
R

P
d

N
G
a

b

c

d

e

a

A
R
R
A

K
S
M
I
I
C

C

T

T

f

f

h
0

Maturitas 78 (2014) 174–178

Contents lists available at ScienceDirect

Maturitas

jou rn al hom ep age: www.elsev ier .com/ locate /matur i tas

eview

robing  the  impact  of  sex  steroids  and  menopause-related  sex  steroid
eprivation  on  modulation  of  immune  senescence

ikolaos  Vrachnisa,∗,  Dimitrios  Zygourisb,1,  Zoe  Iliodromiti c,2, Angelos  Daniilidisd,3,
eorgios  Valsamakisa,4, Sophia  Kalantaridoue,5

2nd Department of Obstetrics and Gynecology, University of Athens Medical School, Aretaieio Hospital, Athens, Greece
University of Athens Medical School, Athens, Greece
Department of Neonatology, University of Athens Medical School, Aretaieio Hospital, Athens, Greece
Department of Obstetrics and Gynecology, University of Thessaloniki Medical School, Ippokrateio Hospital, Thessaloniki, Greece
Department of Obstetrics and Gynecology, University of Ioannina Medical School, Ioannina University Hospital, Ioannina, Greece

 r  t  i  c  l e  i  n  f  o

rticle history:
eceived 10 April 2014
eceived in revised form 17 April 2014
ccepted 18 April 2014

eywords:
ex steroids
enopause

mmune senescence
nflammatory molecules
ytokines

a  b  s  t  r  a  c  t

Immune  senescence  denotes  the  general  decline  in immune  system  function,  characterized  by  a reduced
immune  response  and  an increased  inflammatory  state.  Menopause  is a  natural  change  in  a women’s  life,
the menopause-related  low  estrogen  levels  affecting  many  body  functions,  among  them  the  immune
system.  Numerous  human  studies  with  menopausal  women  and  animal  models  with  surgically  induced
menopause  show  a clear impact  of  sex steroids  in  immune  responses.  Female  superiority  in  vaccina-
tion  response  and  predisposition  to infections  are  eliminated  after  menopause,  while  during  menopause
inflammatory  cytokines  such  as Tumor  Necrosis  Factor-�  (TNF-�),  Interleukins-1�, 6, 8  and  13  (IL-1�,
IL-6,  IL-8,  IL-13)  and  Monocyte  Chemoattractant  Protein-1  (MCP-1)  are  increased,  implying  a molecular
connection  of  sex  steroid  loss  with  immune  senescence.  Moreover,  immune  cells  modify  their  number
and  function  after  the  menopausal  transition,  this  offering  another  explanation  for  immune  senescence.

Until  now  most  of  the  existing  studies  have  concluded  that  menopause  plays  an  additional  role  to aging  in
immune  senescence.  While  it is clear  that  we  are  as yet  far  from  thoroughly  understanding  the molecular
pathways  connecting  sex  steroids  and  menopause  with  immune  senescence,  such knowledge  is highly
likely  to  enable  future  targeted  interventions  in treatment  and  prevention  of age-related  diseases  in
women.

© 2014  Published  by Elsevier  Ireland  Ltd.
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. Introduction

Immunosenescence denotes the general decline with aging in
mmune system function, which comes about through changes in
ellular and humoral immune response. It is characterized by a
educed immune response and an increased inflammatory state
hat results in the triggering or exacerbation of many disorders,
uch as Alzheimer’s disease and atherosclerosis as well as can-
er. Increased susceptibility to infectious diseases and decreased
fficacy of vaccination are also common in the elderly, all these
onditions inevitably resulting in greater morbidity and mortality.

Menopause is a natural change in a woman’s life. It is charac-
erized by the loss of reproductive ability due to the cessation of
varian function, this last leading to termination of the ovarian
roduction of estrogen and progesterone. Menopausal symptoms
ubsequently appear as well as numerous changes in body systems,
mong these the immune system, which is radically affected as it
nteracts intimately with sex steroids.

Over the past decade, there have been several studies demon-
trating the significant beneficial impact of female sex hormones
n the immune system in the setting of autoimmune diseases and
nfections [1,2], along with the fact that low estrogen levels miti-
ate the immune response and predispose to disease and infection
3]. Several studies suggest a contribution of ovarian sex steroid loss
o immune senescence [4,5], since menopausal hormone therapy
MHT) is found to delay some of these changes [6,7]. What how-
ver remains unclear is the exact pathophysiological and molecular
athways accounting for the interaction between immune senes-
ence due to aging on the one hand and sex steroids and sex steroid
oss due to menopause on the other.

We  have previously reported that inflammation is clearly
ssociated with increased morbidity and mortality in mature
nd premature infants [8,9]. In addition, we have shown that
arkers of vascular inflammation, such as sCD40L and sP-

electin, are increased in early menopausal women compared
ith age-matched premenopausal women, thus demonstrating

hat increased vascular inflammation is due to menopause and not
ging [10]. We  therefore conclude that molecular pathways of the
nflammatory cascade comprise highly promising targets for future
herapies [11].

In this review we present some of the most recent data con-
erning the impact of sex steroids and menopause on the immune
ystem, given that elucidation of their exact interaction holds
romise of revealing possible targets for future treatment inter-
entions.

. The immune system

The role of the human immune system is to cope with challenges
rom outside pathogens and provide defense against infections.

oreover, it provides recognition of self and non-self antigens,
valuating microbial threats and coordinating their elimination. It
s also vital in maximizing elimination of the damage to host tissues,
hich impedes the development of (auto-immune) diseases. This
elicate balance, which is of great importance for human beings, is
chieved via the two branches of the immune system: innate and
daptive immunity.
 .  . .  . . .  . . . .  .  . .  . . .  . . . . . . .  .  . . . .  .  . . .  . . . .  . . .  . . . .  . . . .  . .  . . . .  .  . . . .  . .  . .  .  .  . . . . .  . . . . 170

Innate immunity, which is a natural defense against diseases
that are not specific for any pathogen, consists of anatom-
ical, physiological, phagocytic and inflammatory barriers. The
function of the innate immune response is mediated through
neutrophils, Natural Killer cells (NK), macrophages and dentritic
cells, which recognize microbial non-self pathogens through pat-
tern recognition repeaters (PRRS), the best characterized family
being the toll-like receptors (TLR). NK mediate the recogni-
tion of missing and altered self by expressing activation and
inhibitory receptors. Macrophages and neutrophils mediate the
elimination of pathogens through phagocytosis, their activation
resulting in an inflammatory response via the production of
Interleukin-6 (IL-6), interleukin-8 (IL-8) and interferon-� (IFN-
�).

The second branch of the immune system is adaptive immu-
nity, which is characterized by very high specificity and memory
competence. It is composed of T and B lymphocytes that respond
specifically to each pathogen. The contact of an antigen with
the lymphoid system stimulates B lymphocytes that produce
very large amounts of antibodies specific to that antigen. T
lymphocytes are divided into CD4 and CD8 cells and recog-
nize small peptides as antigens. Inflammatory molecules, such
as IL-7 and IL-5, play a very important role in T-cell homeosta-
sis.

3. Gender and the immune system

Over the last few years, a large number of studies have revealed
that females are more prone to autoimmune diseases and infec-
tions. The reasons for this are as yet not fully understood, but it
seems that sex steroids play a major role by affecting the immune
response. More specifically, it was  found that adult women  respond
to cytomegalovirus (CMV) infections with a higher production
of IFN-� and IL-2 production than men  [12]. The same stronger
humoral response was also found in Epstein Barr virus (EBV) infec-
tion [13] and the herpes simplex virus (HSV)-1 and 2 as compared
with men  [14].

In cases of infection with the human immune deficiency virus
(HIV), women had statistically significant viral loads and higher
CD4 lymphocyte counts compared with men  [15], although another
study on HIV infected women  showed viral loads to be equivalent
[16].

Other studies have shown that men  suffer higher morbidity and
mortality, compared to women, from bacterial infections [17]. The
frequency and severity of septic shock is always lower in women
[18], while male gender is regarded as a major risk factor for surgical
trauma infections [19]. The same higher prevalence in men  was also
found for parasitic infection [20].

Apart from human studies, a large number of animal stud-
ies have demonstrated the same advantage among females. In
a murine infection model, levels of pro-inflammatory cytokines
TNF-� and IL-1� were significantly lower in females, causing a
decreased recruitment and accumulation of macrophages [21]. In

addition, female mice were seen to be better protected through
the immune response from infection with picornavirus and vesic-
ular stomatitis virus [22]. Male rats also experienced worse disease
outcomes and higher mortality after LPS intravenous infection
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23] and mycobacterium infection [24], while the prevalence of
epsis was likewise found lower in females [25]. The above data
ll point to reduced levels of inflammatory cytokines being the
rimary cause. IL-6 and TNF-� in females are decreased dur-

ng sepsis, whereas, by contrast, expression of IL-10 regulatory
ytokine is increased [19]. Moreover, T-cell polarization seems
o be different between the two genders, as female rats produce

ore Th1 cells and males more Th2 cell after parasitic infection
26].

The better immune response of females is also evidenced after
accinations. Women  reveal higher levels of immunoglobulins and
eroconversion and lower rates of disease [27]. Of particular inter-
st was a study on the influenza vaccine, where women received

 half dose and developed equivalent antibodies with men  who
eceived the full dose [28].

. Sex steroids and the immune system

The abovementioned differences between the two  genders
ppear to stem from the actions of sex steroids, mainly estrogen
nd progesterone, with estrogen enhancing humoral immunity and
rogesterone functioning as an immunosuppressor.

It is of importance to note that the menstrual cycle is charac-
erized by fluctuations in the levels of estrogen and progesterone.
uring the follicular phase, there is an increase in the production
f 17-beta estradiol by the dominant follicle, whereas during the
uteal phase there is an increase in progesterone production by the
orpus luteum. A recent study revealed that these fluctuations in
strogen and progesterone levels influence IFN-� production, pro-
iferation of T lymphocytes, p-NF-�B  expression in the PBMCs, SOD
nd catalase activity and NO production in the plasma.

Estrogen has two types of nuclear receptors, � and �, that are
xpressed at entirely different levels in immune cells. This sig-
ificantly dissimilar expression seems to offer a very plausible
xplanation for the different modulation of immune cells by estro-
en. ER-� is expressed on lymphocytes, macrophages, NK cells,
onocytes and DC cells, among which the highest expression is

ound in CD4 T-cells, while B-cells express higher ER-� receptors.
n the other hard, CD8 T-cells and monocytes express very low

evels of both ER.
Progesterone, the other important sex steroid, does not have

uclear receptors, expressing only membrane bound receptors
n CD8 T-cells and monocytes. Meanwhile, CD8 T-cells reveal
ncreased expression of PR-� in the luteal phase.

The function of sex steroids has also been investigated in ani-
al  studies. Estrogens stimulate microglial cells after intravenous

s well as intracerebral LPs injection [29]. Another study noted
he need for estrogens for IFN-� production and clearance of lis-
eria infection [30]. In mouse, the presence of E2 involves a higher
xpression of CD40 and CD86 in DCs molecules and higher produc-
ion of IFN-� [31].

In an another animal model, infection with the influenza A virus
esulted in higher levels of IL-6, TNF-� and IFN-� in females, while
dministration of high doses of estrogens reduced TNF-� levels and
ubsequently morbidity and mortality [32].

These interactions between estrogen and progesterone and
he immune system account for the modification of the immune
esponse during the menstrual cycle. In the follicular phase, a
omain in the cellular phase, and especially the mid-follicular
hase, has been detected which is characterized by the highest
strogen levels, this making it the best period for vaginal immu-

ization. In the pre-ovuralatory period, there is reduced cytolitic
ctivity of NK cells and in the luteal phase an increased humoral
esponse. Finally, in the menstrual phase activity of NK is signifi-
antly suppressed [33].
s 78 (2014) 174–178

5. Menopause and the immune system

Menopause is the permanent cessation of menses following
the loss of ovarian follicular activity and subsequent hormonal
deficiency. Women  demonstrate a higher expression of IL-13 and
IFN-� after rhinovirus infections, compared to men of the same
age. This difference ceases rapidly after the age of 50, implying that
menopausal transition modifies immune function [34]. The same
gender difference is found in antibody titers and seroconversion
rates after vaccination for hepatitis and it is also no longer detected
after the age of 60. Another study has demonstrated that after the
age of 50 years, the incidence of herpes zoster is higher among
females than in men  [35].

Other human studies examining total lymphocyte number
remain controversial, showing either a decreased number of lym-
phocytes [36] or no change [37]. On the other hand, advanced age
is clearly related to a decreased percentage of naïve T-cells and
accumulation of memory T-cells. This becomes even greater after
the menopausal transition, when the naïve T-cells are still further
reduced and, at the same time, activated and memory T-cells are
elevated [37,38]. It is also reported that during menopause the
ratio of CD4/CD8 T-cells is significantly decreased, probably due
to CD4 reduction [5]. The loss of CD4 T-cells in menopause seems
a very possible explanation for the loss of the better response to
vaccination among women after menopause, as compared to men.

Similarly, there is a reduction in the total number of B-cells [36],
this reduction having been attributed to decrease of B2 cells that
are involved in the adaptive humoral immune response [39]. The
latter could also be an explanation for the previously reported sex
difference in antibody response after vaccination that is no longer
evident after menopause. Another study in women with ovariec-
tomy also confirmed the decreased levels of B-cells, and CD4/CD8
ratio along with a parallel increase in NK cells [40].

In a mouse model, a reduced response to the HSV vaccine after
ovariectomy was  observed [41]. The previously reported data on
naïve CD4 T-cells have additionally been confirmed in animal mod-
els, along with increased terminally differentiated CD4 memory
cells [42]. The same study also reported a reduced T and B response
to vaccination and a reduction in T-cells and IFN-�. Moreover, it
was recently found that surgically induced menopause results in
an increased production of inflammatory cytokines and oxidative
damage [43].

Menopause is generally regarded as an inflammatory state
characterized by increased expression of interleukins and other
inflammatory cytokines. Aging is associated with increased levels
of IL-6, but when comparing premenopausal with postmenopausal
women, an even greater increase of IL-6 and IL-6 soluble receptor
after menopause is found [44]. The same increase in IL-6, IL-1� and
TNF-� was  also noted in another study of menopausal women [45].

We have shown that increased indices of vascular inflamma-
tion in early menopausal women  compared with age-matched
premenopausal women may  indicate a higher atherosclerotic risk
[10]. Of note, increased severity of hot flushes, the most common
menopausal symptom, was associated with adverse changes in
vascular inflammation [10], this supporting the emerging role of
estrogen loss in cardiovascular disease.

However, the effect of MHT  remains controversial, as there are
studies that report either decrease of cytokines after treatment [4]
or no changes [46]. Possibly the route of administration of MHT
(i.e. oral or parenteral) is an important factor accounting for the
discrepancy in the reported effects of MHT  on markers of inflam-
mation.
Concerning IL-2, it was found increased in postmenopausal
women [46], while IL-2 production was also elevated after LPS stim-
ulation [47]. Similarly, increases in IL-4 were also observed after
menopause [4,46].
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Table  1
Inflammatory molecules after the menopause.

Interleukins: IL-1�, IL-6, IL-8, IL-13 Increased
Interleukins: IL-2, IL-4 Controversial data
Tumor Necrosis Factor-� (TNF-�)  Increased
Interferon-�  (IFN-�) Increased
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Monocyte Chemoattractant Protein 1 (MCP-1) Increased

IFN-� is another factor that is significantly increased in
enopause [46]. It seems, however, that estrogens have a dual

mpact on IFN-�, as high levels inhibit and low levels stimulate
FN-� production [48].

A recent study with detailed classification of the study
roup [49] showed that IL-8 levels were significantly higher in
ostmenopausal women. Moreover, MCP-1 (monocyte chemoat-
ractant protein-1) was also higher, showing at the same time a
ositive correlation with FSH levels.

In another animal model with ovariectomized rats, LPS induc-
ion resulted in elevated IL-1� and TNF-� and IL-6 were elevated in
he hypothalamus, while in serum the only increase was  in IL-6 [50].
hese data reveal a different inflammatory response at the central
nd peripheral levels, implying a possibly enhanced inflammatory
ascade in the central nervous system as compared to peripheral
lood and adipose tissue.

In Table 1 we summarize the data on the changes in inflam-
atory mediators during menopause. It should be mentioned that
hile there are abundant data on many molecules, the findings are

till controversial as regards IL-2 and IL-4.

. Conclusion

Menopause is a physiologic event in a woman’s life, char-
cterized by the loss of ovarian estrogen and progesterone
roduction with subsequent pathophysiologic changes which
ffect, among other systems, the immune system. Until now,
he exact mechanisms and molecular pathways connecting sex
teroids levels and menopause with the function of the immune
ystem have remained unclear. It is nevertheless certain that a
uller understanding of the pathophysiology of immune senes-
ence will enable the pinpointing of targets for potential future
herapies for autoimmune diseases, cancer and cardiovascular
isease as well as for prevention of infection in menopausal
omen.
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