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Ovariectomy causes immunosenescence and oxi-inflamm-
ageing in peritoneal leukocytes of aged female mice similar
to that in aged males
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Abstract Immunosenescence involves age-associ-

ated restructuring changes of innate and adaptative

immune functions. We have suggested that these

changes of the immune system participate in the rate

of ageing through modulating oxi-inflamm-ageing.

Thus, age-related changes in the immune system can

be biological age markers and predictors of longevity.

Gender differences in oxidation status and immune

functions have been observed in rats, with males

showing higher oxidation and immunosenescence

than females of the same age. Oestrogens are sex

hormones that actively participate in modulating the

mammalian immune function and, therefore, the age-

related impairment of the immune response is dras-

tically accelerated in females during the menopausal

transition. Ovariectomy in rodents constitutes a good

model for mimicking human oestrogen loss and thus

the menopausal situation. Recently, we have shown

the deleterious effects of oestrogen loss on several

functions of leukocytes from immune organs in rats

and mice. In addition, ovariectomised rats show

similar levels in these immune functions to those in

males. The present work studied several functions as

well as inflammatory and oxidative stress parameters

in mouse peritoneal macrophages and lymphocytes

from old sham and ovariectomised females, as well as

in males of the same age. In general, the results show

that females, which have a higher immune response

and a lower oxidation and inflammation than males,

appear similar to males in the parameters studied

when they have lost oestrogens by ovariectomy. Thus,

these data support the positive role of oestrogens in

the immune function through the ageing process.
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Introduction

Ageing is accompanied by a functional decline of all

the physiological systems. Regarding the immune

system, the immunosenescence process involves age-

associated restructuring changes of almost every

component of the immune system, including innate

and adaptative functions. Moreover, as immune cells

produce free radicals and inflammatory compounds in

order to perform their defensive functions, immu-

nosenescence is closely linked to the oxidative-

inflammatory condition found in the elderly (De la

Fuente and Miquel 2009).
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Although such immune changes take place in both

genders along the ageing process (De la Fuente et al.

2004a), different studies that have compared the

immune function in male versus female subjects have

shown that it works more effectively and for longer

time in females with respect to their male counter-

parts (Marriott and Huet-Hudson 2006; Nunn et al.

2009). These gender-related differences in immunity,

with females producing more vigorous cellular and

humoral immune responses, have been attributed to

the immunomodulatory action of oestrogens (Bou-

man et al. 2005; Ackerman 2006). Thus, these

hormones have been described as responsible for

the higher immunocompetence of females as they

modulate lymphocyte development, antibody and

cytokine production, cell survival, etc. (Islander

et al. 2003; Ackerman 2006).

There is a specific moment in female’s life in

which the age-related impairment on the immune

competence results drastically accelerated: the men-

opausal transition. The subsequent oestrogen loss

results in a deficit in the immune function and an

impaired antioxidant protection (Miquel et al. 2006;

Farage et al. 2009), making women more prone to

experience disease and disability (Amir et al. 2003).

Despite the fact that there has been a dramatic

increase in life expectancy during the last decades of

the twentieth century, the age at which women

encounter the menopausal transition has remained

essentially constant at around 50 years, so post-

menopausal years now constitute one third of the

lifespan of most women. Therefore, the repercussions

of menopause on female health have become a

subject of increasing interest.

In rats and mice, ovariectomy constitutes a com-

monly used model for mimicking human ovarian

loss, and it is used for searching the overall effects of

oestrogens insufficiency. Previous studies published

by our research group have described that ovariec-

tomy results in a premature ageing of functions in rat

leukocytes from spleen and axillary nodes (De la

Fuente et al. 2004a; Baeza et al. 2009), as well as in a

premature ageing of the nervous system assessed

through sensorimotor and anxiety-like behavioural

tests (Baeza et al. 2010a). Moreover, ovariectomy

also causes an accelerated imbalance between

oxidant production and antioxidant levels in favour

of the former, with resulting oxidative stress in

spleen, liver, heart and kidney cells (Baeza et al.

2010b). In this context, and considering the role of

oxidation and inflammation in the ageing process, we

have suggested ovariectomy as a model of premature

ageing (De la Fuente and Miquel 2009; Baeza et al.

2010a). In addition, males in mammals generate more

oxidant compounds than females, which contribute to

explain why females live longer than males (Borras

et al. 2007).

Last but not least, we must consider the concept of

‘‘biological age,’’ which arises as a consequence of

the different rates of physiological changes in the

members of a population of the same chronological

age and suggests that chronological and biological

age do not necessarily coincide (De la Fuente and

Miquel 2009). The immune system has been pro-

posed as a good marker of biological age and

predictor of life span (Wayne et al. 1990). Using

peritoneal leukocyte suspension (a relatively non-

invasive sample of easy access in mice), experimental

research previously conducted by our group has

shown that peritoneal cells of aged mice display

impairments in several of their functions and an

increase in a variety of oxidative-inflammatory stress

parameters (which have been proposed as markers of

biological age, premature ageing and consequently

predictors of longevity) (De la Fuente and Miquel

2009; Arranz et al. 2010a, b).

The aim of the present work has been going deeper

in the characterization of ovariectomy as a model of

premature ageing through the study of several

functions and oxidative and inflammatory stress

parameters in peritoneal leukocytes of aged sham-

operated and ovariectomised female mice, as well as

to compare such performance with that from perito-

neal leukocytes of males from the same chronological

age.

Materials and methods

Female and male ICR-CD1 mice were obtained

from Harlan Iberica (Barcelona, Spain) at the age of

6 months. They were specific pathogen-free, as

tested by Harlan according to Federation of Euro-

pean Laboratory Science Associations recommenda-

tions. Female mice were randomly divided and each

group was housed in a polyurethane box, at a

constant temperature (22 ± 2�C) on an inverted

12-h light/dark cycle. All mice were fed standard
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laboratory diet (Panlab A04), with free access to

food and water. Animals were treated according to

the guidelines of the European Community Council

Directives 1201/2005 EEC.

Surgical procedure (ovariectomy)

Although female rats and mice become anovular at

10–12 months of age, they maintain plasma oestro-

gen levels of about 40 pg/ml until 2 years of age,

similar to those of young animals in diestrus (Lu et al.

1979), in contrast to the ovaries of women, where the

synthesis of gonadal steroid is suppressed at meno-

pause (Nelson 2008). For this reason, female mice

were submitted to ovariectomy or sham-operated

(ovaries were manipulated but not excised) at

13 months of age according to the method previously

described in Baeza et al. (2010a). After surgery, mice

were housed individually for some hours to allow

recovery and then re-grouped in their home cages.

Intact male mice were housed in the same conditions

as females.

Collection of leukocyte suspensions

When animals reached 20 months of age, peritoneal

cellular suspensions were obtained between 8:00 and

10:00 a.m. without killing the animals.

Each mouse was held by the cervical skin, the

abdomen was cleansed with 70% ethanol and 3 ml of

sterile Hank’s solution (previously tempered at 37�C)

were injected intraperitoneally. After abdominal

massage, approximately 80% of the injected volume

was recovered. The following studies were performed

using unfractioned peritoneal leukocytes in order to

better reproduce the in vivo immune response and

oxidative status. Macrophages and lymphocytes from

the peritoneal suspensions were identified by their

morphology and quantified in Neubauer chambers

using optical microscopy (409). Cellular viability,

determined in each experiment using the Trypan Blue

exclusion test, was in all cases higher than 95%. The

peritoneal suspensions were adjusted to a specific

number of macrophages, lymphocytes or total leuko-

cytes depending on the parameter analysed, as

described in the corresponding section.

Assays of peritoneal macrophages function

Macrophages were counted and then adjusted by

dilution with Hank’s solution to a concentration of

5 9 105 macrophages/ml, with the exception of the

microbicidal capacity assay, where aliquots were

adjusted to 1 9 106 leukocytes/ml.

Chemotaxis capacity

The assay was carried out according to the method

previously described by Boyden in 1962 with some

modifications (Alvarado et al. 2005a). Chambers with

two compartments separated by a filter (Millipore,

Ireland) of 3 lm pore diameter were used. Aliquots

of peritoneal suspensions were placed in the upper

compartment, and the chemoattractant agent fMet-

Leu-Phe (Sigma) was placed in the lower compart-

ment at a concentration of 10-8 M. The number of

lymphocytes in the lower face of the filter (CI) was

calculated by counting, in an optical microscope, the

total number of macrophages in one-third of the

lower face of the filters. All CI were assayed in

duplicate.

Phagocytosis capacity

Phagocytosis of inert particles was assayed following

the method described by De la Fuente in 1985.

Peritoneal suspensions were incubated in MIF plates

(KARTELL) for 30 min at 37�C in a humidified

atmosphere of 5% CO2. The adhered monolayer

obtained was washed with pre-warmed PBS, and then

Hank’s solution and latex beads (1.09 mm diameter,

diluted to 1% in phosphate-buffered saline, Sigma)

were added. After 30 min of incubation, plates were

washed, fixed and stained. The number of particles

ingested by 100 macrophages was counted in an

optical microscope (1009) and expressed as phago-

cytic index (PI). The percentage of macrophages with

one or more latex beads ingested was also determined

and expressed as phagocytic efficiency (PE).

Digestion capacity: intracellular ROS levels

The digestion capacity of the foreign material is

carried out principally through production of reactive

oxygen species (ROS). Intracellular ROS levels were
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measured by fluorometry following a method previ-

ously described (Alvarado et al. 2005a). 2,7-Dichlo-

rofluorescin diacetate (DCF-DA; MOLECULAR

PROBES) was used as a probe because it is oxidized

in the cytoplasm by ROS to 2,7-dichlorofluorescin

(H2DCF), a highly fluorescent compound. The per-

itoneal suspension was incubated with DCF-DA

(1 mM) and phorbol myristate acetate (PMA;

50 ng/ml) (stimulated samples) or Hank’s solution

(nonstimulated samples). Finally, the samples were

analyzed by fluorometry. The results are expressed as

the stimulation index in response to PMA (phorbol

miristate acetate), with the value of the nonstimulated

samples being 100%.

Assays of peritoneal lymphocyte functions

Lymphocytes obtained from the peritoneal suspen-

sion were counted and then adjusted by dilution with

Hank’s solution to a concentration of 1 9 106 lym-

phocytes/ml, with the exception of the chemotaxis

assay, where aliquots were adjusted to 5 9 105

lymphocytes/ml.

Chemotaxis assay

The lymphocyte chemotaxis capacity was evaluated

as described above for macrophages.

Proliferation assay

The proliferation of lymphocytes in response to the

mitogens Concanavalin A (ConA) and lipopolisac-

charide (LPS) was assayed following a method

previously described (Alvarado et al. 2005a).

Aliquots of lymphocyte suspension were dispensed

in 96-well flat-bottomed microtiter plates (NUNC)

and incubated in the presence or absence (controls) of

ConA or LPS (1 lg/ml; Sigma) during 48 h at 37�C

in a humidified atmosphere of 5% CO2. Then,
3H-thymidine (ICN, Costa Mesa, USA) was added

to each well and, after 8 h, cells were harvested and

thymidine uptake was measured in a beta counter.

The results were expressed as percentage of prolif-

eration in response to ConA or LPS, with 100% being

the thymidine uptake counts per minute (cpm) in

control wells (without mitogen). Each sample was

assayed in triplicate.

Cytotoxicity assay

An enzymatic colorimetric assay was used for

cytolysis measurements of target cells (Cytotox 96

TM Promega, Boerinher Ingelheim) based on the

determination of the activity of the enzyme lactate

dehydrogenase (LDH), using tetrazolium salts as

previously described (Alvarado et al. 2005a). YAC-1

cells, from a murine lymphoma, were used as target

cells. Each sample was assayed in triplicate. Results

were expressed as percentage of tumoral cell lysis.

Cytokine levels

The levels of interleukin-2 (IL-2) and IL-10 were

determined on supernatants of lymphocyte cultures in

the presence of ConA, and IL-6 levels were deter-

mined on supernatants of lymphocyte cultures in the

presence of LPS. After 48 h of incubation with

mitogens, the supernatants were collected and frozen

at -20�C until assay. Cytokines were measured using

different enzyme-linked immunosorbent assays

(ELISA; R&D System), and the results were

expressed as pg/ml.

Apoptosis assay

This assay was carried out following the technique

previously described by Wirleitner et al. (1998)

with some modifications. The fluorescent probe

JC-1 (Molecular Probes) was used. Aliquots of the

peritoneal suspension were set in a 96-bottom well

opaque plate. In control wells, PBS was added

and, in apoptosis-induced wells, H2O2 was added

at a concentration of 500 lM (the final concentra-

tion in the well was 50 lM). Moreover, some

wells carrying only probe (in order to evaluate

autofluorescence of the probe) were also set.

Afterwards, the plate was incubated for 6 h at

37�C. The probe was then added to control and

stimulated wells, and the plate was incubated

30 min more. Finally, fluorescence was measured

at 485 nm. Results are expressed as % stimulation

in response to H2O2, with 100% being the basal

fluorescence (in absence of H2O2). Each sample

was assayed in triplicate.
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Antioxidant defences and oxidant levels

in peritoneal leukocytes

Glutathione levels

Total glutathione and its oxidized form (GSSG) were

spectrophotometrically evaluated according to the

method of Tietze (1969), with some modifications

(Alvarado et al. 2006), by monitoring the change in

absorbance at 412 nm. To calculate the GSSG/GSH

ratio, a good marker of oxidative stress situation, the

GSH (reduced form) was obtained by subtracting

the GSSG values from the total glutathione values.

The results were expressed as pmol/106 cells.

Glutathione peroxidase assay

Glutathione peroxidase (GPx) enzyme, which plays a

fundamental role in the glutathione system allowing

its antioxidant function, was measured using the

original technique described by Lawrence and Burck

(1976) with some modifications (Alvarado et al.

2006). The reaction was followed spectrophotomet-

rically by the absorbance decrease at 340 nm. Results

were expressed as mU/106 cells.

Catalase assay

The activity of CAT was determined following the

method described by Beers and Sizer (1952), slightly

modified (Alvarado et al. 2006). The reaction was

initiated by the addition of H2O2 and spectrophoto-

metrically measured at 240 nm for 50 s. Results were

expressed as U/106 cells.

Lipid oxidative damage of peritoneal leukocytes

Malondialdehyde levels

The protocol followed was according to the technique

previously described by Chirico et al. (1993) with

slight modifications (Alvarado et al. 2006). As mobile

phase 50 mM KH2PO4 pH 6.8/methanol (90/10 v/v)

was used. The flow rate of the mobile phase was

adjusted to 0.4 ml/min. The eluted fractions from the

HPLC were monitored at a k = 532 nm in a Waters

486 ultraviolet detector. Standard curves were pre-

pared fresh daily using MDA-bis solution (dimethyl

acetal, Sigma). Results were expressed as nmol/106

cells.

Life span

Life span of the female sham group was 103 ±

6 weeks, 105 ± 4 weeks in the female ovariecto-

mised group and 86 ± 4 weeks in intact males.

Statistical analysis

Results were expressed as the mean ± SD of the

values. Normality of the samples was checked by the

Kolmogorov–Smirnov test, and homogeneity of vari-

ances, with the Levene test. The data were statistically

evaluated by the Student’s t-test. P \ 0.05 was taken

as the minimum significance level.

Results

Peritoneal macrophages functions

The chemotaxis index (Fig. 1a) was significantly

higher in female sham mice than in males (P \ 0.01).

However, in ovariectomised animals, the CI got

significantly impaired (P \ 0.001), resulting in val-

ues similar to those found in males.

In the phagocytic index (PI) (Fig. 1b), sham

females showed higher values than their male coun-

terparts (P \ 0.05), while such difference was not

found between ovariectomised females and males.

Although ovariectomy slightly decreased PI, no

significant effect had been found. Moreover, no

differences due to sex or ovariectomy had been

shown regarding the phagocytic efficiency (being the

PE indexes 96.5 ± 1.4 for sham females, 97 ± 3 for

ovariectomised females and 89.38 ± 6.52 for intact

males).

The last step studied in the phagocytic process was

the ability of macrophages to digest the particles

ingested by the production of intracellular ROS.

These ROS levels (Fig. 1c) were slightly decreased in

ovariectomised females with respect to control sham

mice, and although no significant differences were

found between these two groups, ovariectomy

resulted in statistically lower ROS levels than those

found in control males of the same age (P \ 0.01).
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Peritoneal lymphocytes functions

Figure 2 shows the lymphocytes chemotaxis index

(a), the proliferative response of peritoneal lympho-

cytes in response to the mitogens Con A and LPS

(b and c, respectively) and the NK activity (d). In the

four parameters studied, females showed values

significantly higher than those found in males

(P \ 0.001). However, in ovariectomised females

these functions suffered a significant impairment,

being the values similar to those obtained in males.

The levels of three cytokines secreted in response to

mitogens are shown in Fig. 3. IL-2 and IL-10 levels

(two anti-inflammatory cytokines) were analysed in

supernatants of cultured cells stimulated with the

mitogen ConA (Fig. 3a and b, respectively). IL-6 (a

pro-inflammatory cytokine) was studied in superna-

tants of cultured cells stimulated with LPS (Fig. 3c).

Males displayed lower levels of IL-2 (P \ 0.05) and

IL-10 (P \ 0.001) with respect to sham females. When

ovariectomy was performed, the levels of these two

cytokines decreased (it must be highlighted the striking

decrease of IL-10 in ovariectomised mice with respect

to sham, P \ 0.001), showing these values no statis-

tical differences with those from their male counter-

parts. With respect to IL-6, no significant differences

due to ovariectomy were found in females, but males

showed higher IL-6 levels (P \ 0.05) than ovariecto-

mised females of the same age.

With respect to apoptosis, a key mechanism in

differentiation and regulation of the immune cells

once the pathogens have been cleared, the results

showed that H2O2-induced apoptosis increased in

ovariectomised females with respect to sham animals

(93 ± 4% for sham females and 99 ± 3% for ovar-

iectomised females, P \ 0.01), although no differ-

ences were found with respect to males (98 ± 7%).

Antioxidant defences, oxidants compounds

and lipid peroxidation damage of peritoneal

leukocytes

Catalase (CAT) and glutathione peroxidase (GPx)

activities were studied for they represent two of the

most important antioxidant enzymes in cells. The

results showed that CAT activity was similar between

sham females and males (15.5 ± 1.66 and 15.7 ±

3 U/106 cells, respectively), and that ovariectomy did

not significantly alter this activity (13.9 ± 1.54 for

ovariectomised females). Although the same lack of

effect of ovariectomy over GPx activity was found

(299 ± 66 mU/106 cells for sham females, 360 ± 11

for ovariectomised females), males showed a GPx

activity more than twice higher than females

(751 ± 19 for intact males, P \ 0.001 with respect

to sham females and P \ 0.01 with respect to

ovariectomised females).

Glutathione is the most important non-enzymatic

antioxidant defence in cells, and reduced (GSH),

oxidized (GSSG) levels and the GSSG/GSH ratio, are

shown in Fig. 4a, b and c, respectively. The GSH

content in peritoneal leukocytes from sham females

Fig. 1 Peritoneal macrophages functions studied: chemotaxis

index (CI) (a), phagocytic index (PI) (b) and stimulated

intracellular ROS levels (%) (c) in sham and ovariectomised

(ovx) female and intact male mice. Each column represents the

mean ± SD of the number of animals shown in brackets.

***P \ 0.001, **P \ 0.01, *P \ 0.05 with respect to the

female sham group. ##P \ 0.01 with respect to the ovx group
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was similar to that in males, and at the same time,

GSSG was significantly higher in males (P \ 0.01),

which results in males displaying a tendency of

higher GSSG/GSH ratio with respect to sham

females. Ovariectomy caused no alteration in GSH

levels, but it clearly increased GSSG levels

(P \ 0.01), with the subsequent rise in the GSSG/

GSH ratio (P \ 0.01), being such ratio a reliable

measure of the cellular oxidative stress levels.

A consequence of the oxidative stress situation is the

increase of lipid peroxidation, which can be measured

by MDA levels. The results (Fig. 4d) showed higher

MDA levels in ovariectomised females than in sham

mice (P \ 0.01). MDA levels in males were similar to

those found in ovariectomised females, and although

they were higher than those in sham female mice, no

statistical differences had been found.

Discussion

In the present work we have shown that ovariectomy

in female mice, which mimics human ovarian loss

and has been proposed as a model of premature

ageing of the nervous and immune systems (Baeza

et al. 2010a), causes, in peritoneal leukocytes from

aged mice, similar levels to males of immunosenes-

cence and oxidative stress.

Sex steroids are involved in various physiological

processes besides reproduction (Huber and Gruver

2001). Although there is extensive literature on the

effect of oestrogen and its potential to modulate

various aspects of the immune response, publications

on progesterone are not as extensive, and a number of

hypotheses for the function of progesterone have

been inferred from conclusions on oestrogen

research. In general, it is thought that oestrogen has

a stimulatory effect on the humoral immune response,

whereas the effect of progesterone is inhibitory

(Pauklin and Petersen-Mahrtz 2009; Gameiro and

Romao 2010).

In mammals, females live longer than males. This

seems to be a consequence of the presence of

oestrogens and their capacity to up-regulate the

expression of antioxidants and decrease oxidant

production (Viña et al. 2006). In addition, males, in

Fig. 2 Peritoneal lymphocytes functions studied: chemotaxis

index (a), proliferative response to ConA (b), proliferative

response to LPS (c) and natural killer activity (d) in sham and

ovariectomised (ovx) female and intact male mice. Each

column represents the mean ± SD of the number of animals

included in each experimental group (in brackets).

***P \ 0.001, **P \ 0.01 with respect to the female sham

group. ###P \ 0.001 with respect to the ovx group

Biogerontology (2011) 12:227–238 233

123



comparison to females, show premature immunose-

nescence (De la Fuente et al. 2004a; De la Fuente and

Miquel 2009; De la Fuente and Gimenez Llort 2010)

as has been found, for example, in leukocytes from

spleen and axillary nodes of female rats with respect

to males (De la Fuente et al. 2004a). This fact,

together with the higher oxidation observed in males

with respect to females (Borras et al. 2007), supports

the idea of an older biological age in males versus

females. Several parameters of leukocyte function

have been proposed as markers of biological age and

predictors of longevity, and we have also suggested

the role of immune cells in oxi-inflamm-ageing and

in the rate of ageing (Guayerbas and De la Fuente

2003; De la Fuente and Miquel 2009). The present

work is the first in which immune function and

oxidative stress parameters are studied in peritoneal

leukocytes comparing old males and both sham and

ovariectomised females.

A great deal of research shows that the ageing

process is linked to an impairment of peritoneal

macrophage functions such as the chemotaxis,

phagocytosis and microbicidal capacities (Guayerbas

and De la Fuente 2003; Guayerbas et al. 2004; De la

Fuente et al. 2004b). However, in the present study it

should be highlighted that sham females reach old

ages with a macrophage function better preserved

with respect to males. Thus, although females and

males have the same chronological age, their biolog-

ical age is not the same, as peritoneal macrophages

from sham-operated females display a better immune

competence than males in this respect. Regarding the

chemotaxis capacity, the boosting effect of oestro-

gens over leukocyte mobility to peripheral tissues has

been described (Cid et al. 1994; Cannon and St Pierre

1997), which could explain why the removal of the

main source of oestrogens through ovariectomy has a

negative repercussion on this function. The present

study shows no relevant effect of ovariectomy on

either the phagocytic or the digestion capacities.

Since macrophages collaborate with lymphocytes

in their antigen response, an altered macrophage

function contributes to the senescent decline in

immune function (Sebastián et al. 2005; De la Fuente

and Miquel 2009). Lymphocytes are important

effectors cells whose activation is essential for key

immune responses, such as the chemotaxis and

proliferative capacities, the production of cytokines

and the NK activity. It has been described that

oestrogens are able to stimulate, in these cells,

chemotaxis (Cid et al. 1994; Cannon and St Pierre

1997), proliferation (Porter et al. 2001; Bilbo and

Nelson 2001) and NK activity (Yang et al. 2000;

Keller et al. 2001). In the present work, ovariectomy

causes the deterioration of the peritoneal lymphocyte

functions studied in females, resulting in levels

similar to those of males of the same chronological

age. This fact is in accordance with the data obtained

in leukocytes from lymphoid organs in aged ovari-

ectomised rats (De la Fuente et al. 2004a). Thus, the

Fig. 3 Levels of the cytokines IL-2 (a), IL-10 (b) and IL-6

(c) in sham and ovariectomised (ovx) female and intact male

mice. Each column represents the mean ± SD of the number

of animals included in each experimental group (in brackets).

***P \ 0.001, *P \ 0.05 with respect to the female sham

group. #P \ 0.05 with respect to the ovx group
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privileged immune-competence of females versus

males due to oestrogens actions is confirmed.

The idea of an oxidation-inflammation state linked

to the ageing process has been recently described

(Franceschi et al. 2000; De la Fuente and Miquel

2009), with males showing, in general, a higher level

of oxidation than females (Borras et al. 2007). It has

been postulated that the lack of female sex hormones

associated with menopause/ovariectomy contributes

directly to the acceleration of the ageing process, with

a characteristic unbalanced inflammatory state (with

higher levels of proinflammatory cytokines and lower

levels of anti-inflammatory cytokines) (Pfeilschifter

et al. 2002; Kovacs 2005). The decreased levels of

the anti-inflammatory cytokine IL-10 found after

ovariectomy in the present study strongly corroborate

this idea. Moreover, males show lower IL-2 and

IL-10 levels and higher IL-6 levels than sham

females, so it becomes clear that males exhibit a

higher inflammatory state, and that oestrogens play a

key role in preserving a moderate inflammatory state

in older animals.

Regarding the H2O2–induced apoptosis study, data

showing higher percentages of stimulation in ovari-

ectomised females indicate a modulatory role of

oestrogens on this parameter in peritoneal leukocytes.

It has been described that oestrogens increase the

expression of the antiapoptotic protein Bcl-2 and

decrease caspases 3 and 8, which could be respon-

sible for their antiapoptotic role (Dubal et al. 1999;

Ackerman 2006; Tresguerres et al. 2008). Neverthe-

less, further research should be conducted in this

respect to elucidate the molecular mechanisms

involved.

Oxidative stress has been implicated in the path-

ogenesis of several alterations such as the ageing

process and the menopausal transition. In women, the

menopausal transition is the moment in life in which

this oxidative imbalance is drastically accelerated

(Massafra et al. 2000). The results of the present

study show that ovariectomy in females accelerates

the age-related oxidative state resembling the situa-

tion found in males, with higher GSSG levels and,

subsequently, a higher GSSG/GSH ratio, which

Fig. 4 Antioxidant defences, oxidants compounds and lipid

peroxidation damage: reduced glutathione levels (a), oxidized

glutathione levels (b), ratio GSSG/GSH (c) and MDA levels

(d) in sham and ovariectomised (ovx) female and intact male

mice. Each column represents the mean ± SD of the number

of animals included in each experimental group (in brackets).

**P \ 0.01 with respect to the female sham group. #P \ 0.05

with respect to the ovx group
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represents a reliable measure of the cellular oxidative

stress level (Sies 1999).

Regarding the effect of oestrogens on the antioxi-

dant enzymes, it has been described that these

hormones bind to their receptors and activate the

MAP kinase and the NFkB signalling pathways, thus

up-regulating the expression of antioxidant genes and

genes encoding the antioxidant enzymes (Viña et al.

2005, 2008). Although in the present work we have not

studied the gene expression of antioxidant enzymes,

the activities of catalase and glutathione peroxidase

studied are not affected by ovariectomy. Results

published in this respect are contradictory, with some

researchers having found decreased activity of these

enzymes after ovariectomy (Ha et al. 2006; Yalin et al.

2006; Kireev et al. 2007) while others have found no

effect or even increased activity (Azevedo et al. 2001;

Kankofer et al. 2007), which could be due to the

different experimental designs followed.

Finally, lipid peroxidation (through MDA levels)

was studied as being one of the determinants of ROS-

induced oxidative damage. It is known that MDA

levels in peritoneal leukocytes increase with ageing

(Alvarado et al. 2005b), and our data in aged mice

show that MDA levels after ovariectomy are higher

than those found in sham mice and similar to those of

males. These findings are in accordance with the vast

majority of scientific studies published, which have

described an increase in lipid peroxidation in differ-

ent locations (such as liver, kidney or brain) due to

ovariectomy (Yalin et al. 2006; Kiray et al. 2004,

2007; Kankofer et al. 2007).

In recent years, our research group has described

the negative effects of oestrogen loss on the function

and the oxi-inflammatory state of leukocytes in aged

female rats and mice (De la Fuente et al. 2004a;

Baeza et al. 2009, 2010a, b). The present work

performed in peritoneal leukocytes constitutes

another step forward in the characterization of

ovariectomy as a good model for assessing premature

ageing. Furthermore, gender-related differences in

the biological age of mice of the same chronological

age have been revealed, with females displaying a

much better immune competence and oxi-inflamma-

tory state than males. According to the results

obtained in the present study, the effect of the

oestrogen loss caused by ovariectomy strongly sup-

ports the positive role of these hormones on the

immune functions through the ageing process.
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