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Abstract Sex hormones may influence many physiological
processes. Recently, we demonstrated that hormonal fluctua-
tions of cycling female rats do not affect respiratory parame-
ters during hypercapnia. However, it is still unclear whether
sex hormones and hormonal fluctuations that occur during the
estrous cycle can affect breathing during a hypoxic challenge.
Our study aimed to evaluate respiratory, metabolic, and ther-
mal responses to hypoxia in female rats on different days of
the estrous cycle (proestrus, estrus, metestrus, and diestrus)
and in ovariectomized rats that received replacement with oil
(OVX), estradiol (OVX + E2), or a combination of estradiol
and progesterone (OVX + E2P). Ventilation (VE), tidal volume
(VT), respiratory frequency (fR), oxygen consumption (VO2),
and VE/VO2 were not different during the estrous cycle in
normoxia or hypoxia. Body temperature (Tb) was higher dur-
ing estrus, but decreased similarly in all groups during hypox-
ia. Compared with intact females in estrus, gonadectomized
rats also had lower Tb in normoxia, but not in hypoxia. OVX
rats experienced a significant drop in the ventilatory response
to hypoxia, but hormonal replacement did not restore values to
the levels of an intact animal. Our data demonstrate that the

different phases of the estrous cycle do not alter ventilation
during normoxia and hypoxia, but OVX animals display low-
er ventilatory responses to hypoxia compared with ovary-
intact rats. Because estradiol and progesterone replacement
did not cause significant differences in ventilation, our find-
ings suggest that a yet-to-be-defined non-steroidal ovarian
hormone is likely to stimulate the ventilatory responses to
hypoxia in females.
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Introduction

Natural fluctuations in circulating sexual hormones across the
estrous and menstrual cycles might be associated with chang-
es in breathing [29, 56]. Throughout life, estrogen (E2) and
progesterone (P) influence the respiratory function of animals
and human beings [4, 12, 45]. In women, during the luteal
phase (LP), significant increases in circulating P and E2 occur,
ventilation and tidal volume increase [12, 38, 41], and the
central and peripheral chemosensitivity to hypercapnia and
hypoxia are increased, compared to the follicular phase (when
P levels are lowest) [14, 15, 38, 53].

Recently, we demonstrated that despite the hormonal fluctu-
ations during the estrous cycle, the ventilatory response to CO2

in female rats is similar along the cycle [30]. Interestingly, we
found that ovariectomy promoted an attenuation (43%) of the
hypercapnic hyperventilation, compared with the response ob-
tained from intact animals in estrus [30]. However, hormonal
replacement with E2 or E2 and P did not restore the effects of
ovariectomy on CO2 chemosensitivity.
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Combined action of E2 and P reduces the occurrence of
respiratory disorders like sleep obstructive apnea [8, 36], but
the mechanisms of action and the effects of ovarian steroids
are not yet fully elucidated. It is suggested that E2’s main
actions are mediated primarily through the activation of intra-
cellular estrogen receptors, which are distributed throughout
multiple organs, such as the uterus, breast, ovary, lungs, kid-
neys, bones, and brain [7, 33]. Estrogen and progesterone
receptors are also found in the carotid body of adult and neo-
nate rats [23] where they exert an excitatory effect on baseline
activity and hypoxic chemoresponsiveness [19, 25, 46, 47],
and are, therefore, potential protective factors against the oc-
currence of sleep apneas in women [36, 39, 55].

The vast majority of studies in respiratory physiology use
rats as the experimental model, with males being the preferred
gender. When females are used in studies, authors frequently
do not take into account the wide variations in circulating
hormonal levels that occur during the estrous cycle. This last
consideration has emerged as an important factor to be con-
sidered when working with female animals in clinical scenar-
ios and in several research areas [40]. Several studies have
demonstrated that the ventilatory responses to hypoxia in
women vary during the different phases of the menstrual cy-
cle, showing that hormonal fluctuations may be important and
should be considered [13, 14, 16, 29, 44, 53]. Despite the
studies that investigated the women’s menstrual cycles, only
a few studies have examined the influence of the estrous cycle
on breathing in animal models [52]. As far as we are con-
cerned, it remains to be explored whether the hormonal fluc-
tuations of the estrous cycle affect the hypoxic ventilatory
response, and what the potential effects of ovariectomy might
have on the peripheral chemoreflex. In addition to the hor-
monal influence on ventilatory responses, it has been reported
that E2 is also involved in the regulation of body temperature
(Tb) [5, 32] in both animal models and in women. Many peri-
and post-menopausal women suffer from face-flushing,
sweating, and hotness with a reduction of body temperature.
Although E2 is unlikely to be the sole factor involved, a re-
placement with estrogen is often used as a therapy [49].

Given the data in the literature, we hypothesized that hor-
monal fluctuations observed throughout the rat estrous cycle
would have an impact on the ventilatory, metabolic, and body
temperature regulation during hypoxia. We also evaluated the
possible role of E2 and P in these physiological responses to
hypoxia.

Materials and methods

Animals

Experiments were performed on conscious, adult female
Wistar rats, weighing 250–300 g. The animals had free access

to water and food and were housed in a temperature-controlled
chamber at 24–26 °C (ALE 9902001; Alesco, MonteMor, SP,
Brazil) with a 12:12 h light/dark cycle (lights on at 6:00 a.m.).
Animal care was carried out in compliance with the Brazilian
College of Animal Experimentation guidelines and approved
by the local Animal Care and Use Committee (protocol no.
007827–09). We used cycling female rats on the days of pro-
estrus (n = 7), estrus (n = 6), metestrus (n = 6), and diestrus
(n = 5), and OVX rats treated with corn oil (OVX + O; n = 5),
E2 (OVX + E2; n = 6) or a combination of E2 and P (OVX +
E2P; n = 4).

Determination of the estrous cycle

Vaginal smears were taken daily to verify the regularity of the
estrous cycle, and only those rats showing at least five con-
secutive regular 4- or 5-day estrous cycles were included in
the study. The wet smears were collected at 9:00 a.m., imme-
diately rolled onto a glass slide and allowed to air dry. Slides
were examined for the following features: cornified epithelial
cells, nucleated epithelial cells, and leukocytes. Estrous cycle
stages were then determined using the following criteria: (1)
proestrus, predominantly nucleated epithelial cells; (2) estrus,
predominantly cornified epithelial cells; (3) metestrus, pres-
ence of nucleated cells, but predominantly leukocytes; and (4)
diestrus: predominantly leukocyte cells [18, 30].

Surgical procedures

Animals were anesthetized with a solution of ketamine
(100 mg/kg, i.p.; Agener, São Paulo, Brazil) and xylazine
(10 mg/kg, i.p.; Coopers, São Paulo, Brazil) to perform the
ovariectomy and the implantation of a temperature datalogger
(SubCue, Calgary, AB, Canada) in the abdominal cavity. At
the end of surgery, the animals were treated with antibiotics
(10 mg/kg, s.c.; Enrofloxacin, Flotril, Schering-Plough, São
Paulo, Brazil) and analgesic (2.5 mg/kg, s.c.; flunixin
meglumine, Banamine, Schering-Plough, São Paulo, Brazil).

Ovariectomy and hormonal replacement

Ovariectomy was performed as previously described [30]. A
3-cm-long midline dorsal skin incision was made approxi-
mately halfway between the middle of the back and the base
of the tail. After the peritoneal cavity was accessed, the ovary
was found surrounded by a variable amount of fat tissue. The
connection between the fallopian tube and the uterine horn
was cut and the ovary moved out, according to the method
described by Lasota and Danowska-Klonowska [28]. Eight
days after ovariectomy, rats were treated with corn oil
(0.2 mL, s.c.) or E2 (10 μg/0.2 mL, s.c., 17β-estradiol
cypionate; Pfizer, São Paulo, Brazil), at 9 a.m. for 3 days.
On the fourth day, oil-treated rats received a final oil injection
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(OVX + O group), while E2-treated rats received an injection
containing corn oil (OVX + E2 group) or P (2.5 mg/0.2 mL,
s.c., OVX + E2P group; Sigma, St. Louis, MO). The hormonal
treatment regimens used were found to yield physiological
levels of plasma 17β-estradiol and progesterone [43]. All ex-
periments were conducted on day 8 following ovariectomy.
On the day of experiment, vaginal cytology was performed to
monitor the effectiveness of the hormonal treatment, as de-
scribed inMarques et al. [30]. Estrus is the phase of the estrous
cycle in which gonadal hormones are found to be in their
lowest concentrations [42]. Here, we considered estrus to be
a control for comparison with OVX animals.

Determination of pulmonary ventilation, body
temperature, and metabolism

Measurements of ventilation were taken by the whole-
body plethysmography method [2], and Tb was recorded
by use of a temperature datalogger (SubCue, Calgary,
AB, Canada) implanted within the abdominal cavity
and programmed to acquire data every 5 min, as previ-
ously described in the literature [6, 11, 30]. Two respi-
ratory variables, fR and VT, were measured. VT was
calculated by the equations provided by Bartlett and
Tenney [2], and VE was calculated by the product of
fR and VT. Freely-moving rats were kept in a 5-L cham-
ber ventilated with either room air or a hypoxic gas
m i x t u r e con t a i n i ng 7% O2 (Wh i t e Ma r t i n s ,
Sertãozinho, Brazil). The flow rate (1.5 L min−1) of
the gas into the animal chamber was monitored by a
flowmeter (model 822–13-OV1-PV2-V4; Sierra
Instruments, Monterey, CA, USA). VE was calculated
before (time zero) and 30 min after hypoxia exposure.
During measurement, the flow was interrupted and the
chamber sealed for short periods of time (~1 min); pres-
sure oscillations due to respiration were monitored by a
differential pressure transducer (TSD 160A; Biopac
Systems, Santa Barbara, CA, USA). The signals were
fed into a differential pressure transducer (DA 100C;
Biopac Systems), passed through an analog-to-digital
converter and digitized on a microcomputer equipped
with data acquisition software (MP100A-CE; Biopac
Systems). The sampling frequency was 200 samples
per second. The results were analyzed using the data
analysis software, Acknowledge (v3.8.1 data acquisition
system; Biopac Systems). Calibration for volume was
obtained during each experiment by injecting the animal
chamber with 1 mL of air.

Metabolic rate was calculated by an indirect calorimetry
method, using a closed respirometry system [1, 30].
Following gas exposure (normoxia or hypoxia), the air flow
of the chamber was interrupted for 2 min and the air was
continuously sampled by an O2 analyzer (PowerLab System,

ADInstruments®/Chart Software, version 7.3. Sydney,
Australia). The decline in O2 concentration during the 2-min
interval was used to calculate VO2. Values were presented in
milliliters per minute per kilogram in standard conditions of
temperature, pressure, and dry air (STPD). All experiments
were performed between 9:00 a.m. and 1:00 p.m. to minimize
any influence of circadian rhythms.

Statistical analyses

VE, fR, VT, Tb, and V̇O2 were compared among groups using
two-way ANOVA for repeated measures. The significance
level was set to P < 0.05. The statistical analyses were per-
formed using computer software (Sigma Stat; Systat Software,
Point Richmond, CA, USA). Data are presented as group
means ± SEM for each parameter investigated.

Results

Ventilatory, metabolic, and body temperature data for different
phases of the estrous cycle, and the comparisons of OVX,
OVX + E2, and OVX + E2P animals with intact animals in
the estrous phase, during normoxia and hypoxia are shown in
Tables 1 and 2.

Estrous cycle: ventilation, body temperature,
and metabolism in normoxia and hypoxia

Ventilation

In normoxic conditions, no differences in VE were observed in
the four different phases of the estrous cycle. Hypoxia caused
an increase in VE in all groups [hypoxia effect: P < 0.0001;
F(3,20) = 133.7; without interaction], resulting from a combi-
nation of VT [hypoxia effect: P < 0.0001; F(3,20) = 98.3; with-
out interaction] and fR [hypoxia effect: P < 0.0001;
F(3,20) = 75.9; without interaction]. However, there was no
difference among groups, as shown in Fig. 1.

Metabolism

In normoxic conditions, no differences in VO2 and VE/VO2

were observed in the different phases of the estrous cycle (Fig.
2). Hypoxia caused a decrease in VO2 in all groups [hypoxia
effect: P < 0.0001; F(3,20) = 491.6; without interaction] and a
significant increase in the VE/VO2 [hypoxia effect:
P < 0.0001; F(3,20) = 227.9; without interaction], and no dif-
ference was found among groups.
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Body temperature

Tb of rats in estrus was higher than in other phases of the
estrous cycle during normoxia [cycle effect: P = 0.0022,

F(3,20) = 4.0; without interaction]. Hypoxia caused a decrease
in Tb in all groups [hypoxia effect: P < 0.0001; F(3,20) = 173.3;
without interaction] but there was no difference among them,
as shown in Fig. 3.

Table 2 Ventilatory, metabolic,
and body temperature data
comparing OVX, OVX + E2, and
OVX + E2P animals with intact
animal in estrus phase, in
normoxia and hypoxia conditions

Estrus OVX + O OVX + E2 OVX + E2P

n 6 5 6 4

Weight (g) 276.2 ± 9.7 289.4 ± 12.9 299.7 ± 10.2 302.0 ± 3.3

Normoxia

V̇E (mL kg−1 min−1) 593.7 ± 70.5 397.9 ± 17.8 468.9 ± 32.7 417.1 ± 37.0

V̇T (mL kg−1) 7.5 ± 0.8 5.3 ± 0.6 6.0 ± 0.3 5.4 ± 0.5

f (breaths min−1) 79.2 ± 6.4 78.2 ± 7.1 79.0 ± 4.2 77.5 ± 3.9

V̇O2 (mL kg−1 min−1) 19.6 ± 0.8 17.6 ± 0.6 18.1 ± 0.8 17.6 ± 0.4

V̇E/V̇O2 30.2 ± 3.2 23.1 ±0.9 27.7 ± 2.5 26.1 ± 1.8

Tb (°C) 37.2a,b,c ± 0.2 37.3 ± 0.2 37.4 ± 0.2 37.2 ± 0.3

Hypoxia

V̇E (mL kg−1 min−1) 1567.7a,b ± 99.0 895.1 ± 42.1 1020.0 ± 88.6 1112.8 ± 75.0

V̇T (mL kg−1) 13.9a,b ± 0.7 7.5 ± 0.5 9.3 ± 0.8 9.6 ± 1.1

f (breaths min−1) 112.7 ± 2.6 110.8 ± 2.5 109.8 ± 3.3 118.5 ± 6.7

V̇O2 (mL kg−1 min−1) 10.7 ± 0.7 10.3 ± 0.2 10.7 ± 0.2 11.0 ± 0.7

V̇E/V̇O2 155.5a,b,c ± 13.7 86.8 ± 3.9 96.3 ± 9.5 102.1 ± 7.7

Tb (°C) 35.7 ± 0.2 35.0 ± 0.6 35.9 ± 0.3 35.2 ± 0.3

Values are mean ± SE. P < 0.05

n no. of rats
a Difference estrus vs OVX
bDifference estrus vs OVX + E2

cDifference estrus vs OVX + E2P

Table 1 Ventilatory, metabolic,
and body temperature data for
different phases of estrous cycle
during normoxia and hypoxia
conditions

Proestrus Estrus Metaestrus Diestrus

n 7 6 6 5

Weight (g) 255.9 ± 9.7 276.2 ± 9.7 292.0 ± 6.4 260.4 ± 10.5

Normoxia

V̇E (mL kg−1 min−1) 589.4 ± 36.4 593.7 ± 70.5 535.2 ± 60.2 552.9 ± 59.1

V̇T (mL kg−1) 7.1 ± 0.6 7.5 ± 0.8 6.4 ± 0.5 7.5 ± 0.4

f (breaths min−1) 84.4 ± 5.6 79.2 ± 6.4 82.7 ± 5.5 73.8 ± 6.0

V̇O2 (mL kg−1 min−1) 19.8 ± 0.5 19.6 ± 0.8 18.3 ± 0.6 19.1 ± 1.1

V̇E/V̇O2 29.8 ± 1.9 30.2 ± 3.2 29.8 ± 4.1 29.8 ± 4.3

Tb (°C) 37.2 ± 0.2 38.1a ± 0.1 37.4 ± 0.1 37.2 ± 0.1

Hypoxia

V̇E (mL kg−1min−1) 1410.3 ± 96.5 1567.7 ± 99.0 1517.2 ± 153.1 1442.2 ± 248.5

V̇T (mL kg−1) 12.8 ± 1.0 13.9 ± 0.7 13.0 ± 1.2 13.9 ± 1.6

f (breaths min−1) 110.3 ± 2.1 112.7 ± 2.6 117.0 ± 9.1 102.4 ± 9.2

V̇O2 (mL kg−1 min−1) 11.0 ± 0.5 10.7 ± 0.7 10.7 ± 0.4 11.5 ± 0.5

V̇E/V̇O2 130.7 ± 11.6 155.5 ± 13.74 142.4 ± 14.9 124.8 ± 19.2

Tb (°C) 35.7 ± 0.2 36.0 ± 0.3 35.7 ± 0.1 35.5 ± 0.3

Values are mean ± SE. P < 0.05

n no. of rats
a Difference of estrus vs proestrus, diestrus, and metaestrus

1280 Pflugers Arch - Eur J Physiol (2017) 469:1277–1286



Ovariectomy and hormonal replacement: ventilation,
body temperature, and metabolism in normoxia
and hypoxia

Ventilation

Comparing OVX animals, treated or not with ovarian steroids,
with cycling rats in estrus in normoxia, there was no signifi-
cant difference in ventilatory parameters among groups (Fig.
4). Hypoxia caused a significant increase in VE in all groups
[effect of hypoxia: P < 0.0001, F(3,18) = 169.3], resulting from
a combination of increased VT [effect of hypoxia: P < 0.0001,
F(3,18) = 69.3; effect of OVX: P < 0.0001; interaction among
groups: P < 0.05] and fR [effect of hypoxia: P < 0.0001,
F(3,18) = 72.6; no OVX effect, and no significant interaction].
Nevertheless, OVX + O, OVX + E2, and OVX + E2P showed
an attenuated hypoxic ventilatory response, compared to rats
in estrus [effect of castration: P < 0.0001, F(3,18) = 18.9; inter-
action among groups: P = 0.014] (Fig. 4).

Metabolism

As seen in Fig. 5, during normoxic conditions, no dif-
ferences in VO2 were observed in OVX rats (OVX + O,
OVX + E2, and OVX + E2P) compared to intact rats in
estrus (P = 0.18). Hypoxia caused a decrease in VO2 in
all groups [hypoxia effect: P < 0.0001; F(3,18) = 452.8;
without interaction]. VE/VO2 was not different between
estrous and OVX animals during normoxia. Hypoxia
caused an increase in this equivalent in all groups [hyp-
oxia effect: P < 0.0001; F(3,18) = 266.3; with interac-
tion: P = 00014; F(3,18) = 8.2] with rats in estrus
displaying a higher VE/VO2 response compared to all
OVX groups [P < 0.001; F(3,18) = 10.2].

Fig. 1 Ventilation (VE), tidal volume (VT), and respiratory frequency (fR)
of rats in proestrus, estrus, metaestrus, and diestrus during normoxia (21%
O2) and hypoxia (7% O2)

Fig. 2 Oxygen consumption (VO2) and respiratory equivalent (VE/VO2)
of rats in proestrus, estrus, metaestrus, and diestrus during normoxia (21%
O2) and hypoxia (7% O2)

Fig. 3 Body temperature (Tb) of rats in proestrus, estrus, metaestrus, and
diestrus during normoxia (21% O2) and hypoxia (7% O2)
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Body temperature

During normoxia, the Tb of rats in estrus was higher than rats
in all OVX groups, which did differ among themselves [cycle
effect: P = 0.019,F(3,18) = 4] [30]. Hypoxia decreased Tb in all
groups [hypoxia effect: P < 0.0001; F(3,20) = 111.30; without
interaction] and there were no differences among them, as
shown in Fig. 6.

Discussion

In the current study, we have demonstrated that different
phases of the estrous cycle, during which hormonal fluctua-
tions occur, did not promote alterations in VE, and VE/VO2

during both normoxia and hypoxia. Both ovariectomy and

ovarian-steroid replacement did not change the ventilation
parameters in normoxia. OVX + O, OVX + E2, and OVX +
E2P rats showed an attenuated VE, and VE/VO2 response to
hypoxia, compared to estrous animals. The attenuated hypox-
ic ventilatory response in OVX rats suggests that ovarian hor-
mones likely modulate an excitatory response of the respira-
tory adjustments to hypoxia. However, replacement with

Fig. 4 Ventilation (VE), tidal volume (VT) ,and respiratory frequency (fR)
of intact rats in estrus, ovariectomized (OVX) with corn oil replacement
(OVX + O), OVX rats replaced with 17β-estradiol (OVX + E2), or a
combination of estradiol and progesterone (OVX + E2P) during
normoxia (21% O2) and hypoxia (7% O2). Asterisk indicates a
difference between the estrus group compared to OVX + O, OVX + E2,
and OVX + E2P groups (P < 0.05)

Fig. 5 Oxygen consumption (VO2) and respiratory equivalent (VE/VO2)
of intact rats in estrus, ovariectomized (OVX) with corn oil replacement
(OVX + O), OVX rats replaced with 17β-estradiol (OVX + E2), or a
combination of estradiol and progesterone (OVX + E2P) during
normoxia (21% O2) and hypoxia (7% O2). Asterisk indicates a
difference between the estrus group compared to OVX + O, OVX + E2,
and OVX + E2P groups (P < 0.05)

Fig. 6 Body temperature (Tb) of intact rats in estrus, ovariectomized
(OVX) with oil replacement (OVX + O), OVX rats replaced with 17β-
estradiol (OVX + E2), or a combination of estradiol and progesterone
(OVX + E2P) during normoxia (21% O2) and hypoxia (7% O2).
Asterisk indicates a difference between the estrus group compared to
OVX + O, OVX + E2, and OVX + E2P groups (P < 0.05)
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physiological levels of E2 and P was unable to restore this
attenuated response to the level of an intact cycling rat. As
demonstrated in previous studies, Tb was higher in estrus
compared to the other phases of the estrous cycle, and with
OVX animals (OVX +O, OVX + E2, and OVX + E2P) during
normoxia. During hypoxia, Tb did not change during the es-
trous cycle and was similar in OVXmodels and cycling rats in
estrous, showing that gonadal hormones do not participate in
body temperature regulation during hypoxia.

Estrous cycle: ventilation, body temperature,
and metabolism in normoxia and hypoxia

Studies on ventilatory alterations during the menstrual cycle
have demonstrated that the ventilatory response to hypoxia
was higher in women in the luteal phase during exercise and
resting conditions [3]. Indeed, some studies have reported that
peripheral chemoreceptors can be modulated by hormones,
such as progesterone [24, 50]. Conversely, the present data
show that estrous cycle fluctuation does not affect the venti-
latory response to hypoxia in cycling adult rats. A study by
Zabka et al. [56] demonstrated that the short-term ventilatory
response to hypoxia in anesthetized rats did not differ among
phases of the estrous cycle. Similarly, Marques et al. [30]
showed no differences between the ventilatory and metabolic
responses in normocapnia and those that are induced by hy-
percapnia throughout the rat estrous cycle. Herein, our results
corroborate these previous studies in the literature, suggesting
that compensatory responses exist for these hormonal fluctu-
ations, resulting in the maintenance of ventilation during
normoxic and hypoxic conditions in rats.

We also demonstrated an increase in body temperature on
the day of estrus, as reported in other studies [26, 30, 54]. In
rodents, it is known that there is an increase in Tb immediately
before ovulation [35]. In our experiments, Tb was approxi-
mately 0.6 °C higher during estrus compared to the other
phases during normoxia. However, this difference was not
observed following hypoxia, suggesting that the hormonal
fluctuations that occur during the estrous cycle do not partic-
ipate in the hypoxia-induced drop in Tb.

Ovariectomy and hormonal replacement: ventilation,
body temperature, and metabolism in normoxia
and hypoxia

Our study revealed that OVX rats under hormonal replace-
ment showed no significant differences in the ventilatory pa-
rameters during normoxia compared to intact animals in es-
trous. However, OVX animals had lower a ventilatory re-
sponse to hypoxia than cycling rats in estrous. Fournier et al.
[17] showed that rats with reduced circulating levels of ovar-
ian hormones (whether by ovariectomy or aging) had reduced
hypoxic ventilatory responses when compared to young intact

females. This result is in agreement with the findings of the
present study, suggesting that ovarian hormones play a role in
the ventilatory control system, providing an important signal
that drives breathing. Sexual hormone receptors are expressed
in the peripheral chemoreceptors of rats [23] and are localized
in brainstem areas involving respiratory control [10, 20, 21,
37].

Many studies have investigated the effects of sex hormones
in the ventilatory responses to hypoxia; however, only few
studies were performed in female animals. Tatsumi et al.
[47] found that OVX cats decreased ventilatory and carotid
body responses to hypoxia. Another study [19] with anesthe-
tized and castrated male cats showed that replacement with a
combination of E2 and P increases both the carotid body neu-
ral output responsiveness to hypoxia and the hypoxic ventila-
tory response in conscious animals. The authors also demon-
strated that the results were not different following replace-
ment with progesterone or estrogen alone, indicating the im-
portance of both for ventilatory responses to hypoxia.
Additionally, Boukari et al. [9] showed that the intracerebro-
ventricular injection of small interfering RNA (siRNA)
against membrane progesterone receptors beta suppressed
the ventilatory responses to hypoxia in male and female mice.

Taken together, these data suggest that sex hormones in
the central and peripheral nervous system regulate pro-
cesses involved in the ventilatory responses to hypoxia.
Our results show a decrease of ventilatory responses to
hypoxia in OVX rats compared to intact rats in the estrus
phase, and that replacement with E2 and E2 plus P did not
mimic the response as of an intact animal. It is worth
noting that these regimens of hormonal replacement were
effective in restoring the systemic effects of E2 and P, as
changes were observed in the cytology of vaginal smears,
as described in [30]. Thus, although estradiol and proges-
terone are the main feminine gonadal hormones, it is like-
ly that other ovarian factors may play a role in ventilation.
Besides female gonadal steroids, ovarian hormones in-
clude androgens and peptide hormones, such as activin,
inhibin, and follistatin [27, 31] and anti-müllerian hor-
mone [51], which might be involved. However, there are
no studies yet reporting the involvement of these hor-
mones in ventilation. During their lifetimes, people ma-
nipulate their sexual hormone levels in different ways
with oral contraceptives, hormonal replacement, etc. The
respiratory consequences of these manipulations are not
completely understood [3]. In this context, the present
study contributes to our understanding of sex hormones
and the ventilatory adjustments to hypoxia exposure;
however, the mechanisms are still poorly understood.

Our experiments were performed in Wistar rats; how-
ever, we believe that this pattern of response is also
valid to other rat strains. According to Hodges et al.
[22], hyperventilation during hypoxia is similar among
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different female and male rat strain (Brown Norway,
Dahl sal t-sensi t ive, Fawn-hooded hypertensive,
Sprague-Dawley). Further, no differences were observed
among different rat strain regarding duration of the es-
trous cycle phases and hormonal variation [34].

In the current study, we also compared the Tbs of intact
and gonadectomized animals. Our results showed that Tb
was higher in intact animals in estrus than OVX animals
(OVX + O, OVX + E2, and OVX + E2P) during
normoxia. During hypoxia, there was difference in Tb in
OVX animals and intact rats in estrus. Based on this, we
suggest that gonadal hormones do not participate in Tb
regulation during hypoxia. It is known that hypothalamic
neurons can affect thermoregulation, and that these neu-
rons can be affected by sexual hormones. Uchida et al.
[48] demonstrated that injections of E2 in the medial
preoptic nucleus (MPO) of castrated female rats main-
tained Tb constant during cold exposure. Moreover, Tb
in castrated females that received E2 injections in the
MPO was higher during cold exposure than castrated fe-
males that did not receive E2 [48]. However, we showed
that the drop in Tb observed during hypoxia seemed to
occur despite the levels of ovarian hormones, because this
response happened in the same way in both cycling and
OVX animals. Nevertheless, it still remains unclear how
sex hormones and castration affect body temperature and/
or body temperature regulation during hypoxia.

Conclusion

The ventilatory response to hypoxia did not change during
the different phases of the estrous cycle in intact female
rats. But, OVX animals showed a lower ventilatory re-
sponse to hypoxia compared to intact females in estrus,
suggesting that ovarian hormones exert an excitatory
modulation in the respiratory response to low O2 levels.
In our experimental model, replacement with E2 or a com-
bination of E2 and P did not mimic the responses of an
intact cycling female rat, suggesting that other ovarian
factors may be involved. Moreover, on the day of estrus,
animals displayed an increased body temperature, but no
difference was observed during hypoxia exposure com-
pared with other phases of estrous cycle and OVX ani-
mals. The present findings contribute to elucidate the
modulation of sex hormones in the ventilation, metabo-
lism, and body temperature control in female unanesthe-
tized adult rats. Further investigation using female rats as
an experimental model to assess the mechanisms of sex
hormones in the respiratory control system might contrib-
ute to the understanding and the development of specific
therapies for respiratory disorders that are sex-specific.
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