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Cardiovascular disease (CVD) is the leading cause of death worldwide with mortality
rates in women currently exceeding those in men. To date, evidence is widely lacking for
unique female determinants of CVD. However, strong associations with psychological
stress, obesity or elevated inflammatory biomarkers with adverse cardiovascular
outcomes in women have been identified in various studies. Interestingly, amygdalar
metabolic activity, a central neural structure involved in emotional stress processing,
has proven to be an independent predictor of major adverse cardiovascular events
(MACE). Moreover, upregulated amygdalar metabolism was directly linked to myocardial
injury in women, but not in men. This newly suggested sex-dependent brain-heart
interrelation was further supported by the discovery that bone marrow activity, a
surrogate parameter of inflammation, represents a potential bridging link between
amygdalar activity and cardiovascular pathology by fueling inflamsnmatory processes that
promote atherosclerotic disease. Such malignant cascade of events might account,
at least in part, for the excess female mortality seen in women with coronary
artery disease and calls for sex-specific research toward pharmacologic or behavioral
modulators to improve cardiovascular outcomes, particularly in women. This mini
review summarizes recent advances in cardiovascular sex-specific medicine, thereby
focusing on the interplay between the limbic system, autonomic regulation and
inflammatory biomarkers, which may help to tailor CVD management toward the female
cardiovascular phenotype.
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INTRODUCTION

While the term “sex” is used within the context of biological differences that constitute the
female and male characteristics of anatomy and physiology, the term “gender” typically refers
to the social and cultural differences between women and men (Wizemann and Pardue,
2001). Indeed, a plethora of studies have consistently reported sex and gender differences
in various pathologies (Miller, 2014). As such, initial efforts have been made to personalize
medicine toward sex- and gender-specific differences, yet, much remains to be elucidated to
identify reliable determinants that can be incorporated into current risk stratification and
clinical guidelines.

Sex and gender differences play a major role for the diagnosis and management of cardiovascular
disease (CVD). Indeed, CVD mortality rates in women in Europe have surpassed those in men
(Shaw et al., 2009; Wilmot et al., 2015; Townsend et al., 2016). Women develop CVD with similar
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frequency as men do, but on average 10 years later in life
(Garcia et al., 2016). Once women experience an acute coronary
syndrome (ACS), however, their prognosis is worse than that of
men, even when adjusting for age differences (Haider et al., 2020).
Notably, mortality rates of ACS in women below 55 years of age
are currently increasing, while fatality decreased in age-matched
men (Gabet et al., 2017; Arora et al., 2019). Although mechanisms
behind the increasing cardiovascular vulnerability of women
are not yet understood, there is a growing body of evidence
for sex and gender differences in cardiovascular risk factors,
treatment efficacy, and cardiovascular outcomes (Pagidipati and
Peterson, 2016; Vaccarino, 2019). As such, epicardial coronary
arteries are smaller in women than in men, independent of
adjustment for body mass index, left ventricular dimensions and
age (Hiteshi et al., 2014). Further, parameters of myocardial blood
flow (MBEF), as determined by positron emission tomography,
such as baseline and hyperemic MBF are higher in women
than in men, thus leading to a comparable global coronary
flow reserve in women and men (Murthy et al., 2014; Haider
et al, 2019a). The smaller diameter of epicardial coronary
arteries and higher baseline MBF in women is proposed to result
in higher endothelial shear stress in female coronaries (Patel
et al, 2016). As low endothelial shear stress predisposes for
regional lipid accumulation, pathologic plaque remodeling, and
atherosclerotic plaque instability (Koskinas et al., 2013), it is
suggested that the condition of increased shear stress in women’s
coronary arteries could explain sex disparities in coronary artery
disease (CAD) susceptibility (Kerkhof and Miller, 2018). The
traditional focus of cardiovascular research on the identification
and treatment of epicardial obstructive CAD, a condition more
frequently observed in males than in females, and the detection
of the “vulnerable” atherosclerotic plaque as the primary cause
of ischemic injury might further explain the decreasing mortality
rates in men, but not in women (Arbab-Zadeh and Fuster,
2015; Haider et al., 2020). Women tend to display a more
diffuse and non-obstructive coronary artery disease pattern
with distinct plaque characteristics such as lower overall plaque
burden, coronary calcium content, and less necrosis in the
core of the plaque (Lansky et al, 2012). In the absence of
obstructive CAD, coronary microvascular dysfunction (CMVD)
has been associated with an increased frequency of hypertrophic
cardiomyopathy and thus, the development of adverse cardiac
events such as heart failure, arrythmias, and sudden cardiac
death (Crea et al, 2014). Of note, CMVD is more frequently
observed in women than in men (Dean et al., 2015). Further,
CMVD is associated with sympathetic hyperactivity, which in
turn contributes to a reduced event-free survival in women, but
not in men (Gebhard et al., 2019; Maredziak et al., 2020). In
addition, elevated baseline levels of inflammatory biomarkers and
a more pronounced inflammatory response to emotional stress-
induced myocardial ischemia have both been observed primarily
in women (Sullivan et al., 2018). An overview of the potential
involvement of the heart-brain axis in sex-dependent risk factors
and presentations of CVD is provided in Figure 1.

In this mini review, we aim to highlight neurohumoral
sex differences that have been recently linked to CVD. As
such, this review focuses on the interplay between the limbic

system, autonomic dysregulation and inflammation within
the context of CVD.

AMYGDALAR ACTIVITY AND THE
FEMALE HEART

The female propensity toward worse outcomes has prompted
a call to reconsider current and traditional risk-stratification
methods in cardiovascular medicine (Bairey Merz et al., 2017).
In particular, concerns have been raised about the excess
female vulnerability toward non-traditional risk factors such
as unrecognized psychosocial factors, sex-specific neural, and
vascular stress responses. Recent investigations demonstrate
a higher burden of emotional stress following an ACS and
a predominant occurrence of Takotsubo cardiomyopathy in
women (Vaccarino and Bremner, 2017; Vaccarino et al.,
2018) suggesting a sex-specific neuro-cardiac link. Takotsubo
cardiomyopathy leads to transient left ventricular dysfunction
as a result from severe psychological stress. Moreover, impaired
connectivity of brain structures involved in the control of the
autonomous nervous system has been detected in patients with
Takotsubo cardiomyopathy (Templin et al, 2019). Although
Takotsubo cardiomyopathy is responsible for only 3% of ACS
cases, the prevalence in postmenopausal women is twice as
high (Ghadri et al,, 2018). An important role in processing
higher brain functions such as cognition and emotion is
attributed to the brain’s ventral-attention or salience network
(Sevinc et al., 2017). It is primarily composed of the anterior
insula and the dorsal anterior cingulate cortex. Independent
component analysis using functional magnet resonance imaging
identified further associated structures including the amygdala,
a central structure of the limbic system (Wang et al., 2010).
Of note, efferent projections of the amygdala to the brain
stem were found to be engaged in the sympathetic stress
response (LeDoux et al., 1988). A recent study concluded that
amygdalar metabolic activity is an independent risk predictor
for major adverse (MACE) over and above conventional
cardiovascular risk factors (Tawakol et al., 2017). As a potential
mechanism, an increased inflammatory state as witnessed by
upregulated bone marrow activity and arterial inflammation
has been suggested. This hypothesis is further supported by
the observation that increased inflammation enhanced cardiac
remodeling via upregulation of interleukin-18 and myocardial
B-adrenergic receptor hyper-activation in an experimental model
(Xiao et al., 2018).

A recent study focusing on myocardial function, perfusion,
and metabolic amygdalar activity revealed an association
between elevated amygdalar activity and impaired myocardial
perfusion/function. Notably, these associations were observed
in women, but not in men (Fiechter et al., 2019a). Further,
resting amygdalar activity was not affected by high coronary
artery calcium scoring, suggesting that the extend of myocardial
injury, rather than atherosclerotic plaque burden, is mainly
responsible for an enhanced neural stress response in the female
population. Together with the findings provided by Tawakol
et al. (2017), this investigation strengthens the hypothesis that a
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Female Determinants of CVD
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FIGURE 1 | Potential involvement of the heart-brain axis in sex-dependent risk factors and presentations of cardiovascular disease (CVD). BMI, body mass index;
CAD, coronary artery disease; CMVD, coronary microvascular dysfunction; CRP, C-reactive protein; MACE, major adverse cardiac events; ACS, acute coronary
syndromes; HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction.
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A higher prevalence of HFrEF is observed in men than in
women.

A weaker association of BMI with CRP levels is observed in
men than in women.

A weaker associations of CVD with inflammatory
biomarkers is observed in men than in women.

No association of bone marrow activity with abnormal
myocardial perfusion was observed in men.

disproportionate burden of emotional stress might contribute to
worse cardiovascular outcomes in women with ACS.

Finally, Mehta et al. (2019) proposed a malignant cascade
that interconnects the limbic system via the hypothalamus to
neurohormonal systems (cortisol and norepinephrine), which
in turn upregulates heart rate and blood pressure. This may
ultimately lead to the activation of inflammatory processes,
endothelial dysfunction, and atherosclerosis, thereby increasing
the risk of ACS, heart failure, and sudden cardiac death.

ALTERED AUTONOMOUS NERVOUS
SYSTEM ACTIVITY AND UPREGULATED
INFLAMMATORY STATE: THE MISSING
PIECE OF THE PUZZLE?

An enhanced sympathetic tone has recurrently been observed
in women with CMVD, Takotsubo cardiomyopathy (Di Monaco
et al,, 2010; Templin et al, 2015), and ACS (Ubrich et al,
2017), and was associated with adverse cardiovascular outcomes
(Hogarth et al, 2009). Similarly, worse prognoses have been
documented in women with heart failure and myocardial
infarction and were found to be related to upregulated
cardiac sympathetic activity (La Rovere et al, 1998; Mitoft
et al., 2011). Of note, sympathetic activity remained elevated
until 9 month after an ACS in women, adding to an
unfavorable prognosis (Hogarth et al., 2009). Cardiac autonomic

dysregulation in women with major depressive disorder and
negative affective stimuli has recently been shown to be associated
with hypoconnectivity between the hippocampus, amygdala,
right orbitofrontal cortex, and the hypothalamus (Garcia et al.,
2020). In the same subpopulation hyperactivity of the right
amygdala and the hypothalamus was observed, suggesting
that cardiac autonomic dysregulation is linked to emotional
stress in women.

Activation of inflammatory processes affects cardiovascular
outcomes in both, stable and unstable angina, irrespective of
myocardial damage and conventional risk markers of CVD (de
Lemos et al., 2003; Gebhard et al., 2017; Kalkman et al., 2018).
Similarly, levels of inflammatory biomarkers have been shown
to be sex- and ethnicity-dependent (Khera et al., 2005) with
distinct upregulation of inflammatory cells, C-reactive protein
(CRP) and interleukin-6 (Thorand et al, 2006). Moreover,
the recent CANTOS trial, which assessed the safety and
efficacy of the anti-inflammatory drug Canakinumab in patients
with previous myocardial infarction, reported a significantly
reduced event rate in the test group, as compared to the
placebo arm (Ridker et al, 2017). In a secondary analysis
from the CANTOS trial, the authors unveiled that women
and men both benefited from canakinumab treatment, as
shown by the composite cardiovascular endpoint encompassing
recurrent non-fatal myocardial infarction, non-fatal stroke,
cardiovascular death and unstable angina (Ridker et al., 2018).
However, the use of anti-inflammatory therapy is still far
from application in cardiovascular clinical routine. This is
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reflected by the inefficacy of methotrexate to treat stable
CAD (Ridker et al, 2019). In addition, colchicine has lately
been observed to reduce the risk of ischemic cardiovascular
events in patients with recent myocardial infarction (Nidorf
et al., 2020). Notably, this risk reduction was non-significant
in women, as demonstrated by a subgroup analysis. Further,
no sex-disaggregated data on adverse effects of colchicine were
reported. This is a major omission given that experimental
studies in rats indicate a twofold higher susceptibility to lethal
effects of colchicine in females (Wiesenfeld et al., 2007). While
cardiovascular pathologies and outcomes have been associated
with a higher level of inflammatory activity, it was only recently
demonstrated that an upregulated metabolic activity of the
vertebral bone marrow, a surrogate marker of inflammation,
is a strong and independent predictor of myocardial injury,
suggesting that inflammatory biomarkers play a significant
role in the development and progression of CAD toward
myocardial ischemia and fibrosis (Fiechter et al., 2019a). Most
intriguingly, these observations were sex-dependent with a
significant association of inflammation and myocardial function
and perfusion in women, but not in men.

In summary, a sex-specific mechanism linking cardiovascular
pathologies with inflammation is so far lacking. Nonetheless,
experimental findings suggest a distinct association between
sympathetic hyperactivity, upregulation of cytokine cascades,
and pathological myocardial remodeling (Xiao et al., 2018).
Potential underlying mechanisms may include the toxicity of
NLRP3 inflammasome complexes on myocardial cells, which are
triggered by sympathetic hyperactivity (Karakas et al., 2018).
Further, an elevated body mass index and other CVD risk
factors are tightly associated with higher inflammatory states
mainly reflected by higher CRP levels in the female, but not
in the male population (Wong et al, 2001; Qasim et al,
2011; Pruijm et al, 2013; Shanahan et al., 2014). Finally,
adjustment for CRP leads to a loss of a positive association
between atherosclerotic plaque eccentricity and epicardial fat in
women. This link further points toward a detrimental association
between inflammation and adipose tissue in women (Miao et al.,
2011; Haider et al.,, 2019b). In conclusion, there is an unmet
medical need for tailored preventive strategies in women to
assess their residual inflammation-related cardiovascular risk
(Gencer and Mach, 2019).
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THE NEURO-INFLAMMATORY-
VASCULAR CIRCUIT: EVIDENCE FOR A
SEX-SPECIFIC LINK?

Currently, deleterious sex-specific effects of enhanced
psychological stress on cardiovascular health are largely
unexplored. However, in an experimental mouse model,
Xiao et al. (2018) linked fibrotic myocardial remodeling to
myocardial sympathetic hyperactivity, with the latter prompting
inflammasome-dependent release of interleukin-18. This
observation supports a strong relation between activation of the
autonomous nervous system, inflammatory state, and adverse
cardiovascular outcomes. Moreover, a recent investigation on
the association between central neural structures, inflammation,
and myocardial injury revealed for the first time a sex-specific
link between enhanced resting amygdalar metabolic activity,
upregulated inflammatory state, reflected by heightened bone
marrow activity, and myocardial function, i.e., presence of
myocardial scar and left ventricular dysfunction (Figure 2;
Fiechter et al., 2019b). These findings add to the body of evidence
concerning the concept of sexual dimorphism in emotional stress
responses, mediated by the limbic system.

A hypothesis with regard to the potential mechanism
interconnecting the brain with the heart has recently been
suggested by Mehta et al. (2019). The authors proposed a
malignant cascade of events following a stress trigger consisting
of interconnected areas of the brain such as the prefrontal cortex,
the amygdala, the hippocampus, and the locus coeruleus. In
detail, psychological stress stimulated the amygdala, which in
turn activated the hypothalamus-pituitary-adrenal axis by the
sympathetic nervous system and its sites of control, i.e., nucleus
tractus solitarius, the parabrachial nucleus, the rostroventral
lateral medulla, and the dorsal motor nucleus of the vagal nerve
(Vaccarino and Bremner, 2017; Bremner et al., 2018). This
activation may then result in increased levels of epinephrine,
norepinephrine, and cortisol leading to an activation of the body’s
“fight and flight” system such as an upregulated heart rate and
blood pressure (Vaccarino and Bremner, 2017). During states
of chronic stress exposure, executive functions of the medial
prefrontal cortex are tuned down, while amygdalar activity is
enhanced and thus, continuous activation of the noradrenergic
locus coeruleus was observed (Arnsten et al., 2015). This
persistent amygdalar firing may lead to chronic sympathetic
hyperactivity, prompting an upregulated inflammatory state as
well as subsequent endothelial dysfunction and atherosclerosis
(Lima et al., 2019).

CONCLUSION

Notwithstanding the substantial progress that has been made
in CVD management, current reports still point to a persistent
knowledge gap concerning optimized management and risk-
stratification in women, particularly with regard to ACS. One of
the major challenges to close this gap is to reduce the persistent
underrepresentation of females in cardiovascular clinical trials
(Scott et al.,, 2018). Further, the neuro-inflammatory-vascular

circuit appears to contribute disproportionally to cardiovascular
risk in women and men. Specifically, emotional stress-induced
amygdalar activity leading to upregulated inflammatory
pathways, negatively affects the heart’s function and perfusion
in the female, but not in the male population. This mechanism
might further contribute to the development of Takotsubo
cardiomyopathy, thereby explaining the predominance of
women in Takotsubo cardiomyopathy. Finally, there is a plethora
of unanswered questions concerning the impact of socio-
environmental and contextual factors on gender-associated
manifestation of ACS presentation and outcomes. Thus, further
work is needed to identify interrelating molecular pathways of
this cascade with the ultimate aim to develop pharmacologic and
behavioral therapies that are tailored to women and men.

FUTURE PERSPECTIVES

Despite the fundamental knowledge gaps that currently exist
in our understanding of the mechanisms underlying brain-
heart interactions in CVD patients, there is a growing interest
to dissect the pathways involved. As such, initial efforts
have been undertaken to understand the role of enhanced
baseline inflammation and sympathetic hyperactivity in patients
with adverse cardiovascular outcomes. Although an enhanced
amygdalar metabolic activity has been linked to adverse
cardiovascular events, interventional studies are required to
establish a direct causality. Further, to dissect underlying
molecular mechanisms, it is imperative to address pivotal
questions including, but not limited to; (1) What are the key
components of the immune system that are affected by amygdalar
activation? (2) Does amygdalar activation result in impaired
cardiac function and/or abnormal cardiac perfusion by triggering
sympathetic hyperactivity? (3) Why are women disproportionally
affected by emotional stress and what is the role of sex hormones
in governing brain-heart interactions? (4) In addition to the
prognostic value of enhanced amygdalar metabolic activity, can
the “amygdala-related” cardiovascular risk be modulated by
therapeutic intervention? Translational molecular imaging has so
far played a critical role in elucidating complex interactions of
the brain-heart axis. Nonetheless, a multidisciplinary effort will
be required to address the abovementioned questions. Further,
prospective studies are warranted to translate these intriguing
concepts into a genuine advantage for CVD patients.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

FUNDING

CG was supported by grants from the Swiss National Science
Foundation (SNSF), the Olga Mayenfisch Foundation,
Switzerland, the OPO Foundation, Switzerland, the Novartis
Foundation, Switzerland, the Swissheart Foundation, the

Frontiers in Neuroscience | www.frontiersin.org

December 2020 | Volume 14 | Article 614345


https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Gebhard et al.

Sex-Dependent Neuro-Cardiac Interrelations

Helmut Horten Foundation, Switzerland, the LOOP Zurich,
Switzerland, and the EMDO Foundation, Switzerland. MF was
supported by the Swiss Paraplegic Center, Nottwil, Switzerland.

REFERENCES

Arbab-Zadeh, A., and Fuster, V. (2015). The myth of the “vulnerable plaque”™
transitioning from a focus on individual lesions to atherosclerotic disease
burden for coronary artery disease risk assessment. J. Am. Coll. Cardiol. 65,
846-855. doi: 10.1016/j.jacc.2014.11.041

Arnsten, A. F., Raskind, M. A,, Taylor, F. B., and Connor, D. F. (2015). The effects
of stress exposure on prefrontal cortex: translating basic research into successful
treatments for post-traumatic stress disorder. Neurobiol. Stress 1, 89-99. doi:
10.1016/j.ynstr.2014.10.002

Arora, S., Stouffer, G. A., Kucharska-Newton, A. M., Qamar, A., Vaduganathan, M.,
Pandey, A, etal. (2019). Twenty year trends and sex differences in young adults
hospitalized with acute myocardial infarction. Circulation 139, 1047-1056. doi:
10.1161/CIRCULATIONAHA.118.037137

Bairey Merz, C. N., Pepine, C. J., Walsh, M. N., and Fleg, J. L. (2017). Ischemia and
no obstructive coronary artery disease (INOCA): developing evidence-based
therapies and research agenda for the next decade. Circulation 135, 1075-1092.
doi: 10.1161/CIRCULATIONAHA.116.024534

Bremner, J. D., Campanella, C., Khan, Z., Shah, M., Hammadah, M., Wilmot,
K., et al. (2018). Brain correlates of mental stress-induced myocardial
ischemia. Psychosom. Med. 80, 515-525. doi: 10.1097/PSY.000000000000
0597

Crea, F., Camici, P. G., and Bairey Merz, C. N. (2014). Coronary microvascular
dysfunction: an update. Eur. Heart J. 35, 1101-1111. doi: 10.1093/eurheartj/
eht513

de Lemos, J. A., Morrow, D. A, Sabatine, M. S., Murphy, S. A., Gibson, C. M.,
Antman, E. M, et al. (2003). Association between plasma levels of monocyte
chemoattractant protein-1 and long-term clinical outcomes in patients with
acute coronary syndromes. Circulation 107, 690-695. doi: 10.1161/01.cir.
0000049742.68848.99

Dean, J., Cruz, S. D., Mehta, P. K., and Merz, C. N. (2015). Coronary microvascular
dysfunction: sex-specific risk, diagnosis, and therapy. Nat. Rev. Cardiol. 12,
406-414. doi: 10.1038/nrcardio.2015.72

Di Monaco, A., Bruno, I, Calcagni, M. L., Nerla, R, Lamendola, P., Barone,
L., et al. (2010). Cardiac adrenergic nerve function in patients with cardiac
syndrome X. J. Cardiovasc. Med. 11, 151-156. doi: 10.2459/JCM.0b013e32833
0321d

Fiechter, M., Haider, A., Bengs, S., Maredziak, M., Burger, I. A., Roggo, A., et al.
(2019a). Sex differences in the association between inflammation and ischemic
heart disease. Thromb. Haemost. 119, 1471-1480. doi: 10.1055/s-0039- 1692442

Fiechter, M., Haider, A., Bengs, S., Maredziak, M., Burger, I. A., Roggo, A.,
et al. (2019b). Sex-dependent association between inflammation, neural stress
responses, and impaired myocardial function. Eur. J. Nucl. Med. Mol. Imaging
47,2010-2015. doi: 10.1007/s00259-019-04537-8

Gabet, A., Danchin, N,, Juilliere, Y., and Olie, V. (2017). Acute coronary syndrome
in women: rising hospitalizations in middle-aged French women, 2004-14. Eur.
Heart J. 38, 1060-1065. doi: 10.1093/eurheartj/ehx097

Garcia, M., Mulvagh, S. L., Merz, C. N. B, Buring, J. E., and Manson, J. E.
(2016). Cardiovascular disease in women: clinical perspectives. Circ. Res. 118,
1273-1293. doi: 10.1161/CIRCRESAHA.116.307547

Garcia, R. G., Mareckova, K., Holsen, L. M., Cohen, J. E., Whitfield-Gabrieli,
S., Napadow, V., et al. (2020). Impact of sex and depressed mood on the
central regulation of cardiac autonomic function. Neuropsychopharmacology
45, 1280-1288. doi: 10.1038/s41386-020-0651-x

Gebhard, C., Toma, A., Min, Z., Stahli, B. E., Mashayekhi, K., Gick, M., et al.
(2017). Preprocedural leucocyte count predicts risk in patients with coronary
chronic total occlusion. Thromb. Haemost. 117,2105-2115. doi: 10.1160/TH17-
06-0381

Gebhard, C. E., Maredziak, M., Portmann, A., Bengs, S., Haider, A., Fiechter,
M., et al. (2019). Heart rate reserve is a long-term risk predictor in women
undergoing myocardial perfusion imaging. Eur. J. Nuclear Med. Mol. Imaging
46, 2032-2041. doi: 10.1007/500259-019-04344- 1

SB was supported by the UZH Foundation, Switzerland, and
the Swissheart Foundation. AH was supported by the UZH
Foundation, Switzerland.

Gencer, B., and Mach, F. (2019). Gender specificity and interpretation of functional
cardiac imaging: let’s talk about sex. Thromb. Haemost. 119, 1379-1381. doi:
10.1055/s-0039-1695010

Ghadri, J. R., Wittstein, I. S., Prasad, A., Sharkey, S., Dote, K., Akashi, Y. J., et al.
(2018). International expert consensus document on takotsubo syndrome (Part
I): clinical characteristics, diagnostic criteria, and pathophysiology. Eur. Heart
J. 39, 2032-2046. doi: 10.1093/eurheartj/ehy076

Haider, A., Bengs, S., Luy, J., Osto, E., Siller-Matula, J. M., Muka, T., et al. (2020).
Sex and gender in cardiovascular medicine: presentation and outcomes of acute
coronary syndrome. Eur. Heart J. 41, 1328-1336. doi: 10.1093/eurheartj/ehz898

Haider, A., Bengs, S., Maredziak, M., Messerli, M., Fiechter, M., Giannopoulos,
A. A, et al. (2019a). Heart rate reserve during pharmacological stress is a
significant negative predictor of impaired coronary flow reserve in women. Eur.
J. Nucl. Med. Mol. Imaging 46, 1257-1267. doi: 10.1007/s00259-019-4265-7

Haider, A., Possner, M., Messerli, M., Bengs, S., Osto, E., Maredziak, M., et al.
(2019b). Quantification of intrathoracic fat adds prognostic value in women
undergoing myocardial perfusion imaging. Int. J. Cardiol. 292, 258-264. doi:
10.1016/j.ijcard.2019.04.092

Hiteshi, A. K., Li, D., Gao, Y., Chen, A., Flores, F., Mao, S. S., et al. (2014). Gender
differences in coronary artery diameter are not related to body habitus or left
ventricular mass. Clin. Cardiol. 37, 605-609. doi: 10.1002/clc.22310

Hogarth, A. J., Graham, L. N., Mary, D. A., and Greenwood, J. P. (2009). Gender
differences in sympathetic neural activation following uncomplicated acute
myocardial infarction. Eur. Heart J. 30, 1764-1770. doi: 10.1093/eurheartj/
ehp188

Kalkman, D. N., Aquino, M., Claessen, B. E., Baber, U., Guedeney, P., Sorrentino,
S., etal. (2018). Residual inflammatory risk and the impact on clinical outcomes
in patients after percutaneous coronary interventions. Eur. Heart J. 39, 4101—
4108. doi: 10.1093/eurheartj/ehy633

Karakas, M., Haase, T., and Zeller, T. (2018). Linking the sympathetic nervous
system to the inflammasome: towards new therapeutics for atherosclerotic
cardiovascular disease. Eur. Heart J. 39, 70-72. doi: 10.1093/eurheartj/ehx374

Kerkhof, P., and Miller, V. (2018). Sex-specific Analysis of Cardiovascular Function.
New York, NY: Springer International Publishing. doi: 10.1007/978-3-319-
77932-4

Khera, A., McGuire, D. K., Murphy, S. A,, Stanek, H. G., Das, S. R., Vongpatanasin,
W., etal. (2005). Race and gender differences in C-reactive protein levels. J. Am.
Coll. Cardiol. 46, 464-469. doi: 10.1016/j.jacc.2005.04.051

Koskinas, K. C., Sukhova, G. K., Baker, A. B., Papafaklis, M. I., Chatzizisis, Y. S.,
Coskun, A. U, et al. (2013). Thin-capped atheromata with reduced collagen
content in pigs develop in coronary arterial regions exposed to persistently
low endothelial shear stress. Arterioscler. Thromb. Vasc. Biol. 33, 1494-1504.
doi: 10.1161/ATVBAHA.112.300827

La Rovere, M. T., Bigger, J. T. Jr., Marcus, F. I, Mortara, A., and Schwartz, P. J.
(1998). Baroreflex sensitivity and heart-rate variability in prediction of total
cardiac mortality after myocardial infarction. ATRAMI (autonomic tone and
reflexes after myocardial infarction) investigators. Lancet 351, 478-484. doi:
10.1016/s0140-6736(97)11144-8

Lansky, A. J., Ng, V. G, Maehara, A., Weisz, G., Lerman, A., Mintz, G. S,, et al.
(2012). Gender and the extent of coronary atherosclerosis, plaque composition,
and clinical outcomes in acute coronary syndromes. JACC Cardiovasc. Imaging
5, $62-572. doi: 10.1016/j.jcmg.2012.02.003

LeDousx, J. E., Iwata, J., Cicchetti, P., and Reis, D. J. (1988). Different projections of
the central amygdaloid nucleus mediate autonomic and behavioral correlates of
conditioned fear. J. Neurosci. 8, 2517-2529. doi: 10.1523/JNEUROSCI.08-07-
02517.1988

Lima, B. B., Hammadah, M., Wilmot, K., Pearce, B. D., Shah, A., Levantsevych,
0., et al. (2019). Posttraumatic stress disorder is associated with enhanced
interleukin-6 response to mental stress in subjects with a recent myocardial
infarction. Brain Behav. Immun. 75, 26-33. doi: 10.1016/j.bbi.2018.08.015

Maredziak, M., Bengs, S., Portmann, A., Haider, A., Wijnen, W. J., Warnock,
G. L, et al. (2020). Microvascular dysfunction and sympathetic hyperactivity

Frontiers in Neuroscience | www.frontiersin.org

December 2020 | Volume 14 | Article 614345


https://doi.org/10.1016/j.jacc.2014.11.041
https://doi.org/10.1016/j.ynstr.2014.10.002
https://doi.org/10.1016/j.ynstr.2014.10.002
https://doi.org/10.1161/CIRCULATIONAHA.118.037137
https://doi.org/10.1161/CIRCULATIONAHA.118.037137
https://doi.org/10.1161/CIRCULATIONAHA.116.024534
https://doi.org/10.1097/PSY.0000000000000597
https://doi.org/10.1097/PSY.0000000000000597
https://doi.org/10.1093/eurheartj/eht513
https://doi.org/10.1093/eurheartj/eht513
https://doi.org/10.1161/01.cir.0000049742.68848.99
https://doi.org/10.1161/01.cir.0000049742.68848.99
https://doi.org/10.1038/nrcardio.2015.72
https://doi.org/10.2459/JCM.0b013e328330321d
https://doi.org/10.2459/JCM.0b013e328330321d
https://doi.org/10.1055/s-0039-1692442
https://doi.org/10.1007/s00259-019-04537-8
https://doi.org/10.1093/eurheartj/ehx097
https://doi.org/10.1161/CIRCRESAHA.116.307547
https://doi.org/10.1038/s41386-020-0651-x
https://doi.org/10.1160/TH17-06-0381
https://doi.org/10.1160/TH17-06-0381
https://doi.org/10.1007/s00259-019-04344-1
https://doi.org/10.1055/s-0039-1695010
https://doi.org/10.1055/s-0039-1695010
https://doi.org/10.1093/eurheartj/ehy076
https://doi.org/10.1093/eurheartj/ehz898
https://doi.org/10.1007/s00259-019-4265-7
https://doi.org/10.1016/j.ijcard.2019.04.092
https://doi.org/10.1016/j.ijcard.2019.04.092
https://doi.org/10.1002/clc.22310
https://doi.org/10.1093/eurheartj/ehp188
https://doi.org/10.1093/eurheartj/ehp188
https://doi.org/10.1093/eurheartj/ehy633
https://doi.org/10.1093/eurheartj/ehx374
https://doi.org/10.1007/978-3-319-77932-4
https://doi.org/10.1007/978-3-319-77932-4
https://doi.org/10.1016/j.jacc.2005.04.051
https://doi.org/10.1161/ATVBAHA.112.300827
https://doi.org/10.1016/s0140-6736(97)11144-8
https://doi.org/10.1016/s0140-6736(97)11144-8
https://doi.org/10.1016/j.jcmg.2012.02.003
https://doi.org/10.1523/JNEUROSCI.08-07-02517.1988
https://doi.org/10.1523/JNEUROSCI.08-07-02517.1988
https://doi.org/10.1016/j.bbi.2018.08.015
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Gebhard et al.

Sex-Dependent Neuro-Cardiac Interrelations

in women with supra-normal left ventricular ejection fraction (snLVEF). Eur. J.
Nucl. Med. Mol. Imaging 47, 3094-3106. doi: 10.1007/s00259-020-04892-x
Mehta, P. K., Lima, B. B, Nelson, M. D., and Bairey Merz, C. N. (2019).
Adverse cardiovascular outcomes in women: blame the amygdala? Eur. Heart
J. Cardiovasc. Imaging 20, 633-635. doi: 10.1093/ehjci/jez086

Miao, C., Chen, S., Ding, J., Liu, K., Li, D., Macedo, R., et al. (2011). The association
of pericardial fat with coronary artery plaque index at MR imaging: the multi-
ethnic study of atherosclerosis (MESA). Radiology 261, 109-115. doi: 10.1148/
radiol.11110346

Miller, V. M. (2014). Why are sex and gender important to basic physiology and
translational and individualized medicine? Am. J. Physiol. Heart Circ. Physiol.
306, H781-H788. doi: 10.1152/ajpheart.00994.2013

Mitoff, P. R., Gam, D., Ivanov, J., Al-hesayen, A., Azevedo, E. R., Newton, G. E.,
et al. (2011). Cardiac-specific sympathetic activation in men and women with
and without heart failure. Heart 97, 382-387. doi: 10.1136/hrt.2010.199760

Murthy, V. L., Naya, M., Taqueti, V. R, Foster, C. R., Gaber, M., Hainer, J.,
et al. (2014). Effects of sex on coronary microvascular dysfunction and cardiac
outcomes. Circulation 129, 2518-2527. doi: 10.1161/CIRCULATIONAHA.113.
008507

Nidorf, S. M., Fiolet, A. T. L., Mosterd, A., Eikelboom, J. W., Schut, A., Opstal,
T. S. J., et al. (2020). Colchicine in patients with chronic coronary disease.
N. Engl. ]. Med. 383, 1838-1847. doi: 10.1056/NEJM0a2021372

Pagidipati, N. J., and Peterson, E. D. (2016). Acute coronary syndromes in women
and men. Nat. Rev. Cardiol. 13, 471-480. doi: 10.1038/nrcardio.2016.89

Patel, M. B., Bui, L. P., Kirkeeide, R. L., and Gould, K. L. (2016). Imaging
microvascular dysfunction and mechanisms for female-male differences in
CAD. JACC Cardiovasc. Imaging 9, 465-482. doi: 10.1016/j.jcmg.2016.02.003

Pruijm, M., Vollenweider, P., Mooser, V., Paccaud, F., Preisig, M., Waeber, G.,
et al. (2013). Inflammatory markers and blood pressure: sex differences and
the effect of fat mass in the CoLaus study. J. Hum. Hypertens. 27, 169-175.
doi: 10.1038/jhh.2012.12

Qasim, A. N., Budharaju, V., Mehta, N. N,, St Clair, C., Farouk, S., Braunstein, S.,
et al. (2011). Gender differences in the association of C-reactive protein with
coronary artery calcium in type-2 diabetes. Clin. Endocrinol. (Oxf). 74, 44-50.
doi: 10.1111/j.1365-2265.2010.03879.x

Ridker, P. M., Everett, B. M., Pradhan, A., MacFadyen, J. G., Solomon,
D. H., Zaharris, E., et al. (2019). Low-dose methotrexate for the prevention
of atherosclerotic events. N. Engl. J. Med. 380, 752-762. doi: 10.1056/
NEJMoal809798

Ridker, P. M., Everett, B. M., Thuren, T., MacFadyen, J. G., Chang, W. H,,
Ballantyne, C., et al. (2017). Antiinflammatory therapy with canakinumab
for atherosclerotic disease. N. Engl. J. Med. 377, 1119-1131. doi: 10.1056/
NEJMoal707914

Ridker, P. M., MacFadyen, J. G., Everett, B. M., Libby, P., Thuren, T., Glynn, R. ],
et al. (2018). Relationship of C-reactive protein reduction to cardiovascular
event reduction following treatment with canakinumab: a secondary analysis
from the CANTOS randomised controlled trial. Lancet 391, 319-328. doi: 10.
1016/S0140-6736(17)32814-3

Scott, P. E,, Unger, E. F.,, Jenkins, M. R., Southworth, M. R., McDowell, T. Y.,
Geller, R. J., et al. (2018). Participation of women in clinical trials supporting
FDA approval of cardiovascular drugs. J. Am. Coll. Cardiol. 71, 1960-1969.
doi: 10.1016/j.jacc.2018.02.070

Sevinc, G., Gurvit, H., and Spreng, R. N. (2017). Salience network engagement
with the detection of morally laden information. Soc. Cogn. Affect. Neurosci.
12, 1118-1127. doi: 10.1093/scan/nsx035

Shanahan, L., Freeman, J., and Bauldry, S. (2014). Is very high C-reactive
protein in young adults associated with indicators of chronic disease risk?
Psychoneuroendocrinology 40, 76-85. doi: 10.1016/j.psyneuen.2013.10.019

Shaw, L. J., Bugiardini, R., and Merz, C. N. (2009). Women and ischemic heart
disease: evolving knowledge. J. Am. Coll. Cardiol. 54, 1561-1575. doi: 10.1016/
j.jacc.2009.04.098

Sullivan, S., Hammadah, M., Wilmot, K., Ramadan, R., Pearce, B. D., Shah,
A, et al. (2018). Young women with coronary artery disease exhibit higher
concentrations of interleukin-6 at baseline and in response to mental stress.
J. Am. Heart Assoc. 7:€010329. doi: 10.1161/JAHA.118.010329

Tawakol, A., Ishai, A., Takx, R. A., Figueroa, A. L., Ali, A,, Kaiser, Y., et al.
(2017). Relation between resting amygdalar activity and cardiovascular events:

a longitudinal and cohort study. Lancet 389, 834-845. doi: 10.1016/S0140-
6736(16)31714-7

Templin, C., Ghadri, J. R., Diekmann, J., Napp, L. C., Bataiosu, D. R., Jaguszewski,
M., et al. (2015). Clinical features and outcomes of takotsubo (Stress)
cardiomyopathy. N. Engl. J. Med. 373, 929-938. doi: 10.1056/NEJMo0a1406761

Templin, C., Hanggi, J., Klein, C., Topka, M. S., Hiestand, T., Levinson, R. A.,
etal. (2019). Altered limbic and autonomic processing supports brain-heart axis
in Takotsubo syndrome. Eur. Heart ]. 40, 1183-1187. doi: 10.1093/eurheartj/
ehz068

Thorand, B., Baumert, J., Doring, A., Herder, C., Kolb, H., Rathmann, W., et al.
(2006). Sex differences in the relation of body composition to markers of
inflammation. Atherosclerosis 184, 216-224. doi: 10.1016/j.atherosclerosis.2005.
04.011

Townsend, N., Wilson, L., Bhatnagar, P., Wickramasinghe, K., Rayner, M., and
Nichols, M. (2016). Cardiovascular disease in Europe: epidemiological update
2016. Eur. Heart J. 37, 3232-3245. doi: 10.1093/eurheartj/ehw334

Ubrich, R., Barthel, P., Haller, B., Hnatkova, K., Huster, K. M., Steger, A.,
et al. (2017). Sex differences in long-term mortality among acute myocardial
infarction patients: results from the ISAR-RISK and ART studies. PLoS One
12:¢0186783. doi: 10.1371/journal.pone.0186783

Vaccarino, V. (2019). Myocardial infarction in young women. Circulation 139,
1057-1059. doi: 10.1161/CIRCULATIONAHA.118.039298

Vaccarino, V., and Bremner, J. D. (2017). Behavioral, emotional and
neurobiological determinants of coronary heart disease risk in women.
Neurosci. Biobehav. Rev. 74, 297-309. doi: 10.1016/j.neubiorev.2016.04.023

Vaccarino, V., Sullivan, S., Himmadah, M., Wilmot, K., Al Mheid, I, Ramadan, R.,
etal. (2018). Mental stress-induced-myocardial ischemia in young patients with
recent myocardial infarction: sex differences and mechanisms. Circulation 137,
794-805. doi: 10.1161/CIRCULATIONAHA.117.030849

Wang, S. S., Yan, X. B, Hofman, M. A, Swaab, D. F., and Zhou, J. N.
(2010). Increased expression level of corticotropin-releasing hormone in
the amygdala and in the hypothalamus in rats exposed to chronic
unpredictable mild stress. Neurosci. Bull. 26, 297-303. doi: 10.1007/s12264-010-
0329-1

Wiesenfeld, P. L., Garthoff, L. H., Sobotka, T. J., Suagee, J. K., and Barton, C. N.
(2007). Acute oral toxicity of colchicine in rats: effects of gender, vehicle matrix
and pre-exposure to lipopolysaccharide. J. Appl. Toxicol. 27, 421-433. doi: 10.
1002/jat.1198

Wilmot, K. A., O’Flaherty, M., Capewell, S., Ford, E. S., and Vaccarino, V.
(2015). Coronary heart disease mortality declines in the united states from
1979 through 2011: evidence for stagnation in young adults, especially
women. Circulation 132, 997-1002. doi: 10.1161/CIRCULATIONAHA.115.01
5293

Wizemann, T. M. and Pardue, M. L. (2001). “Exploring the biological
contributions to human health: does sex matter?,” in Exploring the Biological
Contributions to Human Health: Does Sex Matter? The National Academies
Collection: Reports Funded by National Institutes of Health, eds T. M. Wizemann
and M. L. Pardue (Washington, DC: National Academies Press (US)).

Wong, N. D,, Pio, J., Valencia, R., and Thakal, G. (2001). Distribution of C-reactive
protein and its relation to risk factors and coronary heart disease risk estimation
in the National Health and Nutrition Examination Survey (NHANES) III. Prev.
Cardiol. 4, 109-114. doi: 10.1111/j.1520-037x.2001.00570.x

Xiao, H., Li, H., Wang, J. J., Zhang, J. S., Shen, J., An, X. B, et al. (2018). IL-18
cleavage triggers cardiac inflammation and fibrosis upon beta-adrenergic insult.
Eur. Heart J. 39, 60-69. doi: 10.1093/eurheartj/ehx261

Conflict of Interest: All authors have the following to disclose: The University
Hospital of Zurich holds a research contract with GE Healthcare. CG has received
research grants from the Novartis Foundation and speaker’s fees from Sanofi
Genzyme, Switzerland.

Copyright © 2020 Gebhard, Bengs, Haider and Fiechter. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org

December 2020 | Volume 14 | Article 614345


https://doi.org/10.1007/s00259-020-04892-x
https://doi.org/10.1093/ehjci/jez086
https://doi.org/10.1148/radiol.11110346
https://doi.org/10.1148/radiol.11110346
https://doi.org/10.1152/ajpheart.00994.2013
https://doi.org/10.1136/hrt.2010.199760
https://doi.org/10.1161/CIRCULATIONAHA.113.008507
https://doi.org/10.1161/CIRCULATIONAHA.113.008507
https://doi.org/10.1056/NEJMoa2021372
https://doi.org/10.1038/nrcardio.2016.89
https://doi.org/10.1016/j.jcmg.2016.02.003
https://doi.org/10.1038/jhh.2012.12
https://doi.org/10.1111/j.1365-2265.2010.03879.x
https://doi.org/10.1056/NEJMoa1809798
https://doi.org/10.1056/NEJMoa1809798
https://doi.org/10.1056/NEJMoa1707914
https://doi.org/10.1056/NEJMoa1707914
https://doi.org/10.1016/S0140-6736(17)32814-3
https://doi.org/10.1016/S0140-6736(17)32814-3
https://doi.org/10.1016/j.jacc.2018.02.070
https://doi.org/10.1093/scan/nsx035
https://doi.org/10.1016/j.psyneuen.2013.10.019
https://doi.org/10.1016/j.jacc.2009.04.098
https://doi.org/10.1016/j.jacc.2009.04.098
https://doi.org/10.1161/JAHA.118.010329
https://doi.org/10.1016/S0140-6736(16)31714-7
https://doi.org/10.1016/S0140-6736(16)31714-7
https://doi.org/10.1056/NEJMoa1406761
https://doi.org/10.1093/eurheartj/ehz068
https://doi.org/10.1093/eurheartj/ehz068
https://doi.org/10.1016/j.atherosclerosis.2005.04.011
https://doi.org/10.1016/j.atherosclerosis.2005.04.011
https://doi.org/10.1093/eurheartj/ehw334
https://doi.org/10.1371/journal.pone.0186783
https://doi.org/10.1161/CIRCULATIONAHA.118.039298
https://doi.org/10.1016/j.neubiorev.2016.04.023
https://doi.org/10.1161/CIRCULATIONAHA.117.030849
https://doi.org/10.1007/s12264-010-0329-1
https://doi.org/10.1007/s12264-010-0329-1
https://doi.org/10.1002/jat.1198
https://doi.org/10.1002/jat.1198
https://doi.org/10.1161/CIRCULATIONAHA.115.015293
https://doi.org/10.1161/CIRCULATIONAHA.115.015293
https://doi.org/10.1111/j.1520-037x.2001.00570.x
https://doi.org/10.1093/eurheartj/ehx261
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

	The Neuro-Inflammatory-Vascular Circuit: Evidence for a Sex-Dependent Interrelation?
	Introduction
	Amygdalar Activity and the Female Heart
	Altered Autonomous Nervous System Activity and Upregulated Inflammatory State: the Missing Piece of the Puzzle?
	The Neuro-Inflammatory-Vascular Circuit: Evidence for a Sex-Specific Link?
	Conclusion
	Future Perspectives
	Author Contributions
	Funding
	References


