries. Chromogranin A (CgA) is a pro-protein found in neuroendocrine
organs, more precisely, in the secretory granules of chromaffin cells. Proteolytic cleavage of
CgA generates several biologically active peptides, such as pancreastatin, an inhibitor of
glucose-induced insulin secretion; WE14, a peptide that is an antigen for diabetogenic CD4+
T-cell clones; serpinin, an adrenergic peptide; vasostatin a vasodilating, antiadrenergic,
and antiangiogenic peptide, and catestatin (CTS) [6,7]. Based on the previous research,
CgA and some of its bioactive fragments, CTS, among others, appear to act as a potential
biomarker for various neoplastic and inflammatory diseases as well as CVDs [8-11]. CTS
has emerged as a pleiotropic peptide, providing several cardioprotective effects. CTS may
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exhibit different functions by binding to various receptors and then causing subsequent
activation of many signaling pathways [8,10,11].

Furthermore, previous data demonstrated that single nucleotide polymorphisms
(SNPs) appearing in the CTS-expressing region of the CHGA gene might result in different
variants of this molecule, which may exert different activity [8]. CTS’s cardiovascular
effects include suppression of beta-adrenergic activation and consequently acting in a
negative inotropic and chronotropic way, stimulating angiogenesis and proliferation of
vascular smooth muscle cells, lowering endothelial thrombogenicity, and suppressing
atherosclerosis and inflammation [8]. To this date, many studies have demonstrated the
role of CTS in the pathogenesis and development of various CVDs, such as HA, diabetes
mellitus (DM), atherosclerosis, and coronary heart disease [2,6]. Its levels appeared to also
be different in heart failure (HF) [12]. Although there are a large amount of data from
existing basic and clinical research, many mechanisms underlying CVD pathogenesis have
yet to be explained. However, the role of CTS as a biomarker in this group of diseases
is still conceptive. The most promising CTS measurement application seems to be in
patients with HF [8]. It may deliver additive prognostic input to natriuretic peptides and
be useful in cardiovascular events risk stratification regarding HF. Assessing many HF
markers simultaneously may enhance better management and prognosis in HF patients.
Higher CTS levels may help clinicians better manage and more aggressively treat these
patients. Yet, such findings are still based on limited data. Aside from CTS serving
as a diagnostic or prognostic tool, it also shows encouraging potency as an innovative
therapeutic agent in many pathological conditions associated with chronic inflammation,
including autoimmune, metabolic disorders, and CVDs [13]. The fact should be further
thoroughly investigated as some preclinical documentation has already demonstrated
CTS’s positive cardioprotective and hemodynamic effects [8,14]. Nonetheless, more large-
scale studies are needed to confirm these findings. In this review, the authors aim to
discuss the role of CTS in the development of different CVDs and to determine whether
this molecule could serve as a prognostic biomarker as well as a potential therapeutic target
for these diseases in the future.

The authors searched for relevant manuscripts in scientific databases (Google Scholar
and PubMed) using the following search queries: “catestatin” AND “cardiovascular dis-
ease”; “catestatin” AND “arterial hypertension”; “catestatin” AND “coronary artery dis-
ease”; “catestatin” AND “heart failure”.

2. Catestatin in the Regulation of Blood Pressure

HA is one of the most prevalent cardiovascular diseases worldwide. While it is the
most common modifiable risk factor associated with cardiovascular morbidity and mor-
tality, many patients still do not achieve recommended blood pressure (BP) targets. This
occurs even though proven approaches to lower BP, like diet modification and pharma-
cotherapy, are widely available [15]. It is, then, crucial to implement novel, adequate
strategies for HA management.

CTS has been established as a pleiotropic peptide that regulates the cardiovascular
system, inflammatory processes, autoimmune reactions, and metabolic homeostasis [14].
Previous research on this molecule has suggested that CTS may contribute to the pathogene-
sis of HA. The mechanisms that have already emerged for cardiovascular effects of CTS are
autocrine inhibition of catecholamine (CA) secretion from adrenal medullary chromaffin
cells and adrenergic neurons, paracrine stimulation of histamine release from mast cells,
and modulation of sympathetic and parasympathetic activities by acting at the baroreceptor
center of the nucleus tractus solitarius [16]. CTS has been reported to suppress the release
of CAs by acting as a noncompetitive mediator of the nicotinic cholinergic stimulation of
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chromaffin cells and by adenylate cyclase-activating polypeptide stimulation. CTS not only
limits CA secretion but also inhibits the release of other chromaffin cell neurotransmitters,
such as neuropeptide Y and adenosine triphosphate [7]. CTS may reduce BP, regulating
baroreflex sensitivity and heart rate variability [8]. CTS involvement in various molecular
pathways is presented in Figure 1.
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Figure 1. Catestatin molecular pathways [7,17] and involvement in cardiovascular diseases: blood
pressure regulation [7,8,18-21], inotropic effect [22,23], and heart failure [24].

Ying et al., in their study, generated mice with knockout (KO) of the region of the
CgA gene that only coded CTS (CTS-KO). The CTS-KO mice were hypertensive. The
administration of exogenous CTS rescued their high BP, whereas CTS did not alter mice
with normal BP. Furthermore, they demonstrated that a raised abundance of macrophage
infiltrates in the adrenal medulla coexisting with increased levels of CAs leads to the
subsequent development of HA in CTS-KO mice. These results may suggest that CTS
regulates the BP by influencing the immunoendocrine regulation of CA secretion via
macrophages, which may play a key role as effector cells for the antihypertensive activity of
CTS and, alongside the chromaffin cells, be the primary source of circulating CTS. Elevated
BP in CTS-KO mice is implied to result from a lack of CTS, known as the endogenous
inhibitor of nicotine-evoked catecholamine ejection [18]. Previous research has shown the
association between nicotine-induced elevated BP and increased CA secretion [19]. Ying
et al. proved it using chlorisondamine, which lowered BP in CTS-KO mice [18]. Hence,
CTS is assumed to be the autocrine attenuator of cardiac inflammation in HA. The most
important recent animal and in vitro studies on CTS are summarized in Table 1.
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Table 1. Most important recent animals and in vitro studies on catestatin.

IS{:;CelZe;ICIS Its Methodology Results Summary
Fourty-two male adult
Sprague-Dawley rats randomly . . .
- . CTS notably reduced induced ventricular arrhythmia
f(?zzn[gz;; al. jlﬁ;iiigiguiTsl'jsdsN\/Oe ﬁ_ggﬁar caused by ischaemia and electric stimulation in rats.
a?rhythmias we%e ingu.ce d by ligation In the CTS group: tIto, 11K, 1K1, and |ICa-L activity.
of the LAD and electrical stimulation.
CTS induces chemotaxis of HCAECs (relative CI CTS 1
nM 1.79 £ 0.1, n = 3, p < 0.01 vs. control) similar to VEGF
(relative CI VEGF
50 ng/mL 2.13 + 0.09, n = 3, p < 0.01 vs. control). CTS
stimulates HCAEC proliferation (relative proliferation
CTS1nM 1.62 £ 0.05,n =5, p <0.01). CTS had similar
effect on capillary tube formation as VEGF (relative
Matrigel assays; human coronary tube formation CTS1nM 2.42 £ 0.1, n =3, p < 0.001 vs.
Lener et al. artery endotheli,al cells (HCAECsS) control; relative tube formation VEGF 50 ng/m.L
2023 [26] and human coronary artery smooth 2.06 £0.1,n =3, p <0.001 vs. control). CTS activated
muscle cells (HC ASK/ICS) y ERK 1/2 signaling pathway in HCAEC.
CTS stimulates HCASMC proliferation (relative
proliferation CTS 10 nM 1.6 4+ 0.09, n = 3, p < 0.001 vs.
control, relative proliferation CTS 1 nM 1.27+ 0.04,n =3,
p = n.s. control)
CTS stimulated ERK 1/2 signaling and activation of
the PI3-kinase-Akt pathway in HCASMC.
CTS reduced H,0O, induced apoptosis (relative
apoptosis CTS 1 nM 0.76 £ 0.05, p < 0.05 vs. control)
SG: C57BL/six male mice with CTS Protects Diastolic Dysfunction in mice with
) : HFpEF.
33/??2/81212C?0}ng;;i§1ei?§1€ n=8 In the TAC/DOCA (G2) group, TE/ A velocity ratio; JE
G2: 78 days of placebo. 1 = 8 ! wave deceleration time; 1E/e’ suggesting diastolic
' ysotp T dysfunction. tLV end-systolic pressure, LV chamber
C57BL/six male mice after stiffness, 7LV concentric hypertrophy, 1Volume
Qiu et al thoracotomy without TAC/DOCA of cardiomyocytes.
2023 [24] G3: 28 days of CTS treatment, n = 8 Those effects were reduced in TAC/DOCA + CTS

G4: 28 days of placebo, n =8

ECHO evaluation, conductance
catheter pressure-volume analysis,
microscopy and genetic analysis of
cardiomyocytes 7 weeks

after surgery.

(G1) group.

Mitochondrial ROS generation reduction in
TAC/DOCA + CTS (G1) compared to G2).

Restoration of mitochondrial respiratory chain by
CTS treatment.

Bralewska et al.

2023 [27]

HTR-8/SVneo (CRL-3271) and
BeWO (CCL-98) trophoblast cell lines
incubated in pre-eclamptic
environment (hypoxia,
pro-inflammatory, oxidative stress)

Throphoblast cells produce CgA and CTS.
Pre-eclamptic environment promotes

JCHGA gene expression (p < 0.001); JCTS level in
trophoblast; tapoptosis.

There is negative correlation between CTS level and
apoptotic index for both HTR-8/SVneo (R = 0.4) and
BeWo cells (R = 0.5).

CTS acts as antiapoptotic factor in vitro.
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Table 1. Cont.

Study and Its
Reference

Methodology

Results Summary

Muntjewerff et al.

Transwell migration assays on
human blood monocytes and
neutrophiles;

CTS itself has a weak chemotactic effect on monocytes
and neutrophiles, however it counteracts the
chemoattraction of leukocytes by inflammatory

2022 [28] aortic ring model from Cx3crl+/gfp  chemokines CCL2, CXCL2, and IL-8
transgenic mice. CTS promotes angiogenesis.
In CTS-KO mice: 1SBP, 1DSB, TMAP.
Pro-inflammatory: serum cytokines TTNF-c«, TIFN-y,
1CCL2, 1CCL3, 1CXCL, genes upregulation: Tnfa, Ifng,
Emrl, Itgam, Itgax, Nos2a, IL12b CcL2, and CxcL1.
Anti-inflammatory: serum |IL-10, genes
TG: CTS-KO C57BL/6 male mice, downregulation: IL10, IL4, Mrcl, Argl, Clec.7a and
. Clecl0a. Adrenal and plasma 1 catecholamines.
;{(1)r2151; eic Sal. g (:}8CTS WT C57BL/6 male mi 1Sympathetic nerve activity. Those effects were
[18] 0 =.8 ) maje fice, reversed by exogenous CTS administration. IPC-induced
cardioprotection impairment. Tphosphorylation
(Ser177/181) of IKK-f (inflammatory NF-kB signaling
pathway). Macrophages production: | TNF-«, |CCL-2,
JCCL-3, |CXCL-1, JIL-1B, 1IL-10 after CTS
administration. Macrophages themselves produce CgA
and CTS.
H9c2 myoblasts stimulated for CTS attenuates myoblasts hypertrophy and suppresses
Alam et al. sarcomere reorganization by the generation of ROS induced by norepinephrine;
2020 [22] Troponin T antibodies and however, CTS does not protect cells from apoptotic
norepinephrine. signalling induced by norepinephrine.
Average LV infarct size was33.66 £ 3.61% in I/R group.
Posttreatment with CTS reduced infarct size to
20.25 4 3.23% (p = 0.011 vs. I/R group). |LDH in
2 Vrjeisef)]lil $1ael ¢ rats myocardium in I/R group than in CG (6843.5 + 1136.0)
B e U/g vs. (102,470.0 & 1066.1)U/g, p < 0.001. CTS
Chu et al. e 5 oot & el intervention reduced the JLDH (8994.4 + 963.8)U/g vs.
2020 [29] Ischerua/ repertusion model; (6843.5 + 1136.0)U/g, p < 0.001). CTS post-treatment
CG: healthy rats; d d oxidative-stress and reduced apoptosis of
primary culture of cardiomyocytes ecreased oxidatty POPOSIS.
from neonatal rats. cardiomyocytes after I/R. CTS reduced apoptosis in
cardiomyocytes culture induced by H>O; through
activating the 32 adrenergic receptor and
PI3K/Akt pathway.
Atherosclerosis model: 8 weeks old CTS reduced TNF-«x-induced expression of IL-6,
male ApoE-KO mice divided into MMP-2 and adhesion molecules (ICAM-1, VCAM-1,
groups: and E-selectin) in HAECs. CTS promoted expression
Ch G1 (CG) PBSi.p. and activity of ACE2 in HUVECs. CTS reduced
en et al. . . . . .
2019 [30] G2: CTSip. adhesion events and increased the rolling velocity of

G3 CTS + DX600 (ACE2 inhibitor) i.p.

Human aortic endothelial cells
(HAECs) and human umbilical vein
endothelial cells (HUVECS)

leukocytes, those effect were blocked by ACE2 inhibitor
though.

Plaque area of the aorta was reduced in the
CTS-treated mice vs. controls.
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Table 1. Cont.

Study and Its

Reference Methodology Results Summary
Eight-week-old C57/BL6 mice Plasma CTS lower in APE than in CG (p < 0.01)
randomly divided into control Negative correlation between CTS and Platelets level
(n =20), control CTS (n = 20), APE (Pearson correlation test r = 0.6732).

Chen et al (n =20), and APE CTS (n = 20) Survival rate 30 min after APE onset was higher in

2019 [31] ’ Human pulmonary artery APE CTS than in APE group (80% vs. 30%, p < 0.01).
endothelial cells (HPAECsS). CTS had anti-thrombotic activity in APE mice. CTS
APE in mice was induced by inhibited APE-induced release of inflammatory
injection of collagen and epinephrine neutrophils and macrophages. CTS blocked TLR-4 p38
through the inferior vena cava phosphorylation in HPAECs.

APE—acute pulmonary embolism; CCL—C-C motif chemokine ligand; CG—control group; CgA—
chromogranin A; CTS—catestatin; CXCL—C-X-C motif chemokine ligand; DSB—diastolic blood pressure;
DOCA—deoxycorticosterone acetate; G—group; HR—hear rate; ICa-L—L-type calcium current; IFN-y—
Interferon gamma; IKK-B—inhibitor of nuclear factor kappa-B kinase subunit beta; IK—delayed rectifier
potassium current; IK1—inward rectifier current; IL—Interleukin; IPC—Ischemic pre-conditioning; I/R—
ischaemia/reperfuson; Ito—transient outward potassium current; KO—knockout; LAD—left anterior descending
coronary artery; MAP—mean arterial pressure; ns.—not statistically significant; SBP—systolic blood pleasure;
SHR—Spontaneously Hypertensive Rats; TAC—transverse aortic constriction; TG—test group; TNF-a—tumor
necrosis factor alpha; VEGF—vascular endothelial growth factor; WKY—Wistar-Kyoto rats; WT—wild type.

Jiangiang et al. explored wavering levels of plasma CTS in Spontaneously Hyperten-
sive Rats (SHRs) and their littermates, Wistar-Kyoto rats (WKYs), and found that they were
significantly higher in SHRs than in WKYs. Along with HA development and progression
in SHR, plasma CTS levels gradually rose. The reduction in the heart rate of SHRs after
exogenous administration of CTS may prove that it inhibits sympathetic activity in hyper-
tensive individuals [20]. CTS acted as a potent vasodilator, and this effect was mediated by
an elevated release of histamine. Kruger et al. showed that the most likely mechanism by
which CTS might lead to histamine release would be stimulating mast cells [21]. Consider-
ing the central nervous system (CNS), CTS is reported to exert both sympathoexcitatory and
cholinergic effects [8]. Administering CTS into the rat rostral ventrolateral medulla (RVLM),
which is responsible for BP control in the brain stem, led to sympathoexcitatory effects,
increased barosensitivity, and depletion of chemosensitivity and the somatosympathetic
reflex, resulting in high BP [32]. On the contrary, the injection of CTS into the rat caudal
ventrolateral medulla (CVLM) contributed to decreased barosensitivity and the depletion
of the peripheral chemoreflex, resulting in low BP [33]. Furthermore, the injection of CTS
into the rat’s central amygdala also decreased BP providing protection against vascular
dementia and neurodegeneration [34]. These reports indicate that CTS plays a significant
role in cardiorespiratory control in the CNS. Reduced plasma CTS levels and increased CgA
levels have been noted in humans with HA [35]. O’Connor et al., in their study, demon-
strated decreased plasma levels of CTS in normotensive offspring with a family history
of HA. Dysregulation in the processing of CgA to CTS and CTS lowering may appear in
the early stages of HA development, even though categorization into normotensive and
hypertensive groups did not reveal significant differences in plasma CTS levels [35].

The most important recent human studies on CTS are summarized in Table 2. Du-
rakoglugil et al. found that the difference in CTS levels between untreated patients with
HA and healthy individuals was irrelevant after adjusting for age, gender, height, and
weight [36]. Meng et al. explored levels of plasma CTS in HA patients and the relation-
ship between CTS and left ventricular hypertrophy (LVH). Their results showed elevated
CTS plasma levels in the HA group and lower CTS to norepinephrine ratio in patients
with LVH compared to normal controls, suggesting that this molecule might participate
in developing HA and LVH [37]. In contrast, in another study by O’Connor et al., CTS
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was significantly reduced in patients suffering from HA [38]. Choi et al. identified CTS
genotypes and performed a genotype—-phenotype association analysis on 343 participants
from the Japanese population. The results showed that BP was higher in Gly/Ser subjects
than in the wild-type Gly/Gly individuals. Accordingly, it was demonstrated that the CTS
variant allele Ser-364 may be associated with higher BP in the Japanese population [39]. On
the contrary, the Ser-364 allele was linked with lowered diastolic BP levels only in males in
a Southern California study population. It seemed to reduce the risk of developing HA in
men as well. The effect was not observed for SBP or in women [40].

Table 2. Most important recent clinical trials on catestatin.

Study and Its
Reference

Methodology

Results Summary

Coronary artery disease

Cohort study among 165 patients with
AMI;
4 years follow-up for MACEs

Lower CTS level in MACEs group (0.74 & 0.49 ng/mL vs.
1.10 + 0.79 ng/mL, p = 0.033); MACEs rate was higher in the
elderly group than in the young group (23.8% [15/63] vs. 8.8%
[9/102], p = 0.008). CTS level was lower in the MACEs group
than in the non-MACEs group (0.76 & 0.50 ng/mL vs.

;(512;’[[211.] MACESs group n = 24. 1.31 £ 0.77 ng/mL, p = 0.012) and CTS was associated with
MACE:s (Kaplan Meier, p = 0.007) among the elderly group,
Young = age <60 years old but not in the young group (Kaplan Meier, p= 0.893). In the Cox
Elderly = age >60 years old proportional hazards regression CTS was independent factor
for MACEs in elderly patients (hazard ratio 0.19, 95%
confidence interval 0.06-0.62, p = 0.006).
Cross-sectional study
Stage 1
TG: 224 patients with CAD and CTS lower in CAD patients than in CG 1.14 (1.05-1.24) ng/mL
Chen et al. CG: 204 healthy controls vs. 2.15 (1.92-2.39) ng/mL, p < 0.001.
2019 [30] Stage 2 Negative correlation between CTS and atherosclerosis severity
association between CTS and (r=—-0.208, p < 0.001)
atherosclerosis severity in 921 CAD
patients
Cohort study among 170 patients with Plasma CTS in STEMI group (0.80 + 0.62 ng/mL) and UAP
group (0.99 & 0.63 ng/mL) were lower than in CG
suspected ACS who underwent o . . .
(1.38 £ 0.98 ng/mL; p = 0.001). In multivariable linear regression,
Xu et al. coronarography . .
body mass index, presence of hypertension, and type of CAD
2017 [42] TG: STEMI n = 46; UAP n = 89 .
CG: No CAD n = 35 were independently related to the plasma CTS level. However,
5 éars follow-up for MACEs there were no significant differences in MACEs between patients
Y p with high and low levels of CTS
CTS higher in TG than in CG (1.02 £ 0.70 vs. 0.41 £ 0.14,
p <0.05)
CTS higher in SAP than in CG (0.72 4= 0.50 vs. 0.41 + 0.14,
p <0.05)
Cohort study on 120 CAD and CTS higher in UAP than in CG (0.88 &= 0.58 vs. 0.41 £ 0.14,
TG: SAP n = 15; UAP n = 47; NSTEMI p <0.05)
Liu et al. n =22, STEMI n = 36 CTS higher in NSTEMI than in CG (1.05 4= 0.48 vs. 0.41 = 0.14,
2013 [43] CG: 30 healthy individuals p <0.05)
CTS measurement at admission CTS higher in STEMI than in CG (1.31 £+ 0.91 vs. 0.41 £ 0.14,
Median follow-up time: 1045 days p <0.05)

CTS correlated positively with NE (Spearman correlation
coefficient r = 0.51, p = 0.00) and NTproBNP (r = 0.24, p = 0.01)
Plasma CTS on admission was not associated with adverse
cardiovascular events.
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Table 2. Cont.

Study and Its
Reference

Methodology

Results Summary

Heart failure

A cohort study on 199 HF patients
according to modified Framingham

Plasma CTS level had a moderate predictive ability for
CV death
with a C statistic of 0.59 (95% CI 0.45-0.74), sensitivity 51.8%,

1 1 < OO = . 00

zcglzli (EZZ]I ’ irl_telr (1;; LVEF < 40% n = 100; LVEF > 40% specificity 71.8% in the HFrEF population and

De_term/ina tion of CTS predictive value in better prognostic value with C statistic of 0.72 (95% CI 0.59-0.85),

HFrEF and HFmrEF/HFpEF respestively. sensitivity 70,8%, specificity 71,8% in the

" HFmrEF/HFpEF population.
Serum CTS level was higher in HFpEF group than in CG (11.21

Qiu et al A cross-sectional study on 81 patients [interquartile range, 6.81-19.12] ng/mL vs. 23.62 [interquartile
2023 [2 4]’ with HFpEF and 76 non-heart range, 11.53-34.81] ng/mL; p < 0.001). Serum CTS level was

failure controls.

positively correlated with NT-proBNP level (r = 0.41; p < 0.001)
and E/¢’ ratio (r = 0.25; p = 0.002).

Borovac et al.

Cohort study on 96 acute decompensated
HF followed up until discharge

Serum CTS higher in non-survivors than in survivors 19.8
(IQR 9.9-28.0) vs. 5.6 (IQR 3.4-9.8) ng/mL, p < 0.001. CTS was an
independent predictor of in-hospital death (FC 6.58, 95% CI

2020 [45] i;gr:srrvslrv‘;fg e 1.66-21.78, p = 0.003). In ROC analysis CTS AUC (0.905 95% CI
- 0.792-1.000, p < 0.001).
A cohort study on 72 patients with .
CTS levels correlated with the changes of LVEDD (p < 0.0001),
Zhu et al. STEMI followed-up for 65 months and 30 B ~ ,
2017 [46] healthy controls, EF (p = 0.0002), E (p = 0.0003), A (p < 0.0001), E’ (p < 0.0001), E/A

Serum CTS measurement. ECHO.

(p < 0.0001), as well as E/E” (p < 0.0001).

Pre-eclampsia

Palmrich et al.

Cross-sectional study among
100 pregnant women.
TG: 50 pre-eclamptic singleton

CTS serum level in pre-eclamptic group lower than in CG
(median CTS: 3.03 ng/mL, IQR [1.24-7.21 ng/mL] vs. 4.82

2023 [47] gﬁ?ggi‘;ﬁﬁﬁ;iﬂf@am vomen ng/mL, IQR [1.82-10.02 ng/mL]; p = 0.010).
Serum CTS level comparison.
Cross-sectional study among 200 Mean serum CTS increased in the preeclampsia group than in
t CG (290.7 £+ 95.5 pg/mL vs. 182.8 &+ 72.0 pg/mL). No significant
Ttiten et al. ggggg ntwomen. h mild 1 . differences in CTS level between mild and severe preeclampsia
2022 [48] - 00 women with mild preeclampsia, o< (082 7 £ 97.9 pg /mL vs. 298.7 = 93.4 pg/mL, p = 0.431).

50 women with severe preeclampsia,
CG: 100 healthy pregnant women

Serum CTS had positive correlations with systolic and diastolic
blood pressure, urea, uric acid, and creatinine.

Bralewska et al.

A cohort study of 205 pregnant women.
TG: 102 pre-eclamtic patients
CG: 103 healthy pregnant women

Placental expression of chromogranin A higher in
pre-eclamptic patients than in CG (—0.25 £ 1.7 vs. —0.82 £ 1.5,p

2021 [49] Placental expression of the CgA gene and =0.011). Mean CTS level lower in pre-eclamptic group than in
. CG (64 £1.0vs. 6.7+1.4,p=0.04).
placental CTS level comparison.
Cross-sectional study The fetal E/A ratio positively correlated with the maternal
TG: 27 women with early-onset serum CTS levels in both the pre-eclampsia group and CG
- pre-eclampsia, 28 women with late-onset  (p < 0.001, p < 0.001). Fetal isovolumetric relaxation time and
Ozalp et al. . . . .
2021 [50] pre-eclampsia MPI values negatively correlated with maternal CTS in

CG: 28 healthy pregnant women.
Maternal serum CTS measurement and
fetal ECHO.

pre-eclampsia and CG (p < 0.001, p = 0.001, p < 0.001, and
p = 0.002, respectively).
No significant CTS level difference between TG and CG.
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Table 2. Cont.

Study and Its

Reference Methodology

Results Summary

Chronic kidney disease

Cross-sectional study

TG: 91 adult patients with end-term
chronic kidney disease haemodialyzed >
1 year

CG: 70 healthy adult individuals

Luketin et al.
2021 [51]

Plasma CTS higher in HD than CG (32.85 £ 20.18 vs.

5.39 & 1.24 ng/mL, p < 0.001). Positive correlations between
CTS and AGEs (r = 0.492, p < 0.001) and between CTS and both
the Dialysis Malnutrition Score (r = 0.295, p = 0.004) and
Malnutrition-Inflammation Score (r = 0.290, p = 0.005).

Pulmonary embolism

Prospectively study

TG: 160 patients with contrasted
CT-confirmed pulmonary embolism
female n = 76; male n = 84

CTS measurement within 24 h after
admission.

CG: 97 healthy individuals

female n = 55; male n =42

Serum CTS measurement 0, 3 and 7 days
after admission; ECHO

Izci et al.
2020 [52]

Plasma CTS higher in APE group than in CG (17.5 + 6.1
ng/mL vs. 27.3 £ 5.7 ng/mL, p < 0.001). Plasma CTS higher in
the sPESI > 1 (n = 72) than in the patients with sPESI <1 (37.3 &
6.1vs. 242 + 5.3 ng/mL, p <0.001). Positive correlation
between CTS level and sPESI score (£0.581, p < 0.001). ROC
curve analysis with cut-off level of 31.2 ng/mL, and the CTS
level predicted mortality with a sensitivity of 100% and
specificity of 52.6% (AUC = 0.883, 95% CI: 0.689-0.921). CTS
level correlated with right ventricular dysfunction.
Negative endpoints were associated with higher CTS levels
after admission.

Rheumatoid arthritis

A cohort study of 199 rheumatoid
arthritis patients.
female n = 132; male n = 67

Pamies et al.
2024 [53]

RF-positive patients had higher CTS levels than RF-negative
patients (p < 0.001). Positive correlations between: CTS and

LDL-C (p =0.32, p = 0.009); CTS and IL-32 (p = 0.20, p = 0.003);
CTS and fet-a (p = 0.20, p = 0.004). 1CTS in women with DM2

(p = 0.04).

A—peak late diastolic mitral flow velocity; ACS—acute coronary syndrome; AGEs—advanced glycation end
products; AMI—acute myocardial infarction; APE—acute pulmonary embolism; CG—control group; CTS—
catestatin, DM2—type 2 diabetes mellitus; E—peak early diastolic mitral flow velocity; E'—doppler-derived
peak early diastolic mitral flow velocity; ECHO—echocardiography; FC—firth coefficient; fet-a—fetuin-A; HD—
haemodialysis; HF—heart failure; HFmrEF—heart failure with mildly reduced ejection fraction; HFpEF—heart
failure with preserved ejection fraction; HFrEF—heart failure with reduced ejection fraction; IVS—Interventricular
septal end diastolic dimension; MACEs—major adverse cardiovascular events; MPI—myocardial performance
index; NE- norepinephrine; NT-proBNP—N-terminal pro-B-type natriuretic peptide; LVPW—Ileft ventricular
posterior wall thickness; RF—rheumatoid factor; SAP—stable angina pectoris; sPESI—Simplified Pulmonary
Embolism Severity Index; STEMI—myocardial infarction wit ST-elevation; TG—test group; UAP—unstable
angina pectoris.

Furthermore, due to its neuroprotective potential, CTS might be a novel target for the
treatment and prevention of HA [34]. However, the results of the aforementioned studies
are inconsistent, and it is too soon to draw conclusions.

3. Inotropic Effect of Catestatin and Association Between Catestatin and
Heart Rate Variability

CTS has a negative inotropic effect, improves cardiomyocyte condition after episodes
of ischemic reperfusion, and lengthens cardiomyocyte survival rate. CTS protects the heart
and bloodstream from overdrive caused by the excessive release of catecholamines, such
as norepinephrine and epinephrine. Furthermore, CTS lifts the effects of noradrenalin on
Betal and Beta2 receptors in cardiomyocytes. Moreover, it prevents excessive myocardial
remodeling and reduces the formation of reactive oxygen species [22].

Higher heart rate variability (HRV) values are commonly found during a relaxed state.
However, people with a high HRV may have better stress resilience or better cardiovascular
function [54]. Researchers performed several studies to explore the influence of CTS
on the HRV. In patients with acutely decompensated HF, a higher level of CTS meant a
lower heart rate [55]. A different study demonstrated that CTS regulates and prevents
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tachycardia in mice. In that study, researchers supplemented CgAknockout mice with CTS,
which protected the subjects from high systolic blood pressure and decreased HRV [23].
Confirmation of these reports is provided by Dev et al. They performed an experiment in
which supplementation of CTS increased HRV [56].

4. Catestatin Influence on NO Synthesis and Metabolism

CTS increases NO synthesis both from cardiomyocytes and endothelial cells. NO is
produced in the NO(NOS)-NO-cGMP-cGMP-protein kinase (PKG) signal pathway and
released as a result of the endothelial receptor B-eNOS-NO or PI3K-eNOS/nNOS-NO
pathway [7,17]. Released NO reduces cellular Ca2+, which results in decreased cardiac
contractility and negative lusitropic and inotropic effects. Moreover, NO causes the relax-
ation of endothelin-1 preconstricted coronaries and smooth muscles in the endothelium of
other vessels. CTS increases the rate of positive Frank-Starling responses by increasing NO
production. Because of that, it is suggested that CTS is a NO-dependent modulator of the
regulation of the heart [7,17]. This correlation between NO synthesis and its impact on the
cardiovascular system is crucial based on the results of several recent studies on CTS and
its antiadrenergic effect. The antiadrenergic effects of CTS on the heart depend not only
on a direct impact on papillary muscle cells but also on an increased rate of NO synthesis
by endothelial cells [17]. Using inhibitors for specific points of the NO synthesis pathway
in cardiomyocytes eliminates the negative inotropic effect exhibited by CTS [17]. Further-
more, using a selective eNOS inhibitor abolished the effect of CTS, and a neuronal NOS
inhibitor only reduced this effect, suggesting that the effect of CTS on cardiac contractility
is mediated primarily through the eNOS pathway.

Kiranmayi et al. determined a significant connection between the Ser-364 allele and
HA in Chennai and the Chandigarh populations. They demonstrated that the Ser-364
individuals have higher BP levels. The CTS Ser-364 peptide, via altered interactions with
ADRB?2 and differential activation of extracellular regulated kinase (ERK) and endothelial
nitric oxide synthase (eNOS) phosphorylation, led to greater modulation of the endothelial
NO pathway compared with the CTS-WT peptide. This may contribute to the increased
risk of HA in Ser-364 allele carriers, possibly due to lower NO production, which leads
to diminished endothelial vasodilation. In conclusion, the Ser-364 allele appears to play
an important role in HA development in Indian populations [57]. Another study on an
Indian population found no association of this SNP with BP [58]. The Ser-364 allele seems
to exert comparable effects on BP in different Asian populations but not in Caucasians.
These contradictory associations determine heterogeneity in different populations. Thus,
this proves the need to conduct more studies on diverse ethnic populations. Further studies
concerning the underlying mechanisms of action of this physiological antihypertensive
peptide may bring significant insights into the pathogenesis of cardiovascular diseases.

A study using cardiomyocytes isolated from rat papillary muscles and endothelial
cells obtained from buffalo aortas showed, in even more detail, that CTS affects myocardial
contractility mainly through NO synthesis. They used inhibitors of individual points
of the NO synthesis pathway (PI3K, NOS) in the presence of CTS, which abolished its
antiadrenergic effect. The endocardial endothelium layer was also removed and treated
with CTS, which did not abolish the inotropic effect induced by the (3 adrenoceptor agonist-
isoproterenol under basal conditions but completely abolished the antiadrenergic effect
induced by wild-type CTS [59].

94



Int. J. Mol. Sci. 2025, 26, 2417

5. Catestatin in Coronary Artery Disease and Atherosclerosis
Development

Despite significant advances in the diagnosis and treatment of coronary artery disease
(CAD), it remains a leading cause of mortality and Disability Adjusted Life Years (DALYs)
worldwide, resulting in 7 million deaths and loss of 129 million DALYs each year, which
places CAD among the most serious threats to global health [60].

Atherosclerosis is the primary and most widely studied risk factor for CVDs, including
CAD. It is an intravascular chronic inflammation process initiated by malfunction and
increased endothelium permeability in the luminal layer of arteries or the intima. An
elevated concentration of low-density lipoproteins (LDLs) in the serum promotes their
accumulation in the intimal subendothelial space, followed by biochemical modifications,
including oxidation, acetylation, glycosylation, glycoxidation, carbamylation, and others,
primarily related to exposure to reactive oxygen species [61]. Modified LDLs in the presence
of other atherogenic factors, such as nicotine addiction, DM, turbulent blood flow, and HA,
lead to endothelial cell activation and monocyte recruitment in the intima [62,63]. LDLs
are phagocyted by macrophages and accumulate in vascular smooth muscle cells, which
migrate from the tunica media, and macrophages, forming foam cells and fatty streaks [64].
Over time, apoptosis is impaired, and cell necrosis predominates. A necrotic core, cell-
impoverished, rich-in-lipids region characterized by an inflammatory microenvironment is
formed. A fibrous cap protects the arterial lumen from the necrotic core’s prothrombotic
properties. At this point, atherosclerotic plaque is well-developed and unlikely to disappear.
Further expansion of the necrotic core results in arterial lumen reduction and blood flow
disorders, rising atherosclerotic plaque instability, and the possibility of plaque rupture,
eventually causing potentially lethal complications such as myocardial infarction (MI),
ischemic stroke, and peripheral arterial disease [65].

The impact of CTS on atherosclerosis and CAD development and course is multi-
faceted and, despite the great interest of scientists in the last years, not yet completely
clarified. It has been proven that CTS modulates the immune system, suppresses tissue
inflammation, reduces reactive oxygen species production, attenuates stimulatory effects of
catecholamines, reduces oxidative stress-induced cardiomyocyte apoptosis, and plays an
essential role in monocyte migration and differentiation [22,29,66]. In addition, CTS has a
beneficial influence on endothelial NO synthesis, glycemia, serum lipids levels, and arterial
blood pressure, which has been extensively described in other sections of this article.

Although CTS by itself exhibits weak chemotactic properties in vitro and in vivo in
rodent models, it has been shown to block monocyte and neutrophil migration that is
dependent on chemotactic factors such as CCL2, CXCL2, and IL-8 [28].

Moreover, CTS-KO mice were characterized by increased serum levels of proinflam-
matory cytokines, including TNF-«, IFN-y, CCL2, CCL3, and CXCL-1, whereas the anti-
inflammatory IL-10 concentration was decreased. Furthermore, CTS-KO mouse cardiomy-
ocytes had a lower expression of anti-inflammatory genes for IL10, IL4, Mrc1, Argl, Clec7a,
and Clecl0a and upregulated proinflammatory genes, such as Tnfa, Ifng, Emrl, Itgam,
Itgax, Nos2a, IL12b CcL2, and CxcL1. Those effects were fully reversible by exogenous
CTS supply. Additionally, intensified phosphorylation (Ser177/181) of part of IKK-f3, the
inflammatory NF-«B signaling pathway, was observed in CTS-KO mice [18].

5.1. Catestatin and Angiogenesis After Myocardial Infarction

Lener et al. showed that CTS stimulates the proliferation of human coronary artery
smooth muscle cells and endothelial cells in Matrigel assays. The capillary-like tube
formation stimulated by CTS was comparable to the effect acquired after administering the
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vascular endothelial growth factor (VEGF). Furthermore, CTS demonstrated antiapoptotic
potential for human cardiomyocytes in vitro [26].

Moreover, the association between higher serum CTS levels and better collateral
development in patients with chronic total occlusion of the coronary artery (CTO) has
been reported. A total of 38 CTO patients and 38 healthy individuals were included in
the study. The plasma CTS level was lower in the control group than in the CTO group
(1.36 = 0.97 ng/mL vs. 1.97 £ 1.01 p = 0.009). Within the CTO group, patients with good
collateral development had higher CTS and VEGEF levels than patients with unsatisfactory
collateral development (2.36 £ 0.73 vs. 1.61 £ 1.12 ng/mL, p = 0.018; 425.23 £ 140.10 vs.
238.48 + 101.00 pg/mL, p < 0.001) [67].

5.2. Catestatin Antiarrhythmic Potential

The occurrence of ventricular tachycardia (VT) or ventricular fibrillation (VF) is a
common and serious threat to patients after MI, especially in an early phase of ischemia.
Ventricular arrhythmias can be a direct cause of sudden cardiac death (SCD) and worsen
short- and long-term prognosis for patients in general [68].

Zhang et al. described an experiment in a rodent model in which the left anterior
descending coronary artery was ligated and electrically stimulated, resulting in ventricular
tachyarrhythmia. The rodents were randomly divided into the control and the CTS ad-
ministration groups. The patch-clamp technique was used to monitor the action potential,
transient outward potassium current, delayed rectifier potassium current, inward rectifying
potassium current, and L-type calcium current in rodent cardiomyocytes. Intensified Ito,
IK, and IK1 activity was observed in the CTS group. Simultaneously, CTS inhibited ICa-L,
shortening action potential time and reducing ventricular arrhythmia [25]. However, Pei
et al. showed that a higher CTS level was associated with increased malignant arrhythmia
incidence during hospitalization in patients with acute MI [69].

5.3. Catestatin as a Potential Coronary Artery Disease Course Marker

Xu et al. measured plasma CTS levels on admission in 170 patients with a suspected
acute coronary syndrome (ACS) who had an emergency coronary angiography, of which
46 had MI with ST-segment elevation (STEMI), 89 had unstable angina pectoris (UAP), and
35 did not have CAD. The patients were followed up for two years to check if there would
be any major adverse cardiovascular events (MACEs), such as recurrent acute MI, rehospi-
talization for HF, revascularization, and death due to cardiovascular causes. The plasma
CTS level was higher in individuals without CAD (1.38 + 0.98 ng/mL; p = 0.001) than in
the STEMI (0.80 £ 0.62 ng/mL) and UAP (0.99 + 0.63 ng/mL) groups. In multivariable
linear regression analysis, body mass index, the presence of HA, and the type of CAD were
independently associated with plasma CTS levels. There was no significant difference in
the occurrence of MACEs between high and low CTS levels groups [42].

To explore this issue further, Xu et al. followed up on 165 patients with acute MI
for four years. At the beginning of the study, the plasma CTS level and relevant medical
data were collected. During the observation time, 24 patients had MACEs. The group
experiencing MACEs exhibited notably lower plasma CTS levels (0.74 £ 0.49 ng/mL
compared to 1.10 £ 0.79 ng/mL, p = 0.033) and had a higher average age (59.0 & 11.4 years
vs. 53.2 £ 12.8 years, p = 0.036). The incidence of MACEs was significantly greater
in the older population (aged 60 and above) compared to the younger group (under
60 years old) (23.8% [15 out of 63] vs. 8.8% [9 out of 102], p = 0.008). Additionally,
CTS levels were significantly lower in the MACEs group than in those without MACEs
(0.76 = 0.50 ng/mL vs. 1.31 &+ 0.77 ng/mL, p = 0.012). Among older people, CTS levels
were significantly linked to MACEs (Kaplan Meier, p = 0.007), whereas this association
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was not observed in the younger group (Kaplan Meier, p = 0.893). In the Cox proportional
hazards regression analysis, elevated CTS levels emerged as an independent predictor of
MACEs after controlling for other risk factors (hazard ratio [HR] = 0.19, 95% confidence
interval [95% CI] = 0.06-0.62, p = 0.006) in older patients [41].

Chen et al. compared CTS serum concentrations between 224 patients with CAD and
204 healthy control group members in multistage research. The CTS serum level was lower
in CAD patients than in healthy individuals [1.14 (1.05-1.24) ng/mL vs. 2.15 (1.92-2.39)
ng/mL, p < 0.001]. A correlation between CTS level and CAD severity among 921 CAD
patients was studied in the subsequent step. It turned out to be inversely correlated with
CAD severity (r = —0.208, p < 0.001) [30]. On the other hand, higher serum CTS levels in
CAD patients were reported.

Furthermore, some studies showed an association between higher serum CTS levels
and worse prognosis. Zhu et al. followed up on 72 patients with STEMI for 65 months. CTS
serum levels were measured at admission and on day 3 and day 7 after STEMI. Echocar-
diographic parameters were evaluated on day 3 and at the follow-up’s end. Patients with
higher serum CTS levels at day 3 had worse left ventricular function and a higher risk of
left ventricular remodeling [46]. Zhu et al. evaluated 100 patients after MI and successful
percutaneous coronary intervention. The patients were followed up for 65 months for
endpoints such as death from cardiovascular causes, readmission with the ACS, or admis-
sion with congestive HF. Negative endpoints were associated with higher CTS levels after
admission. Liu et al. followed up on 120 patients with coronary heart disease for 1045
days. No association between CTS levels on admission and MACEs was observed in this
study [43].

Scientific reports on CTS levels in patients with CAD are inconclusive. Both increased
and decreased levels of CTS have been reported as a positive prognostic factor in CAD
patients. The studies” results might be puzzling due to differences in the study group
selection and different endpoints reported. Multicenter prospective clinical trials in this
area could address this issue.

6. Catestatin in Heart Failure

HEF is an ineffective ability of the heart to pump blood efficiently through the body.
According to a recent report from 2024, the number of Americans over the age of 20 who
suffer from diseases of the heart, including HF, is estimated to be around 127.9 million,
which is nearly 50% of the country’s total population. However, in 2019, a much lower
number was suggested globally. Across 204 countries, the number of people living with
HF was around 56.2 million [70]. Neurohormonal changes aim to optimize the cardiac
function of patients with HF. The activation of the renin-angiotensin—aldosterone axis
and the sympathetic nervous system at first allows the body to manage impaired cardiac
output by optimizing preload and afterload levels. However, over time, the process is
counterproductive due to excessive peripheral vascular resistance.

Many researchers have discovered that CTS is an important member of a group
of substances regulating homeostasis in the human organism [47,53,71]. CTS is stored
and released, along with catecholamines, in the neuronal endings of the sympathetic
nervous system. CTS affects N-Ach receptors, which decrease the release of catecholamines.
Additionally, CTS causes the release of histamine, which directly causes vasodilatation.
These processes lower blood pressure and, in turn, reduce the afterload. A lower afterload
decreases the severity of HF [24].

A study showed that higher levels of CTS were noted in patients who died than in
patients who survived, and the authors concluded that CTS plays an important protective
role in managing cardiac output in HF patients. Additionally, patients suffering from
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HF with ischemic origin present higher concentrations of CTS compared to non-ischemic
HF [45]. A higher concentration of CTS was found in patients in the acute phase of
decompensated HF of ischemic etiology. In light of this information, CTS can be viewed as
a marker of sympathetic activation [72]. Moreover, researchers concluded that CTS could
be a better, more sensitive marker for patients with HF whose ejection fraction was mildly
reduced and preserved than patients with a reduced fraction [44]. It was confirmed that the
higher the level of CTS, the more likely CV death may occur [24,44]. Researchers performed
tests on animal models and proved that CTS has a protective influence on cardiomyocytes
in mice with HFpEEF. In this study, injections with CTS protected against the decline of
ejection fraction and remodeling of cardiomyocytes [24].

In one study, the perfusion rate and left ventricular pressure (LVP) were monitored
in rat hearts to further understand CTS’s role in the process. In isolated cardiomyocytes,
CTS improved the survival rates of cardiomyocytes by 65% after a simulated HF [73]. Fur-
thermore, a similar treatment in rats with HF after MI gave promising results. CTS caused
better capture of Ca2+ by atriums and lowered the probability of atrial fibrillation [74].

However, an elevated CTS level may correspond to acute worsening of HF with is-
chemic etiology and is most likely a way of compensating for increased sympathetic activity
caused by the disease [45]. Another piece of research confirmed that the concentration of
CTS is higher in HFrEF with a higher NYHA class, and correlates with NT-proBNP. The
authors estimate that CTS could be a prognosis marker in HF because a higher level of CTS
was linked with the worse long-term state of patients and all-cause death [11].

7. Catestatin in Other Diseases
7.1. Catestatin in Pre-Eclampsia

Pre-eclampsia is a serious and potentially lethal condition that may occur during preg-
nancy. With its significant impact on mortality and morbidity of mothers and newborns,
it is a serious threat to global health. In women who have experienced pre-eclampsia,
increased risks of metabolic and CVDs, such as DM, stroke, and MI, are observed, which
results in reduced life expectancy. Moreover, children from pregnancies with pre-eclampsia
are at increased risk of preterm birth and perinatal death. They are also in danger of
neurodevelopment disability, metabolic issues, and CVDs in the future. Pre-eclampsia is
a multiple-systems disease characterized by suddenly emerging HA after the 20th week
of pregnancy and at least one of the following conditions: proteinuria, uteroplacental, or
another organ dysfunction. A dysfunctional placenta releases a variety of proinflammatory
cytokines into the circulatory system, which results in systemic inflammation, endothelial
dysfunction, and, finally, the occurrence of seizures—eclampsia. Pre-eclampsia can be
treated symptomatically with hypotensive drugs and anticonvulsants, which are not indif-
ferent to the child. However, it can be cured only by termination of pregnancy, in many
cases prematurely, and removal of the defective placenta [75]. The production and secretion
of CgA and, indirectly, CTS occur in placental cells. CTS regulates vascular blood pressure
and angiogenesis in the placenta as well as the proliferation, migration, and apoptosis of
placental cells [76].

Bralewska et al. tested the expression of the CgA gene and the CTS levels in placentas
among 102 patients with pre-eclampsia and 103 healthy pregnant women as a control group.
Although the expression of placental CgA was significantly higher in the pre-eclampsia
group (—0.25 + 1.7 vs. —0.82 £ 1.5, p = 0.011), the mean CTS level in placentas in the pre-
eclampsia group was lower than in the control group (6.4 + 1.0 vs. 6.7 = 1.4, p = 0.04) [49].
A study on HTR-8/SVneo and BeWo Trophoblastic Cell Lines showed that CTS acts as an
antiapoptotic factor. As a blood pressure-lowering agent, it also acts as a compensatory
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mechanism. It appears that CTS deficiency in trophoblasts may favor the occurrence of
pre-eclampsia [27].

Ttiten et al. compared serum CTS levels among 50 pregnant women with mild pre-
eclampsia, 50 pregnant women with severe pre-eclampsia, and 100 healthy women with
uncomplicated pregnancy and matched gestational age as a control group. Mean serum
CTS was significantly higher in the pre-eclampsia group compared to the control group
(290.7 £ 95.5 pg/mL vs. 182.8 £ 72.0 pg/mL; p < 0.001). Mean serum CTS was not
significantly different in mild and severe pre-eclampsia groups (282.7 £ 97.9 pg/mL vs.
298.7 £ 93.4 pg/mL, p = 0.431) [48].

On the other hand, Palmrich et al. reported that CTS serum levels among 50 women
with pre-eclamptic pregnancies were lower than in 50 healthy controls with matched
gestational age (median CTS: 3.03 ng/mL, IQR [1.24-7.21 ng/mL] vs. 4.82 ng/mL, IQR
[1.82-10.02 ng/mL]; p = 0.01). The difference in CTS levels between early- and late-onset
pre-eclampsia groups was not statistically significant.

Ozalp et al. also compared maternal serum CTS levels in 27 early-onset pre-eclampsia
individuals and 28 late-onset pre-eclampsia with a control group of 28 healthy pregnant
women. However, the differences between the groups were not statistically significant.
Interestingly, researchers found correlations between maternal serum CTS levels and fetal
echocardiographic parameters: The fetal E/A ratio was positively correlated with maternal
CTS levels (p < 0.001) in both the pre-eclampsia and control groups. Fetal isovolumetric
relaxation time and fetal myocardial performance index values were negatively correlated
with CTS levels in both the pre-eclampsia (p < 0.001, p = 0.001, respectively) and control
group (p < 0.001, p = 0.002, respectively) [50].

CTS plays an important, but not fully understood, role in the pathogenesis of pre-
eclampsia. Early diagnosis and initiation of treatment are crucial to ensuring the safety of
mother and child, which is often possible only in highly referential obstetric clinics. CTS
appears to be a promising marker in this disease as well as other maternal and fetal CVDs.
However, scientific reports in this area are not conclusive, and further research is necessary.

7.2. Catestatin in Acute Pulmonary Embolism

Acute pulmonary embolism is a dangerous condition characterized by the narrowing
or occlusion of a pulmonary artery or its branches by embolic material. It is most often
formed by thromboses in the deep veins of the lower extremities. However, in rare cases,
embolism from fat, amniotic fluid, neoplasm cells, or air may be the cause. To estimate
the patient’s risk of death within 30 days of the onset of acute pulmonary embolism, the
validated Pulmonary Embolism Severity Index (PESI) score can be used. Depending on the
severity of the disease and the capacity of the medical center, it can be treated pharmaco-
logically by administering anticoagulants or invasive mechanical embolectomy [77,78].

It was demonstrated, in a rodent model, that CTS has an important protective role in
acute pulmonary embolism. Eight-week-old C57/BL6 mice were divided into the following
groups: the control group with no CTS treatment, the control group with CTS treatment, the
induced acute pulmonary embolism with CTS pre-treatment group, and the induced acute
pulmonary embolism without CTS pre-treatment group. Pulmonary embolism was induced
by administration of collagen and epinephrine. CTS levels were decreased, while platelet
numbers, von Willebrand factor, E-selectin, P-selectin, myeloperoxidase, and monocyte
chemoattractant protein 1 serum levels were increased in the pulmonary embolism group
compared to the control group. Interestingly, this growth was less intense in the group
after CTS pre-treatment. Platelet numbers were negatively correlated with CTS levels
(r=0.6732, p = 0.002). Survival rates 30 min after acute pulmonary embolism onset were
30% in the group without CTS pre-treatment and 80% in the group with CTS pre-treatment,
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respectively. Lung samples were collected and assessed in histopathological examination.
In acute pulmonary embolism groups, pulmonary embolization, damaged walls of alveoli,
and immune cell infiltration were observed. However, pathological changes in the group
after CTS pre-treatment were less severe. In mouse models, CTS mitigates endothelial
inflammation and promotes thrombus resolution in acute pulmonary embolism. According
to the authors, the beneficial effects of CTS are multi-causal and include inhibition of
endothelial inflammation by the TLR-4-p38 signaling pathway [31].

On the other hand, Izci et al. analyzed 84 men and 76 women with acute pul-
monary embolism. The sPESI scores were calculated for all patients. CTS levels in plasma
among patients with acute pulmonary embolism were higher than in healthy individuals
(175 £ 6.1 ng/mL vs. 27.3 £ 5.7 ng/mL, p < 0.001). In a group with sPESI > 1, plasma
CTS levels were higher than in a group with sPESI <1 (37.3 £ 6.1 vs. 24.2 + 5.3 ng/mL,
p <0.001). Furthermore, a positive correlation was found between CTS plasma level and
sPESI score (p < 0.001). During the hospitalization, 20 deaths in the group with sPESI > 1
(mortality 27.7%) and 9 deaths in the group with sPESI <1 (mortality 10.2%) were reported
(p = 0.01). Receiver operating characteristic (ROC) curve analysis with a cut-off CTS serum
level of 31.2 ng/mL was performed. It showed that CTS level predicted mortality with
100% sensitivity and 52.6% specificity (AUC = 0.883, 95% CI: 0.689-0.921). CTS level was
correlated with dysfunction of the right ventricle [52].

Based on available publications, CTS positively affects the course of acute pulmonary
embolism in an animal model and in vitro and may be a promising disease course marker.
However, the available data on CTS levels during acute pulmonary embolism are incon-
clusive. The differences that occurred might be related to the methods of measurement,
the time between disease onset and sample collection, or differences in CTS metabolism
between humans and rodents. There are limited data available in this area and further
research is necessary.

7.3. Catestatin in Chronic Kidney Disease

Chronic kidney disease (CKD) is characterized by progressive loss of renal function.
Sodium retention, volume expansion, inflammation, oxidative stress, overactivity of the
sympathetic nervous system, mineral bone disorders, hormonal disorders, and uremic tox-
ins play important roles in CKD progression and cardiovascular complications occurrence.
Generalized atherosclerosis with a significant tendency to intense calcification is typical for
CKD. Patients with CKD have an increased risk of HE, arrhythmias, CAD, or SCD. CVDs
remain the first cause of death in G5 CKD patients on hemodialysis, with 20 times higher
CVD-related mortality than in the general population. Furthermore, many patients with
CKD die due to CVD complications before reaching end-stage renal dysfunction [79,80].

Luketin et al. compared plasma CTS levels and advanced glycation end products
(AGEs) among 91 hemodialysis patients and 70 healthy individuals. AGEs promote
atherosclerosis in an inflammatory environment, leading to cardiovascular events among
patients. The study showed that plasma CTS levels were increased in the hemodialysis
group compared to the control group (32.85 4= 20.18 vs. 5.39 &+ 1.24 ng/mL, p < 0.001). The
CTS serum level was positively correlated with AGE levels (r = 0.492, p < 0.001). Moreover,
CTS serum levels were also positively correlated with both the Dialysis Malnutrition Score
(r=10.295, p = 0.004) and the Malnutrition-Inflammation Score (r = 0.290, p = 0.005) [51].

Sun et al. followed up on 330 hemodialysis patients for 36 months. In that period,
29 deaths due to CVD and 28 deaths due to other diseases were reported, and one patient
was lost. The multivariate regression analysis among 272 alive patients showed an associa-
tion between plasma CTS level > 1.9 ng/mL and increased risk of cardiac death (RR 6.13,
95% CI 2.54, 18.45). Furthermore, survival analysis showed an increased rate of cardiac
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death in the group with plasma CTS levels > 1.9 ng/mL than in the group with plasma
CTS levels < 1.9 ng/mL (p < 0.001). Also, the overhydration to total body weight ratio
and daily diuresis were linearly correlated with plasma CTS level (r = 0.502, p < 0.001 and
r=—0.338, p <0.001) [79].

According to the available scientific data, increased CTS serum levels are typical for
hemodialyzed patients and can be linked to a worse prognosis. It should be assumed that
CTS plays an important role in the pathophysiology of cardiovascular complications in
CKD hemodialysis patients, and it could be a promising novel marker of disease severity.
However, the availability of scientific evidence is limited, and confirmation in further
research is necessary.

8. Conclusions and Future Perspectives

To conclude, cardiovascular disease pathogenesis is an important and still not fully
understood field of study. Studies on CTS are promising and show the possibility of using
CTS as a treatment for many CVDs. Additionally, CTS increases the production of NO
in cardiomyocytes and endothelial cells. CTS’s role in the development of CVDs and its
potential as a therapeutic target are interesting topics in cardiology. The aforementioned
studies suggest the importance of this peptide for the development of common diseases,
which remain a serious and expensive problem for healthcare systems worldwide. More-
over, CTS can be a biochemical marker for patients with preserved and mildly reduced HE.
On the other hand, there are diseases in which the role of CTS is still not fully understood,
e.g., atherosclerosis—studies about the influence of CTS on the remodeling of the vessel
walls are inconsistent. Some of the reported studies are just preliminary to the subsequent
phases of research on CTS involvement in CVDs. However, it is too soon to generalize
CTS’s importance for CAD, HE, and AH.
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Abbreviations

The following abbreviations are used in this manuscript:

95% CI  95% confidence interval
ACS Acute coronary syndrome
ANS Autonomic nervous system
CAD Coronary artery disease
CgA Chromogranin A

CKD Chronic kidney disease

CTS Catestatin

CTO Chronic total occlusion of coronary artery
CVD Cardiovascular disease

DM Diabetes mellitus
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HA Arterial hypertension
HF Heart failure
HR Hazard ratio

HRV Heart rate variability

LDL Low-density lipoproteins

Lvp Left ventricular pressure

MACE Major adverse cardiovascular events

MI Myocardial infarction

SCD Sudden cardiac death

STEMI  Myocardial infarction with ST-segment elevation
UAP Unstable angina pectoris

VEGF  vascular endothelial growth factor

VF Ventricular fibrillation
VT Ventricular tachycardia
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Abstract: A large body of evidence indicates that vasopressin (AVP) and steroid hormones are fre-
quently secreted together and closely cooperate in the regulation of blood pressure, metabolism,
water—electrolyte balance, and behavior, thereby securing survival and the comfort of life. Vaso-
pressin cooperates with hormones of the hypothalamo—pituitary—adrenal axis (HPA) at several levels
through regulation of the release of corticotropin-releasing hormone (CRH), adrenocorticotropic
hormone (ACTH), and multiple steroid hormones, as well as through interactions with steroids
in the target organs. These interactions are facilitated by positive and negative feedback between
specific components of the HPA. Altogether, AVP and the HPA cooperate closely as a coordinated
functional AVP-HPA system. It has been shown that cooperation between AVP and steroid hormones
may be affected by cellular stress combined with hypoxia, and by metabolic, cardiovascular, and
respiratory disorders; neurogenic stress; and inflammation. Growing evidence indicates that central
and peripheral interactions between AVP and steroid hormones are reprogrammed in cardiovascular
and metabolic diseases and that these rearrangements exert either beneficial or harmful effects. The
present review highlights specific mechanisms of the interactions between AVP and steroids at cellu-
lar and systemic levels and analyses the consequences of the inappropriate cooperation of various
components of the AVP-HPA system for the pathogenesis of cardiovascular and metabolic diseases.

Keywords: AVP; CRH; ACTH; cardiac failure; glucocorticoids; mineralocorticoids; androgens; estro-
gens; hypertension; stress

1. Introduction

The first experimental studies showing the close functional relationship between
vasopressin and steroid hormones were published over 60 years ago. In 1960 Hilton
et al. reported that arterial perfusion of the adrenal glands with arginine vasopressin
(AVP) or lysine vasopressin (LVP) potently stimulates the release of cortisol [1]. Subse-
quently, it has been found that in many instances vasopressin and steroid hormones are
secreted together and closely cooperate in the regulation of blood pressure, metabolism,
water—electrolyte balance, and behavior in a manner securing survival and the comfort of
life. It has also been shown that cellular stress combined with hypoxia, disturbances of
metabolism, cardiovascular and respiratory disorders, neurogenic stress, and inflammation
may disorganize the cooperation between AVP and steroid hormones. Under homeostatic,
unstressed conditions both steroid hormones and vasopressin are released in characteristic
diurnal rhythms. The expression of AVP mRNA in the suprachiasmatic nucleus shows a
distinct endogenous circadian rhythm. This diurnal rhythm of secretion is also typical for
adrenocorticotropic hormone (ACTH) and glucocorticoids (GCs). Interestingly, it appears
that the regulation of AVP synthesis by steroids also manifests circadian rhythmicity [2].
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Vasopressin interacts with the hypothalamo—pituitary—adrenal axis (HPA) at various levels,
i.e., in the hypothalamic nuclei, affecting release of CRH; in the pituitary gland, enhancing
ACTH release; and in the adrenal glands, modulating the release or action of multiple
steroid hormones (Figure 1). These interactions are facilitated by the positive and negative
feedback occurring between specific components of the HPA system with the engagement
of other neurotransmitting and neuropeptidergic pathways.

<«— activating process
<«—inhibitory process
<«— complex effect
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autonomic ganglia
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Figure 1. Flow diagram showing the sites of the synthesis, action, and interaction of vaso-
pressin and hormones of the hypothalamo-pituitary—adrenal axis in the central nervous sys-
tem and peripheral organs. Green arrows—stimulatory effects; red arrows—inhibitory effects.
Blue arrows—complex effects (stimulatory or inhibitory, see text for explanations). Abbrevia-
tions: AChR—aceytolcholine receptor; ACTH—adrenocorticotropic hormone; AR—androgen re-
ceptor; CAT—catecholamine; CATR—catecholamine receptor; CRHR—corticotropin releasing hor-
mone receptor; ESR—estrogen receptor; FSH—follicle-stimulating hormone; GC—glucocorticoid;
GnRH—gonadotropin-releasing hormone; GR—glucocorticoid receptor; LH—Iluteinizing hor-
mone; MC—mineralocorticoid; MR—mineralocorticoid receptor; V1aR—vasopressin Vla receptor;
V1bR—vasopressin V1b receptor; V2R—vasopressin V2 receptor.

Vasopressin and CRH are synthesized mainly in the hypothalamic nuclei; however,
both these peptides can also be produced in other regions of the brain. In the hypothalamus,
vasopressin and CRH are released partly by the same cells of the paraventricular nucleus
(PVN). Immunostaining studies have shown that virtually all parvocellular CRH neurons
in the PVN are stained positively for vasopressin [3] and are co-packaged in neurosecre-
tory vesicles of the hypothalamic—pituitary axons in the median eminence [4]. and in the
hypophyseal portal circulation [5-7]. There is also evidence that AVP may be necessary
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for the appropriate action of glucocorticoids, as it was shown that the maximal binding
capacities for corticosterone and dexamethasone in the hippocampus and the anterior
pituitary are significantly lower in homozygous diabetes insipidus (HDI) rats that do not
synthesize vasopressin than in their nondiabetic counterparts. Importantly, the difference
could be eliminated by AVP treatment [8]. On the other hand, glucocorticoids were found
to exert a negative effect on the release and action of vasopressin. For instance, in rats,
corticosterone was found to inhibit the release of AVP from the explants containing a
supraoptic nucleus (SON) and sending projections to the neural lobe of the pituitary [9].
Experiments on Sprague Dawley rats have shown that the release of AVP from the hypotha-
lamic slices encompassing PVN and SON neurons could be inhibited by corticosterone,
cortisol, testosterone, and 17-beta estradiol in a dose-dependent manner, whereas dexam-
ethasone, aldosterone, and progesterone were not effective [10]. The chronic application of
dexamethasone, which is an agonist of the corticosterone receptor, significantly decreased
plasma corticosterone and ACTH concentrations and elicited differential changes in the
expressions of CRH, ACTH, and AVP in several brain regions, including the cortex, the
hippocampus, the hypothalamus, and the cerebellum [11]. There is also evidence that,
in the rat, AVP exerts a weak stimulatory effect on the secretion of aldosterone from the
glomerulosa cells of the adrenal medulla [12].

It is highly probable that some steroid hormones can modulate vasopressin’s action
through actions exerted at the level of the AVP receptors. For instance, experiments on
rats have shown that adrenalectomy, which eliminates the main source of circulating
steroid hormones, reduces vasopressin Vla receptors (V1aR) in the hippocampus, the
dorsolateral septum, and the bed nucleus of the stria terminalis (BNST). Moreover, the
effects of adrenalectomy on V1aR in the hippocampus and the BNST can be reduced by
treatment with corticosterone and aldosterone [13-15]. At the same time, it should be noted
that glucocorticoids may act in the opposite way on the expression of V1b vasopressin
receptors (V1bR) because the administration of dexamethasone was found to increase V1bR
mRNA in the pituitary, whereas adrenalectomy reduced V1bR mRNA. The latter effect
could be reversed by the administration of dexamethasone [16].

It appears that negative feedback between glucocorticoids and vasopressin arises in
early life. In the rat, applications of dexamethasone and aldosterone to fetal hypothalamic
cell cultures have been found to inhibit the release of CRH, AVP, and oxytocin through
mechanisms involving the activation of protein kinase A (PKA) and protein kinase C
(PKC) [17]. In addition, the administration of cortisol to the medium bathing of the
hypothalamic neurons of fetal sheep significantly inhibited the potassium-induced secretion
of AVP [18]. There is also evidence that the secretion of several steroid hormones is sex-
dependent [19,20].

It is possible that during chronic stress glucocorticoids and mineralocorticoids may act
oppositely on AVP’s release. Hence, the expressions of CRH hnRNA and AVP hnRNA in
the parvocellular neurons of PVN are significantly elevated in rats exposed to forced-swim
stress and their increase is abolished by the administration of dexamethasone [21]. On the
other hand, the application of eplerenone, which is a mineralocorticoid receptor antagonist,
alleviated anxiety-like behavior and reduced vasopressin and corticosterone concentrations
in the posterior pituitary [22].

Thus far, multiple gaps exist in understanding the mutual interactions between va-
sopressin and steroid hormones in health and cardiovascular diseases. Therefore, the
principal aim of the present review is to analyze the cooperation of vasopressin and steroid
hormones at the cellular and systematic levels in the context of their influence on car-
diovascular regulation, tissue metabolism, and oxygenation. Specifically, we discuss the
positive and negative consequences of the interaction of AVP and steroid hormones in the
development of hypertension and heart failure.
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2. Interactions of the Hypothalamo-Pituitary—Adrenal System with Vasopressin at the
Cellular Level

2.1. Genomic and Nongenomic Actions of Steroid Hormones

Multiple studies show that steroid hormones exert both rapid and delayed cellular
effects that are mediated by specific types of non-genomic and genomic receptors located
either in the cellular membrane or intracellularly [23-26]. The receptors of specific steroids
are encoded by different genes and their activation may result either in stimulatory or in
inhibitory effects, depending on the cell type.

In the individual cell, steroid ligands cooperate with local transcription factors and
other regulatory compounds [27,28]. The essential role of binding to receptors and mo-
bilizing posttranslational modifications is played coactivators, which are involved in the
integration of cellular processes and the adjustment of cellular responses to current needs.
An especially important role is attributed to steroid receptor coactivators (SRCs, namely
SRC1, SRC2, and SRC3), which are known as Nuclear Receptor Coactivators (NCOASs),
and to Coactivator Binding Inhibitors (CBIs) [29,30].

Mineralocorticoid receptors (MRs, MCRs), glucocorticoid receptors (GRs), estrogen
receptors (ERs, ESRs), androgen receptors, and progesterone receptors (PGRs) belong to
a subfamily three of nuclear receptors possessing the ligand binding domain (LBD), the
DNA-binding domain (DBD), and the N-terminal domain (NTD). In their inactive state, the
receptors are present in the cytoplasm in a multiprotein chaperon complex, which contains
the ligand-binding cleft identifying and binding the ligand. Binding elicits conformational
transformations within the complex that permit the subcellular trafficking of the ligand to
the target within the cell and its interaction with DNA [31,32].

Glucocorticoid and Mineralocorticoid Receptors. In humans, the function of glucocorti-
coids is served by cortisol, whereas in the rat it is served by corticosterone, which acts also
as a mineralocorticoid. Glucocorticoid and mineralocorticoid receptors are members of
the nuclear receptor superfamily of transcription factors (TFs) that modulate processes
of transcription through direct binding to the glucocorticoid response element (GRE) or
mineralocorticoid response element (MRE) in DNA. A DNA-binding domain is 96% iden-
tical in GRs and MRs. The receptors possess also a C-terminal ligand-binding domain
(CT-LBD) and an amino-terminus domain (NTD). GR is a 97 kDA protein encoded by
the NR3C1/Nr3c1 gene (in humans located in chromosome 5) and cooperates with several
co-regulators [32-34]. An amino-terminus contains AF-1 and AF-2 regions which interact
with CT-LBD and can stimulate transcription in the absence of a ligand [35-39].

The binding of the ligand by a GR initiates a cascade of events enabling the translo-
cation of the ligand-bound receptor to the nucleus. In the nucleus, the receptors bind to
specific DNA sequences which are known as glucocorticoid response elements (GREs) and
negative glucocorticoid response elements (nGREs) [40,41]. The regulation of GREs appears
to play a dominant role in the cellular processes of neurons [23,40]. The direct occupancy
of nGRE results in the repression of the target gene. Steroid receptor coactivators (SRCs)
appear to participate in the repression of CRH expression by GRs in the hypothalamus. In
the nucleus, MRs and GRs can also interact with some other active proteins (MAZ—myc-
associated zinc finger protein, AP-1—activator protein 1, NF-kB—nuclear factor kB, and
SRC-1/2/3) that operate as ligand-selective co-regulators. They can induce a remodeling
of gene conformation and may initiate the formation of transcription-initiation complexes.
GRE-DNA interactions are modulated by chromatin configurations. In the cardiovascular
system, the expression of MRs is higher in males than in females [42].

Glucocorticoid receptors have also been identified in the mitochondria, where they
regulate mitochondrial gene transcription. In neuronal mitochondria, GRs interact with
Bcl-2 protein and form GR/Bcl-2 complexes. Interestingly, a short action exerted at a low
density intensifies the formation of complexes, whereas, in high doses, cortisol exerts
opposing effects [43]. The interaction of Bcl-2 with other regulatory factors determines the
specificity of the actions of glucocorticoids in various organs [37,44,45].
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Glucocorticoids also modulate the process of transcription indirectly by physical in-
teraction (tethering), which does not require direct contact with DNA but engages the
activation of transcription factors. In various types of cells, these factors may act either as
co-activators or as co-repressors. The tissue—cell-dependent expression of co-regulators
causes specific the tissue—cell action of steroid molecules [30,37,46—48]. It is likely that
protein—protein interactions mediate the rapid effects of steroid hormones and play an
essential role in the trans-repression of genes by glucocorticoids in hypoxia and inflamma-
tory processes. For instance, it has been found that they interact with hypoxia-induced
factors (HIFs) at the level of the promoter region of the inflammatory genes and can either
enhance or inhibit the activation of the HIF pathway [47,49]. It has been postulated that,
during inflammatory processes, the co-activating function of steroids determines collagen
synthesis, the generation of reactive oxygen species, and the engagement of peroxisome
proliferator-receptor gamma co-activator 1-alpha (PGC-1c), as well as the activation of p38
mitogen-activated protein kinase and nicotinamide adenine dinucleotide phosphate oxi-
dases (NOX) 2 and 4 [50,51]. On the other hand, glucocorticoids can inhibit inflammation
through the repression of genes engaged in the synthesis of pro-inflammatory proteins
(AP-1, NFkB) and through the enhancement of the expression of genes involved in the
generation of anti-inflammatory compounds [47,52].

There is evidence of reciprocal interactions between glucocorticoid receptors’ path-
ways. For instance, it has been shown that GRs can induce the expression of genes that
promote or inhibit the p38 MAP kinase pathway (MAPK) [51]. Furthermore, the expression
of GRs and their responsiveness to glucocorticoids is regulated by microRNAs, whereas
the expression of microRNA is regulated by glucocorticoids [53].

The mineralocorticoid receptor is also known as the nuclear receptor of subfamily
3, group C, member 2 (NR3C2). MRs bind mainly aldosterone, but they also show high
affinity to cortisol and androgens. The importance of cortisol and aldosterone in specific
cell types largely depends on the availability of 11-3-hydroxysteroid dehydrogenase type
2 (113-HSD2), which converts active cortisol into inactive cortisone. The opposite action
is exerted by 113-HSD1, which transforms cortisone into cortisol. The availability of
113-HSD2 in several regions of the brain causes aldosterone to have good access to brain
MRs and be able exert potent regulatory effects in spite of the fact that its concentration
in plasma is hundreds of times lower than the concentration of cortisol [54-56]. In the
heart, cardiomyocytes and macrophages do not express 113-HSD2 and both cortisol and
aldosterone participate in MR stimulation. Moreover, in the heart, aldosterone exerts some
effects through cross-talk with cardiac G-protein-coupled receptors (GPCRs) [57]. Activated
MRs can form homodimers or can associate with GRs and form heterodimers.

MRs are present in the kidney, heart, and vessels, where mineralocorticoids participate
in the regulation of hypertrophy, fibrosis, inflammation, and apoptosis. Mineralocorticoids
can act either directly on NR3C2 receptors or their action can be mediated by the formation
of other active molecules, such as interleukin-1 (IL-1), tumor necrosis factor o« (TNF-«),
cardiotrophin-1 (CT-1), and Toll-like receptor 4 (TLR-4). During the inflammatory process,
inflammatory cytokines (IL-1, IL-6, TNF-«) act synergistically with mineralocorticoids and
can act jointly through the inhibition of ACTH secretion in the hypothalamic—pituitary—
adrenal axis [58]. In the rat’s mesangial cells, aldosterone was found to stimulate NF-«B
and glucocorticoid-inducible protein kinase-1 (SGK1) activities. It also elevates promoter
activities and the protein expression of intercellular adhesion molecule-1 (ICAM-1) and
connective tissue growth factor (CTGF). There is evidence that these factors are involved in
aldosterone-mediated mesangial fibrosis and inflammation [59].

In cardiomyocytes, the genomic action of aldosterone mediated by MRs participates in
the regulation of chronotropic and hypertrophic actions. It has been shown that aldosterone
enhances the expression of mRNA which codes for the x1H protein, and the latter is a con-
stituent of CaV3.2 channel, which is one of the two T channels of cardiomyocytes [60-62].
The action of aldosterone on the T channels is presumably indirect, because the gene
CACNA1h, which codes for the CaV3.2 T-type channel, does not possess an MRE. The in-
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creased formation of reactive oxygen species (ROS) and their involvement in the regulation
of the affinity of steroid hormones to MRs should also be taken into consideration [63-66].
In the cardiovascular system, the genomic and non-genomic effects of aldosterone are also
modified by angiotensin II (Ang II) [39].

In the brain, MRs have been identified mainly in the hippocampus, septum, and other
limbic structures, whereas GRs are expressed in the septum, hippocampus, brain stem,
and the prefrontal cortex [44,65-67]. The affinity of corticosterone to the MRs in neurons is
10-fold higher than to their GRs [65-67]. MRs are associated with the cellular membrane
and, after their activation, they are translocated with the help of (3-arrestin to the cells
where they can exert their action through non-genomic GPCR processes [25,57].

Androgen, Estrogen, and Progesterone. Both in males and females, androgens are syn-
thesized in the adrenal glands (mainly in the zona fascicularis and the zona reticularis), in
the brain (mainly in the hippocampus), and in the liver [68]. In males, testosterone is
produced chiefly by the Leydig cells of the testes, while, in females, testosterone and
its metabolites are produced primarily in the adrenal glands and ovaries. The cells of
the adrenal cortex also synthesize dehydroepiandrosterone (DHEA), androstenedione,
androstendione, androstenediol, and 11-B-hydroxyandrostenedione. Testosterone can
be converted to dihydrotestosterone by 5a-reductase, while deoxycorticosterone is con-
verted into dihydrodeoxycorticosterone. Both DHEA and testosterone are able to stimulate
androgen receptors; however, DHEA has significantly greater androgenic activity than
testosterone. Aromatase-producing dihydrotestosterone is also involved in the formation
of estradiol, which is engaged in the stimulation of estrogen receptors. This gene, which
encodes aromatase (CYP19A1), is located on chromatosome 15 and has been identified in
the lungs, vessels, and multiple brain regions [69,70]. The process of the aromatization of
testosterone to estradiol occurs in several peripheral tissues and in the brain [68].

Androgens, estrogens, and progesterone interact with receptors in the brain, heart,
and vessels and participate in the regulation of the cardiovascular system by means of
classic genomic and non-classic pathways [71-78]. Androgen receptors were identified in
cells of the reproductive system, bones, vessels, and brain [78,79]. In the brain, ARs are
present in the cortex, midbrain, brain stem, and spinal cord. Specifically, a high density of
AR immunoreactivity was found in the olfactory bulb, the nucleus accumbens, the medial
amygdala, the bed nucleus of the stria terminalis, the medial preoptic area, the septum, the
mesencephalic periaqueductal gray (PAG), the dorsal raphe nucleus, the substantia nigra,
the area postrema, the dorsal motor vagus nucleus, and in the preganglionic cells of the
autonomic nervous system [75,77].

Androgen signaling engages several molecular pathways. The primary androgen
receptor is a nuclear transcription factor that is activated mainly by testosterone and
dihydrotestosterone. Non-stimulated ARs are present mainly in the cytoplasm and are
associated with heat shock proteins (HSPs). The association of androgen with ARs allows
the dissociation of these receptors from chaperone proteins and the translocation of the
androgen—AR complex to the nucleus, where it binds to the androgen-response element
(ARE) and regulates gene transcription. Androgens also regulate rapid non-genomic
processes, engaging G-protein-coupled receptor family C (GPRC6A), zinc transporter ZIP9
membrane-receptor, and oxoeicosanoid receptor (OXER). Consequentially, through their
activation of the genomic-dependent and non-genomic dependent signaling pathways,
androgens initiate transcription processes and activate canonical pathways associated with
the activation of ionotropic receptors, G-protein-coupled receptors activating PLC, calcium
transporters, and endothelial nitric oxide synthase (eNOS). Testosterone can also stimulate
membrane ARs, which bind to Src and activate the MAPK pathway. The transactivation of
membrane ARs by other ligands has also been reported [78,79]. Most likely, the activation
of rapid non-genomic processes is essential for the fast action of androgens, such as their
cell migration, mitosis, and inflammatory processes [80-82].

Estrogens easily penetrate the cellular membrane, reaching their highest concentration
within the nucleus compartment [83-85]. In cells, they regulate long-lasting processes by
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means of nuclear receptors and rapid non-genomic processes. Nuclear estrogen receptors
ESR1 (ERx) and ESR2 (ERf3) are codified by the ESR1 and ESR2 genes. ESR1 is located
on chromosome 6 (6q25.1) and ESR2 on chromosome 14 (14q23.2). Both receptors act as
transcription factors that mediate the transcriptional activity of estrogens with reference
to specific genes. In the absence of the ligand, ESRs are associated with HSP and do not
express transcriptional activity. After activation by the ligand, ESRs interact with the
estrogen response element (ERE) and operate either as monomers or as dimers (ESR1-ESR1;
ESR2-ESR2 or ESR1-ESR2). In the nucleus, estrogens enhance the transcription of specific
target genes [74,83-85] Estrogens can also modulate the expression of other genes acting
indirectly via the activation of PI3K/Akt and MAPK/ERK pathways, as well as through
the inhibition of the JNK pathway [86].

Multiple essential actions of estrogens, such as the inhibition of ROS production, the
regulation of mitochondrial ATP levels, and the formation of mitochondrial structural
conglomerations, occur in the mitochondria [87,88]. Recently, attention has been drawn to
the essential role of estrogens in the regulation of mitochondrial bioenergetics in human
subjects [89]. Estrogens also interact with the membrane-associated G-protein-coupled
receptor (GPER, named GPR30) which is present in the endoplasmic nucleus, Golgi ap-
paratus, and cellular membrane. GPERs are involved in the rapid non-genomic actions
of estrogens that are mediated by extracellularly activated kinase (ERK), cyclic adenosine
monophosphate ((AMP), and Ca?. With regard to the cardiovascular system, it is essential
to note that the stimulation of estrogen receptors results in the activation of several rapid
and long-lasting cellular processes which are essential for the function of the heart and
vessels. Functionally effective ESRs are present in the cardiac and vascular smooth muscle
cells and modulate the function of the perivascular unit [90,91]. GPERs, ER«, Erf3, and
GPRE1 are widely represented in most cell types of the cardiovascular system and in the
adipose tissue [86,92,93]. The processes of the stimulation of ERs involve the activation
of the phosphoinoisitide 3-kinase-serin/threonine-specific kinase B (PI3K/Akt/eNOS)
and mitogen-activated protein kinase MAPK/eNOS pathways, which are engaged in the
production of NO and play an essential role in vasodilation. Moreover, it has been shown
that, in cardiomyocytes, estrogens regulate the activity of calcium-handling proteins, in-
cluding L-type Ca?* channel (LTCC), ryanodine channel (RYR), sarcoplasmic reticulum
Ca?* ATPase, and sodium—calcium exchanger (NCX). Thus, it has been suggested that
complex reciprocal interactions between the activation of estrogen receptors and calcium
signaling pathways may play an essential role in the regulation of cardiomyocytes’ activi-
ties [73,94]. Furthermore, it has been reported that estrogens exert an antioxidant action
and regulate cell contractility through effects exerted on the calcium-dependent signaling
pathways operating in the cardiac mitochondria and sarcoplasmic/endoplasmic reticulum,
where they modulate Ca®*-ATPase 2a (SERCA2a) activity and the function of calcium ion
channels [73,95-98]. Altogether, it is likely that, in the heart, a deficiency of estrogen may
result in disturbances in calcium homeostasis. It has also been reported that the interaction
of ERx with peroxisome proliferator-activator receptors (PPARs) causes a repression of the
transactivation of the PPAR in the heart and vessels [86].

It is likely that estrogens may also influence the function of the cardiovascular system
through actions exerted in the brain as their receptors are widely expressed in multiple brain
regions involved in cardiovascular regulation, such as the frontal cortex, the sensorimotor
cortex, the thalamus, the hypothalamus, the amygdala, the ventral tegmental area, the
hippocampus, the dorsal raphe nucleus, and the cerebellum [72,99]. Finally, it should be
noted that the activation of ERx and GPERI1 plays a significant role in the modulation of
the immune processes that are activated in cardiovascular diseases [74,84,91,100,101].

The action of progesterone (P4) is mediated through genomic signaling, engaging
two subtypes of nuclear receptors (PGRA, PGRB), and through non-genomic G-protein-
associated membrane-progestin receptors (mPRs). Some actions of PG can also be exerted
by GRs [102-104].
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Neurosteroids. Some steroids, which are known as neurosteroids, have been identified
in the nervous system and act preferably on neuronal membrane receptors. Among them
are steroid sulfates, such as DHEAS, which is a product of the sulfation of DHEA [105]. It
is suggested that neurosteroids play a significant role in the modulation of the action of
other steroids and classical neurotransmitters. Their action is not a subject of discussion in
the present survey (see [103-106] for a further review of this topic).

2.2. Genomic and Non-Genomic Effects of Vasopressin

Vasopressin, which is a principal vasopressin peptide in mammals, is synthesized
mainly in the neurons of the hypothalamic supraoptic, paraventricular, and suprachias-
matic nuclei. The majority of the axons of these neurons reach the posterior pituitary,
where AVP is released into the blood and can be distributed to peripheral organs. Some
of the axons reach the median eminence and release AVP into the hypophyseal portal
system and the anterior pituitary, where vasopressin contributes to the regulation of ACTH.
Vasopressin-expressing cells have also been identified in the brain regions engaged in
the regulation of blood pressure, metabolism, pain, stress, and anxiety. Among them are
neurons of the brain cortex, olfactory bulb, BNST, dorsomedial hypothalamic nucleus,
nucleus of the diagonal band of Broca, circumventricular organs, brain stem, and spinal
cord [107-109]. In addition, AVP mRNA has been detected in the heart and vessels and in
pancreatic tissue [110,111].

The vasopressin gene is located in chromosome 20 and consists of three exons (A,
B, and C). The exon A codes for a signal peptide, vasopressin peptide (Cys-Tyr-phe-Gln-
Asn-Cys-Pro-Arg-Gly-NH2), a three-amino acid spacer, and the first nine (NH; terminal)
aminoacids of neurophysin (NP). Exon B codes for the mid-portion of NP, whereas exon C
codes for the terminal portion of NP, a cleavage site, and the COOH-terminal glycopeptide
(GP, known as copeptin). Copeptin consists of 39 aminoacids and is released from neurons
in equimolar quantities with AVP [112,113]. Because the copeptin molecule is more stable
than the vasopressin molecule, measurements of GP concentrations are frequently used as
a marker of AVP levels. Measurements of GP levels have been included in ESC guidelines
on myocardial infarction and as a biomarker of inflammation [114-116].

The expression of the vasopressin gene is influenced by changes in body fluid’s
osmolality and blood volume, as well as by constituents of the hypothalamo-hypophysial-
adrenal axis, pain, cytokines, and inflammation factors, especially those associated with
COVID-19 [113,117-121]. Vasopressin gene expression and AVP mRNA abundance are
enhanced by chronic osmotic simulation and are decreased by hypoosmolality. The os-
motically induced increase in AVP mRNA and the release of AVP by neurons of the
hypothalamo-neurohypophyseal axis are potentiated by the administration of lipopolysac-
charide and the enhanced release of IL-13 and IL-6 in the posterior pituitary [122]. The
expression of the AVP gene in the hypothalamus is potentiated by IL-1 and IL-2. More-
over, IL-1f3 stimulates the release of CRH, AVP, and melanocortin-stimulating hormone
(«-MSH) [123,124].

It has been shown that hypoosmolality induces GRs’ expression and that this is related
to corticosterone-negative feedback on AVP transcriptions. The above data support the
hypothesis that the AVP gene is directly inhibited by glucocorticoids and that the induction
of GRs in the hypothalamic cells suppresses AVP expression during prolonged hypoosmo-
lality [112]. However, it should be noted that during prolonged increases in corticosteroids’
concentrations, such as the one takes place during autoimmune inflammation, vasopressin
neurons can escape from glucocorticoids” inhibition, presumably due to the increased
engagement of inflammatory cytokines [125].

Osmotic stimulation induces the rapid upregulation of CRH in vasopressinergic neu-
rons of the hypothalamic magnocellular nuclei [126]. There is evidence of the coordinated
regulation of AVP and CRH genes by glucocorticoids. It has been shown that adrenalec-
tomy causes the enhancement of CRH and AVP immunoreactivity in the hypothalamus
and elevated CRH immunoreactivity in the cerebral cortex, the amygdala, and the BNST.
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Since the stimulatory effect of adrenalectomy on the expression of AVP and CRH in the
hypothalamus could be reduced by the administration of dexamethasone, it was concluded
that glucocorticoids produced in the adrenal glands play a primarily inhibitory role in the
regulation of AVP and CRH secretions [127]. The PVN neurons express glucocorticoid
receptors and glucocorticoids reduce AVP gene expression in the parvocellular neurose-
cretory neurons of the PVN [128]. The AVP gene and CRH gene possess cAMP response
elements (CREs), that are activated by intracellular cAMP, and AP1 and AP2 transcription
factors can be repressed by glucocorticoids. In the PVN neurons, the expression of the
CRH and AVP genes is regulated by nGREs and serum response elements [113,129,130].
Vasopressin neurons also express MRs and there is evidence that aldosterone and corticos-
terone increase the sodium channel (ENaC) leak current through an action exerted at the
promoter region of the y ENaC gene [131]. The magnocellular neurosecretory neurons of
the PVN and SON, as well as of other brain regions, express 113-HSD2, and this increases
their sensitivity for aldosterone [56,132].

It appears that, during restraint stress, the inhibitory effect of glucocorticoids on CRH
and AVP mRNA expressions in the PVN neurons can be modulated by the concomitant
release of testosterone [133]. During chronic stress, glutamergic, gamma-aminobutyric acid
(GABA), and noradrenergic terminals exert a number of convergent actions that jointly
regulate the activity of the CRF and AVP neurons of the PVN [134]. Growing evidence
indicates that androgens play an essential role in the regulation of neurons expressing CRH,
AVP, dopamine, and serotonin during stress-related behavior [135].

Vasopressin receptors. Arginine vasopressin stimulates two subtypes of V1 receptors
(V1R), known as V1aR and V1bR, and one type of V2 receptor (V2R). The AVP receptors
belong to a family of G-protein-coupled receptors. In high concentrations, AVP also
interacts with oxytocin receptors [109,136-139]. The AVPR1a gene has been mapped to the
12q14.2 locus and AVPRI1b to the 1q32.1 locus. The AVP2R gene is located on the long arm
of the X-chromosome (Xq28). The mutation of the V2R gene is inherited in an X-linked
manner and results in congenital nephrogenic diabetes insipidus, which is characterized by
strong polydipsia and polyuria [140,141]. It has been shown that vasopressin receptors can
act as homodimers and as heterodimers and it is likely that their dimerization influences
the effectiveness of the stimulation of the target cells. Specifically, the formation of V1aR
and OTR and V1bR and corticotropin-releasing hormone receptor (CRHR) heterodimers
has been well documented [142,143]. The expression of vasopressin receptors is regulated
by corticosteroids [144].

Vasopressin V1aR mRNA and protein have been detected in multiple organs and
tissues, including the heart and vessels, and their expression is altered in pathological
processes [113,138-145]. In cardiac ventricular sarcolemma, vasopressin was found to open
Katp channels through an action exerted on V1R [146]. AVP was also found to reduce
Ca?* influx through L-type Ca?* channels, and this effect can be abolished by a blockade of
V1aR [147]. There is evidence that the stimulation of cardiac V1aR decreases cardiac beta
receptors’ responsiveness [148].

In vitro experiments on H9¢2 rat ventricle cardiomyocytes exposed to hypoxia re-
vealed that AVP acting on V1aR in a V1aR/GRK2/3- arrestin1/ERK1/2-dependent manner
enhances cell survival. It has been suggested that, during heart failure, when the levels of
circulating AVP are elevated, the inhibition of G protein-coupled receptor kinase 2 (GRK2)
can potentially exacerbate negative V1aR-mediated effects by preventing receptor desen-
sitization and augmenting Gaq protein-dependent signaling [149,150]. In the heart, the
stimulation of V1aR is also engaged in the generation of pro-inflammatory cytokines and
in the development of inflammation and fibrosis. AVP increases IL-6 mRNA and protein
levels in cardiac fibroblasts and this effect requires the activation of GRK2 and NF-«B [151].
In addition, it has been shown that endotoxemia induced by lipopolysaccharides and the
concomitant increase in IL-13, TNF-«, and interferon gamma causes a downregulation of
V1aR gene expression in the heart, vessels, liver, and lungs, as well as a reduction in the
responsiveness of vascular smooth muscle cells. It is likely that the diminished responsive-
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ness of V1aR to vasopressin accounts for its inadequate stimulation during the circulatory
shock that can occur during endotoxemia [152].

A growing number of studies provide evidence of the interaction of AVP with corti-
costeroids in other organs, whose proper action is necessary for the appropriate regulation
of cardiovascular functions, such as the brain and the gastrointestinal system. The ad-
ministration of corticosterone was found to decrease the expression of V1aR in the lateral
septum and the hippocampus [144]. The stimulation of V1aR in cortical astrocytes was
found to exert a neuroprotective action and this effect was associated with the activation of
the nuclear transcription factor cAMP response element-binding protein (CREB) and with
a prominent decrease in IL-13 and TNF-« gene expressions [146]. Vasopressin also plays
an essential role in the regulation of the gut microbiome [151]. The enhanced stimulation
of V1aR may participate in the habituation of the release of ACTH, corticosterone, and
testosterone to repeated stress in Sprague Dawley rats [153].

V1b receptor mRNA is expressed in the corticotropic cells of the brain and in the
anterior pituitary, the adrenal gland, the heart, the kidney, the thymus, the lung, the spleen,
the pancreas, the uterus, and in white adipose tissue [154-156]. In the brain, VIbR mRNA
was detected in the olfactory bulb, the cortex, the hippocampus, the hypothalamus, the
septum, and the cerebellum; however, its expression was lower than the expression of V1aR
mRNA [156]. In the pancreas, stimulation of V1bR potentiates the secretion of insulin from
(3 cells where AVP acts synergistically with CRH [156]. Thus far, there is no convincing
evidence of the presence of V2R in the heart and vessels and of their direct involvement
in the regulation of cardiovascular functions via vasopressin. Nevertheless, through the
stimulation of V2R in the kidneys and through the regulation of urine concentrations
and body fluid natremia, AVP may modulate the effects of the stimulation of VIR in the
cardiovascular system [153-158].

3. Role of the Hypothalamo-Pituitary—Adrenal System and Vasopressin in the
Regulation of Energy Balance and Water—Electrolyte Balance at Rest and during
Neurogenic Stress

3.1. Regulation of Steroids Secretion

The synthesis of glucocorticoids in the adrenal cortex is regulated mainly by ACTH,
which is released from the pituitary gland. The secretion of ACTH is closely regulated
by CRH and AVDP, which are supplied principally by neurons of the PVN [158-160]. Glu-
cocorticoids released from the adrenal cortex and ACTH secreted from the corticotropic
cells of the pituitary gland are able to inhibit the reciprocal secretion of CRH from the
hypothalamic neurons [113,129,161] (Figure 2).

The secretion of glucocorticoids from the adrenal cortex is regulated by the circadian
rhythm; however, the daily rhythm of glucocorticoid release may be influenced by other
factors, such as gender, aging, early life stress, inflammatory diseases, pregnancy, and
lactation [159,162]. ACTH binds on the surface of cells of the fascicular layer of the adrenal
cortex with the G protein-coupled melanocortin type 2 receptor (MC2R), which activates
the 3',5'-cyclic AMP signaling cascade, enabling the penetration of cholesterol into the inner
mitochondrial membrane. Cholesterol is converted by cytochrome P450 into pregnenolone,
which is converted in several steps to progesterone, 11-deoxycortisol, and cortisol (the
main glucocorticoid in humans), or corticosterone (the main glucocorticoid in rodents)
(Figure 3) [159].

ACTH also stimulates the synthesis of aldosterone in the glomerular layer of the
adrenal cortex. Aldosterone is synthesized from cholesterol in the inner mitochondrial
membrane with the participation of aldosterone synthase (CYP11B2). The process of its
synthesis includes the formation of pregnenolone and the conversion of pregnenolone to
11-deoxycorticosterone (DOC) in the smooth endoplasmic reticulum (Figure 3). Further
processing to aldosterone takes place again in the mitochondria [163,164]. The synthesis of
aldosterone in the adrenal cortex can also be stimulated by the renin-angiotensin system
(RAS) and by extracellular potassium concentrations [163].
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Figure 2. The regulation of the secretion of hormones of the hypothalamo—pituitary—adrenal
axis. ACTH-—adrenocorticotropic hormone, AVP—arginine vasopressin, CRH—corticotropine-
releasing hormone, FSH—follicle-stimulating hormone; GnRH—gonadotropine-releasing hormone,
LH—Iluteinizing hormone, + stimulation, - inhibition. Other explanations are in the text.

Androgens, as well as estrogen and progesterone, are released during the activation of
the HPA, which plays a crucial role in the regulation of the ovarian cycle. The hypothalamic
cells synthesize GnRH, which stimulates the release of LH and FSH from the anterior
pituitary gland. In the woman, FSH stimulates follicular maturation and the release of
estrogen in the follicular phase, while LH triggers ovulation as well as the release of pro-
gesterone from the corpus luteum (ruptured follicle) in the luteal phase. Estrogens released
from the ovaries and acting through reciprocal inhibition are able to slow down the activity
of both the pituitary gland (the synthesis and secretion of FSH and LH) and the hypotha-
lamic neurons (the synthesis and secretion of GnRH), thereby generating the menstrual
cycle [164,165]. Estrogens are synthesized as a result of the action of the aromatase, which is
responsible for the aromatization of androgens into estrogens (Figure 3) [166]. The main site
of the expression of aromatase in premenopausal women is located in the ovarian granulosa
cells. In pregnant women it is also present in the placental syncytiotrophoblast. Both in
men and in postmenopausal women, fibroblasts of adipose tissue and skin contribute to
estrogen synthesis [167]. During reproductive life, women show a characteristic periodicity
in their secretion of ovarian hormones, which corresponds to the monthly menstrual cycle.
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As already mentioned, androgens are synthesized mainly in adult female ovaries and
in male testes. In addition, their synthesis is stimulated by ACTH in the reticular zone of
the adrenal glands (mainly dehydroepiandrosterone sulfate, DHEA /-S; 4-androstenedione,
A4; and 113-hydroxyandrostenedione). Androgens are metabolized in the liver and sub-
sequently excreted by the kidneys [168]. In men, the dominant androgen is testosterone;
its concentration is 15 times higher than in women [169,170]. Testosterone synthesis in
men takes place in the Leydig cells of the testes (Figures 2 and 3). The activation of
the Leydig cell LH receptors by LH initiates an intracellular signaling cascade, which
involves the stimulation of adenylate cyclase, the increased production of cAMP, and
the activation of adenosine-dependent kinase [171]. As a consequence of the activation
of cAMP-dependent intracellular signal transduction, cholesterol can be transferred to
the mitochondria by the steroidogenic acute regulatory protein (STAR), the translocator
protein (18 kDa; TSPO), and other transducosome proteins [172]. In the mitochondria of
Leydig cells, cholesterol is converted to pregnenolone by the cytochrome P450 enzyme
located on the matrix side of the inner mitochondrial membrane, which cleaves the C27
cholesterol side chain (CYP11A1). Subsequently, after transfer to the smooth endoplasmic
reticulum, pregnenolone is metabolized to testosterone by 33-hydroxysteroid dehydroge-
nase (33-HSD; HSD3B), 17x-hydroxylase /17,20 lyase (CYP17A1), and 173-hydroxysteroid
dehydrogenase type 3 (173-HSD3, HSD17B) (Figure 3) [173-175].
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3.2. Interaction between Steroids and AVP in the Regulation of Energy Balance

Multiple studies indicate that both steroid hormones and vasopressin play an impor-
tant role in the regulation of energy balance. Glucocorticoids promote glucose production in
the liver and reduce peripheral glucose uptake by the muscle and adipose tissue. They also
increase the breakdown of the constituents of fat and muscle, thereby providing additional
substrates for glucose and free fatty acids” production [176].

Vasopressin is involved in the regulation of food intake and energy balance via a wide
range of central and peripheral actions exerted on cellular growth and proliferation, protein
turnover, lipid metabolism, and glucose homeostasis [177].

3.2.1. Animal Studies

It has been shown that endogenous nucleobindin-2 (NUCB2)/nesfatin-1 regulates
AVP and oxytocin in the PVN of male mice, and this is associated with a resetting of fluid
balance and food intake, and with an increase in body weight without a change in energy
expenditure [178]. Experiments on mice showed that the administration of an AVP analog
(Ac3IV) twice a day for 22 days not only reduces energy consumption, body weight, and fat
content, but also decreases blood glucose concentration, increases insulin sensitivity, and
significantly improves glucose tolerance and glucose-induced insulin secretion. Moreover,
it lowers total cholesterol and low-density lipoprotein (LDL) cholesterol and triglycerides
and increases high-density lipoprotein (HDL) cholesterol [179]. Several hormones affecting
energy balance play a significant role in the regulation of AVP secretion. Ghrelin, an orexi-
genic hormone, has been shown to stimulate vasopressinergic neurons in the hypothalamic
paraventricular nucleus and AVP secretion in a nutritional-status-dependent manner in
in vivo experiments. It also activated excitatory GABAergic synaptic input via a retro-
grade neuron-glial circuit in hypothalamic slices obtained from fasted rats [180]. On the
other hand, the cerebroventricular administration of adiponectin significantly reduced
basal plasma AVP concentrations in conscious rats in a dose-dependent manner, with the
maximum effect achieved 10 min after administration [181].

Additionally, it appears that AVP may exert thermogenic functions, as the exposure
of brown adipose tissue (BAT) adipocytes to AVP was found to increase uncoupling
protein-1 (UCP-1) protein expression, induce a time- and dose-dependent increase in p38
MAP kinase phosphorylation, and increase monocyte chemoattractant protein-1 (MCP-1)
mRNA and IL-6 expressions. In contrast, adiponectin mRNA expression was reduced [182].
Former studies have shown that acting, in the adipose tissue, on V1aR AVP may exert both
lipolytic and antilipolytic effects [183,184]. Its action on lipid metabolism through V1bR
is different. It has been shown that V1bR-deficient mice have a lower body weight and
greater epididymal adipose tissue mass in comparison to wild-type mice. It is believed that
AVP acting on V1bR receptors is able to influence lipid metabolism through the modulation
of insulin signaling. Currently, it appears that the stimulation of V1aRs results in the
impairment of glucose tolerance and in lipolytic action, whereas the activation of V1bRs
improves glucose tolerance and exerts an antilipolytic effect [185,186].

3.2.2. Human Studies

Elevated plasma copeptin (AVP substitute) concentrations have been demonstrated in
patients with type 2 diabetes and with type 1 diabetes [187]. Moreover, recent studies indi-
cate that higher concentrations of AVP or copeptin predispose patients to the development
of type 2 diabetes and metabolic syndrome and that the consumption of larger amounts of
water by people with high plasma copeptin concentrations results in a reduction in fasting
glucose or glucagon levels [188]. Studies on human populations revealed an association
of polymorphisms of the gene encoding AVP with metabolic disorders. A significant rela-
tionship was found between high copeptin levels and reduced insulin sensitivity, as well
as between AVP gene tagSNPs (CC genotype rs6084264, TT genotype rs2282018, C allele
rs2770381, and CC genotype rs1410713) and the incidence of hyperglycemia [189]. Similarly,
a specific polymorphism of the V1aR gene (T allele of rs1042615) has been associated with
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an increased incidence of type 2 diabetes in people who consume large amounts of fat or are
overweight [190]. In another study, the major A allele of rs35810727, a tagSNP of the V1bR,
has been associated with an increased body mass index (BMI) and type 2 diabetes [191].

3.3. Interaction of AVP and Steroids in the Regulation of Water—Electrolyte Balance

It is well known that the vasopressin system (VS) plays a pivotal role in the regulation
of water and electrolytes’ balance and that a lack of AVP results in the excretion of large
amounts of free water in the urine (polyuria) and in subsequent polydipsia [108,192-194].
The release of AVP is regulated by a variety of internal and external cooperating factors, act-
ing as anticipatory or consecutive signals [192,194-199]. The regulation of water—electrolyte
balance via AVP is a complex process in which the osmolality of the extracellular fluid
(ECEF), including the plasma and cerebrospinal fluid, plays a key role. ECF tonicity is sensed
by osmoreceptive neurons located mainly in the subfornical organ (SFO) and the organum
vasculosum of the lamina terminalis (OVLT), which are able to sense osmolarity using the
aquaporin (AQP) receptor and have direct connections with the PVN and SON [200,201].
The osmotically induced shrinkage of osmosensitive cells during dehydration causes the
activation of TRPV1 delta-N channels (a family of transient receptor potential cation chan-
nels) that sense mechanical stretch and allow the influx of cations into the cell [200,202].
In addition, the brain osmoreceptors” activity may be regulated by anticipatory signals
generated in receptors in the oropharyngeal region, esophagus, or stomach, which partici-
pate in the regulation of fluid intake. Specifically, information about the taste of water is
transmitted centripetally by the tympanic cord belonging to the facial nerve, information
about dry mouth is received via the trigeminal nerve, and information about the stretching
of the esophagus and stomach and the volume of water ingested are transmitted by the
glossopharyngeal nerve and by the vagus nerve [203].

In the kidneys, AVP regulates the activity of the aquaporin-2 (AQ2) water channel in
the collecting duct and participates in the process of urine concentration [204]. Moreover,
it stimulates sodium reabsorption, acting on the luminal sodium channel ENaC in the
cortical and outer medullary parts of the collecting tubules, and activates urea transporters
UT-Al and UT-A3 in the inner terminal medullary, increasing urea reabsorption in the
collecting tubules [205,206]. Additionally, at higher concentrations, AVP also increases
sodium reabsorption through the activation of Na-K-2Cl cotransporters (NKCC2) in the
thick ascending limb of the nephron loop (Henle’s loop) [207].

There is strong evidence that the regulation of water—electrolyte balance by vasopressin
is significantly influenced by steroid hormones.

Studies on Animals and Human Subjects

Experimental studies have shown that glucocorticoids” deficiency facilitates the ac-
tivation of V2 receptors in the renal collecting tubule [208]. It has also been shown that
the application of dexamethasone improves cardiac functions in rats with congestive heart
failure elicited by coronary artery ligation and that this effect is associated with a reduced
expression of V2R and AQP2 and AQP3 and with a reduced number of ENaC and Na-K-2Cl
cotransporters 3 in the renal collecting tubule [205]. In rats, the effects of dexamethasone
were abolished by the use of the glucocorticoid receptor inhibitor RU486 [205]. However,
clinical studies could not confirm the significant involvement of glucocorticoids applied
alone in fluid retention in critically ill patients. Therefore, it has been postulated that
the effects of steroid hormones on water—electrolyte balance are mediated mainly by the
activation of mineralocorticoid receptors [206].

It is well known that mineralocorticoids have a significant impact on electrolyte
balance, especially on sodium and potassium turnover, as well as on the clearance of free
water [207,208].

Currently, it also appears that gonadal steroids have a significant effect on the va-
sopressinergic system [209]. Experimental studies have revealed that the antidiuretic
function of AVP is more effective in male rats than in female rats [209]. Furthermore,
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its effect is more potent in females during estrus, when the level of circulating estrogen
is low [210]. In addition, ovariectomy was found to increase their antidiuretic response
to AVP to a level comparable to that observed in males, whereas estradiol substitution
reduced the antidiuretic effect of AVP to the level observed in non-estrus females [210].
It appears that estrogens may also influence the hypothalamic vasopressinergic neurons,
acting both through the ERx and ERf receptors. In this context, the presence of ERx on
osmoreceptive neurons of the SFO and OVLT, which send projections to the SON, has
been demonstrated [211-213]. Moreover, both ERx and ER3 have been detected in the
kidney, where the expression of ER« is prevailing [214]. Interestingly, GPER is a newly
discovered aldosterone receptor that mediates nongenomic aldosterone pathways. GPER
activation by aldosterone mediates water and sodium retention in the body and contributes
to vasoconstriction [215]. Recently, it has been shown that the production of aldosterone
may be influenced by progesterone [216].

It should be noted that testosterone, in addition to estrogen, can directly inhibit AVP
secretion [217]. However, it is frequently emphasized that the effect of testosterone, and the
action of some of its metabolites (x-androstane-33), on the release of AVP may be mediated
by ERp [214].

3.4. Interaction of AVP and Steroids in Neurogenic Stress

A number of studies provide evidence that neurogenically mediated stress causes
s joint stimulation of vasopressin-secreting neurons and CRH-secreting neurons, which
suggests that a coordinated regulation of AVP and CRH’s release and action may play an
important role in the modulation of neurogenic stress. Moreover, it has been found that, in
chronic stress and depression, the effects of CRH on ACTH release are strongly enhanced
by vasopressin, which is produced in increasing amounts when the hypothalamic PVN and
SON neurons are chronically activated [218,219]. It has been found that AVP is engaged in
stress-induced tachycardia and baroreceptor reflex (BRR) desensitization [220]. Clinical
studies have shown that healthy adults exposed to a social stress test respond with an
increase in serum copeptin concentration [218]. Experiments on mice showed that chronic
unpredictable stress (UCS) and ovariectomy influence AVP immunoreactivity in the lateral
magnocellular and the medial magnocellular subdivisions of the PVN [221]. The role of
vasopressin in the response to stress appears to differ in female and male C57BL/6 mice.
Namely, a six-week chronic variable stress (CVS) paradigm has been found to increase
sociability in female mice and to decrease AVP mRNA in the PVN, whereas, in male mice,
CVS had no effect on social behavior or AVP expression [222,223]. Studies conducted
on male Sprague Dawley rats subjected to 4 weeks of unpredictable chronic mild stress
(UCMS) showed that injections of small interfering RNA (siRNA) directed against V1aR
into the PVN prevent an increase in blood pressure and the elevation of renal sympathetic
nerve activity (RSNA), whereas the administration of scrambled RNA (scrRNA) into the
PVN elicits an increase in blood pressure. The results suggested that V1aR signaling in
the PVN contributes to the generation of neuro-cardiovascular responses to stress [224].
Research performed by Komnenov et al. (2021) showed that rats subjected to UCMS have
higher plasma AVP levels and a greater abundance of V1aR and V1bR transcripts in their
PVN. The rats also manifested a higher resting MAPK, heart rate, and RSNA, and these
effects could be eliminated by the combined inhibition of V1aR and V1bR [225].

More recently, human studies have shown that, during chronic stress, the hypothala-
mic activation of pituitary changes from the dominant CRH phenotype to the dominant
AVP phenotype; however, the cortisol level remains elevated because its metabolism is
reduced [222]. In addition, recent studies have provided evidence that the rs10877969
polymorphism of the V1aR gene is associated with the elevation of symptoms of stress and
acute pain [226].
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Sex Differences

It is well known that there are sex differences in the tolerance of stress and in the
predisposition to anxiety and depression that may be partly associated with different
regulations of the HPA in males and females [227,228]. Experimental studies have demon-
strated that female rats respond with larger increases in ACTH to neurogenic stress than
male rats and suggested that, during neurogenic stress, the gonadal steroids involved in
the regulation of sexual behavior and reproduction may have a potential impact on the
pituitary secretion of ACTH [229,230]. Subsequently, it has been shown that the secretion
of ACTH is regulated by a testosterone-dependent effect on the synthesis of AVP and by
a corticosterone-dependent effect on the synthesis of CRH in the PVN [231]. It is likely
that one of the reasons for differences in sex-related susceptibility to stress is the functional
heterogeneity of GRs and MRs in the brains of females and males, because a higher ex-
pression of MRs was found in the brain of the male mice than in the brain of female mice
manifesting depressive behavior [232]. Research performed by Woodward et al. (2023) on
female and male mice subjected to the UCMS procedure showed that female mice show
anxiety and depressive behavior associated with FosB activation in the neurons of their
medial prefrontal cortex (mPFC), expressing parvalbumin after 4 weeks of exposure, while
in male mice behavioral and biochemical alterations are observed not earlier than after
8 weeks of UCMS. Furthermore, the use of patch-clamp electrophysiology allowed the
researchers to demonstrate that there were time-corresponding sex-specific differences
in the altered neuronal excitability of mPFC cells after 4 and 8 weeks of exposure [228].
Rosinger et al. (2019), using a corticotropin-releasing factor 1 receptor (CRFR1) reporter
mouse line, demonstrated that male mice showed a significantly higher distribution of
cells expressing CRFR1 in their PVN compared to females; however, it should be noted
that this relationship was age-related, because it was observed only in older (20-24-month)
mice and not in mice during early post-natal life. Gonadectomy in adult six-week-old mice
resulted in a significant decrease in the number of CRFR1-immunoreactive cells in the PVN
in males but not in females. In addition, their CRFR1 cells showed moderate co-expression
with estrogen receptor alpha and high co-expression with androgen receptors. The use
of restraint stress resulted in a greater activation of CRFR1 cells in the PVN of male mice
than in the PVN of female mice [232]. Cox et al. (2015) examined the association of X chro-
mosome genes with behavioral disorders in an experimental model (fragile X syndrome,
autism) using a mouse model with an atypical sex chromosome configuration resembling
Turner (45, XO) and Klinefelter (47, XXY) syndromes. The researchers showed higher AVP
expression in the amygdala of female mice with one copy of the X-chromosome gene. A
reduced level of plasma AVP was found in girls with Turner syndrome [233].

The recent clinical studies of Cohen et al. (2023) have revealed that gender differences
in the reaction to stress already occur in young people aged 18-25, and they may be related
to the different activation of their prefrontal cortexes. Using GABA in magnetic resonance
spectroscopy, the authors were able to demonstrate significant differences in neuronal
activity in the responses to stress among the sexes. It should be noted that the differences
were especially evident in the ventromedial prefrontal cortex, which plays an essential
role in the regulation of the hypothalamic—pituitary, hypothalamic—pituitary—adrenal, and
hypothalamic—pituitary—gonadal axes [234].

4. Altered Interactions of Vasopressin with the Hypothalamo-Pituitary—Adrenal
System in Cardiovascular and Metabolic Diseases

4.1. Cardiovascular Diseases

Substantial evidence indicates that the central and peripheral interactions of steroid
hormones and vasopressin are reprogrammed in hypertension and that these modifications
may initiate and/or potentiate cardiovascular complications. Pietranera et al. (2004)
revealed that subcutaneous injections of deoxycorticosterone acetate cause significantly
greater increases in AVP and V1aR mRNA in the magnocellular divisions of the PVN in
spontaneously hypertensive (SHR) rats than in control SHR rats receiving oil vehicle [235].

121



Int. J. Mol. Sci. 2024, 25, 7394

It is possible that AVP contributes to the elevation of blood pressure in DOCA-induced
hypertension through the augmentation of the neurogenic component of vascular resistance.
Studies conducted on DOC-treated and saline-treated rats revealed a significant increase
in vascular resistance that was associated with amplification of the central sympathetic
tone only in DOC-salt rats. These effects were intensified by vasopressin. Moreover, a
reduction in vascular resistance was observed in DOC-salt rats treated with AVP antagonist
(I-deaminopenicillamine, 4-valine, 8-D-arginine vasopressin, dPVDAVP) and in those who
underwent lumbar sympathectomy [236]. Experiments on dogs maintained on a normal-
salt diet showed that a subcutaneous administration of DOC elicited an increase in blood
pressure, which was accompanied by an increase in cardiac output, hypernatremia, and an
elevation of vasopressin concentration in plasma and in the cerebrospinal fluid (CSF) at the
early stage of hypertension [237].

Some evidence suggests that an inappropriate interaction of steroid hormones and
vasopressin may play a role in the development of congestive heart failure. For instance,
it has been reported that the treatment of sheep with paced-induced heart failure with
urocortin 2 (Ucn2—a group of peptides sharing structural similarities with CRH combined
with canrenoic acid), which is an antagonist of mineralocorticoid receptors, led to better
hemodynamics than the application of canrenoic acid alone. The combined treatment
also contributed to reductions in PRA, Ang II, and AVP concentrations, as well as to an
improvement of the kidneys’ function [238].

4.2. Metabolic Diseases

A growing number of studies address the question of whether interactions between
AVP and steroids are altered in metabolic diseases. Clinical data, based on measurements
of blood copeptin concentrations, suggest that AVP may play a role in the pathogenesis of
the metabolic syndrome (MetS). In this line, obese men with elevated fat free mass and total
fat mass show higher fasting glucose and insulin concentrations, as well as an enhanced
pituitary response to combined CRH/AVP stimulation. These results suggest that the joint
stimulation of CRH and AVP, which is associated with an excessive stimulation of ACTH
release, may promote the development of body overweight, adiposity, and hyperinsuline-
mia [239]. There is also evidence that obesity causes a significant rearrangement of the
activation of the HPA by the noradrenergic system. For instance, noradrenergic transporter
activity (NAT) assessed in positron emission tomography (PET) was found to correlate
differently in obese and non-obese patients. In the non-obese patients, a positive correlation
was found between NAT and HPA activity, whereas in the obese patients the correlation
was negative. The study suggested that, in the obese patients, the regulation of HPA by the
noradrenergic system mainly activates the hypothalamic neurons, whereas in non-obese
subjects it engages the prefrontal-limbic cortex more intensively [240]. It has also been
postulated that the altered association of copeptin and insulin resistance is related to the
elevation of hepatic glycogenolysis; increased insulin, glucagon, and ACTH secretions; and
the enhanced activation of 113-HSD2 [241]. Links between specific steroid hormones and
vasopressin in hypoglycemia are less evident. It has been reported that insulin-induced
hypoglycemia increases the secretion of cortisol, but it does not affect plasma AVP lev-
els [242]. In another study, more drastic hypoglycemia (1.6 mmol/L), probably producing
hypoglycemic stress, caused a rapid significant increase in serum copeptin concentration,
which was positively correlated with ACTH and cortisol concentrations. Interestingly,
these effects were observed only in women. In men, there was no correlation between
copeptin and blood ACTH levels during hypoglycemia and only a poor correlation was
found between copeptin and blood cortisol levels during hypoglycemia [243]. Studies
conducted on AVP-deficient Brattleboro rats that were also suffering from diabetes mellitus
showed that AVP does not play a significant role in the regulation of the release of HPA
hormones during acute stress [244].

Balapattabi et al. (2021) examined the associations of liver failure with AVP secretion
and hyponatremia in terms of sex differences. They showed that male rats with a bile duct
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ligation (BDL) were hyponatremic and manifested significantly higher concentrations of
plasma copeptin and higher FosB expression in their supraoptic AVP neurons than the
sham males, whereas similar associations were not observed in female BDL rats [245]. A
study conducted in women with polycystic ovary syndrome revealed that their AVP peak
responses to hypoglycemia were negatively correlated with testosterone, androstenedione,
and endogenous insulin levels; however, there was no correlation between AVP and basal
and hypoglycemia-induced peak cortisol concentrations [246].

Overweight/obese women manifested higher ACTH and cortisol responses to AVP
tests and significantly greater hormone inhibition after alprazolam (benzodiazepine used
for the treatment of stress and depression) than controls. In both groups, AVP-induced
delta-peak cortisol values before and after alprazolam pre-treatment were significantly
correlated. Body fat distribution had no effect on the HPA’s response to AVP either before
or after alprazolam [247].

5. Impact of Therapeutic Interventions on Interactions of Vasopressin with the
Hypothalamo-Pituitary—Adrenal System in Health and in Cardiovascular and
Metabolic Diseases

As discussed in the previous parts of this review, there are several interconnec-
tions between steroids and vasopressin that are significantly affected in cardiovascular,
metabolic, and psychogenic disorders [157,168,239]. Thus, it is justified to assume that
various therapeutic interventions which have an impact on the vasopressinergic system
and the hypothalamo-pituitary—adrenal axis may potently influence the effectiveness of
AVP-HPA interactions.

Systemically applied corticosteroids are widely used in the therapy of inflammatory
and autoimmune disorders [163,236,248]. Their influence on the HPA and vasopressin
secretion resembles the role of endogenous corticosteroids in a negative feedback loop. A
post-mortem study by Erkut et al. (1998) on nine patients treated with a corticosteroid and
on eight control subjects demonstrated a significant decrease in CRH- and AVP-releasing
neurons in the hypothalamus. The study showed that the corticosteroid-treated patients
retained only 3.3% of their CRH-releasing cells and 33% of their AVP-releasing cells in
comparison to the control group [249]. Thus far, the clinical implications of these changes
have not been fully recognized. A study on premature infants with bronchopulmonary
dysplasia revealed that treatment with dexamethasone improved their pulmonary func-
tions but did not modify their AVP levels [250]. On the other hand, the administration
of corticosteroids in supraphysiological doses in a clinical trial on children with acute
lymphoblastic leukemia (ALL) resulted in the suppression of the HPA for a few weeks in
the majority of patients [251]. A decrease in AVP mRNA was also found in the SChN of
patients treated with corticosteroid (2-fold lower level in the SChN of patients exposed to
corticosteroid in comparison to control subjects). Accordingly, it has been proposed that
corticosteroid-induced changes in AVP synthesis may account for the circadian rhythm
abnormalities and sleep disturbances in steroid-treated patients [252].

It has been postulated that vasopressin synthesized in the magnocellular cells of the
hypothalamus participates in a phenomenon known as “corticosteroid escape”. According
to this hypothesis, inflammatory mediators (for instance IL-6) increase AVP release from
hypothalamic magnocellular PVN cells above physiological concentrations, which results in
a strong activation of adenylyl cyclases (AC2 and AC7) and an elevation of cAMP to a level
at which it can inhibit the negative feedback mediated by endogenous corticosteroids in the
HPA. Most likely, the rearrangement of mutual relations between CRH, AVP, interleukins,
and corticosteroids accounts for the “corticosteroid escape” that is observed during the
activation of the host immune system and that maintains corticosteroid release in spite
of the high dose of exogenous corticosteroid imposed by the therapy (Figure 4) [253].
However, the role of “corticosteroid escape” in the achievement of the optimum results
from systemic corticosteroid therapy is not yet fully determined.
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Figure 4. The phenomenon of “corticosteroid escape”. (A)—under normal conditions, corticosteroids

inhibit the release of corticotrpine-releasing hormone (CRH), (B)—during inflammatory states, the
activation of autoimmune processes’ and inhibition of CRH secretion via negative feedback are im-
paired and the activation of the HPA is maintained in spite of the high concentration of corticosteroids.
ACTH—adrenocorticotropic hormone, IL-6—interleukin 6, green arrows—stimulation, purple (red)
arrows—inhibition.

5.1. Steroids and Vasopressin Treatments in Cardiovascular Diseases

It is likely that the resetting of the vasopressin-HPA system by corticosteroids plays
a beneficial role in the treatment of severe cardiovascular disorders such as myocardial
infarction, shock, and cardiac arrest. A study on the rat model of myocardial infarction
revealed that a hydrocortisone administration during the early reperfusion period results in
decreased infarct size and in reduced oxidative stress [254]. The potentially beneficial role
of corticosteroids may result from their anti-inflammatory activity. There are some concerns
regarding the use of corticosteroids in acute myocardial infarction because of their negative
effects on wound healing and scar formation. The meta-analysis performed by Giugliano
et al. [255] indicated a slight reduction in cardiovascular mortality in patients with acute
myocardial infarction treated with corticosteroids. However, it should be noted that this
survey was based mainly on studies including small number of patients (less than 100)
and it did not equivocally indicate the benefit of treatment with corticosteroids [255]. In
another study, the best survival rate (91%) was found in patients with a low baseline cortisol
level and with an appropriate adrenal response to ACTH analogs (a difference between
minimum and maximum cortisol levels higher than 9 ug/dL) [256]. A study on a cohort
of 159 patients with septic shock revealed that the survival rate was significantly greater
when vasopressin was used together with hydrocortisone [257,258]. This finding suggested
a potential benefit of the joint application of corticosteroids and vasopressin in critically
ill patients. More recently, a randomized clinical trial on 512 patients from 10 hospitals
in Denmark showed a significant increase in the probability of the return of spontaneous
circulation (ROSC) in patients receiving a combined treatment of methylprednisolone
and vasopressin in comparison to patients receiving a placebo. However, there was no
difference in the 30-day mortality and neurological outcomes of the patients [259].
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Studies on overweight/obese women have shown that that obesity is associated
with higher ACTH and cortisol responses to AVP tests than those of women with normal
body weight, the control, which suggests that obesity may cause the disarrangement of
interactions of vasopressin with the HPA [247].

5.2. Impact of Anti-Depressive and Neuroleptic Treatments on Vasopressin—HPA Interactions

As was mentioned above, the vasopressin—-HPA system is controlled by monoamine
neurotransmitters, and the administration of anti-depressive or other neuroleptic com-
pounds, which interfer with monoaminergic transmission, significantly influences AVP-
HPA interactions (see Section 3.4).

Moreover, it has been reported that the activation of the HPA during stress seems
to be altered in patients with depression and that vasopressin plays a more important
role than CRH in the regulation of ACTH release in this group of patients [259,260]. The
altered action of vasopressin in patients with depressive and stress-related disorders opens
a discussion on the usefulness of selective AVP antagonists as anti-depressive or anxiolytic
drugs [261,262]. Undoubtedly, further studies are needed to explain whether the down-
regulation of the vasopressinergic pathways would play a beneficial role in these disorders.

A study upon an animal model of depression (olfactory bulbectomy in mice, OB mice)
revealed that OB mice demonstrated higher vasopressin and ACTH plasma levels. More-
over, it was possible to reverse theses elevations by chronic treatment with anti-depressive
drugs, namely fluoxetine (SSRI) and venlafaxine (SNRI) [261]. Another study on healthy
rats showed that antidepressant compounds, such as SSRI and desipramine (tricyclic antide-
pressant) influence the function of the HPA by means of vasopressin V1bRs [263]. Studies
on Wistar rats have shown that the AVP release from magnocellular and parvocellular cells
may be affected by neuroleptic drugs and that clozapine and olanzapine are more effective
than haloperidol [264].

A study on six patients with atrial fibrillation who qualified for electrical cardioversion
and six patients with depression who qualified for electroconvulsive therapy revealed a
significantly enhanced activation of their HPA after these interventions. In particular, their
AVP concentration increased by 7 times after electrical cardioversion and 2 times after
electroconvulsive therapy, whereas their plasma ACTH levels were elevated 3 times and 4
times, respectively [265].

6. Summary

The present review analyses the complex mechanisms underlying the cooperation
of vasopressin with hormones of the hypothalamo—pituitary—adrenal axis. As shown
in Figure 5, AVP cooperates with specific components of the HPA through interactions
occurring both in the central nervous system and in the peripheral organs.

This cooperation plays a significant role in the regulation of blood circulation, metabolism,
water—electrolyte balance, and behavioral adaptations to stress challenges. Vasopressin and
components of the HPA closely interact and can be considered a functionally united AVP-
HPA system. Growing evidence shows that cardiovascular and metabolic diseases, as well
as inflammation and stress, are associated with an inappropriate functioning of the AVP-
HPA system, and this question should be taken into consideration when pharmacological
treatment is planned. The final action of a specific steroid depends on the concentration of
the hormone, the type of stimulated receptors, the number of receptors, and the presence
of specific enzymatic pathways in the targeted cell. In the cardiovascular system and in the
organs regulating energy balance, stimulations of vasopressin and steroid receptors initiate
a wide range of actions whose final effect may be either beneficial or detrimental (Figure 5).

125



Int. J. Mol. Sci. 2024, 25, 7394

<— activating process
<—inhibitory process Brain
<— complex effect (preautonomic stimulation, neuroprotection)
+ +
AVP secretion ] + CRH secretion

(hyperosmolality, hypotension,
hypoxia, stress, pain, inflammation)

stress, pain, hypotension)
\ < 3
Direct effects ’ l Adrenal glands + . .
+ ANS stimulation (glucocorticoids, mineralocorticoids) ANS stimulation

:[ (hyperosmolality, hypotension, hypoxia,

Energy balance regulation

(pancreas, liver, gastrointestinal tract, Blood pressure regulation Water-electrolytg balance regulation
adipose tissue) hyoert (hiartfgnd ye§sf:els) i " d t(kldngys)d. tenti

f : : PP ypertropny, Tibrosis, inflammation, Increased water ana sodium retention

increased insulin sensitivity (V1aR, V1bR), apoptosis (MR, GR, V1R) (MR, VIR, V2R),

lipolysis, glycogenolysis (V1R, GR),

decreased insulin sensitivity (GR) decreased water and sodium excretion (GR)

Figure 5. The stimulatory and inhibitory interactions between vasopressin and hormones secreted
by the hypothalamo—pituitary-adrenal system that play essential roles in the regulation of en-
ergy balance, water—electrolyte balance, and blood pressure. ANS—autonomic nervous system,
AVP—arginine vasopressin, GR—glucocorticoid receptor, MR—mineralocorticoids receptor, VIR,
V1aR, and V1bR—vasopressin receptors. See text for further explanations.

7. Future Directions

Our abundant knowledge of the molecular processes initiated by vasopressin and
steroid hormones in specific cells and organs is in contrast to our sparse knowledge of their
actions in whole organisms. Experimental studies provide strong evidence that the secretion
and action of vasopressin and steroid hormones is significantly altered in cardiovascular
and metabolic diseases but it is not yet sufficiently understood which mechanisms are
responsible for these changes and to what extent the alterations depend on age, sex, the
time of application, the presence of other challenges, such as stress and other pathogenic
factors, and treatment with specific pharmaceuticals. These denote essential directions for
further research in this area.

Moreover, it should be noted that the prevailing number of studies showing the signifi-
cant interaction of vasopressin and steroids in the regulation of metabolism, cardiovascular
functions, and water-electrolyte balance comes from experiments performed on animals,
whereas these questions remain largely unexplored in human beings. Undoubtedly, the
clinical importance of the findings provided by the animal experiments should be con-
firmed in studies on large cohorts of human populations, including patients suffering from
hypertension, obesity, diabetes mellitus, and atherosclerosis.

8. Conclusions

1. Vasopressin (AVP) and steroid hormones are frequently released together and closely
cooperate in the regulation of blood pressure, metabolism, water—electrolyte balance,
and behavior.
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2. Vasopressin interacts with specific components of the hypothalamo-pituitary—adrenal
axis in the brain and in several peripheral organs and tissues, including the heart,
vessels, kidneys, and adipose tissue.

3. Appropriate interactions of AVP with the HPA are essential for the efficient regulation
of water—electrolyte balance, blood pressure, and energy balance, and it is justified
to consider vasopressin and the hypothalamo—pituitary axis as a highly coordinated,
functional AVP-HPA system.

4.  Interactions between AVP and HPA are significantly altered in cardiovascular, respi-
ratory, and metabolic diseases and during inflammation and neurogenic stress.

5. Inappropriate interactions of AVP and steroids may initiate or intensify cardiovascular
complications in metabolic diseases.

6.  The interplay of vasopressin and steroid hormones is not yet fully recognized and
further studies are needed to determine the potentially beneficial or harmful con-
sequences of interference with these factors in the treatment of specific pathologi-
cal states.
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Abstract: Hypertrophic cardiomyopathy (HCM) is a heart condition characterized by cellular and
metabolic dysfunction, with mitochondrial dysfunction playing a crucial role. Although the direct
relationship between genetic mutations and mitochondrial dysfunction remains unclear, targeting
mitochondrial dysfunction presents promising opportunities for treatment, as there are currently no
effective treatments available for HCM. This review adhered to the Preferred Reporting Items for
Systematic Reviews and Meta-Analysis Extension for Scoping Reviews guidelines. Searches were
conducted in databases such as PubMed, Embase, and Scopus up to September 2023 using “MESH
terms”. Bibliographic references from pertinent articles were also included. Hypertrophic cardiomy-
opathy (HCM) is influenced by ionic homeostasis, cardiac tissue remodeling, metabolic balance,
genetic mutations, reactive oxygen species regulation, and mitochondrial dysfunction. The latter is
a common factor regardless of the cause and is linked to intracellular calcium handling, energetic
and oxidative stress, and HCM-induced hypertrophy. Hypertrophic cardiomyopathy treatments
focus on symptom management and complication prevention. Targeted therapeutic approaches,
such as improving mitochondrial bioenergetics, are being explored. This includes coenzyme Q
and elamipretide therapies and metabolic strategies like therapeutic ketosis. Understanding the
biomolecular, genetic, and mitochondrial mechanisms underlying HCM is crucial for developing
new therapeutic modalities.

Keywords: hypertrophic cardiomyopathy; metabolism; mitochondrial redox signaling; mitochon-
drial dysfunction

1. Introduction

Hypertrophic cardiomyopathy (HCM) results from microcellular changes such as
myocyte remodeling, disorganization of sarcomeric proteins, and energy metabolism
impairment. This condition clinically manifests itself in left ventricular hypertrophy and
abnormal diastolic function. HCM is rare, with a prevalence rate of 0.2-0.5% in adults, and
is a significant cause of sudden cardiac death [1-5]. By understanding the underlying causes
of HCM, medical professionals can better diagnose and treat the condition, improving
patient outcomes [1-3].

The causes of HCM are multifaceted. Genetic mutations in sarcomeric proteins account
for 40-60% of cases, while intrinsic mutations in mitochondrial DNA, inborn metabolic
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errors, and other genetic and non-genetic factors also play a role [2,6,7]. Mitochondrial
dysfunction is consistently present in HCM pathophysiology, regardless of the underlying
cause [8]. This cascade of molecular disturbances affects intracellular calcium homeostasis,
cellular metabolism, and the production of reactive oxygen species, including superoxide
anions, hydroxyl, and peroxyl radicals [9-11]. It is important to understand that the illness
is not a straightforward condition. The various changes collectively contribute to the
complexity of the illness, making it a challenge to treat. Without a comprehensive under-
standing of these changes, it is not easy to develop effective treatment options. Therefore,
we must continue to study and learn more about the pathophysiological complexity of the
illness to provide better care for those affected by it [12-23].

Genetic variations, mitochondrial dysfunction, and oxidative stress are significant
factors in the development and pathological remodeling of hypertrophic cardiomyopathy
(HCM). The impact of these factors is evident in the changed structure of heart cells, mito-
chondrial cristae, and the functioning of oxidative phosphorylation complexes [8,12-23].
Currently, our understanding of the genetic mutations that cause HCM is limited. As
a result, the relationship between these mutations, mitochondrial modulation, and HCM
is not yet fully understood [19,24]. Mitochondrial dysfunction can be either primary or
secondary to other etiologies [23,25].

Mitochondrial dysfunction is associated with sarcomeric mutations that can signif-
icantly impact the tertiary structure and stability of proteins [23,26]. Inefficient sarcom-
ere performance increases ATP demand, leading to energy depletion, chronic workload
increases, and oxidative stress [27]. It is essential to address the contributing factors proac-
tively to prevent further complications down the line, as early manifestations of metabolic
disorders in HCM progression are a direct result of them. It is clear that understanding
and preventing these mutations is key; therefore, preventing or ameliorating mitochon-
drial dysfunction by targeting metabolic and oxidative stress may offer viable therapeutic
strategies for halting or reversing disease progression [15,16,20,23].

HCM is a condition that can be quite debilitating and currently has no known cure;
however, mavacamten, a promising ATPase inhibitor, has been approved by the FDA and
can help reduce the need for invasive procedures in individuals with the obstructive form
of HCM [28]. Although mavacamten cannot cure HCM, it has demonstrated a considerable
potential to reduce cardiac contractility and alleviate energy depletion and oxidative stress.
To develop effective treatments, it is crucial to comprehend the initial pathophysiologi-
cal mechanisms of the condition, and researchers have analyzed various variants of the
pathophysiology of HCM in detail [8]. Mitochondrial and genetic therapies are emerging
potential methods for preventing and improving heart disease in HCM [23,29]. With further
exploration of treatment options and ongoing research into the disease’s pathophysiology,
we can discover alternative treatments for HCM and enhance the quality of life for those
with it.

2. Materials and Methods

This review adhered to the Preferred Reporting Items for Systematic Reviews and
Meta-Analysis Extension for Scoping Reviews (PRISMA-ScR) guidelines. Searches were
conducted in databases such as PubMed, EMBASE, and Scopus up to February 2024 using
“MESH terms”. Bibliographic references from pertinent articles were also included.

2.1. Protocol and Registration

This review has been registered with the Open Science Framework (OSF) and is
accessible at https:/ /doi.org/10.17605/OSFEIO/X]JGVC since 16 October 2023.

2.2. Eligibility Criteria
Our review focused on articles that connected metabolic dysfunction, sarcomeric or

DNA mitochondrial mutations, G-negatives, mitochondrial architecture, and functioning
disorders with HCM. We included articles from peer-reviewed journals published until
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February 2024 that discussed HCM in the context of mitochondrial dysfunction and related
mutations. The scope of our review encompasses quantitative, qualitative, and mixed-
methods studies addressing genetic mutations and mitochondrial dysfunction as factors in
HCM. Articles exclusively focused on heart or mitochondrial diseases unrelated to HCM
were excluded. However, articles elucidating the role of calcium in metabolic changes
associated with HCM were included.

2.3. Exclusion Criteria

Excluded from consideration in the review were secondary sources such as editorials,
books, expert opinion articles, dissertations, theses, and conference abstracts, except for
literature reviews, which were included.

2.4. Data Sources

We conducted comprehensive searches of the Excerpta Medica Database (Embase),
SciVerse Scopus, and PubMed databases. Our search strategy involved a combination of
controlled descriptors and keywords pertinent to HCM, and no restrictions were imposed
on the language or publication period. In addition, reference lists of the initially selected
studies were manually searched to identify other relevant articles.

2.5. Study Selection Process

The identified studies were imported into the Rayyan software [30] (https://link.
springer.com/article/10.1186/513643-016-0384-4 accessed on 22 April 2024) for duplicate
removal and evaluation of the eligibility criteria. This process involved three independent
blinded reviewers (ASM]Jr, ALGFS, and HLO) who initially examined the titles and abstracts
(Phase 1), followed by a full-text review of the studies selected in Phase 1 (Phase 2). A fourth
reviewer resolved any discrepancy in the selection process.

2.6. Data Extraction Process

Data extraction was conducted by three independent blinded reviewers using a char-
acterization table created using Microsoft Word (2021). This table includes study character-
istics, including identification (citation), study design, and country; analyzed characteristics
of HCM, including etiology, sample size, sex, and average age; and main outcomes, in-
cluding molecular manifestations such as mitochondrial dysfunction, oxidative stress, and
metabolic disorders.

2.7. Data Synthesis

Data from the selected studies were qualitatively synthesized, focusing on the pro-
posed genetic mutations and mitochondrial dysfunction. This synthesis includes considera-
tion of the etiology of HCM, whether from genetic mutations (sarcomeric or mitochondrial)
and cellular metabolic dysfunction. All information was organized into a descriptive table
for a comprehensive analysis.

3. Results and Discussion

Thirty-two articles were selected for the final analysis from an initial search of 597
(Figure 1). The primary data from these studies are presented in Supplementary Table S1.
Our analysis focused on two primary categories: (1) Genetic Mutations in HCM; (2) Mito-
chondrial Redox Signaling.
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Figure 1. PRISMA flowchart of the reviewed articles.

3.1. Genetic Mutations in HCM

HCM is a complex disorder that results from a combination of genetic and non-genetic
factors. (Figure 2) [2,31,32]. Additionally, metabolic alterations and mitochondrial dys-
function can give rise to this pathology as primary disorders or secondary conditions to
the primary etiology. The cardiac beta-myosin heavy chain (MYH7) and myosin-binding
protein C (MYBPC) genes are responsible for roughly 70% of identifiable mutations [33].
MYH?7 mutations affect myosin ATPase activity, leading to increased myocardial force.
In contrast, MYBPC mutations are involved in sarcomere organization and may regulate
myofibril contraction, resulting in energy overload and hypercontractility in the left ventri-
cle [34,35]. In addition to MYH?7 and MYBPCS3, other genes, such as TNNT2, TNNI3, TPM1,
ACTC1, MYL2, MYL3, and CSRP3, are also implicated in HCM, albeit less frequently.
Some pathogenic variants exhibit high penetrance and are causal mutations, while others
demonstrate incomplete penetrance influenced by genetic and environmental factors.

In HCM, allelic imbalance, particularly the characteristic autosomal dominant inheri-
tance, can result in mosaic expression patterns of the mutant proteins, leading to cellular
variability and causing differences in calcium sensitivity and contractile force in the cardiac
cells [29,36].
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Figure 2. Genetic and non-genetic causes of hypertrophic cardiomyopathy. Legends: MELAS =
mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes; MERRF = myoclonic
epilepsy with ragged red fibers; MYBPC3 = myosin-binding protein C, cardiac-type; MYH7 = myosin,
heavy chain 7; TNNI3 = troponin I, cardiac; TNNT2 = troponin T, cardiac.

3.1.1. Epigenetics and HCM

Epigenetic modifications play a significant role in HCM by influencing the levels of
mutated proteins. Specifically, the DNA methylation in the promoter of the MYH? gene is
inversely correlated with beta-MyHC messenger RNA (mRNA) levels. This suggests that
changes in methylation can alter the transcription of the mutated gene [26]. Moreover, the
activation of chromatin-remodeling proteins, such as BRG1 and DPF3a, is associated with
disease severity in patients with HCM [37]. These epigenetic changes impact the expression
of mutated genes, fetal gene programs, and other hypertrophic genes [38].

These findings have significant implications for the diagnosis, treatment, and manage-
ment of HCM. By understanding the role of epigenetic modifications in the expression of
mutated genes, targeted therapies that address the underlying cause of the disease may
be possible. Identifying specific chromatin-remodeling proteins associated with disease
severity may also lead to the development of personalized treatment options that consider
individual differences in genetic and epigenetic profiles.

As such, continued research into the relationship between epigenetic modifications and
HCM is essential for advancing our understanding of this complex disease. By exploring
the underlying mechanisms of epigenetic changes, we may be able to identify new targets
for therapeutic intervention and improve the lives of individuals living with HCM.

3.1.2. Myc Gene in HCM

The Myc gene encodes a vital transcription factor in regulating cellular proliferation
and growth. It is also a key player in the development and progression of HCM. Animal
models have consistently shown that overexpression of Myc leads to cell cycle activation
and tumorigenesis [39]. Interestingly, elevated Myc mRNA levels have also been observed
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in mouse and patient samples with HCM [12,40]. Myc acts on mitochondrial function by
modulating mitochondrial biogenesis through the PGC-1a pathway, which is critical in
changing HCM and heart failure. PGC-1a, a master regulator, coordinates the expression of
genes vital for mitochondrial formation and function and is involved in metabolic processes
like glucose control, lipid metabolism, response to oxidative stress, and adaptation to
various conditions. The regulation of PGC-1a is essential for overall metabolic health and
cellular function, particularly in cardiac conditions such as cardiomyopathy [12].

3.1.3. Mitochondrial DNA Mutations and HCM

Studies have shown that patients with sarcomere mutations may experience changes
in heart efficiency even before hypertrophy development, indicating a link between HCM
and metabolic alterations [23]. Moreover, point mutations in mitochondrial DNA (mtDNA),
including m.3243A>G, m.3302A>G, m.4300A>G, and m.8344A>G, can impact ATP pro-
duction and increase oxidative stress, ultimately contributing to HCM. The identification
of the first mtDNA mutation related to HCM, MT-TL1, in 1991 led to significant strides in
understanding the mechanisms of gene expression associated with these mutations, such
as 1-deoxynojirimycin, which can aid in the recovery of mitochondrial cristae [41].

Mutations in mitochondrial genes such as MT-RNR2, ELAC2, Gtpbp3, and Mtol have
also been linked to HCM [14,16,18,20,42,43]. Research following the discovery of MT-TL1
mutations has expanded our understanding of mitochondrial gene mutations associated
with HCM, revealing their impact on mitochondrial function and energy production in the
pathological processes leading to HCM [41].

3.1.4. MicroRNAs and Gene Therapy in HCM

Gene therapy emerges as an advanced medical therapy focusing on the genetic modi-
fication of cells for therapeutic purposes. In the context of HCM, it encompasses genome
editing techniques, gene replacement therapy, and allele-specific silencing [44,45]. CRISPR-
Cas9 technology presents promising potential to correct genetic mutations underlying
HCM. It is at the forefront of human germline therapy, with several studies reporting
efficient and successful genetic editing in these embryos [44,46]. However, it faces obstacles,
including limited efficiency in homology-directed repair in somatic cardiac cells.

miRNAs represent potential targets in gene therapy to optimize metabolism and
energy delivery in hypertrophied hearts. MicroRNA-146a inhibits oxidative metabolism,
attenuates the hypertrophic response, and reduces cardiac erbB4 signaling, which regu-
lates glucose metabolism [47,48]. RNA interference (RNAi) therapy and MYBPC3 cDNA
replacement via gene transfer have shown therapeutic potential. However, allele-specific
gene silencing with RNAi faces challenges such as off-target effects and reliance on ade-
noviruses [34]. Despite these hurdles, gene editing technology is emerging as a crucial
future therapy [49,50]. Moreover, viral vectors, especially adeno-associated viruses (AAVs),
notably AAV9Y, the most cardiotropic serotype, demonstrate efficacy in precisely delivering
genetic material to cardiac tissue [45,51]. However, potential immune responses and ethical
considerations pose considerable challenges. Furthermore, the MYBPC3 gene replacement
approach is promising, particularly due to its ability to correct cMyBP-C haploinsufficiency,
reduce hypertrophy, and maintain sarcomeric stoichiometry [52].

Understanding these advancements is a crucial starting point for direct interventions
in HCM pathogenesis, offering promising prospects for a definitive approach to treating
hereditary diseases. Ethical considerations, including germline gene editing, are thoroughly
addressed to ensure the responsible application of these innovative technologies [45]. Tech-
nical challenges associated with efficient Cas9-gRNA delivery, such as immune responses
to viral vectors and issues related to non-viral vector delivery, can be overcome. In that case,
CRISPR-Cas9 positions itself as a significant player in treating a broad range of disorders
where partial or complete gene elimination is desired [53]. This potentially revolutionary
scenario instills hope for substantial clinical advancements in the coming years, notwith-
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standing concerns such as mosaicism, off-target alterations, and, ultimately, non-Mendelian
cases of HCM, which must be meticulously considered.

3.2. Mitochondrial Redox Signaling

Several studies have reported reduced ATP production due to impaired mitochondrial
metabolism, as shown in Figure 3 [8,12-23,29]. Adenosine triphosphate (ATP) production
in a healthy human heart relies primarily on fatty acids and glucose oxidation. However,
when the cardiac workload increases, the ATP generation pathway shifts toward glucose
oxidation. This shift is regulated by the Randle cycle, which facilitates the maintenance of
energy balance and increased energy efficiency in the heart [9,15,19].
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Figure 3. Metabolic redox integration in cardiomyocytes. Legends: HCM = Hypertrophic Cardiomy-
opathy, FFAs = Free Fatty Acids, NAD = Nicotinamide Adenine Dinucleotide, NADH = Nicotinamide
Adenine Dinucleotide Hidrogenado, ADP = Adenosine Diphosphate, ATP = Adenosine Triphosphate,
GSH = Glutathione, GSSG = Oxidized Glutathione, ROS = Reactive Oxygen Species.

In hearts affected by HCM, however, the increased energy demand during heart
contraction can lead to metabolic disorders characterized by reduced ATP levels and
increased intracellular ADP [26,54], with a preference for mitochondrial substrates over
glucose [45]. This metabolic shift is also observed in patients with chronic myocardial
infarction (CMI). It leads to cardiac hypertrophy due to increased ATP uptake, resulting
in the accumulation of fatty acids within cells, causing lipotoxicity rather than increased
glucose oxidation [3,9,29,55]. This metabolic deviation is a distinct characteristic of HCM,
occurring independently of the sarcomeric protein genotype. HCM also reduces capillary
density in cardiac tissue and hypoxia, prompting a metabolic shift from aerobic glucose
metabolism to anaerobic glycolysis. This shift reduces energy efficiency and contributes
to heart hypertrophy in a self-perpetuating cycle [15]. Metabolomic analyses have shown
reduced cardiac bioenergetics and substrate utilization, indicating disturbances in energy
metabolism that may contribute to the development of HCM-associated pathology [19].

A recent multi-omics study reported decreased metabolic supplementation through
the TCA/glutamine pathway and changes in the pentose phosphate pathway. These
pathways are fundamental for NADPH production and antioxidant protection. Therefore,
comprehending the alterations in energy metabolism and metabolic pathways can help
identify therapeutic targets for clinical improvement in HCM [22]. The therapeutic potential
of perhexylin treatment, which shifts the heart’s substrate utilization from fatty acids to
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glucose, has been demonstrated in patients with HCM. This treatment also functions as
a NOX2 inhibitor, reducing oxidative stress in the heart [29,56]. Notably, these metabolic
changes are partially reversible, and early detection can offer therapeutic opportunities.

Reduced mitochondrial respiration linked to NADH oxidation is a significant func-
tional impairment in hypertrophic cardiomyopathy (HCM) [23]. However, mutations in
both sarcomeric and non-sarcomeric genes, such as those in CSRP3, can potentially disturb
calcium homeostasis [8]. The Muscle LIM Protein (MLP) maintains intracellular calcium
balance and contributes to its pathogenesis [8,15,22]. Furthermore, the CACNA1C gene
encodes the pore-forming subunit of the L-type calcium channel CaV1.2 [57]. Increased
transcriptional expression of CACNA1C enhances calcium release from the sarcoplasmic
reticulum (SR) and diminishes cytoplasmic calcium transport back to the SR during dias-
tole [58,59]. These factors hinder sarcomeric relaxation, leading to diastolic dysfunction
and subsequent adverse effects, including mitochondrial dysfunction, oxidative stress, and
alterations in calcium-dependent pathways [17,60].

Moreover, MLP mutations raise energy demands due to inefficient sarcomeric ATP
use. This leads to increased reactive oxygen species generation and further progression
of HCM and heart failure. The MT-RNR2 mutation affects mitochondrial DNA, causing
dysfunctions such as a decreased ATP/ADP ratio and compromised mitochondrial mem-
brane integrity [59]. These alterations elevate intracellular Ca?* concentration, thereby
affecting intracellular homeostasis. Research on pluripotent stem cells has shown reduced
mitochondrial calcium uniporter protein levels and increased intracellular Ca?* concen-
trations and SR Ca?* reserves. The lowered membrane potential reduces Ca®* intake,
potentially disrupting calcium homeostasis and triggering calcium-dependent signaling
pathways contributing to heart hypertrophy [14]. This mutation also increases the number
of mitochondria, possibly as an adaptation to decreased energy generation. Mutations in
the MYBPC3 and MYH?7 genes have increased calcium sensitivity in cardiac myofilaments,
resulting in compromised contractility and increased ATP consumption. As a result, this
hurts HCM by disturbing the balance of calcium levels and metabolic processes. Several
investigations, including those undertaken by [2,41,54,59,61], have been conducted.

The binding of calcium to myofilaments leads to a decline in the regulation of cytosolic
Ca?*, inhibiting the uptake of mitochondrial Ca?*. This process negatively affects the Krebs
cycle-mediated replenishment of reduced NADH and NADPH, reducing the overall rate of
metabolic reactions and modulating the system’s efficiency [62]. In situations with a high
demand for ATP, ADP levels increase, and NADH and NADPH levels decrease, leading to
an imbalance, as shown in Figure 4, results in oxidative stress due to heightened levels of
ADP that exacerbate NADH and NADPH oxidation. This disruption of the equilibrium
between NAD and its oxidized form, NAD", is crucial for cellular energy production,
leading to increased ATP usage. This process is associated with the initial inefficient
performance of mutation-induced sarcomeres, which leads to chronic cardiac workload,
energy deficiency, and oxidative stress [15,54,63].

Elevated levels of ADP have been shown to increase the sensitivity and affinity of
calcium in myofibrils, thereby contributing to heart dysfunction. In normal cardiomyocytes,
the enzyme creatine kinase is essential in regenerating ATP in myofilaments using mito-
chondrial phosphocreatine (PCr). However, in cardiomyocytes suffering from heart failure,
creatine kinase does not succeed in effectively reducing ADP concentrations. This failure
may contribute to the altered calcium sensitivity and affinity observed in such cells, exacer-
bating heart failure [64]. Elevated ADP levels and reduced ATP impair ATP-dependent
ion pumps in the heart, specifically SERCA, which recaptures calcium into SR [8,65,66].
According to Wijnker et al., the direct and indirect effects of various factors significantly
impact the development of HCM [29].

Patients with sarcomeric mutations often exhibit increased septum thickness, which
is connected to improved mitochondrial respiration using succinate. However, they also
experience reduced cellular respiration involving NADH, as per a study conducted by
Lucas et al. (2003) and Nollet et al. (2023a) [23,63]. Nollet et al. (2023) further identified
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defects in NAD" homeostasis in myectomy samples of patients with HCM, which led
to compromised bioenergetics due to diminished NADH conversion. This conversion
process, which converts NADH (nicotinamide adenine dinucleotide reduced) into NAD+
(nicotinamide adenine dinucleotide), is crucial for the transfer of electrons during cellular
energy production, as explained by Farhana et al. (2023) [67]. The study also revealed no
incorporation of complex I in respiratory super complexes and peroxidation of cardiolipin,
destabilizing the mitochondrial membrane. The use of cardiolipin-stabilizing compounds
for treatment could potentially enhance the mitochondrial respiration linked to NADH [23].
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Figure 4. Metabolic fluxes under high ATP demand in hypertrophic cardiomyopathy. Legends:
ATP = adenosine triphosphate, and ATPase = enzyme.

Mitochondrial dysfunction is a key driver of pathological remodeling in HCM, par-
ticularly in genotype-negative patients with impaired NADH-related respiration. These
early metabolic changes suggest that addressing metabolic stress could be a strategic ap-
proach to treating and potentially reversing its progression [23,63,68]. Ranjbarvaziri et al.
(2021) demonstrated significant energy depletion in genetically linked patients with HCM,
characterized by reduced high-energy phosphate metabolites and decreased mitochondrial
genes involved in creatine kinase and ATP synthesis [19]. This energy deficit activates the
AMPK pathway, a cellular stress response sensor with low ATP levels [19].

Significant progress has been made in understanding the relationship between struc-
tural, sarcomeric, and mitochondrial functions in HCM. However, more research is still
needed to fully comprehend the mechanisms that cause changes in cardiac energy uti-
lization in the different HCM phenotypes. According to a study by Viola et al. (2019),
specific mutations cause distinct changes in intracellular calcium homeostasis and mito-
chondrial metabolic function [8]. This highlights the importance of understanding the
pathophysiological mechanisms of disease mutations to develop effective drug therapies.
Lee et al. (2009) found a connection between mitochondrial respiration dysfunction and
other disorders in transgenic mice overexpressing Myc oncogene [12]. These dysfunctions
can lead to lower production of energy and an increased formation of oxygen-free radicals,
which can worsen mitochondrial damage [39]. The expression of Myc oncogene in patients
with terminal heart failure provides new possibilities for therapeutic approaches in the
treatment and management of the condition [12].

Cardiomyocytes undergo oxidative phosphorylation, producing reactive oxygen
species (ROS) in the mitochondria. The respiratory chain generates most ROS, with com-
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plexes I and III being the primary sources, as shown in Figure 5. Superoxide anion is
produced in complex I through reduced flavin mononucleotide or the iron-sulfur clusters
N-1a and N-1b, while in complex III, it is generated at the ubiquinol oxidation site. The
respiratory chain has cellular antioxidant mechanisms that activate when an accidental
leakage of electrons to oxygen occurs during energy production. These ROS, including
superoxide anion, hydroxyl radical, and hydrogen peroxide, are critical signaling molecules
that play crucial roles in cardiac physiology and disease [13,29,59]. Cytosolic and mitochon-
drial sources of ROS contribute to the intracellular pool. Under normal conditions, ROS
signaling regulates cardiac development and cardiomyocyte maturation, cardiac calcium
handling, excitation-contraction coupling, and vascular tone [69]. Elevated ROS levels can
cause oxidative damage to mitochondria and DNA, harm proteins and lipids, activate the
mitochondrial permeability transition pore, cause mitochondrial dysfunction, and lead to
cellular death. Additionally, it can disrupt the ATP and ADP balance [13,29,70].
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Figure 5. Mitochondrial electron transport chain and ROS generation. Legends: NADH = ade-
nine dinucleotide; NAD" = nicotinamide adenine dinucleotide; PH = potential of hydrogen;
SOD = superoxide dismutase; CAT = catalase; GSH = glutathione; GSSG = oxidized glutathione;
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In addition to the respiratory chain, several proteins in the mitochondria contribute
to the mitochondrial pool of ROS. P66shc, located in the mitochondrial intermembrane
space, plays a significant role in oxidative stress signaling. It contributes to mitochondrial
ROS production by oxidizing cytochrome c and stimulating hydrogen peroxide production.
Isoforms A and B of monoamine oxidase (MAO-A and MAQO-B) are crucial sources of
mitochondrial hydrogen peroxide. Located in the mitochondrial outer membrane, MAOs
degrade monoamines into hydrogen peroxide and aldehydes [71]. Furthermore, NOXs
are a family of proteins involved in intracellular ROS production [72]. NOX4 is partially
located in the mitochondrial inner membrane and is a source of mitochondrial superoxide
and hydrogen peroxide, whose activity is regulated by ATP [73].

While the exact mechanisms of HCM are still not fully understood, previous non-
invasive studies have shed light on certain aspects of the disease. According to these
studies, compromised energy metabolism during the early stages of HCM can contribute
to disease progression. In particular, mitochondrial defects have been identified as a key
factor in this process [3,54,74].
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Chronic mitochondrial dysfunction in myocardial heart disease (MHD) can reduce the
activity of complex I, which is the primary entry point for electrons in the mitochondrial
respiratory chain. This impaired function can intensify oxidative stress and increase the
release of ROS, which in turn stimulates cardiac hypertrophy [75]. Metabolomic analyses
have revealed a decrease in the ratio of mitochondrial DNA to genomic DNA, reduced
expression of genes linked to mtDNA integrity, mitochondrial transcription, translation,
and diminished cardiolipin species. These factors can affect mitochondrial respiratory
activity and membrane integrity [2,3,19,54].

An insight modeling study has indicated that hearts affected by HCM undergo elec-
trophysiological changes due to altered mitochondrial membrane potential. This implies
reduced oxygen radical production in the electron transport chain and subsequent energy
expenditure beyond supply. This discrepancy can be attributed to the increased oxygen
consumption of cardiomyocytes [76].

Mitochondrial ROS are a significant factor in the pathogenesis of several diseases,
including HCM. Superoxide dismutases (SODs) are the primary defense against mitochon-
drial ROS. These enzymes convert superoxide into hydrogen peroxide, and three isoforms
of SOD (SOD1, SOD2, and SOD3) are present in different cellular compartments, regulating
specific pools of ROS. SOD1 is mainly found in the cytosol but also localizes to the mito-
chondrial intermembrane space. Conversely, SOD2 is situated within the mitochondrial
matrix, and SOD3 is extracellular. Precise control over the localization and activity of SOD1
and SOD2 is vital to mitigate mitochondrial ROS [69,77].

In addition to SODs, other enzymes play crucial roles in hydrogen peroxide detoxi-
fication. Catalase, predominantly found in peroxisomes and potentially in cardiac mito-
chondria, catalyzes the breakdown of hydrogen peroxide into water and oxygen. GSH-PXs
1 and 4, situated within the mitochondria, utilize reduced glutathione (GSH) to convert
hydrogen peroxide into water. PRXs, including PRX3 and PRX5 within the mitochondria,
scavenge hydrogen peroxide and peroxynitrite. These enzymes are crucial for neutralizing
ROS and replenishing antioxidants [78,79].

In HCM, elevated oxidized cysteine (cystine) levels and a high oxidized glutathione
(GSSG) ratio to GSH indicate increased oxidative stress. Moreover, reduced levels of
essential antioxidants such as superoxide dismutase, catalase, glutathione reductase (GSR),
and glutathione peroxidase (GPX) suggest potential transcriptional alterations that could
compromise overall antioxidant capacity [19].

It has been observed that understanding the important role of SODs and other en-
zymes in regulating ROS can provide significant insights into the pathogenesis of HCM.
Precise control of the localization and activity of these enzymes is crucial to reducing
mitochondrial ROS and replenishing antioxidant levels. Wijnker et al. (2019) suggested
that antioxidant protection through thiol-based systems and the pentose phosphate path-
way occurs during the early stages of HCM [29]. However, these protective mechanisms
decrease in advanced stages, resulting in chronic oxidative stress, which contributes to
HCM progression and creates a cycle of mitochondrial damage and ROS generation [3,29].
Early detection of oxidative stress is essential for controlling HCM progression, enabling
effective interventions, and identifying potential therapeutic targets. Primary mitochon-
drial diseases, although rare, often result in oxidative phosphorylation dysfunction due to
mtDNA variations, with approximately 40% of affected children developing heart diseases,
including heart complications [80].

Mitochondrial cristae, which are critical for cell energy production, are significantly
damaged by ROS. This leads to lipid and protein oxidation, lipid peroxidation, and protein
modification, affecting mitochondrial DNA, causing mutations and impaired electron
transport. Oxidative stress also triggers apoptosis and permeabilization of the inner
mitochondrial membrane, contributing to the pathology of HCM [2,3,13,29].

Studies have shown significant changes in mitochondrial morphology in patients
with HCM, including damaged structures with disorganized and less dense cristae and an
increased number of mitochondria, indicative of mitochondrial division. However, Ran-
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jbarvaziri et al. (2019) found no evidence of increased mitochondrial fission or fusion [19].
Nollet et al. (2022 and 2023a) linked mitochondrial dysfunction in HCM to inadequate
organization of interfibrillar mitochondria characterized by isolated clusters disconnected
from myofilaments [23,81]. This disorganization may impair mitochondrial bioenerget-
ics, defense against ROS, and calcium cycle disruption, leading to global energetic and
metabolic cellular dysfunction [23,81]. Furthermore, prominent changes in myocardial ul-
trastructure have been observed, including alterations in cellular organization, a significant
increase in extracellular matrix formation, and a decrease in mitochondrial mass in the
sub-sarcomeric portion of cardiomyocytes [68].

Mitophagy is crucial in maintaining mitochondrial integrity and function in the my-
ocardium by eliminating the damaged mitochondria [82]. Dysfunctional mitochondria
observed in clinical models and in vitro cultures of HCM indicate potential dysfunction
of overwhelming mitophagy pathways. Significant downregulation of mitophagy-related
genes has been reported in patients with HCM [19]. Findings by Nollet et al. (2023a) [23]
suggest that deterioration of mitochondrial quality control mechanisms contributes to the
accumulation of damaged mitochondria in HCM, exacerbating the mitochondrial injury
and continuing a detrimental cycle in its progression [1,22,80,83].

3.2.1. Emerging Therapeutic Strategies

This scoping review highlights the roles of genetic mutations and mitochondrial dys-
function in the development and progression of HCM. Metabolic modifications of HCM,
characterized by an altered metabolic profile, abnormal mitochondrial structure, impaired
respiratory function, and failure to regulate mitophagy, could guide the development of
new therapeutic approaches to restore metabolic function and preserve mitochondrial
integrity in the early stages of the disease. Studies have emphasized that cellular oxidative
stress is a crucial factor in mitochondrial transformations, leading to structural and func-
tional changes, alterations in cell signaling pathways, and uncontrolled ROS production,
suggesting potential therapeutic benefits for various cardiovascular conditions, as shown
in Figure 6 [9,80,84].
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Mavacamten Myosin head
o g Ranolazine MNCX and MNA+ channel
: i ity Dantrolene RYR2

EGCG Troponin

Omecamtiv mecarbil (OM)  Myosin

a Nifedipine LTCC

\ : Verapamil LTCC
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s e Trimetazidine Mitochondria

Figure 6. Ongoing pharmacological strategies to treat HCM. Legends: EGCG = epigallocatechin-3-
gallate, LTCC = L-type calcium channel, NCX = Sodium-Calcium Exchanger, 3-AR = beta-adrenergic
receptor, RYR2 = ryanodine receptor type 2, SR = sarcoplasmic reticulum.

Hypertrophic cardiomyopathy is associated with disrupted cardiac redox balance in
genotype-positive patients, even without genetic alterations [56,84-86]. Factors such as
wall stress, mitochondrial or microvascular dysfunction, and asymmetric septal remodeling
can trigger this imbalance alongside age-related changes in cellular redox balance. Diet,
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antioxidants, and genetic predisposition also influence cardiac redox status. Genetic
polymorphisms can affect phenotypic expression in nonfamilial HCM. Understanding the
importance of these factors in other pathological mechanisms, such as myocardial energy
depletion, requires further research. Current HCM therapies include B-blockers, Ca®*
antagonists, ACE inhibitors, diuretics, antiarrhythmics, and anticoagulants, potentially
impacting cardiac redox status [29].

55-31, also known as Elamipretide, a cell-permeable peptide, selectively targets the
inner mitochondrial membrane via cardiolipin binding, thereby reducing mitochondrial
ROS production and restoring mitochondrial bioenergetics [87]. It stabilizes cardiolipin,
promotes membrane restructuring, and facilitates the formation of mitochondrial super-
complexes, thereby reducing ROS production [87-90]. Recent studies have focused on
mitochondrial targets such as elamipretide and NAD+ supplementation. In HCM myec-
tomized tissues, elamipretide treatment increased complex I incorporation and enhanced
NADH-binding respiration. NADH-linked breathing impairment in HCM may stem from
inefficient coupling of complex I to complexes III and IV, reduced Krebs cycle dehydroge-
nases, and inadequate mitochondrial calcium uptake [23,81].

Mitochondria-focused antioxidant treatments are promising for treating conditions
such as HCM [91-93]. Recent studies have demonstrated the mitigating effects of these
antioxidants on metabolic disorders. Traditional vitamins and antioxidant compounds
such as coenzyme Q, alpha-lipoic acid, and N-acetylcysteine can combat excessive ROS
production. Two mitochondrion-focused antioxidants, MitoQ, and MitoVit E, have become
prominent. MitoQ targets mitochondria by incorporating the triphenylphosphonium
lipophilic cation (TPP) group into coenzyme Q10 ubiquinone, reducing ROS and protecting
against age-related damage. MitoVitE, a derivative of vitamin E conjugated with TPP, also
targets mitochondria [9]. Coenzyme Q (CoQ) improves symptoms and quality of life in
patients with HCM and reduces the interventricular septum thickness. It acts as an electron
transporter in the inner mitochondrial membrane, restoring redox balance and preventing
mitochondrial ROS formation. It also reduces left ventricular outflow obstruction and
ventricular tachycardia [94,95].

Chen et al. (2015) discovered that 17b-estradiol improved myocardial diastolic function
in HCM mice, suggesting that estrogen protects against disease progression [56]. The
intervention reduced oxidative stress and prevented myocardial dysregulation.

1-Deoxynojirimycin, a treatment for morphological mitochondrial disorders, has
shown benefits in recovering mitochondrial cristae and improving calcium homeostasis.
Its action on optic atrophy protein 1 (OPA1), a regulator of mitochondrial cristae formation,
enhances the number and width of the mitochondrial cristae, thereby improving ATP
production and calcium homeostasis. Thus, 1-deoxynojirimycin is a potential therapeutic
agent for treating HCM [41].

Regarding metabolic alterations, a study in rats highlighted the beneficial effects of
restoring fatty acid metabolism on cardiac hypertrophy. Treatment with Tricaprylin reduced
cardiomyocyte cross-sectional area, decreased interstitial fibrosis, and lowered biomarkers
related to oxidative stress [96]. However, it is important to note that metabolic drugs like
Perhexiline can also offer protective effects by shifting fatty acid metabolism to carbohy-
drates. This metabolic shift increases ATP supply and protects against catecholamine-
induced cardiac damage. While fatty acid metabolism plays a crucial role in cardiac
energetics, balancing its regulation with other metabolic pathways, such as carbohydrate
metabolism, may be essential for optimizing cardiac function in conditions like HCM. In
this regard, in HCM models, Perhexiline improved phenotypic characteristics and exercise
capacity in symptomatic patients. However, chronic shift to glycolytic metabolism may
be detrimental, indicating that intermittent metabolic therapy may be a more effective
and innovative approach, especially compared to continuous treatment. In this context, a
phase 2 clinical trial with Perhexiline showed some modest improvements in symptoms
and cardiac bioenergetics compared to placebo, but the drug was discontinued due to
multiorgan toxicity [97,98]. Other drugs inhibiting fatty acid -oxidation also indicated

151



Int. J. Mol. Sci. 2024, 25, 5855

negative outcomes, such as trimetazidine, an inhibitor of 3-ketoyl-CoA thiolase [99]. Given
the negative regulation of enzymes involved in fatty acid oxidation in HCM patients, a
more promising therapeutic approach would be to increase the availability of alternative
fuel sources for ATP production. Therapeutic ketosis, which increases ketone bodies, has
shown to be a viable strategy, considering cardiac metabolism adaptation in HCM patients.
-hydroxybutyrate, a ketone body, increased in the hearts of HCM patients, suggesting
possible adaptation to reduced availability of acyl carnitines. Pharmacological oxidation of
ketone bodies may have potential therapeutic applications [100-102].

B3-adrenergic receptors (b3AR) offer potential treatment avenues for metabolic changes
in HCM. Activation of b3AR positively affects intracellular signaling, enhances calcium
uptake, improves diastolic relaxation, and exhibits antioxidant properties [103].

Xanthine oxidase (XO) significantly contributes to ROS and uric acid generation,
which are byproducts of purine metabolism. Elevated uric acid levels in patients with heart
failure and HCM are correlated with an increased risk of cardiovascular events. Future
research should confirm the activity of XO in HCM and investigate the blocking of ROS
production by XO as a therapeutic strategy [104,105]. Restoring fatty acid metabolism in
cardiac hypertrophy has beneficial effects, including reducing the cardiomyocyte cross-
sectional area and oxidative stress biomarkers [96]. Perhexylin, a metabolic drug, switches
metabolism from fatty acids to carbohydrates, boosting ATP delivery and protecting
against catecholamine-induced cardiac damage. Intermittent metabolic therapy may be
more beneficial than continuous treatment [97-99]. Therapeutic ketosis, which involves
elevated levels of ketone bodies, is a viable strategy for cardiac metabolism adaptation in
patients with HCM [100-102].

3.2.2. Emerging Drug Therapies for HCM

Omecamtiv mecarbil (OM) is a myosin activator that has been studied as a potential
treatment for systolic heart failure. Its effects may vary depending on the intracellular
calcium concentration, which suggests that it could enhance contractility in cardiac failure
and reduce it in diastolic failure, such as in HCM. MyoKardia, Inc. (Brisbane, CA, USA)
has developed a novel oral medication called Mavacamten, which acts as an allosteric
modulator of cardiac 3-myosin [34]. This drug can inhibit the actin-myosin cross-bridge,
reducing contractility and oxygen consumption in HCM models [106-108]. By weakening
the bond between myosin heads and actin fibers, Mavacamten can prevent cardiac hyper-
trophy and fibrosis. It may also indirectly affect mitochondrial and energetic dysfunction by
modulating contractility and cardiac function, optimizing energy balance in the heart, and
enhancing efficiency in energy utilization [109]. It is worth noting that while Mavacamten
shows promise as a treatment for HCM, Omecamtiv mecarbil, designed for systolic heart
failure, would not be effective for HCM due to its mode of action.

Verapamil is a drug that blocks L-type calcium channels and has shown promising
results in reducing hypertrophic cardiomyopathy in mice with the MYH7-Arg403GIn
mutation. However, its effectiveness may vary in patients with multiple mutations. Under-
standing the early mechanisms involved in this disease is important to develop effective
treatments. Genetic modifiers, epigenetic variations, and environmental factors can all play
a role in the development of HCM, leading to various clinical outcomes [110].

The VANISH clinical trial used valsartan, an angiotensin receptor antagonist, to
treat HCM with sarcomeric mutations. However, it did not significantly impact slowing
subclinical HCM progression [111,112]. Sacubitril/valsartan, an angiotensin II receptor
inhibitor/antagonist, has been tested in a clinical trial of patients with HCM. Lifestyle
interventions such as regular exercise can activate beneficial metabolic pathways [113].
There is an unmet need for the preventive treatment of HCM. A murine model study
assessed the efficacy of in vivo treatment using a derived peptide (AID-TAT) to restore
mitochondrial metabolic activity and prevent HCM with the cardiac mutation Gly203Ser in
troponin I [114,115], as shown in Table 1.
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Table 1. Therapeutic possibilities and their primary effects.

Therapeutic Possibilities References

Primary Effects

Alpha-lipoic acid 9]

Neutralizes free radicals, reduces oxidative stress, improves endothelial
function, increases nitric oxide production, and influences cellular
signaling pathways associated with cardiovascular health.

N-acetylcysteine [9,116,117]

Has mucolytic and fluidizing activity. Reduces oxidative damage to
heart tissues and increases the production of nitric oxide, which helps
dilate veins and improve blood flow.

MitoQ [9]

Neutralizes free radicals within the mitochondria, reduces oxidative
stress, and preserves mitochondrial function.

MitoVit E [9]

Has antioxidant capacity aimed at protecting mitochondria against
damage caused by free radicals and reducing oxidative stress.

Coenzyme Q [9,94,95]

CoQ is involved in the mitochondrial electron transport chain, where it
aids in generating adenosine triphosphate (ATP), the cellular energy
currency. Additionally, CoQ possesses antioxidant properties, shielding
the mitochondria and the heart against damage caused by free radicals
during the energy production process.

Elamipretide/SS-31 [87-90]

It concentrates on mitochondrial membranes and helps regulate energy
production by enhancing the efficiency of the electron transport chain.
Additionally, Elamipretide can reduce oxidative stress, stabilize
mitochondrial membranes, and preserve mitochondrial integrity.

17b-estradiol [56]

It influences cardiac function by regulating genes, interacting with
specific receptors, modulating vascular response, and indirectly
affecting metabolic and cellular signaling processes.

1-Deoxynojirimycin [41]

Inhibits metabolic pathways involved in protein glycosylation.

Tricaprylin [96]

It acts as a rapid source of fuel that can be used for ATP production,
thereby aiding in the heart’s contractile function. This can be beneficial,
especially in situations where the heart has an increased energy
demand, such as certain cardiac conditions or intense physical exercise.

Perhexiline [97,98,118]

Inhibits cardiac fatty acid uptake, promoting glucose utilization and
reducing oxygen demand.

Trimetazidine [99]

Blocks the mitochondrial protein responsible for transporting fatty
acids into mitochondria. This action favors glucose metabolism,
preserving cardiac function during low-oxygen-supply conditions such
as angina. It improves cardiac efficiency and reduces angina pain.

Beta-3 adrenergic receptors [103]

It is primarily activated by neurotransmitters like norepinephrine and
adrenaline. It is involved in regulating fat metabolism and
thermogenesis (heat production) and can influence cardiac function,
lipolysis (fat breakdown), and muscle contraction in specific tissues,
such as the smooth muscle of the bladder.

Omecamtiv Mecarbil [106]

A myocardial activator that increases the sensitivity of the cardiac
muscle (myocardium) to calcium concentration, resulting in greater
efficiency in cardiac muscle contraction. Binds to myosin in the
myocardium, altering its conformation and allowing a more effective
interaction with calcium.

Mavacamten [34,106-108]

An allosteric inhibitor of heart-specific myosin adenosine
triphosphatase.

Diltiazem [110]

A non-selective calcium channel antagonist that affects the heart and
blood vessels.

Valsartan [111,112]

Displaces angiotensin II from the AT1 receptor and produces its
blood-pressure-lowering effects by antagonizing AT1-induced
vasoconstriction, aldosterone release, catecholamine release, arginine
vasopressin release, water intake, and hypertrophic responses.

Sacubitril [119]

Simultaneously inhibits neprilysin (neutral endopeptidase; NEP)
through sacubitrilat, the active metabolite of the prodrug sacubitril.

AID-TAT [114,115]

This is related to activating the enzyme AMPK (AMP-activated protein
kinase). This leads to a series of cellular events, including increased
glucose uptake and increased ATP production.

153



Int. J. Mol. Sci. 2024, 25, 5855

4. Conclusions

Hypertrophic cardiomyopathy (HCM) represents a complex cardiac condition marked
by a spectrum of biological process alterations, including ionic homeostasis, structural
remodeling, metabolic balance, and ROS regulation. Its current therapeutic landscape
primarily targets symptom management and the prevention of complications, highlight-
ing a significant gap in the availability of more effective treatment methodologies. The
treatment options currently range from symptom alleviation strategies to more invasive
surgical interventions, with the choice of treatment tailored to the evolving profiles of
individual patients.

A key focus of researchers and clinicians is the investigation of modifiable risk factors
encompassing genetic predispositions and mutations. This approach underscores the
recognition that HCM is not just a product of unchangeable genetic factors but may
also be influenced by modifiable elements, thus opening new avenues for intervention
and management.

A comprehensive understanding of the biomolecular, genetic, and mitochondrial
mechanisms that drive HCM pathophysiology is vital. This knowledge is crucial for the
advancement of research in this field and the development of new and more effective
therapeutic modalities. As our understanding deepens, it paves the way for innovative
treatments that move beyond symptom management, potentially offering significant and
long-lasting benefits to patients with this condition.

In summary, HCM presents a multifaceted challenge that requires a multifaceted
response, encompassing advanced research, innovative therapeutic strategies, and a per-
sonalized approach to patient care. The future of HCM treatment lies at the intersection of
these diverse yet interconnected domains.
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Abstract: Cirrhotic cardiomyopathy (CCM) is defined as cardiac dysfunction associated with cirrhosis
in the absence of pre-existing heart disease. CCM manifests as the enlargement of cardiac chambers,
attenuated systolic and diastolic contractile responses to stress stimuli, and repolarization changes.
CCM significantly contributes to mortality and morbidity in patients who undergo liver transplan-
tation and contributes to the pathogenesis of hepatorenal syndrome/acute kidney injury. There is
currently no specific treatment. The traditional management for non-cirrhotic cardiomyopathies, such
as vasodilators or diuretics, is not applicable because an important feature of cirrhosis is decreased
systemic vascular resistance; therefore, vasodilators further worsen the peripheral vasodilatation
and hypotension. Long-term diuretic use may cause electrolyte imbalances and potentially renal
injury. The heart of the cirrhotic patient is insensitive to cardiac glycosides. Therefore, these types of
medications are not useful in patients with CCM. Exploring the therapeutic strategies of CCM is of
the utmost importance. The present review summarizes the possible treatment of CCM. We detail
the current status of non-selective beta-blockers (NSBBs) in the management of cirrhotic patients
and discuss the controversies surrounding NSBBs in clinical practice. Other possible therapeutic
agents include drugs with antioxidant, anti-inflammatory, and anti-apoptotic functions; such effects
may have potential clinical application. These drugs currently are mainly based on animal studies
and include statins, taurine, spermidine, galectin inhibitors, albumin, and direct antioxidants. We
conclude with speculations on the future research directions in CCM treatment.

Keywords: cirrhotic cardiomyopathy; treatments; beta blockers; antioxidants; anti-apoptosis;

anti-inflammation

1. Introduction

Cirrhotic cardiomyopathy (CCM) is one of the most important complications in pa-
tients with cirrhosis. The definition includes systolic and/or diastolic dysfunction and
morphological changes, such as chamber enlargement, without pre-existing heart disease.
CCM was first termed in 1989 [1]. Since then, this entity has been investigated by many
studies, which led to the first definition in 2005 at the World Congress of Gastroenterology
in Montreal [2] called the WCG criteria. Following advances in imaging technology, the
diagnostic criteria were redefined by a multidisciplinary expert group, resulting in the
Cirrhotic Cardiomyopathy Consortium criteria (CCC criteria) [2]. The WCG criteria empha-
size the blunted cardiac response to exercise, volume challenge, or pharmacological stimuli,
whereas the CCC criteria are based on contractile function at rest (Table 1). Nevertheless,
the newer CCC criteria appear superior [3,4] and should be used going forward.
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Table 1. Diagnostic criteria systems for cirrhotic cardiomyopathy.

Criteria Systolic Dysfunction Diastolic Dysfunction
LVEF < 55% E/A ract)lro <10
WCG criteria (2005) Or . DT > 200 ms
Blunted increase in Or
contractility on stress testing IVRT > 80 ms

>3 of the followings

LVEF < 50% E/e’ ratio > 15
CCC criteria (2019) Or e’ septal <7 cm/s
GLS < 18% TR velocity > 2.8 m/s
LAVI > 34 mL/m?

WCG: World Congress of Gastroenterology; CC: cirrhotic cardiomyopathy consortium; LVEF: left ventricular
ejection fraction; E/A: E-wave to A-wave ratio; DT: mitral deceleration time; IVRT: isovolumetric relaxation time;
GLS: global longitudinal strain, absolute value; TR: tricuspid regurgitation; LAVTI: left atrial volume index.

Although CCM has been investigated extensively, the management is still not stan-
dardized because there is no clearly-accepted specific treatment. Due to the significant
baseline peripheral vasodilatation in cirrhotic patients, vasodilators such as angiotensin-
converting enzyme (ACE) inhibitors are unfeasible to treat CCM, as further vasodilation
may lower the mean arterial pressure below the cutoff value (approximately 65 mmHg)
that induces kidney injury. Patients with cirrhosis are not sensitive to cardiac glycosides;
thus, these drugs cannot be used.

However, there are general supportive measures, current potentially useful therapies,
and the future possibility of specific treatments for CCM, which will be summarized in the
present review.

2. Clinical Relevance

CCM s clinically significant because when the cirrhotic heart is challenged, the subclin-
ical dysfunction becomes overt. These challenges include exercise, transjugular intrahepatic
portosystemic shunt (TIPS) insertion, drugs, and liver transplantation [5]. Regarding the
last, during the transplantation procedure, intravenous fluids augment cardiac preload, and
postoperatively, systemic vascular resistance is raised, which increases cardiac afterload.
All these challenges significantly aggravate any pre-existing CCM. It was demonstrated
that cardiovascular complications are the third-leading cause of death in patients after
liver transplantation, accounting for 7-21% of deaths [6]. Even without any challenges,
CCM plays an essential role in mortality. Premkumar and coworkers demonstrated that
the mortality rates within 2 years of cirrhotic patients were parallel to the grades of left
ventricular diastolic dysfunction (LVDD grade 1, 10.5% mortality; grade 2, 22.5%; and
grade 3, 40%) [7]. Furthermore, LVDD also correlates with the incidence of acute kidney
injury (OR 6.273, p < 0.05) and hepatic encephalopathy (OR 5.6, p < 0.05).

3. Pathogenic Mechanisms

Cirrhosis is defined as hepatic architectural damage characterized by nodular regener-
ation and diffuse fibrosis; these features lead to liver dysfunction and portal hypertension.
Mechanisms underlying CCM and portal hypertension have been recently reviewed in
detail [2]. Liver dysfunction impacts cardiac molecules, for example, decreased density
of -adrenergic receptors [8], an increased cholesterol-to-phospholipid ratio of the car-
diomyocyte sarcolemmal plasma membrane [9], and abnormal contractile filaments, such
as a myosin heavy chain (MHC) shift from the stronger x-MHC to the weaker and slower
3-MHC isoform [10]. Portal hypertension causes intestinal vascular congestion, which
results in bacterial translocation and endotoxemia. Under stimulation by lipopolysaccha-
rides, pro-inflammatory cytokines, such as TNFa and interleukin (IL)-1§3, are increased.
These cytokines further augment nitric oxide and carbon monoxide, which inhibit cardiac
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contractility. Other cardiac contractile inhibitors include oxidative stress, apoptosis, and
bile acids.

4. Management

There are currently no guidelines on the treatment of CCM. The general manage-
ment of overt noncirrhotic heart failure usually requires oxygen and afterload and preload
reduction [11]. Preload reduction includes water and sodium restriction and diuretics.
Unfortunately, long-term diuretic application may cause electrolyte imbalances and renal
injury [12]. Afterload reduction mainly consists of vasodilation. However, vasodilators
are usually not suitable for treating heart dysfunction in cirrhosis because these patients
often have significant vasodilatation and hypotension. Thus, there is a real risk that va-
sodilators may worsen a cirrhotic patient’s clinical condition [5]. Therefore, ACE inhibitors
or angiotensin receptor blockers are not feasible in patients with advanced cirrhosis. The
potential therapies for CCM may include nonselective beta-blockers (NSBBs. Table 2),
antioxidants, and anti-apoptotic and anti-inflammatory agents.

Table 2. Effects of beta-blockers.

First Author (Ref.) NSBB Subjects Effects
Poynard [13] Propranolol, nadolol Patients Decreases bleeding, improves survival
Sersté [14] Propranolol Patients with refractory ascites Decreases 1-year survival rate
Silvestre [15] metoprolol Patients with CCM No change in stroke volume or diastolic function
Leithead [16] Propranolol, carvedilol Patients with refractory ascites Improves survival
Mookerjee [17] Propranolol Patients with ACLF Improves inflammation and survival
Premkumar [18] carvedilol + ivabradine Patients with CCM Improves LVDD and survival
Zambruni [19] Nadolol Patients with cirrhosis Decreases QTc (i)r\\]graii_e; ;rsl(:::}l:sprolonged Qle
Henrikson [20] Propranolol Patients with cirrhosis Decreases QTc over 90 min

NSBB: non-specific beta-blocker. ACLF: acute-on-chronic liver failure. CCM: cirrhotic cardiomyopathy. LVDD: left
ventricular diastolic dysfunction. QTc: corrected QT interval.

4.1. Non-Selective Beta-Blockers

NSBBs have a long history in the therapy of cirrhotic patients. In 1980, Lebrec and
colleagues [21] conducted a randomized clinical trial with propranolol, which demonstrated
that it significantly decreased the portal pressure in patients with cirrhosis and portal
hypertension, at doses reducing the heart rate by 25%. They speculated that propranolol
might be valuable in preventing recurrent bleeding caused by esophageal varices based
on the portal-hypotensive effect. Many subsequent studies have confirmed this initial
speculation. NSBBs have thus been used in cirrhotic patients with portal hypertension for
more than 40 years [21,22]. To the present date, NSBBs are still a standard of care to prevent
variceal bleeding and rebleeding [23].

4.1.1. Issues of NSBBs in Portal Hypertension

Since Lebrec and colleagues first explored the application of NSBBs in cirrhotic patients
with portal hypertension [21], many studies have been conducted. Poynard et al. [13], in
1991, analyzed four randomized controlled trials. They concluded that patients with NSBBs
not only had fewer first episodes of bleeding but also had improved survival rates. Almost
30 years later, Serste and colleagues, i.e., the Lebrec group [14], conducted a prospective
study in 151 cirrhotic patients with refractory ascites. The patients were divided into
two groups: one group received propranolol (n = 77), and the other group did not. They
reported that the survival time in the propranolol group was shorter than that in the control
group. Furthermore, the 1-year probability of survival was significantly lower in the
propranolol group compared with controls. They concluded that NSBBs should not be used
in cirrhotic patients with refractory ascites. However, a major problem of this study was
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that it was not randomized; patients were selected by their physician to receive NSBB or
not, and thus, there was an inescapable likelihood of selection bias. Comparing the patients’
basic characteristics, in the propranolol group, the presence of esophageal varices and
total bilirubin levels were significantly higher than in the controls, and the systolic blood
pressure was significantly lower. These important differences of these baseline parameters
strongly suggest that the patients in the propranolol group had more severe liver failure.

After further studies on the safety of NSBBs in advanced cirrhosis, a “window hypoth-
esis” was proposed. The window hypothesis contends that NSBBs are neither useful nor
necessary in the early stages of cirrhosis and potentially hazardous in the later stages, such
as those patients with refractory ascites [24]. The sympathetic nervous system activity is
nearly normal in the early stages of cirrhosis, and therefore, NSBBs will exert only modest
effects at this stage; at the later end stage, although the sympathetic system is highly active,
NSBBs at this stage not only inhibit the sympathetic system but also decrease the cardiac
contractility and arterial pressure [24], which may result in tissue hypoperfusion and death.
NSBBs may therefore only be clinically beneficial within a narrow ‘window period” of the
clinical course of cirrhosis.

However, recent studies do not seem to support the “window hypothesis”; Chen
et al. [25] examined the National Health Insurance Research Database of Taiwan. Patients
with cirrhosis taking propranolol vs. those not on this drug (controls) were matched
for gender and age. The mean survival of cirrhotic patients with refractory ascites was
34.3 £ 31.2 months in the propranolol group and 20.8 & 26.6 months in the control group
(p < 0.001). They concluded that compared with controls, propranolol treatment reduces
mortality. Leithead and coworkers [16] also demonstrated that even with refractory ascites,
NSBB treatment confers benefits to cirrhotic patients with end-stage liver disease on the
waiting list for liver transplantation.

Further evidence that demonstrated the beneficial effect of NSBBs is a study of patients
with acute-on-chronic liver failure (ACLF). Mookerjee et al. [17] examined the effect of
NSBBs on systemic inflammation in patients with ACLF and found that NSBBs significantly
reduced white cell count and the concentration of plasma C-reactive protein (CRP). The
severity of inflammatory reaction was an independent predictor for the development of
ACLEF after enrollment and for ACLF-associated mortality. NSBB treatment downregulated
the grades of ACLF and decreased mortality rates. In contrast, patients without NSBB
treatment tended to show a worsening of ACLF during their hospital stay. Moreover,
patients who discontinued NSBB treatment had significantly higher 28-day and 3-month
mortality rates [17].

An important caveat to emphasize is that all the above studies and indeed all previous
comparative studies of NSBBs and mortality in advanced cirrhosis are nonrandomized and
thus inevitably suffer from probable selection bias. This limitation decreases the strength of
any conclusions that can be drawn from these studies. Nevertheless, at present, the tentative
conclusion based on the most recent evidence suggests that in cirrhotic patients, NSBBs
should be stopped only if and when the mean arterial pressure drops below 65 mmHg, as
that is the approximate cut-off value at which renal hypoperfusion occurs [26].

4.1.2. NSBBs for CCM Treatment

There are two pathways by which NSBBs theoretically could exert a therapeutic
effect on CCM. One pathway is by blocking direct cardiac damage due to an overacti-
vated sympathetic nervous system. The other is the beneficial effect of the decrease in
portal hypertension.

The pathway of direct cardiac damage of the overactivated sympathetic nervous
system is unrelated to portal hypertension. In patients with cirrhosis, the sympathetic
nervous system is overactivated, manifesting as persistent adrenergic activation and high
circulating levels of catecholamines [27]. The heart is one of the target organs that can be
damaged by high levels of circulating catecholamines. An animal study demonstrated that
an increase in portal and hepatic sinusoidal pressure leads to the activation of sympathetic
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nerves to the heart [28]. It is well known that sympathetic overactivation plays an important
role in a variety of pathophysiological processes in cardiovascular diseases [29]. Cao
et al. [30] furthermore specified that it is the 3-adrenergic receptor (3-AR) overactivation
that is a major pathological factor mediating cardiac inflammatory injury and causing
cardiac dysfunction. Cardiac inflammatory injury is a key mechanism underlying the
development of cardiac diseases [31].

Regarding the portal hypertension-related pathway, in cirrhotic patients, the portal
venous hypertension causes mesenteric congestion. The congested gut impairs bowel
motility and consequently leads to increased intestinal permeability and bacterial over-
growth [32,33]. The bacterial overgrowth stimulates the production of endotoxin, and
the increased intestinal permeability augments the absorption of endotoxin. Moreover
the dysfunctional cirrhotic liver has reduced detoxication capability, and the presence
of portosystemic collateral circulation enables endotoxin to directly enter the systemic
circulation. All the above changes in patients with cirrhosis cause endotoxemia and sys-
temic inflammation, a phenomenon termed the ‘inflammatory phenotype’. In summary,
an inflammatory phenotype seems to underlie disease severity in many cirrhosis-related
complications, including CCM.

Portal hypertension-associated inflammation is an essential pathogenic event in CCM.
NSBBs are demonstrated to decrease portal pressure; thus, this class of drugs theoretically
could have a therapeutic effect on CCM. Another mechanism by which NSBBs could de-
crease endotoxemia is by increasing bowel motility and reducing intestinal permeability,
thus decreasing bacterial translocation [34]. NSBBs have anti-inflammatory effects, which
may be beneficial in CCM because this condition displays an inflammatory phenotype:
inflammatory cytokines, such as TNFo and IL-1f3, are increased in the cirrhotic heart. Fur-
thermore, NSBBs improve both systolic and diastolic function in patients with non-cirrhotic
chronic heart failure [35]. However, there is no solid evidence to date to demonstrate that
NSBBs have clear therapeutic effects on CCM.

Because of the observations above, many centers have investigated the possible thera-
peutic effect of NSBBs on CCM. Although current theories suggest that NSBBs may exert
therapeutic effects, the pertinent studies have not confirmed this.

Although theoretically it is rational to use NSBBs to treat CCM, there are some dif-
ficulties in the clinical application. First, although cardiac function at resting status is
normal, i.e., left ventricular ejection fraction (LVEF) is preserved due to the vasodilata-
tion, the contractile responsiveness is decreased, such as decreased global longitudinal
train (GLS, <18%). Furthermore, diastolic function is also abnormal, manifested as a
reduced relaxation velocity of ventricular muscle (diastolic mitral annular velocity for
example). Unfortunately, NSBBs possess not only anti-inflammatory effects but also inhibit
the contractility-stimulating 31-AR, therefore potentially further inhibiting cardiac systolic
and diastolic function.

In a recent randomized controlled trial, Premkumar et al. [18] enrolled 189 cirrhotic patients
divided into 3 groups: carvedilol (an alpha- and beta-blocker) alone, carvedilol + ivabradine (a
cardiac pacemaker current [If] blocker), and standard medical therapy (SMT) for 52 weeks.
The targeted heart rate reduction (THR) was defined as heart rate reduction to 55-65 beats
per minute. They observed that patients treated with carvedilol + ivabradine showed
an improvement of LVDD and improved survival compared with the SMT group. Even
the patients treated with carvedilol alone showed modest improvements in cardiac and
clinical parameters. In patients who obtained THR with carvedilol treatment, the E/e’
was insignificantly decreased by 0.6%. In comparison, there was a 14.2% increase in E/e’
in the SMT group (0.6% vs. 14.2%, p = 0.003). These data confirmed a therapeutic effect
of carvedilol on diastolic dysfunction. One issue to mention is that this study did not
specifically report the therapeutic effect of carvedilol on cirrhotic patients with refractory
ascites and Child-Pugh class C. The most promising results with the combination carvedilol
+ ivabradine therapy are encouraging and warrant further study in larger trials.
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Silvestre and colleagues [15] performed a randomized, double-blinded, placebo-
controlled trial to evaluate the effect of 6 months of metoprolol on CCM, randomizing
41 patients to the metoprolol group and 37 to a placebo group. Thirty-eight patients in
the metoprolol group and thirty-five in the placebo group finished the study. The study
did not show any significant differences in the improvement of stroke volume or diastolic
dysfunction. Indeed, no echocardiography parameter or morphology was significantly
different between the metoprolol and placebo groups. Furthermore, metoprolol treatment
did not change the levels of noradrenaline, plasma renin activity, and troponin compared
with the placebo group. Clinical events, such as hospitalization and mortality rates, were
not different significantly between the two groups. Therefore, the authors concluded that
six months of metoprolol treatment does not improve cardiac function and morphology
in patients with CCM. However, randomization may have produced selection bias by
chance: 19.5% of patients in the metoprolol group were Child—-Pugh class C, whereas this
percentage in the placebo group was only 8.1%. Thus, the different severity of cirrhosis in
the two groups may have contributed to a type Il error.

Another prospective study consecutively enrolled 403 patients, 213 with compensated
cirrhosis and 190 with decompensated cirrhosis [36]. This study reported that NSBBs
were more effective on the heart and less effective on portal pressure in patients with
decompensated cirrhosis than in those with compensated cirrhosis. At baseline, decom-
pensated patients were more hyperdynamic than compensated patients, with higher heart
rate and cardiac output (CO), lower arterial pressure, and higher portal pressure. NSBBs
had greater reductions in heart rate (15 & 12 vs. 10 &= 11, p < 0.05) and CO (17 + 15%
vs. 10 £ 21%; p < 0.01) in decompensated patients. However, NSBBs induced less portal
pressure decrease in decompensated patients than in compensated patients (10 £ 18%
vs. 15 £ 12%; p < 0.05). Furthermore, the CO decrease was an independent predictor
of mortality in decompensated patients: compared with survivors, NSBBs produced a
greater decrease in CO in decompensated patients who died (21 + 14% vs. 15 £ 16%;
p < 0.05). Death risk was higher in decompensated patients with CO < 5 L/min than in
those with CO > 5 L/min. Based on the data above, these authors concluded that NSBBs
may be detrimental in patients with end-stage cirrhosis and latent cardiomyopathy because
NSBBs further reduce the cardiac compensatory reserve.

A potential benefit is that NSBBs shorten the prolonged QTc interval and decrease the
risk of ventricular arrhythmias [37,38]. There is no controversy regarding this effect.

Why are the NSBB study results so discrepant? Does a therapeutic window also exist
in CCM treatment with NSBBs? The explanations may be due to patient and NSBB selection.
Some patients might have disease progression during the time course of treatment, such as
those with ACLE. Moreover, several other variables, such as the patients’ nutritional status,
and differences in other standard medical therapies may also play a role.

In terms of NSBB selection, several different drugs have been used in studies. These
include propranolol, nadolol, and carvedilol, all of which are true NSBBs, exerting effects
on both 31 and (3, receptors. In addition, carvedilol is also an «;-adrenergic blocker. On
the other hand, metoprolol, also studied in CCM, is a selective 31-receptor blocker. All
these differences may contribute to the observed discrepant therapeutic effects in patients
with CCM.

4.2. Potential Therapies in CCM (Table 3)

There is currently no accepted specific treatment for CCM. As detailed above, NSBB
therapy is controversial. Other potential strategies could be suggested by the pathogen-
esis of CCM, such as antioxidants and anti-inflammatory and anti-apoptotic substances
(Figure 1). The study by Taprantzia et al. [39] reported that compared with healthy con-
trols, oxidative indicators, such as lipid peroxidation and malondialdehyde (MDA) levels,
were significantly increased in cirrhotic patients, thus showing that oxidative stress is
significantly augmented in cirrhosis [40]. Our previous studies demonstrated that car-
diac inflammation, oxidative stress, and apoptosis play a significant pathogenic role in
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CCM [41-43]. Agents active against oxidative stress, inflammation, and apoptosis may
therefore have potential in clinical application to treat CCM.
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Figure 1. Schematic diagram of pathogenic mechanisms of CCM and therapeutic targets. + denotes

positive or stimulatory effect. —denotes negative or inhibitory effect. NSBB: non-specific beta-blocker.

TNF«: tumor necrosis factor alpha. IL-1f: interleukin 1beta. HO: hemo oxygenase. CO: carbon
monoxide. NO: nitric oxide. ROS: reactive oxygen species. PKA: protein kinase A. PKG: protein
kinase G. N-Lac: N-acetyllactosamine.

Table 3. Potential therapies in cirrhotic cardiomyopathy.

First Author (Ref.) Substance Mechanism of Action Species/Model Effects
Bortoluzzi [44] Albumin Decrease§ 1nﬂammatory CCly-cirrhotic rats Enhances systolic function
and oxidative stress
. . . Patients with . .
Fernandez [45] Albumin Reduces systemic inflammation . . Improves cardiac function
decompensated cirrhosis
Reduces oxidative stress, protein
Mousavi [46] Taurine ca;bonylatlo.n, improves Bll? duct.—hgated protects hvgr .and
mitochondrial function, cirrhotic rats heart from injury
and increases ATP levels
I 1 Decreases inflammatory Bile duct-ligated Enhances systolic function,
Sheibani [47] Spermidine and oxidative stress cirrhotic rats decreases QTc
Galectin-3 inhibitor Decreases inflammation Bile duct-ligated Increases blood pressure;
Yoon [48] . A . . enhanced systolic
(N-acetyllactosamine) by inhibiting TNF« cirrhotic rats . . .
and diastolic function
. Statin Decreases inflammation Bile duct-ligated Increases C.h ronotropic
Niaz [49] . e - . response to isoproterenol;
(atorvastatin) and oxidative stress cirrhotic rats .
decreases QTc interval.
Node [50] Statin Attenuates systemic Patients with dilated Improves LVEF,
(simvastatin) inflammation cardiomyopathy NYHA classification

CCly: carbon tetrachloride; QTc: corrected QT interval; TNFa: tumor necrosis factor alpha; LVEF: left ventricular
ejection fraction; NYHA: New York Heart Association functional classification.
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4.2.1. Statins

Statins not only inhibit cholesterol synthesis and downregulate the serum choles-
terol level but also possess antioxidant and anti-inflammatory effects. Bielecka-Dabrowa
et al. [51] investigated the role of atorvastatin on the parameters of inflammation and left
ventricular function in patients with dilated cardiomyopathy (DCM). They showed that
atorvastatin significantly reduced the inflammatory cytokines in plasma, such as TNFa
and IL-6. It also decreased the cardiac dysfunction marker N-terminal pro-brain natriuretic
peptide (BNP) concentration. Atorvastatin significantly improved cardiac function as
manifested by decreased left ventricular diastolic and systolic diameters. Furthermore, it
significantly increased LVEE. Finally, this drug also significantly increased the probability
of 5-year survival.

Niaz et al. [49] tested the effects of atorvastatin on cirrhotic hearts induced by bile
duct ligation (BDL) in rats. They reported that the chronotropic responses of atria from
BDL rats to isoproterenol were decreased compared with those from sham-operated con-
trols. The response was increased in BDL rats treated with atorvastatin. Furthermore, the
QTc interval and serum BNP, TNF«, and MDA levels were increased in BDL rats, and
atorvastatin significantly decreased these parameters. In summary, atorvastatin improved
the chronotropic hyporesponsiveness and downregulated the oxidative stress and inflam-
mation in cirrhotic rats. From the evidence above, both in humans and animal models,
statins seem to exert a therapeutic effect on cardiac function, mediated via the inhibition of
inflammation, apoptosis [52], and oxidative stress. Therefore, statins are potentially useful
therapeutic agents that need further study. Moreover, given its already proven excellent
safety profile, it can safely be used in almost all patients with cirrhosis except perhaps those
with severely decompensated liver function.

4.2.2. Taurine

Taurine possesses multiple functions, including the modulation of protein phos-
phorylation, calcium ion regulation, membrane stabilization, bile acid conjugation, lipid
metabolism, glucose regulation, antioxidation, anti-inflammation, and anti-apoptosis [53,54].
It is an abundant amino-sulfonic acid in many tissues, such as skeletal muscle, liver,
platelets, and leukocytes, especially in electrically excitable tissues, such as the heart [54].
Low taurine serum levels have been closely associated with many oxidative stress-mediated
pathologies, including hepatic disorders and cardiomyopathy [55]. It plays a significant
role in reducing lipid peroxidation products [54], therefore protecting cells from tissue
damage [56]. It also exerts a protective effect on oxidative stress-induced vascular dysfunc-
tion [57], which may also apply to the heart [55].

Pion et al. [58], in a feline model, showed that taurine depletion leads to cardiomy-
opathy. Another study [59], using a taurine transporter-knockout model in mice, showed
that these animals naturally develop cardiac dysfunction. Beyranvand and coworkers [60]
verified that taurine supplementation increases the exercise capacity in patients with heart
failure, and this effect is partially due to the antioxidant role of taurine.

All these data suggest that taurine is essential for cardiovascular function. However,
the role of taurine in CCM is not well studied. Since the biosynthesis of taurine is primarily
in the liver [54], cirrhosis decreases the functional liver mass and consequently the synthesis
of taurine [5].

It is known that the cardiac content of taurine is significantly decreased in the cirrhotic
heart [61] and parallel to the decrease in taurine is the decreased antioxidant capacity in
these hearts. Thus, the supplementation of taurine may be potentially beneficial. Taurine
has been shown to reduce lipid peroxidation and protect cells from damage [56]. Liu and
coworkers [62] created a model of transverse aortic constriction-induced heart failure in
mice and demonstrated that taurine exerts a protective effect on cardiac function. The
mechanisms are due to a decrease in myocyte oxidative stress, apoptosis, hypertrophy, and
cardiac fibrosis.
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The results obtained from non-cirrhotic heart failure may also be applicable to CCM.
In the BDL rat model of cirrhosis, Mousavi et al. [46] showed that oxidative stress, including
lipid peroxidation, reactive oxygen species, protein carbonylation, and the GSH/GSSG
ratio, were significantly increased in the cirrhotic heart. Taurine administration signifi-
cantly reduced tissue oxidative stress and increased the total antioxidant capacity and
mitochondrial ATP content [46].

In summary, taurine decreased oxidative stress and improved mitochondrial function
in the cirrhotic rat heart. Moreover, it also reduced creatine kinase MB (CK-MB), a surrogate
marker of heart injury. Taurine is therefore a valuable candidate treatment that warrants
further human studies in CCM.

4.2.3. Spermidine

Spermidine, like taurine, also possesses antioxidant, anti-inflammatory, and anti-
apoptotic effects [47,63]. Chen et al. [64] used a transverse aortic constriction model in
mice to investigate the role of spermidine in heart failure (HF). They divided the animals
into four groups: sham controls, HF, HF + spermidine, and HF + spermidine antagonist
(trans-4-methylcyclohexylamine (4-MCHA)). They reported that spermidine significantly
decreased the left ventricular mass. The most significant changes in echocardiographic
parameters were in the HF mice treated with 4-MCHA. This group demonstrated further
increases in left ventricular systolic and diastolic diameters, left ventricular end-diastolic,
and diastolic volumes and further decreases in LVEF. Moreover, 4-MCHA significantly
increased the cardiac content of galectin-3, an inhibitor of cardiac function [48]. Finally, the
mice treated with 4-MCHA showed the greatest extent of cardiomyocyte apoptosis. These
data demonstrated that spermidine inhibition worsened cardiac function and spermidine
improved cardiac function in heart failure.

Omar et al. [65] evaluated the impact of spermidine in a rat model of acute myocardial
infarction (AMI) induced by isoproterenol. Compared to the untreated group, spermidine
significantly reversed electrocardiographic RR interval, QRS, QT intervals, and ST segments
towards normal ranges. Furthermore, serum CK-MB and lactate dehydrogenase, the
parameters of cardiac injury, were significantly reduced by spermidine. Furthermore,
compared with the untreated AMI group, spermidine significantly rescued the reduced
antioxidant capacity [65]. Martinalli et al. [66] administered spermidine to patients with
peripheral artery disease and reported that it increased maximal walking distance and
reduced oxidative stress in these patients. What is the effect of spermidine on CCM?
Sheibani et al. [47] investigated the effects of spermidine in the BDL-induced cirrhotic rat.
They showed that it significantly decreased the QTc interval, which is consistent with a
study of Omar and colleagues [65].

Furthermore, compared with the control group, spermidine significantly reduced the
cardiac oxidative stress and inflammation: decreased levels of malondialdehyde, increased
superoxide dismutase and GSH, and decreased TNFo and IL-1(3. Moreover, the contractility
of isolated ventricular papillary muscles from the BDL + spermidine group was significantly
increased compared with BDL controls. These studies give us hope that spermidine may
one day be applicable to cirrhotic patients with cardiovascular dysfunction.

4.2.4. Galectin-3 Inhibitor

Galectins are members of the lectin family. Galectin-3 is one of the 15 mammalian
galectins identified to date [67]. Galectin-3 is widely distributed in the nucleus, cytoplasm,
cell surface, extracellular space, and the blood circulation [68]. It is closely associated
with CCM because (1) galectin-3 levels are significantly increased in cirrhotic patients [69]
and animal models of liver fibrosis [70]. Moreover, galectin-3 is increased in the cirrhotic
heart [48]. (2) It serves pleiotropic functions, including inflammation [71], oxidative stress,
and apoptosis [72], which are pathogenic mechanisms of CCM. Galectin inhibitors therefore
are theoretically attractive to investigate for CCM treatment.
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We [48] investigated the role of galectin-3 in CCM pathogenesis, using N-acetyllactosamine
(N-Lac) as a galectin-3 inhibitor. We divided rats into four groups, sham operated controls,
sham + N-Lac, BDL, and BDL + N-Lac. In these animals, the left ventricular content
of galectin-3, pro-inflammatory cytokine TNF«, BNP, the collagen I and III ratio, blood
pressure, and cardiomyocyte contractility were measured. We demonstrated that galectin-3,
TNFa, BNP, and the collagen I and III ratio were significantly increased in the hearts
isolated from BDL rats compared with those from sham controls. Blood pressure and
systolic and diastolic contractile velocities were significantly decreased in cardiomyocytes
isolated from BDL rats. The galectin-3 inhibitor significantly decreased levels of galectin-3,
TNFa, BNP, and the collagen I/1II ratio in cirrhotic hearts and significantly increased the
blood pressure and improved the cardiomyocyte contractile velocities of the BDL rats. N-
Lac had no effect on sham controls. The galectin-3 inhibitor decreased the cardiac content
of TNFa and improved the depressed contractility in the cirrhotic heart. With the data
above, we concluded that the increase in galectin-3 in the cirrhotic heart plays an important
role in the inhibition of cardiac contractility. This effect is mediated via TNFo.

4.2.5. Albumin

Albumin is synthesized exclusively by the liver, so its serum levels are reduced in acute
and/or chronic liver disease [73]. It may be a candidate for the treatment of CCM for the
following reasons: (1) Hypoalbuminemia is common in patients with advanced cirrhosis.
Thus, improving hypoalbuminemia should reduce ascites formation by increasing plasma
colloid osmotic pressure. (2) Albumin decreases the protein expressions of Goiy, TNFw,
and iNOS [44], which are known inhibitors of cardiac contractility. Albumin decreases
TNF« via 2 mechanisms, binding serum TNFo and blunting the overexpression of TNFo
in cardiac tissue. (3) It decreases oxidative stress [74], which is an important initiator
of inflammation. Albumin binds many substances, such as NO, reactive oxygen species
(ROS), and proinflammatory cytokines, which may be involved in the pathogenesis of
both peripheral arterial vasodilatation and cardiac dysfunction in patients with cirrhosis.
(4) Albumin increases adenylate cyclase 3, the enzyme that catalyzes ATP to cAMP [44],
and is thus a key mediator of the ventricular-stimulatory pathway.

Bortulozzi and coworkers [44] used carbon tetrachloride (CCly) to induce cirrhosis
and ascites in rats, subsequently infusing intravenous albumin to determine its effects on
the cirrhotic heart. They demonstrated that the cardiac expression of TNF«, iNOS, and
NAD(P)H-oxidase activity were significantly increased in the cirrhotic heart, and cardiac
contractility was significantly decreased in cirrhotic rats compared to controls. Albumin
infusion reversed the protein expressions of TNFe, iNOS, and NAD(P)H-oxidase to control
levels, and the depressed cardiac contractility also reversed back to normal.

A clinical study also demonstrated the role of albumin in cardiac contractility in
patients with cirrhosis. The Pilot-PRECIOSA study [45] demonstrated that patients who
received a high albumin dose (1.5 g/kg weekly) showed improvement in systolic function
with increases in cardiac index and left ventricular stroke work index.

Because the antioxidant and volume-expanding properties of albumin, regardless of
any possible cardioprotective effects, are beneficial in almost all patients with cirrhosis and
it lacks any significant downside, we believe this therapeutic agent is highly promising and
could be considered at any stage of cirrhosis, not just those with advanced disease.

4.2.6. Direct Antioxidants

Hydrogen is a direct antioxidant. The small size of the hydrogen molecule allows it
to easily penetrate the cell membrane to the cytosol. It is naturally metabolized without
residue, and therefore, there are no side effects [75]. Similar to taurine and spermidine,
hydrogen has antioxidant [76], anti-inflammatory, and anti-apoptotic effects [77,78]. Jing
et al. [79] tested the effect of hydrogen-rich saline on isoproterenol-induced myocardial
infarction (MI) in rats. They reported that hydrogen-rich saline decreased MDA, increased
superoxide dismutase, and decreased serum TNF« and IL-6 in the MI heart. Furthermore,
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hydrogen-rich saline decreased cardiac CK-MB levels in the MI rats compared to control rats.
Hydrogen-rich saline pretreatment also reduced the infarct size, alleviated pathological
changes in the left ventricle, and improved cardiac function.

Lee et al. [80] tested the effect of hydrogen on BDL-induced cirrhosis in rats, finding
that hydrogen-rich saline significantly decreased thiobarbituric acid-reacting substances
(TBARS) and MDA, markers of oxidative stress, and increased superoxide dismutase and
GSH, which are markers of antioxidant reserves in BDL rats. Consistent with the study of
Jing et al. [79], hydrogen-rich saline reduced pro-inflammatory markers, including TNFe,
IL-1B, and IL-6. The study of Lee and colleagues did not test the role of hydrogen-rich
saline on direct cardiac function. Instead, they showed an improvement of hyperdynamic
circulation. Qian et al. [81] used hydrogen-rich water (4 mL/kg orally three times a day) to
treat patients with chronic graft-versus-host disease and demonstrated that it prolonged the
survival time and increased the survival rate during 4 years of treatment. They speculated
that these therapeutic effects were mediated via the antioxidant and anti-inflammatory
effects of hydrogen. Accordingly, we suggest that hydrogen may improve cardiac function
in CCM because hydrogen-rich saline attenuates oxidative stress and inflammation in
subjects with cirrhosis, and these phenomena are pathogenic mechanisms of CCM.

4.3. Liver Transplantation

Liver transplantation remains the definitive ‘cure” for cardiovascular anomalies of
cirrhosis. A recent study showed that within one year after liver transplantation, 34% of
CCM patients recovered according to the 2005 Montreal criteria and 57% according to
the 2019 CCC criteria [82]. However, the recovery process is challenging, and the overall
cardiovascular system experiences both risks and benefits. As stated above, the benefits
accrue over a longer term, whereas many of the risks occur during the perioperative and
short-term postoperative states. During the procedure of liver transplantation, the hemor-
rhage and clamping of the major blood vessels may cause hypovolemia, whereas aggressive
fluid resuscitation may cause volume overload. Perioperative hemodynamic fluctuations
significantly affect cardiac function. Other factors, such as acidosis, hypothermia, and
electrolyte disturbances, may impair cardiac contractility [83]. Citrated blood transfusion
may cause hypocalcemia [84], which further depresses cardiac contractility.

After liver transplantation, the peripheral vascular resistance immediately increases,
as does the blood pressure, which raises both cardiac preload and afterload. These chal-
lenges may result in overt cardiac failure in patients with CCM [85]. Another challenge of
liver transplantation is the shortage of donor organs, which limits its application. The high
cost, the complexity of the procedure, the need for the long-term use of immunosuppres-
sants, and complications such as infections and rejection also limit its widespread clinical
application. In many economically underdeveloped global regions, liver transplantation is
simply not available.

5. Future Possibilities

Since the traditional therapeutic strategies for non-cirrhotic cardiac dysfunction, such
as vasodilators, are not applicable in CCM, other potential treatments have been investi-
gated over the past decade. In particular, therapies aimed at correcting the pathogenesis-
related targets, such as antioxidants and anti-inflammatory and anti-apoptotic agents, may
be beneficial to patients with CCM. To date, these strategies are mostly limited to animal
research, so these agents need to be validated in well-designed clinical trials.

Another therapeutic potential agent is NSBBs. Theoretically, NSBBs should have
therapeutic effects on CCM. However, the results from different studies are inconsistent.
Currently, NSBBs are only a standard of care for the prevention of primary and secondary
bleeding caused by gastroesophageal varices. Borrowing from the therapeutic concept of
systemic hypertension, which needs lifelong treatment, we may also need to treat portal
hypertension lifelong rather than just administering NSBBs when variceal bleeding forces
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us to do so. Because portal hypertension is an important pathogenic factor underlying
CCM, treating portal hypertension may lead to the improvement of CCM.
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