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Abstract

Aim: Over 7 million U.S. adults and about 20% of the military population have post-traumatic
stress disorder (PTSD), a debilitating condition that is independently linked to a significantly
greater risk of developing cardiovascular disease (CVD). Women have twice the probability of
developing PTSD after experiencing a traumatic event compared to men. Existing literatures have
reported higher inflammation and autonomic dysfunction including impaired baroreflex
sensitivity, increased sympathetic reactivity and decreased parasympathetic activity in PTSD.
However, most of these findings stem from studies conducted predominantly in males.

Methods: We attempt in this narrative review to summarize the mixed literature available on sex
differences in autonomic dysfunction and inflammation in PTSD, at rest and in response to stress
in PTSD.

Results: This review reveals that there is a paucity of research exploring autonomic function in
females with PTSD. Recent studies have included female participants without probing for sex
differences. A small number of studies have been conducted exclusively in women. Available data
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suggest that sympathetic nervous system output tends to be heightened, while parasympathetic
activity and arterial baroreflex sensitivity appear more blunted in females with PTSD. Although
few studies have investigated sex differences in inflammation in PTSD, data within females
suggest chronic increases in inflammation with PTSD. This autonomic dysregulation and
inflammation have also been described in males with PTSD.

Conclusion: In sum, given the inherent biological differences in CVD clinical presentation and
characteristics between men and women, human and animal studies aiming at elucidating sex
differences in the pathophysiology of PTSD are needed.

Keywords
PTSD; Sex Differences; MSNA; Heart Rate Variability; Baroreflex; inflammation

INTRODUCTION

Adverse health outcomes linked to chronic stress exposure, including post-traumatic stress
disorder (PTSD), are a major public health concern in the US and worldwide [1]. PTSD is a
debilitating psychiatric illness characterized by persistent emotional and mental stress
following trauma exposure (i.e., exposure to an event including death or threatened death,
actual or threatened serious injury, or actual or threatened sexual violence) [2]. The health
consequences of PTSD are substantial, affecting multiple organ systems. Multiple large
epidemiological studies have demonstrated that PTSD is independently associated with a
significantly greater risk of developing hypertension, other cardiovascular diseases (CVD),
such as coronary artery disease, and mortality [3,4]. The mechanisms underlying increased
hypertension and cardiovascular risk in PTSD remain unclear, but prior studies including
from our laboratory and others report higher inflammation [5-7], alterations in autonomic
function, including impaired baroreflex sensitivity, decreased resting parasympathetic
nervous system (PNS) activity, and heightened reactivity of the sympathetic nervous system
(SNS) during mental stress [7,8], all independent risk factors for CVD [9]. However, most of
these studies were primarily conducted in men, with a few conducted exclusively in women
and even fewer probing for sex differences within the PTSD patient population.

While premenopausal women are relatively protected from CVD compared to males, largely
due to the protective effects of estrogen, a diagnosis of PTSD in women increases their CVD
risk by up to 3-fold [10]. The lack of studies probing for sex differences in the biological
mechanisms underlying risk for CVD in PTSD is problematic, as PTSD disproportionally
affects women over men [11,12]. The lifetime prevalence of PTSD is about 10-12% in
women and 5-6% in men [13]. This difference in PTSD prevalence mirrors the sex
difference for comorbid disorders such as major depression and anxiety disorders. It has
been hypothesized that the high prevalence of PTSD in women may be due to a greater
vulnerability to trauma [13,14], abnormal immune responses [15] or dysregulation of
neuroendocrine pathways involved in fear processing [16]. In women, trauma has been
associated with the development of more severe psychiatric disorders compared to men [14].
Furthermore, men and women experience different types of trauma, both in private life and
at work, with women being exposed to more high-impact trauma (e.g. sexual trauma) than
men [13]. However, the observed sex difference in vulnerability to trauma is not entirely due
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to women experiencing more interpersonal violence, such as sexual assaults, than men [17].
The sex difference in PTSD risk may also be attributed to biological differences in how
women respond to traumatic events [18]. For example, women present with higher re-
experiencing symptoms such as physiological cue reactivity to familiar trauma [18].
Moreover, sex differences in fear processing (acquisition/learning and extinction), with
women showing higher fear acquisition and intrusive memories, may also contribute to the
sex difference in development of PTSD [19,20]. In sum, the predisposition to comorbid
psychiatric disorders, high interpersonal violence (sexual assaults), heightened fear
acquisition, impaired fear extinction and frequent intrusive memories contribute to increased
incidence and prevalence of PTSD in women. These factors have resulted in an alarmingly
growing rate of young women (both military veterans and civilian) with significantly greater
CVD risk by virtue of having PTSD.

The current review is intended to be a narrative review of studies that probed for sex
differences in autonomic function and inflammation at rest and in response to stress in
PTSD. We conducted an ad hoc search on PubMed in the fields of psychology and
autonomic control and included studies that best highlighted the need to probe for sex
differences in the pathophysiology of PTSD. We did not include or exclude studies based on
their quality or potential biases in their design. We synthesized available data to support the
viewpoint that inflammation and autonomic nervous system reactivity to acute stress may
differ between males and females, and that human and animal studies aimed at elucidating
sex differences in the pathophysiology of PTSD are needed.

OVERVIEW OF PTSD

PTSD is a chronic illness that develops following a traumatic event and is associated with
significant morbidity and mortality [2]. PTSD is highly prevalent amongst both the military
and general population; up 20% of post 9/11 military veterans [21] and 7.8% of the general
population will meet the diagnostic criteria for PTSD in their lifetime. The incidence of
PTSD is expected to continue to rise given prolonged and ongoing military conflicts,
increased natural disasters, societal violence and sexual assaults [21]. Symptoms of PTSD
include hyperarousal, flashbacks, intrusive thoughts, or nightmares, and avoidance of
activities that trigger memories of the traumatic event. The American Psychiatric
Association recently revised the diagnostic criteria for PTSD (Diagnostic and Statistical
Manual of Mental Disorders (5th Edition), 2013 [22]). In order to be diagnosed with PTSD,
one must have been exposed to one or more traumatic events that may include direct
exposure, witnessing in person, indirect exposure, or repeated indirect exposure to death,
actual or threatened serious injury, or actual or threatened sexual violence. The symptoms of
PTSD are clustered into four categories: (1) intrusion symptoms, (2) avoidance symptoms
(3) negative alterations in cognition and mood, and (4) alterations in arousal and reactivity
[22]. The Clinician Administered PTSD Scale 5th edition (CAPS 5) is used to diagnose
(score = 25) and assess PTSD symptom severity [23]. PTSD is frequently associated with
the occurrence of comorbid psychiatric disorders such as major depression and anxiety
disorders in men and women [2,24], and other adverse health sequelae including
cardiovascular diseases (CVD) [3].
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The symptoms observed in PTSD are associated with profound and well-described brain
modifications [25]. PTSD is characterized by morphological changes in brain areas
implicated in the stress response including the prefrontal cortex, anterior cingulate, the
insula, the amygdala and the hippocampus [25,15]. Findings from animal studies
corroborate human studies showing morphological and functional changes in hippocampal
and anterior cingulate volumes, amygdala function, medial prefrontal/anterior cingulate
function in PTSD [25]. In particular, the hippocampus, the part of the brain that forms
memories, shows a significant decrease in volume and plasticity in PTSD [26]. The
amygdala, significant for creating affective feelings and enhancing memory consolidation by
arousal, is perhaps the most strongly implicated brain structure in the pathophysiology of
PTSD [27]. Significant associations between smaller amygdala volumes and PTSD have
been reported [27]. Moreover, women tend to have a more sustained amygdala response to
repeated negative stimuli compared to men [28], resulting in intense emotion such as fear.
This might be one reason why women who have experienced certain traumatic events are
more likely than men to develop PTSD, even when the type of trauma is similar for both
[29].

PTSD: GENETICS AND EPIGENETICS

Twin studies of PTSD risk show that the disorder is 30-40% heritable [30]. Single nucleotide
polymorphisms (SNP)-based heritability estimates of 5-20% have been demonstrated in a
multi-ethnic cohort including over 30,000 PTSD cases and 170,000 controls [31]. It is
important to point out that these genetic variations appear to vary with sex. Among the
genome-wide significant loci identified, analyses stratified by sex found three additional loci
that confer risk in men [31]. Furthermore, a sex-specific association of pituitary adenylate
cyclase-activating polypeptide (PACAP) blood levels confers risk for deficits in fear
physiology, PTSD diagnosis and symptoms in females in a manner that is dependent on a
SNP in the PACAP receptor gene (rs2267735) occuring in a putative estrogen response
element [32]. Associations between PTSD and SNPs in genes important for the regulation
the HPA axis, such as FKBP5 locus [33], and the immune system, such as C-Reactive
Protein (CRP) gene [34,35] and the Human Leukocyte Antigen (HLA) genes [36] have also
been described, supporting the notion that genetics play a role in contributing to individual
risk for PTSD. The HLA, the major histocompatibility complex in humans, is an important
part of the immune system.

Epigenetics are also implicated in risk for PTSD [37], as the development of PTSD is
dependent upon trauma exposure [2]. The primary type of epigenetic modifications that have
been associated with PTSD is DNA methylation [38-40], including methylation at gene loci
involved in neuronal plasticty and hypothalamic—pituitary—adrenal (HPA) axis signaling
[41]. Specifically, meta-analysis of PTSD epigenome-wide association studies in trauma-
exposed civilians found two CpG sites within the protein coding region of the neuregulin 1
(NRG1I; cg23637605) and the hepatocyte growth factor (HGS, cg19577098) genes that were
significantly associated with PTSD [39]. These genes/proteins have been implicated in
neural development and synaptic plasticity (MVRGI) or associated with endocytosis and
exocytosis which are important for immunity (HGS). Additionally, in a study of military
members, blood-derived DNA methylation data collected before and after combat identified
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several epigenome-wide significant CpG islands (sites where cytosine lies next to guanine in
the DNA sequence) [40], including the CpGs located in mitotic arrest deficient 1 like 1
(MAD1L 1; cg12169700) and hexosaminidasecontaining protein (HEXDC; cg20756026),
and four significant methylated regions situated in the HLA genomic region [40]. MADIL1
ensures correct chromosome separation during mitosis and its malfunction could contribute
to chromosome instability; while HEXDC is associated with rheumatoid arthritis, a chronic
inflammatory condition. Of note, sex differences in DNA methylation profiles have recently
been reported. Kim et al found elevated monocyte proportions in males but not females with
lifetime history of PTSD [42], suggesting changes in the gene expression of these important
immune cells. Given the focus of the current review, please refer to recent articles by Ryan
et al. [41], Sheerin et al. [43] and others [44,45] for further insight into the genetics and
epigenetics of PTSD.

PTSD AND SEX DIFFERENCES

PTSD is independently linked to a significantly greater risk of developing hypertension and
CVD in both men and women [1]. While premenopausal women are relatively protected
from CVD compared to males, largely due to the potential protective effects of estrogen, a
diagnosis of PTSD in women increases their CVD risk by up to three-fold [10]. Of great
public health concern, women are twice as likely as men to develop PTSD after a traumatic
event [11,12]. These factors have resulted in an alarmingly growing rate of young women
with significantly greater CVD risk by virtue of having PTSD. Factors driving high PTSD
risk and associated CVD risk in women compared to men could be related to sex differences
in hypothalamic pituitary adrenal (HPA) axis responsiveness, release of neuroendocrine
steroid hormones, inflammatory response and autonomic reactivity to a stress stimulus,
whether it is the initial traumatic event or subsequent stressors. Figure 1 summarizes putative
factors contributing to CVD risk in women with PTSD as discussed below.

Sex Differences in Neuroendocrine AXxis

HPA Axis—The neuroendocrine axis provides the structural and functional basis for
interactions between the brain, hormones, and glands that allows the organism to respond to
external stimuli like stress with complex, sometimes long-lasting physiological changes.
PTSD is associated with dysfunction in the HPA axis and physiologic responses to stress
[46]. Trauma survivors with PTSD show evidence of a highly sensitized HPA axis
characterized by decreased basal cortisol levels and increased negative feedback regulation
of the HPA axis [47]. Glucocorticoid response to an experimental stressor might have
predictive value. Evidence suggests a state of low cortisol level in adult offspring of trauma
survivors with PTSD, which in such offspring may increase the probability of PTSD
development when exposed to a traumatic event [48]. Furthermore, an experiment in a large
sample of healthy police officers revealed that those who responded to the stressor with
significant increases in cortisol were more resilient or protected from developing chronic
distress compared to those with no significant cortisol change in response to the challenge.
Sex differences in HPA axis activation have also been reported. HPA axis has been found (in
humans and rodents) to be more sensitive and to respond more strongly to acute stress in
females than males [49,50], with HPA axis activity fluctuating with the ovarian cycle [50].
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Interactions between circulating estradiol and the HPA axis might be one key mediator of
the observed sex differences in PTSD susceptibility [51]. Estradiol especially seems to exert
modulating effects on HPA functioning, including HPA responsiveness and its sensitivity to
the negative feedback control of glucocorticoids [52]. For example, high estradiol has been
shown to result in elevated cortisol response to stress [53]. Neuroimaging studies have
shown greater activation of neural networks involved in fear acquisition when women are
scanned during the early follicular (low estradiol) phase of their menstrual cycle relative to
those scanned mid-cycle (high estradiol levels) [54]. Overall, these data seem to indicate that
morphological and functional changes of the brain areas involved in the stress response,
associated with dysfunction of the HPA axis, leads to blunted glucocorticoid negative
feedback that contribute to the high risk of PTSD in women following a traumatic event. It
can be hypothesized that on one hand, the greater stress reactivity observed in men leads to
higher risk for diseases related to high levels of cortisol such as CVD and diabetes; while on
the other hand, the lower cortisol response to stress observed in women stems from a
hyporeactivity of the HPA, which is associated with an increased risk for stress disorders
like PTSD.

Neuroendocrine steroid hormones/Gonadal steroid hormones.—The
hypothalamic pituitary gonadal axis regulates the HPA axis activity via secretion of gonadal
steroid hormones. Gonadal steroid hormones can also impact the HPA axis, which also have
an important role in the neurobiology of PTSD. Reproductive hormones, such as estrogen,
progesterone, and testosterone, have pivotal actions outside of the reproductive tract.
Testosterone and estradiol are known, in both males and females, to influence brain function
and behaviors [55]. Animal studies have shown that female rats that were conditioned and
tested during proestrus (when estrogen levels are at their peak) showed less fear retention
compared to both males and estrus females (when estrogen levels are lower) [56],
implicating an important role of estrogen in hippocampal-dependent fear learning and
memory. Estradiol supplementation in ovariectomized or aged animals have anxiety- and
depressionreducing effects [57], and similar results were found in a human study [58]. In
addition, testosterone replacement in older men have demonstrated improvement in spatial
cognition, verbal memory, and working memory [59]. Several lines of evidence also suggest
that testosterone supplementation might be helpful in the treatment of depressive disorders
in men [60]. Finally, although estradiol-mediated effects seem to be the most potent
modulators of stress regulation, some studies have also focused on the role of progesterone
in fear, given that progesterone also fluctuates across phases of the menstrual cycle. In
humans, women with PTSD showed impaired retention of extinction learning in the
midluteal (high progesterone) phase of the menstrual cycle compared to women without
PTSD [61], which was contrary to expected. However, a subsequent study in the same group
of women examined metabolites of progesterone (allopregnanolone and pregnanolone) as a
potential mechanism, given their anxiolytic properties. They found that women with PTSD
had a deficit in the synthesis of those metabolites, suggesting that lower amounts of
progesterone metabolites and not high progesterone per se, explain the findings related to
poor extinction retention in PTSD [62]. For a comprehensive summary of studies on
estradiol and progesterone in fear and PTSD, please refer to recent reviews [16,63]. In
summary, although there has been limited focus on the role of progesterone and testosterone
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in fear memory processes compared to estradiol research, available evidence points to lower
levels of estradiol and progesterone metabolites in the pathogenesis of PTSD.

Sex Differences in Autonomic Function

One of the hallmarks of PTSD is increased psychophysiological arousal driven by the
autonomic nervous system. As seen in Table 1, over-activation of the sympathetic nervous
system (SNS) including changes in heart rate (HR) and blood pressure (BP) [4,8],
catecholamines [64], muscle sympathetic nerve activity (MSNA) [7,65], and skin
conductance [66], have been described in PTSD, while parasympathetic nervous system
(PNS) activity [67] is blunted. We have previously also reported high MSNA reactivity to
acute stress and impaired arterial baroreflex sensitivity [7] in individuals with PTSD.

Blood Pressure and Heart Rate—Previous studies assessing hemodynamic reactivity
during mental stress in PTSD have shown mixed results. One of the most frequently reported
indices of increased arousal in PTSD is elevated HR at rest and in response to negative
stimuli [8,68]. While some have reported that PTSD patients had greater increases in HR
and BP during combat related and non-combat related mental stress [4,7], others found that
PTSD was characterized by a lack of hemodynamic responses to mental stress induced by
recall of traumatic events [69]. Our laboratory showed that young veterans with PTSD have
significantly greater increases in HR during virtual reality combat exposure compared to
controls [7]. In the same study, we also noted heightened diastolic BP responses during
mental arithmetic, suggesting that these exaggerated hemodynamic responses also extend to
non-combat related mental stress in PTSD. Furthermore, in a study exploring the impact of
symptom severity on cardiovascular measures, we found that resting HR tended to be higher
in severe PTSD compared to controls [6]. In addition to its role in the symptomatology of
PTSD, HR might also hold a predictive value. Elevated resting HR in the peritraumatic
period in both males and females, is also considered as a predictor of the subsequent
development of chronic PTSD [70,71]. Bryant et al. [71] also reported strong sensitivity and
specificity in predicting PTSD using resting HR at discharge from the hospital, 2 to 26 days
post-trauma exposure, but these predictions were not verified by other studies [72].
Therefore, although these studies showed early promise in using HR to predict PTSD, the
reliance on hospital records and the intrinsic variability in HR post-trauma have limited its
clinical usefulness.

The hemodynamic findings described above have been obtained in predominantly male
populations. Few studies have examined sex differences in hemodynamic reactivity in
PTSD. In a study of assault survivors, Kleim et al. reported that female participants who
demonstrated increased HR in response to script-driven imagery had worse PTSD symptoms
compared to male participants with increased HR response, and female participants who did
not have an increased HR response [73]. Moreover, females with increased HR response
were also three times more likely to have a PTSD diagnosis 6 months later [73]. Recently, in
a study of 14 women with PTSD and 14 healthy controls, Yoo et al. found an early onset
pressor response (despite comparable HR responses) at the first 30 seconds of static
handgrip in women with PTSD compared to controls [74]. They also reported a significant
association between early onset augmented exercise pressor response and greater awake

Clin Auton Res. Author manuscript; available in PMC 2021 October 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fonkoue et al.

Page 8

systolic blood pressure variability in women with PTSD but not in healthy controls [74], and
concluded that the early onset exercise pressor reflex in women with PTSD might be one
mechanism underlying the link between PTSD and greater CVD risk. Additionally, the same
group of women with PTSD exhibited a greater BP response to the cold pressor test
compared with control subjects [65]. Together, these data support high resting HR and
hemodynamic reactivity in women with PTSD.

Sympathetic Nervous System activity

Catecholamines.: Catecholamines are the end result of SNS activation and have been found
to be elevated in plasma [75], urine [64] and cerebrospinal fluid [76] of patients with PTSD.
Peripheral and central concentrations of norepinephrine are augmented in individuals with
PTSD at baseline [76] and following exposure to stressful stimuli [75]. Likewise, urinary
norepinephrine levels have also been shown to be significantly elevated in PTSD patients
compared to controls without PTSD [64]. When sex differences were probed in a recent
meta-analysis, no significant differences between PTSD and controls were found in relation
to sex/gender of the study participants [77]. Increased norepinephrine production in PTSD in
response to stressful or threatening stimuli can in turn induce cytokine release [78], resulting
in increased inflammation. Increased catecholamines can also disrupt normal memory
processing and could sustain distress associated with reexperiencing and reprocessing of the
traumatic event in the initial post-trauma stages [15]. The estimation of SNS activation via
catecholamine quantification in PTSD has been extensively covered in the following review
[77].

Muscle Sympathetic Nerve Activity (MSNA).: While plasma norepinephrine levels
provide an indirect measure of global SNS activation, microneurography remains the gold-
standard for measuring SNS activity and reactivity in humans. Assessing MSNA in humans
using microneurography in PTSD is a relatively new field of research with a PubMed search
yielding seven results; the majority of studies in PTSD have previously relied on indirect
measures of SNS activity. In our previous studies, where SNS activity was assessed using
direct, intraneural measures of MSNA via microneurography [7], although resting MSNA
was comparable between PTSD patients and controls, MSNA reactivity to acute mental
stress was exaggerated in PTSD. Specifically, young veterans with PTSD had significantly
greater increases in MSNA during virtual reality combat exposure compared to controls,
suggesting a heightened sympathetic response to combat-related mental stress [7]. Likewise,
MSNA responses to mental arithmetic were also higher in PTSD [7]. Although the
sympathetic overactivity observed during virtual combat exposure extended to hon-combat
related mental stress in PTSD veterans, sympathetic reactivity was not augmented during
non-baroreflex-mediated stimuli like cold pressor test. Thus, the augmented SNS responses
in PTSD are specific to mental stress both related and unrelated to PTSD symptoms.

Although responses to the cold pressor test, a powerful sympathoexcitatory stimulus, was
not augmented in PTSD patients in our previous study with predominantly male veterans
[7], a recent study by Yoo et al. found that total sympathetic action potential discharge in
response to the cold pressor test was markedly elevated in women with PTSD [65]. Women
with PTSD exhibited increased firing of low-threshold axons as well as increased
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recruitment of latent subpopulations of larger-sized axons that are otherwise silent at
baseline [65]. This finding might suggest that women with PTSD exhibit greater aberrant
neural circulatory control in response to a sympathoexcitatory stimuli. Furthermore, in
contrast to studies conducted in men, greater resting MSNA was reported in women with
PTSD compared with healthy controls [65]. The same authors reported an earlier onset of
MSNA activation during the first 30 seconds of static handgrip in women with PTSD
compared with healthy controls [74]. The reported discrepancy between MSNA reactivity
during cold pressor test and handgrip in women with PTSD can be attributed to the different
reflex mechanisms stimulated by the cold pressor test versus static handgrip exercise.
Although the cold pressor test stimulates the nociceptors and can be used to evaluate the
central integration of vasomotor sympathetic processes and their efferent pathways, the
exercise pressor reflex elicited through static handgrip exercise is dependent on a feedback
loop arising from mechano- and metabo-sensitive afferent nerve endings in the skeletal
muscle [74]. These two studies by Yoo et al. [65,74] expand our knowledge regarding
physiological mechanisms that possibly contribute to an increased risk of developing CVD
in women with PTSD.

Skin conductance and acoustic startle response.: Although microneurography is the gold-
standard for measuring SNS activity in humans, it is an invasive and difficult technique not
available to all. Therefore, an indirect measure of SNS activation that has received
significant attention in the field of psychology is the skin conductance response. The skin
conductance response is associated with both emotion and attention, and reflects sweat glad
activity caused by arousal. In humans, the amplitude of skin conductance response is related
to the level of arousal elicited by visual stimuli with either positive or negative emotional
valence. Skin conductance response appears to be stronger at rest and in response to aversive
stimuli among those with PTSD compared to control subjects [79]. In fearconditioning
studies, both males and females with PTSD exhibit greater skin conductance to conditioned
stimuli paired with aversive unconditioned stimuli during both fear acquisition and
extinction phases than do trauma- and non-trauma-exposed controls without PTSD [79].
Additionally, skin conductance response to a trauma reminder in the Emergency Department
in the acute aftermath of trauma exposure, positively correlates with the probability of
developing chronic PTSD in a sample composed of both men and women [66]. In terms of
sex differences, a study found that females with PTSD demonstrated stronger fear
acquisition indexed by skin conductance response than males [80]. Furthermore, in a sample
of trauma-exposed females, when skin conductance was used as the measure of conditioned
fear, women with PTSD demonstrated worse retention of extinction learning, while controls
without PTSD demonstrated better extinction retention [61]. Both groups were tested during
the midluteal phase, suggesting that the levels of estradiol and progesterone in PTSD during
the mid-luteal phase might not be as high as in the control group. With the paucity of studies
investigating or reporting sex differences in SNS function in PTSD, much remains to be
done to fully understand the development of PTSD and subsequent CVD in women.

Parasympathetic Nervous Activity—Another robust phenotype characteristic of PTSD
that may contribute to increased cardiovascular risk is decreased parasympathetic drive as
evidenced by decreased heart rate variability (HRV). HRV is a common measure of vagal
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control and represents the variability in time between heartbeats. Among individuals with
PTSD, elevated resting HR may only be present among those with low HRV, suggesting that
high HRV is a protective factor against the negative effects of elevated HR [81]. A
prospective study of war-zone deployed male marines showed that post-deployment PTSD
was higher in men with higher pre-deployment LF:HF ratios [82]. Studies in men and
women with PTSD compared with trauma-exposed controls without PTSD, have
demonstrated that HRV tends to be lower at rest and during challenge or provocation among
those with PTSD, providing further evidence of decreased PNS activity in PTSD [83,100].
Hauschildt et al. reported similar reductions at baseline and in response to affective stimuli
in a predominantly female sample of PTSD [84]. This impairment in cardiac PNS activity in
PTSD seems to worsen in individuals with concomitant elevated resting blood pressure [85].
Additionally, we found that in response to acute mental stress via mental arithmetic,
increasing PTSD symptom severity results in a greater reduction in HRV during mental
stress in PTSD participants [6]. These findings suggest that PTSD severity is associated with
greater parasympathetic nervous system withdrawal during acute stress.

Few studies have examined sex differences in PNS activity in patients with PTSD. A recent
meta-analysis of conditions causing low resting respiratory sinus arrhythmia as observed in
many mental health conditions, including anxiety disorders, found that females generally
demonstrate greater HRV withdrawal during stress than males [86]. In contrast, Kamkwalala
et al. did not observe a difference in HRV between highly traumatized females and controls
[87], but instead observed an increase HRV in men with PTSD compared with men without
PTSD. Interestingly, Keary et al. measured HRV in a group of 20 women with PTSD
compared to 20 age-matched women controls, and found that women with PTSD had
significantly greater reductions in high frequency HRV during a trauma-related and a non-
trauma related stress task [88]. Taken together, these results suggest that PTSD might be
associated with decreased parasympathetic control of the heart during stress in women.

Baroreflex Sensitivity—The arterial baroreflex modulates central sympathetic output in
response to changes in blood pressure. Decreased arterial baroreflex sensitivity is an
independent risk factor for hypertension and is associated with poorer clinical outcomes
[89,90]. Chronic inflammation, a hallmark of PTSD, could contribute mechanistically to
baroreflex sensitivity dysfunction via its direct effect on the vasculature, compromising the
baroreceptor nerve endings or affecting its afferent and efferent tracts in the central nervous
system prior to the development of hypertension [91]. A handful of studies have investigated
the role of the baroreflex in the pathophysiology of PTSD. Our previous findings [7] and
others [92,93] suggest that baroreflex sensitivity is impaired in PTSD and that the increased
HR observed in PTSD participants, especially women [65] and individuals with severe
PTSD [6], is possibly driven by differences in baroreceptor control. The failure of the
baroreflex to elicit the appropriate changes in SNS activity and cardiac PNS activity may
contribute to heightened neurocardiovascular reactivity during mental stress in PTSD. We
demonstrated that PTSD patients have blunted baseline sympathetic and cardiovagal
baroreflex sensitivity compared to controls [7]. Furthermore, we found that the impairment
in cardiovagal baroreflex sensitivity might be more pronounced in those with more severe
symptomatology, as cardiovagal baroreflex sensitivity remained intact in moderate PTSD
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[6]. Blunted cardiovagal BRS has been described in other patient populations characterized
by increased CVD risk like hypertension [89] and atherosclerosis [90].

Of the very few studies that have examined baroreflex sensitivity in women with PTSD,
Hughes et .al found reduced baroreflex sensitivity in 48 women with PTSD compared to 32
men with PTSD and 44 women without PTSD [92]. This blunted baroreflex sensitivity in
women remained even after multivariate analyses controlling for major depression [93]. In
response to an anger recall task, an acute psychological stressor, baroreflex sensitivity was
further reduced in women with PTSD [93], The limited available literature on PTSD and
baroreflex sensitivity thus suggest that the high CVD risk associated with PTSD may be
linked to greater impairment in regulation of the autonomic nervous system by the arterial
baroreflexes, and this impairment might be greater in women with PTSD than in men with
PTSD.

Sex Differences in Inflammation

The inflammatory system has been increasingly studied over the last decade because of its
role in the pathophysiology of chronic physical and mental illnesses like PTSD. The ultimate
result of HPA axis activation in healthy individuals is increased level of circulating cortisol
in the blood, and cortisol in turn inhibits inflammation. However, as highlighted above,
PTSD is characterized by decreased HPA axis function and reduced ability of cortisol to
inhibit inflammatory processes, which results in increased release of pro-inflammatory
cytokines and overactivity of the sympathetic nervous system [15]. Several preclinical
studies have shown that high levels of stress induce an exacerbation in the expression of pro-
inflammatory cytokines such as interleukin (IL)-1p in both the plasma and brain, suggesting
a mediating role of IL-1p in the neurochemical and behavioral consequences of stressors.
Available data in PTSD have demonstrated elevated levels of several inflammatory
biomarkers, such as C-reactive protein, IL-1B, IL-6, interferon gamma, and tumor necrosis
factor alpha (TNF-a) [6,7,94]. Additionally, our laboratory recently showed elevated levels
of TNFa, IL-1B and IL-6 and their related cytokine receptors (TNFRII, ILIRA and IL6R,)
in a sample comprised of men and women with severe PTSD. Moreover, the notion that
inflammation also confers risk for PTSD is supported by findings showing that higher
concentrations of pre-deployment plasma CRP are associated prospectively with greater risk
for post-deployment PTSD [95]. More recent data have shown however that lower TNFa.
and IFN-y concentrations in the immediate aftermath of trauma are associated with chronic
PTSD development [96].

It is unclear if gonadal steroid hormones directly modulate the immunological response in
PTSD, or achieve that effect via the HPA axis. While several studies have included female
participants in their samples [79], only one recent study probed for sex differences in levels
of pro-inflammatory cytokines in a sample of PTSD adults in comparison to age- and sex-
matched controls [97]. The study demonstrated altered overnight levels of IL-6 and TNF-a
in men and women with PTSD in comparison to healthy controls, but did not find any sex
difference [97]. The paucity of studies highlights the need for additional sex-based research
on the role of inflammation in the pathophysiology of PTSD. For more information on
inflammation and the role of the immune system in PTSD, please refer to the following
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comprehensive reviews [15,98]. Ultimately, the overall increase in inflammatory cytokines
in patients with PTSD may be mechanistically linked to autonomic dysfunction and higher
CVD risk in both men and women with PTSD.

CONCLUSIONS/LIMITATIONS/FUTURE DIRECTIONS

The data presented here suggest that cycling estrogen levels during the menstrual cycle may
modulate (see Summary Figure 2) the vulnerability to develop PTSD in women after
trauma [99], as well as the risk for future CVD, such that traumatic events occurring during
the low estrogen phase have a higher potential to cause PTSD-associated CVD. High
estrogen may have neuroprotective actions on neuroendocrine stress pathways like the HPA
axis and subsequent neuroinflammation activated by stress exposure [15]. More research is
needed, especially research investigating sex differences in inflammation and autonomic
activation within a representative population of PTSD patients. We do not suggest that our
review is exhaustive or fully comprehensive. Moreover, the interpretation of the presented
data was complicated by several methodological issues and limitations. For instance, most
studies included almost exclusively males [7,6], while some tested mixed groups with either
a majority of men [100] or women [72,84] and without reporting the effect of sex. A handful
of studies focused exclusively on women [65,93,88] although sex differences in
inflammation and neural mechanisms have not yet been clarified within the PTSD
population. With more studies, systematic reviews and meta-analyses on these different
outcomes could be conducted in the future. Prospective studies investigating changes in
HPA, autonomic and inflammatory markers, before and after the diagnosis of PTSD would
shed light on their respective roles in the pathophysiology of PTSD. Given reported [101]
biological differences in CVD clinical presentation and characteristics between men and
women, and the lack of studies focused on PTSD-related adverse health effects in women,
there is a critical need to investigate early mechanistic pathways that increase CVD risk in
preclinical populations of vulnerable women with PTSD. Elucidating such biological risk
factors could potentially lead to novel treatment strategies.
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Figure 1: Mechanisms associated with PTSD risk and severity in women
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HPA, hypothalamo-pituitary axis; PTSD, post-traumatic stress disorder; CRP, C-reactive
protein; IL-1, interleukin-1; IL-6, interleukin-6; INF, interferon; TNF, tumor necrotic factor;
TNFR, tumor necrotic factor receptor; IL-6R, interleukin-6 receptor; IL-1R, interleukin-1
receptor; MSNA, muscle sympathetic nerve activity; Within each mechanism, arrow up =
increase and arrow down = decrease; Between mechanisms, solid and dashed lines with
arrows <>, <— and — show the direction of the associations. Factors driving high PTSD risk
and severity in women could be related to dysfunction in neuroendocrine axis, inflammation

and autonomic function.
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HPA, hypothalamic pituitary adrenal (HPA) axis; SNS, sympathetic nervous system. As a
first response to a distress signal (Stress), the hypothalamus activates the SNS by sending
signals through the sympathetic nerves to effector organs (heart, blood vessels). As the surge
in sympathetic activity subsides, the hypothalamus activates the second component of the
stress response system, the HPA axis. Cortisol, the end product of HPA axis stimulation
exerts a negative control on inflammation, therefore inhibiting the inflammatory response
and sympathetic stimulation. High circulating levels of estrogen stimulate the HPA axis
while inhibiting inflammation and the SNS. Lines with arrow () show excitatory effect.

Lines with bar (L) show inhibitory effect.
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Tablel:

Schematic representation of autonomic regulation in men and women with PTSD

At Rest BP HR PNS SNS BRS

Men -[6,792] <« [7,92] - [6] - [6,7]

12[8] 1[6,8,60-71] #[67,69,83,100] 1[64,66,76] ¥[67]
Women 7 [65] «=?[88]

12[72] 12[65] 12[84] 12[65] 1293

12[72]

During Stress BP HR PNS SNS BRS
Men -7 [6] - [6,69] 7 [69] -7 [6]

12[7] 176875 1?[87] 1 [7.75]

1216

Women = [65,74] «? [87]

1 [6574] 17[73] ¥ [84,88] 1 [6574,99] §[92,93]

Page 22

BP, blood pressure; HR, heart rate; PNS, parasympathetic nervous system; SNS, sympathetic nervous system; BRS, baroreflex sensitivity. Left-
right arrows denotes no differences when comparing PTSD to controls. Up arrows denote increases in PTSD when comparing to controls. Down
arrows denote decreases in PTSD when comparing to controls. Question mark denotes unsure trend given the limited data (one study). The citations
in bracket refer to the studies that have yielded those results.
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