ACCSCIENCE
PUBLISHING

INNOSC Theranostics
and Pharmacological Sciences

*Corresponding author:
Carola Y. Forster
(foerster_c@ukw.de)

Citation: Forster CY, Herrmann MJ.

A narrative review on gender
disparities in pathogenesis and
pathophysiology of Takotsubo
syndrome: Implications for novel
approaches to treatment? INNOSC
Theranostics and Pharmacological
Sciences. 2024;7(4):3142.

doi: 10.36922/itps.3142

Received: March 11, 2024
Accepted: May 30, 2024

Published Online: September 19,
2024

Copyright: © 2024 This

is an Open-Access article
distributed under the terms

of the Creative Commons
AttributionNoncommercial License,
permitting all non-commercial use,
distribution, and reproduction in any
medium, provided the original work
is properly cited.

Publisher’s Note: AccScience

Publishing remains neutral with

regard to jurisdictional claims in
published maps and institutional
affiliations.

REVIEW ARTICLE

A narrative review on gender disparities in the
pathogenesis and pathophysiology of Takotsubo
syndrome: Implications for novel approaches to
treatment?

CarolaY. Forster'*(© and Martin J. Herrmann?

'Department of Anaesthesiology, Intensive Care, Emergency and Pain Medicine, Wirzburg
University, Wirzburg, Germany
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Abstract

Takotsubo syndrome is a type of cardiomyopathy characterized by transient
and reversible left ventricular wall motion abnormalities within the ventricle.
Depending on the severity of the injury, recovery can occur within a few hours or
weeks. According to studies, older people are more likely to be affected by it, and
the prevalence is particularly high among postmenopausal women. Stress factors,
both physical and emotional, are widely discussed and generally recognized as
triggers. The hypothalamic-pituitary-adrenal axis and its glucocorticoid-dependent
negative feedback also play important roles in the resulting gender-specificimmune
response. Transcutaneous vagus nerve stimulation is proposed as a potential novel
personalized therapeutic strategy in light of the gender disparities in autonomous
nervous system activity and inflammatory response. Considering the modifiable risks
involved in this pathology, such as stress which affects the heart and psychology, a
strong emphasis should be placed on preventive medicine. In this paper, we propose
the use of non-invasive (transcutaneous) vagus nerve stimulation, as a means of
dampening sympathetic overdrive with negligible side effects.

Keywords: Takotsubo syndrome; Heart-brain; Inflammation; Gender; Central autonomic
network; Stress

1. Introduction: the heart-brain axis

Cardiovascular system regulation is a part of the modulation of the cortical structure
throughout the entire body. Although little is known about the mechanism of the
“heart-brain axis,” various cardiac and neurological diseases have been implicated as
being influenced by one another. Insular cortex (IC), anterior cingulate gyrus, and
amygdala comprise the cortical modulation network. The central autonomic nervous
system (CAN) is regulated by this network, for example, in response to physical stimuli
or emotional stressors like excitement, sadness, or anxiety. Functionally, the IC can be
separated into the left insula, which is characterized by the parasympathetic tone and
causes the heart rate to drop and the depressor responses to rise, and the right insula,
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which is linked to sympathetic dominance and causes the
heart rate to rise and pressor responses to rise."* Along with
its reciprocal connections to other brain regions such as the
limbic system, the IC is also linked to autonomic, sensory,
and motor functions. In a series of studies investigating the
functional neuroanatomy of sustained fear, defined as a
situation of unpredictable threat over a period of time, the
IC was co-activated together with the bed nucleus of the
stria terminalis, anterior and posterior cingulate cortex,
and the periaqueductal gray in healthy controls® as well
as anxiety disorder patients.*> According to our current
understanding about the cortical modulation network,
sympathovagal balance is essential for homeostasis and
involves major portions of the IC. An imbalance resulting
from a damaged IC affects the cardiovascular system,
promoting the development of Takotsubo syndrome
(TTS). A middle cerebral artery hemorrhage stroke, sexual
hormones such as estrogen or emotional processing are
some of the various factors that can cause an interruption
of the IC.

Different brain nuclei are known to be activated in
response to both physical and psychological stressors.
Actually, the neuroendocrine and autonomic nervous
systems (CAN) are primarily activated, which results
in alterations in behavior.® Research utilizing brain
functional magnetic resonance imaging to track brain
functional connectivity during resting states revealed
hypoconnectivity of limbic and central brain regions’
parasympathetic and sympathetic associated subnetworks
in TTS patients when compared to group controls.”

Stress becomes a deleterious factor, in the case of
compromised of self-regulation, subjecting the body more
susceptible to immune system disease, psychiatric disorder,
and cardiovascular disease.®>’ The paraventricular nucleus
of the hypothalamus (PVH), amygdala nuclei, septal-
hippocampal complex, parabrachial and raphe nuclei,
prefrontal and cingulate cortexes, and locus coeruleus
(LC) all play significant roles in the stress response. The
hypothalamic-pituitary-adrenal (HPA) axis is stimulated
by the signals that follow. The anterior pituitary gland
releases adrenocorticotropin hormone (ACTH) in response
to the release of the corticotropin-releasing factor (CREF),
which is triggered by the PVH in the signaling chain. The
adrenal glands then begin secreting glucocorticoid (GC)
as a result of ACTH."" For the coordination of certain
physiological systems, CRF is essential because it can be
produced both in the peripheral and central nervous
systems (CNS). In fact, during stressful situations, CRF
plays a crucial role in regulating the sympathetic response
brought on by stress and in the peripheral and central
release of norepinephrine (NE). It is crucial to note the
connection of the alterations in behavior and physiology

with the levels of stress experienced. Of note, increased NE
synthesis is believed to occur in chronic stress situations
when there is a sustained increase in the excitability of
the adrenal-medullary axis and the HPA." The issue of
whether decreased GC self-regulation in the pituitary and
PVH is a major factor in poor stress management emerges.
The disruption of negative GC feedback and the resulting
prolonged activation and maintenance of elevated systemic
GC levels account for the loss of GC self-regulation. The
increased availability of these hormones causes alterations
in behavior and normal physiology, as well as enhanced
activation of the HPA axis in brain structures such as the
LC and amygdala."*"* Prolonged elevation of systemic GC
levels can lead to immunosuppression, as well as facilitate
the onset of autoimmune diseases and mood disorders.'®

In consideration of the above, it is appropriate to
discuss the condition of chronic unpredictable mild stress
(CUMS). This well-established model explains mood
disorders and stress-induced brain plasticity, which are
psychological and physical stressors brought on by a brain’s
inability to adapt to a variety of stressful stimuli that are
comparable to stressors encountered in daily life.'”** In
this context, the connection between loss of HPA self-
regulation and NE release is discussed.” Using blood
samples from TTS patients, a recent studyl was able to
demonstrate that patients in various stages of the disease
showed several validated biological and psychological
indicators of chronic stress, as defined by the trier social
stress test.” The authors consistently demonstrated the
presence of elevated levels of interleukin 6, tumor necrosis
factor-o, nuclear factor “kappa-light-chain-enhancer” of
activated B-cells, blood cortisol, dehydroepiandrosterone,
aldosterone, adrenaline, NE, and dopamine. As a result,
chronic psychosocial stress as an underlying factor driving
the development of TTS must be recognized.”'

2. Pathophysiology involving physical and
emotional triggers

TTS is believed to be primarily caused by physical and
emotional triggers, but psychological and psychosocial
stress factors may have a greater influence than previously
thought. TTS is associated with several major risk factors.

2.1.TTS triggers

Almost universally, TTS is associated with stress as a major
feature of its development. In most cases, an emotional
or physical trigger precedes such an event. There is some
evidence to suggest that emotional triggers are more
prevalent than physical stressors, with the prevalence
distribution of these triggers showing gender-specific
characteristics. In general, men seem to be more likely to
respond to physical events, whereas women are more likely
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to be affected by emotional events.> By breaking down
the total number of TTS cases by gender, it is possible to
determine that the notable variation in TTS prevalence
between men and women is also a result of the social
standing and roles that women play in various nations and
cultures. These triggers can happen alone or in combination;
for example, a panic attack or an emotional event that
follows surgery or an accident can trigger anxiety.

2.1.1. Stressors on an emotional level

Anxiety, fear, anger, earthquakes, floods, interpersonal
conflicts, and traumatic experiences are just a few
examples of the wide range of emotions and situations that
can be described as “stressors’*2¢ An important aspect
of this process is the identification of psychological and
psychosocial stressors. There is very little information about
the living conditions of patients with TTS at the moment.
The study by Wallstrom et al.*' examined the psychological
and psychosocial stress experienced by postmenopausal
women. Many of the patients reported that they felt
burdened by responsibility, injustice, and uncertainty long
before the onset of TTS. The respondents’ defenses were
so weakened by this prolonged stress that even minor
stressors could cause them to lose their equilibrium. The
findings suggest that the respondents’ circumstances may
also be influenced by the gender-based social structure.
The large proportion of female respondents could be a
reflection of these factors.

Furthermore, it should be noted that even situations
associated with pleasant emotions” such as weddings,
surprise parties, and employment offers can serve as
stressors.”® These various emotional stressors could all be
regarded as TTS triggers. When it comes to stressors, the
severity of a single incident or the confluence of multiple
relatively insignificant emotions likely matters more than
the specific type of emotion.

2.1.2. Stressors on a physical level

The development of TTS is significantly influenced not
only by emotional but also by physical stress factors. These
physical stressors therefore include incredibly strenuous
activities and illnesses, such as surgery,” traumatic
injuries, radiotherapy,® sepsis,” or even pregnancy,”
drug addiction, and disorders of the neurological system.
However, the occurrence of TTS has so far been primarily
associated with conditions like intracerebral hemorrhage,*
seizures,* stroke,” and head trauma.”

Moreover, the following two conditions could be linked

to TTS:
(i) An adrenal gland’s enterochromaftin cells give rise
to pheochromocytoma, a neuroendocrine tumor. It
has been proposed that catecholamines are released

as a result of this illness. The elevated catecholamine
level is thought to be the cause of the left ventricular
dysfunction, electrocardiogram abnormalities, band
necrosis, and hypercontraction of sarcomas that are
indistinguishable from TTS.*

(ii) Coronary artery disease (CAD), which has a
prevalence of 10 — 29%, is frequently linked to TTS.
According to some theories, CAD and TTS coexist
or CAD even act as a trigger for the development of
TTS'37'39

3. Gender disparities in TTS

When comparing the gender distribution of TTS cases in
the USA, Europe, and Japan, it is important to note that
while the percentage of male cases varies from study to
study, TTS affects women more often than men.* Of note,
TTS affects particularly postmenopausal women.*

This is in opposition to how the illness manifests itself:
accumulating evidence points out that men are frequently
more severely affected by TTS than women. Taking into
account the gender disparities in the USA, Europe, and
Japan, recent reports suggest that women tend to respond
more to emotional stressors, while men respond primarily
to physical stressors (Figure 1).

Since TTS is a relatively uncommon disease, the
only sources of data available at this time are the Tokyo
Cardiovascular Care Unit,” the International Takotsubo
Registry,” the US National Inpatient Sample Registry,*' and
the Cardiovascular Research Consortium-8 Universities.*
Actually, according to the Tokyo Cardiovascular Care Unit,
male patients (50%) are more likely than female patients
(31.3%) to have experienced prior physical stress. On the
other hand, female patients experience emotional stress
at a higher rate than male patients (19.0% vs. 31.0%)."
In detail, according to reports from the International
Takotsubo Registry, 29.2% of females and about 14.5%

28%

31% B emotional stress

Female M physical stress

absence of stress

Figure 1. Prevalence of emotion and physical stressors leading to
Takotsubo syndrome among female (inner circle) and male individuals
(outer circle)
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of males developed the disease due to emotional stress,
whereas 34.3% of females and 50.8% of males developed
TTS through physical stress. This is very similar to the
Japanese reports.”? These reports suggest that women
tend to respond more to emotional stressors, while men
respond primarily to physical stressors.

As previously mentioned, TTS is mainly explained by
stress responses, even though the pathophysiology of TTS
is poorly understood. The sexes’ varying reactions to stress
could be the cause of this. Remarkably, postmenopausal
women make up the majority of patients. The effects of
estrogen concentration may be more significant than
previously believed in relation to their susceptibility to
emotional stress as a trigger for TTS, which calls for more
research. Women are thought to have stronger immune
responses to both self-antigens and foreign invaders. In
addition, autoimmune diseases are more common in
women than in men. The distinct role that men and women
attribute to sexhormones playsan important partinimmune
cell activity.** Through the use of experimental rat models,
the Cidlowski group demonstrated that there is a gender
difference in the prevalence of numerous major diseases
that have an inflammatory component. Interestingly, the
sex-specific variations in prevalence may be related to
a relationship between inflammatory diseases and the
sexually dimorphic effects of GC. These findings suggest
that while a lack of GC receptors (GR) may contribute to
certain diseases in women, GR’s anti-inflammatory effects
seem to be more potent in men. This has been observed
invivo in the liver in a systemic inflammatory sepsis model.**
This suggests that in homeostatic female mice, a primary
mechanism guarantees a quicker reaction to inflammatory
stimuli, which in turn leads to a stronger expression of the
most prevalent proinflammatory genes.

Apart from emotional stress, postmenopausal
women may also be significantly triggered by behavioral
stress reactions, psychological stress, and changes in
estrogen concentration. Research has demonstrated that
premenopausal and postmenopausal women react to
psychological stress in quite different ways. Crucially,
it seems that estrogen reduces the impact of reactions
instigated by stress. This indicates that an imbalance in the
levels of androgen and estrogen in TTS could exacerbate
the stress response.* Furthermore, the dexamethasone/
corticotropin-releasing hormone (Dex-CRH) test shows
that older women have altered HPA axis negative feedback,
as demonstrated by studies on hormonal and psychological
reactions to psychosocial stress and Dex-CRH in young,
healthy controls and postmenopausal women in good
health.* Furthermore, the available evidence indicates that
supplementing with estradiol seems to alter human HPA
feedback sensitivity.”’

Finally, the impact of catecholamine excess on the
different ballooning patterns that are characteristic of
TTS has not been fully explained, although there is
now substantial evidence that sympathetic activation
plays a central role in TTS. Thus far, several rational
recommendations have been put forth. For instance, it has
been proposed that myocardial damage could result from
a catecholamine surge. Various mechanisms that lead to
increased cardiac work can be mentioned in this context,
including microvascular coronary vasoconstriction and
damage mediated by adrenoreceptors.*

4. Discussion

4.1. Role of sex steroids in modulation of behavioral
and psychological aspects

Stress is recognized to have an impact on the endocrine,
behavioral, and molecular responses of stress systems.
The implications of rats’ sex differences for stress response
have been reported, indicating that stress had a distinct
sexual dimorphic effect on the behavioral, endocrine,
and molecular response of the stress systems in the rats’
hypothalamus. Remarkably, this effect is also observed in
human data on stress and depression.* Interesting findings
presented by Dumas et al.’s research demonstrate how age
and estrogen status affect older women’s stress,* indicating
that estradiol plays a significant role in regulating the
emotional response to stressful situations.

Another fascinating study from the field of psychology
revealed that older women have altered negative feedback
of the HPA axis using the Dex-CRH test.”” After comparing
the behavioral stress responses of premenopausal and
postmenopausal women with the effects of estrogen, they
were able to draw the following conclusion: premenopausal
and postmenopausal women differ significantly in how
they respond to psychological stress.* The higher risk of
cardiovascular disease in women who have gone through
menopause may be partially explained by this lack of
adaptation. It seems that estrogen reduces the reaction
brought on by stress. The TTS framework discussed in
the present review may heighten this circumstance, which
shows a clear androgen/estrogen imbalance and a strong
inflammatory background.

4.2, Possible female sex steroid-mediated
modulation of functional cerebral asymmetry

Studies on the gender-specific differences in sympathovagal
regulation and functional cerebral asymmetry imply that
the female pattern of dominance is characterized by the
left hemisphere, which is believed to have parasympathetic
predominance, whereas the male pattern indicates dominance
of the right hemisphere, which is believed to have sympathetic
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predominance. This theory is in line with the concept
of decreased magnitude of inter-hemispheric cortical
lateralization in premenopausal women compared to men
and postmenopausal women. Decrease of endogenous
female sex steroid levels in postmenopausal women leads
to reduced influence of estrogens on the left hemisphere,
which is believed to have parasympathetic predominance.
This results in sympathovagal imbalance, increasing
sympathetic system activity in postmenopausal women,
rendering postmenopausal women more susceptible to
sympathetically mediated syndromes such as TTS.

4.3. Role of GCs in modulation of stress response

GCs are hormones produced in response to stress to
control inflammatory and immunosuppressive responses
as well as the growth and function of CNS, intermediate
metabolism, vascular tone, and - most importantly -
the process of programmed cell death.”” The GR acts
as a mediator for their action. Hence, GR expression is
proposed as a stress-related surrogate marker for a diverse
range of stress situations, including post-traumatic stress
disorder and chronic stress.*

Of note, stress can have negative effects and cause
diseases in people who exhibit poor self-regulation,
such as increased inflammation:** it was convincingly
presented that male rats exposed to CUMS showed
elevated expression of GR in response to CUMS. Malta
et al’s study' emphasizes that GR is involved in regulating
CUMS responses, which are dependent on GC and
NE signaling in male rats. The authors provide specific
evidence that the 14-day treatment of CUMS to male rats
resulted in a persistent hyperactivity of the HPA axis, as
demonstrated by an increase in plasmatic corticosterone
and hypertrophy of the adrenal glands. These effects were
dependent on the increased release of GCs and NE that
were generated during each stress session. GR protein
levels were shown to be elevated in key brain regions
linked to HPA regulation and behavior after exposure to
CUMS.** In a recent study, these findings were expanded
by measuring blood hormone and hormone receptor levels
of TTS female patients.! While more research is required to
investigate additional CUMS-related brain GR expression
patterns in TTS patients or animal models, these findings
clearly indicated that TTS-prone postmenopausal females
have a higher corticosteroid response as compared to
healthy individuals, providing a molecular perspective on
the gender disparity in stress response.

4.4. Role of GCs and gender aspects in modulation
of inflammation

In addition to physical and emotional triggers, female
gender, and age-related deficiency of female sex hormones,

inflammation emerges as a pathophysiologic factor. Stronger
immune responses to foreign and self-antigens are observed
in women than in men, providing an explanation regarding
the higher prevalence of most autoimmune diseases among
women.* There have been some investigations suggesting
that CUMS leads to the development of GC receptor
resistance, which results in its upregulation and failure to
inhibit the inflammatory response.

Notably, it has been demonstrated that the sexually
dimorphic effects of GC are linked to inflammatory diseases
that differ in frequency between genders. With the use
of experimental rat models and gene editing techniques,
the Cidlowski group demonstrated that the underlying
inflammatory components seem to play a crucial role in
the recognized gender difference of the prevalence of
many major diseases. They emphasized that inflammation
is a reflection of the balance between pro- and anti-
inflammatory signals and looked into the responses
that are specific to gender. They discovered sex-specific
GC-regulated genes in a number of canonical pathways
linked to the development and susceptibility to pertinent
diseases with prevalence differences between genders.
Specifically, they opine that either the anti-inflammatory
properties of GC are more potent in men or their absence
may encourage the onset of specific illnesses in women.*
In a different article,” the same group described a priming
mechanism in female mice in homeostatic condition that
causes them to respond to an inflammatory stimulus
more quickly. This mechanism causes the female mice to
express more of the proinflammatory genes that are most
frequently regulated. This idea is supported by research
from other groups, which recently suggested that CUMS
might lead to the development of GR upregulation and
resistance impairing the suppression of inflammation.'

5. Conclusion

Chronic unpredicted mild stress is reportedly to exert
a potentially bigger influence on TTS development
than previously thought.”* Specifically, it pertains to the
relationship between the aforementioned reduction in GR
and beta-adrenergic receptor sensitivity and persistent
psychological stress. GC resistance may cause the HPA axis
to be dysregulated and GR to be overexpressed. Increased
GClevels and long-term immunosuppression with elevated
levels of peripheral proinflaimmatory markers may be
caused by dysregulated negative feedback.”* As a result, the
parasympathetic nervous system becomes less active and
the sympathetic nervous system becomes more active.

The HPA axis’s GC negative feedback appears disrupted
in TTS, causing the GCs to maintain at elevated levels in
the system and sustaining their activation in a gender-
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disparate manner. Long-term stress might lead to the
development of GR resistance, which raises GR levels and
impairs the suppression of inflammation. Consequently, a
persistent rise in the systemic concentrations of GCs can lead
to immunosuppression, metabolic diseases, autoimmune
diseases, and mood disorders due to their pleiotropic action,
which appears to be more prevalent in women.

In every area of medicine, there should be a strong
emphasis on preventive medicine. This is especially true
when there are modifiable risk factors involved, such as
stress, which affects the heart and psychology. The non-
invasive (transcutaneous) vagus nerve stimulation (VNS)
therapy, which is beneficial for parasympathetic activity and
plays a significant part in lowering chronic inflammation,
has high therapeutic value for TTS, according to research by
Frank et al>* It should be highlighted that gender differences
must be taken into account with regard to VNS.>
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