1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Expert Rev Proteomics. Author manuscript; available in PMC 2020 November 01.

-, HHS Public Access
«

Published in final edited form as:
Expert Rev Proteomics. 2019 ; 16(11-12): 933-940. doi:10.1080/14789450.2019.1664293.

Somewhere over the sex differences rainbow of myocardial
infarction remodeling: hormones, chromosomes, inflammasome,
oh my

Kristine Y. DeLeon-Pennelll, Merry L. Lindsey?

1Department of Medicine, Division of Cardiology, Medical University of South Carolina, and
Research Service, Ralph H. Johnson Veterans Affairs Medical Center, Charleston, SC 29401

2Department of Cellular and Integrative Physiology, Center for Heart and Vascular Research,
University of Nebraska Medical Center, and Research Service, Nebraska-Western lowa Health
Care System, Omaha, NE 68198

Abstract

Introduction—Cardiovascular disease is a major cause of death in both men and women. While
women are protected until the onset of menopause, after menopause women have increased risk of
adverse cardiovascular disease events. Animal models of myocardial infarction recapitulate many
of the sex differences observed in humans, and proteomics evaluations offer mechanistic insights
to explain sex differences.

Areas covered—In this review, we will discuss how proteomics has helped us understand the
hormonal, chromosomal, and immune mechanisms behind sex differences in response to ischemic
injury and the development of heart failure.

Expert opinion—There are a number of ways in which proteomics has and will continue to
facilitate our understanding of sex differences in cardiac remodeling after myocardial infarction.
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1. Introduction

Cardiovascular disease is the major cause of death in developed countries for both men and
women.[1] Men develop heart disease earlier and usually present with more severe coronary
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artery plague formation than women. As a consequence, myocardial infarction (MI)
incidences occurs 7 to 10 years earlier and is associated with more widespread plaque
formation in men than in women. Even though women have decreased frequency of Ml,
acute mortality in the first days after M1 is greater in younger women than in age-matched
men.[2] Cardiac rupture of the left ventricle (LV) after acute MI has also been reported more
frequently in young women than young men.[3] The risk of heart failure (HF) with
preserved ejection fraction is also higher in women; however, men are more likely to
develop HF with reduced ejection fraction.[2, 4, 5] In some but not all studies, a higher total
in-hospital mortality rate after M1 in women was accounted for on the basis of differences in
age and comorbidities.[2, 6, 7] In addition, delayed or misdiagnosis also means fewer
women receive current standard of care.[8] Overall, women have a higher mortality rate than
men, dying less from arrhythmia and more from LV rupture independent of whether
thrombolytic therapy was used or not.[2, 9] Despite being protected early in life, after
menopause women have increased risk of adverse cardiovascular disease events; yet the
mechanisms behind this phenomenon are not clearly understood.

Animal studies have added a better understanding of sex differences during the development
of cardiovascular disease. In mice, young females have higher day 7 survival rates and
decreased LV dilation.[10] Young females have increased expression of genes and proteins
related to angiogenesis and extracellular matrix remodeling, with a blunted immune
response compared to young male mice. Overall, this facilitates better prognosis after M.
[10-12] With age, the immune response including production of reactive oxygen species
(ROS) becomes amplified in old female mice compared to young female counterparts.[10]
An increase in immune response does not occur in male mice with age. While much of the
literature focuses on the role of hormones, estrogen in particular, recent studies evaluating
the effect of the sex chromosomes on disease progression have escalated. This includes
evaluating the role of genetic regulation of the immune response.

Proteomics has been used extensively to determine mechanisms and identify biomarkers of
cardiovascular disease development and prognosis.[13—-19] Proteomics is commonly used to:
1) catalog protein constituents and quantify protein abundance; 2) refine genome annotation;
3) identify differences in post-translational modification on proteins and peptides; 4)
investigate protein interactions and formation of complexes; 5) examine complex biological
mixtures to enrich for distinct protein groups; and 6) obtain structural details.[14] While
most associate proteomics to use of mass spectrometry, proteomics includes other
approaches such as flow cytometry, multiplex immunoassays, surface plasmon resonance,
and X-ray crystallography. In this review, we will discuss the benefit of using proteomics to
uncover mechanisms behind sex differences to the response to ischemic injury and the
development of heart failure.

2. Clinical assessment of sex differences

Before menopause, women have lower risk of MI than age-matched men. After menopause,
estrogen levels decline and the risk of MI increases, implying that hormones play a role in
cardiovascular disease protection in women. The role of estrogen and its receptors are
corroborated by the fact that men who have non-functional estrogen receptors have early
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onset of coronary artery disease.[20] While the Women’s Health Initiative found no link
between hormone replacement therapy and reduced risk of Ml in postmenopausal women,
there were a number of issues with the experimental design and technical aspects of that
study.[21] The timing hypothesis revealed that when hormone replacement therapy was
initiated made a difference. In 2013, the WHI Estrogen-Alone Trial published outcomes for
a 10-year follow-up and found women in the 50- to 59-year-old group had significant
reduction in Ml risk (0.54 [0.34-0.86]; p-interaction=0.007), coronary heart disease (0.59
[0.38-0.90]; p-interaction=0.049), and total mortality (0.73 [0.59-1.00]; p-
interaction=0.040).[21-24] Similar findings did not hold true for older women, especially
those who had established atherosclerosis. Standard doses of oral hormonal therapy in the
older group resulted in increased risk for coronary plaque thrombosis, instability, and mural
rupture.[24-26]

3. Hormonal regulation of sex differences

Estrogen has direct benefits to many aspects of MI remodeling. Both estrogen receptors
ERa and ERp activate the Ga and GB+y proteins, triggering transduction pathways including
the phosphatidylinositol-3 kinase (P13K)/protein kinase B (Akt) and p38/mitogen-activated
protein kinases (MAPK) pathways.[27-30] £x vivo, ERa binds to the regulatory subunit,
p85a, of PI3K to enhance activation of Akt in the presence of estrogen.[27] Akt promotes
cell survival by intervening before cytochrome c release and caspase activation.[31]
Estrogen has also been linked to increased endothelial nitric oxide synthase (eNOS) activity
and decreased leukocyte accumulation after ischemia and reperfusion injury.[27, 32—-35] One
possible mechanism is estrogen generates a feed-forward loop by G protein-coupled
estrogen receptor 1 enhancement of calmodulin mediated eNOS activation.[36, 37]

Similarly to ERa, ER is protective after ischemia and reperfusion through increased
PIBK/AKT and anti-apoptotic signaling.[38] Estrogen activation of ERP in females blocks
hypoxia-induced activation of JINK.[38, 39] In males, ablation of ERp did not affect
myocardial activation of JINK but instead increased ERK activity, indicating specific sex
differences exist in ERB-mediated signaling. ERp is also protective through transforming
growth factor (Tgf)p stimulation of cardiac ECM production after Ml to help form a stable
scar.[40]

While the majority of studies have highlighted the benefits of estrogen, others have noted
abnormal concentrations of estrogen are detrimental.[41, 42] For example, Smith et al.
concluded that estrogen during the early phase of Ml (days 1-7) can be detrimental resulting
in increased infarct expansion.[41] One caveat is that in this study, ovarectomized rats were
given estrogen at elevated levels compared to what was found in intact animals. The
detrimental effects of estrogen, therefore, were likely due to supraphysiological
concentrations. This is in line with studies that have shown physiological levels of estrogen
had no significant effect on mortality but improved cardiac physiology, reduced fibrosis, and
increased capillary density.[42] Doses that raised plasma estrogen far beyond the
physiological level exacerbated cardiac fibrosis, hypertrophy, and LV dysfunction and
dilatation. These studies highlight the complexity of estrogen in cardiovascular disease and
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how estrogen concentrations or extent and type of receptor activation (ERa versus ERB
versus receptor independent actions), estrogen may play beneficial or detrimental roles.

While estrogen has been shown to be protective, testosterone has been shown to be the
opposite.[43, 44] Testosterone promotes inflammation and significant myocardial expansion
in both male and female mice during the acute MI remodeling phase.[44] During the latter
MI phase, testosterone induces myocardial hypertrophy with a significant increase in LV
mass.[45] Interestingly, at 8 weeks after MI, LV end-diastolic pressure and wall stress
decreased with testosterone exposure. Future experiments using proteomic evaluations will
help to dissect out additional mechanisms that distinguish direct and indirect effects of sex
hormones on MI remodeling.

4. Chromosomal regulation of sex differences

The contribution of the X chromosome in the development of cardiovascular disease is not
fully understood. This is highlighted by the fact that the majority of genome-wide
association studies do not include sex chromosomes.[46] Klinefelter patients (males born
with an extra copy of the X chromosome) exhibit slightly lower testosterone concentrations
compared to other men but much higher than women. Nonetheless, Klinefelter patients have
a cytokine profile similar to that of women, suggesting that sex chromosomes are more
influential than sex steroids in regards to the inflammatory response.[47] In gonadectomized
female mice that have estrogen effects removed, the X chromosome promoted cardiac injury
due to elevated expression of inflammatory genes (e.g., CD40 ligand, interleukin-1 receptor-
associated kinase 1, FoxP3) and genes that promote apoptosis, lipid oxidation, and
generation of oxygen-derived free radicals.[11, 48, 49] This provides an additional
mechanism where women are protected by estrogens early in life, but after menopause, they
are more susceptible to MI due to the detrimental effects of the genes encoded on the X
chromosome (Figure 1).

There are three proposed mechanisms for the role of genetic regulation in sex differences,
and all three involve variations of X chromosome inactivation. X chromosome inactivation
exists in two different forms: random and imprinted. Random X inactivation occurs early in
the female embryo, where both maternal and paternal X chromosomes have an equal chance
of becoming inactive.[50] Imprinting occurs during gamete production when DNA from the
paternal parent becomes methylated to render the gene inactive.[51] Tissues of the female
offspring therefore consist of mosaics of maternal and paternal X-chromosome genes.

In general, mosaicism is viewed as beneficial for women. For example, X chromosome
mosaicism for gp91phox (NOX2) expression in females translates into a mixture of pro- and
anti-inflammatory leukocytes during endotoxemia.[52, 53] This is due to the fact that
females are a mixture of two kinds of cells: each with different functional chromosomes. In
some cells, the copy from the mother is expressed, while the copy from the father is
expressed in the other cells. This contributes to female mice having a dampened yet more
efficient inflammatory response to ischemic injury.[10, 12]
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X chromosome inactivation provides dosage compensation for X-linked genes between XX
females and XY males.[51] For example, if a mother has a deleterious X mutation, the
mutation is expressed in all cells of XY individuals but only half of the cells of XX
individuals, making males more susceptible to X-linked mutations. Under normal
conditions, a balanced gene expression between males and females is achieved due to X
inactivation. However, X inactivation is not always 100% complete. In women, 15% of X
chromosomal genes are overexpressed due to activation in both X chromosomes, while 3%
are overexpressed in female mice.[54] Due to chromosomal differences, the use of mice may
not fully recapitulate the role of the X chromosome. Spolarics et al. showed that blood
neutrophils could be assessed for the X-linked protein marker glucose 6-phosphate
dehydrogenase as a means to investigate female immune cell mosaicism using the unique
inheritance pattern of X-linked polymorphisms.[55] Using a X-linked protein marker, cells
can be separated and assessed for physiological differences linking mosaicism to changes in
cellular function. Coupling this approach with a proteomics output would be a way to
connect molecular to cell physiology.

In a mouse model of ischemia and reperfusion, four genes were more highly expressed in the
myocardium from XX relative to XY mice: Eif2s3x, Kdm5c, Kdm6a, and Usp9x.[11]
Eif2s3x serves as a translation initiation factor and regulates the rate of protein translation
through interactions with eukaryotic translation initiation factor 2.[56] In the brain, sex
differences in Eif2s3x transcription are not preserved at the protein level [56]; whether this
holds true in the heart is unknown. Kdm5c and Kdmé6a are two histone demethylases that
affect transcription of numerous autosomal genes. Kdmea is required for proper embryonic
development of the heart as deletion leads to severe congenital heart defects.[57, 58] Usp9x,
a ubiquitin-specific protease, is a novel MTORC1 and -2 binding partner that negatively
regulates mTOR activity indicating it may be protective after M1.[59, 60] These four genes
provide potential mechanistic sex differences in MI remodeling.

While most genes are consistently silent in one of the two X chromosomes, some genes
exhibit tissue-specific differences. Assessment of adipose, liver, muscle, and brain tissue in a
mouse showed striking differences in genes differentially expressed across individual tissues
of males and females.[61] Across the four tissues profiled, a total of 71 genes displayed
differential expression between sexes.[61] Out of these, only 27 showed either female-bias
or male-bias in all tissues. The only common patterns were between liver and adipose tissue:
steroid and lipid metabolism, oxidoreductase activity, and defense response were common to
both.[61] In a separate study, X inactivation differed not only between tissues but also
between developmental stages.[62] For example, histone methylation profiles for Mid1 was
enriched only in female embryos but not in adult liver tissue, indicating Mid1 may be
initially silenced during the embryonic stage only to escape X-inactivation later in
development. Using proteomics to evaluate how genetic differences affect protein expression
is needed to fully understand the role of sex chromosomes in cardiovascular disease.

5. Sex differences in immune regulation

The effects of sex hormones and X chromosome mosaics are pertinent in the immune system
response to MI. Men have a more homogeneous unified polarized cellular machinery
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compared to women whose immune cells are a mixture of diversified activation status
(Figure 2). The resulting mosaic cellular variants provides fluctuations in the degree of cell
trafficking, recruitment to injury sites, rates in necrosis or apoptosis, and cell proliferation in
women.[52, 53, 63] Consequently, female mosaicism buffers the inflammatory response by
downregulating hyper-active cell populations during excessive inflammation or compensates
for a prolonged compensatory anti-inflammatory immune response, thereby improving the
clinical course.[64]

While estrogen has a significant impact on T-lymphocyte populations, recent evidence
reveals a strong chromosomal role in T-cell mediated immunity.[65] CD8+ T-cells from pre-
and postmenopausal women have upregulated pro-inflammatory genes to a greater extent
than CD8+ T-cells from men in multiple inflammatory diseases including in HIV infection,
lupus, and allergic asthma.[66—68] /n vitro, upon activation mediated by CD3 and CD28
signaling, both mouse and human female lymphocytes partially reactivate the inactive X-
chromosome, resulting in activation of both X chromosomes and an overexpression of
immunity-related genes.[69]

Higher mortality rates in male mice after MI correlate with increased neutrophil infiltration
into the ischemic and border zones.[10, 70] In a mouse MI model, neutrophils isolated from
the infarct of females showed reduced pro-inflammatory N1 and greater anti-inflammatory
N2 polarization.[10] In addition, neutrophils from females had a greater tissue clearance
capacity compared to neutrophils isolated from males. Matrix metalloprotease-9, a
neutrophil granule component, was elevated in males at MI day 4 when there is a maximal
LV rupture risk.[70] This was opposite to what was observed /n vitro, where apolipoprotein
F stimulation of neutrophils increased tissue clearance capacity in both sexes.[10] These
results signify the stimulus needed to activate female neutrophils is heterogeneous and
supports the theory of mosaicism differentially altering female responses.

The effect of female hormones on neutrophils varies depending on the experimental context
and tissue type.[71] After carotid artery injury, estrogen down-regulated neutrophil
chemotaxis by decreasing expression of three adhesion molecules (P-selectin, intercellular
adhesion molecule-1, and vascular cell adhesion molecule).[72] In contrast, estrogen given
to healthy ovarectomized mice led to an upregulation in neutrophil numbers in the spleen,
peripheral blood, and bone marrow, and increase degranulation compared to the placebo
group.[71, 73] The female sex hormones estrogen and progesterone also mediate delayed
neutrophil apoptosis in both sexes and enhance female intracellular production of ROS.[74]

Macrophage mediated inflammation is attenuated in female compared to male animals.[10,
75, 76] Female peritoneal macrophages exhibit greater toll-like receptor expression, as well
as enhanced phagocytosis, providing female resident macrophages with a more efficient
acute inflammatory response.[65] Infiltrating macrophages within the myocardium from
male mice following coxsackievirus B3 (CVB3) infection express high levels of classically
activated macrophages (M1) markers, whereas females show enhanced expression of
alternatively activated macrophage (M2) phenotype.[77] Interestingly, glycoproteomic
evaluation revealed that older women (average age of 739 years) who developed heart
failure after MI had an increase in plasma proteins associated with macrophage mediated
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ROS production compared to men, indicating after menopause the protection from
macrophage mediated inflammation was lost.[10]

Cellular metabolism plays a role in immune cell physiology. For example, pro-inflammatory
(M1) macrophage metabolism is characterized by high glycolysis and relatively low
oxidative phosphorylation, whereas M2 macrophage metabolism is characterized by
oxidative phosphorylation, fatty acid oxidation, and upregulated arginase 1 activity.[78]
Estrogen-signaling mainly through ERa is known to regulate metabolic pathways by
altering glucose homeostasis.[79, 80] In addition, estrogen promotes an anti-inflammatory
and pro-resolving macrophage phenotype through activation of ERa..[28, 81, 82]
Glycoproteomic analysis of plasma from patients with MI who developed heart failure
mapped to an increase in LXR/RXR pathway activation in men but not women, signifying
heart failure in men is dependent on cholesterol and fatty acid homeostasis.[10] While strong
evidence indicate hormones play a role in cellular metabolism, the impact of
immunometabolism on cellular physiology requires further examination. In addition,
dissecting out the hormonal versus chromosomal mechanisms at play during disease
development using proteomic approaches is needed to fully understand sex differences in
cardiovascular wound healing.

6. Conclusion

Proteomics has helped and will continue to help us understand the hormonal, chromosomal,
and immune mechanisms behind sex differences in response to ischemic injury and the
development of heart failure.

7. Expert Opinion

In this review, we summarized three possible mechanisms behind sex differences in Ml
response and the development of heart failure. While the majority of the research has
focused on sex hormones, emerging evidence, including proteomic examinations, suggest
that additional female-specific factors, such as X chromosomes in cardiovascular and
immune cells, might act to increase, rather than decrease, risk for cardiovascular disease.
Understanding the roles each play and dissecting the overall effect will facilitate in our
understanding of sex differences in cardiovascular disease.

There are a number of future directions for this line of research (Table 1). Additional studies
evaluating alterations to protein abundance or post-translational modification that may be
involved in cardiovascular disease pathogenesis would facilitate our ability to distinguish
direct and indirect effects of sex hormones on MI remodeling. Using protein markers
associated with X-linked polymorphisms, cardiac derived cells can be sorted using an
antibody based technique and assessed for cell activation status to facilitate our
understanding of the role of genetic influences. Assessment of immunometabolism on
cellular physiology using a multi-omics approach including metabolomics, lipidomics, and
proteomics could also provide a system-wide view of the metabolic changes in immune cells
that occur during MI and dissect out the hormonal versus chromosomal mechanisms.
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As highlighted in a recent report of the NHLBI Working Group on Sex Differences Research
in Cardiovascular Disease, to address these questions one must choose an appropriate
experimental model.[83] In addition to the usual consideration of whether the model mimics
the human condition, it is also important to consider whether the model mimics the disease
in the appropriate sex. In regards to preclinical studies, one must consider that
physiologically estrogen does not remain elevated throughout the lifespan of a woman.
Instead, estrogen and other ovarian hormones cycle making evaluation of sex hormones and
their roles in wound healing difficult to study if the right model is not used.

In addition, transparency in the sex of cells used for /n vitro studies is necessary. An
estimated <30% of articles published related to CVD report the sex of the cells used. This
lack of transparency may in part, contribute to the growing concern over reproducibility of
research findings in preclinical studies.[83] Of note, /in vitro studies are not the only ones
that have not reported sex of animals used. In a recent report published in AJP-Heart and
Circulatory Physiology, 16% of cardiovascular studies that measured echocardiography did
not report sex of the animal used; of note, 21% of the studies used both sexes while over half
only used males only.[84]

Targeted inclusion of both sexes in current research programs will improve public health. In
order to understand the basic biology of sex differences, more preclinical studies evaluating
differences at the genetic, proteomic, cellular, and physiological level are needed. While the
endpoint is the same, the path to disease development is often different by gender.[10] In
addition, closer evaluation of underlying causes such as age at onset, severity of progression,
and symptom presentation are necessary.[51, 83, 85]

Proteomics will continue to provide insight into the mechanisms that define sex differences
in cardiac remodeling after myocardial infarction, which will impact diagnosis, treatment,
and outcomes for both men and women.
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Avrticle highlights

Myocardial infarction (MI) incidences occurs 7 to 10 years earlier and is
associated with more widespread plaque formation in men than in women.

Estrogen has direct benefits to many aspects of MI remodeling, while
testosterone has detrimental effects.

While research has focused on sex hormones, additional female-specific
factors, such as X chromosomes in cardiovascular and immune cells, might
act to alter risk for cardiovascular disease.

Proteomics is a useful technology to uncover sex differences in cardiac
remodeling after myocardial infarction.
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Figure 1.
Schematic that illustrates immune cells as regulators of adverse cardiac remodeling after

myocardial infarction through both X-chromosomal and hormonal mechanisms.
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Figure 2.
X-chromosomal cellular mosaicism results in phenotype diversity in females but increased

functional polarity in males. Females are a mixture of cells that express genes from the
mother or father, giving rise to a mosaic of cellular responses to ischemic injury. While cells
from males are either pro- or anti-inflammatory, females can be a mixed bag containing both
pro- and anti-inflammatory cells. This would improve the clinical course in females by
downregulating hyper-active cell populations during excessive inflammation or
compensating for a prolonged compensatory anti-inflammatory response. The figure was
generated using Servier Medical Art (http://www.servier.com).
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Table 1:

Proteomic experiments needed to reveal further sex differences in M1 remodeling.

1. Proteomic assessment of immune cells as well as circulating and myocardial proteins for cell activation status to facilitate in our
understanding of the role of ovarian hormones versus genetic influences.

2. Proteomic evaluations to dissect out additional mechanisms that distinguish direct and indirect effects of sex hormones on MI remodeling.

3. Proteomics to evaluate how genetic differences affect protein expression to understand the role of sex chromosomes in cardiovascular
disease.

5. Proteomic data can facilitate our understanding of mosaicism to link protein expression differences to remodeling responses in males and
females.

6. Proteomics can help to assess the impact of immunometabolism on cellular physiology by dissecting out the hormonal versus chromosomal
mechanisms at play during disease development.
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