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Testosterone has been shown to worsen histological and neurological impairment during cerebral ischemia in animal models.
Cell culture studies revealed that testosterone is implicated in protecting neural and glial cells against insults, and they started to
elucidate testosterone pathways that underlie these protective effects. ese studies support the hypothesis that testosterone can be
neuroprotective throughout an episode of cerebral ischemia.erefore, we evaluated the mechanisms underlying the shi between
testosterone protective and deleterious effects via block testosterone aromatization and androgen receptors in rats subjected to 60-
minute middle cerebral artery occlusion. Fiy rats were divided into �ve equal groups: gonadally intact male; castrated male; intact
male � �utamide; intact male � letrozole; intact male � combination �utamide and letrozole. Our results indicated that castration
has the ability to reduce histological damage and to improve neurological score 24 hours aer middle cerebral artery occlusion.
Moreover, �utamide improved histologic andneurological impairment better than castration. Letrozole induced increases in striatal
infarct volume and seizures in gonadally intact rats. Combination of �utamide and letrozole showed that letrozole can reverse
bene�cial effects of �utamide. In conclusion, it seems that the bene�cial effects of �utamide are the prevention of the deleterious
effects and enhancement of neuroprotective effects of testosterone during cerebral ischemia.

1. Introduction

Stroke is a great reason of disability and death throughout
the world [1]. Nowadays treatments are not very effective
to reduce brain ischemia, whereas size of the infarct area
will affect on patient’s chance of recovery from a stroke and
it will keep growing if treatments are not appropriate [1–
4]. So, for reducing damage we need to �nd more effective
treatments. Among risk factors, sex has prominent role in
stroke [5–8]. Epidemiological studies have shown that overall
incidence of stroke is higher in men relative to age-matched
women in most countries [9–12]. Present evidence suggests
that mechanisms of cell death and neuroprotection are not
similar and equal in males and females [9, 13, 14]. A large
part of this difference between sexes is attributed to sex
steroids [14–18]. Previous studies demonstrate that estrogen
and progesterone give protection against cerebral ischemia
by several mechanisms [19–23]. On the other hand, data

about androgens are sparse and controversial [9, 18, 24,
25]. Human studies suggested male susceptibility to cerebral
ischemia because male sex is a stroke risk factor in humans
and low testosterone levels have been associated with risk
for stroke and worse outcomes aer stroke in men [9–12,
14, 17]. In animal studies, data are contradictory and show
that androgens can protect ormake worse cerebral injury [17,
26–29]. In rodents, testosterone replacement before cerebral
ischemia in castrates increments histological injury [17, 26],
whereas, stressors, such as halothane anesthesia, reduced
brain injury, because when they applied before cerebral
ischemia have potency to reduce plasma testosterone levels
[30]. Moreover, testosterone replacement aer an episode
of cerebral ischemia accelerates histological and behavioral
recovery in castrated rats [29]. ese contradictory results
may be reconciled by the hypothesis that testosterone has
deleterious effects throughout an episode of cerebral ischemia
but is bene�cial in the recovery period. Differently in vitro
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studies showed both detrimental and bene�cial effects of
testosterone in neuronal cultures during exposure to different
models of insult (e.g., oxidative stress, excitotoxicity, serum
deprivation, and amyloid 𝛽𝛽 toxicity) [26, 31–37]. One expla-
nation for these inconsistent results of in vitro studies is
that two potentially competing mechanisms exert bene�cial
and deleterious effects of testosterone during exposing to
injury. ese two possible mechanisms for testosterone can
be androgen receptor (AR) dependent pathways or aromati-
zation to estrogen and then activation of estrogen pathways
[38, 39]. However, previous studies have not well determined
effects of testosterone on cerebral cortex as well as striatum.
None of these studies did whether the relation of testosterone
and neurological de�cit during the acute phase of cerebral
ischemia has been mediated via AR or cerebral aromatase
[9, 19, 38]. Accordingly, we aimed to investigate protective
and/or deleterious effects of testosterone on cerebral ischemia
of cortex and striatum as well as their contribution to
neurological de�cit in gonadally intact male rats subjected
to transient middle cerebral artery occlusion (tMCAO). We
used gonadally intact males experience tMCAO as a model
of the effects of testosterone reduction during stroke. More-
over, �utamide (androgen receptor antagonist) and letrozole
(aromatase inhibitor) were used to inhibit two potential
mechanisms effects of testosterone.

2. Materials andMethods

All experiments were approved by Research Ethics Commit-
tees at Tehran University of Medical Sciences. All chemicals
were obtained from Sigma-Aldrich (America), unless other-
wise stated.

2.1. Animals and Treatments. Experiments were carried out
on 50 male Wistar rats weighing 280–320 g. e rats were
maintained under controlled conditions with temperature
at 22–24∘C, relative humidity of 50–60% and a 12-hour
lighting cycle and permitted ad libitum access to water and
standard lab chow. e experimental animals were divided
into �ve groups (𝑛𝑛 𝑛 𝑛𝑛 per group) and each rat had 60
minutes tMCAO. Experimental groups were gonadally intact
male; castrated male (castrations were operated 7 days before
tMCAO); intact male � 10mg/kg/sc �utamide; intact male
� 1mg/kg/i.p letrozole; intact male � 10mg �utamide �
1mg letrozole. Flutamide and letrozole were injected 2 hours
before tMCAO.

2.2. Determination of Serum Testosterone Concentration in
Intact and Castrated Rats. Blood samples were taken from
animals 48 h before and 24 h aer tMCAO. Blood samples
were centrifuged for serum separation and testosterone
serum levels were determined by radioimmunoassay.

2.3. Transient Focal Cerebral Ischemia. tMCAO was induced
by intraluminal �lament method as previously described
[40]. Brie�y, animals were anesthetized with ketamine
(100mg/kg, i.p) and xylazine (10mg/kg, i.p.) Right common
carotid artery (CCA) and the external carotid artery (ECA)

were exposed and carefully separated from the vagus nerve.
tMCAO was produced by advancing a silicone-coated nylon
mono�lament through the ECA into the internal carotid
artery (ICA) and then into the circle of Willis until a mild
increase in resistance was felt. Such light resistance indicates
that the tip of the nylon thread reached the origin of the
MCA (18–20mm fromCCAbifurcation).en, �lament was
�xed in place by fastening a silk suture around the ECA.
Surgery was operated in 15 to 20 minutes. Sixty minutes
later, the �lament was withdrawn to allow brain tissue
reperfusion. Rats were then allowed to recover and were
observed according to the experimental protocol.

2.�. Assessment of �eurolo�ical De�cits and Sei�ure Acti�ity.
Seizure activity andneurological de�cit were assessed at 4 and
24 h aer tMCAO. Neurological de�cit score was recorded
for each rat as previously described [41, 42]. Neurological
de�cit �ndings were scored according to �ve-point scale: no
neurological de�cit = 0, forelimb�exion= 1, fore-limb�exion
and reduced resistance to lateral push = 2; forelimb �exion,
reduced resistance to lateral push and unilateral circling =
3; forelimb �exion, immotile or di�cult to movement =
4. Seizure activity was classi�ed using Racine�s scale [43]:
0: no seizure was observed; 1: rhythmic mouth and facial
movement; 2: rhythmic head nodding; 3: forelimb clonus; 4:
rearing and bilateral forelimb clonus; 5: rearing and falling.

2.5. Measurement of Brain Infarct and Edema Volumes.
Infarct volume evaluation was performed 24 h aer tMCAO.
Animals were deeply anesthetized and decapitated. Subse-
quently, their brains were removed and sectioned coronally
into consecutive 2mm thick slices. e series of slices from
each brain was soaked in 2% 2,3,5-triphenyltetrazolium
chloride (TTC) solution and incubated for 30 minutes at
37∘C in a water bath. e slices were then transferred to 10%
buffered formalin. Normal tissue appears red, whereas infarct
tissue appears colorless.

Both sides of the TTC-stained slices were scanned using
a �atbed scanner (Scanjet, Hewlett-Packard, USA) connected
to a computer. Infarct areas in each slice were measured
using Image J soware (NIH). en, infarct volume of each
brain was determined by integration of the infracted areas
of the slices [44]. Following formula was applied to elimi-
nate the effect of swelling on the infarct volume: corrected
infarct volume = infarct size × contralateral hemisphere
size/ipsilateral hemisphere size. Cerebral infarct volume was
measured as a percentage of the total brain, cortex, and
striatum. Edema volume was also calculated by the following
formula: edema = (volume of right hemisphere − volume of
le hemisphere)/volume of le hemisphere.

2.6. Statistical Analysis. SPSS 11.5 soware (SPSS, Chicago,
Illinois) was used for the statistical calculations. One-way
analysis of variance (for multigroup comparisons) was used
for comparisons in infarct volume, brain edema, and testos-
terone serum levels followed by Bonferroni tests. Data on
brain infarct volume and brain edema are reported asmean ±
SD. Neurological de�cit and seizure activity were determined
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48 h before tMCAO 24 h after tMCAO

F 1: Serum testosterone concentrations (ng/mL) at 48 h before
and 24 h aer tMCAO in gonadally intact and castrated rats (mean±
SD). ∗Signi�cant difference (𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃) with intact group at 48 hours
before tMCAO.

using the Kruskal-Wallis test and are presented as medians
and interquartile ranges (25th and 75th percentiles). Differ-
ences were considered to be statistically signi�cant when 𝑃𝑃 𝑃
0.05.

3. Results

3.1. Testosterone Concentrations in Intact and Castrated Ani-
mals. 48 h before tMCAO serum testosterone concentrations
were 4.01 ± 0.40 and 0.12 ± 0.07 ng/mL in intact and castrated
groups, respectivel, (Figure 1). Serum testosterone levels 24 h
aer tMCAO were 1.08 ± 0.31 and 0.13 ± 0.05 ng/mL in
intact and castrated groups, respectively. ese data show
testosterone concentration 24 h aer tMCAO signi�cantly
reduced (𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃) in gonadally intact group.

3.2. Infarct Volume and Brain Edema. 24 h aer 60min
tMCAO the brain injury was measured to the cortex and the
striatum.e values for the cortical, striatal, and total infarct
volume are shown in Figures 2(a), 2(b), and 2(c), respectively.
Cortical infarct volume (Figure 2(a)) in the �utamide group
was signi�cantly reduced (9.4 ± 1.7; 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃) compared
to the intact (16.2 ± 3.4) and castrated (13.7 ± 2.1) groups,
whereas cortical infarct volume in the combination group
was signi�cantly increased (26.0 ± 4.6; 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃) compared
to the intact group.

Striatal infarct volume (Figure 2(b)) in castrated and
�utamide groups was signi�cantly smaller (9.4 ± 1.4 and
7.1 ± 1.7, respectively; 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃), whereas in letrozole and
combinations groups was higher (20.1 ± 2.4 and 27.4 ± 2.3,
respectively; 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃) compared to the intact group (16.9 ±
2.8).

As shown in Figure 2(c), total infarct volume in castrated
group was signi�cantly smaller (23 ± 2.9; 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃) than
in intact group (33.1 ± 5.5). Moreover, �utamide group
showed signi�cant reduction (16.6 ± 2.2; 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃) of total

infarct volume compared to the intact and castrated groups.
Combination therapy signi�cantly increased (53.4 ± 6.7; 𝑃𝑃 𝑃
0.05) total infarct volume compared to the intact group.

Brain edema results are shown in Figure 3. Castrated and
�utamide groups showed signi�cant reduction (12.0±2.4 and
10.3 ± 4.4, respectively; 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃) of brain swelling compared
to the intact group (17.7±3.8). Edema volume of combination
therapy was signi�cantly increased (26.7 ± 4.4; 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃)
compared to the intact group.

3.3. �eurolo�ical �e�cits and �ei�ure Acti�it�. Neurological
de�cit score was evaluated at 4 and 24 h aer tMCAO. ere
were no differences in neurological de�cit scores between the
experimental groups at 4 h aer tMCAO (data not shown).
Neurological de�cit scores at 24 h aer tMCAO (Figure 4)
were signi�cantly improved from 3.5±0.52 in intact group to
2.2 ± 0.78 and 1.9 ± 0.73 in castrated and �utamide groups,
respectively (𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃). Furthermore, signi�cant differences
were found in neurological de�cits at the letrozole (3.3±0.67;
𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃) and the combination (3.4 ± 0.69; 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃) groups
than �utamide group.

Seizure behaviors are shown in Figure 5. At 4 h aer
tMCAO the seizure activity was signi�cantly increased in the
letrozole group (2.4 ± 0.96; 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃) only more than intact
group (0.8 ± 0.78). No obvious seizure activity was observed
in all experimental groups at 24 h aer the tMCAO (data not
shown).

4. Discussion

Clinical and epidemiological studies indicate that male sex is
risk factors for stroke in humans [9, 10, 12]. is evidence
was evaluated by earlier studies that mimic the pathology of
human stroke and they proved that quantity of brain tissue
injury aer cerebral ischemia is greater in male versus female
animals [9, 39]. Moreover, for testing effects of testosterone
on cerebral ischemia, male rodents were castrated in order
to testosterone depletion. In this model, castrated rodents
aer MCAO had lower infarct size than gonadally intact
male animals, while testosterone administration to produce
physiologic testosterone concentration in castrated rodents
increases infarct size [17, 28, 30, 45]. In contrast, recent
studies displayed that androgens have dose-dependent effects
in cerebral ischemia, thereby testosterone in low physio-
logical range gives protection while in high physiological
range displays deleterious effects during an episode ofMCAO
[45, 46]. Whereas in real situation, plasma concentration of
testosterone will decline slowly 24 h aer cerebral ischemia
and it has no constant concentration [26, 30, 47]. erefore,
to be close to the actual conditions of cerebral ischemia, we
assessed the effect of testosterone via androgen receptor and
aromatization to estrogen on cerebral ischemia by �utamide
and letrozole pretreatment in gonadally intact rats that they
subjected to tMCAO. So, it is suitable to focus on mecha-
nisms of testosterone effects on stroke. Our results indicated
that cortical infarct volume in castrated group was smaller
than intact group, but this difference was not signi�cant.
While on the contrary, previous studies displayed castration
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F 2: Cerebral infarct volume expressed as a percentage of the (a) cortex, (b) striatum, and (c) total brain in rats treated with castration,
�utamide, letrozole, and �utamide in combination with letrozole (mean ± SD). ∗Signi�cant difference (𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃) with Intact. 𝜙𝜙Signi�cant
difference (𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃) with Cast group.
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F 3: Brain edema expressed as a percentage of the total brain
volume in rats treated with castration, �utamide, letrozole, and
�utamide in combination with letrozole (mean ± SD). ∗Signi�cant
difference (𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃) with Intact.

can signi�cantly reduces cortical infarct volume [28, 45].
Flutamide pretreatment signi�cantly reduces cortical infarct
volume compared to intact group and even castrated group.
But other studies only indicated that �utamide reverses all
testosterone effects (bene�cial and deleterious) on infarct
volume [45].
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F 4: Neurological de�cits scores at 24 h a�er tMC�� in
rats treated with castration, �utamide, letrozole, and �utamide in
combination with letrozole (mean ± SD). ∗Signi�cant difference
(𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃) with Intact. 𝜙𝜙Signi�cant difference (𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃) with Cast
group.

Castration signi�cantly reduced striatal and total infarct
volume as well as brain edema. Moreover, castration sig-
ni�cantly improved neurological score. �lthough there was
a similar tendency in cortical infarct volume of castrated
rats, there was no signi�cant difference with intact group. In
agreement with our results, other studies have demonstrated
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F 5: Seizure activity at 4 h aer tMCAO in rats treated with
castration, �utamide, letrozole and �utamide in combination with
letrozole (mean ± SD). ∗Signi�cant difference (𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃) with
letrozole group.

that castration and subsequent testosterone depletion led
to protection or no difference in infarct volume and better
neurologic score aer MCAO [17, 30, 45, 48]. On the
other hand, they displayed testosterone administration in
castrated rodents exacerbates infarct volume and neurologic
score in part through amplifying of glutamate neurotoxicity
in neuronal cells [19, 26, 49]. erefore, it suggested that
testosterone exposure could be harmful during the cerebral
ischemia episode. Results of our study showed that �utamide
signi�cantly improved histological damage of rat brain in all
regions and even �utamide had better effect than castration
on infarct volume. In addition, �utamide confers protection
on the brain edema and the neurologic score and although
it had no signi�cant difference with castrated group, but it
was more effective than castration. On the contrary, most
previous studies showed that testosterone confers deleterious
effects to both adult castrates and gonadally intact rodents
during stroke and these effects are abrogated by administra-
tion of the AR antagonist �utamide [45]. Also few recent
studies indicated that maintaining plasma testosterone in
low physiological range during MCAO induces protective
effects in rodents and again this effect abolished by �utamide
[19, 45].

Similar in vivo studies, both protective (in low physio-
logical concentrations) and deleterious (in high physiological
concentrations) effects of testosterone have been showed
in glial and neuronal cultures under harmful conditions
(e.g., oxidative stress, excitotoxicity, serum deprivation, and
amyloid 𝛽𝛽) and again these effects were abolished by �u-
tamide [19, 33–35, 37, 49, 50]. However, our study indicated
�utamide had protective effects on gonadally intact rats
during stroke.

However, �utamide is commonly accounted pure antian-
drogens without AR agonist activity [51, 52]. One expla-
nation for the protective effects of �utamide in our work
is that �utamide blocked deleterious effects or mimicked
and enhanced neuroprotective effects of testosterone. In
agreement with this explanation some studies in neuronal
and glial cultures observed that �utamide failed to abolish

neuroprotective effect of testosterone [35, 38, 53]. Further-
more, some works propose that �utamide did not only fail to
reverse the effects of testosterone but mimicked or behaved
as partial AR agonist for them as well [35, 38, 53, 54].

One interpretation of these data for our result is that
�utamide is functioning as androgen agonist in activating
cell signaling pathways that contributes to neuroprotection or
as androgen antagonist in inhibiting cell signaling pathways
that are active in deleterious effect of testosterone, or both of
them. Another possible reason is that �utamide blocked AR
and thereby increases available testosterone for conversion
to estradiol by aromatase enzyme. Estradiol is known as a
neuroprotective factor against cerebral ischemia and because
aromatase is present in cerebral tissue and can convert
testosterone into estradiol, an estrogen signaling pathway is
reasonable [19, 30, 38, 45]. Although in our study letrozole
increased signi�cantly infarct volume only in striatum than
intact group, it had similar tendency in cortex and total
infarct volume as well as brain edema. On the other hand,
letrozole signi�cantly increased seizure activity.

Brain aromatase is not only involved in the regulation
of neuroendocrine events and behaviours connected with
reproduction as previously thought, but also has roles in the
reaction of brain tissue to damages and regulates synaptic
plasticity, synaptic activity, and neurogenesis, via conversion
of testosterone to estrogen [19, 55].

Other studies indicated that cerebral aromatase expres-
sion increased aer brain injury in all damaged brain areas
including, cortex, striatum, hippocampus, thalamus, and
hypothalamus and exert neuroprotection effects via produc-
tion of local estrogen [19, 55, 56]. On the other hand, wild-
type rodents that were treated with aromatase inhibitors, as
well as aromatase knockout (ArKO) rodents, showed more
cortical and striatal damage in tMCAOmodel than wild-type
animals treated with vehicle [19].

Also, an earlier study indicated that letrozole decreased
estradiol levels, number of glutamic acid decarboxylase
(GAD) positive cells, GAD expression as well as GABA
production in hippocampal cultures, suggesting that aro-
matase by these effects in hippocampal neurons regulate
synaptic activity [57]. According to our results, aromatase
may play an important role in defense against overexcitation
and seizure activity of neurons induced by glutamate aer
cerebral ischemia.

Coadministration of letrozole with �utamide showed that
letrozole has a potency to reverse the bene�cial effects of �u-
tamide on histological damage and even make it worse than
letrozole only level. One interpretation for effect of combina-
tion therapy is that letrozole ceases conversion testosterone
to estrogen and thereby increases available testosterone to
competing with �utamide for AR. On the other hand, the
pernicious effect of letrozole could be related to seizures
and not be related to testosterone levels. A previous study
reported that early epileptic seizures worsen prognosis in
human atherothrombotic stroke. is work stated that in-
hospital mortality was signi�cantly higher in stroke patients
with early seizures [58]. ese occurred in the temporal
window, where a penumbra of potentially salvageable brain
tissue is believed to exist and this may determine a greater



6 ISRN Neurology

area of de�nite cerebral infarction, which in turn would be
associated with a poorer clinical course [58].

5. Conclusion

Contrary to the previous in vivo studies we have demon-
strated that �utamide not only blocks deleterious effects of
testosterone but also it can enhance neuroprotective effect
of testosterone. Additional research is required to further
describe the effects of �utamide on interaction between
testosterone, aromatase, and AR during brain response to
ischemia as well as determine which pathways are involved
downstream of AR and aromatase. Clinically, our results
suggest that �utamide and testosterone availability during
cerebral ischemia may have bene�cial effects in men. Finally,
this work opens new encouraging perspectives for the pro-
tection of the brain from the ischemic injury. A prospective
randomized trial of �utamide may be justi�ed in humans.

Con�ict of �nterests

e authors declare that they have no con�ict of interests.

Acknowledgments

e authors express their gratitude to Tehran University of
Medical Sciences for their �nancial support, as well as Mr. S.
Seidi and Dr. V. Ramezani for their kind collaboration.

References

[1] S. H. Park, J. H. Kim, S. J. Park et al., “Protective effect of hexane
extracts of Uncaria sinensis against photothrombotic ischemic
injury in mice,” Journal of Ethnopharmacology, vol. 138, no. 3,
pp. 774–779, 2011.

[2] M. Sakurazawa, K.-I. Katsura, M. Saito, S. Asoh, S. Ohta, and Y.
Katayama, “Mild hypothermia enhanced the protective effect of
protein therapywith transductive anti-death FNKprotein using
a rat focal transient cerebral ischemia model,” Brain Research,
vol. 1430, pp. 86–92, 2012.

[3] N. Suzuki, M. Suzuki, K. Murakami, K. Hamajo, T. Tsukamoto,
and M. Shimojo, “Cerebroprotective effects of TAK-937, a
cannabinoid receptor agonist, on ischemic brain damage in
middle cerebral artery occluded rats and non-human primates,”
Brain Research, vol. 1430, pp. 93–100, 2012.

[4] A. Dávalos, J. Alvarez-Sabín, J. Castillo et al., “Citicoline in
the treatment of acute ischaemic stroke: an international, ran-
domised, multicentre, placebo-controlled study (ICTUS trial),”
e Lancet, vol. 380, no. 9839, pp. 349–357, 2012.

[5] R. L. Sacco, “Newer risk factors for stroke,” Neurology, vol. 57,
no. 5, supplement 2, pp. S31–S34, 2001.

[6] R. X. You, J. J. McNeil, H. M. O’Malley, S. M. Davis, A. G.
ri, and G. A. Donnan, “Risk factors for stroke due to
cerebral infarction in young adults,” Stroke, vol. 28, no. 10, pp.
1913–1918, 1997.

[7] A. J. Grau, C. Weimar, F. Buggle et al., “Risk factors, outcome,
and treatment in subtypes of ischemic stroke: the German
stroke data bank,” Stroke, vol. 32, no. 11, pp. 2559–2566, 2001.

[8] R. L. Sacco, R. Adams, G. Albers et al., “Guidelines for pre-
vention of stroke in patients with ischemic stroke or transient
ischemic attack: a statement for healthcare professionals from
the American heart association/American stroke association
council on stroke—co-sponsored by the council on cardiovas-
cular radiology and intervention. e American academy of
neurology affirms the value of this guideline,” Stroke, vol. 37,
no. 2, pp. 577–617, 2006.

[9] K. Vagnerova, I. P. Koerner, and P. D. Hurn, “Gender and the
injured brain,” Anesthesia and Analgesia, vol. 107, no. 1, pp.
201–214, 2008.

[10] V. Caso, M. Paciaroni, G. Agnelli et al., “Gender differences in
patients with acute ischemic stroke,”Women’s Health, vol. 6, no.
1, pp. 51–57, 2010.

[11] C. C. Beal, “Gender and stroke symptoms: a review of the
current literature,” Journal of Neuroscience Nursing, vol. 42, no.
2, pp. 80–87, 2010.

[12] P. Appelros, B. Stegmayr, and A. Terent, “Sex differences in
stroke epidemiology: a systematic review,” Stroke, vol. 40, no.
4, pp. 1082–1090, 2009.

[13] M. Yuan, C. Siegel, Z. Zeng, J. Li, F. Liu, and L. D. McCullough,
“Sex differences in the response to activation of the poly
(ADP-ribose) polymerase pathway aer experimental stroke,”
Experimental Neurology, vol. 217, no. 1, pp. 210–218, 2009.

[14] P. D. Hurn, S. J. Vannucci, and H. Hagberg, “Adult or perinatal
brain injury: does sex matter?” Stroke, vol. 36, no. 2, pp.
193–195, 2005.

[15] P. D. Hurn and L. M. Brass, “Estrogen and stroke: a balanced
analysis,” Stroke, vol. 34, no. 2, pp. 338–341, 2003.

[16] P. D. Hurn and I. M. Macrae, “Estrogen as a neuroprotectant in
stroke,” Journal of Cerebral Blood Flow and Metabolism, vol. 20,
no. 4, pp. 631–652, 2000.

[17] T. Hawk, Y. Q. Zhang, G. Rajakumar, A. L. Day, and J.
W. Simpkins, “Testosterone increases and estradiol decreases
middle cerebral artery occlusion lesion size in male rats,” Brain
Research, vol. 796, no. 1-2, pp. 296–298, 1998.

[18] C. A. Hill and R. H. Fitch, “Sex differences in mechanisms
and outcome of neonatal hypoxia-ischemia in rodent models:
implications for sex-speci�c neuroprotection in clinical neona-
tal practice,”Neurology Research International, vol. 2012, Article
ID 867531, 9 pages, 2012.

[19] M. Liu, M. H. Kelley, P. S. Herson, and P. D. Hurn, “Neuropro-
tection of sex steroids,” Minerva Endocrinologica, vol. 35, no. 2,
pp. 127–143, 2010.

[20] G. E. Hoffman, I. Merchenthaler, and S. L. Zup, “Neuropro-
tection by ovarian hormones in animal models of neurological
disease,” Endocrine, vol. 29, no. 2, pp. 217–231, 2006.

[21] S. Suzuki, C. M. Brown, and P. M. Wise, “Mechanisms of
neuroprotection by estrogen,” Endocrine, vol. 29, no. 2, pp.
209–215, 2006.

[22] V. R. Feeser and R. M. Loria, “Modulation of traumatic brain
injury using progesterone and the role of glial cells on its
neuroprotective actions,” Journal of Neuroimmunology, vol. 237,
no. 1-2, pp. 4–12, 2011.

[23] C. L. Gibson, B. Coomber, and J. Rathbone, “Is progesterone
a candidate neuroprotective factor for treatment following
ischemic stroke?” Neuroscientist, vol. 15, no. 4, pp. 324–332,
2009.

[24] J. S. Janowsky, “e role of androgens in cognition and brain
aging in men,” Neuroscience, vol. 138, no. 3, pp. 1015–1020,
2006.



ISRN Neurology 7

[25] T. M. Beer, L. B. Bland, J. R. Bussiere et al., “Testosterone loss
and estradiol administration modify memory in men,” Journal
of Urology, vol. 175, no. 1, pp. 130–135, 2006.

[26] S. H. Yang, E. Perez, J. Cutright et al., “Testosterone increases
neurotoxicity of glutamate in vitro and ischemia-reperfusion
injury in an animal model,” Journal of Applied Physiology, vol.
92, no. 1, pp. 195–201, 2002.

[27] J. W. Gatson and M. Singh, “Activation of a membrane-
associated androgen receptor promotes cell death in pri-
mary cortical astrocytes,” Endocrinology, vol. 148, no. 5, pp.
2458–2464, 2007.

[28] J. Cheng, N. J. Alkayed, and P. D. Hurn, “Deleterious effects
of dihydrotestosterone on cerebral ischemic injury,” Journal
of Cerebral Blood Flow and Metabolism, vol. 27, no. 9, pp.
1553–1562, 2007.

[29] Y. Pan, H. Zhang, A. B. Acharya, P. H. Patrick, D. Oliver, and
J. E. Morley, “Effect of testosterone on functional recovery in a
castrate male rat stroke model,” Brain Research, vol. 1043, no.
1-2, pp. 195–204, 2005.

[30] S. H. Yang, R. Liu, Y. Wen et al., “Neuroendocrine mechanism
for tolerance to cerebral ischemia-reperfusion injury in male
rats,” Journal of Neurobiology, vol. 62, no. 3, pp. 341–351, 2005.

[31] S. M. Meusburger and J. R. Keast, “Testosterone and nerve
growth factor have distinct but interacting effects on structure
and neurotransmitter expression of adult pelvic ganglion cells
in vitro,” Neuroscience, vol. 108, no. 2, pp. 331–340, 2001.

[32] E. Ahlbom, “Androgen treatment of neonatal rats decreases
susceptibility of cerebellar granule neurons to oxidative stress
in vitro,” European Journal of Neuroscience, vol. 11, no. 4, pp.
1285–1291, 1999.

[33] E. Ahlbom, G. S. Prins, and S. Ceccatelli, “Testosterone protects
cerebellar granule cells from oxidative stress-induced cell death
through a receptor mediated mechanism,” Brain Research, vol.
892, no. 2, pp. 255–262, 2001.

[34] J. Hammond, �. Le, C. Goodyer, M. Gelfand, M. Tri�ro, and
A. LeBlanc, “Testosterone-mediated neuroprotection through
the androgen receptor in human primary neurons,” Journal of
Neurochemistry, vol. 77, no. 5, pp. 1319–1326, 2001.

[35] C. J. Pike, “Testosterone attenuates 𝛽𝛽-amyloid toxicity in cul-
tured hippocampal neurons,” Brain Research, vol. 919, no. 1, pp.
160–165, 2001.

[36] V. Chisu, P. Manca, G. Lepore, S. Gadau, M. Zedda, and V.
Farina, “Testosterone induces neuroprotection from oxidative
stress. Effects on catalase activity and 3-nitro-L-tyrosine incor-
poration into 𝛼𝛼-tubulin in a mouse neuroblastoma cell line,”
Archives Italiennes de Biologie, vol. 144, no. 2, pp. 63–73, 2006.

[37] A. Caruso, V. Di Giorgi Gerevini, M. Castiglione et al., “Testos-
terone ampli�es excitotoxic damage of cultured oligodendro-
cytes,” Journal of Neurochemistry, vol. 88, no. 5, pp. 1179–1185,
2004.

[38] C. J. Pike, T. V. V. Nguyen, M. Ramsden, M. Yao, M. P. Murphy,
and E. R. Rosario, “Androgen cell signaling pathways involved
in neuroprotective actions,”Hormones and Behavior, vol. 53, no.
5, pp. 693–705, 2008.

[39] J. T. Lang and L. D. McCullough, “Pathways to ischemic
neuronal cell death: are sex differences relevant?” Journal of
Translational Medicine, vol. 6, article 33, 2008.

[40] A. Vakili, F. Hosseinzadeh, and T. Sadogh, “Effect of
aminoguanidine on post-ischemic brain edema in transient
model of focal cerebral ischemia,” Brain Research, vol. 1170, pp.
97–102, 2007.

[41] B. Sun, L. Chen, X. Wei, Y. Xiang, X. Liu, and X. Zhang,
“eAkt/GSK-3𝛽𝛽 pathwaymediates �urbiprofen-induced neu-
roprotection against focal cerebral ischemia/reperfusion injury
in rats,” Biochemical and Biophysical Research Communications,
vol. 409, no. 4, pp. 808–813, 2011.

[42] H. Ji, J. Miao, X. Zhang et al., “Inhibition of sonic hedge-
hog signaling aggravates brain damage associated with the
down-regulation of Gli1, Ptch1 and SOD1 expression in acute
ischemic stroke,” Neuroscience Letters, vol. 506, no. 1, pp. 1–6,
2012.

[43] R. Noor, C. X. Wang, and A. Shuaib, “Hyperthermia masks the
neuroprotective effects of tissue plaminogen activator,” Stroke,
vol. 36, no. 3, pp. 665–669, 2005.

[44] R. A. Swanson, M. T. Morton, G. Tsao-Wu, R. A. Savalos,
C. Davidson, and F. R. Sharp, “A semiautomated method for
measuring brain infarct volume,” Journal of Cerebral Blood Flow
and Metabolism, vol. 10, no. 2, pp. 290–293, 1990.

[45] M. Uchida, J. M. Palmateer, P. S. Herson, A. C. DeVries, J.
Cheng, and P. D. Hurn, “Dose-dependent effects of androgens
on outcome aer focal cerebral ischemia in adult male mice,”
Journal of Cerebral Blood Flow and Metabolism, vol. 29, no. 8,
pp. 1454–1462, 2009.

[46] W. Zhu, L. Wang, L. Zhang et al., “Iso�urane preconditioning
neuroprotection in experimental focal stroke is androgen-
dependent in male mice,” Neuroscience, vol. 169, no. 2, pp.
758–769, 2010.

[47] L. L. Jeppesen, H. S. Jørgensen, H. Nakayama, H. O. Raaschou,
T. S. Olsen, and K. Winther, “Decreased serum testosterone in
men with acute ischemic stroke,” Arteriosclerosis, rombosis,
and Vascular Biology, vol. 16, no. 6, pp. 749–754, 1996.

[48] T. J. K. Toung, R. J. Traystman, and P. D. Hurn, “Estrogen-
mediated neuroprotection aer experimental stroke in male
rats,” Stroke, vol. 29, no. 8, pp. 1666–1670, 1998.

[49] R. Orlando, A. Caruso, G. Molinaro et al., “Nanomolar con-
centrations of anabolic-androgenic steroids amplify excito-
toxic neuronal death in mixed mouse cortical cultures,” Brain
Research, vol. 1165, no. 1, pp. 21–29, 2007.

[50] Y. Zhang, N. Champagne, L. K. Beitel, C. G. Goodyer,M. Tri�ro,
and A. LeBlanc, “Estrogen and androgen protection of human
neurons against intracellular amyloid 𝛽𝛽1-42 toxicity through
heat shock protein 70,” Journal of Neuroscience, vol. 24, no. 23,
pp. 5315–5321, 2004.

[51] C. A. Berrevoets, A. Umar, and A. O. Brinkmann, “Antiandro-
gens: selective androgen receptor modulators,” Molecular and
Cellular Endocrinology, vol. 198, no. 1-2, pp. 97–103, 2002.

[52] B. Haendler and A. Cleve, “Recent developments in antiandro-
gens and selective androgen receptor modulators,” Molecular
and Cellular Endocrinology, vol. 352, no. 1-2, pp. 79–91, 2012.

[53] T. V. V. Nguyen, M. Yao, and C. J. Pike, “Flutamide and
cyproterone acetate exert agonist effects: induction of androgen
receptor-dependent neuroprotection,” Endocrinology, vol. 148,
no. 6, pp. 2936–2943, 2007.

[54] C. I. Wong, W. R. Kelce, M. Sar, and E. M. Wilson, “Androgen
receptor antagonist versus agonist activities of the fungicide
vinclozolin relative to hydroxy�utamide,”e Journal of Biolog-
ical Chemistry, vol. 270, no. 34, pp. 19998–20003, 1995.

[55] L. M. Garcia-Segura, “Aromatase in the brain: not just for
reproduction anymore,” Journal of Neuroendocrinology, vol. 20,
no. 6, pp. 705–712, 2008.



8 ISRN Neurology

[56] H. V. O. Carswell, A. F. Dominiczak, L. M. Garcia-Segura, N.
Harada, J. B. Hutchison, and I. M. Macrae, “Brain aromatase
expression aer experimental stroke: topography and time
course,” Journal of Steroid Biochemistry and Molecular Biology,
vol. 96, no. 1, pp. 89–91, 2005.

[57] L. Zhou, N. Lehan, U. Wehrenberg et al., “Neuroprotection by
estradiol: a role of aromatase against spine synapse loss aer
blockade of GABAA receptors,” Experimental Neurology, vol.
203, no. 1, pp. 72–81, 2007.

[58] A. Arboix, E. Comes, L. García-Eroles, J. B. Massons, M.
Oliveres, and M. Balcells, “Prognostic value of very early
seizures for in-hospital mortality in atherothrombotic infarc-
tion,” European Neurology, vol. 50, no. 2, pp. 78–84, 2003.


