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Estrogen preconditioning: A promising strategy to
reduce inflammation in the ischemic brain
Juan Pablo de Rivero Vaccari1, Helen M. Bramlett1, 2, Miguel A. Perez-Pinzon3,
Ami P. Raval3
During the premenopausal phase of a woman’s life, estrogen naturally protects against ischemic
brain damage and its debilitating consequence of cognitive decline. However, the decline in estrogen
at menopause exponentially increases a women’s risk for cerebral ischemia and its severity.
Supplementation of estrogen during menopause is the most logical solution to abate this increased risk
for cerebral ischemia; however, continuous therapy has proven to be contraindicative. Studies from
our laboratory over the past decade have shown that a single bolus or long-term periodic 17β-estradiol
treatment(s) two days prior to ischemia mimics ischemic preconditioning-conferred protection of the
brain in ovariectomized or reproductively senescent female rats. These studies also demonstrated
that 17β-estradiol-induced preconditioning (EPC) requires estrogen receptor (ER)-subtype beta (ER-β)
activation. ER-β is expressed throughout the brain, including in the hippocampus, which plays a key role
in learning and memory. Because periodic activation of ER-β mitigates post-ischemic cognitive decline
in ovariectomized female rats, it can be surmised that EPC has the potential to reduce post-ischemic
damage and cognitive decline in females. Estrogens are key anti-inflammatory agents; therefore this
review discusses the effects of EPC on the inflammasome. Furthermore, as we now clearly know, the
brain acts differently in males and females. Indeed, neurodegenerative diseases, including cerebral
ischemia, and pharmacological drugs affect males and females in different ways. Thus, inasmuch as
the National Institutes of Health and the Stroke Treatment Academic Industry Roundtable (STAIR)
consortium mandate inclusion of female experimental animals, this review also discusses the need to
close the gap in our knowledge in future studies of EPC in female animal models of cerebral ischemia.
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Introduction
Cerebral ischemia, resulting from cardiac arrest or stroke, is
one of the leading causes of mortality and morbidity in the
world, and strategies to prevent this disease or to mitigate its
consequences are greatly needed. Ischemic preconditioning
(IPC)/tolerance is emerging as an innovative and potent
neuroprotective strategy to counter ischemic brain damage
(Moncayo et al., 2000; Koch et al., 2012; Narayanan et al.,
2013; Koch et al., 2014; Hausenloy et al., 2016; Esposito E,
2018; Tauskela JS, 2018). Clinical observations suggest that
transient ischemic attacks (TIAs) before ischemic stroke in
the same vascular territory are associated with milder initial
clinical symptoms and more favorable outcomes in stroke
(“protective TIA”) (Weih et al., 1999; Moncayo et al., 2000;
Wegener et al., 2004). Multiple laboratories across the globe,
including ours, have also proven that a sub-lethal ischemic
episode increases the brain's ability to withstand a subsequent
injurious ischemic insult, using in vitro and animal models
of global or focal ischemia (Dowden and Corbett, 1999;
Perez-Pinzon et al., 1999; Raval et al., 2003; Stenzel-Poore
et al., 2003; Kim et al., 2010; Brand and Ratan, 2013; Bell
et al., 2017; Li et al., 2017). Although the phenomenon of
IPC is well documented, studies demonstrating the efficacy
of ischemic tolerance have been conducted mainly on male
experimental animals, and experiments on female animals
have been neglected with the assumption that results from
male studies would apply to females (Beery and Zucker, 2011).
In addition, studies on female counterparts are commonly
dismissed owing to their normal cycles of endogenous
ovarian hormone fluctuations (Beery and Zucker, 2011).
An amendment to the Stroke Treatment Academic Industry
Roundtable (STAIR) consortium recommends that “efficacy
studies should be performed in both male and female animals”
(Fisher et al., 2009). In general, the National Institutes of
Health also requests biomedical investigators to include female
animals to avoid skewing data (Clayton and Collins, 2014).
We already know that neurodegenerative diseases, including
stroke, and pharmacological drugs affect males and females
in different ways - a phenomenon that gives sex-specific
therapy a promising future (Siegel and McCullough, 2013;
Manwani et al., 2015; Chisholm and Sohrabji, 2016; Chauhan
et al., 2017; Kim et al., 2019). If we are to translate IPC from
bench to bedside, we must identify possible sex difference/
similarities in IPC-conferred neuroprotection and understand
the physiological changes in male and female brains, especially
the latter, as it is often neglected by researchers. A better
understanding of the cellular and molecular mechanisms that
regulate differences between female and male brain activities
could have future therapeutic implications. What we know
thus far is that sex hormones play a major role in normal and
abnormal brain development, maturation, and aging (Brown
et al., 1994; Solum and Handa, 2002; Srivastava et al., 2013;
Duarte-Guterman et al., 2015; Marrocco and McEwen, 2016).
In fact, one of the ovarian hormones - 17β- estradiol (E2) - is
a potent neuromodulator and a neuroprotective agent (Raval et
al., 2006; Arevalo et al., 2015; Engler-Chiurazzi et al., 2017).
Studies from our laboratory demonstrated that a single bolus
of E2 48h prior to global ischemia mimics IPC-conferred
protection of the selectively vulnerable CA1 region of the
hippocampus (Raval et al., 2006; Raval et al., 2013; Cue et al.,
2015; de Rivero Vaccari et al., 2016). It is important to note that
the paradigm of E2 treatment hours prior to cerebral ischemia
is similar to that of IPC/pharmacological preconditioning
and therefore, we call this phenomenon E2 preconditioning
(EPC). In a subsequent study, we demonstrated that EPC at 48h
intervals for ten treatments reduced post-ischemic hippocampal
neuronal death and improved hippocampal-dependent cognition
in female rats (Raval et al., 2009; Raval et al., 2013). Cognitive
Conditioning Medicine 2019 | www.conditionmed.org

REVIEW ARTICLE
decline remains the most significant problem among cardiac
arrest (Frisch et al., 2017) and stroke survivors (Tatemichi et
al., 1993; Barba et al., 2000; Stephens et al., 2004; Levine et al.,
2015), and the aforementioned data suggest that EPC has the
potential to reduce post-ischemic cognitive decline in females
and emphasizes the need to investigate EPC for the prevention
of incidents/impact of cerebral ischemia in peri- and postmenopausal women. The current review discusses the available
literature on EPC and identifies the gap in our knowledge for
future studies to test EPC in female animal models of cerebral
ischemia.
Estrogen preconditioning (EPC) and ischemic
neuroprotection
Decades of research have established that neuronal death and
brain injury are prevented with E2 treatment in both in vitro
focal and global ischemia models (Simpkins et al., 1997;
Dubal et al., 1998; Pelligrino et al., 1998; Rusa et al., 1999;
Alkayed et al., 2000; Wise et al., 2001; Jover et al., 2002;
Kofler et al., 2005; Gulinello et al., 2006; Arevalo et al., 2015;
Thakkar et al., 2016; Engler-Chiurazzi et al., 2017). Strong
evidence from experimental animal models suggests that
chronic continuous E2 treatment provides both potent and longlasting improvements in pathophysiological outcome after
focal and global cerebral ischemia (Alkayed et al., 2000; Wise
et al., 2001; Jover et al., 2002). Although there are strong preclinical data supporting E2 treatment for prevention of ischemic
brain damage, concern regarding the safety of chronic E2 has
prohibited translation of this phenomenon to the clinic (Viscoli
et al., 2001; Utian, 2007). Therefore, it is essential to identify
an alternative E2 regimen that avoids known side effects of
continuous E2 replacement, and the appropriate time window
in which E2 treatment is efficacious. One possible solution
to overcome this concern is to mimic endogenous estrogen
release and develop a regimen to give periodic estrogen therapy
that mimics IPC for ischemic neuroprotection. In this regard,
we investigated whether endogenous hormonal variations
during the estrous cycle have any effect on ischemic outcome
in normal young rats (Raval et al., 2009). Our study showed
that increasing titers of endogenous E2 during the transition
from diestrus to proestrus of the estrous cycle conferred
protection to the hippocampus against global cerebral ischemia
(Raval et al., 2009). Ischemic tolerance at the proestrus and
estrus stages correlated with increased immunoreactivity of
the phosphorylated cAMP response element-binding protein
(pCREB (Bourtchuladze et al., 1994)), a cellular transcription
factor in the hippocampus. On the contrary, when circulating
gonadal hormone concentrations were lowest at diestrus, the
pCREB protein content of hippocampus was reduced and
showed the least number of normal neurons after ischemia
compared to other stages of the estrous cycle. These results
suggest that endogenous intermittent rising levels of E2 induce
pCREB-mediated priming in hippocampal neurons and are
pivotal for neuronal survival against ischemia/stress (Raval et
al., 2009). Further, mimicking this natural intermittent increase
in ovariectomized rats by a single exogenous administration
of E2 initiated the pCREB pathway, primed the hippocampus,
and protected against cerebral ischemia. Similarly, a study by
the Scharfman laboratory simulated the pre-ovulatory estrogen
surge in ovariectomized rats after sequential low doses of E2,
and confirmed that physiological E2 levels were sufficient to
profoundly affect hippocampal function (Scharfman et al.,
2007).
The aforementioned studies supporting the protective role
of EPC were conducted in young animals evincing a normal
estrous cycle, and in those animals the condition of menopause
was simulated by surgical removal of the ovaries. The incidence
of stroke/cardiac arrest in women increases after the onset
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of menopause, and menopause is a highly complex process
that takes about 5-7 years in women (Harlow et al., 2012).
Therefore, simulating menopause by surgical removal of the
ovaries adopted in pre-clinical studies may not provide a clear
picture, and future studies testing the efficacy of EPC for
ischemic protection need to be conducted using reproductively
senescent (mimicking peri-menopause) and aged (mimicking
post-menopause) female animals. Targeting both peri- and
post-menopause ages are critical as the systemic ovarian
hormonal milieu varies during those stages of menopause, with
a progressive decline in circulating estrogen. This circulating
estrogen decline consequently reduces the availability of ER-α
and ER-β in the brain, which is essential to E2 neuroprotective
signaling (Nilsson et al., 2011; Waters et al., 2011). Also,
long-term E2 deprivation after menopause was identified as
an important issue by several clinical trials on estrogen, and
the outcome of these trials suggested that there is a “critical
period” beyond which E2 might not be effective. Identifying the
critical period for EPC efficacy will be interesting and crucial
for future translation (Sun, 2019). Studies have established
that E2 mediates ischemic neuroprotection through activation
of ER-β (Noppens et al., 2009; Raval et al., 2013). Therefore,
preconditioning using ER-β receptor agonists could be more
beneficial. The critical time window of ER-β agonist-mediated
neuroprotection after onset of reproductive senescence in
female rats needs further investigation.
Pharmacological preconditioning induced by ER-β
activation reduces inflammation in the brain
The aging process is associated with changes in the composition
and function of the immune system and these changes occur
at an accelerated rate after onset of menopause in women.
In contrast, an accelerated rate of immune and inflammation
system dysfunction may not occur as rapidly in elderly men.
Estrogen has been suggested to function as a potent anti-
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inflammatory factor (Cushman et al., 1999; Vegeto et al., 2008;
Edwards and Li, 2013). Thus, the depletion of estrogen as a
result of menopause activates systemic adaptive and innate
immune responses (Giannoni et al., 2011). Menopause and
the associated lack of steroidal hormones coincide with higher
levels of circulating interleukins (IL-6, IL-4, IL-2) and tumor
necrosis factor (TNF) in postmenopausal women, and the
increase in these factors have been shown to be reversed by
hormone therapy (Giuliani et al., 2001; Pfeilschifter et al., 2002;
Yasui et al., 2007).
On the other hand, it is also well established that cerebral
ischemia activates the innate immune response, and a key
component of the innate immune response is the inflammasome
(Abulafia et al., 2009; Adamczak et al., 2014; Anrather and
Iadecola, 2016). This multiprotein complex – the inflammasome
– activates caspase-1 and processing of inflammatory cytokines
IL-1β and IL-18 (de Rivero Vaccari et al., 2008; Lotocki et al.,
2009). It has been shown that sex steroids regulate activation of
the inflammasome in the brain (Slowik and Beyer, 2015).
In general, activation of inflammasomes can occur in
response to either pathogen associated molecular patterns
(PAMPs), derived from invading pathogens, or damageassociated molecular patterns (DAMPs), released by dying
cells (Guo et al., 2015). The latter is the result of endogenous
stress that activates pattern-recognition receptors (PRRs),
such as nucleotide-binding oligomerization domain (NOD)like receptors (NLRs), which form inflammasomes like the
NLR family pyrin domain containing 1 (NLRP1) or NLRP3
inflammasomes. Several families of PRRs, including NLRs
and the absent in melanoma 2 (AIM)-like receptors (ALRs) are
important components of the inflammasome complex (Takeuchi
and Akira, 2010). These PRRs (NLRs or ALRs) oligomerize
to form a caspase-1–activating scaffold following sensing of
stimuli (PAMPs or DAMPs). Once active, caspase-1 cleaves the
pro-inflammatory cytokines IL-1 into their bioactive forms, IL1β and IL-18 (Figure 1). In addition, this activation of caspase-1

Figure 1. Putative mechanism of inflammasome activation in the brain. Pathogen-associated molecular patterns (PAMPs) and Damageassociated molecular patterns (DAMPs) activate pattern recognition receptors (PRRs) such as toll like receptors (TLRs) to produce pro-IL-1β in
a NF-κB-dependent manner. This process is referred to as priming. Upon activation of the inflammasome by reactive oxygen species (ROS),
the inflammasome activates pro-caspase-1 into caspase-1, resulting in the processing of pro-IL-1β into IL-1β. Once active, IL-1β is secreted
resulting in a spread of the inflammatory response into neighboring cells. Similarly, extracellular vesicles containing inflammasome proteins
get secreted, thus also contributing to the spread of the inflammatory response.
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may result in an inflammatory-mediated cell death mechanism
known as pyroptosis (Lamkanfi and Dixit, 2012; Strowig et al.,
2012).
A sub-lethal ischemic episode increased serum levels of
IL-1 (α and β) between 1 and 3 days in gerbils. This sub-lethal
ischemia protected CA1 neurons from an otherwise lethal
ischemia induced 3 days later. Inhibition of IL-1 receptor
antagonist abolished ischemic tolerance, suggesting that IL-1
is necessary for induction of IPC in the gerbil (Ohtsuki et al.,
1996). In this study, the sex of animals used was not identified,
thus whether similar results will be attained in female gerbils
is not clear. A recently published study showed significantly
higher levels of IL-1β protein levels in reproductively senescent
female rats compared to their young or male counterparts
(Raval et al., 2018). Such a variation may play an important
role in conferring IPC or EPC-induced ischemic protection.
Additionally, as mentioned before in this review, ER(s)
availability in brain changes with age, and ER-β regulates
inflammasome activation in the brain of reproductively
senescent female rats (Figure 2). Specifically, silencing of
hippocampal ER-β increases inflammasome activation, whereas
periodic ER-β agonist pretreatments reduces activation of the
inflammasome, consistent with decreased processing of IL1β. Therefore, these findings advocate for a role for ER-β
in the regulation of the innate immune response through the
inflammasome. Elevations in inflammasome proteins have
been previously reported in the hippocampus of aged rats
(Mawhinney et al., 2011) as well as the cortex (Mejias et al.,
2018). Consistent with our findings, a study showed increased
pro-inflammatory cytokine levels in middle-aged female rats
(Sarvari et al., 2014).
ER-β activation regulates NLR inflammasome in the female
brain
NLRs are cytosolic sensors and contain a carboxy-terminal
leucine-rich repeat (LRR), a nucleotide binding domain called
the NACHT domain, and an N-terminal pyrin domain (PYD).
The PYD domain of the inflammasome binds to a PYD domain
of an adaptor protein called apoptosis-associated speck-like
protein (ASC) (Walsh et al., 2014). The adapter protein, ASC,
has a caspase activation and recruitment domain (CARD), and it
is via the CARD domain that ASC is bound to the procaspase-1
enzyme.
NLRs are encoded by a family of 22 genes, and more than
twenty members of the NLR family of receptors have been
identified thus far. There are four subfamilies of NLRs on
the basis of their different N-terminal regions: NLRA, which
consists of a class II transactivator (CIITA); NLRB, which
consists of a neural apoptosis inhibitory protein (NAIP);
NLRC, which consists of NOD1, NOD2, NLRC3–NLRC5,
and NLRX1; and NLRP, which consists of NLRP1–NLRP14.
Using an RNA–Seq transcriptome and splicing database of
glia, neurons, and vascular cells of the cerebral cortex, a study
showed the expression pattern of all the NLR family proteins
in the brain (Kong et al., 2017). Only NOD1 and NLRX1
are highly expressed in all cell types in the brain, including
astrocytes, neurons, oligodendrocyte precursor cells, newly
formed oligodendrocytes, myelinating oligodendrocytes,
microglia, and endothelial cells. NOD2 is highly expressed in
microglia and endothelial cells, whereas NLRC3 is only highly
expressed in endothelial cells. The most studied NLR protein
in the brain is NLRP3, which is abundant in microglia and
to a lesser extent in oligodendrocyte precursor cells (OPCs).
Other NLR proteins in this family are absent or are expressed
at very low levels (Walsh et al., 2014). In the heart, deletion of
the innate immune NLRP3 receptor abolishes IPC (Zuurbier
et al., 2012). The proteins of the NLR family are linked to
the pathophysiology of neurodegenerative diseases, including
Conditioning Medicine 2019 | www.conditionmed.org
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Figure 2: E2/ER-β agonist preconditioning regulates inflammasome
activation and protects the brain from global ischemic damage in
female rats. Silencing of ER-β attenuated 17β-estradiol-mediated
decrease in caspase-1, ASC and IL-1β. Silencing of ER-β was achieved
by antisense delivery to the hippocampus of female rats as described
previously (Raval et al., 2012) On the contrary, long-term ER-β agonist
preconditioning significantly decreased inflammasome activation
and increased post-ischemic neuronal survival in female rats.

Alzheimer's disease (AD), Parkinson's disease (PD), multiple
sclerosis (MS), and psychological diseases (Syed et al., 2018).
The mechanisms of NLRP3 activation supported by most
studies include potassium efflux from the cell, the generation of
mitochondrial reactive oxygen species (ROS), the translocation
of NLRP3 to the mitochondria, the release of mitochondrial
DNA or cardiolipin, and the release of cathepsins into the
cytosol after lysosomal destabilization (Lamkanfi and Dixit,
2014; Sutterwala et al., 2014; Guo et al., 2015; Vanaja et al.,
2015). However, not all these events are induced by all NLRP3
agonists, so the precise mechanism of NLRP3 activation is
still being debated (Guo et al., 2015). While the mechanism of
NLRP3 activation is obscure, it is apparent that NLRP3 plays a
role in ischemic pathology, as NLRP3 knockout animals have
significantly reduced infarct size and neurovascular damage
after focal cerebral ischemia (Yang et al., 2014). With respect
to E2 regulation of NLRP3 inflammasome activation, E2 has
been reported in one study to suppress NLRP3 inflammasome
gene expression in the cerebral cortex after focal cerebral
ischemia (Slowik and Beyer, 2015). Furthermore, a study
from the Brann laboratory demonstrates that the NLRP3
inflammasome is robustly activated in microglia and astrocytes
in the hippocampal CA1 region after global cerebral ischemia
(Thakkar et al., 2016). On the contrary, E2 pretreatment
markedly inhibited NLRP3 inflammasome pathway activation,
caspase-1, and proinflammatory cytokine production, as well
as P2X7 receptor expression after global cerebral ischemia
at both the mRNA and protein levels (Thakkar et al., 2016).
This study also demonstrated that ER coregulator protein and
proline-, glutamic acid-, and leucine-rich protein 1 (PELP1) is
essential for the E2-induced suppression of upstream targets of
the NLRP3 inflammasome. This study provides insight into the
mechanisms of ER conferred anti-inflammatory actions leading
to ischemic neuroprotection. In this study, use of continuous
E2 treatment for days prior to induction of global cerebral
ischemia and the possible effects of ER-β agonist- induced
preconditioning on the NLRP3 inflammasome and ischemic
outcome remains elusive and needs further investigation.
Another NLR family member, the NLRC4 inflammasome,
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contributes to brain injury in a rodent model of stroke
(Denes et al., 2015). Higher protein levels of the NLRC4
inflammasome have been noted in the hippocampus, serum,
and ovaries of reproductively senescent compared to young
normally cycling female rats. Similar changes were not
observed in the brain of age-matched males (Raval et al.,
2018). This study also demonstrated that ovarian release of
inflammasome-containing extracellular vesicles (EVs), and
these EVs via blood and cerebrospinal fluid reside in the brain
of reproductively senescent female rats, which may make the
brain more susceptible to subsequent stress/ischemia later
in life (Raval et al., 2018). This finding is also confirmed
by testing cerebrospinal fluid of peri-menopausal women.
Increased expression of inflammasome complex proteins in the
cerebrospinal fluid of peri-menopausal women was observed
that is suggestive of altered inflammatory status during the
peri-menopausal phase. In an adaptive transfer experiment in
which isolated extracellular vesicles from the serum of perimenopausal women were delivered to young rats, heightened
inflammasome activation in the brain was observed, indicating
that EV in menopausal women are responsible for the increased
inflammatory response present in the brain of young female
rats (Raval et al., 2018). Therefore, initiating ER-β agonist
preconditioning therapy during peri-menopausal phase might be
more beneficial in taming heightened inflammasome activation
and may help prevent/reduce the incidence/severity of ischemic
brain damage in reproductively senescent/post-menopausal
female/women.
Conclusion
Women are more susceptible to cerebral ischemia, and we
have limited understanding of the underlying mechanisms for
increased ischemic severity and outcome. There are womenspecific risk factors such as pregnancy, pre-eclampsia,
gestational diabetes, oral contraceptives (OC), menopause,
and hormone replacement therapy (HRT), which may make
women more susceptible to ischemic incidence, prevalence, and
mortality (Di Carlo et al., 2003; Romero et al., 2008; Aoki and
Uchino, 2011; Girijala et al., 2017). What is more striking is
that even among women, there are studies that clearly link more
damaging effects when OC/HRT and cigarette smoking are
combined, which is a gender-neutral risk factor for ischemia.
Simultaneous exposure to smoking-derived nicotine and OC
decreases hippocampal ER-β availability (Raval et al., 2012).
Furthermore, nicotine alters ER-β-regulated inflammasome
activity and exacerbates ischemic brain damage in female rats
(d'Adesky et al., 2018), which may compromise the beneficial
effects of estrogen/ER-β agonist-induced ischemic tolerance.
Therefore, future studies investigating the efficacy of EPC/IPC
in females should be designed with caution, and consideration
should be given to female-specific risk factors of cerebral
ischemia.
Conflicts of interest
Helen M. Bramlett and Juan Pablo de Rivero Vaccari are cofounders and managing members of InflamaCORE, LLC, a
company dedicated to developing therapies and diagnostic tools
focusing on the inflammasome. Helen M. Bramlett and Juan
Pablo de Rivero Vaccari are Scientific Advisory Board Members
of Variant Pharmaceuticals, Inc. All other authors declare that
there are no conflicts of interest.
Acknowledgments
This work was supported by an Endowment from Drs.
Chantal and Peritz Scheinberg (APR), Florida Department
of Heath#7JK01 funds (HMB & APR), the American Heart
Association Grant-in-aid # 16GRNT31300011 (APR), The
Miami Project to Cure Paralysis (HMB), and National Institutes
110

Conditioning Medicine | 2019,

2(3):106-113

of Health/National Institute of Neurological Disorders and
Stroke R01 NS34773 and NS45676 (MAPP).
References
Abulafia DP, de Rivero Vaccari JP, Lozano JD, Lotocki
G, Keane RW, Dietrich WD (2009) Inhibition of the
inflammasome complex reduces the inflammatory
response after thromboembolic stroke in mice. J Cereb
Blood Flow Metab 29:534-544.
Adamczak SE, de Rivero Vaccari JP, Dale G, Brand FJ, 3rd,
Nonner D, Bullock MR, Dahl GP, Dietrich WD, Keane
RW (2014) Pyroptotic neuronal cell death mediated by the
AIM2 inflammasome. J Cereb Blood Flow Metab 34:621629.
Alkayed NJ, Murphy SJ, Traystman RJ, Hurn PD, Miller VM
(2000) Neuroprotective effects of female gonadal steroids
in reproductively senescent female rats. Stroke; a journal
of cerebral circulation 31:161-168.
Anrather J, Iadecola C (2016) Inflammation and Stroke: An
Overview. Neurotherapeutics 13:661-670.
Aoki J, Uchino K (2011) Treatment of risk factors to prevent
stroke. Neurotherapeutics 8:463-474.
Arevalo MA, Azcoitia I, Garcia-Segura LM (2015) The
neuroprotective actions of oestradiol and oestrogen
receptors. Nat Rev Neurosci 16:17-29.
Barba R, Martinez-Espinosa S, Rodriguez-Garcia E, Pondal
M, Vivancos J, Del Ser T (2000) Poststroke dementia
: clinical features and risk factors. Stroke; a journal of
cerebral circulation 31:1494-1501.
Beery AK, Zucker I (2011) Sex bias in neuroscience and
biomedical research. Neuroscience and biobehavioral
reviews 35:565-572.
Bell JD, Cho JE, Giffard RG (2017) MicroRNA Changes in
Preconditioning-Induced Neuroprotection. Transl Stroke
Res 8:585-596.
Bourtchuladze R, Frenguelli B, Blendy J, Cioffi D, Schutz G,
Silva AJ (1994) Deficient long-term memory in mice with
a targeted mutation of the cAMP-responsive elementbinding protein. Cell 79:59-68.
Brand D, Ratan RR (2013) Epigenetics and the environment: in
search of the "toleroasome" vital to execution of ischemic
preconditioning. Transl Stroke Res 4:56-62.
Brown TJ, Hochberg RB, Naftolin F, MacLusky NJ (1994)
Pubertal development of estrogen receptors in the rat
brain. Mol Cell Neurosci 5:475-483.
Chauhan A, Moser H, McCullough LD (2017) Sex differences
in ischaemic stroke: potential cellular mechanisms. Clin
Sci (Lond) 131:533-552.
Chisholm NC, Sohrabji F (2016) Astrocytic response to cerebral
ischemia is influenced by sex differences and impaired by
aging. Neurobiol Dis 85:245-253.
Clayton JA, Collins FS (2014) Policy: NIH to balance sex in
cell and animal studies. Nature 509:282-283.
Cue L, Diaz F, Briegel KJ, Patel HH, Raval AP (2015) Periodic
Estrogen Receptor-Beta Activation: A Novel Approach
to Prevent Ischemic Brain Damage. Neurochem Res
40:2009-2017.
Cushman M, Legault C, Barrett-Connor E, Stefanick ML,
Kessler C, Judd HL, Sakkinen PA, Tracy RP (1999)
Effect of postmenopausal hormones on inflammationsensitive proteins: the Postmenopausal Estrogen/Progestin
Interventions (PEPI) Study. Circulation 100:717-722.
d'Adesky ND, de Rivero Vaccari JP, Bhattacharya P, Schatz
M, Perez-Pinzon MA, Bramlett HM, Raval AP (2018)
Nicotine Alters Estrogen Receptor-Beta-Regulated
Inflammasome Activity and Exacerbates Ischemic Brain
Damage in Female Rats. Int J Mol Sci 19.
de Rivero Vaccari JP, Lotocki G, Marcillo AE, Dietrich WD,
Conditioning Medicine 2019 | www.conditionmed.org

Conditioning Medicine | 2019,

2(3):106-113

Keane RW (2008) A molecular platform in neurons
regulates inflammation after spinal cord injury. J Neurosci
28:3404-3414.
de Rivero Vaccari JP, Patel HH, Brand FJ, 3rd, Perez-Pinzon
MA, Bramlett HM, Raval AP (2016) Estrogen receptor
beta signaling alters cellular inflammasomes activity after
global cerebral ischemia in reproductively senescence
female rats. J Neurochem 136:492-496.
Denes A, Coutts G, Lenart N, Cruickshank SM, Pelegrin P,
Skinner J, Rothwell N, Allan SM, Brough D (2015) AIM2
and NLRC4 inflammasomes contribute with ASC to acute
brain injury independently of NLRP3. Proc Natl Acad Sci
U S A 112:4050-4055.
Di Carlo A, Lamassa M, Baldereschi M, Pracucci G, Basile
AM, Wolfe CD, Giroud M, Rudd A, Ghetti A, Inzitari D,
European BSoSCG (2003) Sex differences in the clinical
presentation, resource use, and 3-month outcome of acute
stroke in Europe: data from a multicenter multinational
hospital-based registry. Stroke; a journal of cerebral
circulation 34:1114-1119.
Dowden J, Corbett D (1999) Ischemic preconditioning in
18- to 20-month-old gerbils: long-term survival with
functional outcome measures. Stroke; a journal of cerebral
circulation 30:1240-1246.
Duarte-Guterman P, Yagi S, Chow C, Galea LA (2015)
Hippocampal learning, memory, and neurogenesis:
Effects of sex and estrogens across the lifespan in adults.
Hormones and behavior 74:37-52.
Dubal DB, Kashon ML, Pettigrew LC, Ren JM, Finklestein
SP, Rau SW, Wise PM (1998) Estradiol protects against
ischemic injury. J Cereb Blood Flow Metab 18:12531258.
Edwards BJ, Li J (2013) Endocrinology of menopause.
Periodontology 2000 61:177-194.
Engler-Chiurazzi EB, Brown CM, Povroznik JM, Simpkins JW
(2017) Estrogens as neuroprotectants: Estrogenic actions
in the context of cognitive aging and brain injury. Prog
Neurobiol 157:188-211.
Esposito E LW, Xing C, Lo EH (2018) Help-me signaling
as a paradigm for inter-cellular effects of pre- and postconditioning in the brain after stroke. Conditioning
Medicine 1:337-342.
Fisher M, Feuerstein G, Howells DW, Hurn PD, Kent TA,
Savitz SI, Lo EH, Group S (2009) Update of the stroke
therapy academic industry roundtable preclinical
recommendations. Stroke; a journal of cerebral circulation
40:2244-2250.
Frisch S, Thiel F, Schroeter ML, Jentzsch RT (2017) Apathy
and Cognitive Deficits in Patients with Transient Global
Ischemia After Cardiac Arrest. Cogn Behav Neurol
30:172-175.
Giannoni E, Guignard L, Knaup Reymond M, Perreau M, RothKleiner M, Calandra T, Roger T (2011) Estradiol and
progesterone strongly inhibit the innate immune response
of mononuclear cells in newborns. Infection and immunity
79:2690-2698.
Girijala RL, Sohrabji F, Bush RL (2017) Sex differences in
stroke: Review of current knowledge and evidence. Vasc
Med 22:135-145.
Giuliani N, Sansoni P, Girasole G, Vescovini R, Passeri G,
Passeri M, Pedrazzoni M (2001) Serum interleukin-6,
soluble interleukin-6 receptor and soluble gp130 exhibit
different patterns of age- and menopause-related changes.
Exp Gerontol 36:547-557.
Gulinello M, Lebesgue D, Jover-Mengual T, Zukin RS, Etgen
AM (2006) Acute and chronic estradiol treatments reduce
memory deficits induced by transient global ischemia in
female rats. Hormones and behavior 49:246-260.
Conditioning Medicine 2019 | www.conditionmed.org

REVIEW ARTICLE
Guo H, Callaway JB, Ting JP (2015) Inflammasomes:
mechanism of action, role in disease, and therapeutics.
Nature medicine 21:677-687.
Harlow SD, Gass M, Hall JE, Lobo R, Maki P, Rebar RW,
Sherman S, Sluss PM, de Villiers TJ, Group SC (2012)
Executive summary of the Stages of Reproductive Aging
Workshop + 10: addressing the unfinished agenda of
staging reproductive aging. Menopause 19:387-395.
Hausenloy DJ et al. (2016) Ischaemic conditioning and targeting
reperfusion injury: a 30 year voyage of discovery. Basic
Res Cardiol 111:70.
Jover T, Tanaka H, Calderone A, Oguro K, Bennett MV, Etgen
AM, Zukin RS (2002) Estrogen protects against global
ischemia-induced neuronal death and prevents activation
of apoptotic signaling cascades in the hippocampal CA1. J
Neurosci 22:2115-2124.
Kim EJ, Raval AP, Hirsch N, Perez-Pinzon MA (2010) Ischemic
preconditioning mediates cyclooxygenase-2 expression
via nuclear factor-kappa B activation in mixed cortical
neuronal cultures. Transl Stroke Res 1:40-47.
Kim T, Chelluboina B, Chokkalla AK, Vemuganti R (2019) Age
and sex differences in the pathophysiology of acute CNS
injury. Neurochem Int.
Koch S, Sacco RL, Perez-Pinzon MA (2012) Preconditioning
the brain: moving on to the next frontier of
neurotherapeutics. Stroke; a journal of cerebral circulation
43:1455-1457.
Koch S, Della-Morte D, Dave KR, Sacco RL, Perez-Pinzon MA
(2014) Biomarkers for ischemic preconditioning: finding
the responders. J Cereb Blood Flow Metab 34:933-941.
Kofler J, Hurn PD, Traystman RJ (2005) SOD1 overexpression
and female sex exhibit region-specific neuroprotection
after global cerebral ischemia due to cardiac arrest. J
Cereb Blood Flow Metab 25:1130-1137.
Kong X, Yuan Z, Cheng J (2017) The function of NOD-like
receptors in central nervous system diseases. J Neurosci
Res 95:1565-1573.
Lamkanfi M, Dixit VM (2012) Inflammasomes and their roles
in health and disease. Annu Rev Cell Dev Biol 28:137161.
Lamkanfi M, Dixit VM (2014) Mechanisms and functions of
inflammasomes. Cell 157:1013-1022.
Levine DA, Galecki AT, Langa KM, Unverzagt FW, Kabeto
MU, Giordani B, Wadley VG (2015) Trajectory of
Cognitive Decline After Incident Stroke. JAMA 314:4151.
Li S, Hafeez A, Noorulla F, Geng X, Shao G, Ren C, Lu
G, Zhao H, Ding Y, Ji X (2017) Preconditioning in
neuroprotection: From hypoxia to ischemia. Prog
Neurobiol 157:79-91.
Lotocki G, de Rivero Vaccari JP, Perez ER, Sanchez-Molano
J, Furones-Alonso O, Bramlett HM, Dietrich WD
(2009) Alterations in blood-brain barrier permeability to
large and small molecules and leukocyte accumulation
after traumatic brain injury: effects of post-traumatic
hypothermia. Journal of neurotrauma 26:1123-1134.
Manwani B, Bentivegna K, Benashski SE, Venna VR, Xu Y,
Arnold AP, McCullough LD (2015) Sex differences in
ischemic stroke sensitivity are influenced by gonadal
hormones, not by sex chromosome complement. J Cereb
Blood Flow Metab 35:221-229.
Marrocco J, McEwen BS (2016) Sex in the brain: hormones
and sex differences. Dialogues Clin Neurosci 18:373-383.
Mawhinney LJ, de Rivero Vaccari JP, Dale GA, Keane RW,
Bramlett HM (2011) Heightened inflammasome activation
is linked to age-related cognitive impairment in Fischer
344 rats. BMC neuroscience 12:123.
Mejias NH, Martinez CC, Stephens ME, de Rivero Vaccari
111

REVIEW ARTICLE
JP (2018) Contribution of the inflammasome to
inflammaging. J Inflamm (Lond) 15:23.
Moncayo J, de Freitas GR, Bogousslavsky J, Altieri M, van
Melle G (2000) Do transient ischemic attacks have a
neuroprotective effect? Neurology 54:2089-2094.
Narayanan SV, Dave KR, Perez-Pinzon MA (2013) Ischemic
preconditioning and clinical scenarios. Curr Opin Neurol
26:1-7.
Nilsson S, Koehler KF, Gustafsson JA (2011) Development of
subtype-selective oestrogen receptor-based therapeutics.
Nature reviews Drug discovery 10:778-792.
Noppens RR, Kofler J, Grafe MR, Hurn PD, Traystman RJ
(2009) Estradiol after cardiac arrest and cardiopulmonary
resuscitation is neuroprotective and mediated through
estrogen receptor-beta. J Cereb Blood Flow Metab
29:277-286.
Ohtsuki T, Ruetzler CA, Tasaki K, Hallenbeck JM (1996)
Interleukin-1 mediates induction of tolerance to global
ischemia in gerbil hippocampal CA1 neurons. J Cereb
Blood Flow Metab 16:1137-1142.
Pelligrino DA, Santizo R, Baughman VL, Wang Q (1998)
Cerebral vasodilating capacity during forebrain ischemia:
effects of chronic estrogen depletion and repletion and
the role of neuronal nitric oxide synthase. Neuroreport
9:3285-3291.
Perez-Pinzon MA, Alonso O, Kraydieh S, Dietrich WD (1999)
Induction of tolerance against traumatic brain injury by
ischemic preconditioning. Neuroreport 10:2951-2954.
Pfeilschifter J, Koditz R, Pfohl M, Schatz H (2002) Changes
in proinflammatory cytokine activity after menopause.
Endocr Rev 23:90-119.
Raval AP, Bramlett H, Perez-Pinzon MA (2006) Estrogen
preconditioning protects the hippocampal CA1 against
ischemia. Neuroscience 141:1721-1730.
Raval AP, Martinez CC, Mejias NH, de Rivero Vaccari JP
(2018) Sexual dimorphism in inflammasome-containing
extracellular vesicles and the regulation of innate
immunity in the brain of reproductive senescent females.
Neurochem Int.
Raval AP, Dave KR, Mochly-Rosen D, Sick TJ, PerezPinzon MA (2003) Epsilon PKC is required for the
induction of tolerance by ischemic and NMDA-mediated
preconditioning in the organotypic hippocampal slice. J
Neurosci 23:384-391.
Raval AP, Dave KR, Saul I, Gonzalez GJ, Diaz F (2012)
Synergistic inhibitory effect of nicotine plus oral
contraceptive on mitochondrial complex-IV is mediated
by estrogen receptor-beta in female rats. J Neurochem
121:157-167.
Raval AP, Borges-Garcia R, Javier Moreno W, Perez-Pinzon
MA, Bramlett H (2013) Periodic 17beta-estradiol
pretreatment protects rat brain from cerebral ischemic
damage via estrogen receptor-beta. PloS one 8:e60716.
Raval AP, Saul I, Dave KR, DeFazio RA, Perez-Pinzon MA,
Bramlett H (2009) Pretreatment with a single estradiol17beta bolus activates cyclic-AMP response element
binding protein and protects CA1 neurons against global
cerebral ischemia. Neuroscience 160:307-318.
Romero JR, Morris J, Pikula A (2008) Stroke prevention:
modifying risk factors. Ther Adv Cardiovasc Dis 2:287303.
Rusa R, Alkayed NJ, Crain BJ, Traystman RJ, Kimes AS,
London ED, Klaus JA, Hurn PD (1999) 17beta-estradiol
reduces stroke injury in estrogen-deficient female animals.
Stroke; a journal of cerebral circulation 30:1665-1670.
Sarvari M, Kallo I, Hrabovszky E, Solymosi N, Liposits Z
(2014) Ovariectomy and subsequent treatment with
estrogen receptor agonists tune the innate immune system
112

Conditioning Medicine | 2019,

2(3):106-113

of the hippocampus in middle-aged female rats. PloS one
9:e88540.
Scharfman HE, Hintz TM, Gomez J, Stormes KA, Barouk
S, Malthankar-Phatak GH, McCloskey DP, Luine VN,
Maclusky NJ (2007) Changes in hippocampal function
of ovariectomized rats after sequential low doses of
estradiol to simulate the preovulatory estrogen surge. Eur
J Neurosci 26:2595-2612.
Siegel CS, McCullough LD (2013) NAD+ and nicotinamide:
sex differences in cerebral ischemia. Neuroscience
237:223-231.
Simpkins JW, Rajakumar G, Zhang YQ, Simpkins CE,
Greenwald D, Yu CJ, Bodor N, Day AL (1997) Estrogens
may reduce mortality and ischemic damage caused by
middle cerebral artery occlusion in the female rat. J
Neurosurg 87:724-730.
Slowik A, Beyer C (2015) Inflammasomes are neuroprotective
targets for sex steroids. J Steroid Biochem Mol Biol
153:135-143.
Solum DT, Handa RJ (2002) Estrogen regulates the
development of brain-derived neurotrophic factor mRNA
and protein in the rat hippocampus. J Neurosci 22:26502659.
Srivastava DP, Woolfrey KM, Penzes P (2013) Insights into
rapid modulation of neuroplasticity by brain estrogens.
Pharmacol Rev 65:1318-1350.
Stenzel-Poore MP, Stevens SL, Xiong Z, Lessov NS, Harrington
CA, Mori M, Meller R, Rosenzweig HL, Tobar E,
Shaw TE, Chu X, Simon RP (2003) Effect of ischaemic
preconditioning on genomic response to cerebral
ischaemia: similarity to neuroprotective strategies in
hibernation and hypoxia-tolerant states. Lancet 362:10281037.
Stephens S, Kenny RA, Rowan E, Allan L, Kalaria RN,
Bradbury M, Ballard CG (2004) Neuropsychological
characteristics of mild vascular cognitive impairment and
dementia after stroke. International Journal of Geriatric
Psychiatry 19:1053-1057.
Strowig T, Henao-Mejia J, Elinav E, Flavell R (2012)
Inflammasomes in health and disease. Nature 481:278286.
Sun F, Oppong-Gyebi, A., Schreihofer, D.A. (2019) Loss of
gonadal steroids as a negative conditioner for neurological
disease. Conditioning Medicine 2:50-62.
Sutterwala FS, Haasken S, Cassel SL (2014) Mechanism of
NLRP3 inflammasome activation. Annals of the New
York Academy of Sciences 1319:82-95.
Syed SA, Beurel E, Loewenstein DA, Lowell JA, Craighead
WE, Dunlop BW, Mayberg HS, Dhabhar F, Dietrich WD,
Keane RW, de Rivero Vaccari JP, Nemeroff CB (2018)
Defective Inflammatory Pathways in Never-Treated
Depressed Patients Are Associated with Poor Treatment
Response. Neuron 99:914-924 e913.
Takeuchi O, Akira S (2010) Pattern recognition receptors and
inflammation. Cell 140:805-820.
Tatemichi TK, Desmond DW, Paik M, Figueroa M, Gropen TI,
Stern Y, Sano M, Remien R, Williams JB, Mohr JP, et al.
(1993) Clinical determinants of dementia related to stroke.
Ann Neurol 33:568-575.
Tauskela JS, Blondeau, N. (2018) Requirement for preclinical
prioritization of neuroprotective strategies in stroke:
Incorporation of preconditioning. Conditioning Medicine
1:124-134.
Thakkar R, Wang R, Sareddy G, Wang J, Thiruvaiyaru
D, Vadlamudi R, Zhang Q, Brann D (2016) NLRP3
Inflammasome Activation in the Brain after Global
Cerebral Ischemia and Regulation by 17beta-Estradiol.
Oxid Med Cell Longev 2016:8309031.
Conditioning Medicine 2019 | www.conditionmed.org

Conditioning Medicine | 2019,

2(3):106-113

Utian WH (2007) NIH and WHI: time for a mea culpa and steps
beyond. Menopause 14:1056-1059.
Vanaja SK, Rathinam VA, Fitzgerald KA (2015) Mechanisms
of inflammasome activation: recent advances and novel
insights. Trends in cell biology 25:308-315.
Vegeto E, Benedusi V, Maggi A (2008) Estrogen antiinflammatory activity in brain: a therapeutic opportunity
for menopause and neurodegenerative diseases. Front
Neuroendocrinol 29:507-519.
Viscoli CM, Brass LM, Kernan WN, Sarrel PM, Suissa S,
Horwitz RI (2001) A clinical trial of estrogen-replacement
therapy after ischemic stroke. N Engl J Med 345:12431249.
Walsh JG, Muruve DA, Power C (2014) Inflammasomes in the
CNS. Nat Rev Neurosci 15:84-97.
Waters EM, Mitterling K, Spencer JL, Mazid S, McEwen
BS, Milner TA (2009) Estrogen receptor alpha and beta
specific agonists regulate expression of synaptic proteins
in rat hippocampus. Brain research 1290:1-11.
Waters EM, Yildirim M, Janssen WG, Lou WY, McEwen
BS, Morrison JH, Milner TA (2011) Estrogen and aging
affect the synaptic distribution of estrogen receptor
beta-immunoreactivity in the CA1 region of female rat
hippocampus. Brain research 1379:86-97.
Wegener S, Gottschalk B, Jovanovic V, Knab R, Fiebach JB,
Schellinger PD, Kucinski T, Jungehulsing GJ, Brunecker
P, Muller B, Banasik A, Amberger N, Wernecke KD,
Siebler M, Rother J, Villringer A, Weih M, Stroke
MRIiASSGotGCN (2004) Transient ischemic attacks
before ischemic stroke: preconditioning the human brain?
A multicenter magnetic resonance imaging study. Stroke;
a journal of cerebral circulation 35:616-621.

Conditioning Medicine 2019 | www.conditionmed.org

REVIEW ARTICLE
Weih M, Kallenberg K, Bergk A, Dirnagl U, Harms L,
Wernecke KD, Einhaupl KM (1999) Attenuated stroke
severity after prodromal TIA: a role for ischemic tolerance
in the brain? Stroke; a journal of cerebral circulation
30:1851-1854.
Wise PM, Dubal DB, Wilson ME, Rau SW, Bottner M (2001)
Minireview: neuroprotective effects of estrogen-new
insights into mechanisms of action. Endocrinology
142:969-973.
Yang F, Wang Z, Wei X, Han H, Meng X, Zhang Y, Shi W, Li F,
Xin T, Pang Q, Yi F (2014) NLRP3 deficiency ameliorates
neurovascular damage in experimental ischemic stroke. J
Cereb Blood Flow Metab 34:660-667.
Yasui T, Maegawa M, Tomita J, Miyatani Y, Yamada M,
Uemura H, Matsuzaki T, Kuwahara A, Kamada M,
Tsuchiya N, Yuzurihara M, Takeda S, Irahara M (2007)
Changes in serum cytokine concentrations during the
menopausal transition. Maturitas 56:396-403.
Zuurbier CJ, Jong WM, Eerbeek O, Koeman A, Pulskens WP,
Butter LM, Leemans JC, Hollmann MW (2012) Deletion
of the innate immune NLRP3 receptor abolishes cardiac
ischemic preconditioning and is associated with decreased
Il-6/STAT3 signaling. PloS one 7:e40643.

113

