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Abstract

Women have more of the stress-related behavioral profile that has been linked to cardiovascular
disease than men. For example, women double the rates of stress-related mental disorders such as
depression and posttraumatic stress disorder (PTSD) than men, and have higher rates of exposure
to adversity early in life. This profile may increase women's long-term risk of cardiometabolic
conditions linked to stress, especially coronary heart disease (CHD). In addition to having a higher
prevalence of psychosocial stress-ors, women may be more vulnerable to the adverse effects of
these stressors on CHD, perhaps through altered neurobiological physiology. Emerging data
suggest that young women are disproportionally susceptible to the adverse effects of stress on the
risk of cardiovascular disease, both in terms of initiating the disease as well as worsening the
prognosis in women who have already exhibited symptoms of the disease. Women's potential
vulnerability to psychosocial stress could also help explain their higher propensity toward
abnormal coronary vasomotion and microvascular disease compared with men.
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1. Introduction

In spite of significant advances in the prevention and treatment of coronary heart disease
(CHD), this condition still represents the leading cause of mortality and disability in women
(Go et al., 2013; Mehta et al., 2016).
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There are several differences between women and men in the presentation, pathophysiology,
and clinical course of CHD. For women, CHD becomes clinically manifest later in life than
men, and is associated with less narrowing of the coronary arteries related to atherosclerotic
plaque. Despite this apparent protection from atherosclerotic plaque, women have a similar
or worse morbidity and mortality for CHD than men (Vaccarino et al., 2013a). This may be
related to gender differences in pathophysiology—specifically, the fact that microvascular
coronary disease (a failure of small coronary arteries to dilate during stress) and endothelial
dysfunction (an imbalance between vasodilating and vasoconstricting substances regulating
the endothelium) may be more important factors in the etiology of myocardial ischemia than
plaque burden in women compared to men (Bugiardini and Bairey Merz, 2005).
Microvascular disease and endothelial dysfunction, however, have not been studied as much
as atherosclerotic plaque, hindering efforts to prevent, diagnose and treat CHD related to
these factors, which may especially disadvantage women (Vaccarino, 2010; Vaccarino et al.,
2011).

Great strides have been made in the reduction of CHD-related mortality over the last few
decades. This has primarily seen in older persons, however, and young women in particular
have not shared a similar decline than men in mortality from CHD in recent decades,
although they have continued to enjoy lower rates than men (Wilmot et al., 2015).
Furthermore, hospitalization rates for acute myocardial infarction (MI) are on the rise in
young women (i.e. <55 years) compared to other groups (Gupta et al., 2014; 1zadnegahdar et
al., 2014), and the pre-hospital case fatality of MI has also declined less in young women
(Lehto et al., 2011). Notably, young women with an MI have an unexplained increase in-
hospital mortality compared to men of the same age which is not explainable by differences
in severity of disease or risk factors for CHD (Bangalore et al., 2012; Gupta et al., 2014;
Izadnegahdar et al., 2014; Vaccarino et al., 2009a).

Although rates of traditional CHD risk factors such as obesity and diabetes are growing in
the younger age groups (Geiss et al., 2014; Ladabaum et al., 2014), it is likely that exposure
to emotional factors (acute and chronic stress, psychosocial factors and mental disorders)
play a critical role in the risk for CHD in young populations, especially for women
(Goldstein et al., 2015b; Huang et al., 2009; Shah et al., 2011; Wyman et al., 2012). A recent
statement from the American Heart Association highlighted the importance of this issue
(Goldstein et al., 2015a). Young women with CAD are often from disadvantaged
backgrounds and have a high burden of psychosocial factors that have been linked to
increased CHD risk, such as depression, early life adversities and posttraumatic stress
disorder (PTSD)(Beckie et al., 2015; Low et al., 2010; Mallik et al., 2006; Shah et al., 2014;
Smolderen et al., 2015; Vaccarino et al., 2014; Xu et al., 2015). Psychosocial factors are
important predictors of future hospitalizations, mortality and delayed recovery in young
women with early-onset CAD (Shah et al., 2014; Xu et al., 2015). In addition to having a
higher prevalence of psychosocial factors, women may be more vulnerable to the adverse
effects of these stressors on CHD. Even among young individuals from the general
population, depression and early life stress are more powerful predictors of cardiovascular
disease in women than in men (Korkeila et al., 2010; Shah et al., 2011; Wyman et al., 2012).
As a whole, these data suggest a profound role of emotional factors on cardiovascular risk in
women, although research in this area is limited.
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In this chapter, we propose that stress plays a fundamental role in conferring vulnerability to
CHD in women and placing women on a trajectory for increased risk for CHD that may not
manifest until later in life. To date, considerable research has focused on CHD in women at
the age around or after menopause. However, we advocate a paradigm shift toward the idea
that pathophysiological processes, such as those secondary to stressful exposures, beginning
before menopause lead to CHD later in life in many women. Processes that begin in the
premenopausal years, a time when women are typically considered “low risk,” may be key
elements, albeit neglected, of a cumulative increase in CHD risk as women age.

2. Studies of non-human primates

Animal models, particularly nonhuman primates, have provided invaluable direct
experimental evidence of the adverse cardiovascular effects of psychological stress (Kaplan
et al., 2009; Shively et al., 2009). These studies have shown that stress interacts with female
neurohormonal systems to increase the risk of CHD. Psychosocial stress causes endothelial
damage and accelerates atherosclerosis in females. Monkeys under social stress develop
endothelial injury; this effect is blocked by propranolol, the beta-adrenergic receptor
antagonist, indicating that norepinephrine, a hormone involved in the stress response, is
implicated (Kaplan et al., 2009). Among females, these effects occur in part through stress-
induced ovarian dysfunction (Kaplan and Manuck, 2008).

These studies in non-human primates showed important sex differences in the relationship
between stress and atherosclerotic vascular disease. Dominant males develop more extensive
atherosclerosis than subordinates when housed in unstable social groups, while in females it
is the subordinates who develop accelerated atherosclerosis (Kaplan et al., 2009).
Subordinate females also show increased cortisol levels, ovarian dysfunction, increased
abdominal fat, and an increase in depression-like behaviors (Kaplan et al., 2002; Kaplan and
Manuck, 2008). Furthermore, pre-treatment with estrogen prevents the accelerated
atherosclerosis of subordinate young females, while ovariectomy eliminates the resilience to
stress-induced promotion of atherosclerosis seen in dominant females (Kaplan et al., 2002;
Kaplan and Manuck, 2008).

Several lines of evidence suggest that similar mechanisms may be at play in the
pathogenesis of CHD in women. Stress is known to be a major cause of ovarian dysfunction
in premenopausal women (Chrousos et al., 1998; Ferin, 1999). Stress-induced infertility and
hypoestrogenism, known as “functional hypothalamic anovulation,” has also been linked to
poor emotional, cardiovascular, skeletal, and cognitive health outcomes (Berga and Loucks,
2005; Marcus et al., 2001).

Studies of stress and cardiovascular disease using non-human primates have traditionally
focused on atherosclerosis as animals can be sacrificed at the end of experiments and
atherosclerotic plaque severity can be quantified. However, this animal model has also
yielded a wealth of data on the effects of stress on endothelial injury and dysfunction,
although typically these studies have included male animals (Skantze et al., 1998; Strawn et
al., 1991; Williams et al., 1991, 1993). Due to the lack of studies of females, from these
experimental studies it is unclear whether, in females, the effects of stress are more
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pronounced on vascular dysfunction as opposed to atherosclerotic plaque burden.
Nonetheless, these processes are interrelated and both strong predictors of CHD risk.

3. Neurobiology of stress and stress-related psychiatric disorders in
women in relation to CHD risk

3.1. Stress and mental health

Psychological stress and trauma, especially early in life, can have lasting effects on cognitive
and neurobiological function that in turn impact physical health, including the development
of cardiovascular disease (Vaccarino and Bremner, 2015). About one fifth of women in the
United States are affected by childhood sexual abuse, vs. about 7% of men (“Adverse
Childhood Experiences Reported by Adults—Five States, 2009, 2010; MacMillan et al.,
1997; McCauley et al., 1997). Emotional and physical abuse are also common in women and
can have long-lasting consequences that persist into childhood (*“Adverse Childhood
Experiences Reported by Adults—Five States, 2009, 2010), especially for emotional abuse
(Bremner et al., 2007b; Bremner et al., 2000). Childhood sexual abuse, a common trauma in
women, can lead to the development of PTSD in adulthood, which affects 9.7% of women
(past year prevalence), vs. 3.6% men (National Comorbidity Survey, 2005), as well as
substance abuse, depression, obesity, cardiovascular disease, premature mortality, and
psychosomatic disorders (Bremner et al., 1996¢; Bremner, 2002; Brown et al., 2009; Danese
and McEwen, 2012; Dube et al., 2003; Kessler et al., 1995; Mayer and Bushnell, 2009).
Stress-related psychiatric disorders, including PTSD, depression, borderline personality
disorder (BPD) and dissociative identity disorder (DID), are at least twice as common in
women as in men, while psychiatric disorders not linked to trauma are not (Kessler et al.,
1995). As described later, these trauma-related psychiatric disorders share a similar
neurobiology, and have considerable overlap of symptoms, which has led Bremner to
formulate a model of trauma-spectrum psychiatric disorders (Bremner, 2002). Interestingly,
emerging evidence suggests that these disorders share a common increased risk for
cardiovascular disease, suggesting that early abuse may result in a re-setting of physiology
that results in both stress-related psychiatric disorders and cardiovascular disease that may
be particularly linked to stress (Vaccarino and Bremner, 2015).

Psychological trauma can lead to PTSD, which in about half of cases becomes a chronic
condition. PTSD symptoms include intrusive memories of the trauma, avoidance of
reminders of the trauma, emotional numbing or withdrawal, negative distorted thoughts
about the self or the world, hyperarousal, poor concentration, nightmares, sleep disturbances,
and increased startle responses. Although not technically part of the PTSD diagnosis,
patients with PTSD often have problems with memory and concentration, as well as
headaches and chronic pain.

Symptoms of PTSD are a manifestation of stress-related changes in neurobiology and the
brain. Neurohormonal systems including cortisol and the hypothalamic-pituitary-adrenal
(HPA) axis and the norepinephrine system, which play a critical role in the stress response,
are perturbed in PTSD. Specifically, brain regions involved in learning and memory and the
fear response, including the hippocampus, amygdala, and prefrontal cortex, were found to be
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affected in women with PTSD (Bremner, 2002; Bremner and Charney, 2010; Vermetten and
Bremner, 2002a,b). It is not clear if these effects are specifically for women, since studies
have not done direct comparisons between men and women with PTSD. However, other data
suggest that stress may interact with gender to determine neurobiological responses. Normal
men show greater cortisol responses to achievement challenges, while women have
increased cortisol responses to social rejection (Stroud et al., 2002). Furthermore, brain
imaging studies of healthy subjects have shown gender differences in neural correlates of
emotional memory. These studies demonstrated increased activation of the posterior
hippocampus and decreased medial prefrontal activation with retrieval of emotional words in
women versus men (Bremner et al., 2001).

Differences in sex hormones between men and women also affect brain function and can
interact with the stress response. The female sex hormone, estrogen, modulates neuronal
spine density in the hippocampus (Gould et al., 1990; Woolley and McEwen, 1992, 1993,
1994) with variations shown over the course of the menstrual cycle. We have found that
women with PTSD from childhood abuse have elevated estrogen levels measured in repeated
plasma samples over a 24-h period (Bremner et al., 2007a). In summary, these studies
demonstrate a possible interaction between stress and gender in the neurobiology of stress.

Another common consequence of stress, especially in early life, is depression. Major
depressive disorder is characterized by depressed mood or loss of interest in things that last
for over two weeks, with associated loss of appetite, decreased sleep, restlessness, agitation,
crying spells, loss of energy, poor concentration, feelings of worthlessness and hopelessness,
guilt, and sometimes suicidal thinking (American Psychiatric Association, 2013). Rates of
depression are almost twice in women as in men (Alonso et al., 2004; Ayuso-Mateos et al.,
2001; Kuehner, 2003), with a one-year prevalence of 8.1% in women and 5.1 in men
(Substance Abuse and Mental Health Services Administration, 2014). Compared with men,
women have more severe depression with an earlier age at onset and two fold increase in
number of depressive episodes compared to men with depression (Sullivan et al., 2000).
Increased rates of depression in women compared with men are seen in countries around the
world (Weissman et al., 1996), suggesting that intrinsic factors may underlie the gender
difference in depression.

Higher rates of anxiety disorders, which are 60% more common in women (Kessler et al.,
2005a; Kessler et al., 2005b), are seen following psychological trauma, although their
association with childhood trauma is not as strong as for depression and PTSD. Anxiety
disorders include generalized anxiety disorder (GAD), panic disorder, obsessive-compulsive
disorder, and phobic disorders. About 14-18% of adults develop an anxiety disorder at some
time in their lives (Alonso et al., 2004; Kessler et al., 2005b). Other disorders linked to
trauma include borderline personality disorder (BPD) and dissociative identity disorder
(DID). BPD is more common in women and is accompanied by intense fears of
abandonment, feelings of internal emptiness, swings of mood, dangerous and self-
destructive behavior, and sometimes self-mutilation (Lieb et al., 2004; Schmahl & Bremner,
2006). DID is much more common in women than in men and is linked to severe early
childhood trauma (Spiegel et al., 2011). It is characterized by distortion or fragmentation of
identity, accompanied by gaps in memory (amnesia), distortions of the perception of one's
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body or feeling disconnected from the body (depersonalization), and distortions of
perception (derealization).

3.2. Neurobiology

The hypothalamic-pituitary-adrenal (HPA) axis and the norepinephrine system play critical
roles in the stress response. The HPA axis regulates metabolic changes in response to a
stressor that are critical for survival in threatening circumstances. Corticotropin-releasing
factor (CRF) is released from the paraventricular nucleus of the hypothalamus, which in turn
stimulates release of adrenocorticotropin hormone (ACTH) from the pituitary. ACTH, when
released into the circulation, causes an increase in cortisol release from the adrenal gland.
CRF also acts in the brain to stimulate fear-related behaviors (Arborelius et al., 1999) and
activates the noradrenergic neurotransmitter system via the brainstem's locus coeruleus as
well as other stress-responsive systems (Melia and Duman, 1991). The norepinephrine
system acts like the fire alarm of the brain, increasing fear and alertness, as well as
stimulating respiratory and cardiovascular responses to stress (Bremner et al., 1996a,b;
Nisenbaum et al., 1991).

Stress early in life is linked to long-term sensitization of the HPA axis and increases in CRF
(Coplan et al., 1996; Levine et al., 1993; Makino et al., 1995; Plotsky and Meaney, 1993;
Stanton et al., 1988). Stress also results in chronic over activation of the norepinephrine
system, which plays a critical role in the fight or flight response (Bremner et al., 1996a,b).

Stress affects many brain areas, including the hippocampus, medial prefrontal cortex, and
amygdala (Bremner, 2005; Bremner and Charney, 2010; Bremner, 2011; Bremner and
Vermetten, 2012; Rauch et al., 2006). The medial prefrontal cortex (which includes anterior
cingulate and orbitofrontal cortex, and adjacent areas) is an important area involved in the
link between stress and cardiovascular disease (Fig. 1). This brain area, in addition to the
hypothalamus and insula, is unique in its role in the regulation of cardiovascular function
through direct connections to brain stem areas (Diorio et al., 1993; Feldman et al., 1995;
Frysztak and Neafsey, 1994). The medial prefrontal cortex is highly sensitive to stress
(Arnsten, 2000) and plays an important role in the regulation of emotions and coping with
environmental challenges (Devinsky et al., 1995; Pani et al., 2000). Fear extinction, or the
inhibition of fear, is mediated by inputs from the medial prefrontal cortex to fear-learning
center of the brain (Quirk et al., 2006). Animal studies show that early life stress is
associated with a decrease in branching of neurons in the medial prefrontal cortex (Radley et
al., 2004). No gender differences in this response have been shown. Altered function in
medial prefrontal cortex affects outputs from this area which regulate physiological
responses to stress in the periphery, with implications for cardiovascular risk.

Studies in women with early life stress and stress-spectrum disorders like depression and
PTSD have corroborated the changes in brain and neurobiology found in preclinical studies
(Bremner, 2005; Bremner and Vaccarino, 2015). Girls with early life stress with associated
PTSD and/or depression show increased cortisol levels and/or blunted ACTH response to
CRF (which indicates down-regulation due to chronic hypercortisolemia) (Cicchetti and
Rogosch, 2001; De Bellis et al., 1994, 1999; Gunnar et al., 2001) as well as increased
cortisol response to stress (Luby et al., 2003). Notably, these changes in neurobiology persist
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into adulthood especially if there is PTSD (Bremner, 2005; Bremner et al., 2008; Bremner
and Vaccarino, 2015). Women with PTSD secondary to childhood sexual abuse show
decreased baseline cortisol based on 24-hour diurnal assessments, with flattening of the
normal diurnal cortisol curve and increased pulsatility of cortisol reflecting dysregulation of
CRF release (Bremner et al., 2007a). Women with PTSD also have increased cortisol
response to stressors, especially trauma-specific stressors (Elzinga et al., 2003). They also
show enhanced suppression of cortisol with low dose dexamethasone, suggesting increased
sensitivity of glucocorticoid receptors (Stein et al., 1997), and blunted ACTH response to
CRF (Heim et al., 2001).

In summary, trauma early in life results in increased hypercortisolemia, while with the
transition to adulthood the HPA axis becomes dysregulated at baseline, with a hyper-
responsive reaction to stress. Studies suggest that specific psychological conditions, like
social rejection, lead to greater cortisol responses in women compared to men, while men
may be more sensitive to stress related to achievement difficulties. Depression and PTSD are
also associated with increased noradrenergic function in women, as in men (Bremner et al.,
19964a,b), including increased baseline concentrations of norepinephrine and epinephrine in
24-h urine. As a whole, these findings are consistent with long-term alterations in
neurobiological function in women with stress, depression and PTSD and may have
implications for cardiovascular disease.

4. Emotional factors and coronary heart disease in women

4.1. Acute stress

Stressful exposures can contribute to cardiovascular morbidity and mortality even if they do
not result in stress-related mental disorders. Acute stressors, such as bouts of anger,
bereavement, or intense emotions like fear or extreme excitement can cause Ml or sudden
death (Bhattacharyya and Steptoe, 2007; Mostofsky et al., 2012, 2013; Steptoe and
Kivimaki, 2013). Both enhanced and blunted cardiovascular reactivity to an acute stressor
predict future cardiovascular diseases or CHD risk factors, suggesting that abnormal
regulation of cardiovascular responses to stress may be an underlying mechanism (Chida
and Steptoe, 2010; Phillips et al., 2013; Treiber et al., 2003).

Stress can be reproduced in the laboratory under controlled conditions using standardized
methodology, such as performing arithmetic problems or giving a public speech, a procedure
known as mental stress testing. In patients with CHD, mental stress can induce coronary
blood flow imbalances causing a transitory perfusion deficit at the time of stress, a
phenomenon known as mental stress-induced myocardial ischemia (MSIMI). MSIMI occurs
in approximately one third to half of patients with CHD and correlates with myocardial
ischemia in daily life (Holmes et al., 2006; Strike and Steptoe, 2003). The prognosis for
patients with MSIMI is similar than that of patients with exercise or exertion induced
myocardial ischemia (Wei et al., 2014b) and is not related to the severity of coronary
atherosclerosis (Ramadan et al., 2013).

Although most studies of mental stress ischemia were performed predominantly in men,
emerging data show that MSIMI is more common in women than in men. In a study of
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stable CHD patients, women had a 39% higher incidence of MSIMI assessed by ventricular
wall motion using echocardiography compared with men (Samad et al., 2014). Recent
studies using single-photon emission tomography (SPECT) myocardial perfusion imaging to
detect ischemia during mental stress showed that young women (50 years or younger) with a
recent history of Ml had twice the rate of mental stress ischemia compared with age-
matched men with previous MI, while older men and women showed no difference
(Vaccarino et al., 2014). These results were not explained by severity of disease, traditional
cardiovascular risk factors, or even behavioral or psychosocial factors, hinting to intrinsic
biological differences between women and men underlying a propensity towards MSIMI.

It is not clear why younger women have higher rates of myocardial ischemia with mental
stress than men of the same age or older women. The women in these studies were more
likely to have psychosocial risk factors for cardiovascular disease, including lower income,
minority race, history of emotional or sexual abuse in childhood, and higher number of
depressive symptoms (Samad et al., 2014; Vaccarino et al., 2014; Xu et al., 2015). This
psychosocial profile may result in increased physiological responsivity to acute stressors,
which is particularly well captured using myocardial perfusion imaging during stress (Burg
and Soufer, 2014). MSIMI in women does not appear to be related to a greater
cardiovascular reactivity, however, as no differences were found blood pressure, heart rate
and other hemodynamic parameters between women and men, with men even showing a
tendency for higher responses with stress (Becker et al., 1996; Samad et al., 2014; Steptoe et
al., 1996; Vaccarino et al., 2014; York et al., 2007). Women, however, appear to have more
subjective distress and negative emotions than men with mental stress, which may explain
their higher rate of MSIMI at least partially (Samad et al., 2014). They also show an increase
in negative emotions with non-psychological stressors, such as an inflammatory challenge
with endotoxin, even though the inflammatory response is similar (Moieni et al., 2015). The
similar physiological response to an inflammatory stimulus in women compared with men in
this experimental study parallels the finding that young women with a previous history of
MI show the same inflammatory response to mental stress as age-matched men; however,
women exhibit double the level of interleukin-6 (IL-6) than men, both at baseline and at 90
min after the stress challenge (Rooks et al., 2016). Even in absence of CHD, women exhibit
higher levels of C-reactive protein, a commonly studied inflammatory marker, compared
with men of similar age, starting at age 16, potentially due to the onset of menarche (Ford et
al., 2003; Wener et al., 2000; Woloshin and Schwartz, 2005). Data on IL-6 and other
biomarkers, such as fibrinogen, are more mixed, but still there is a tendency for young and
middle-aged women of European or African descent to show higher levels than men in the
same age bracket (Coe et al., 2011; Gruenewald et al., 2009), although this is not a uniform
finding (Cartier et al., 2009). Thus, even though women do not exhibit a higher immune
reactivity to stress compared with men, it is possible that the high absolute levels of
inflammation reached during stressful events pose young women above a threshold of risk
for abnormal vascular responses and future ischemic events. Alternatively, women could
react differently than men to the testing environment itself.

Another possible explanation for the increase in MSIMI in women is differences in
vasomotor tone. A working model, supported by emerging data, proposes that MSIMI is at
least in part caused by coronary microcirculatory dysfunction, due to a failure of small
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coronary arteries to dilate during stress (Ghiadoni et al., 2000; Kop et al., 2001; Pepine et al.,
2014; Ramadan et al., 2013). Coronary microvascular dysfunction refers to abnormal
vasomotor regulation of the small coronary arterioles (<200 um in diameter), which regulate
coronary vascular resistance but are not visualized by coronary angiography. Coronary
microvascular dysfunction may precede the development of clinical manifestations of CHD
and bears independent prognostic value (Kaul and Ito, 2004). Peripheral endothelial
dysfunction, defined as an imbalance between vasodilating and vasoconstricting mediators
regulating the endothelium and influencing vasomotor tone, can also be implicated
(Deanfield et al., 2005). Coronary and peripheral vascular dysfunction may play a role in
MSIMI through sympathetic nervous system activation via adrenergic receptors in the
vascular system. Women show a tendency towards abnormal vasomotion and microvascular
dysfunction, to the point that this phenomenon has been proposed as a possible mechanism
of ischemic heart disease in women (Pepine et al., 2010; von Mering et al., 2004; Wong et
al., 2002). Coronary microvascular dysfunction is commonly seen in women with chest pain,
even in the absence of significant coronary obstruction (Buchthal et al., 2000; Reis et al.,
2001). It is also possible that peripheral vasoconstriction during stress, with an attendant rise
in afterload, plays a role in MSIMI. Indeed, MSIMI is associated with an increase in
systemic vascular resistance (Burg et al., 2009; Ramadan et al., 2013). Due to their
propensity to vasomotor reactivity, it is possible that women exhibit more microvascular
dysregulation with stress, as suggested by the fact that young women have more endothelial
dysfunction with mental stress than men (Martin et al., 2008). The higher prevalence of
MSIMI in women may also be secondary to the fact that women report more emotional
distress and mood disturbances during daily life than men. Since these disturbances have
been linked to ambulatory ischemia and MSIMI (Burg et al., 2014; Gullette et al., 199743;
Wei et al., 2014a), it is possible that repeated, cumulative distress in everyday life leads to a
chronic form of microvascular diastolic dysfunction which is present at baseline and predicts
MSIMI (Ersboll et al., 2014). All these potential vascular effects may be accentuated in
young women given their higher baseline levels of inflammation (Rooks et al., 2016). Thus,
the fact that vascular dysfunction is an important mechanism of MSIMI could explain a
female predominance of this phenomenon.

4.2. Early life stress

Early life stress has been linked to an increased risk for cardiovascular disease in adulthood
in women. In the Nurses’ Health Study 2, childhood abuse was associated with an increased
risk of cardiovascular disease of 46% for physical abuse, and 56% for sexual abuse. This
was significant after adjusting for other risk factors for cardiovascular disease (Rich-
Edwards et al., 2012). A meta-analysis confirmed a link between childhood abuse and
cardiovascular disease (Wegman and Stetler, 2009).

Early trauma is a stronger predictor of cardiovascular disease in younger women than it is in
similarly aged men (Batten et al., 2004; Korkeila et al., 2010). Sexual abuse, in particular,
was associated with a fivefold increase in self-reported cardiovascular events in the previous
12 months among adult women younger than 55 years (Goodwin and Stein, 2004), while no
association was found among men. In a Finnish community sample of 23,916 individuals
less than 55 years of age at baseline, there was a progressive increase in heart disease risk
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among women (but not among men) with successive higher numbers of childhood traumatic
events (Korkeila et al., 2010). Among women, having three or more events was associated
with a threefold increased risk, after adjusting for demographic and behavioral factors.

Studies suggest that a partial explanation for the association between early trauma and
cardiovascular disease lies in behavioral and lifestyle factors associated with this exposure
(Rich-Edwards et al., 2012). For example, childhood abuse is associated with an increase in
smoking rates, even in the absence of psychiatric disorders (Roberts et al., 2008). Early
trauma may lead to these behavioral profiles through persistent changes in the brain and
physiological systems (Danese and McEwen, 2012).

In summary, there is emerging evidence that early trauma increases cardiovascular risk in
adulthood and this association may be especially pronounced for younger (i.e. pre-
menopausal) women.

4.3. Depression

As mentioned above, depression is twice as common in women as in men in the general
population. Although cardiac patients as a whole have a 2—-3 fold increase in prevalence of
depression compared to the general population, rates are still doubled in younger female
cardiac patients compared to men (Mallik et al., 2006; Vaccarino et al., 2014). Fifty percent
of younger women (age 50 years and younger) with a history of Ml suffer from for major
depression compared to 30% of similarly aged men (Vaccarino et al., 2014). Depression is
an important risk factor for CHD in women, increasing a woman's risk by at least 50%
(Mehta et al., 2016), and a recognized prognostic factor among CHD patients (Lichtman et
al., 2014).

There are several possible explanations for the higher prevalence of depression in young
women with CHD. Young women with severe medical illnesses may be more vulnerable to
the development of depression. For example, young women with a recent MI have a higher
level of inflammation than men of similar age or older patients (Rooks et al., 2016), which
in turn may predispose them towards developing depression. The high prevalence of
depression might also be explained by the fact that depression is a strong risk factor for
CHD in young/middle aged women (as compared to men and older populations). Although
the literature on gender differences in depression as a risk factor for CHD is mixed, when
young/middle-aged populations were studied, a larger effect of depression in women than
men was usually observed. In the Third National Health and Nutrition Examination Survey
(NHANES I11), women under age 40 with either major depression or attempted suicide had
more than threefold the adjusted risk of cardiovas cular death (a hazards ratio [HR] of 3.2)
and almost 15-fold the adjusted risk of CHD death (HR 14.6), while for men these risks
were increased respectively by 2.4 and 3.5 (Shah et al., 2011). The proportion of risk for
CHD from depression in these women was 65% compared to 13% for men, and higher than
the attributable risk for traditional cardiovascular risk factors. In the prospective Community
Mental Health Epidemiology Study of Washington County, MD, depression increased
cardiovascular risk in women younger than 40 years more than six fold, while no association
was found among men (Wyman et al., 2012). Other studies showed a 2-fold risk of carotid
plaques assessed with ultrasound in younger women with recurrent depression (Jones et al.,
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2003). Depression in adolescence and young adulthood is also a predictor of type Il diabetes
in women only (Suglia et al., 2016). As a whole, these data suggest that depression is a
powerful predictor of cardiometabolic risk in young women, and potentially a stronger
predictor than in men of similar age.

Depression is also a strong predictor of poor prognosis in women with CHD. Women in the
Women's Ischemia Syndrome Evaluation (WISE) study with depression requiring treatment
had a three-fold higher risk of death and cardiac events relative to women without
depression (Rutledge et al., 2006). Another study showed a 3.3 fold increased cardiac
mortality in women with depression (Frasure-Smith and Lesperance, 2008). However,
available data indicate that men and women with CHD, all ages combined, are equally
susceptible to the adverse effects of depression on prognosis (Frasure-Smith et al., 1999b;
Parashar et al., 2009). Yet it is possible that depression is an especially strong prognostic
factor for young women with CHD, who show disproportionately high mortality compared
with men of the same age after a MI (Mehta et al., 2016). This needs further study.

4.4. Anxiety disorders

Data have been inconsistent regarding the association between anxiety (either anxiety
symptom scales or anxiety disorders) and CHD. About half of the studies have failed to find
a significant association. A meta-analysis pooled the results of approximately 20
longitudinal studies and found a modest (26%) increased risk of incident CHD and a 48%
increased risk of cardiac death for persons with elevated anxiety symptoms or the diagnosis
of an anxiety disorder, even after controlling for risk factors for heart disease (Roest et al.,
2010). Although data are limited and the findings from available studies show considerable
heterogeneity, there does appear to be a pattern of a stronger link between anxiety symptoms
and CHD risk in in men than in women, both for incident CHD (Eaker et al., 2005;
Ringback Weitoft and Rosen, 2005), and for recurrent CHD events (Frasure-Smith et al.,
1999a; Frasure-Smith and Lesperance, 2008). Among women, however, recent studies have
linked panic attacks (Smoller et al., 2007) and phobic anxiety (Albert et al., 2005) with
incident CHD and sudden cardiac death. Notably, there is not as strong a relationship
between exposure to psychological trauma, especially in childhood, and anxiety disorders as
there is for PTSD and depression. This may explain why the link between anxiety disorders
and CHD risk in women is less strong than for depression and PTSD. Furthermore, the
overall divergence of results may be due to the fact anxiety disorders represent a
heterogeneous group, which may differ in their biological substrate, and thus in their
relationship with CHD, in women and men.

4.5. Post-traumatic stress disorder

The prospective association between PTSD and CHD has been examined in only five
studies. Four of these investigations included predominantly male veterans and found a
significant association between PTSD symptoms or a PTSD diagnosis with fatal or nonfatal
CHD events (Ahmadi et al., 2011; Boscarino, 2008; Kubzansky et al., 2007; Vaccarino et al.,
2013b), as well as objective indicators of coronary heart disease such as coronary artery
calcium (Ahmadi et al., 2011), myocardial perfusion defects (Vaccarino et al., 2013b), or
other indicators of myocardial ischemia (Turner et al., 2013). Only two prospective studies
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have examined women. Among 1059 women free of CHD at baseline in the Baltimore
cohort of the Epidemiologic Catchment Area study, those with five or more symptoms of
PTSD had over threefold higher risk of CHD compared with those without PTSD symptoms,
even after controlling for risks factors, depression and anxiety (Kubzansky et al., 2009). In
the Nurses’ Health Study Il, women who endorsed =4 PTSD symptoms had a 60% higher
risk of cardiovascular events after adjusting for demographic factors and family history
(hazard ratio, 1.60; 95% confidence interval, 1.20-2.13). However, women exposed to
trauma and endorsing no PTSD symptoms also showed an elevated cardiovascular disease
risk (hazard ratio, 1.45; 95% confidence interval, 1.15-1.83), while those who were exposed
to trauma and endorsing 1 to 3 PTSD symptoms were not (Sumner et al., 2015). These
studies suggest that exposure to psychological trauma in women increases the risk of heart
disease, possibly even in the absence of PTSD, although the presence of the disorder likely
increases the risk additively to trauma exposure. Interestingly, the results suggest that
resilience in the face of trauma could be protective for the development of heart disease in
women.

5. Potential mechanisms

There are multiple possible mechanisms linking stress, emotional factors, and stress-related
mental disorders with increased CHD risk in women (Fig. 2). Behavioral and lifestyle
factors are strongly related with stress-related psychopathology and with CHD risk, but do
not appear to explain entirely the connection between stress/stress-related disorders and
CHD. Depression, childhood trauma, and PTSD are all linked to unhealthy behaviors such
as smoking, sedentary lifestyle, delay in seeking treatment and lower adherence to treatment
and prevention recommendations (Breslau et al., 2003; Carney et al., 1995; Whooley et al.,
2008). Childhood sexual abuse in women is specifically associated with obesity in
adulthood, even after controlling for behavioral risk factors linked to obesity.

Alterations in neurohormonal stress response systems following exposure to chronic stress,
as described above, represent plausible mechanisms by which stress is linked to CHD. One
model states that repeated activation of the sympathetic nervous system and parasympathetic
nervous system withdrawal with stress leads to long-term dysregulation of these systems
contributing to elevations in blood pressure, heart rate, plasma glucose, insulin resistance
and dyslipidemia.

Increased inflammation, endothelial dysfunction and hypercoagulability may also play a role
(McEwen, 2008). Inflammatory processes are linked to a hypercoagulable state and to
endothelial dysfunction, which are mechanisms for CHD. Animal studies demonstrate a
causal link between stress and inflammation. Stress-induced norepinephrine release activates
the transcription factor NF-kB in circulating monocytes, initiating the inflammatory cascade
(Bierhaus et al., 2003), with potentially long lasting abnormalities in immune function.
These findings appear to apply to human populations as well. For example, in a prospective
study, maltreated children showed higher inflammation 20 years later, which persisted after
accounting for other childhood exposures and health behaviors (Danese et al., 2007).
Depression and PTSD have also been associated with higher levels of inflammatory
biomarkers and evidence of immune dysregulation (Empana et al., 2005; Hoge et al., 2009;
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Plantinga et al., 2013; Spitzer et al., 2010; Uddin et al., 2010; Vaccarino et al., 2007; von
Kaénel et al., 2007).

Enhanced platelet activity has long been proposed as a potential link between depression and
cardiac events, but data are limited and results mixed (von Kanel, 2004). Endothelial
dysfunction in depression has also been described (Sherwood et al., 2005), and limited
evidence links PTSD symptom severity to endothelium-derived circulating proteins and
blood clotting factors (Plantinga et al., 2013; von Kanel et al., 2006, 2008).

Growing evidence suggests that some psychosocial factors, particularly depression, may
share genetic pathways with CHD (Mulle and Vaccarino, 2013). This implies that depression
and CHD could be different phenotypic expressions of the same genetic substrate (de Geus,
2006; Kendler et al., 2009; Vaccarino et al., 2009b), an effect that may be more true for
women than men (Kendler et al., 2009). In the Swedish twin registry, onset of cardiovascular
disease predicted future depression risk, and, in turn, onset of depression predicted future
cardiovascular disease risk, supporting a model of common factors contributing to the risk
for both disorders. However, for males, shared genetic factors contributed to the depression-
cardiovascular disease comorbidity in younger age groups only. In contrast, among women
common genetic factors contributed to this comorbidity across all age groups (Kendler et al.,
2009). Notably, genetic influences on depression are stronger in females compared to males;
the heritability of depression has been estimated at 42% in women but only 29% in men
(Kendler et al., 2001, 2006). Thus, as a whole, the above data suggest that the link between
depression and CHD in women is more often attributable to genetic factors than in men.
Genes related to inflammation, platelet aggregation, and the serotonin system may be
especially relevant to the comorbidity of depression and cardiovascular disease. Consistent
with this, an haplotype in the leukotriene A4 hydrolase gene, encoding the potent
inflammatory mediators leukotrienes, showed pleiotropy for depression and coronary artery
disease severity in women only (Zhao et al., 2009). Clearly, more studies are needed in this
area.

Epigenetic mechanisms may also be implicated, since variations in DNA methylation are
involved in the etiology of various mental disorders, including depression (Fuchikami et al.,
2010) and PTSD (Uddin et al., 2010), but also play a role in the pathophysiology
cardiovascular disease (Baccarelli et al., 2010). DNA methylation provides a potential
biological basis for gene—environment interactions relevant to stress, mental health and
chronic diseases, for example, interactions between genes and stress exposure (Fraga et al.,
2005; McGowan et al., 2009; Mehta et al., 2013; Unternaehrer et al., 2012; Wong et al.,
2010). Epigenetics may also underlie modifications in gene expression that may affect
multiple phenotypes, such as mental health and cardiovascular disease.

Psychosocial factors may increase CHD risk through acute effects by inducing silent
ischemia, triggering acute coronary syndromes, or heightening cardiovascular reactivity in
daily life. For example, depressive mood can trigger ischemia detected by
electrocardiographic ambulatory monitoring in patients with CHD (Gullette et al., 1997b),
and acute bereavement or bursts of anger can trigger acute MI (Mostofsky et al., 2012,
2013). These effects may be secondary to a surge in sympathetic nervous system activation,
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with sudden increase in myocardial oxygen demand or abnormal coronary vasomotion
which may result in myocardial ischemia, cardiac arrhythmias, or coronary death.

There is also evidence that certain psychological traits are associated with myocardial
ischemia induced by mental stress. Emotional reactivity in everyday life, as well as anxiety
and depression, have been associated with myocardial ischemia during mental stress but, in
general, not with exercise-induced ischemia (Boyle et al., 2013; Burg et al., 2014; Carels et
al., 1999; Wei et al., 2014a). Aggressive responding, hostile affect, and trait and state anger
also have been associated with MSIMI (Burg et al., 1993; Pimple et al., 2015).

Finally, reproductive function may represent an additional mechanism by which stress
increases CHD risk in women. Over 20% of women have some form of ovarian disruption
during their reproductive years, which often goes unrecognized, and stress is one of the most
common causes of this (Berga, 2008). Epidemiologic data in young women, similar to
experimental data in non-human primates, support the notion that even mild ovarian
insufficiency exacerbates coronary atherosclerosis and CHD (Kaplan and Manuck, 2008).
Thus, women under severe stress or with stress-related psychopathology during their
reproductive years may enter a trajectory of higher cardiovascular risk due, to some extent,
to ovarian dysfunction. The fact that several psychosocial factors are most predictive of
CHD in younger women and that MSIMI is more common in this group suggest that the
specific milieu of premenopausal women could play a role (Vaccarino et al., 2014).

Stress-induced early menarche (before age 12) represents yet another mechanism by which
stress may increase risk for cardiovascular disease in women (Campbell and Udry, 1995).
Early menarche is also associated with increased risk for metabolic syndrome and other
cardiovascular disease risk factors in girls and young women, and with cardiovascular
disease later in life (Lakshman et al., 2009). The mechanisms are not clear, and early
menarche could just be a marker of childhood obesity, an important correlate of early
puberty. Late menarche (after age 14) is also associated with increased cardiovascular risk
(Lakshman et al., 2009).

6. Summary and Conclusions

The work reviewed in this chapter shows important gender differences in both the frequency
of psychosacial risk factors and their relationship with the risk of CHD. Women have double
the rates of stress-related psychiatric disorders, including PTSD and depression, compared to
men. These disorders are clearly associated with CHD risk in women. In contrast, anxiety
disorders, which are not as closely linked to stress, do not show a consistent relationship
with cardiovascular disease risk in women.

The evidence for a link between stress, especially early trauma, mental disorders and risk of
CHD is especially strong among young women. Thus, psychosocial risk factors, in particular
depression, early life stress and PTSD, may be key in defining a path of vulnerability for
CHD early in women's lives. Future studies should examine women in earlier developmental
epochs in order to better understand mechanisms linking stress to CHD risk in women and
help develop better intervention and prevention strategies.
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If heart disease in younger women shows more of a pattern of endothelial dysfunction and
altered vasomotor reactivity due to stress, as emerging data suggest, then different
approaches to treatment should be tailored for them. Most psychosocial interventions or
drug treatment trials for depression have not shown a benefit for improving CHD outcomes,
and this lack of efficacy was especially true for women (Baumeister et al., 2011; Linden et
al., 2007). The Enhancing Recovery in Coronary Heart Disease (ENRICHD) randomized
trial, for example, which tested the efficacy of cognitive behavioral therapy for depression
(supplemented by antidepressant medications) and lack of social support in reducing
recurrent cardiac events in patients with coronary heart disease, showed a tendency for the
intervention to benefit men but a tendency to harm women (Berkman et al., 2003). These
results are reminiscent of the earlier M-Hart trial, where a behavioral intervention focusing
on psychological stress after MI did not have any effect among men but worsened mortality
among women (Frasure-Smith et al., 1997). In the more recent Bypassing the Blues clinical
trial, a telephone-delivered collaborative care intervention for depression after bypass
surgery significantly improved mental and physical health outcomes in men but was null
among women (Rollman et al., 2009). Thus, at least among patients with heart disease, there
appears to be a differential response to behavioral interventions for women compared with
men in terms of physical health benefits. Hence, attention should be given to psychosocial
pathways specific for women in order to address CHD risk in this group. Psychosocial
interventions specifically designed to address women's stressors could be the most helpful
approach in the prevention and treatment of CHD in women (Orth-Gomer, 2012).
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Fig. 1.
Neurobiology of stress and cardiovascular function. Brain regions involved in stress and

depression (amygdala, hippocampus, medial prefrontal cortex, posterior cingulate, anterior
cingulate) have outputs directly (medial prefrontal cortex) or indirectly through the
hypothalamus and the medial prefrontal cortex to neurohormonal systems (cortisol,
norepinephrine) affected by stress and depression. These pathways mediate increased heart
rate and blood pressure, decreased heart rate variability, changes in platelet aggregation and
endothelial function, conferring risk of coronary heart disease. BP: blood pressure; HR:
heart rate; HRV: heart rate variability; CRF: corticotropin releasing factor; ACTH:
adrenocorticotropic hormone; NE: noradrenaline.
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Diagram summarizing mechanisms linking behavioral and emotional factors to coronary
heart disease in women. Neurobiological pathways affected by stressful exposures and
stress-related mental disorders have downstream vascular, immune, metabolic and
reproductive effects that, in turn, affect cardiovascular risk pathways. There is also the
influence of health behaviors and the cumulative effects of acute stressful exposures
resulting in repeated physiological and emotional reactivity. Genetic/epigenetic factors and
individual resilience factors modulate these responses. HPA: Hypothalamic-Pituitary-
Adrenal; SNS: Sympathetic Nervous System; PNS: Parasympathetic Nervous System.
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