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Abstract

Cardiovascular disease (CVD) is the primary cause of death among men and women worldwide. Nevertheless, our
comprehension of how CVD progresses in women and elicits clinical outcomes is lacking, leading CVD to be
under-diagnosed and under-treated in women. A clear example of this differential presentation of CVD pathophysi-
ologies in females is the strikingly higher prevalence of heart failure with preserved ejection fraction (HFpEF).
Women with a history of pre-eclampsia or those who present with co-morbidities such as obesity, hypertension,
and diabetes mellitus are at increased risk of developing HFpEF. Long understood to be a critical CVD risk factor,
our understanding of how gender differentially affects the development of CVD has been greatly expanded by
extensive genomic and transcriptomic studies. These studies uncovered a pivotal role for differential microRNA
(miRNA) expression in response to systemic inflammation, where their co-ordinated expression forms a post-
transcriptional regulatory network that instigates microcirculation defects. Importantly, the potential sex-biased
expression of the given miRNAs may explain sex-specific cardiovascular pathophysiologies in women, such as
HFpEF. Sex-biased miRNAs are regulated by oestrogen (E2) in their transcription and processing or are expressed
from loci on the X-chromosome due to incomplete X-chromosome inactivation. Interestingly, while E2-induced
miRNAs predominantly appear to serve protective functions, it could be argued that many X-linked miRNAs have
been found to challenge microvascular and myocardial integrity. Therefore, menopausal E2 deficiency, resulting in
protective miRNA loss, and the augmentation of X-linked miRNA expression, may well contribute to the molecular

mechanisms that underlie the female-specific cardiovascular aetiology in HFpEF.
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1. Introduction

Cardiovascular disease (CVD) is the leading cause of death among
women worldwide, and more women than men die of CVD every year."
Nonetheless, women remain under-diagnosed and under-treated
because clinical standards are largely based on male pathophysiology and
outcomes.” A clear example of this differential presentation of CVD
pathophysiology in females is the strikingly higher prevalence of heart
failure with preserved ejection fraction (HFpEF) in women. While
HFpEF is diagnosed in 40-70% of all heart failure (HF) cases in general,’
women outnumber men in HFpEF by a 2:1 ratio in population-based
studies.*> Although this sex difference in HFpEF does not affect the
prognosis of women compared with HF with reduced ejection
fraction (HFrEF) patients,” a recent study among 3385 HFpEF patients

demonstrated that risk estimates for HF hospitalization, stroke, and (car-
diovascular) death are higher in women who simultaneously present
with atrial fibrillation (AF).7 Therefore, a better understanding of the
sex-specific mechanisms leading to HFpEF in women could reduce their
risk for HFpEF and could improve female-specific clinical care standards.
Various co-morbidities display strong associations with HFrEF and
HFpEF, while also serving as HF phenotype determinants.® While HFrEF
is linked with ischaemia and cardiomyocyte (CM) loss,™'® HFpEF is asso-
ciated with advanced age,11 obesity,12 hyper'tension,13 pre-eclampsia,14
diabetes mellitus (DM) " and renal dysfunction.'® Unfortunately, a mech-
anistic understanding of HFpEF in cardiomyocytes (CM) has been
restricted by limited access to human myocardial biopsies and the lack of
animal models that sufficiently mimic human pathology. However, avail-
able histopathological studies of ventricular tissue have revealed that the
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aforementioned metabolic co-morbidities induce extensive myocardial
expression of endothelial adhesion molecules.”” An ensuing progressive
reduction in capillary density (i.e. microvascular rarefaction) in HFpEF
hearts'® activates a transforming growth factor-p (TGF-B)-signalling cas-
cade that is profibrotic and leads to myocardial collagen accumula-
tion."?° The subsequent loss of endothelial cell (EC)-derived nitric
oxide (NO) signalling limits myocardial cyclic guanosine monophosphate
(cGMP)—protein kinase G (PKG) signalling.*' Because cGMP-PKG signal-
ling maintains CM elasticity via phosphorylation of titin, decreased
cGMP-PKG levels trigger titin hypophosphorylation®* yielding hypertro-
phic CMs with a higher resting tension.”>* Interestingly, in women
with HFpEF, CM remodelling favours a sex-specific cardiac geometry
whereby concentric remodelling is tightly coupled with diastolic
dysfunction.”®

Collectively, this pathophysiological model has been put forth as the
inflammatory microvascular paradigm.27 Clinical studies have demon-
strated that this paradigm is also predictive for CVD morbidity and mor-
tality due to the fact that subjects with HFpEF display reduced coronary
bloodflow,”® whereas peripheral endothelial dysfunction independently
correlates with future cardiovascular events.”’

2. Sex specific cardiomyocyte
remodelling patterns upon
vascular stress

To explain the above-mentioned sex differences in CM remodelling, the
transverse aortic constriction (TAC) model is often used in animal
research.*® This model enables the study of CM hypertrophy followed
by a transition to HF and thus revealed that female mice develop a con-
centric form of hypertrophy and are more protected against fibrosis
compared with male mice.>’ Moreover, female rats seem to be better
protected against pressure overload because TAC-induced left ventricu-
lar (LV) hypertrophy resulted in a depressed contractile reserve in male
hearts compared with the female hearts.** Similarly, in humans, men and
women display a different, LV response to chronic load alteration during
the progression of aortic stenosis (AS), and this sex-specific remodelling
of CMs has also been attributed to the female predominant prevalence
of HFpEF.*® Men tend to develop an eccentric LV remodelling response
of CMs upon stress, whereas women have a more concentric remodel-
ling response that develops during ageing,34 and with systolic hyperten-
sion® and AS.*® Due to this concentric pattern of remodelling, women
have a smaller LV cavity with a larger wall thickness, less cardiac collagen
deposition,37 and a better preserved EF and contractility when com-
pared to men.*® However, a complete understanding of the sex-specific
cellular mechanisms within CMs is currently lacking.

3. Sex-biased miRNAs: potential
mediators of the sex-specific cardio-
vascular pathophysiology in HFpEF

It is becoming increasingly apparent that the cellular ‘response to stress
or injury’ is predominantly regulated at the post-transcriptional level,
involving an intricate interplay between non-coding RNAs, such as
miRNAs and long-non-coding RNAs (IncRNA),* and RNA-binding pro-
teins.>® Following this notion, many studies have addressed the co-ordi-
nation of gene expression in cardiovascular tissue by miRNAs, which

play a pivotal role in silencing or fine-tuning messenger RNA (mRNA)
expression and protein levels based on the complementarity of base
pairing at 3-untranslated regions (3'-UTR) of the target mRNAs.*® The
expression of non-coding RNAs is sex biased as a result of two main
driving factors. First, many gene promoters contain oestrogen-respon-
sive elements (EREs)41 whereby E2 binding drives miRNA expression.42
Secondly, the X-chromosome encodes 118 miRNAs,*> and several
X-linked miRNAs are known to escape X-chromosome inactivation**
resulting in higher expression levels of these miRNAs, in particular cell
types.*

Striking examples of a resultant sex-specific myocardial miRNA
expression were reported in @ miRNA array study that demonstrated
that myocardial miRNA expression from healthy, mature mice exhibited
a sex-specific expression of a subset of miRNAs. Interestingly, the
expression of the X-chromosome located miR-222 was to be signifi-
cantly augmented in males compared with females resulting in a sex-
specific myocardial endothelial nitric oxide synthase (eNOS) expres-
sion.*® Furthermore, expression levels of other miIRNAs, namely miR-1,
miR-106b, miR-720, and miR-29b, were augmented in females compared
with males, and their differential sex-specific myocardial expression may
result in a sex-specific response of CMs to injury or therapeutic
inhibition.

A sex-specific therapeutic inhibition in myocardial tissue was demon-
strated in a miRNA sequencing study on RNA from mouse ventricular
tissue, which revealed a sex-specific mycoardial miRNA expression
within the healthy heart but also in mouse models of dilated cardiomy-
opathy (DCM) and AF.* Interestingly, this study demonstrated that the
inhibition of a particular miRNA, namely miRNA-34a, in DCM female
mice, resulted in less cardiac remodelling, lower expression of cardiac
stress genes, and less cardiac fibrosis compared with male mice.*’ Given
that the inhibition of this miRNA resulted in a more effective therapeutic
inhibition in women, this suggests that sex-biased myocardial miRNA
expression determines myocardial cellular fate in women with cardiac
disease.

The above-mentioned studies pinpoint sex-specific myocardial
miRNA networks that may target multiple genes, thereby co-ordinating
the control of distinct cellular pathways that together drive cellular func-
tions, including those involved in the cellular response to injury in
HFpEF.48 Consequently, by the simultaneous repression of multiple
genes, miRNAs directly influence the output of functionally related bio-
logical pathways, the co-ordination of signalling networks, and cellular
fate.*” The fact that the co-ordination of signalling networks within cells
starts via X-chromosome-located miRNAs or miRNAs whose transcrip-
tion is regulated by E2 increases the likelihood that this regulatory con-
trol will develop differently between men and women. We believe that
this hypothesis could provide additional mechanistic insight into HFpEF
and the clinical heterogeneity associated with this syndrome, which
could arise from different pathophysiological conditions being induced
by different co-morbidities in men and women.

Therefore, this review postulates that sex-biased miRNAs may func-
tion as post-transcriptional mediators of the sex-specific cardiovascular
pathophysiology driving HFpEF in women. Here, we will first discuss
both the beneficial impact of E2 and the possibe injurious effects of X-
chromosome gene dosage disequilibria on the cardiovascular system in
women. Secondly, we provide insight into how the pathogenesis of
HFpEF is linked with sex-biased miRNA expression and their regulation
of functionally related genes in ECs, vascular smooth muscle cells
(VSMCs), and CMs. To achieve this, we detail how E2-regulated
miRNAs primarily seem to protect the microvasculature against
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inflammation and also limit CM remodelling and fibrosis. In contrast, as a
result of incomplete X-chromosome inactivation, the augmentation of
X-chromosome located miRNAs could activate the cellular response to
hyperglycaemia, thereby driving microvascular inflammation and rarefac-
tion (i.e. aberrant angiogenesis). These processes represent key patho-
physiological features leading to HFpEF. In CMs, for example it could be
argued that X-linked miRNAs act as accessory stimuli in the disruption
of mitochondrial respiration and autophagy, leading to hypertrophic
responses that are strongly associated with HFpEF.

4. Oestrogen attenuates the
cellular response to injury in HFpEF

Sex steroid hormones markedly affect the pathophysiological differences
in CVD development in men and women.* Particularly, the effects of
17pB-estradiol (E2), the major circulating oestrogen, and the oestrogen
receptors (ER) have been well investigated.>’ Two ERs, namely ERo and
ERP, are widely expressed in virtually all tissues with higher expression
levels in women than in men.>*> Upon E2 binding, nuclear translocation
and subsequent attachment of the E2-ER complex to the DNA at EREs
drives expression of genes that mostly have been described to have ben-
eficial impact on the functional status of ECs, VSMCs, and CMs.!

In ECs, E2—ER signalling exerts anti-inflammatory effects by augment-
ing eNOS induced-NO signalling,>* attenuating the major cellular source
of reactive oxygen species (ROS), NADPH oxidase®* and inhibiting the
expression of endothelial leucocyte adhesion molecules such as vascular
cell adhesion molecule 1 (VCAM1) and intercellular cell adhesion mole-
cule (ICAM1).>® VSMCs equally profit from protective E2 activity, as E2
decreases stress-induced proliferation and contractility of VSMCs.***” In
CMs, E2 stimulates the expression of the pro-survival kinase, Akt, which
inhibits cellular apoptosis in women®® and promotes cell survival>’
Moreover, E2 attenuates CM remodelling in response to pressure over-
load®® and augments myocardial angiogenesis, thereby increasing capil-
lary density.®’

5. Oestrogen counteracts adverse
haemodynamic and metabolic
HFpEF co-morbidities

The renin—angiotensin—aldosterone system (RAAS) controls water and
electrolyte homeostasis, and the classical activation of this pathway is ini-
tiated by binding of angiotensin Il (ANG II) to the ANGII type 1 receptor
(AT1R). Non-classical RAAS stimulation by E2 in pre-menopausal
women opposes classical activation of this pathway, thereby triggering
vascular vasodilation and enhanced blood flow.**** However, meno-
pausal E2 deficiency is associated with classical RAAS activation,®* with
prospective population studies indicating that post-menopausal women
present higher arterial pressures than aged-matched pre-menopausal
women.®®

In lipoprotein metabolism, E2 decreases LDL-cholesterol®® and pre-
and uptake by macrophages.®®
Furthermore, E2 elevates HDL levels®’

vents its vascular accumulation®”
and amplifies its reversed choles-
terol transport capacity.”® Similar protective effects of E2-ER signalling
have been observed in glucose metabolism, as ERa knockout mice are
hyperinsulinaemic and have abnormal glucose levels,”" a phenomenon

that is reversed upon ERa. stimulation.”? Interestingly, this ER deficiency

is also associated with less insulin secretion, less insulin sensitivity, and
more insulin resistance in post-menopausal women.”>”*

These beneficial E2 effects in pre-menopausal women have led to the
hypothesis that hormone replacement therapy (HRT) might reduce
CVD in post-menopausal women. However, unexpectedly several large
prospective HRT studies failed to reduce CVD expression in women,””
and some trials even reported an adverse impact of HRT on the preva-
lence of myocardial infarctions.”® Therefore, these observations make
way for the alternative hypothesis that elevated E2 levels, as reported in
obese post-menopausal women may actually serve as a potential driver
of elevated susceptibility for CVD in women with diabetes.”’

6. Oestrogen regulates miRNA
transcription and processing

E2 can regulate miRNA expression and function at multiple levels
(Figure 1). MiRNAs are expressed from intronic regions of protein-
coding mRNA or located intergenically. Intergenic miRNAs have inde-
pendent promoters, transcript sequences, and terminators, whereas
intronic miRNAs share these regulatory motifs with the host gene.”® ER
binding to such regulatory motifs in promoters drives miRNA transcrip-
tion, which can directly affect miIRNA expression levels.*. This subse-
quently regulates multiple downstream targets (in both a direct and an
indirect fashion).79 This was particularly demonstrated in ER-positive
breast cancer cell lines that have a reduced expression of miR-181a and
miR-26a upon E2 stimulation. Selective overexpression of these
miRNAs limited E2-dependent cell growth, suggesting that this E2-
induced miRNA decrease was required for E2-dependent cell growth.®

Alongside a role in driving miRNA transcription, E2 has recently been
found to also affect expression levels of essential components of the
miRNA processing machinery. Binding of the ER-E2 complex at an
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enhancer region upstream of the Dicer (known for cleaving pre-
miRNAs) transcription start site has been shown to augment Dicer pro-
tein levels.2"®? Furthermore, genomescale studies in breast cancer cell
lines found that the ERat binds the enhancer region upstream the DICER
transcription start site, which suggests E2—ER signalling modulates
miRNA processing.83 Further downstream in miRNA processing, ERo
depletion has been shown to increase expression of the catalytic subunit
of the RISC complex, the Argonaute-2 (Ago-2) protein in ER-positive
human breast cancer cell lines and tumours, which mediates the
miRNA-dependent cleavage function.®*

Collectively, it is worth noting that the aforementioned studies, which
have demonstrated that miRNA transcription is under E2—ER signalling
control, are carried out in MCF-7 cell lines, which have a deregulated cell
cycle control and abnormal gene expression profiles. However, miRNA
expression in healthy human umbilical vein endothelial cells (HUVECsS),
skeletal muscle, and adipocytes has also been found to be regulated by
E2—-ER signalling.

In HUVECs, 24 h of E2 treatment (10 nM) was found to increase both
pri-miR-126 and mature miR-126-3p expression in an ERa-dependent
manner.> This suggests that E2 is involved in miRNA biogenesis in
HUVECs. Furthermore, in skeletal muscle from female mice, pri-miR-22
expression was found to be more abundantly expressed than in male
mice. Interestingly, upon mutating the ERa-binding site in the pri-
miRNA-22, the E2-induced repression of miR-22 processing was abol-
ished. Therefore, this study concluded that the ERa represses the proc-
essing of the pri-miR-22 by binding to a conserved ERa binding element
within the pri—miR—22.86

Similarly, miRNA profiles of skeletal muscle from monozygotic post-
menopausal twin pairs discordant for oestrogen-based HRT revealed
that miRNA-182, miRNA-223, and miRNA-142-3p expression
decreased as a result of HRT.®” However, no additional expression anal-
ysis of pri-miRNA sequences or mutation analysis of ER-binding sites in
these particular miRNAs was performed in this study. Furthermore, in
omental adipose tissue samples from women with gestational diabetes
mellitus, miIRNA-222 was up-regulated compared with the healthy preg-
nant controls and displayed a negative correlation with ERa and GLUT4
protein levels.®® Upon silencing of miRNA-222 in cultured adipocytes,
GLUT4 translocation to the membrane improved, thereby resulting in
more insulin-stimulated glucose uptake compared with the healthy con-
trols.®® However, neither this effect was causally mediated via the ERa.
nor were any additional miR-222 overexpression experiments per-
formed to determine direct miRNA-222 effects on ERa, independent of
E2 signalling.

Taken together, these studies demonstrate that it is plausible to
hypothesize that E2 affects miRNA transcription and processing in
healthy human cells. Therefore, the observed enrichment of ERs within
ECs could support the notion that miRNA transcription is regulated by

E2 within the female vasculature.®

7. Oestrogen-regulated miRNAs
attenuate the cellular response
to microvascular inflammation

In healthy subjects, endothelial quiescence is established by laminar flow
that marks a major physiological parameter affecting the transcriptome
via endothelial transcription factors KLF2°" and KLF4.”* KLF2 and KLF4
activate NO signalling to prevent endothelial leucocyte adhesion and to

reduce VSMC proliferation that enhances vascular vasodilation.” In con-
trast, endothelial ROS and systemic pro-inflammatory signalling in
HFpEF reduce NO signalling, leading to a reduction in endothelial migra-
tion and proliferation.94 Because the resulting decrease in capillary den-
sity further aggravates myocardial NO and oxygen (O,) bioavailability in
HFpEF patients,95 VSMCs can lose their vasodilator response and revert
to a proliferative, migratory, and synthetic state to aid in vessel repair.”®
In subjacent CMs, reduced NO and O, levels perturb mitochondrial res-
pira‘cion97 and contraction,”® which initiates a remodelling response99
that correlates with LV diastolic dysfunction.100

In ECs, VSMCs and CMs, E2 regulates the aforementioned cellular
processes. Although E2 induces EC proliferation and migration,51 it
inhibits these processes in VSMCs directly®® but also indirectly via
miRNA-induced changes in gene expression (Figure 2, E2 regulated
miRNAs). In ECs, E2 was found to increase the expression of pri-
miR-126 and mature miR-126-3p in an ERa-dependent manner,
which promoted endothelial proliferation and tube formation.®®
Interestingly, in vitro both miRNA-126 and E2 acted synergistically to
reduce the expression of VCAM-1, while in vivo experiments in
female mice demonstrated that miRNA-126 and E2 were capable of
reducing aorta sinus plaque size.%> Even though the ant-inflammatory
effects in the in vitro experiment were very modest, the data strongly
suggest that the presence of a synergistic, anti-inflammatory effect of
miRNA-126 and E2 in endothelial cells.

In mouse and human VSMCs, interaction of the ER-E2 complex at the
promoter region of mMiRNA-203 in the 14932 locus, along with indirect
activation of transcription via transcription factors Zeb-1 and AP-1, was
found to increase the expression of miRNA-203."" Although no func-
tional ERE was identified in the predicted miR-203 promoter region, this
study demonstrated that ERa binding to the miR-203 promoter was
mediated by AP-1, while Zeb-1 repressed E2 regulation of miR-203
expression through an interaction with the ERa at the miR-203 pro-
moter. The resultant high miR-203 levels in ERa-overexpressing mouse
VSMCs attenuated the levels of the pro-proliferative proteins Abl1 and
p63, resulting in less VSMC proliferation.’”" Causal evidence that miR-
203 contributed to the E2-induced inhibition of VSMC proliferation was
demonstrated when miR-203 knockdown abolished E2-mediated inhibi-
tion of VSMC proliferation while miR-203 overexpression suppressed
cellular proliferation.101

8. Oestrogen-regulated miRNAs
attenuate myocardial remodelling
and fibrosis

In CMs, E2 affects cellular function indirectly by transcriptionally regulating
miRNA expression. This was particularly striking in an animal model of
cardiac fibrosis, where the levels of miRNA-24, 27a/b and miRNA-106a/
b were increased within the hypertrophied hearts of wild type- and ER-
B- deficient C57Bl/6) male mice, when compared with female mice." It
was demonstrated that these miRNAs operate together targeting differ-
ent negative regulators of the pro-fibrotic MAPK-ERK1/2 signalling path-
way, namely Spry1, Rasal, and Rasa2. In female mice, E2 repressed the
expression of these miRNAs, thereby limiting pressure overload-
induced cardiac fibrosis,'® although no additional perturbation experi-
ments with these E2-regulated miRNAs were performed. Nonetheless,
this E2-miRNA mediated repression of fibrosis in the female gender is in
line with the results from a genomewide gene expression profiling study
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Figure 2 Sex-biased miRNAs are potential mediators of the sex-specific cardiovascular pathophysiology in HFpEF. The middle panel (yellow panel)
describes the cellular response to injury in the progression of HFpEF on which oestrogen-regulated miRNAs (green panel) and X-linked miRNAs (red panel)
were shown to have an impact. Green fonts depict miRNA/targets relations in HFpEF protective mechansms, red fonts depict HFpEF progressive

mechanisms.

of human myocardial LV tissue samples, where transcriptome profiling
revealed that fibrosis-related genes were induced to a higher degree in
males when compared with females.'®®

Importantly, E2 not only inhibits fibrosis but is also protective against
concentric remodelling of CMs. Decreased E2 levels in ovariectomized
(OVX) rats were found to increase miRNA-23a expression, leading to
gap junction defects in CMs as a result of reduced Connexin 43 (Cx43)

protein levels, a phenomena that was reversed upon E2 suppletion.'™

Interestingly, gap junction defects and Cx43 down-regulation in cultured
CMs were restored by miRNA-23a knockdown with antisense oligonu-
cleotides."® However, the mechanism through which E2 regulates
miRNA-23a was not assessed, while E2 also induced an up-regulation of
the miRNA-23a cluster members, miRNA-27a, and miRNA-24-2. These
miRNAs could have had a modulatory effect on Connexin-43 expres-
sion depending on their seed sequence. Nonetheless, more detrimental
effects of increased miRNA-23a levels were seen in response to E2
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deficiency that induced structural damage to the mitochondrion in
post-menopausal and OVX mice. This led to an impairment in
respiratory function due to reduced production of peroxisome
proliferator-activated receptor-y co-activator 1-a (PGC-1a), a key mito-
chondrial protein.'® Interestingly, both miRNA-23a overexpression and
knockdown experiments altered mitochondrial respiration in cultured
CM:s because of PGC-1a. expression level changes.'®

Together these studies clearly indicate a critical role for E2-regulated
miRNAs and their subsequent regulation of gene expression in ECs,
VSMCs, and CMs. Howevers, it should also be mentioned that phenol red
in cell culture medium contains a higher concentration of E2 than the con-
centration of E2 in female serum.'® Therefore, unless miRNA expression
experiments are carried out with phenol red free media or charcoal
stripped fetal calf serum (FCS) to exclude the oestrogenic actions of
phenol red, these experiments should be regarded to have been per-
formed under chronic E2 stimulation. As such, one should be cautious in
drawing strong conclusions on oestrogen-induced mechanisms from
these studies. Nonetheless, the aforementioned miRNAs pinpoint conse-
quences of alterations in sex hormone levels in post-menopausal women,
which negatively affects metabolism and cardiac function.'”’

9. X-chromosome mosaicism:
a causal factor for sex-biased
cardiovascular comorbidities?

Sex chromosome gene expression differences are the natural result of
two X-chromosome copies vs. one X and one Y chromosome copy
in somatic cells of females and males, respectively. To avoid a female
X-chromosome gene dosage disequilibrium, one of each of the X-chro-
mosome copies is neutralized by random X-chromosome inactivation
(XCl, Figure 3A) during embryonic development.'® XCl is co-ordinated
by an X-inactivation center (Xic), located on the longer arm of the chro-
mosome, which controls XCI by initiating X chromosome counting and
random X chromosome choice.'” The Xic harbours the IncRNA
“K-inactive specific transcript’ (XIST), which will coat the X-chromo-
some from which it is expressed."'® XIST coating subsequently directs
chromatin and transcriptional changes by binding polycomb repressive
complexes that induce methylation and subsequent silencing of the
genes located on the X chromosome.'™® These steps are completed in
the peri-implantation embryo within the 10-20 cell epiblast lineage and
should be maintained in all somatic cells. However, 10% of X-chromo-
some-located (X-linked) genes show variable expression patterns as a
result of incomplete XCl, whereas 15% of X-linked genes permanently
escape XCl, albeit that this proportion displays region-dependent varia-
tion.*® In female somatic cells, this results in mosaicism and heterogene-
ity in X-chromosome gene expression patterns.

This mosaicism of XX women has been demonstrated to lead to sex
differences in the immune response to both self and foreign antigens.
Surprisingly, the X-chromosome is enriched for immune response genes,
such as Toll-like receptor 7 (TLR7) and CDA40 ligand (CD40L).""
Therefore, variations in these gene copies can result in distinct alleles
with different regulatory and response capacities, thereby conferring
that X chromosome allelic diversity benefits to women. However, the
increased dosage of immunity-related genes could also potentially induce
a hyper-responsiveness to acute inflammatory stimuli, thereby rendering
women more susceptible to inflammatory and autoimmune diseases
than men.'"? Furthermore, and relevant for understanding sex-specific

aetiology in CVD, also in autoimmune disease patients, eNOS uncou-
pling plays a central role in the amplification of oxidative signalling path-
ways that chronically activate the microvascular endothelium."">*
Because far more women are autoimmune disease patients, this phe-
nomenon is also likely to predispose women towards more cardiovascu-
lar morbidity and mortality than men.'"®

In line with these notions, the presence of two X chromosomes in
female cells has also been associated with more cardiovascular comorbid-
ities, based on research using the so-called four-core genotype (FCG)
mouse model. In FCG mice, the testis-determining Sry gene is deleted
from the Y chromosome (XY"), yielding a Y~ chromosome that is no lon-
ger testis determining. This creates XY™ mice that are gonadal females with
ovaries. When a Sry transgene is inserted onto an autosome, mice are
gonadal males (XY Sry) with testes."® Mating XY"Sry with XX females pro-
duces the FCGs which are XX females, XY~ females, XXSry males, and
XY Sry mice."®

In gonadectomized FCG mice, it is thus possible to study sex chromo-
some-induced cardiovascular effects, independently of gonadal hormone-
mediated effects that are normally known to supress the cellular response
towards HFpEF-inducing co-morbidities. This has revealed that XX mice
develop a higher mean arterial pressure after RAAS activation than XY
117 as well as a much larger myocardial infarct size following ischae-
mia/reperfusion (I/R) injury than XY mice.""® Moreover, XX mice on a
high-fat diet gain more obesity and develop more subcutaneous inguinal
adipose tissue depots while they are also more insulin resistant than XY
mice."? Importantly, the development of these HFpEF inducing co-mor-
bidities (i.e. inflammation, obesity, and hypertension) could solely be attrib-
uted to the number of X chromosomes rather than the absence of a Y

mice

chromosome.

10. X-chromosome-located
miRNAs escape X-chromosome
inactivation

Both in humans and mice, the X-chromosome is relatively enriched for
miRNAs with over two-fold higher miRNA densities compared with the
autosomes.* In contrast, the male Y-chromosome possesses only two
annotated miRNAs in the pseudoautosomal region, which undergoes
recombination with the X-chromosome.** Currently, 118 miRNAs are
annotated on the human X-chromosome (source: miRBase vs.21), of
which the majority fall into six regional clusters (Figure 3B). These clus-
ters comprise 78 X-linked miRNAs, of which 83% have been reported
to escape XCI*12° and modulate EC, VSMC, and CM function and could
thus potentially be involved in the pathophysiology leading to HFpEF.
(Figure 2, X-linked miRNAs).

11. X-linked miRNAs mediate the
cellular response to hyperglycaemia

121 and

HFpEF is more prevalent in diabetic women than diabetic men,
obesity stands out as a significant risk factor for HFpEF in post-meno-
pausal women."? This suggests that hyperglycaemia and hyperinsuline-
mia in women are associated with HFpEF development. Interestingly, the
endothelial response to hyperglycaemia is regulated by differential
expression of several X-linked miRNAs. This was particularly evident

when hyperglycaemia-induced EC dysfunction stimulated miRNA-221
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Figure 3 (A) Mechanism of X-chromomsome inactivation (B) MiIRNA map of the human X chromosome depicting X-linked miRNAs that regulate the cellular
response to injury in HFpEF. (A) During embryonic development, XCl inactivation is carried out by the long-non-coding RNA XIST which is expressed from the
X-inactivation center (XIC) on the X-chromosome. By spreading along the X-chromosome, XIST induces transcriptional silencing resulting in either an inactive
maternal X- or paternal X-chromosome in women. This coating of the inactive X-chromosome by XIST should be maintained throughout adult live in ECs,
VSMCs, and CMs. Transcription of an antisense long-non-coding RNA to XIST, TSIX restricts XIST activity on the future active X-chromosome. (B)
Chromosomal loci with a high or moderate probability of escaping X-chromosome inactivation are depicted in dark blue and light blue, respectively. Data of
chromosomal loci that escape X-chromosome inactivation was derived from Carrel and Willard.* lItalic and bold emphases depicted X-linked miRNAs that are
involved in the cellular response to injury in HFpEF are in close proximity to chromosomal loci that are known to escape X-chromosome inactivation.

expression in HUVECs, which triggered a reduced expression of c-kit,
the receptor for stem cell factor that in healthy conditions activates EC
migration. Subsequent miR-221 knockdown in HUVECs cultured under
high glucose conditions, restored c-kit protein expression, and abolished
the inhibitory effect of high glucose exposure on HUVECs transmigra-
tion, although miR-221 knockdown itself had no significant effect on
migration.'”> More inhibition of EC migration was seen when high glu-
cose levels decreased the expression of mIRNA-98 in streptozotocin
(STZ)-treated rats fed a high-fat diet resulting in increased expression of
the cell cycle protein cyclin D2."** Similar EC proliferation inhibition by
glucose was seen when hyperglycaemia-stimulated miRNA-503 expres-
sion in ECs.'” MiR-503 overexpression inhibited EC proliferation and
migration while upon miR-503 knockout, ECs improved in proliferation
and angiogenesis, suggesting an anti-angiogenic function for miRNA-503
in patients with DM."*® In ECs in vitro, these effects upon miR-503 knock-
down associated with a restoration of cdc25A and CCNE1 protein lev-
els, although no siRNA-mediated experiments were carried out to

confirm the cause—effect relation between these observed post-
transcriptional regulation of cell cycle maintainer proteins and the
angiogenic
microparticle-mediated release of miRNA-503 from diabetic ECs was

aberrant  endothelial response.  Interestingly, the
efficiently taken up by neighbouring pericytes, where it was found to tar-
get the EFNB2 and VEGFA mRNAs resulting in impaired pericyte cover-
age of capillaries and increased permeability but also impaired post-
ischaemic angiogenesis in limb muscles.'?

In contrast to the X-linked miRNA expression profiles observed in
hyperglycaemic ECs, VSMCs isolated from internal mammary artery (IMA)
segment of diabetic patients display elevated levels of the miR-221/222
cluster and decreased p27Kip1mRNAlevels, which resulted in more VSMC
proliferation in vitro."”” Whether diabetes indeed promoted VSMC prolif-
eration through higher levels of this particular miR-221/222 cluster could
not be concluded from this study. However, other studies have shown
that the VSMC response to diabetes is mediated via other miRNA expres-

sion level changes. For instance, increased miRNA-504 expression levels
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upon diabetes were responsible for skewing VSMCs to adopt an inflamma-
tory phenotype with higher cellular expression of the pro-inflammatory
genes Ccl2 and IL6. This was shown to enhance VSMC proliferation
and migration, effects that were blocked by miR-504 inhibition in
VSMCs.'*®

These findings suggest that while EC-derived X-linked miRNAs nega-
tively affect the proliferative and supportive capacities of ECs and peri-
cytes respectively, they stimulate the proliferative capacity of VSMCs.
These pinpoint towards an indirect manner by which hyperglycaemia
could potentially be responsible for EC dysfunction, a decrease in peri-
cyte coverage, and vascular hyperactivity in the setting of HFpEF in
women.

12. X-linked miRNAs mediate the
cellular response to microvascular
inflammation

The increased circulating levels of the pro-inflammatory factors
C-reactive protein (CRP), interleukin-6 (IL-6), and tumour necrosis
factor-o (TNF-0) in HFpEF patients'? stimulate endothelial VCAM-1
and E-Selectin expression, thereby promoting leucocyte recruitment
and adhesion to (coronary) ECs."” The expression of these endothe-
lial adhesion molecules is actively modulated by X-linked miRNAs
either potentiating or attenuating the endothelial inflammatory
response. Culturing ECs in such inflammatory conditions was found
to significantly increase miRNA-92a expression levels, a miRNA that
was also elevated in atherosusceptible regions of swine aorta.'**'3’
Subsequent studies convincingly demonstrated that this endothelial
miRNA-92a elevation was mediated via the oxidative stress-induced
sterol regulatory element-binding protein 2 (SREBP2), an activator of
the endothelial inflammatory response. In endothelial cell-specific
SREBP2 transgenic mice, miR-92a knockdown attenuated inflamma-
some activation, improved vascular vasodilation, and inhibited
ANG ll-induced, or ageing-related atherogenesis."** This endothelial
recovery was accomplished because the elevation of this particular
miRNA during inflammation was responsible for decreased KLF2,
KLF4, and eNOS levels while also leading to inflammasome activa-
tion."*? Similar effects on endothelial inflammation are carried out by
miRNA-223. Low baseline expression levels of endothelial miRNA-
223 can be increased by the transport capacities of HDL, which has
been shown to be involved in the transfer of miRNA-223 to ECs."*
This way HDL augments endothelial miRNA-223 expression, thereby
leading to a functional decrease in endothelial ICAM-1 expression
levels."** However, these beneficial anti-inflammatory properties of
miRNA-223 expression are reduced in ECs upon continuous TNF-o
treatment, which enhances the expression of tissue factor (TF) by
ECs." The in vitro transfection of ECs with an miRNA-223 mimic
was subsequently found to decrease both TF mRNA and protein lev-
els, suggesting a potential inhibitory role for miRNA-223 in the pro-
thrombotic complications of endothelial inflammation. ">

Taken together, this shows that the endothelial response to pro-
inflammatory cytokine signalling is either potentiated or attenuated
by differential expression of X-linked miRNAs. Consequently,
incomplete X-chromosome inactivation may result in a sex-biased
expression of endothelial inflammatory genes in women with HFpEF
that contributes to its pathophysiology of vascular endothelial
dysfunction.

13. X-linked miRNAs mediate
the angiogenic response to
microvascular inflammation

ECs are essential for angiogenesis, a process that involves the formation
of new capillaries from pre-existing vessels during development and in
response to O, deprivation and inflammation.”® A well-known pro-
moter of this regenerative process is vascular endothelial growth factor
(VEGF), a protein whose expression is initiated by exogenous ROS pro-
duction (105) enabling the sprouting and migration of ECs from capilla-
ries into the surrounding tissues. 37138 Following their generation,
nascent vessels must be stabilized to ensure survival. The angiogenic
growth factor Angiopoietin-1 (Ang-1), produced by pericytes, plays a
critical role in this process, as it provides structural support of newly
formed capillaries, thereby enhancing EC-mediated barrier function.*”

Chronic exposure to hyperglycaemia (in DM) is known for critically
diminishing Ang-1 levels and skewing the balance in favour of EC-derived
Ang-2, an Ang-1 antagonist that promotes endothelial destabilization.
Ang-2 destabilizes ECs by sensitizing them towards TNF-a and by stimu-
lating the TNF-a-induced expression of endothelial adhesion mole-
cules." This vascular destabilization results in a profound impairment in
endogenous myocardial angiogenesis."*' The resultant reduced capillary
surface area relative to CM surface area in HFpEF patients, limits
myocardial perfusion and NO signalling, thereby inducing LV diastolic
dysfunction and cardiac reserve function impairment.'® This pathophy-
siological process leading to HFpEF was recently demonstrated in HFpEF
patients in whom cardiac positron emission tomography demonstrated
a reduction in myocardial flow reserve (MFR, i.e. the ratio of maximal
hyperaemic to resting myocardial blood flow). Interestingly, the more
MFR reduction was observed, the higher the severity of diastolic dys-
function in these HFpEF patients.”® Therefore, sufficient evidence thus
far suggests that an aberrant myocardial, angiogenic response to a sys-
temic inflammatory milieu can cause diastolic dysfunction and HFpEF."*?

Interestingly, miRNAs have come to light as fundamental guiders of
angiogenic processes, as inhibition of miRNA processing via genetic knock-
down of Dicer was shown to impair EC proliferation and angiogenesis."**
One mechanism by which VEGF controls angiogenesis is by stimulating
the expression of X-linked miRNA-424 in ECs. While this miRNA is pro-
angiogenic in hypoxic conditions,"** it inhibits angiogenesis in normoxic
ECs by reducing the levels of VEGF receptor.™ Similarly, miR-223 levels
were decreased by FGF and VEGF treatment, resulting in enhanced EC
migration and proliferation, suggesting that the attenuation of miR-223
reprogrammes ECs towards a more angiogenic state.”* Similarly, like
miR-223 is anti-angiogenic in ECs, so are increased endothelial expression
levels of miR-505, which were found to reduce EC migration and angio-
genesis. Gene expression analyses and a luciferase reporter assay in this
study revealed that FGF18, a pro-angiogenic factor, is a directly regulated
target of miRNA-505 in ECs. However, this study did not perform addi-
tional experiments into whether reduced angiogenesis of ECs was indeed
regulated via the inhibition of FGF18 protein.'*’

Further evidence that X-linked miRNAs critically affect angiogenesis
can be derived from the identification that the miRNA-221-222 cluster
was induced by stimulating ECs with IL-3 and bFGF. By activating ECs
with these inflammatory stimuli, the miRNA-221/222 cluster negatively
correlated with STAT5A expression, a transcription factor that mediates
angiogenesis in ECs.'* More disruption of angiogenesis via this cluster
was seen via three other ways: (i) inhibition of endothelial eNOS expres-

sion'*"", (i) reduction of the pro-proliferative stem cell factor
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c-Kit"2"%3; and (iii) augmentation of the anti-angiogenic gene GAX by

repressing ZEB2, a transcriptional inhibitor that targets GAX.">*
Evidence that a disturbed angiogenic response of ECs, via an increased
expression of X-linked miRNAs, could have consequences for myocardial
function was given in a larger preclinical model of pigs that underwent
myocardial I/R injury. With this model, this study found that the inhibition
of the X-linked miRNA-92a was found to reduce infarct size when com-
pared with control pigs, which resulted in an improved LV EF.'
Interestingly, this model, as well as studies performed in mice, demon-
strated that miRNA-92a knockdown was associated with higher capillary
density, decreased inflammation, and cell death. Although this particular
study did not investigate the mechanisms by which miR-92a inhibitors
affect inflammation, it provided evidence that the deletion of an X-linked
miRNA preserves cardiac function after infarction. This suggests that
increased expression of this particular miRNA in females or as a result of
incomplete X-inactivation could render women more susceptible to a
worse outcome after myocardial infarction compared to men.
Collectively, these studies demonstrate that several X-linked miRNAs
affect microvascular stability and angiogenesis. Therefore, their involve-
ment within the aberrant angiogenic response of (myocardial) ECs in
HFpEF may further aggravate microvascular integrity in women, which cul-
minates in ventricular diastolic dysfunction. This way, X-linked miRNA reg-
ulation of angiogenesis may provide a novel molecular mechanism
explaining the resultant distinct HF phenotypes in men and women.

14. X-linked miRNAs mediate
mitochondprial fission-fusion
events in cardiomyocytes

Mitochondria are highly abundant in CMs because CMs continuously
employ oxidative phosphorylation to replenish their ATP supply for the
maintenance of cellular, and therefore, myocardial contraction.'>®
Physiologic mitochondrial function is morphology dependent and is
determined by mitochonderial fission and fusion. Fission leads to fragmen-
tation and the promotion of cell apoptosis, whereas fusion results in
mitochondria elongation, a CM-protective pr"ocess.157 However, micro-
vascular rarefaction and therefore a reduced myocardial perfusion stimu-
lates mitochondrial fission, leading to myocardial ROS production.'®'*?
Consequently, this lowers protein kinase G activity in CMs, a phenom-
ena that has been observed in CMs from both diabetic'®® and HFpEF
patients,” which is known for promoting CM remodelling.

X-linked miRNAs have also been pinpointed to play a central role in
regulating multiple sets of functionally related genes that modulate mito-
chondrial morphology. Particular examples of such genes are the
Prohibitin family members, namely Prohibitin-1 (PHB-1) and PHB-2,
which have been found to be involved in maintaining mitochondrial inner
membrane macromolecular structure, a function that is vital for both the
preservation of morphology and energy production. Interestingly, mito-
chondrial fission in apoptotic CMs was found to be associated with
decreased PHB-1 protein levels, an event triggered by miRNA-361-
mediated targeting of the PHB-1 mRNA."®" Interestingly, antagomiR-
mediated miRNA-361 knockdown prevented mitochondrial fission
while overexpression of this miRNA in miR-361 transgenic mice exacer-
bated mitochondrial fission. Therefore, both in vivo situations persua-
sively demonstrate that more miRNA-361 triggers CM apoptosis
following myocardial ischaemic injury, thereby inducing an enlarged
infarct zone as compared with wild-type mice."®" Further evidence that

X-linked miRNAs critically affect mitochondrial morphology can be
derived from the fact that they regulate PTEN-induced putative kinase 1
(PINK1), a mitochondrial protein kinase that is involved in ensuring mito-
chondrial quality control which identifies damaged mitochondria and tar-
gets them for degradation. In CMs exposed to high levels of oxidative
stress, an inverse relationship was observed between miR-421 and Pink1
expression levels."®> Although miRNA-421 in this particular setting was
regulated via the transcription factor E2F1 (which role in HFpEF devel-
opment has not been studied yet but which interplay with NF-kB coordi-
nates the inflammatory response of CMs'®), this study indicates that
miRNA-421 balance is a determinant of myocardial infarct size by deter-
mining the degree of mitochondrial fragmentation in CMs in response to
oxidative stress."®*

Taken together, the fact that overexpression of the X-linked miRNA-
361 and -421, perturbs mitochondrial function could provide additional
mechanistic insight into female-specific aspects of CM functioning and
remodelling following microvascular rarefaction and infllmmation. The
double dosage of these miRNAs, resulting from incomplete X-chromo-
some inactivation, could potentially provide an alternative explanation
for the fact that mitochondria in CMs from female hearts display less
ROS upon damage than male hearts."**

15. X-linked miRNAs mediate
autophagy signalling in
cardiomyocytes

Autophagy is a process whereby damaged cellular components are
sequestered into lysozymes and degraded.'®® In CMs, the degradation of
dysfunctional mitochondria is called macro-autophagy which is crucial
for CM function, because CMs display increased oxidative stress upon
the accumulation of dysfunctional mitochondria."" However, macro-
autophagy efficiency is diminished by hyperglycaemia'® and with age-
ing,w’7 which are both associated with HFpEF development. Therefore,
the tight regulation of genes controlling autophagy is crucial for the deg-
radation of dysfunctional mitochondria to preserve CM function and
prevent HFpEF.

ATG7 is a key protein required for autophagy of damaged cells and
cellular remnants, with expression of this protein being increased follow-
ing I/R-induced myocardial injury. The X-linked miRNA-188 was recently
found to decrease expression levels of ATG7 after I/R-injury, suggesting
that this miRNA is capable of fine-tuning autophagy.'® Another
autophagy-related gene that is impacted by X-linked miRNAs is the
apoptosis repressor with caspase-recruit domain (ARC). This anti-
autophagy protein is highly expressed in healthy CMs, while ARC
expression is decreased as a consequence of I/R injury. ARC expression
was found to be suppressed as a result of induced miRNA-325 expres-
sion. Short hairpin-mediated knockdown of miR-325 restored ARC lev-
els and normalized autophagy which showed that the repression of
autophagy is protective against cell death induced by myocardial I/R
injury."®’ In the setting of the HFpEF inducing co-morbidities, hypergly-
caemia and inflammation, miR-221 is involved in a maladaptive autophagy
response, as cardiac-specific overexpression of mMiRNA-221 was found
to inhibit autophagy in CMs by modulating expression levels of the
cyclin-dependent kinase (CDK) inhibitor p27. This was subsequently
found to activate the mammalian target of rapamycin (mTOR), which as
a consequence that promotes inflammatory responses to injury, thereby

driving CM-mediated hypertrophy and fibrosis, leading to HF.'”°

810z Jaqwialdag Q| uo Jesn DINNT / Alsiaaiun uspia Aq 280/59t/01.2/2/7 | L A0BISqe-]01B/S8I0SBAOIPIRD /W0 dNo"olWapeoe//:sdny WoJl papeojumoq



Sex-biased miRNAs in HFpEF

219

Collectively, chronically elevated expression of several X-linked
miRNAs may impair normal autophagy and long-term CM function. This
is further underscored by the fact that disruption of autophagy by miR-
221 in the setting of hyperglycaemia and inflammation activates a CM
remodelling response resulting in HF. Therefore, defective autophagy in
CMs, induced by incomplete silencing of X-linked miRNAs may activate
a HFpEF progressive mechanism in women.

16. X-linked miRNAs mediate the
cardiomyocyte remodelling
response to injury

Reduced endothelial NO levels in HFpEF promote CM stiffening and
interstitial fibrosis,'® thereby triggering left atrial (LA) enlargement’”
and concentric LV hypertrophy.'”"”® This is particularly evident in
women with HFpEF who have a higher prevalence of LV concentric
remodelling resulting in a more pronounced diastolic dysfunction com-
pared to men.%®

The finding that a decreased cardiac NO bioavailability in HFpEF is
linked to hypertrophy is highly relevant, given that sex-dependent differ-
ences in cardiac eNOS expression were found to be mediated by
changes in mIRNA-222 expression.*® Here, a decrease in miRNA-222
expression in CMs from female mice was found to increase expression
levels of the transcription factor V-ets erythroblastosis virus E26 onco-
gene homolog (ets-1), a miRNA-222 target gene, that subsequently
enhanced expression of eNOS.* Further ex vivo experiments with adult
rat ventricular myocytes (ARVM) subjected with both a miR-222 mimic
and a miR-222 inhibitor demonstrated that eNOS expression inhibition
was indeed regulated through miRNA-222 expression differences.*

The central post-transcriptional role played by miRNAs in regulating
CM function is further exemplified by the discovery that inhibition of the
X-linked miRNA-652 in the setting of pressure overload-induced cardiac
hypertrophy in mice attenuated LV thickening."* The resultant improve-
ment in heart function was a direct result of changes in Jagged1 protein
levels, a direct target of miRNA-652, which is a Notch signalling ligand
that drives excessive LV remodelling, a phenomena commonly observed
in HFpEF. Interestingly, the improvement in heart function of these mice
was associated with well-preserved angiogenesis and, therefore, a reduc-
tion in cardiac fibrosis. However, miR-652 knockdown in this study was
performed using systemic delivery of antisense oligonucleotides in mice,
whereas gene expression analysis was carried out 8 weeks after injection
which probably resulted in no effects on CM proliferation, despite the
other observed beneficial effects.

Alongside miRNA-652, hypertrophied CMs also express decreased
levels of X-linked miRNA-223 and miRNA-221, which normally inhibit
cardiac troponin l-interacting kinase (TNNI3K) mRNA, and p27, respec-
tively.">"7® Similarly, also the X-linked miR-98 displayed protective
effects in CMs because this particular miRNA has been found to inhibit
CM hypertrophy, induced by Ang ll-mediated cyclinD2 expression. This
study demonstrated that cyclinD2 overexpression by Ang-Il triggers the
antihypertrophic actions of miRNA-98 via inhibition of cyclinD2."”’
Nonetheless, it should be noted that the inhibitory effects were partial,
suggesting that the antihypertrophic actions of miR-98 could potentially
be mediated by cyclin D2-independent mechanisms as well. This suggests
that the expression of mMiRNA-223 (in rats), miRNA-98 (in mice), and
miRNA-221 (in mice and humans) in CMs is protective and serves to
limit chronic remodelling of CMs.

17. X-linked miRNAs augment the
diagnostic potential of currently
known heart failure biomarkers

Diagnosing HFpEF requires imaging evidence of normal systolic LV func-
tion (LVEF >50%) in combination with increased LV wall thickness and
diastolic stiffness.?*** However, given that Doppler imaging techniques
fail to adequately reflect LV filling pressures,178 alternative approaches to
improve the detection of HFpEF have been proposed, including the iden-
tification of novel HFpEF biomarkers.'”’ Importantly, currently
employed diagnostic HF biomarkers, such as natriuretic peptides, are
substantially lower in HFpEF than HFrEF and therefore do not
adequately provide a diagnosis of this primarily female-associated micro-
vascular disease."®  Furthermore, recently discovered HFpEF bio-
markers are primarily geared towards the detection of inflammatory
bioactive molecules, whereas the levels of such inflammation-related
biomarkers are traditionally lower in women than men.'®" Evidence that
existing approaches for detecting HFpEF are insufficient can be derived
from the higher prevalence of unrecognized HFpEF in women with type
2 diabetes (>60 years of age) (28%) in comparison with men (18.4%)."'*!

Clinical studies have shown that miRNAs could be useful as a biomarker
for a diagnosis of HFpEF or may clinically differentiate between HFpEF and
HFrEF. For instance, a miRNA profiling study by Wong et al.'®* identified a
subset of 6 significantly altered circulating miRNAs in HFpEF patients
(miR-1233, -183-3p, -190a, -193b-3p, -193b-5p, and -545-5p) when com-
pared with the healthy controls. Interestingly, this study revealed that the
most significant increase in the expression for HFpEF was seen for the
X-chromosome located miIRNA-545-5p (3.02+ 1.13; P<0.05), which
exceeded the other identified miRNAs in mediating an improvement in
NT-proBNPs potential to discriminate between HFpEF and healthy con-
trols."® In contrast, another miRNA profiling study by Watson et al'®®
identified that miR-375, miR-146a, miR-30c, miR-328, and miR-221 dif-
fered in plasma from HFpEF compared with HFrEF patients, as well as in
plasma from HF and no-HF patients. Surprisingly, while the X-chromo-
some-located miRNA-221 differentiated HFpEF from HFrEF in this study,
it distinguished HF from the healthy controls in the study by Wong et al.
These differences have been attributed to variances in methodology,'®*
but future studies could potentially test whether this X-chromosome-
located miRNA is indeed female specific in the aforementioned disease
cohorts. Furthermore, although miRNA profiling as described by Watson
et al. was performed using pooled samples with single-array readout per
cohort, their comparative expression analysis of the previously mentioned
miRNAs in 225 HF patients is elegant. These studies uncovered a reduc-
tion of these miRNAs in HFpEF, suggesting their potential use as bio-
markers for the early detection of HFpEF-related symptoms. Finally,
another attempt to enable more early detection of HFpEF-related symp-
toms was provided with an miRNA profiling study in patients with diastolic
dysfunction, a key feature of HFpEF. Interestingly, this study demonstrated
a reduction in circulating levels of the X-chromosome-located miRNA-
500 in diastolic dysfunction.'® Although these expression values were
based on a limited number of study samples and the results were not
confirmed in a larger population, this study provides evidence that the
X-linked miRNA-500 could be useful as a biomarker for diastolic dysfunc-
tion in female HFpEF cohorts.

Collectively, these studies have identified numerous miRNA biomarkers
that are located on the X chromosome that could enhance the diagnostic
potential of NT-proBNP for HFpEF. The combination of circulating
miRNAs and NT-proBNP levels could augment the screening, diagnostic

810z Jaqwialdag Q| uo Jesn DINNT / Alsiaaiun uspia Aq 280/59t/01.2/2/7 | L A0BISqe-]01B/S8I0SBAOIPIRD /W0 dNo"olWapeoe//:sdny WoJl papeojumoq



220

B.W. Florijn et al.

obesity
hypertension
diabetes mellitus

1 -\J\L % '|I
Uy ;’:}
i

1
HFpEF

diastolic dysfunction

Estrogen regulated
_ miRNAs

miRNA-203 —

miRNA-126 —

miRNA-23a —

miRNA-23a |
miRNA-24 |

L miRNA-106a/b]

Green font: HFpEF protective miRNA

Cellular response
to injury

endothelial inflammation/
destabilisation

microvascular rarefaction

(© ]

autophagy

EEpLT

mitochondrial respiration

miRNA-27a/lb | —— -

remodelling + hypertrophy

Red font: HFpEF progressive miRNA

X-linked
miRNAs

miRNA-221
miRNA-222
miRNA-504

miRNA-92a
miRNA-98

L, | mIRNA-221
miRNA-222
miRNA-223
miRNA-503

miRNA-221
miRNA-222
miRNA-223
miRNA-424
miRNA-505

miRNA-188
miRNA-221
miRNA-325

miRNA-361
miRNA-421

+—

miRNA-221
miRNA-222
miRNA-223
miRNA-652

-

Figure 4 Overview of sex-biased miRNA involvement in the succesive pathophysiological steps leading to HFpEF. Figure depicts the sex-biased miRNA
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and prognostic potential of BNP. Given that BNP levels are generally

lower in HFpEF pal‘cients186

and that the prognostic value of BNP is differ-
ent between men and women,'® the clinical addition of circulating
miRNA-545-5p or miRNA-221 could improve the prognostic and diag-
nostic potential of BNP for HFpEF. Therefore, a stratification of circulating
miRNA levels for women within the studies by Wong et al. and Watson
et al. could indicate whether testing for these miRNAs could improve

HFpEF detection in women.

18. X-linked miRNAs have shown a
(sex-biased) biomarker potential
in CVD

The X-chromosome origin of circulating miRNAs may potentiate their
diagnostic potential resulting in a sex-biased biomarker for female patients.
However, despite the fact that these miRNAs have a sex-specific bio-
marker potential for a sex-specific CVD such as HFpEF, it is worth noting
that several of these X-linked miRNAs have also shown a biomarker
potential for other type of diseases. Nonetheless, striking examples of this
sex-specific biomarker potential were recently found in female patients
with metabolic syndrome, a clinical phenotype of abdominal adiposity and
insulin resistance.’® When compared with males, elevated circulating
miRNA-221 levels in these patients were positively correlated with meta-
bolic syndrome-associated risk factors such as high blood pressure and

low HDL."® This female-specific diagnostic potential of mRNA-221 was
also seen in obese females during pregnancy189 and with pre—eclampsia.190
Furthermore, women with pulmonary hypertension show a more pro-
nounced decrease in circulatory miRNA-223 levels than men.'”" Although
extensive studies have identified differential expression of other circulating
miRNAs in association with numerous CVD and HFpEF co-morbidities,
the potential sex bias in these settings was not determined,'?>"%8
Therefore, a meta-analysis of these data sets in which stratifications are
introduced for females and males could indicate whether these miRNAs

could accelerate the detection of HFpEF in women.

19. Concluding remarks

In conclusion, the cellular response of ECs, VSMCs, and CMs to meta-
bolic stress and vascular inflammation is preceded by marked changes
within the cellular transcriptome. Upstream these transcript changes, it
has become clear that in particular post-transcriptional networks drive
the cellular response to the pathophysiology that leads to HFpEF. The
co-morbidities-induced vascular infllmmatory state in HFpEF patients
could potentially activate sex-biased miRNA networks that integrate the
regulation of multiple sets of functionally related genes in ECs, VSMCs,
and CMs. As such these sex-biased miRNA networks could be responsi-
ble for the pathophysiological differences that are observed between
women and men (Figure 4) with HFpEF. Even though gender-specific
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therapies for HFpEF have not been identified yet, a focus on the miRNA-
induced post-transcriptional mechanisms provoking this female gender
preponderance in HFpEF could offer an alternative understanding of this
heterogeneous clinical phenotype. This demonstrates that while E2-
induced miRNAs predominantly appear to serve protective functions,
many of the X-linked miRNAs that have been reviewed here seem to
associate with deterioration in microvascular and myocardial integrity.
Therefore, the relative overexpression of these X-linked miRNAs, due
to incomplete allelic silencing, may well contribute to the molecular
mechanisms that underlie the female-specific cardiovascular aetiology
such as observed for HFpEF. This observation pinpoints the profit of
sex-specific analysis in basic research, which incorporation could
improve our understanding of sex-specific cellular mechanisms in dis-
ease.'”” Given the recent progress in clinical RNA-therapeutic
approaches that allow silencing or activation of these upstream regula-
tors, this could in time allow the development of female-specific thera-
pies to prevent HFpEF in women.
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