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Neuroactive Steroids in Acute Ischemic Stroke: 
Association with Cognitive, Functional, and 
Neurological Outcomes

roactive steroids are endogenous molecules 
derived from cholesterol or synthetic compounds 
that have the ability to cross the blood-brain bar-
rier and modulate brain function in health and 
disease [7]. The concentrations in plasma and 
cerebrospinal fluid of these molecules are altered 
in various neurological diseases [8], although the 
clinical significance of these alterations remains 
to be ascertained. In this work, we evaluated 
whether AIS affects the plasma concentrations of 
estradiol, progesterone, cortisol, testosterone 
and 3α-androstenediol glucuronide. As a corol-
lary of these measurements, we also evaluated if 
changes in circulating steroids bear a relationship 
with the neurological outcome, cognitive status, 
and functional dependence of the AIS patients.

Introduction
▼
Acute ischemic stroke (AIS) represents a severe 
challenge to public health and a heavy economic 
burden to countries with a growing senior popu-
lation. This illness represented the fourth-lead-
ing cause of death in the United States [1]. In 
Latin America, there are a few epidemiological 
population-based studies and this information 
comes from hospital records [2]. In 2011, AIS 
caused 1 of every 20 deaths in the United States. 
Stroke incidence rates in low- and middle-
income countries now exceed those in high-
income countries [3]. It has been shown that the 
incidence and mortality of AIS is different 
between sexes [4–6]. Despite advances in the 
pathophysiology and risk factors of ischemic 
stroke, there is no effective treatment to cure cer-
ebral ischemic damage. Among the plethora of 
available drugs employed for CNS diseases, neu-
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Abstract
▼
Despite several scientific and technological 
advances, there is no single neuroprotective 
treatment that can reverse the brain damage 
after acute ischemic stroke (AIS). Neuroactive 
steroids are cholesterol-derived hormones that 
have the ability to modulate the normal and 
pathologic nervous system employing genomic 
and nongenomic mechanisms. In this work, we 
first investigated if AIS affects the plasma concen-
tration of 5 neuroactive steroids (cortisol, estradiol, 
progesterone, testosterone, and 3α-androstenediol 
glucuronide). Second, we studied if levels of circu-
lating steroids associate with neurological, cogni-
tive, and functional outcome in a cohort of 60- to 
90 year-old male and female patients with AIS. 
For this purpose, we recruited patients who were 
hospitalized at the Emergency Room of the Cen-
tral Military Hospital within the first 24 h after 

stroke onset. We designed 2 experimental 
groups, each one composed of 30 control sub-
jects and 30 AIS patients, both males and females. 
The assessment of neurological deficit was per-
formed with the NIHSS and the tests used for the 
functional and cognitive status were: (1) modi-
fied Rankin Scale; (2) Photo test, and (3) abbrevi-
ated Pfeiffer’s mental status questionnaire. We 
observed a significant difference in plasma con-
centration of cortisol and estradiol between both 
experimental groups. In the AIS group, higher lev-
els of these neuroactive steroids were associated 
with more pronounced neurological, cognitive and 
functional deficits in women compared to men. 
We propose that in elderly patients, high levels of 
circulating neuroactive steroids like cortisol and 
estradiol could potentiate AIS-mediated neuropa-
thology in the ischemic and penumbra areas.
Supporting Information for this article is available 
online at  http://www.thieme-connect.de/products
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Material and Methods
▼
Participants
We recruited patients with AIS from July 2014 to December 
2014 who were hospitalized at the Emergency Room of the Cen-
tral Military Hospital within the first 24 h after stroke onset. 
Stroke was defined according to the World Health Organization’s 
criteria, and a diagnosis of AIS was confirmed in all patients 
based on the evidence of neuroimaging including computed 
tomography and magnetic resonance imaging, following the 
Recommendations on Stroke Prevention, Diagnosis and Therapy 
Report [9]. Sixty 90 year-old subjects were randomly selected 
and distributed in 2 experimental groups: 1) a control group, 
involving subjects without physical or psychiatric illness and 2) 
an AIS group, consisting of patients with diagnosis of AIS within 
the 24 h of their neurovascular event. Subjects were distributed 
between groups so that each group contained 30 patients (15 
women and 15 men). The Ethics Committee of the Cir My ‘Dr. 
Cosme Argerirch’ Central Military Hospital approved the study 
(Act No. 308, February 26, 2014), and the patients or their next-
of-kin provided informed consent for participation. Tables 1S 
and  ●▶  Table 1 shows the criteria employed for inclusion or exclu-
sion of the studied subjects.

Procedures
Patients were diagnosed for AIS by a certified neurologist at the 
Emergency Room of the Central Military Hospital. Neurological, 
cognitive, and functional status were determined by NIHSS 
score, Photo test, Pfeiffer mental status score and by modified 
Rankin score, respectively. A sample of venous blood was with-

drawn in the early morning (07:00 to 09:00 AM) after assess-
ment of neurological and cognitive status. According to the Trial 
of Org 10172 in Acute Stroke Treatment (TOAST) criteria, stroke 
subtypes were classified as large-artery atherothrombotic (LAA), 
cardioembolic (CE), small-artery occlusion (SAO), other causes, 
and undetermined [10]. Stroke risk factors included a medical 
history of hypertension, defined as self-reported history of 
hypertension or using antihypertensive drugs, diabetes mellitus 
(DM) defined as history of DM or using hypoglycemic medica-
tions at discharge, dyslipidemias, defined as self-reported his-
tory of all types of dyslipidemia or oral antidyslipidemia drugs 
or using antidyslipidemia drugs at discharge, atrial fibrillation 
(AF), defined as history of AF, confirmed by at least one electro-
cardiogram or the presence of arrhythmia during hospitaliza-
tion, and modifiable lifestyle factors, including current smoking, 
alcohol consumption, and obesity (body mass index > 30 kg/m2).

Measures
Quantitation of neuroactive steroids in plasma
The measurement of estradiol (Estradiol EII) and progesterone 
(Progesterone II) was performed by electrochemiluminescence 
immunoassay (ECLIA) employing a Cobas e601 (Roche Diagnos-
tics, Mannheim, Germany). The functional sensitivity of the 
method of estradiol was 12 pg/ml and the analytical sensitivity 
was 5.0 pg/ml, while for progesterone the functional sensitivity 
of the method was 0.15 ng/ml and the analytical sensitivity was 
0.03 ng/ml according to the manufacturer. In the case of cortisol 
and testosterone, they were determined by an immunoassay 
chemiluminescent microparticle (CMIA) procedure, using a Team 
Architect i1 000, Abbott Laboratories, Middletown, USA. The cor-
tisol functional sensitivity was 1 μg/dl, and the analytical sensi-
tivity was 0.2 ng/ml, whereas for testosterone the functional 
sensitivity was 1 μg/dl and the analytical sensitivity was 0.05 ng/
ml according to the manufacturer. While 3α-androstenediol glu-
coronide was determined by radioimmunoassay (RIA) using a 
DSL 9 200, Beckman Coulter, Texas USA. The functional sensitiv-
ity was 0.34 ng/ml according to the manufacturer.

Neurological impairment during AIS
The assessment of neurologic status during the AIS was carried 
out with the National Institute of health stroke scale at the time 
of hospitalization (NIHSS, available at (http://www.ninds.nih.
gov/doctors/NIH_Stroke_Scale.pdf) [11].

Cognitive testing
At the time of the cognitive assessment, patients with AIS were 
vigil on 9 or more points on the Glasgow Coma Scale [12]. The 
cognitive tests used were: (1) test photos [13] and (2) the abbre-
viated questionnaire of Pfeiffer [14]. These tests were performed 
within 24 h of the AIS and prior to the extraction of blood for 
steroid analysis. The reasons for the choice of these tests were: 
A) Test photos evaluated memory, object recognition and verbal 
fluency. The level of education of the patient does not influence 
this test; it is simple and brief in duration (4 min). B) The Pfeiffer 
Test studied orientation, calculation, recent and remote mem-
ory, and information about daily events. It is important that the 
score of this test depends on the total errors. It is also applicable 
to people with low educational level, visual or auditory sensory 
deficit, and advanced age.

Table 1  Criteria employed for inclusion or exclusion of the AIS group.

Inclusion Exclusion

Age between 60 and 90 years Age < 60 or  > 90 years
Agreeing to participate in the 
study

Hemorrhagic stroke

Acute ischemic stroke of anterior 
vascular territory and/or poste-
rior vascular territory within 24 h 
of onset

Transient ischemic attack (TIA)

Nine or more points in the 
Glasgow Coma Scale

Acute ichemic stroke after 24 h of 
onset

Female patients in menopause Hormonal replacement therapy
Patients without cognitive 
impairment before AIS according 
to family reference

Immunosuppressive therapy in the 
last month before AIS (e. g., corticos-
teroids)

Acceptance of the next of kin 
proxy in case the participant has 
sensory impairment

Acute infection (e. g., pneumonia, 
urinary tract infection)

Diagnosis of oncologic disease in the 
last month before AIS
Diagnosis of endocrinologic disease in 
the last month before AIS
Acute or long-term psychiatric illness.
No agreement to participate in the 
study
Eight or less points in the Glasgow 
Coma Scale
Female patients with menstrual cycle 
or in the perimenopause
Patients with kidney or hepatic illness
Patients with cognitive impairment 
before AIS
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Functional dependence for daily activities
The functional status of patients with AIS was measured with 
the modified Rankin Scale [15] at the time of discharge. Data 
were collected through an interview designed for the purpose of 
reducing the variability between evaluators.

Statistical analysis
Statistical analysis was carried out using GraphPad Prism 5.03. 
Data were subjected to the Shapiro Wilks test to ascertain a nor-
mal distribution. The statistical tests used were column statis-
tics (average), 2-tailed Student’ t-test when only 2 groups were 
compared, and one-way ANOVA followed by the post-hoc New-
man-Keuls multiple comparison test when several groups were 
analyzed. Results were expressed as the mean ± SEM) of 15 
patients per experimental group. A p-value < 0.05 was consid-
ered statistically significant.

Ethical aspects and institutional approval
The used Protocol was approved by the institutional review 
board of clinical trials (C.I.R.E.C.) of the Cir My ‘Dr. Cosme Arger-
irch’ Central Military Hospital according to the Act No. 308, Feb-
ruary 26, 2014.

Results
▼
Sociodemographic variables and clinical measurements
The age of presentation of AIS in women was significantly higher 
than men (p < 0.05). There were no differences in the body mass 
index (BMI). Both male and female AIS patients received at the 
Emergency Room showed more than 140/90 mmHg blood pres-
sure values, blood glucose levels greater than 140 mg/dl, HbA1c 
values lower than 52 mmol/mol in nondiabetic patients, more 
than 53 mmol/mol up to 69 mmol/mol in diabetic patients and 
were normothermic. The main risk factor of AIS in both sexes 
was high blood pressure while the main cause of the AIS in 
women was cardioembolic (47 %) and in men was atherothrom-
botic (38 %). Females presented a greater total involvement of 
the anterior vascular circuit with respect to men (53 vs. 31 %), 
whereas in males we observed a greater partial involvement of 
the anterior circulation (44 vs. 35 %), following the nomencla-
ture of the Classification of the Oxfordshire Community Stroke. 
From the anatomical point of view, AIS more frequently affected 
the left cerebral hemisphere than the right hemisphere in both 
sexes (data shown in  ●▶  Table 2).

Neurological impairment during AIS
The neurological deficit quantified by the NIHSS score was sig-
nificantly higher in women than men (p < 0.05) in the first 24 h of 
hospitalization from the beginning of AIS ( ●▶  Fig. 1).

Cognitive status
Photo test
The cognitive status quantified by the Photo test was signifi-
cantly lower in women within the AIS group compared to the 
control group and men from both the control and AIS groups 
(p < 0.001) ( ●▶  Fig. 2a). No statistical differences in the Pfeiffer 
mental status score were observed but there was a tendency of 
female AIS to perform worse compared to the other experimen-
tal groups ( ●▶  Fig. 2b).

Pfeiffer mental status score
No statistical differences in the Pfeiffer mental status score was 
observed, although a tendency existed for women with AIS to 
perform worse compared to the other experimental groups 
( ●▶  Fig. 2b).

Plasma concentration of neuroactive steroids
Cortisol
Whereas AIS may be a reaction to an acute stressful event, it 
constitutes a stressful condition with activation of cortisol secre-
tion. Thus, it came to no surprise that AIS was followed by a sig-
nificant increase in serum cortisol concentrations both in 
women and men compared to their gender control subjects 
(p < 0.001 and p < 0.05 respectively) ( ●▶  Fig. 3a).

Estradiol
 ●▶  Table 2 shows that both control women and women with AIS 
passed their menopause age by several years. In spite of their 
hypoestrogenic stage, women with AIS showed an increase in 
plasma estradiol values compared to their control group 
(p < 0.01). We found no differences in men between those with 
AIS and control subjects. Our analysis also showed that AIS 
increased plasma estradiol in men compared to women in the 
control group (p < 0.001) ( ●▶  Fig. 3b).

Progesterone, testosterone, and 3α-androstenediol 
glucuronide
In contrast to changes of cortisol and estradiol, we found no sig-
nificant differences in plasma concentrations of the 3 neuroac-
tive steroids between sexes or between AIS and control groups.

Degree of functional dependence
At the time of discharge, the degree of functional dependence 
quantified by the modified Rankin scale was higher in AIS 
women compared to AIS men (p < 0.05) ( ●▶  Fig. 4).

Discussion
▼
The present investigation demonstrated that the age of presen-
tation of AIS in women was significantly higher compared to 
men. There are already reports showing differences of AIS inci-
dence between women and men, with men showing a greater 
vulnerability at early age periods in comparison to women. 
However, this relationship is inverted in older women who are 
more prone to suffer an ischemic stroke than men [5, 16]. Our 
behavioral data also determined that women with AIS showed 
greater cognitive and memory impairment and neurological dis-
ability at discharge compared with men with AIS.
Our study also disclosed that AIS induces in women and men 
changes of neuroactive steroids in plasma. Notably, plasma cor-
tisol was increased in both sexes, as expected from patients 
undergoing a very stressful situation. In this sense, ischemic 
stroke induces a strong activation of the hypothalamic-pitui-
tary-adrenal (HPA) axis, with increases in adrenal cortisol secre-
tion [17]. This neuroactive steroid plays an important role in 
brain ischemia [18]. A brain region showing high vulnerability to 
excess glucocorticoid exposure is the hippocampus [19–21], due 
to its high expression of mineralocorticoid and glucocorticoid 
receptors [22]. In the hippocampus, besides other regions, glu-
cocorticoids exert a negative feedback to inactivate the HPA 
overdrive occurring during stress [21]. However, a faulty hip-
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pocampus would be resistant to the negative glucocorticoid 
feedback, with unopposed activation of the HPA axis. Therefore, 
it is possible that excess levels of cortisol in AIS negatively affect 
the metabolic, neuroendocrine, and behavioral functions of the 
hippocampus, and contribute to the cognitive and memory 
impairment of the stroke patients. However, this mechanism 

would equally apply to women and men, since both genders 
showed comparable increases of plasma cortisol. Therefore, in 
order to account for their greater neurological disability and 
cognitive impairment, other factors could play a role in old 
women with AIS. In our studies, the enhanced vulnerability in 
women with AIS was revealed by the Photo test, which combines 
changes in object recognition, free memory, facilitated memory, 
and fluency.
Our cohort also showed changes of estradiol levels, which were 
elevated in women with AIS compared to their control group. In 
men with AIS, estradiol levels were higher than in control 
women, but did not increase further after stroke. There is now 
abundant evidence for estrogen neuroprotection in several 
stroke models [23], which include transient and permanent 
middle cerebral artery occlusion, global forebrain ischemia, and 
glutamate-induced focal cerebral ischemia [24–27]. However, 
estrogen effects change drastically from neuroprotective to neu-
rotoxic and neurodegenerative in reproductively senescent ani-
mals [28, 29]. This evidence supports the “window of 
opportunity” hypothesis for estrogen replacement therapy for 
perimenopausal women [30]. Instead, in old women the win-
dow is missing and together with high cortisol, may contribute 
to the damaging effect of stroke.
It is important at this point to discuss the origin of plasma estra-
diol in AIS patients. In postmenopausal women and elderly men, 
estrogen synthesis is predominantly extragonadal, due to the 
aromatase expressed by white adipose tissue and other periph-

Table 2  A comparison of sociodemographic variables and measurements in control and AIS patients.

Variables Women Men

Age (years, mean ± SD) Control: 79 ± 3; AIS: 82 ± 9 (ns) Control: 65 ± 9; AIS: 70 ± 13 (ns)
Body mass index (kg/m2) Control: 27.8; AIS: 27.3 (ns) Control: 27.7; AIS: 28.1 (ns)
Education (years) Control: 13.8; AIS: 12 (p < 0.05) Control: 16; AIS: 16.01 (ns)
Modifiable risk factors
Hypertension 100 % (15) 81 % (12)
Atrial fibrillation 18 % (3) 6 % (1)
Diabetes 12 % (2) 31 % (5)
Dyslipidemic 18 % (3) 44 % (7)
Current smoking 6 % (1) 31 % (5)
Obesity 0 % (0) 0 % (0)
Alcohol consumption 0 % (0) 0 % (0)
TOAST classification
LAA 23 % (3) 38 % (6)
CE 47 % (7) 31 % (5)
SAO 12 % (2) 31 % (5)
Undetermined etiology 12 % (2) 0 %
Other determined etiology 6 % (1) 0 %
Oxford Community Stroke Project 
classification
Total anterior circulation stroke 53 % (8) 31 % (5)
Partial anterior circulation stroke 35 % (5) 44 % (7)
Lacunar stroke 6 % (1) 25 % (3)
Posterior circulation stroke 6 % (1) 0 %
Brain hemisphere
Left 53 % (8) 63 % (9)
Right 47 % (7) 37 % (6)
Neuroactive steroids Control AIS Control AIS
Cortisol (μg/dl) 7.04 20.18 (p < 0.001) 6.5 15.34 (p < 0.05)
Estradiol (pg/ml) 13.83 28.22 (p < 0.01) 24.15 33.14 (ns)
Progesterone (ng/ml) 0.4 0.49 (ns) 0.41 0.55 (ns)
Testosterone (ng/ml) 0.37 0.38 (ns) 4.31 4.1 (ns)
3α-androstenediol glucuronide (ng/ml) 2.56 2.76 (ns) 5.01 3.77 (ns)
CE: Cardioembolic; LAA: Large-artery atherotrhombotic; SAO: Small artery occlusion; TOAST: Trial Org 10172; ns: Not significant

Fig. 1  NIHSS score of patients who were hospitalized at the Emergency 
Room of the Central Military Hospital within the 24 h after onset of 
ischemic stroke. The NIHSS score evaluates neurological, cognitive and 
functional status. Statistical analysis by Student’s t-test showed p < 0.05 
between scores of women and men (n = 15 in each group).
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eral tissues. One of the stimulatory factors for estrogen synthesis 
in the white adipose tissue is cortisol [31–33]. Therefore, we 
hypothesized that cortisol-stimulated extragonadal aromatase 
accounts for the high plasma estradiol levels in patients with 
AIS. Again, this mechanism could occur in both sexes, unless 
ischemia more exclusively sensitizes the brain of elderly women 
to the damaging effects of estradiol and cortisol.
Finally, although these results reflect the peripheral endocrine 
effect of AIS, we could consider that the brain itself could be an 

additional site of synthesis of estrogen-induced injury through 
rapid transcription and translation of aromatase agree on some 
observations in the literature. This induction seems to occur 
regardless of location of primary brain damage [34]. The induced 
expression of aromatase could elevate local estrogen levels 
enough to exacerbate the damage induced by AIS.

Conclusions
▼
Our results showed that some, but not all neuroactive steroids 
change their concentrations under life-threatening conditions. 
In addition, these hormones modulate the functionality of the 
nervous system in a sex and age dependent manner. The age of 
AIS in our population distribution was similar to that reported in 
other studies. Additionally, we found that the neuroendocrine 
status of the patients may play a role in the cognitive status and 
neurological outcome of stroke. In principle, the female brain 
may be better protected against cerebral ischemic damage than 
men during adulthood. However, the decline of sex steroids after 
menopause together with increased HPA activation change the 
role of sex steroids from neuroprotective to neurotoxic accord-
ing to recent theories. It is at this moment when women equal 
and surpass men in increased susceptibility to ischemic vascular 
event. In the future, these molecules (cortisol and estradiol) 
could be variables to consider during the acute treatment of 
ischemic stroke for the purposes of improving the neurological, 
cognitive, and functional status of patients.

Fig. 2  Control and AIS groups evaluated by Photo Test a and by Pfeiffer mental status score b within the 24 h from onset of ischemic stroke. The total of 
Photo test was the sum of score of object recognition, free memory, facilitated memory, and verbal fluency. Statistical analysis carried out using ANOVA 
followed by the Newman-Keuls post-test demonstrated significant differences between control and AIS women ( * * * p < 0.001), control and AIS men 
( * * * p < 0.001) and AIS women and control men ( * * * p < 0.001) in Photo Test. No significant differences were found for gender in either the control sub-
jects or the AIS group in Pfeiffer mental status score (n = 15 control subjects or patients in each group).

Fig. 3  Levels of plasma cortisol (μg/dl) a and 
estradiol (pg/ml) b within the 24 h from onset 
of ischemic stroke. Statistical analysis by ANOVA 
followed by the Newman-Keuls post-hoc test 
demonstrated increased plasma cortisol in men 
with AIS ( * p < 0.05 vs. control men), which was 
of higher statistical magnitude in women with AIS 
( * * * p < 0.001 vs. control women). On the other 
hand, the statistical analysis demonstrated that AIS 
increased plasma estradiol in women (p < 0.01) but 
not in men (n = 15 control subjects or patients in 
each group).

Fig. 4  Degree of disability or dependence in the daily activities by modi-
fied Rankin scale at the time of patient discharge. AIS produced greater 
disability in women than men (Student’s t-test, p < 0.05).
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Table 1S This table shows the criteria employed for inclusion or exclusion of the control subjects. 
 

INCLUSION EXCLUSION 
Age between 60 and 90 years. Age <60 or >90 years. 
Agreeing to participate in the study.  Hormonal replacement therapy. 
Fourteen or more points in the Glasgow 
Coma Scale. 

Immunossupresive therapy in the last month (Example 
corticosteroids). 

Female control in menopause. Acute infection (Example, pneumonia, urinary tract infection). 
Control subjects without cognitive 
impairment according to certified neurologist.

Diagnosis of oncologic disease in the last month. 

 Diagnosis of endocrinologic disease in the last month.  

 Acute or long-term psychiatric illness.  

 No agreement to participate in the study  

 Thirteen or less points in the Glasgow Coma Scale. 
 Female patients with menstrual cycle or in the perimenopause. 

 Patients with kidney or hepatic illness.  

 Patients with cognitive impairment. 
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