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Increasing evidence suggests that inflammatory response
may be a critical component of different brain patho-
logies. However, the role played by this reaction is not
fully understood. The present findings suggest that neu-
roinflammtory mediators such as cytokines may be in-
volved in a number of key steps in the pathological cas-
cade of events leading to neuronal injury. This hypoth-
esis is strongly supported by experimental and clinical
observations indicating that inhibition of the inflam-
matory reaction correlates with less neuronal damage.
Estrogens are thought to play a role in the sex difference
observed in many neurological diseases with inflam-
matory components including stroke, Alzheimer’s and
Parkinson’s diseases, multiple sclerosis, or amyotrophic
lateral sclerosis. Clinical and experimental studies have
established estrogen as a neuroprotective hormone in
these diseases. However, the exact mechanisms involved
in the neuroprotective effects of estrogens are still un-
clear. It is possible that the beneficial effects of these
hormones may be dependent on their inhibitory activ-
ity on the inflammatory reaction associated with the
above-mentioned brain pathologies. Here, we review
the current clinical and experimental evidence with re-
spect to the inflammation-modulating effects of estro-
gens as one potential explanatory factor for sexual dimor-
zphism in the prevalence of numerous neurological
diseases.
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Introduction

A large body of evidence has shown that the brain is capa-
ble of sustaining an immune response to injury and pathol-
ogy (1–3). The inflammatory reaction in the central nervous

system (CNS) varies depending on the brain region and
nature of injury; however, glial activation and infiltration
of circulating immune cells is typically observed. Inflamma-
tory processes within the CNS are stimulated and enhanced
by inflammatory mediators—mainly by pro-inflammatory
cytokines (4–7). In response to neuronal insults, cytokines
are produced mainly by activated glial cells and function to
stimulate inflammation and may induce neuronal death
or possibly act as trophic factors. Depending on the phase
and extent of injury, a wide range of cytokines is produced
and, what is more important, various concentrations of the
same cytokine may have detrimental and beneficial effect
on neurons (8–10).

The precise role of the neuroinflammatory reaction in
the brain is not fully clear. An important feature of this
reaction is the first line of defense providing rapid detec-
tion and elimination of pathological changes in the CNS.
However, an excessive or chronic inflammatory response
can also be a source of additional neuronal injury (11,12).
Several lines of evidence suggest that neuroinflammation
might contribute to the cascade of events leading to neuro-
nal dysfunction and loss and that this immune phenomenon
could be integral to mechanisms of different neuropathol-
ogy progression (13–15).

It has been well established that the increased levels of
inflammatory mediators, such as cytokines, have been syn-
thesized at the sites of neurodegeneration in several dis-
orders including cerebrovascular stroke (3,16), Alzheimer’s
and Parkinson’s diseases (AD, PD) (1,7,17,18), multiple scle-
rosis (MS) (19,20), or amyotrophic lateral sclerosis (ALS)
(21). It is now generally believed that neuroinflammatory
processes, including excessive pro-inflammatory cytokine
production, may contribute to the pathogenesis, clinical
onset, and progression of these devastating neurological dis-
orders. This hypothesis is supported by clinical and experi-
mental observations indicating that inhibition of the neuro-
inflammation correlates with less neuronal degeneration
(22,23). Therefore, steroidal and nonsteroidal anti-inflam-
matory drugs are considered promising therapeutic inter-
ventions for a number of neurodegenerative disorders, such
as AD and PD (7,24,25).
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It is well known that the immune response is under the
control of numerous endogenous factors including specific
sex hormones, such as estrogens (principally 17β-estradiol)
(26,27). Both in vivo and in vitro studies have confirmed
the influence of these sex steroids on immune function and
inflammatory processes in the brain, but the mechanisms
involved are not completely understood. Several studies
have established that estrogens decrease production of both
cellular and molecular factors of neuroinflammatory reac-
tion (28,29) thus blocking two crucial events that sustain
the progression of the neurodegenerative diseases.

A large number of observations indicate that this hor-
monal factor provides a plausible candidate to explain a
naturally occurring sexual dimorphism in the prevalence of
the above-mentioned CNS disorders with neuroinflamma-
tory components (30–33). These findings have led to the
proposal that the anti-inflammatory action of estrogen may
represent an important mechanism underlying the neuro-
protective effects exerted by estrogens in so many diverse
neurological diseases. Thus better understanding the influ-
ence of estrogens on immune-mediator expression, among
which cytokines play a prominent role, may clarify the gen-
der difference in the susceptibility to these diseases.

Potential Mechanisms
of Estrogen–Cytokine Interactions

Accumulating evidence from experimental and clinical
studies has indicated that estrogens might influence the
production or bioactivity of pro-inflammatory cytokines,
such as TNFα, IL-1, and IL-6 (34–36). It has been shown
that estrogen depletion either after menopause in women or
ovariectomy in female rats induces the pro-inflammatory
cytokine production from peripheral blood monocytes and
bone marrow cells (37,38). Estrogen treatment conversely
suppresses such cytokine synthesis (39). Furthermore, in
vitro, estrogens directly attenuate endotoxin-induced TNFα
expression in cortical glial cultures (40). Another example
indicates that estrogens also increase IL-10 while decreas-
ing TNFα and IFNγ release from resting and LPS-stimu-
lated N9 murine microglia cells (41). However, the ability
of estrogens to repress cytokine gene induction may vary
with the tissue.

Many of these immunosuppressive effects of estrogens
are generally dependent on the presence of “classical” estro-
gen receptors (ERs) in the nuclei or cytoplasm, through
which estrogens may alter the expression of estrogen-respon-
sive genes. However, it is likely that estrogens use diverse
signaling pathways to produce their anti-inflammatory prop-
erties. Thus, the nature of the estrogen–cytokine interaction
mechanisms is highly complicated and not well understood.

Estrogen receptors have been detected not only in clas-
sical reproductive tissue, but also in immune cell popula-
tions, including lymphocytes, monocytes, and macrophages
and even within brain glial cells (42). Indeed, several expe-

rimental reports have demonstrated the presence of ERs in
various populations of microglia and astrocytes (43,44).
These receptors are classified into two forms, ERα and
ERβ, transcribed from two distinct genes. However, it is
still unclear which receptor subtype is directly involved in
estrogen-mediated neuroimmunosuppression.

The ERs belong to a large family of proteins—ligand-
activated transcription factors—which regulate gene expres-
sion in target cells (45,46). Upon binding to the ligand, ERs
dissociate from the complexes with Hsp and the receptors
dimerize. The activated ER dimer binds to the specific DNA
sequences known as estrogen response elements (ERE) pres-
ent in the promoter regions of estrogen-responsive genes,
and influence the rate of gene transcription. The ERE have
been identified in the promoter region of multiple genes.

Putative Estrogen Receptor–Meditated Signaling
Pathways Involved in Pro-inflammatory Cytokine
Gene Expression

It is known that the promoters of the pro-inflammatory
cytokines, such as IL-1, IL-6, and TNF-α, lack a classical
ERE; thus, it was postulated that estrogen-dependent inhi-
bition of transcription occurs without a physical interac-
tion of the ERs with the pro-inflammatory gene promoters
(47). However, ERE has been mapped to the 5' flanking
sequence of IFNγ (48). The exact molecular mechanisms
by which estrogens interfere with cytokine gene activity
are still not completely clear; however, they likely include
interactions of the ERs with other transcription factors.

Mutational analysis revealed the existence of the AP-1
(activator protein-1) binding sites in the promoter of TNFα
gene, suggesting that AP-1 is a critical regulator of expres-
sion this cytokine (49,50). However, it has been speculated
that TNFα gene expression may also be regulated by NF-κB
nuclear factor (51).

It was recently reported that estrogens modulate AP-1–
dependent gene expression without binding to either DNA
or AP-1 proteins. In this regard, much evidence suggests
that estrogens decrease upstream regulators of AP-1 expres-
sion. Indeed, the sex steroids decrease Jun NH2-terminal
kinase (JNK) activity and diminish the phosphorylation
rate of c-Jun and JunD at their NH2 termini. Thus, a con-
secutive decline is evident in the ability of these nuclear pro-
teins to autostimulate the expression of c-Jun and JunD
genes. This downregulation in the nuclear levels of c-Jun
and JunD leads to decreased binding of c-Jun/cJun and
JunD/cFos heterodimers to the AP-1 consensus sequence
in the TNFα promoter and subsequent decreased transacti-
vation of this cytokine gene (49). It may also be speculated
that estrogens could also repress the TNF-α promoter by
disrupting the interaction between AP-1 and NF-κB.

ERβ seems to be more potent than ERα at repressing the
TNFα gene expression. While it seems likely that ERβ
may function predominantly as a transcriptional repressor,
ERα is more effective at activating ERE (52). Selective
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transcriptional activity by ERα and ERβ together with inter-
actions between the ER/coactivator complex and transcrip-
tion factors may explain the tissue-specific effects of estro-
gen on cytokine expression.

It has been well documented that estrogens can modulate
IL-6 gene expression and that this effect is largely controlled
by NF-κB (53–55). NF-κB normally exists in the cyto-
plasm, complexed to inhibitory binding proteins (IκBs) and
remains inactive. Numerous signals, including cytokines,
lead to activation of IκBs. Upon stimulation, IκBs are phos-
phorylated by cytokine-responsive IκB kinases or other pro-
tein kinases. Phosphorylation of IκBs leads to its proteasome-
mediated degradation, which in turn enables dimeric NF-κB
transcription factors to translocate to the nucleus where they
bind to specific DNA sequences in target genes (56).

Many groups have shown that both ERα and ERβ have
an inhibitory effect on NF-κB activity, by various mecha-
nisms, which generally depend on the specific stimulus or
cell types. Although some studies have suggested a direct
binding interaction between ER and NF-κB, recent studies
also suggest multiple indirect interactions (57). ERs could
interact directly with NF-κB to inhibit its ability to bind to
the IL-6 promoter (53). The association between ER and NF-
κB may introduce conformational changes in both proteins
that lead to the inability to bind DNA. Alternatively, this co-
operation may result in the formation of inactive complexes
on the DNA by preventing the interaction with essential
cofactors or the basal transcriptional machinery. Inhibition
of NF-κB activity by estrogens has been also attributed to
stabilization of IκBα (58). For example, IκBα levels are in-
creased by estrogens in HeLa cells overexpressing ERβ (59).

Estrogen-mediated inhibition of IL-6 expression has been
independently observed in cells that only express ERα or
ERβ, suggesting that both ERs are capable of down-regulat-
ing NF-κB signaling to the IL-6 gene upon activation (60).

At present, there are no data to support any specific molec-
ular mechanism for the direct suppressive effect of estro-
gens on IL-1 gene expression. NF-κB is a potent regulator
of IL-1 gene transcription, which raises the possibility that
suppression of IL-1 gene expression by the sex hormone
may be executed by a similar mechanism to that implied in
the suppression of IL-6 gene expression (61). Interestingly,
it has been demonstrated that estrogens specifically regu-
late IL-1 receptor subtype expression in human osteoclast-
like cells (hOCL cells) in such a way as to diminish their
biologic responsiveness to IL-1 (62). Two distinct IL-1
receptors are known: type I (IL-1RI) that mediates cellular
responses to IL-1, and the type II or decoy (IL-1RII) that
also binds IL-1, but lacks an intracellular domain and does
not initiate signal transduction. It is known that the pro-
moter of IL-1RI also contains an NF-κB response element
that may mediate IL-1RI mRNA downregulation by estro-
gens (63). Less is known about regulatory elements, includ-
ing potential ER responsive sites, within the IL-1RII pro-
moter (64). It is evident that soluble IL-1RII is elevated in

the serum of patients with inflammatory diseases and binds
IL-1β with high affinity, thereby functioning as an endog-
enous anti-inflammatory suppressor of IL-1 action (62). It is
established that soluble IL-1RII protein released by hOCL
cells declines as the age of the female donor increases and
rises in response to estrogens. Moreover, increased IL-1RII
levels correlated with decreased responsiveness of hOCL
cells to IL-1 (62). Therefore, by this novel pathway, estro-
gens may help inhibit inflammatory responses by modulat-
ing IL-1RII levels.

Recent evidence also suggests that estrogens might restrict
the production of pro-inflammatory cytokines by decreased
microglial expression of costimulatory molecules, such as
CD40. This molecule, belonging to the TNF/nerve growth
factor superfamily of receptors, is expressed by a wide vari-
ety of cells including microglia, macrophages, and B-cells.
It is well known that activation of the signaling pathway
through CD40 in activated microglial cells stimulates the
release of numerous pro-inflammatory cytokines, such as
IL-1, IL-6, or TNF by these cells (41).

It is also known that ERs interact with the basal transcrip-
tional machinery through complex interactions with other
transcription factors and with identified coactivators, which
also remodel chromatin. ERs can also act through less well-
characterized nongenomic mechanism-membrane, namely,
by membrane-associated ERs (pmER). Estrogens bind to a
pmER and signal second messenger cascade [i.e., mitogen-
activated protein kinase (MAPK)], leading to phosphoryla-
tion of transcription factors (65). For example, 17β-estra-
diol has been shown to activate several MAPK signaling,
including p42/44 MAP kinase. It is evident that this path-
way could be important for estrogen-mediated anti-inflam-
matory action in cultured microglia (66). This type of action
of estrogens enhances transcription of genomic DNA, and
might explain how estrogen can modulate genes without
known consensus EREs.

In conclusion, the mechanisms underlying estrogen–cyto-
kine molecular interactions have been discussed but are
only partially understood. Future research will be devoted
toward understanding which of these molecular mechanisms
holds true for the ER-related anti-inflammatory action of
estrogen.

Cytokines and Gender in Neurological Diseases

Parkinson’s Disease

The major pathologic feature of PD is a progressive loss
of dopamine (DA)–producing neurons of the substantia
nigra (SN), resulting in a reduction of the DA level in the
striatum (67).

Both epidemiological and clinical reports indicate a
positive role for estrogen use in PD. The potential for estro-
gens to act as a neuroprotectant of the dopaminergic system
may be related to the epidemiological reports that show a
sex difference in PD. Parkinson’s disease demonstrates a
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male predominance, the average standardized ratios of
female to male are 1:3.5 for prevalence studies (30). Epi-
demiological evidence suggests that postmenopausal estro-
gen therapy may be associated with reduced risk of PD in
women (68). Withdrawal of estrogen supplementation in post-
menopausal women exacerbates Parkinson-related symp-
toms in the case of early onset PD, which is ameliorated by
estrogen replacement (69,70). Estrogen therapy has been
associated with improved cognitive functioning and a re-
duced risk of dementia in women with PD (68). PD was also
significantly associated with a fertile life length shorter than
36 years (71).

Sex-specific effects have been also described in animal
models of PD. Male mice have shown stronger DA deple-
tion post 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) intoxication than female mice (72). Furthermore,
estrogen exposure yields a reduction of the degree of the
DA depletion resulting from treatment with the neurotoxin
MPTP (73,74).

Thus, these findings support the hypothesis that endog-
enous and exogenous estrogens play an important role in the
predisposition to PD and in the development of this dis-
ease, as well as in neurotoxin-induced dopaminergic neuro-
degeneration. However, the role of estrogens in this neuro-
pathological process remains unresolved.

Although the cause of death of the dopaminergic neu-
rons is still unknown, cytokines are thought to contribute
to the development of the disease. Increased number of
glial cells expressing the pro-inflammatory cytokines have
been reported within the nigrostratial regions of patients
with PD (75,76). It seems likely that the chronic excessive
production of these pro-inflammatory cytokines may have
deleterious effects upon dopaminergic functioning and
subsequent motor behaviors. However, the possibility that
these cytokines have a neuroprotective effect cannot be ex-
cluded. For example, elevated levels of IL-6 were found in
the cerebrospinal fluid (CSF) and had an inverse correla-
tion between severity of PD (77). Thus, it was suggested
that, at early stages of the degenerative process, an upreg-
ulation of endogenous IL-6 synthesis occurs in order to
regenerate lesioned neurons (77). Such a proposition is
certainly consistent with the high degree of plasticity attrib-
uted to dopaminergic neurons and the neurotrophic actions
often promoted by IL-6.

Immunohistochemical studies showed an increase of IFNγ
expression in nigral astrocytes of patients with PD (78).
IFNγ is mainly derived from T cells. However, the data
from the last decade suggest that under certain conditions
IFNγ can be produced in the brain. IFNγ mRNA expression
has been detected in human neurons as well as in microglia
and astrocytes. Expression of IFNγ in PD is an interesting
subject, because this cytokine might play an important role
in both neural tissue repair and injury (79,80). Epidemio-
logic evidence suggests that an increase of IFNγ concentra-

tion in the brain of patients with PD might be a compensa-
tory response (81,82).

Similar to clinical observations, mice subjected to the
dopaminergic toxin MPTP displayed inflammatory alter-
ations within the CNS including increased levels of pro-
inflammatory cytokines—TNFα, IFNγ, IL-6, or IL1β (83).
In 6-hydroxydopamine (6-OHDA) lesioned rats, another
well-established animal model of PD, pro-inflammatory
cytokines were also found to be enhanced both in the stria-
tum and in the SN (84).

As mentioned earlier, PD demonstrates a male predomi-
nance, although the reason for gender bias in PD and MPTP-
induced nigrostriatal degeneration is still unclear. Focusing
on inflammatory reactions, one of the hypotheses to explain
the significance of gender-induced effects on degenerative
processes in the nigrostriatal pathways may result from a
link between this risk factor and the inflammatory processes.

However, the clinical evidence for gender-related dif-
ference in the immune reaction observed in PD is still un-
known. Therefore, for the first time, in our study, we aimed
to determine whether gender and age could influence pro-
cytokine IL-6, TNFα, IFNγ, IL-1β mRNA expression in a
murine model of PD (85). The levels of these cytokine
mRNAs were measured by RT-PCR in the striatum of male
and female C57BL/6 mice (3 and 12 mo old) after 6 h as
well as 1, 3, 7, 14, 21 d post-MPTP intoxication.

In the case of TNFα, in young and aged male mice,
enhanced gene expression for this cytokine was observed
as early as 6 h with peak at 24 h post-MPTP intoxication
(Fig. 1A). In contrast, in female mice we did not observe a
significant increase in the TNFα mRNA expression at 6 h
post-intoxication. However, similar to what is seen in male
mice, the maximum TNFα expression occurred the first day
post-intoxication in both ages of female mice (Fig. 1B). In
the case of IL-1β in male mice, the expression of mRNA for
this cytokine reached its peak 24 h post-intoxication (Fig.
2A), whereas in female mice at 3 d time point (Fig. 2B). We
noted that the enhancement of TNFα and IL-1β mRNA
expression was higher in old than in young intoxicated male
as well as female mice. Our data demonstrate that the early
increase in the transcriptional activity of TNFα and IL-1β
genes coincided with the cascade of dopamine depletion
after MPTP intoxication both in young and aged male as
well as in female mice. These results are consistent with pre-
vious studies indicating a crucial role of TNFα and IL-1β
in setting the cytokine network and development of the
neurodegenerative processes in nigrostriatal pathway post-
intoxication (83,86,87). We demonstrated that induction of
mRNA TNFα and IL-1β in male preceded the induction of
the expression for these cytokines in females. Although the
genesis of the delay in IL-1β peak and the late induction of
mRNA for TNFα in female vs male mice remains unclear,
these gender-related differences could be explained by the
influence of estrogens.



Gender Differences in Neurological Disease / Czlonkowska et al.Vol. 29, No. 2 247

Similar to TNFα and IL-1β, the kinetics of IL-6 gene
expression after MPTP intoxication were gender-depen-
dent. Specifically, although IL-6 mRNA was increased in
both sexes, the effect was modestly greater in aged females
than in aged males. Likewise, advanced age of mice of both
sexes was associated with higher IL-6 mRNA expression
following MPTP. However, the age-dependent increase
was much more marked in female animals than males and
this gender effect persisted across the entire 21-d sampling
period (Figs. 3A,B). Recent studies indicate that this cyto-
kine may have neuroprotective effects on nigrostriatal dopa-
aminergic regions. For instance, Bolin et al. reported in-
creased sensitivity of dopaminergic neurons to neurotoxic
agents in the absence of IL-6 (88), indicating a neuroprotec-
tive role for endogenous levels of the cytokine in the injured
nigrostriatal system. It is possible that IL-6 expression in
the aged brain still maintains neuroprotective functions, thus
the endogenous upregulation of this cytokine in oldest mice
suggests that the brain may have compensatory mechanisms
that protect against neurodegenerative process in nigrostri-
atal system. Thus, this gender skewing in IL-6 expression
observed in aged mice could offer an intriguing way to ex-
plain the marked gender differences in neurodegenerative
responses to MPTP and other neurotoxins.

In our study we also observed significant MPTP-induced
rapid increase in IFNγ mRNA expression with peak levels
at 24 h after intoxication in aged and young male mice.
However IFNγ increase was more prominent in young male

mice at the 6 h time-point (Fig. 4A). Surprisingly, at the
seventh day post-intoxication we again observed upregu-
lation of the mRNA transcripts for IFNγ but only in aged
male mice. In contrast to male mice, where increased IFNγ
mRNA levels were already detected at early time-points, in
female mice this was observed at later time-points (Fig. 4B).
In young and aged female mice, the mRNA level for IFNγ
was significantly elevated at d 7 post-intoxication, and it was
sustained in young mice, whereas it was reduced in old fe-
male mice. The genesis of the late expression of IFNγ mRNA
in female and aged male remained unclear, but previous
studies could offer an explanation. Kurkowska-Jastrzebska
et al. (4) have observed an influx of CD4+ and CD8+ T-
cells into the SN and striatum between 3 and 14 d, with
peak at d 7 post-MPTP intoxication. These results suggest
that the second wave of IFNγ expression in aged male and
increased levels of IFNγ mRNA during the later stages in
female mice may be derived from these infiltrated T lym-
phocytes. Although not examined here, sex-related and
age-related differences in recruitment and infiltration of
peripheral T lymphocytes into nigrostriatal system may
exist. The role of this cytokine in MPTP-induced degen-
eration is poorly understood and requires further investiga-
tion. IFNγ has been established as a strong immunological
activator of microglia both in vitro and in vivo (89). Thus,
the early induction of IFNγ mRNA post-MPTP intoxica-
tion in male mice is probably related to activation of micro-
glial cells. On the other hand, it cannot be excluded that the

Fig. 1. TNF-α mRNA levels in the striatum of C57BL/6 young and old male (A) and young and old female (B) mice at control and 6
h; 1, 3, 7, 14, 21 d after MPTP intoxication.

c
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Fig. 2. IL-1β mRNA levels in the striatum of C57BL/6 young and old male (A) and young and old female (B) mice at control and 6 h;
1, 3, 7, 14, 21 d after MPTP intoxication.

Fig. 3. IL-6 mRNA levels in the striatum of C57BL/6 young and old male (A) and young and old female (B) mice at control and 6 h;
1, 3, 7, 14, 21 d after MPTP intoxication.

extended production of IFNγ mRNA post-MPTP intoxica-
tion observed in female mice could be a beneficial media-
tor of neuroprotective mechanisms.

Taken together our data suggest a gender skewing of the
investigated pro-inflammatory gene expression profiles in
striatum by MPTP injection. These observations suggest that
estrogens may be responsible, in part, for the altered produc-

tion of these cytokines in female and male animals. Although
it is tempting to suggest that a gender bias toward inflam-
matory-type responses may explain the marked gender dif-
ferences in neurodegenerative responses to neurotoxins, it
remains to be determined if differences of TNFα, IL-6,
IFNγ, and IL-1β mRNA expression underlie such effects.
Future research will define more clearly the role of inflam-
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matory cytokines in gender differences in Parkinson’s dis-
ease and the role of the sex hormones in immune response
regulation observed in this disease.

Alzheimer’s Disease

Epidemiologic data show a predisposition of women to
develop AD. Women suffer 1.6–3 times more than men
(90). One hypothesis used to explain the gender bias of a
higher risk of AD in women is that women are generally
living longer than men. It has been calculated that women
older than 50 yr of age comprise a major portion of the
total population of any country in the modern western
world. Because 90% of cases of AD develop after 65 yr of
age, it may be the clue for women’s increased risk of the
disease.

However, it was shown that among patients with diag-
nosed AD women have more pathological changes (e.g.,
neurofibrillary tangles) in the brain than men, although no
sex difference in clinical manifestations of the disease was
found. Additionally, similar AD changes in the brain were
more clinically expressed as dementia in women than in
men (91).

The risk of AD increases with age for both sexes, but a
decline of estrogen is related to increased risk of the disease
in post-menopausal women (90). In the Baltimore longitu-
dinal study of aging, woman taking estrogen replacement
therapy (ERT) were less likely to develop AD compared to
those who did not have hormonal replacement (92). Addi-
tionally, women taking replacement therapy showed im-
proved performance in psychometric tests (93). A prospective
study of aging and health in a New York City community

showed also that a use of estrogen in postmenopausal woman
may delay the onset and decreased the risk of AD (90).
Several studies indicated that ERT increases performance
in some memory/cognition tests in AD patients (94–96) but
also showed that did not prevent cognitive decline in women
with mild to moderate AD (97,98). Unexpectedly, the
Women’s Health Initiative (WHI) Memory Study reported
an increase in risk for probable dementia and impaired
cognitive performance in postmenopausal women older than
65 yr treated with estrogen alone or estrogen with proges-
tin (99). The controversial results regarding estrogen replace-
ment therapy have lead to investigation of other hormones
of the hypothalamus–pituitary–gonadal axis. Gonadotro-
pins, which are increased in the postmenopausal period and
capable of crossing the blood–brain barrier, are proposed
to play a crucial role in AD pathogenesis (100).

The probable mechanism for steroid hormones in AD is
postulated to influence the inflammatory reaction, which is
extremely important in AD pathology. The involvement of
immune mechanisms in the pathogenesis of AD has been
largely based on laboratory evidence of local up-regulation
of inflammatory cytokines (e.g., IL-1, IL-6, TNF), acute
phase proteins (e.g., α1-antitrypsin), activation of the com-
plement cascade and of accumulation of microglia in brain
regions damaged in AD (101). The pathogenesis of AD is
strictly connected with β-amyloid formation associated with
the deposition of plaques and neurofibrillary tangles. The
main cytokine involved in such β-amyloid and plaque for-
mation is believed to be interleukin-1 (IL-1), which pro-
motes microglial and astrocyte activation as well as amyloid
precursor protein production. IL-1 is highly expressed in

Fig. 4. IFNγ mRNA levels in the striatum of C57BL/6 young and old male (A) and young and old female (B) mice at control and 6 h;
1, 3, 7, 14, 21 d after MPTP intoxication.
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amyloid plaques and in regions of neurodegeneration in AD,
such as the cortex and hippocampus. IL-1 also promotes an
astrocytic overexpression of the S100 cytokine-like pro-
tein, the expression of which correlates with the degree of
neuritic pathology (102). Thus, it was suggested that IL-1
and S100 together contribute to β-amyloid plaque forma-
tion and evolution of neural lesions in AD (102). It is inter-
esting to note that IL-1 expression is induced in the brain
by head trauma and advanced age, which constitute impor-
tant risk factors of AD (103,104). Other cytokines promot-
ing inflammatory response, such as IL-6 and TNF-α, are
also elevated in the various brain structures of AD patients
as well as in the cerebrospinal fluid (101). In an animal
model of AD (transgenic mice carrying the mutation of APP
and of presenilin-1, A246E), it was shown that female mice
accumulate more amyloid deposits and at an earlier age
than male mice (105). This suggests that some dissimilarity
in inflammatory response in man and woman may thus play
a role in gender differences in prevalence of AD. However,
until now, no studies concerning the variation in cytokine
production and inflammatory response between male and
female in AD, have been performed.

Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis demonstrates a clear male
predominance (the ratio of man/woman is at every age more
than 1.6), although this difference in frequency between
genders diminishes with increasing age (106). The onset of
the disease is also earlier for men than for woman (106).

The pathogenesis of the disease is obscure, but as in other
neurodegenerative conditions the possible role of inflam-
mation is considered. Indeed, pro-inflammatory cytokines
are elevated in experimental models of ALS and in patients
suffering from the disease. For example, skin, serum, and
CSF levels of IL-6 were increased in the ALS patients (107,
108). Mice expressing mutant superoxide dismutase 1 (SOD-
1), the animal model for ALS, display a chronic expression
of IL-1 mRNA as well as increased expression of TNFα,
IL-6, IFNγ, and chemokine mRNA and proteins in the
spinal cord (109). Surprisingly, however, the lack of IL-1β
in knockout mice did not improve the extent of motor neu-
ron degeneration in this model (109). Several pro-inflam-
matory cytokine mRNAs are also upregulated in the spinal
cord of mutant SOD-1 rat, a novel model of ALS (110).
Additionally, microglia from SOD-1 transgenic mice have
increased cytotoxic activity during activation (e.g., release
more TNFα and less IL-6) as compared to microglia from
nontransgenic animals. Authors indicate that more cyto-
toxic microglia may be responsible for neuronal death in
this model (111).

The risk of ALS increases in women following meno-
pause, suggesting a clear role for sex hormones, such as
estrogen. Animal studies with transgenic mice overexpress-
ing the mutant human SOD-1 gene showed that female mice
have the onset of the disease later, and better respond to

exercise than males (112). Administration of genistein, a
phytoestrogen therapy, to male SOD-1 transgenic mice elim-
inated the sexual dimorphism of the disease, indicating its
dependence on sex hormones (113). Moreover, experimen-
tal studies showed that estradiol protects spinal motor neu-
rons from excitotoxic insults in vitro (114). However, the
replacement therapy did not show any positive effect in
women suffering from ALS. In fact, women who used estro-
gen had an earlier onset of the disease compared to those
not taking hormonal replacement. There was no difference
in survival time of those patients taking estrogen compared
to those not on the medication (115). Therefore, no clear
evidence of estrogen neuroprotection in ALS was found.

Multiple Sclerosis

Multiple sclerosis (MS) is an inflammatory demyelinat-
ing disorder of the CNS. MS is more common among woman
than man (female:male ratio about 2–3:1). The mechanism
underlying gender differences is unknown. However, the
dissimilarity in genetic predisposition between sexes and
gonadal hormone influence are involved in the increased
susceptibility of women to MS. There is evidence of gene-
tic predisposition of the disease and HLA-DR is a risk fac-
tor of developing MS in the Caucasian population (116–
118). HLA-DR2 and HLA-DR15 were shown to be more
frequent among female than male patients suffering from
MS, and the frequency decreases with age of diagnosis (119).
MS, besides more female frequency, shares many features
with other autoimmune diseases and clusters with Hashi-
moto’s thyroiditis and rheumatoid arthritis, diseases con-
nected with cell-mediated autoimmunity.

Many observations support the view that sex hormones
influence course and severity of the disease. For example,
pregnancy influences multiple sclerosis symptoms, with re-
mission in the third trimester of gestation, followed by exac-
erbation in the postpartum period (120). In addition, oral
contraceptives containing female sex hormones have been
associated with a lower risk of developing MS and decreased
disability (121).

MS, as its animal model, an experimental autoimmune
encephalomyelitis (EAE), is postulated to be partially in-
duced by Th1 autoimmune cells infiltrating the CNS. Many
studies showed that pregnancy protects animals from EAE
and estrogen administration suppress clinical EAE in mice
and rats (122). Recent studies have suggested that female
hormones may modulate EAE through direct effects on such
infiltrating T cells. It was reported that not only female
mice are more susceptible to EAE than their male counter-
parts, but also that the transfer of T cells from female mice
produce more severe disease in male recipients than trans-
fer of T cells from males (123).

The basis for a female predominance in autoimmune dis-
eases, such as MS, is likely related to the fact that relative to
men, women have more robust immune response and higher
absolute number of CD4+ lymphocytes during their repro-
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ductive years (124,125). Indeed, distinct immune activity
and responsiveness in males and females underlies many
gender differences in autoimmunity. For instance, rodent
studies provided evidence that after immunization, female
mice produce more antibodies and show more vigorous T-
cell activation than male mice. Under resting conditions,
females also produce more Th1-derived cytokines than men
(e.g., IFNγ, IL-12). Females are also more likely to develop
preferential Th1 responses to challenges with infectious
agents or antigens; however, during pregnancy, progester-
one typically promotes Th2 responses. Th1 cells secrete pro-
inflammatory cytokines and promote cell-mediated immune
response, whereas Th2 cells trigger antibody production.

IFN-γ and TNFα, cytokines that are characteristic of Th1-
type immune activation, have been shown to play an impor-
tant role in the pathogenesis of MS. Increased production
of IFNγ precedes clinical attacks of MS (126) and there is
evidence for differential IFNγ responses between males and
females. Physiological levels of sex hormones can regulate
the IFNγ promoter in lymphoid cells and can significantly
augment production of the cytokine from Con A–stimulated
spleen cells. This may account for the observation that
female mice produce higher levels of IFNγ after immune
stimulation than males (126,127). These gender discrepan-
cies are poorly understood. However, it seems likely that
the underlying sex differences in IFNγ secretion may be a
downstream consequence in IL-12 expression between the
male and female (127). In this respect, there is increasing
evidence supporting the role of IL-12 in pathogenesis of
MS and that this occurs through one of many mechanisms,
including induction of IFNγ.

The influence of estrogen upon regulation of APC (anti-
gen presenting cells)–dependent T-cell activation may be
of great importance in the development of MS (127). Indeed,
a link was demonstrated between sex steroids and APC-
dependent secretion of IL-12 and IL-10. APC derived from
males secreted IL-10, but not IL-12, during T-cell activa-
tion. However, female APCs displayed the reverse pattern
of cytokine secretion. Inhibition of IL-10 or castration of
male mice resulted in APC that preferentially secreted IL-
12 during T-cell activation (127). Furthermore, recent clini-
cal studies indicate that the percentage of TNFα-producing
CD3 positive cells was significantly higher in male than
female MS patients (126). These findings raise the possibil-
ity that gender differences in production of the pro-inflam-
matory cytokines, IL-12 and TNF-α and anti-inflammatory
cytokine IL-10, in response to T-cell activation may be
relevant in MS patients (128). However, in vitro studies
indicate that although sex hormones, such as estrogen, shift
T cells toward the Th2 phenotype, they do not increase Th2
cytokines production in the CNS and suppress EAE even
in IL-4– or IL-10–deficient mice (126,127).

Our studies failed to detect any effect of gender upon
cytokine secretion among MS patients. We studied 20 out-
patients (11 women and 9 men) with clinically definite relaps-

ing–remitting MS and a mean age of 37.9 yr (women, 36.8
yr; men, 39.2 yr). All patients received an intramuscular
injection of IFN-beta-1a once a week over the period of 2
yr. Cytokine-producing cells (monocytes, lymphocytes),
which were assayed before immunotherapy, displayed no
difference between male and female patients in the basal
expression of IL-4, IL-10, IL-12, and IFNγ. Correspond-
ingly, at 12 and 24 mo following initiation of immuno-
therapy with IFNβ, no statistically significant differences
between female and male populations were found (129).

One mechanism through which estrogen may influence
EAE or MS is downregulation of TNFα production (130).
Indeed, TNFα is considered a main deleterious cytokine
secreted by macrophages/microglia during early develop-
ment of sclerotic plaques. In particular, TNFα is toxic to
oligodendrocytes and neurons depending on the dose admin-
istered. It was shown that estrogen decreased macrophage-
derived production of this cytokine and of the oxidative
radical, nitric oxide. In addition to TNFα, 17β-estradiol
inhibited mRNA expression of the chemokines, RANTES,
MIP-1α, MIP-2, IP-10, and MCP-1 and chemokine recep-
tors CCR1, CCR2, and CCR5 during the acute phase and re-
covery during EAE. In contrast, ovariectomy, which dimin-
ishes basal 17β-estradiol levels, increased severity of EAE
and chemokine expression. 17β-estradiol also diminishes
TNFα and IFNγ expression in the spinal cords of mice sub-
jected to EAE (131). In conclusion, future investigations are
required to more clearly define the cytokine network respon-
sible for gender differences in MS pathology. Such infor-
mation would undoubtedly aid in understanding the role of
sex hormones in autoimmunological disease.

Ischemic Stroke (IS)

Gender Differences in IS Incidence

In general, stroke occurs about 5–10 yr later in women
than in men (132–136). IS incidence increases with age in
both sexes, with a doubling of stroke rates for each decade
after the age of 55 yr (136). Some studies addressing the
issue of gender in IS incidence revealed higher stroke inci-
dence in men than in women (133,136–140). Also, 5-yr
stroke recurrence rates for men were almost twice than for
women (140). Although in the American Heart Associa-
tion (AHA) study men had higher first stroke event than
women, even after adjustment for age (133), in some stud-
ies gender effects on IS incidence depended on women’s
age and hormonal status (141,142). Postmenopausal women
up to age 55 had increased risk of stroke compared with pre-
menopausal women at the same age (141). Among persons
aged above 85 yr, women had even higher IS incidence than
men (143). Concluding, women seem to be protected from
IS incidence but this effect is evident predominantly at the
premenopausal stage. So, possibly estrogen (E) action pre-
vents vascular events resulting in acute brain ischemia.

Ischemic cerebrovascular disease can be due to either
thromboembolism or the cerebral manifestation of gener-
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alized atherosclerosis. Thus, understanding why premeno-
pausal women are protected from IS requires an under-
standing of E actions on atherogenesis and thrombogenesis.
Known mechanisms for E action on these processes include
lipid lowering, preventing lipid peroxidation, vasodilata-
tion, and reduction of inflammation (144,145). An impor-
tant mechanism mediating estrogen action, preventing both
athero- and thrombogenesis, may be limitation of proinflam-
matory cytokine (PC) activities.

PC have potent actions upon pathology during athero-
and thrombogenesis. During atherogenesis, PC activities
mainly mediate the recruitment of blood monocytes to the
site of vascular injury, stimulate migration of smooth mus-
cle cells to the intima layer of the vessel wall, and, at more
advanced stages of atherosclerosis, increase possibility of
plaque rupture (146,147). PC are also able to stimulate intra-
vascular coagulation (146–148).

Estrogen–Cytokines–Atherogenesis. Until now only
few studies have been published aimed at establishing estro-
gen influence on cytokine response during atherogenesis.
Sukovich et al. demonstrated that interleukin-6 (IL-6) mRNA
expression and protein production in the aortic rings of IL-
6+/+/APOE−/− male mice positively correlated with a total
lesion area. Estradiol treatment in these animals resulted in
a 50% reduction of IL-6 secretion from aortic tissue seg-
ments. The authors concluded that possibly the suppression
of IL-6 by E may contribute to the antiatherosclerotic mech-
anism of this ovarian steroid hormone (149). However, in
another study E supplementation was associated with sig-
nificantly reduced fatty streak formation both in wild-type
IL-6+/+ and in IL-6-knockout animals (150). So, possibly
IL-6 gene expression does not directly mediate the preven-
tion of fatty streak formation induced by E. Another study
revealed that interferon-γ (IFN-γ) deficiency, evoked by
the IFN-γ gene knockout, resulted in markedly decreased
atherosclerocitc lesion formation in male apolipoprotein
E-deficient (APOE−/−) mice. These animals had also signif-
icantly reduced the number of T lymphocytes and MHC
class II–positive cells in atherosclerotic lesions (151). The
lack of similar effect in females indirectly suggests E athero-
protective action mediated by downregulating immune re-
sponse mediated through the suppression of IFN-γ production.

Concluding, studies that have addressed the action of E
on PC production in atherogenesis are still extremely lim-
ited, precluding a more definitive conclusion on the rele-
vance of these effects.

Gender Differences in Stroke Course and Prognosis

Brain Pathology. Gender effects on stroke pathology
have been clearly established in animals subjected to tran-
sient or permanent, global or focal cerebral ischemia (for
review, see ref. 135). Premenopausal female animals had
lower incidence and less severe brain lesions after middle
cerebral artery occlusion (MCAO) compared with males and

with postmenopausal females. Ovariectomized females sus-
tained a similar infarct size as males. Female rats at proes-
trus had smaller infarct volumes than at metestrus. Further
studies, examining the effects of exogenous E administra-
tion on cerebral ischemic injury, provided additional evi-
dence for the protective role of E in brain ischemia. In almost
all studies, E significantly reduced brain damage and cere-
bral edema, and attenuated neurological abnormalities.

Mortality and Functional Outcome. Female animals
subjected to MCAO had greater survival rates and enhanced
functional recovery after an ischemic insult, than males (135).
Gender effects on stroke mortality have also been described
in clinical studies (134–136,152–154). In general, younger
women (<64 yr) had a lower mortality than men; a reverse
relationship was reported among older patients (≥65 yr of
age) (133,152). Gender differences in terms of functional
outcome after IS, are still under exploration. In papers pub-
lished so far, women had more severe disturbances of con-
sciousness than men; they also presented more profound
neurological symptoms and had a poorer functional out-
come assessed at 3 and 6 mo following the stroke (134,135,
154). However, it has to be underlined, that women included
into these studies were about 5 yr older than men, and most
of them were postmenopause.

Concluding, results of clinical observations, and much
more clear results of experimental investigations, suggest that
circulating E may maintain less severe brain damage and
better prognosis. So, investigations were taken up, addressed
to recognize E mechanisms of protection for brain after
ischemia.

Cerebral ischemia triggers a complex series of events
including excitotoxicity, edema formation, apoptosis, and
necrosis. An early event evoked by brain ischemia is also
cerebrovascular inflammation (155–157). The inflamma-
tory response to brain ischemia involves the recruitment of
polymorphonuclear leukocytes and mononuclear phago-
cytes (macrophages, microglia), and astrogliosis. Cerebro-
vascular inflammation is believed to contribute to secon-
dary brain damage by promoting blood–brain barrier injury,
hyperemia, vasogenic edema, and increased intracranial pres-
sure. Important regulators of inflammation are proinflam-
matory cytokines.

Pro-inflammatory Cytokines in Stroke Pathology.
Strong evidence for a causal role of PC in the clinical course
of ischemic stroke (IS) is derived from experimental and
clinical studies. Upregulation of PC occurs rapidly in the
brain following ischemia (158–162). Injections of PC [IL-1,
tumor necrosis factor (TNF), IL-6] resulted in increased
ischemic infarct size, more intensive leukocyte recruitment,
enhanced apoptosis of neurons, increased neurological defi-
cits, and higher mortality rate in experimental stroke models
(163,164). Blocking PC activity by anti-cytokine monoclo-
nal antibodies or soluble forms of PC receptors diminished
post-ischemic injury (165–172). In clinical studies, the in-
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creased PC (IL-1β, TNF, IL-6, IL-8) concentration in cere-
brospinal fluid and serum of IS patients was associated with
poorer progression and prognosis of the disease (173–178).

Estrogen–Cytokines–IS Course and Prognosis. Very
few studies were published focused on the issue of E and
cytokine responses during IS. It has been reported that in
normal cycling female rats, lower levels of circulating E
were accompanied by more severe post-ischemic changes
(179). The same investigators documented that in female
rats undergoing transient focal cerebral ischemia, low lev-
els of circulating E were accompanied by higher expres-
sion of TNF-alpha mRNA in ischemic cortex. This findings
suggest that the presence of circulating E might attenuate
ischemia-induced TNF expression and diminish potentially
neurotoxic effects of this cytokine.

Results of other study suggest that E could exert protec-
tive effect in cerebral ischemia not only by reducing PC
synthesis, but also by modulating adverse cytokine effects.
Chronic in vivo 17β-estradiol treatment of ovariectomized
rats prevented dramatic decrease in vascular tone induced
by injection of IL-1β (180). This effect was not mediated
through the influence on metabolism of circulating IL-1β
(serum levels of IL-1β were not changed by E treatment),
but was mediated by attenuation of activation of nuclear fac-
tor-κB–dependent activation of COX-2 transcription by IL-
1β. Taking these results together with previous observations
of substantial reduction in infarct volume and neurological
deficits after MCAO by selective COX-2 inhibitors (181),
it may be hypothesized that suppression of cerebrovascular
COX-2 pathway activation, stimulated with PC, can be one
of the mechanisms by which E exerts neuroprotective action
in cerebral ischemia.

Until now no clinical study had been published that estab-
lishes a potential association among gender, cytokines, and
the course of ischemic stroke. We analyzed TNF and IL-10
mRNA levels in peripheral blood mononuclear cells and
serum concentration of these cytokines at the first 12 and
24 h, and at the seventh day after IS onset. We observed no
gender difference in mRNA expression for TNF-alpha and
IL-10, and in serum concentrations of these cytokines. How-
ever, it has to be mentioned that the mean age of women
included in this study was 73 ± 13 yr and most of them were
postmenopausal.

We also tried to analyze if gender differences exist in the
effect of functionally significant polymorphisms in genes
encoding PC on the clinical course of ischemic stroke. We
genotyped the following polymorphisms: variable number
tandem repeats (VNTR) IL-1RN polymorphism, IL1-β C-
511T polymorphism, IL1-α G+4845T polymorphism, IL-6
and G-174C polymorphism. We did not note gender differ-
ences in the effect of polymorphisms in the genes for IL-1
receptor antagonist (IL-1ra), IL-1β, and IL-1α on 30-d
stroke mortality and disability. However, we detected gen-
der-specific effect of G-174C polymorphism in the gene for

IL-6 on early outcome in stroke. It has been established that
allele C at position –174 of the IL-6 gene creates a binding
site for the transcription factor NF-1 that acts as a repressor
of gene expression (182). Genotype homozygotic for allele
–174C was associated with decreased production of IL-6
by blood mononuclear cells (183). In our study, patients
homozygotic for the IL-6–174G allele had significantly
poorer functional outcome following IS, as measured using
the Barthel Stroke Scale and Oxford Handicap Scale (Ran-
kin Scale), as compared with carriers of the IL-6–174G/C
and IL-6–174C/C genotypes (184). However, this observa-
tion was restricted to the male population. Such sex-depen-
dent effects of the IL-6–174C allele may be partially ex-
plained by a recent study demonstrating that this allele was
associated with diminished serum IL-6 concentrations in
male, but not in female population (185).

Concluding, studies that have addressed the action of
estrogen on proinflammatory cytokine production during
cerebral ischemia are very limited. As in the case of athero-
sclerosis, existing results preclude a definitive conclusion
on the relevance of estrogen modulating effects on cyto-
kines synthesis during ischemic stroke.

Conclusion

Although naturally occurring sexual dimorphism in the
prevalence of numerous traumatic or chronic neurological
disorders associated with inflammatory response are well
recognized, the precise mechanism by which sex hormones
influence differences between men and women remains un-
clear and needs further study. These studies will be required
to determine, for example, whether elevation in estrogen
is beneficial or deleterious to the immune system and if
observed sex-hormone modulation of cytokine production
could be responsible for the gender differences in immune
responses under pathological conditions. Taken together,
these observations suggest that sex-hormonal regulation of
immune processes in neuropathological conditions is very
complex and that in the future gender-based therapies may
not be excluded.
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