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The objective of this study was to explore whether and how
ovarian hormones interact with the febrile response to pyro-
gens. Estrogen and progesterone treatment of ovariectomized
rats was associated with a reduction in lipopolysaccharide
(LPS)-induced fever, compared with ovariectomized controls.
LPS-fever reduction was accompanied by reduced levels of
the inducible cyclooxygenase-2 (COX-2) protein expression in
the hypothalamus as well as reduced plasma levels of IL-1�.
The amount of LPS-induced IL-6 in the plasma was not af-
fected by ovarian hormone replacement. In contrast, hypo-
thalamic COX-2 expression in response to intraperitoneal in-
jection of IL-1� was potentiated by the ovarian hormone

replacement. IL-1� induced a moderate increase in plasma
levels of IL-6 that was suppressed by ovarian hormone re-
placement. These data suggest that ovarian hormone replace-
ment attenuated the proinflammatory response to LPS by
suppressing the LPS-induced IL-1� production and COX-2 ex-
pression in the hypothalamus. The markedly different action
of ovarian hormones on IL-1� and LPS effects suggests that
this sex hormone modulation of the immune response is a
function of the nature of infection and provides further evi-
dence that LPS actions are different from those of IL-1�.
(Endocrinology 144: 2454–2460, 2003)

FEVER IS CONSIDERED a hallmark of immune system
activation. It consists of an actively regulated increase

of core body temperature triggered on contact with patho-
gens (1). When exogenous pathogens (e.g. bacteria, virus)
enter the host body, they activate synthesis of a multitude of
endogenous proinflammatory cytokines (e.g. IL-1�, IL-6,
TNF�). Peripherally produced cytokines signal to the fever
responsive region of the hypothalamus via either a humoral
or a neuronal pathway (2). The proinflammatory cytokines
stimulate the central production of the inducible enzyme
cyclooxygenase (COX)-2 (3–5) and subsequently the produc-
tion of prostaglandins of the E series (3, 6). These prosta-
glandins activate neurons in the preoptic area of the hypo-
thalamus (7–10), which engage heat conservation and heat
production to elevate body temperature.

COX-2 is the major form of brain COX (11) and is induced
almost solely in the endothelium of brain capillaries (4, 5) and
perivascular cells (12) by proinflammatory cytokines, growth
factors, and Gram negative bacteria-derived lipopolysaccha-
ride (LPS) (11, 13, 14). The febrile response is closely related
to the neoexpression of inducible COX-2 (3, 4, 15).

There is increasing evidence that immune responses are
modulated by circulating sex hormones (16–22). However,
our knowledge about the effects of sex steroids on fever
development is scarce (23–26). We have previously shown
IL-1�-induced fever amplitude and duration were elevated
during the proestrus phase (in which ovarian hormone levels
are high), compared with IL-1� fever at diestrus (in which
ovarian hormones are their lowest levels). Furthermore,
ovarian hormone replacement to ovariectomized rats en-
hanced IL-1� fever (26). The mechanisms through which
ovarian hormones affect the febrile response are unclear.

In this study, we explored the effect of ovarian hormones
on fever induced by Gram-negative bacteria-derived LPS.
Bearing in mind that LPS-induced fever is partially mediated
through IL-1�, we also investigated the effect of ovarian
hormones on the neuroimmune effects of IL-1�. We asked
the following questions: 1) Do estrogen and progesterone
affect LPS-induced fever? 2) Can the ovarian hormones affect
the expression of COX-2 in the hypothalamus after exposure
to either endogenous (IL-1�) or exogenous pyrogens (LPS)?
3) Can the ovarian hormones modulate the circulating levels
of the two major endogenous pyrogenic cytokines (IL-1� and
IL-6) after exposure to either endogenous or exogenous
pyrogens?

Materials and Methods

Female Sprague Dawley rats bred in the University of Calgary vi-
varium were kept in temperature-controlled quarters under a 12-h light,
12-h dark cycle (lights on 0700 h). They were individually housed, and
pellet chow and water were accessible ad libitum. All experimental pro-
tocols were approved by the University of Calgary Animal Care Com-
mittee and carried out in accordance with the Canadian Council of
Animal Care guidelines.

Ovariectomy, hormonal supplementation, and temperature
measurement

Under sodium pentobarbital anesthesia (60 mg/kg ip), rats had both
ovaries removed (OVX), and each rat had a precalibrated, battery-driven
temperature transmitter (Mini-Mitter, Sun River, OR) implanted into the
abdominal cavity. They were then returned to the vivarium to recover
for 10 d after which they received a series of hormone injections to mimic
hormonal changes that occur during proestrus and diestrus stages (27).
On the morning of d 11 (0800 h) all rats received sc injection of a low dose
(1 �g/kg) of estradiol-benzoate (1,3,5,10-estratrien-3,17�-diol3-benzo-
ate, Steraloids, Inc., Wilton, NH) dissolved in peanut oil. On the morning
of the next day (d 12 after ovariectomy), they received a larger dose of
estradiol-benzoate (sc, 50 �g/kg). After 3.5–4 h (during which basal
body temperatures were recorded), rats were given either an sc injection

Abbreviations: COX, Cyclooxygenase; LPS, lipopolysaccharide;
NF�b, nuclear transcription factor �B; OVX, both ovaries removed.

0013-7227/03/$15.00/0 Endocrinology 144(6):2454–2460
Printed in U.S.A. Copyright © 2003 by The Endocrine Society

doi: 10.1210/en.2002-0093

2454

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/144/6/2454/2881207 by guest on 21 August 2022



of progesterone (4-pregnene-30,20-dione, 5 mg/kg, Sigma, St. Louis,
MO) (E�Pr group) or peanut oil vehicle alone (E group). This hormone
treatment regimen was followed immediately by ip injection of LPS
(Escherichia coli serotype 026:B6, Sigma). Relatively low (50 �g/kg) and
high (200 �g/kg) doses of LPS were used because the inducible COX-2
expression in brain vascular cell types is dependent on the strength of
the immune challenge (12) and there is evidence that different fever
profiles that arise from different doses of LPS may have different un-
derlying mechanisms (28, 29). Core temperatures were monitored every
5 min for 6 h after LPS injection using a telemetry system (DataQuest II,
Data Sciences Inc., St. Paul, MN). In subsequent independent experi-
ments, OVX rats that received hormone replacement as described above
were injected with either LPS or IL-1� (human IL-1beta, 108 U/mg,
Immunex Corp., Seattle, WA) to study protein expression (COX-2) and
cytokine release (IL-1� and IL-6). Circulating IL-1� levels in IL-1�-
injected animals were also measured because IL-1� can stimulate its own
release (30). Consequently, these rats were not implanted with temper-
ature transmitters.

Protein extraction

Two and a half hours after ip injection of either LPS or IL-1�, which
corresponds to the first phase of fever response (26) and LPS fever data
in this study, all animals were deeply anesthetized with sodium pen-
tobarbital (60 mg/kg ip) and transcardially perfused with PBS (NaCl,
137 mm; KCl, 2.7 mm; Na2HPO4, 10 mm; KH2PO4, 1.8 mm) to remove the
blood. A basal diencephalon region that consists of the preoptic area and
hypothalamus was quickly dissected and put in lysis buffer [3-(N-mor-
pholino)propanesulfonic acid, 20 mm; Mg(C2H3O2)2, 4.5 mm; KCl, 150
mm; 1% of the detergent Triton X-100] supplemented with protease
inhibitor tablets (Roche Diagnostics GmbH, Mannheim, Germany; cat-
alog no. D68298) and a mixture of protease and phosphatase inhibitors
(okadaic acid, catalog no. 495604: 1 �m; Microcystin-LR, catalog no.
475815: 1 �m, both purchased from Calbiochem, La Jolla, CA; sodium
vanadate, catalog no. S-6508, Sigma: 1 mm; phenylmethylsulfonyl flu-
oride, catalog no. 837091, Roche Molecular Biochemicals Corp., India-
napolis, IN: 500 �m). After mechanical dissociation of the brain tissue,
protein levels were assayed using a bicinchoninic acid protein assay
(Pierce Chemical Co., Rockford, IL; reagent A, catalog no. 23223 and
reagent B, catalog no. 23224). The proteins were then put in a sample
buffer composed of 125 mm Tris-HCl (T-1503, Sigma), 3% sodium do-
decyl sulfate (Bio-Rad Laboratories, Inc., Richmond, CA; catalog no.161-
0301), 20% glycerol (Sigma, G-5516), Bromophenol Blue (Sigma, B-5525),
20% �-mercaptoethanol (BDH Ltd., Poole, UK; catalog no. 44143) boiled
for 5 min and stored at �20 C until Western blot analysis.

Western blot analysis

Protein extracts from each individual rat (30 �g/well) were separated
on 10% SDS-PAGE using constant current of 30 mA/gel of 1.2 mm of
thickness. Molecular weight markers (Bio-Rad Laboratories, Inc., catalog
no. 161-0372) were used in each individual gel. At the end of separation,
the proteins were transferred onto nitrocellulose membrane for 2 h
under a constant current (1.2 mA/cm2 of gel surface) using a transfer
buffer containing 20% methanol, 50 mm Trizma base (Sigma), 40 mm
glycine (Sigma), and 0.04% SDS (Bio-Rad Laboratories, Inc.). Membranes
were then incubated overnight at 4 C with 10% fat-free milk in Tris-
buffered saline containing Tween 20 composed of 20 mm Trizma-base
(Sigma), 0.15 m sodium chloride (Fisher Scientific Co., Fairlawn, NJ), and
0.1% polyoxyethylene-sorbitan monolaurate (Sigma). A well character-
ized rabbit COX-2 antibody (Cayman Chemical Co., Ann Arbor, MI;
catalog no. 160126) was used at 1:2000 (31, 32). The specificity of the
COX-2 antibody was established by preabsorbing COX-2 antibody with
the COX-2 antigen (Cayman Chemical Co., catalog no. 360106) for 1 h
at room temperature. This preabsorption results in the disappearance of
the COX-2 band. After 2 h of incubation with COX-2 antibody, the
membrane was washed with Tris-buffered saline containing Tween 20
and incubated with goat antirabbit IgG conjugated with horseradish
peroxidase (1:4000) (Santa Cruz Biotechnology, Inc., Santa Cruz, CA;
catalog no. sc-2004) for 1 h at room temperature. A chemiluminescence
substrate was applied to the membrane (ECL kit, Amersham, Little
Chalfont, Buckinghamshire, UK), and protein bands were visualized
using X-Omat film (Eastman Kodak Co., Rochester, NY). We also mea-

sured levels of actin, which served as housekeeping protein. After the
COX-2 band was detected, the membrane was stripped with mercap-
toethanol (BDH Ltd.) and reblotted with rabbit antiactin antibody (Sig-
ma, catalog no. A2066) at 1:10,000 dilution.

Measurement of cytokine levels

OVX rats that received either complete hormonal replacement (E�Pr)
or estrogen alone (E) were injected ip with either LPS (200 �g/kg) or
IL-1� (1 �g/kg). Two and a half hours after the immune challenge, rats
were anesthetized with sodium pentobarbital (60 mg/kg ip), trunk
blood samples were taken, and plasma was extracted. Plasma levels of
IL-1� and IL-6 were assayed using a specific rat ELISA kit (catalog no.
KRC0012 and KRC0062, respectively; Biosource International, Cama-
rillo, CA). All plasma samples were measured in the same assay. The
minimum detectable concentration is less than 3 pg/ml for IL-1� assay
and less than 8 pg/ml for IL-6 assay.

Data analysis

The average of body temperature recorded during 1 h immediately
before LPS injection was used as baseline. Temperature readings at
10-min intervals (average of two consecutive 5-min readings) were cal-
culated as net deviation from the mean baseline temperature. Proteins
were quantified using a densitometer to give COX-2/actin ratios. These
COX-2/actin ratios were normalized to the COX-2/actin values in rats
treated with estrogen only (E group). All data are represented as means
and sem and were analyzed by two-way ANOVA followed by Student-
Newman-Keuls post hoc pairwise comparisons. Following identification
of significant differences between experimental groups, a two-tailed t
test was used to reveal significance at key points. Significance was
accepted at the 0.05 level.

Results
Ovarian hormone effects on fever response to LPS
(50 �g/kg ip)

In the first experiment, OVX rats that were treated with
estrogen/progesterone (E�Pr) or estrogen alone (E) received
an ip injection of a febrile dose of LPS (50 �g/kg), and the
fever response was monitored for 6 h after the injection. Basal
core temperature was similar in both the E�Pr (37.81 � 0.29
C, n � 8) and E groups (37.64 � 0.20 C, n � 6). Immediately
after LPS injection, all rats displayed a stress-induced hy-
perthermia because of handling (Fig. 1). The peak of the
stress-induced hyperthermia occurred about 30 min after
LPS injection. After this first peak, body temperature of the
E group returned to baseline, whereas the E�Pr group stayed
stable for about an hour. LPS-induced fever consisted of
early- and late-phase peaks that occur at about 2.5 h and 4.5 h
after the injection of LPS. Both groups reached an identical
fever magnitude during the early phase of fever response.
However, sequential estrogen and progesterone injections
reduced significantly the febrile response to LPS during the
late-phase peak (Fig. 1).

Ovarian hormone effects on fever response to LPS
(200 �g/kg)

In this experiment, a second group of female rats were
ovariectomized, received ovarian hormone replacement as
described above, and were given a higher dose of LPS (200
�g/kg ip). Both E�Pr and E groups had similar basal core
temperatures of 37.38 � 0.11 C (n � 10) and 37.59 � 0.13 C
(n � 8), respectively. Both groups raised their body temper-
ature to a peak at 30 min because of handling (Fig. 2A). The
febrile response to LPS at both the early and late phases was
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significantly reduced in the E�Pr group. Fever index, which
integrates the increase in body temperature over the 6 h after
LPS injection (200 �g/kg), similarly showed that E�Pr treat-
ment group showed a significant attenuation in fever re-
sponse, compared with the E group (Fig. 2B).

Ovarian hormone effects on COX-2 expression in the
hypothalamus in response to LPS

A third group of female rats were ovariectomized and
separated into E�Pr (n � 7) or E (n � 6) groups. Two and
a half hours after ip injection of LPS (200 �g/kg), hypothal-
ami were removed and proteins were extracted and indi-
vidually separated by electrophoresis as described in Mate-
rials and Methods. Densitometric analysis showed that COX-2

expression after LPS injection was significantly reduced in
the E�Pr group, compared with the E group (Fig. 3).

Ovarian hormone effects on COX-2 expression in the
hypothalamus in response to IL-�

In this experiment, a different group of female rats was
ovariectomized and received either estrogen/progesterone
(E�PrP, n � 5) or estrogen only (E, n � 4). All these rats
received IL-1� (1 �g/kg ip). In contrast to what had been
seen with LPS, COX-2 expression in the hypothalamus of the
E�Pr group was higher, compared with the E group (Fig. 4,
A and B).

Ovarian hormone effects on plasma levels of cytokines in
response to LPS or IL-1�

An independent group of rats was ovariectomized and
received hormonal treatment as described above. Each of the
hormonal treatment groups was injected with either LPS (200
�g/kg) or IL-1� (1 �g/kg). LPS-induced IL-1� levels in the
plasma of the E�Pr group (n � 6, Fig. 5A) were suppressed,
compared with the E group (n � 6). IL-1� was undetected in
the plasma of rats that received ip injection of IL-1� (E�Pr
group n � 6, E group n � 6; Fig. 5A). Plasma levels of IL-6
induced by LPS are more than 30-fold higher than levels of
IL-6 induced by IL-1� (Fig. 5B). Ovarian hormone treatment
did not affect the plasma level of IL-6 induced by LPS. As
shown in Fig. 5B, the small effect of IL-1� on plasma IL-6
observed in the E group (n � 6) was suppressed in E�Pr
group (n � 6).

Discussion

Sex hormone replacement in ovariectomized rats attenu-
ated LPS-induced fever and reduced COX-2 expression in the
hypothalamus. The ovarian hormones also suppressed
plasma levels of LPS-induced IL-1� but not that of LPS-
induced IL-6. In contrast, endogenous pyrogen injection (IL-
1�) resulted in enhanced fever (26) and enhanced COX-2
expression in the hypothalami of rats that received ovarian

FIG. 1. Ovarian hormones effect on LPS (50 �g/kg)-induced fever.
OVX animals received sc injection of either estrogen/progesterone
(E�Pr) or estrogen only (E); subsequently they were ip injected with
LPS (50 �g/kg) at time zero. Fever response was recorded for 6 h post
LPS injection. The second phase of LPS fever was reduced in OVX rats
injected with estrogen/progesterone (filled circles), compared with
OVX rats injected with estrogen alone (open circles). The number (n)
indicates the number of animals per group, *, P � 0.05.

FIG. 2. Ovarian hormone effects of LPS (200 �g/kg)-induced fever. OVX animals received sc injection of either estrogen/progesterone (E�Pr)
or estrogen alone (E); subsequently they were ip injected with LPS (200 �g/kg) at time zero. Fever response was recorded for 6 h post LPS
injection. Both early and late phases of LPS fever were reduced in OVX rats injected with estrogen/progesterone (filled circles), compared with
OVX rats injected with estrogen alone (open circles). The number (n) indicates the number of animals per group. *, P � 0.05.
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hormone replacement. These data strongly suggest that the
reduction in the febrile response to LPS is due to a suppres-
sive effect of these ovarian hormones on LPS-induced release
of endogenous pyrogens (such as IL-1�) from peripheral
macrophages. The data presented in this study suggest that
ovarian hormones may affect an upstream component of the
LPS-activated pathway that leads to COX-2 expression. In-
deed, circulating levels of IL-1� induced by LPS were sup-
pressed by hormonal replacement. This reduced IL-1� level
in the plasma may account, in part, for the attenuated LPS-
induced fever. Interestingly, LPS induced similar high cir-
culating levels of IL-6 in the presence or absence of complete
hormone replacement, thus suggesting that IL-6 is not the

ovarian hormone target for attenuating LPS fever. Our data
also indicate that IL-6 production does not seem to be de-
pendent on the circulating levels of IL-1�. Despite the general
view of the mandatory role of IL-1� in LPS-induced IL-6
production, LPS can stimulate IL-6 production in the absence
of the IL-1� gene (33). Similarly, depletion of macrophages
does not affect LPS-induced IL-6 but blunts plasma level of
IL-1� induced by LPS (34, 35). Our data do not, however, rule
out a role for an interaction between IL-1� and IL-6 because
IL-1� has been shown to sensitize brain tissues to IL-6 effects
(36). Thus, the decrease in IL-1� is sufficient to lower fever.

IL-6 is regarded as the ultimate mediator of LPS fever
because mice with disrupted IL-6 gene lack febrile response
to both IL-1� and LPS (37). Our observation that LPS fever

FIG. 3. Estrogen-progesterone effects on LPS-induced COX-2 protein
expression. Intraperitoneal injection of endotoxin (LPS: 200 �g/kg)
induced COX-2 expression in the hypothalamic region of female rat.
OVX rats that received sc injections of estrogen/progesterone (E�Pr)
showed reduced LPS-induced COX-2 protein expression in the hypo-
thalamus, compared with OVX rats that received estrogen alone (E).
Arbitrary unit values of OD analysis of COX-2/actin ratios, normal-
ized to the COX-2/actin ratios in rats that received oil instead of
progesterone, are shown in Fig. 3B. The number in parentheses in-
dicates the number of animals per group. *, P � 0.05.

FIG. 4. Estrogen-progesterone effects on IL-1�-induced COX-2 pro-
tein expression. OVX rats that received sc injections of estrogen/
progesterone (E�Pr) showed enhanced IL-1� (1 �g/kg)-induced
COX-2 protein expression in the hypothalamus, compared with OVX
rats that received estrogen alone (E) (A). The number in parentheses
indicates the number of animals per group. *, P � 0.05.
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is attenuated but not totally suppressed by ovarian hormone
replacement despite equal circulating levels of IL-6 favor the
idea that the synergistic effect of IL-1� and IL-6 causes a more
enhanced fever. Indeed, IL-1� enhances IL-6 receptor gene
expression but not IL-6 gene itself in rat brains (36). We chose
a time during the early phase of fever in which IL-6 protein
and mRNA levels are maximally induced (36) to measure
circulating cytokine levels (38), but the possibility cannot be
ruled out that at some later phase of the fever, levels would
be different. However, if this were the case, it would be
difficult to explain how fever would be altered earlier than
this. A final possibility that we cannot discount is that es-
trogen/progesterone regimen may have a direct effect on
neuronal activity in addition to that on cytokines.

It is noteworthy that the plasma concentrations of IL-1�
and IL-6 are in agreement with previous studies (39, 40).
These data are also in agreement with previous findings in
which estrogen and progesterone were shown to exert an
inhibitory effect on IL-1� mRNA synthesis (41) and IL-1�
release but not IL-6 secretion by human peripheral blood
mononuclear cells (42). These results are also in line with
studies in women. Indeed, in premenopausal women, the
levels of endotoxin-induced cytokines released from im-
mune cells vary with the menstrual cycle. Namely, the luteal
phase, characterized by a high circulating levels of proges-
terone is associated with a reduced cytokine release from
monocytes exposed to LPS (43, 44). Whether ovarian hor-
mones also affect antiinflammatory cytokines is not clear.

Although elevated levels of IL-10 were correlated with sex
steroid levels in peritoneal fluid of patients with ovarian
hyperstimulation syndrome (45), estrogen inhibits endo-
toxin-induced IL-1ra in postmenopausal women (46) and did
not affect LPS-induced IL-10 production by macrophages
(47). We are not aware of any published work that explored
the combined effect of estrogen and progesterone on anti-
inflammatory cytokines during immune system activation.

It was curious to observe that the attenuated fever re-
sponse induced by ovarian hormone replacement was more
pronounced when rats received relatively higher doses of
LPS. Besides its pyrogenic effect, LPS activates the hypo-
thalamo-pituitary-adrenal axis (48) that contributes to the
production of antipyretic glucocorticoids (49). It is possible
that this negative feedback is potentiated by ovarian hor-
mone replacement when female rats are exposed to higher
doses of endotoxins (50, 51).

In addition to their effects on circulating cytokines, ovarian
hormones can exert their modulatory effects at the transcrip-
tional level of the immune-activated cox-2 gene. The cox-2
gene activation and COX-2 protein induction mainly are due
to an activation of upstream proinflammatory signaling mol-
ecules, namely the dissociation between the inhibitory �B
(I�b) and nuclear transcription factor �B (NF�b) and subse-
quently the translocation of NF�b from the cytoplasm to
activate transcription of cox-2 gene (52). There is evidence
that ovarian hormones reduce LPS-induced COX-2 via an
inhibition of NF�b activation (53–56).

It is generally accepted that IL-1� is an important com-
ponent of the LPS-activated cascade of cytokines involved in
inflammatory responses (57). However, we were surprised to
find that sex hormone replacement in OVX rats attenuated
LPS fever (Figs. 1 and 2), whereas it potentiated IL-1�-
induced fever (26). Similarly, LPS-induced COX-2 expression
in the hypothalamus was reduced, whereas IL-1�-induced
COX-2 was enhanced in estrogen/progesterone-treated rats
(Figs. 3 and 4). These differential effects of LPS and IL-1� can
be explained by the suppressive effect of ovarian hormones
on LPS-induced plasma IL-1� (Fig. 5A). The reduction of LPS
fever in estrogen/progesterone-treated animals can thus be
brought about, at least in part, by reduced LPS-induced
IL-1�. However, it is also possible that ovarian hormones
may modulate either the binding properties or expression
levels of IL-1� and IL-6 in the hypothalamus (58). In addition,
a direct effect of ovarian hormones on LPS receptors cannot
be discounted (59, 60).

The reported thermogenic property of ovarian hormones,
namely that of progesterone (61, 62), seems to contrast with
both our observed ovarian hormone-induced attenuated LPS
fever and the similar baseline temperatures in both groups
of rats. This apparent discrepancy can be explained by dif-
ferences in the experimental design we and others had used.
In the above-mentioned reports, the thermogenic effect of
ovarian hormones in rats is observed only when ovarian
hormones were injected daily for at least 14 d. The current
results are similar to those we reported previously in which
ovarian hormone replacement did not affect nonfebrile tem-
peratures (26). In addition to its action through an IL-1�-
dependent pathway, LPS can induce an inflammatory re-
sponse through an IL-1�-independent pathway (63). For

FIG. 5. Estrogen-progesterone effects on LPS- or IL-1�-induced cy-
tokines production. A, OVX rats that received sc injection of estrogen/
progesterone (E�Pr, n � 6) showed a complete suppression of plasma
levels of IL-1� (A) induced by LPS (200 �g/kg), compared with OVX
rats that did receive estrogen alone (E, n � 6). No detectable circu-
lating levels of IL-1� were observed in IL-1� (1 �g/kg) ip-injected rats
in both E�Pr (n � 6) and E (n � 6) groups. B, LPS-induced release
of IL-6 in the plasma was similarly high in both rats that received
estrogen/progesterone (n � 6) and in rats that received estrogen alone
(n � 6). IL-1� induced a small increase in plasma levels of IL-6 in rats
that received estrogen alone (n � 6). Hormonal replacement inhibited
IL-1�-induced IL-6 production (n � 6).
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instance, systemic injection of LPS induces COX-2 mRNA
expression in endothelial cells of the blood vessels in the
brain of transgenic mice that lack IL-1� (64). The possibility
that ovarian hormones may target a component of an IL-1�-
independent pathway cannot be ruled out.

The reduction in the magnitude of fever and COX-2 in-
duction brought about by estrogen/progesterone treatment
raises questions as to the relevance of these findings to the
human condition. Very few studies had investigated
the occurrence or lack thereof of fever at various stages of the
menstrual cycle or after menopause in women (65–67). How-
ever, this could be of interest, given the fact that fever is
thought to have a survival value, i.e. it is of benefit in fighting
infections (1). Similarly, one might ask whether hormonal
replacement therapy after menopause may have potential
deleterious effects on the body’s ability to respond to Gram-
negative infection (68).

These data underlie the complexity of the interaction be-
tween the female gonadal axis and the immune system ac-
tivation and call for more studies to understand the differ-
ential effects of sex hormones with regard to the nature and
route of infection.
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