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A B S T R A C T

Despite the immeasurable burden on patients and families, no effective therapies to protect the CNS after an acute injury are available yet. Furthermore, the
underlying mechanisms that promote neuronal death and functional deficits after injury remain to be poorly understood. The prevalence, age of onset, patho-
physiology, and symptomatology of many CNS insults differ significantly between males and females. In the case of stroke, younger males tend to show a higher risk
than younger females, while this trend reverses with age. Accumulating evidence from preclinical studies have shown that sex hormones play a crucial role in
providing neuroprotection following ischemic stroke and other acute CNS injuries. Estrogen, in particular, exerts a neuroprotective effect by modulating the immune
responses after injury. In addition, there exists a sexual dimorphism in cell death pathways between males and females that are independent of hormones. Meanwhile,
recent studies suggest that microRNAs are critically involved in the sex-specific mechanisms of cell death. This review discusses the current knowledge on the
contribution of sex and age to outcome after stroke. Implication of the interplay between these two factors on other CNS injuries (spinal cord injury and traumatic
brain injury) from the experimental evidence were also discussed.

1. Introduction

Acute ischemic stroke, as well as other CNS injuries including
traumatic brain injury (TBI) and spinal cord injury (SCI) are major
promoters of death and disability worldwide (Benjamin et al., 2018;
Corps et al., 2015; Herman et al., 2018). The medical costs of strokes
are forecasted to increase from $71.6 billion in 2012 to $184.1 billion
by 2030. However, there are no effective treatments to protect the CNS
and promote the functional recovery after acute injuries. Although re-
combinant tissue-type plasminogen activator (r-tPA) is the only FDA-
approved thrombolytic agent that shows promise to dissolve blood
clots, less than 5% of stroke patients are eligible for tPA therapy (Barber
et al., 2001). A major roadblock to developing effective therapies is the
lack of understanding of the cellular and molecular mechanisms that
promote secondary neuronal damage after an injury.

Numerous successful preclinical animal studies failed to translate
into human clinical use for CNS injuries. A major roadblock is the use of
only male animals in the majority of the preclinical testing. NIH re-
cently stipulated that all proposed studies should use both male and
females. In addition, Stroke Therapy Academic Industry Roundtable
(STAIR) formulated guidelines for the animal stroke preclinical studies
in order to promote the successful translation of therapies to humans
(Fisher et al., 2009). These guidelines emphasize the consideration of
age and sex differences along with the use of translational research
models representative of the disease state to develop effective

treatment. Indeed, results of many studies indicate that sex and age are
critical factors in CNS injury pathology (Biswas et al., 2017; Chan et al.,
2013; Sealy-Jefferson et al., 2012). In addition, sex and age may also
dictate the eligibility of the specific treatment. For example, studies
showed that there is a sex difference in rt-PA eligibility as women are
less likely to receive rt-PA than men (Boehme et al., 2017; Madsen
et al., 2015). Whether this is because of eligibility differences or the
exclusion criterion for stroke risk factors remain to be determined.
Thus, a better understanding of the effect of these 2 biological variables
(age and sex) can improve clinical care and enhance the development of
novel therapies.

2. Sex and age differences in clinical stroke outcome

Approximately 7.2 million Americans aged 20 years or older had a
stroke between 2011 and 2014 and the overall stroke prevalence in the
U.S during this period was ∼2.7% per year (Benjamin et al., 2018).
While the prevalence of stroke in the U.S increased with age in both
men and women, from 2006 to 2010, stroke prevalence declined in men
while remaining stable in women (Centers for Disease and Prevention,
2012). For stroke incidence from 2000 to 2010, overall ischemic stroke
rates declined significantly in people aged>60 years but remained
largely unchanged over time in those aged 45–59 years (Zahuranec
et al., 2014). According to the data collected from Greater Cincinnati/
Northern Kentucky Stroke Study and National Institutes of Neurological
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Disorders and Stroke, ∼55,000 more women have a stroke than men
annually probably due to a larger number of elderly women than men
(Kleindorfer et al., 2010). Although women have lower stroke-in-
cidence than men in younger and middle-age groups (before 75–80
years of age), this trend reverses in the older age group (> 85 years of
age) (Hollander et al., 2003; Reeves et al., 2008; Vega et al., 2009).
Women, in general, have a higher lifetime risk of stroke than men. The
lifetime stroke risk among those 55–75 years of age was 1 in 5 for
women (∼20%) and 1 in 6 for men (∼17%) (Seshadri et al., 2006).
Although women tend to have less stroke incidence than men, mortality
rate appears to be higher in women accounting for 58% of US stroke
deaths in 2015 (Xu et al., 2016). Nonetheless, the overall age-adjusted
stroke death rate has been decreased from 48% to ∼22% for both men
and women from 2005 to 2015 and this phenomenon was most salient
among people aged 65–74 years (Benjamin et al., 2018). The mean age
at stroke death was ∼79.6 years in 2002 with men having younger
mean age than women (Kim and Vemuganti, 2015). As per United
States Centers for Disease Control, the 30-day mortality rate between
1995 and 2002 was ∼9% for the 65–74 years age group (both men and
women), while the 74–84 years age group showed ∼13.1% and
the>85 years of age group showed ∼23% (Kim and Vemuganti,
2015).

Depression is a major long-term consequence of stroke in humans.
Depression occurs in ∼33% of individuals after stroke (Poynter et al.,
2009). At 6 months follow-up after stroke in a cohort of 91 patients,
females were shown to have much higher depression-like symptoms
than males (Nys et al., 2006). A meta-analysis using 56 publications
with a total of 75,131 subjects showed that post-stroke depression was
observed to be much higher in females than males in 35 studies
(Poynter et al., 2009).

3. Sex and age differences in experimental models of stroke

As observed in clinical stroke cases, women show less incidence of
stroke when compared to the age-matched men at a younger age, but
that trend reverses at a later age, particularly when women enter the
postmenopausal stage. Consistent with the clinical observations, ex-
perimental studies confirmed that younger female rodents are more
resistant to ischemic brain damage than younger male rodents (Alkayed
et al., 1998; Vannucci et al., 2001). In addition, compared to younger
animals, ischemic stroke in aged animals showed worsened outcomes
including earlier disruption of the blood-brain barrier (BBB), ex-
acerbated neuronal degeneration and reduced functional outcome
(DiNapoli et al., 2008; Dinapoli et al., 2006; Rosen et al., 2005). Studies
using ovariectomized female animals further elucidated that female sex
hormones (estrogen and progesterone) may play a crucial role in pro-
viding neuroprotection following ischemia (Alkayed et al., 1998;
Suzuki et al., 2007). Estrogen, in particular, is both a sex steroid hor-
mone and a neurosteroid that can also be synthesized in the brain
(Arevalo et al., 2015). When administered exogenously, estrogen elicits
neuroprotection in both female and male rodents regardless of testos-
terone availability (Toung et al., 1998). Furthermore, estrogen has been
shown to decrease ischemic infarct size in male rats with diabetes
which is a comorbid condition for stroke onset (Santizo et al., 2002;
Toung et al., 2000).

Although estrogen treatment has been shown to be neuroprotective
after stroke in young adult animals, clinical trials demonstrate that
estrogens increase the incidence and severity of stroke in aged women.
These studies emphasize that the timing of initiation as well as the route
of administration of estrogen replacement both impact the risk of stroke
in post-menopause women (Carrasquilla et al., 2017; Lokkegaard et al.,
2017). In addition, accumulating evidence has reported that estrogen
therapy may lead to a pro-thrombotic state and lead to increased stroke
risk, suggesting the effects of estrogen may not be limited to the brain
but to the coagulation systems as well (Cole et al., 2007; Laliberte et al.,
2011). Similar trends have also been observed in the experimental

stroke models. When given to aged female rodents, estrogen para-
doxically increased infarct volume after ischemic stroke (Carswell et al.,
2004; Gordon et al., 2005). Such neurotoxic effects may be associated
with decreased availability of IGF-1, a neuroprotectant which decreases
with advancing age and is downregulated by estrogen treatment
(Selvamani and Sohrabji, 2010). However, these studies were con-
ducted using only females (or ovariectomized females). In addition, it is
not clear whether the duration (acute vs. chronic) or the amount of
treatment influenced the experimental results although a meta-analysis
of stroke/estrogen studies suggested that route and modality of es-
trogen administration are major factors that affect the outcome of the
studies (Strom and Ingberg, 2014). It is worth noting that other sex
hormones other than estrogen, but related to ovarian function may also
contribute to the stroke outcome as elevated basal follicle stimulating
hormone (FSH) in normal cycling women is reported to be associated
with unfavorable cholesterol levels and increased cardiovascular risk
(Chu et al., 2003). Overall, these findings suggest that estrogen acts in
an age-dependent manner in the post-ischemic brain by protecting the
younger brain and exacerbating the damage in the aged brain following
stroke.

The neuroprotective properties of estrogens are largely mediated by
two estrogen receptors: the classical estrogen receptors (ER) and the
novel G protein-coupled ER (GPER). The estrogen receptor subtype ER-
α mRNA and protein expression were shown to be increased sig-
nificantly in the cerebral cortex of the female rodent brain following
ischemia (Dubal et al., 2006). Loss of ER-α protein expression levels
was observed in the cerebral cortex of aged female mice which showed
worsened brain damage and neurological deficit compared to young
adult mice (Cai et al., 2014). Furthermore, as aged female mice showed
no neuroprotection upon estrogen administration, suggesting that the
down-regulation of estrogen receptors in the cerebral cortex may con-
tribute to the loss of estrogen efficacy against ischemic injury in aged
females (Cai et al., 2014). Deletion of ER-α resulted in larger infarct
volume even after administration of a therapeutic dose of estrogen in
both male and female mice, suggesting that ER-α is necessary for the
estrogen-mediated neuroprotection (Dubal et al., 2006).

In addition to ER-α, recent studies suggested that GPER-mediated
second messenger signaling cascades are also neuroprotective. While
GPER is reported to be widely distributed throughout the male and
female brain, ischemic stroke increases GPER in the brain of male, but
not female rodents, suggesting sex-dependent activity on outcome after
ischemic stroke (Broughton et al., 2013, 2014). Although further stu-
dies are needed, GPER is a promising molecular target for neuropro-
tection after stroke by maintaining the integrity of the BBB as well as
promoting anti-inflammatory responses (Lu et al., 2016; Zhao et al.,
2016).

Estrogen also exerts neuroprotective effects by negatively mod-
ulating the immune response after ischemic brain injury. Both in vitro
and in vivo studies indicate that estrogen treatment prevents the pro-
duction and secretion of pro-inflammatory cytokines (Nadkarni and
McArthur, 2013; Petrone et al., 2014). When pre-treated with estrogen,
male rats showed a significant reduction in the cortical levels of IL-1β,
which is a known inflammatory mediator that promotes ischemic cell
death (Boutin et al., 2001; Chiappetta et al., 2007). This subsequently
leads to suppression of IL-1β-mediated infiltration of neutrophils into
the ischemic tissue, resulting in a smaller infarct volume and improved
neurological deficits (Galea and Brough, 2013; McColl et al., 2007).
Estrogen is also known to regulate levels of TNF, a pro-inflammatory
cytokine that acts on receptors found on a variety of cell types including
neuronal, glial, and endothelial cells (Koellhoffer and McCullough,
2013). Evidence suggests dual roles of TNF; low levels of TNF can be
beneficial to promote the repair after an injury, whereas excessive TNF
is neurotoxic (Lambertsen et al., 2012; Smith et al., 2012; Strom et al.,
2011). OVX female rats with low to no estrogen levels produce more
TNF than normal female rats with physiologic estrogen levels
(Rahnama et al., 2002). However, chronic administration of estrogen in
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mice stimulates the secretion of a variety of pro-inflammatory cyto-
kines, including TNF (Strom et al., 2011). There are several therapeutic
agents that target TNF for ischemic stroke therapy. For example,
phosphoinositide 3-kinase delta (PI3Kδ) controls intracellular TNF
trafficking in macrophages and therefore represents a prospective
target to limit neuroinflammation. Deletion of PI3Kδ gene or suppres-
sion of PI3Kδ by the inhibitor CAL-101 in mice leads to reduced TNF
levels, decreased leukocyte infiltration, reduced infarct size and im-
proved functional outcome (Low et al., 2014).

Another inflammatory molecule that is regulated by estrogen is NF-
κB, an inducible transcription factor that mediates inflammatory sig-
naling in a number of cell types including neurons (Matthews and Hay,
1995). Upon activation, NFκB induces pro-inflammatory genes, such as
cellular adhesion molecules, cytokines, MMPs, and growth factors (Jin
et al., 2013). NF-κB is well known to be activated after ischemic con-
ditions (Jin et al., 2013; Ridder and Schwaninger, 2009) and there is
evidence that estrogen can attenuate the activation of NF-κB as well as
the delayed cell death mediated by NF-κB during post-ischemic re-
perfusion (Wen et al., 2004). A study using TNF-α-treated rat aortic
smooth muscle cells reported that estrogen binds to intracellular ER-β
and promotes synthesis of IκBα, an endogenous inhibitor of NF-κB that
reduces the ability of NF-κB to bind DNA (Xing et al., 2012). In addi-
tion, estrogen also indirectly suppress NF-κB activation by regulating
microRNAs (miRNAs) let-7a and miR-125b that control expression le-
vels of κB-Ras2, an inhibitor of NF-κB (Murphy et al., 2010). Additional
studies are needed to elucidate how estrogen interacts with NF-κB
signaling in ischemic stroke.

4. Role of sex chromosomes in the post-stroke outcome

While sex hormones influence the post-stroke outcome, studies in-
vestigated the role of X and Y chromosomes independent of hormone
levels. The sex chromosome complement is known to be responsible for
sexual dimorphism with XX being female and XY being male. Using
mouse strains where females lack the second X chromosome, it was
demonstrated that neither the number of X chromosomes (XX or XO)
nor the parent of origin of the remaining X chromosome influence post-
stroke outcome significantly (Turtzo et al., 2011). Furthermore, when
the Sry gene was moved from Y chromosome to an autosome that leads
to dissociation of sex hormones from sex chromosomes, 4 core geno-
types of mice were created (XXM and XYM males and XXF and XYF
females) (Manwani et al., 2015). When these mice (gonadally intact)
were subjected to focal ischemia at a younger age (∼3 months old),
XXM and XYM males showed higher infarct volume than XXF and XYF
females. This shows that sex hormones than sex chromosome comple-
ment mediate the post-stroke sensitivity to stroke (Manwani et al.,
2015). However, when focal ischemia was induced in these mice after
they aged (18–20 months old), XXM and XXF mice showed higher in-
farct volume, exacerbated microglial activation and increased pro-in-
flammatory cytokine levels than XYM and XYF cohorts (McCullough
et al., 2016). This study shows that ischemic sensitivity will be de-
termined by sex chromosome complement at an older age.

5. Sexual dimorphism in post-stroke cell death mechanisms

In general terms, estrogen is attributed as the causative factor for
the sexual dimorphism in the ischemic injury, but this does not fully
account for the various sex-specific outcomes after stroke. Evidence
from experimental stroke studies suggests that there is a divergence of
cell death pathways between males and females that is independent of
sex steroid hormones (Fig. 1). Ischemic cell death in males is pre-
dominantly triggered by the activation of a NAD-dependent DNA repair
enzyme, poly (ADP-ribose) polymerase (PARP-1) (Lang and
McCullough, 2008). Once activated, PARP-1 paradoxically damages
DNA by producing PAR polymer which stimulates the release of mi-
tochondrial apoptosis-inducing factor (AIF), resulting in the

translocation of AIF to the nucleus (Yu et al., 2006). In the neonatal
rodent brain, PARP-1 is activated by hypoxia-ischemia in both sexes,
but the neuroprotective effect of the PARP-1 gene deletion was only
observed in male pups (Hagberg et al., 2004). Similarly, in adult ro-
dents, genetic deletion or pharmacological inhibition of PARP-1 re-
sulted in neuroprotection in males but exacerbated ischemic brain da-
mage in females (Liu et al., 2011; McCullough et al., 2005). Thus, the
male-specific cell death mechanism mediated by PARP-1/AIF pathway
may be dependent on androgen availability and androgen receptor
signaling (Vagnerova et al., 2010). In contrast, in females, caspase-de-
pendent apoptotic cell death may be the major pathway activated after
ischemic injury. Female neurons behaved differentially upon treatment
with cytotoxic agents (hydrogen peroxide or peroxynitrite) by demon-
strating greater resistance to nitrosative stress than male neurons (Du
et al., 2004) and higher levels of cytosolic cytochrome C, an essential
component of intrinsic caspase-dependent cell death pathway (Kim and
Vemuganti, 2015). Moreover, male and female neurons respond dif-
ferently to drugs targeting specific proteins and pathways. For example,
a study using neonatal rodents showed that females displayed differ-
ential temporal expression pattern for caspases after hypoxia-ischemia
and were preferentially protected by quinoline-Val-Asp(Ome)eCH2-O-
phenoxy (Q-VD-OPh), a pan-caspase inhibitor (Renolleau et al., 2007;
Zhu et al., 2006). Additionally, male-derived hippocampal slices ex-
posed to oxygen-glucose deprivation (OGD) were protected with neu-
ronal NOS (nNOS) inhibitors, whereas female slices were not (Li et al.,
2005). In adult rodents, females showed an early release of cytochrome
C and enhanced caspase activation after ischemic stroke, and caspase
inhibition by Q-VD-OPh benefited females, but not males (Liu et al.,
2009). Interestingly, the observed sexual dimorphic protective effect of
Q-VD-OPh was seen in intact females, ovariectomized (OVX) females,
and estrogen-replaced females, suggesting that its neuroprotective ef-
fect is independent of ovarian hormone availability (Liu et al., 2009). In
summary, these experimental findings bolster the hypothesis that fe-
male cell death after an ischemic stroke appears to be mediated pri-
marily by caspase activation, but there might be other factors that need
to be understood.

6. Sexual dimorphism in microRNA gene regulation in ischemic
stroke

In recent years, miRNAs have emerged as potential regulatory mo-
lecules in all organisms. They have a broad effect on every aspect of life
including embryogenesis, growth and development, metabolism and
disease progression (Sharma and Eghbali, 2014). Numerous microRNAs
have been identified as key players in post-stroke brain damage and/or
recovery. Our lab and others have found that transient focal ischemic
stroke can induce extensive temporal changes in rodent cerebral miR-
NAome and suggested that dysregulation of miRNAs may contribute to
the post-stroke outcome (Dharap et al., 2009).

Differential expression of miRNAs in males and females were also
observed following ischemic stroke (Lusardi et al., 2014). For example,
miR-363 is only found to be elevated in serum of adult female rodents
following stroke (Selvamani and Sohrabji, 2017). Interestingly, miR-
363 mimic treatment, which suppresses caspase-3 expression and ac-
tivity, reduced infarct volume and improved sensory motor perfor-
mance in females but had no effect on stroke outcomes or caspase
regulation in adult males (Selvamani and Sohrabji, 2017). Furthermore,
microRNAs can have a considerable influence on the regulation of sex
steroid hormones as well as X-linked genes, and sexually dimorphic cell
death mechanisms may be mediated by differential microRNAs between
males and females. An interplay between miR-23a and X-linked in-
hibitor of apoptosis (XIAP), the primary endogenous inhibitor of cas-
pases was demonstrated recently (Siegel et al., 2011). This study
showed that levels of miR-23a which targets XIAP decreased in males
and increased in females, whereas XIAP mRNA levels were unaltered in
males and decreased in females, following focal ischemia. This indicates
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that miR-23a might be responsible for post-stroke decreased XIAP in
females, but not males indicating a sex-specific response. Furthermore,
inhibition XIAP exacerbated ischemic brain damage in females without
any effect in males.

Studies also showed that inhibition of miR-181a-5p protects the
brain after stroke in male rodents by targeting the stress protein GPR78
(Ouyang et al., 2012). A recent follow-up study showed that miR-
181–5p inhibition is also protective in female mice subjected to focal
ischemia, but this protection seems to be via modulation of estrogen
receptors in astrocytes (Stary et al., 2017). Thus, this study indicates
that a miRNA can influence the post-stroke outcome by modulating
different downstream pathways in males and females. In female rats,
treatment with antagomiR specific for Let-7f which is known to regulate
the insulin-like growth factor-1 pathway was observed to be neuro-
protective, but the protective effect of anti-Let-7f was abrogated in OVX
females and in males (Selvamani et al., 2012). Taken together, these
studies suggest that microRNAs can influence sex-specific responses to

ischemic disease outcome. Further studies in exploring sex-specific
roles of microRNAs are needed for the development of effective ther-
apeutic strategies for sexually dimorphic diseases like ischemic stroke.
Interestingly, several miRNAs like miR-98, miR-223, and miR-106 are
transcribed from genes located in X-chromosome and their role in
sexually dimorphic effects after stroke is yet to be evaluated.

7. Sex and age differences in the outcome after spinal cord injury

The annual incidence of spinal cord injury (SCI) in the United States
is estimated to be 54 cases per million individuals with average age at
injury being 42 years (Anonymous, 2016). Typically, men have 3 to 4
times higher incidence rate than women. Interestingly, women tend to
experience SCI at a relatively older age compared to men (Devivo,
2012). Leading causes of SCI are vehicle crashes accounting for 38%
since 2010, followed by falls (30.5%), acts of violence (primarily gun-
shot wounds; 13.5%) and sports-related injuries (9%). Approximately

Fig. 1. Sex differences in cell death pathways that contribute to ischemic brain damage. Following focal ischemia, caspase-independent cell death pathway mediated
by PARP-1 activation and nuclear translocation of AIF is predominant in males whereas caspase activation predominantly mediates ischemic neuronal death in the
female brain. After an ischemic insult, nNOS and NOX2 activation promote high levels of nitric oxide (NO) formation which interacts with superoxide to produce
highly reactive peroxynitrite free radicals. Once formed, peroxynitrite free radicals damage protein, lipids as well as DNA, eventually resulting in activation of PARP-
1, a DNA repair enzyme that protects the genome under normal physiologic conditions. PARP-1, in turn, induces the release of AIF from mitochondria and its
translocation to the nucleus. Overactivation of PARP-1 and nuclear translocation of AIF together promote DNA fragmentation and initiation of caspase-independent
cell death pathway in males. In females, ischemia-induced oxidative stress leads to release of mitochondrial cytochrome C into the cytosol which is a hallmark of
caspase activation via induction of mitochondrial permeability transition pore (mPTP). In the cytosol, cytochrome C interacts with apoptotic protease activating
factor-1 (Apaf-1) to form an Apaf-1/Cyto-C complex in an ATP-dependent manner. This apoptosome complex cleaves procaspase-9 to active caspase-9 which induces
activation of effector caspases including caspase-3 which mediates cleavage of most apoptotic substrates including the inhibitor of caspase-activated DNase leading to
DNA fragmentation. X-linked inhibitor of apoptosis (XIAP) is a known inhibitor of caspases in females that is regulated by miR-23a.
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60% of SCI cases are reported at the level of the cervical spine, followed
by the thoracic spine (32%) and lumbosacral spine (9%) (Chen et al.,
2016). Despite advancement in the modern health care system, the life
expectancy of SCI patients remains invariably low compared to age-
matched healthy controls. According to a report published by the Na-
tional Spinal Cord Injury Statistical Center (NSCISC), life expectancy for
a 60-year-old individual is approximately 10.3 years after cervical level
C5eC8 injury, 8.1 years after C1eC4 injury and 2.2 years if the patient
is ventilator dependent (Anonymous, 2016).

Experimental SCI in rodents revealed that females displayed sig-
nificantly lower secondary tissue loss as well as better functional re-
covery compared to males (Farooque et al., 2006; Hauben et al., 2002).
Female rats presented a greater continuity of myelinated fibers across a
lesion at 4 months post-thoracic (T8) SCI than males (Hauben et al.,
2002). Likewise, female mice were shown to exhibit a lower degree of
macrophage infiltration into the lesion at 2 weeks following thoracic
(T10) compression injury (Farooque et al., 2006). It is speculated that
these differences might be driven by sex hormone-dependent mechan-
isms. While testosterone appears to exacerbate tissue damage and in-
hibits recovery following SCI (Hauben et al., 2002), treatment with
exogenous estrogen to bilaterally OVX rats were shown to rescue the
nerve cells from apoptosis and promoted functional recovery following
SCI (Li et al., 2007). In addition, estrogen treatment to the male rats
immediately after the compression injury was shown to protect the
spinal cord by stimulating early cytokine release and astroglial re-
sponses (Ritz and Hausmann, 2008). Estrogen is also known to exert
anti-apoptotic effects by inducing the expression of Bcl-2 via PI3K/Akt-
dependent CREB activation pathway and by inhibiting calpain activity
after SCI (Sribnick et al., 2006; Yune et al., 2008). Recent evidence
sheds light on the neuroprotective role of estrogen in SCI by suppressing
the excessive autophagy activation during secondary damage (Lin et al.,
2016). However, there are a handful of studies reporting cell death
mechanisms after SCI that are independent of gonadal hormones (Fee
et al., 2007; Swartz et al., 2007). The disparity in these studies could be
attributed to the variation in injury model, duration, dose and complex
interactions of sex hormones. Although age differences in functional
outcome following SCI are not well-studied, a recent study explored
that aging could worsen the functional recovery by exacerbating the
oxidative stress, microglial activation, inflammatory mediators and
NOX2 expression after a moderate contusion SCI in young and middle-
aged rats (von Leden et al., 2017).

8. Influence of sex and age on the outcome following traumatic
brain injury

Traumatic brain injury (TBI) is a leading cause of mortality and
long-term disability worldwide. Globally, 69.0 million people suffer a
TBI each year. The majority of TBIs are mild (81%) to moderate (11%)
in severity (Dewan et al., 2018). Although the severity of TBI is the
same in both males and females, sex and age were shown to be a key
differentiating factor in determining the outcome. Several earlier
findings suggest that younger women have a relatively less post-TBI
delayed injury and better functional outcome than older women due to
neuroprotective effects of sex hormones in pre-menopausal women
(Bayir et al., 2004; Ley et al., 2013). In agreement with these findings, it
is also evident that several of the sex hormones decline with age
(Niemeier et al., 2013). Although female sex hormones showed a sig-
nificant protection in experimental animals, results of the major clinical
trials that utilized protective effects of female sex hormones have been
disappointing (Skolnick et al., 2014; Wright et al., 2014). Despite sev-
eral studies demonstrated better recovery in women after TBI, women
are reported to be more vulnerable to TBI-induced brain damage and
mortality than males across the age groups (Biswas et al., 2017).
Women show 1.28 times higher post-TBI fatality rates and 1.57 times
more likely to suffer from acute/chronic post-traumatic symptoms like
severe disability and persistent vegetative state than men (Kraus et al.,

2000). Post-TBI neuro-inflammatory response by microglia and astro-
cytes is reported to be sex-dependent as repeated TBI, in particular,
induces a more inflammatory response in women than men (Mychasiuk
et al., 2016). Consistent with these findings, the CRASH (Corticosteroid
Randomization after Significant Head Injury; a large randomized con-
trolled trial) data collected from TBI patients from different countries
suggest that females have worsened short- and long-term outcomes
after TBI (Edwards et al., 2005). Interestingly, there is no such ob-
servation identified among developing brains. Moreover, studies re-
ported that post-TBI outcomes are better in post-menopausal women
compared to age-matched men, while pre-menopausal women have the
same outcomes as age-matched men (Davis et al., 2006). Thus, clinical/
preclinical studies on sex/age-specific differences in post-TBI vulner-
ability are still conflicting due to the heterogeneous mode of injury and
population.

Experimental studies using TBI animal models primarily focused on
males, belying an implicit assumption that sexually dimorphic re-
sponses to TBI are relatively unimportant. A recent review on sex-re-
lated responses after TBI identified that in 2011, 80% experimental TBI
studies used only male animals and the trend of using female animals
increased slightly by 7% between 2011 and 2016) (Spani et al., 2018).
Meta-analysis of brain cytokines after closed head injury studies found
that interleukin-6, tumor necrosis factor α and chemokine ligand 2 are
significantly more elevated in female compared to male mice and the
anti-inflammatory cytokine interleukin-10 was elevated in males but
not in females (Spani et al., 2018). In addition, there is growing evi-
dence that TBI could induce long-lasting adverse events in the vascu-
lature by directly affecting cardiovascular as well as cerebrovascular
functions. For example, recent studies concluded that any degree of TBI
is an independent acquired risk factor for stroke, and also established a
clinical link between TBI and high future stroke risk by approximately
10 fold (Burke et al., 2013; Chen et al., 2011). As female TBI patients
are rapidly increasing over the past decade, an in-depth understanding
of the intricate interplay between sex and age in post-TBI pathophy-
siology is critical to find an effective therapy for both sexes.

9. Conclusion

Age and sex have an interactive effect on mortality, motor, cognitive
and neuropsychiatric functions following acute CNS insults that include
stroke. Many of these effects are mediated by age-related changes in sex
hormones, but evidence from experimental studies suggest that chro-
mosomal sex also affects stroke pathophysiology. Studying the me-
chanisms and consequences of these interactions are critical to the
development of safe and effective treatments for patients of both sexes.
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