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Aim: Autonomic modulation responds to ovarian hormones and estrogen increases
nitric oxide bioavailability. Also, females have minor susceptibility to sepsis and a higher
survival rate. However, few studies have evaluated the role of estrogen in cardiovascular,
autonomic, and oxidative parameters during initial endotoxemia and under inducible
nitric oxide synthase (iNOS) inhibition in female rats.

Methods: Female wistar rats were subjected to ovariectomy and divided into three
groups: OVX (ovariectomized), OVX+E (OVX plus daily estradiol) and SHAM (false
surgery). After 8 weeks, mean arterial pressure (MAP) and heart rate (HR) were recorded
in non-anesthetized catheterized rats, before and after intravenous LPS injection,
preceded by S-methylisothiourea sulfate (SMT) injection, or sterile saline. Cardiovascular
recordings underwent spectral analysis for evaluation of autonomic modulation. Two
hours after LPS, plasma was collected to assess total radical-trapping antioxidant
(TRAP), nitrite levels (NO2), lipoperoxidation (LOOH), and paraoxonase 1 (PON1) activity.

Results: Two hours after LPS, females treated with SMT presented a decrease of
MAP, when compared to saline-LPS groups. At this same time, all SMT+LPS groups
presented an increase of sympathetic and a decrease of parasympathetic modulation
of HR. Two hours after saline+LPS, OVX presented decreased total radical-trapping
antioxidant (TRAP) compared to SHAM. When treated with SMT+LPS, OVX did not
altered TRAP, while estradiol reduced LOOH levels.

Conclusion: iNOS would be responsible for sympathetic inhibition and consumption of
antioxidant reserves of females during endotoxemia, since iNOS is inhibited, treatment
with estradiol could be protective in inflammatory challenges.
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INTRODUCTION

Females of all ages have lower rates of infection and
consequent mortality than males. This significant difference
in inflammatory response between genders has long been noted
and epidemiological and immunological evidence indicate
female hormones as protagonists of these differences in the
etiology and course of inflammatory processes (Straub, 2007). An
example of the interaction between estradiol and inflammation
are the sex differences that can be observed in sepsis (Angele
et al., 2014). Sepsis and endotoxic shock are important medical
complications with a high mortality rate caused by the endotoxin
lipopolysaccharide (LPS), a component of gram-negative bacteria
(Bone, 1992) used as an experimental tool for mimicking sepsis
through the induction of endotoxemia. The body defends of LPS
with a powerful sympathetic reflex leading to the suppression
of the acute systemic inflammatory response, indicated by
the reduction of TNF-α levels (Martelli et al., 2014). The key
symptoms of shock are severe hypotension and vasoplegia,
resulting in dysfunction of one or more vital organs (Cauwels,
2007).

The power spectral analysis is a non-invasive method to
assess sympathovagal balance of heart rate variability (HRV)
(Petrofsky et al., 2009). Alterations in HRV, which primarily
reflect the tonic autonomic modulation, may have substantial
clinical implications (Campos et al., 2014). Female rats had the
most prominent high frequency (HF) component of spectral
analysis, which represents the parasympathetic drive, during
estrus compared with OVX and diestrus; the estrous cyclicity,
as well as the cycle-related HF changes, disappeared with
ovariectomy (OVX) (Kuo et al., 2010), corroborating estradiol’s
participation in autonomic modulation. In humans, septic shock
is characterized by reductions in HRV, LF, and LF: HF ratio,
in addition to reducing systolic pressure variability and LFabs
(Annane et al., 1999). Differently, in Sprague-Dawley rats of both
sexes was observed an increase in HFnu, LFnu, and LF: HF ratio
2 h after LPS injection (Huang et al., 2010).

Losonczy et al. (2000) observed that females are resistant to
the development of endotoxic shock by LPS. Hypotension is
a major cause of death during shock, and nitric oxide (NO)
is an important mediator. NO acts ambiguously during septic
shock: the inhibition of its synthesis restores blood pressure,
but inhibition of nitric oxide synthase (NOS) does not improve
the progression of the condition. This discrepancy would be
related to the isoforms, with endothelial NOS (eNOS) providing
essential and protective NO and inducible NOS (iNOS) causing
excessive vasodilation (Cauwels, 2007). iNOS is an calcium
independent enzyme whose NO production control is produced
during transcription and translation, since once activated iNOS
produces NO until complete depletion of the substrate. LPS
itself, among several pro-inflammatory mediators, is a stimulus
to iNOS activity (Lirk et al., 2002). In the first few hours of LPS
endotoxemia Losonczy et al. (2000) observed the induction of
iNOS expression in the aorta and spleens of male rats, while
females did not have detectable iNOS in the aorta. However, even
resistant to the development of endotoxemic shock, females had
higher NO levels after LPS, and OVX did not alter this parameter.

Despite this, OVX female rodents exhibit higher morbidity and
mortality after sepsis, further suggesting the protective capability
of estradiol (Knoferl et al., 2002).

These data suggest the need for further investigations on
the relation among iNOS, ovarian hormones, cardiovascular
autonomic modulation and the protection of females against
hypotension to LPS. The purpose of this study was to test
the hypothesis that estrogen is the female hormone responsible
for protection against hypotension in the first few hours of
endotoxemia, and this protection would be related to the lower
influence of iNOS on the cardiovascular system of the estrogen
treated female rats.

MATERIALS AND METHODS

Animals
Adult female Wistar rats were maintained in polypropylene cages,
in a ventilated and controlled temperature chamber (22 ± 1◦C)
on a 12:12 h light-dark cycle with food (Nuvilab CR-1 R©; Nuvital,
Colombo, Paraná, Brazil) and tap water available ad libitum.
Rats were used only once and were acclimated to the testing
room before the experiments, which was conducted during the
light phase. At the end of experiments, rats were killed with an
overdose of sodium tiopental (Thipentax R©, Cristália, São Paulo,
Brazil).

All experimental protocols were performed in accordance
with the Ethical Guidelines of the State University of Londrina
(UEL), process number 276.2013.81, Paraná, Brazil.

Surgical Proceedings and Experimental
Groups
Rats were subjected to bilateral ovariectomy or false surgery
under ketamine and xylazine anaesthesia (100 and 6.7 mg kg−1,
i.p.; Ceva Santé Animale, São Paulo, Brazil) and 24 h after were
divided into experimental groups (n = 5–11, Figure 1):

SHAM: The procedure of sham operation consisted of
anesthesia, visualization of the ovaries through incisions
into the dorsal cavities, and closure of the wounds. These
animals were kept in their boxes, without any intervention,
for 8 weeks until the day of the experiment.
OVX: ovariectomy control group that received estradiol
vehicle (almond oil, 0.5 mL kg−1, per day, p.o.;
Generophlora drugs, Londrina, Paraná, Brazil);
OVX+E: OVX plus estradiol treatment group that received
estradiol valerate (1 mg kg−1 per day, p.o.; Hangzhou Hetd
Industry Co., Zhejiang, China) during 8 weeks (Ceylan-Isik
et al., 2009).

Estrous cycle in the SHAM-operated females was monitored
by microscopic investigation of the vaginal smear (Kauser et al.,
1997) and only females in estrus phase were used in the
experiments.

Eight weeks after the surgery and 24 h before the experiments,
under ketamine–xylazine anesthesia, a polyethylene catheter
was inserted into the femoral artery and vein and externalized
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FIGURE 1 | Experimental protocol. (I) and (II) sham or ovariectomized -operated rats were bred for 8 weeks and submitted to catheterization of femoral artery and
vein. (III) OVX+E: OVX rats were treated with estradiol valerate (1 mg kg−1, gavage, once daily) for 8 weeks, beginning 24 h after ovariectomy, and submitted to
catheterization of femoral artery and vein. 24 h after catheterization, blood pressure was recording for 10 min and saline (0.9%, i.v.) or SMT (3 mg kg−1, i.v.) was
injected. After 10 min, LPS was injected (5 mg kg−1, i.v.) and blood pressure recording continued for 2 h. LPS, lipopolysaccharide; SMT, S-methylisothiourea.

dorsally with the purpose of monitoring blood pressure and
administration of drugs. The catheter segments were constituted
by welded segments of polyethylene PE-10 (4–5 cm) and
polyethylene PE-50 (12–13 cm), which were filled with 0.9%
saline and anticoagulant (15 U ml−1 heparin saline solution) and
blocked with an occluder. After catheter implantation, they were
exteriorized at the dorsal region subcutaneously and fixed to the
skin by surgical suture. Following surgery, the animals returned
to individual cages throughout the post-operative period. After
24 h, the baseline MAP and HR were recorded (da Cunha et al.,
2014; Ariza et al., 2015; Castardo-de-Paula et al., 2017).

Experimental Protocols
Represented in Figure 1.

Measurement of Baseline Cardiovascular Parameters
After 24 h of catheterization, the arterial cannula of the
animal was attached to a pressure transducer (Powerlab model
MLT0380) connected to a computerized recording system
(Powerlab/ADInstruments), while the animal was awake and
freely moving. The animals were kept in their individual cages
and baseline recordings were obtained for at least 20 min before
starting the protocol (da Cunha et al., 2014; Castardo-de-Paula
et al., 2017).

LPS Induced Endotoxemia
After the basal recording, rats received by venous catheter a bolus
injection of S-methylisothiourea (SMT) (3 mg kg−1, Santa Cruz
Biotechnology R©, Texas, TX, United States), a potent inhibitor of
iNOS (Szabo et al., 1994; Su et al., 2007), or physiological saline
0.9% (1 mL kg−1), the SMT vehicle. After 10 min of recording
of SMT or saline effects on blood pressure, a dose of 5 mg kg−1

of LPS of Escherichia coli (serotype 026:B6, Sigma Chemical Co.)
(Mehanna et al., 2007) was administered as a bolus injection (i.v.).
The cardiovascular effects of endotoxin were recorded for 2 h.

At the end of recording, plasma samples were collected for
measurement of the nitrite and lipoperoxidation levels (LOOH),
the plasma activity of paraoxonase 1 (PON1) and the total
antioxidant capacity of plasma. A standard laboratory scale was
used to measure body weight, tibia length and uterus weights
(Gore et al., 2002; Voltera et al., 2008; Castardo-de-Paula et al.,
2017).

Biochemical Analysis
Plasmatic measurements of nitrite levels, lipoperoxidation,
Total radical-trapping antioxidant parameter (TRAP), and
Paraoxonase 1 (PON1) activity were performed as described and
previously mentioned (Castardo-de-Paula et al., 2017).

Heart Rate and Systolic Arterial Pressure
Variability
The last 5 min of the recordings of arterial pressure, from pre-
LPS treatment, and the last 3 min from 2 h post-LPS treatment,
were processed using a specific computer program (LabChart 7
Pro R©, ADInstruments, Bella Vista, NSW, Australia) capable of
detecting inflection points in pressure pulses generating beat-by-
beat time series of pulse interval (PI) and systolic arterial pressure
(SAP). The frequency domain (PI and SAP variability) and
power spectral analysis was performed using a custom software
(CardioSeries R© v2.4) as previously described (Dutra et al., 2013;
Castardo-de-Paula et al., 2017).

Spontaneous Baroreflex Analysis
Baroreflex sensitivity (BRS) was assessed by the sequence method
with the CardioSeries v2.4 computer program. The beat-to-beat
time series of the PI and SAP values were used in the BRS analysis.
The time series were analyzed for the sequences of four or more
beats in which progressive increases in SAP were accompanied
by progressive increases in PI or progressive reductions in SAP
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were accompanied by progressive reductions in PI. To detect
the changes in SAP and PI, thresholds of 0 mmHg and 0 ms,
respectively, were used. After detecting a ramp SAP (sequence
of 4 or more beats in which progressive increases or reductions
in SAP were or were not followed by increases or reductions in
the PI), the computer program sought changes in PI without any
interval, such as a delay of zero beats. A baroreflex sequence was
used only when the correlation coefficient (r) between SAP and PI
was ≥0.8. The BRS was determined from the slope of the linear
regression between the SAP and PI of each baroreflex sequence
(Ariza et al., 2015). The slope of the curve indicates the sensitivity
or BRS gain.

Statistical Analysis
An exploratory analysis was conducted to evaluate normal
distribution (Shapiro–Wilk test) and homogeneity of variance
(Levene test) of each variable. For variables that presented
normal distribution and homogeneity of variance, parametric
analysis were conducted. Morphometric parameters and area
under de curves (AUC) were analyzed by 1way ANOVA followed
by Bonferroni test. In order to achieve homogeneity in the
data distribution, the percentage of changes in relation to time
zero (0, moment of LPS injection) was established for the
cardiovascular and autonomic parameters. Obtained graphs of
cardiovascular, autonomic and biochemical data, for 2 h of
endotoxemia, were analyzed with 2-way ANOVA and Bonferroni
multiple comparisons test for post hoc analysis, the analyzed
factors were surgery or hormone treatment (OVX, OVX+E,
SHAM), pre-LPS injection (saline or SMT) and the surgery x
pre-LPS factors interaction. For non-parametric data, multiple
comparisons were performed using the Kruskal–Wallis followed
by the Dunn test. In all cases, P ≤ 0.05 was considered as
significant.

RESULTS

Efficacy of Ovariectomy and Hormonal
Treatment
Figure 2 shows that at the end of 8 weeks OVX animals
presented greater weight gain than SHAM and OVX+E groups,
demonstrated by one way-ANOVA followed by the Bonferroni
post-test (P < 0.01, Figure 2A), with no differences among their
sizes, evidenced by the tibia length (Figure 2B).

The efficacy of ovariectomy (OVX group) was determined
according to Paigel et al. (2011), by the absence of ovarian tissue
and marked atrophy of the uterus, as compared to the SHAM
group (Figure 2C), while uterine hypertrophy was observed in
the ovariectomized group treated with estradiol (OVX+E). These
results reproduced data from our laboratory (Castardo-de-Paula
et al., 2017).

Hemodynamic and Autonomic
Parameters Before Endotoxemia
SMT injection increased the blood pressure of all groups (Table 1,
P ≤ 0.01), when compared to saline groups, being statistically

FIGURE 2 | Effects of daily estradiol treatment (1 mg kg−1) during 8 weeks on
body weight gain (A), tibia length (B) and relation between uterus weight and
tibia length (C). Sham-operated (SHAM), ovariectomized (OVX), or
estrogen-treated OVX (OVX+E) groups. Graph (A) represents mean ± SEM,
(B,C) are bar graphs showing median ± interquartile ranges. ∗P < 0.01 vs.
SHAM; #P < 0.01 vs. OVX. Weight gain = body weight at the time of
euthanasia – body weight on the day of surgery. The number of rats per group
is indicated in the figure.
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significant in SHAM and OVX+E groups. Decreases in HR, by
SMT injection, were statistically significant in OVX and OVX+E
groups. Inhibition of iNOS with SMT significantly reduced the
LF of SAP in OVX rats as compared to OVX rats receiving saline,
and this reduction was maintained in estradiol treated animals
compared to their OVX+E saline controls. SMT significantly
increased BRS gain in OVX rats, while the OVX+E rats BRS
increased were not significant (Table 1, P ≤ 0.05). In fact, the
OVX and OVX+E groups presented higher HR responses in
response to the SMT, corroborating this information.

Hemodynamic and Autonomic
Parameters After Endotoxemia
Recordings showing the cardiovascular effects of SMT or saline
injection before LPS in one SHAM, OVX and one OVX+E
female rat are shown in Figure 3. Time-course of cardiovascular
responses of saline or SMT pre-treated groups to LPS, 10 min
before until 120 min after, can be observed in Figure 4. The AUC
of MAP (Figure 4E) and HR (Figure 4F), time-course curves
were performed and the MAP of OVX+E group pre-treated with
SMT was greater than their respective SHAM SMT-LPS group
(symbol∗) and OVX+E saline-LPS group (symbol E) (Figure 4E,
P ≤ 0.05).

In order to achieve homogeneity in the data distribution,
the percentage (%) of changes in relation to time zero (100%,
moment of LPS injection, Table 1 and Figures 3, 4) was
established for the cardiovascular and autonomic parameters,
allowing the analysis of the effects of SMT injection in
endotoxemia of SHAM, OVX and OVX+E female rats (Figure 5).

Groups pretreated with saline (saline-LPS, Figure 5) shows
values of cardiovascular and autonomic parameters that served
as controls for the study of the effects of iNOS inhibition by
previous administration of SMT (3 mg kg−1), on LPS induced
endotoxemia (SMT-LPS, Figure 5).

The analysis of variance (2-way ANOVA) indicated an effect
of previous SMT injection, on the response to LPS, regardless
of surgery or estradiol treatment, on % of MAP, on % of
spectral density of systolic blood pressure (SBP) in the low
frequency (SBP-LF), on % of HR and on % of HRV parameters
(Figures 5A–F, P < 0.05). As described below.

MAP decreased in the endotoxemic females pre-treated
with SMT injection (Figure 5A, P < 0.05) while the vascular
sympathetic activity, measured by SBP-LF (Figure 5B, P < 0.01),
increased in all groups, 2 h after LPS. Figures 5C–F shows the
analysis of cardiac parameters 2 h after LPS of the animals pre-
treated with saline or SMT. SMT injection increased the HR
equivalently in all groups after LPS (2-way ANOVA: pre-LPS
effect, P < 0.01, Figure 5C). The HRV analysis was performed
to verify the influence of the autonomic nervous system (ANS)
on HR. iNOS inhibition promoted equivalently increases in
cardiac frequency domain parameters of LFnu and LF HF−1

(Figures 5D,F, respectively) in 2 h of endotoxemia, while the
HFnu decreased (Figure 5E).

The analysis of the BRS (Figure 5G) revealed that pre-
treatment with SMT did not alter the response of the females to
the LPS, since they presented the same results observed with the

saline treated animals, with reduction of more than 50% of total
baroreflex gain.

Plasmatic Biochemical Parameters After
Endotoxemia
Plasma biochemical parameters 2 h after the induction of
endotoxemia, in animals previously treated with saline or SMT
are shown in Figure 6 (saline-LPS and SMT-LPS, respectively).

The 2-way ANOVA compared the LPS-saline groups with the
respective SMT-LPS in order to verify the effects of inhibition
of iNOS in response of these parameters to endotoxemia. The
SMT promoted a decrease in nitrite production in response to
LPS in SHAM group, compared to SHAM-saline-LPS (Figure 6A,
interaction between pre-LPS injection and surgery or estradiol
treatment, P < 0.05). OVX rats pre-treated with saline presented
a decrease in TRAP in relation to SHAM group, while estradiol
treatment prevented this decrease (OVX+E group, Figure 6B,
2-way ANOVA, interaction between the two factors, P < 0.05).
iNOS inhibition, before LPS, also increased the TRAP of the three
experimental groups when compared to their respective saline-
LPS, being statistically significant in the SHAM and OVX groups
(Figure 6B, P ≤ 0.05, OVX+E P = 0.08).

Pre-treatment with SMT decreased the plasma LOOH of
OVX+E endotoxemic rats, when compared to SHAM group
(Figure 6D, 2-way ANOVA, effects of the two factors: pre-LPS
and surgery or estradiol treatment, P < 0.05).

DISCUSSION

The present study demonstrated that the first minutes of exposure
to SMT promote an increase in MAP that depends, at least in part,
on estradiol, while the cardiac response and BRS are maintained
by the ovarian hormones, as the OVX rats showed a significant
reduction of HR and increased BRS that were not completely
prevented in OVX+E rats. It also demonstrated that iNOS
isoform preferentially appears to mediate the cardiac response
of females to LPS independently of ovarian hormones, through
sympathetic inhibition, since SMT increased this component of
sympathovagal balance during endotoxemia.

The efficacy of hormonal deprivation, generated by OVX,
and treatment with estradiol were confirmed by the results
observed on body and uterine weights, confirming previous
data from our laboratory (Castardo-de-Paula et al., 2017). These
results are in agreement with the data presented by Paigel et al.
(2011) and Ceylan-Isik et al. (2009), where the same time of
evaluation of OVX and, in the case of Ceylan-Isik et al. (2009), the
same treatment protocol with estradiol prevented the differences
between groups in body and uterine weights.

The increase in MAP promoted by SMT injection, which was
not statistically significant only in OVX rats, suggests initially that
NO from the inducible pathway, in non-pathological states, has a
lower participation in the blood pressure control of rats without
ovaries. Since the OVX+E group had a statistically significant
increase in MAP, estradiol could participate in the control of
the MAP in females by association with iNOS. However, we
have previously shown that inhibition of the constitutive pathway

Frontiers in Physiology | www.frontiersin.org 5 July 2018 | Volume 9 | Article 1020

https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles


fphys-09-01020 July 29, 2018 Time: 15:52 # 6

Castardo-de-Paula et al. Ovarian Hormones and Endotoxemia

TABLE 1 | Hemodynamic variables, heart rate variability, systolic pressure variability, and baroreflex sensitivity just before LPS injection (time zero): Response to
S-methylisothiourea sulfate (SMT).

SHAM Saline (n = 9) SHAM SMT (n = 8) OVX Saline (n = 8) OVX SMT (n = 9) OVX+E Saline (n = 9) OVX+E SMT (n = 8)

HAEMODYNAMIC VARIABLES

MAP (mmHg) 104 (101–106) 119 (116–128)∗∗ 107 (104–113) 124 (116–130) 111 (107–113) 135 (126–143)∗∗

HR (beats min−1) 348 ± 5.9 327 ± 15.0 362 ± 5.6 317 ± 6.0∗ 382 ± 6.2 304 ± 12.6∗∗∗

SBP

LF (mmHg2) 3.8 ± 0.5 2.2 ± 0.4 5.7 ± 0.8 2.5 ± 0.7∗ 6.0 ± 1.2 1.9 ± 0.4∗∗

PI

LFnu 37.9 ± 3.3 27.0 ± 4.8 38.4 ± 2.5 31.4 ± 3.2 38.7 ± 4.1 25.9 ± 3.7

HFnu 62.1 ± 3.3 73.0 ± 4.8 61.6 ± 2.5 68.6 ± 3.2 61.3 ± 4.1 74.1 ± 3.7

LF : HF ratio 0.7 ± 0.1 0.4 ± 0.1 0.7 ± 0.1 0.5 ± 0.1 0.8 ± 0.1 0.4 ± 0.1

BRS

Total gain (ms mmHg−1) 1.5 (1.2–2.1) 1.2 (0.9–1.5) 0.9 (0.7–1.3) 2.3 (1.6–2.8)∗ 1.3 (1.0–1.4) 3.8 (1.1–5.6)

MAP, mean arterial pressure; HR, heart rate; SBP, systolic blood pressure; LF, low frequency; PI, pulse interval; HF, high frequency; BRS, baroreflex sensitivity. Data were
obtained from the last 5 min of the recordings of arterial pressure pre-LPS injection. MAP and BRS gain were analyzed by Kruskal–Wallis test and are presented as median
(interquartile range values); other data were analyzed by ANOVA and are represented as mean ± SEM. ∗Significant different from respective saline group: ∗P ≤ 0.05;
∗∗P ≤ 0.01; ∗∗∗P ≤ 0.001.

of NOS by L-NAME in non-pathological states promotes a
markedly more intense hypertensive reaction than the action of
SMT on MAP (Castardo-de-Paula et al., 2017). Indicating the
inhibitory action of SMT on a NOS pathway that becomes more
active in pathological states (iNOS pathway).

The literature shows a relation between the physiological
activity of iNOS in females and estradiol levels, where iNOS
participates in cardiac and vasodilator actions of NO (Nuedling
et al., 1999; Zhu et al., 2002; Upmacis et al., 2011), justifying
higher increases in MAP after its inhibition in female rats that
have circulating estradiol (SHAM and OVX+E). It is important
to note that, although the MAP responses seem to be initially
independent of the sympathetic autonomic control (SBP-LF did
not change or became smaller), previous data demonstrated
increases of SBP-LF 2 h after SMT injection in female wistar
rats (Castardo-de-Paula et al., 2017). Those data indicate that,
physiologically, there is a shift for increased vascular sympathetic
activity, suggesting inhibition by iNOS.

The HR response in OVX and OVX+E rats may reflect the
increase in BRS observed in these groups. BRS was obtained
by the sequence method of spontaneous baroreflex analysis, in
which the gain increase reflects higher changes in the HR against
spontaneous fluctuations of the blood pressure (Schwartz et al.,
2013). In this case, the transient increase in sensitivity may have
contributed to bradycardic responses to blood pressure increases.
Ovarian hormones appear to work together to maintain the
cardiac response and BRS, because OVX alterations were not
prevented by treatment with estradiol. However, the absence of
alteration 2 h after the SMT, observed in our previous work
(Castardo-de-Paula et al., 2017), indicates that the change in HR
is transitory, manifesting only at the beginning of the response.

Endotoxemic females pretreated with saline presented higher
values of HR and lower BRS in relation to the moment of LPS
administration. HR is known to increase under the effect of
LPS (Annane et al., 1999; Mani et al., 2006) and, according
to these authors, this reflects the balance between the cardiac
autonomic activity and circulating hormones such as adrenaline

and other vasoactive factors. Also, decreased BRS was observed
in septic patients and may contribute to autonomic disturbances
(Annane et al., 1999). Irigoyen et al. (2001) suggest that the
reduction of BRS can trigger, by lower inhibition of vasomotor
centers, increase of sympathetic activity. However, no changes
were observed in the parameters of the cardiovascular spectral
analysis, when the iNOS was active.

Females of the present study had blood pressure values
equivalent to normal at the end of 2 h of endotoxemia. Such
data differ from that observed by Mehanna et al. (2007), where
males presented hypotension and tachycardia 2 h after LPS. In
fact, Losonczy et al. (2000) observed that females are resistant
to the development of endotoxin’s shock, confirming sexual
dimorphism in the first few hours of endotoxemia.

Angele et al. (2014) discuss the observed differences in
sepsis and present male sex as an independent risk factor for
morbidity and mortality. However, these authors point estradiol
as responsible for resistance to sepsis or endotoxemic stimulation
with LPS. These differences related to estradiol were not observed
in the cardiovascular parameters of the present study, as was
not observed by Losonczy et al. (2000), where OVX did not
alter hemodynamic parameters nor nitrite and nitrate levels after
LPS. These authors argue that ovariectomy may not significantly
alter the immune response but, the effects of treatment with
estradiol on the response to LPS may be time dependent, since
12 h after endotoxemia NO production was lower in intact and
estrogen-treated females (Losonczy et al., 2000).

After 2 h of endotoxemia, ovariectomy reduced TRAP and
treatment with estradiol prevented this change. The reduction
of the plasma antioxidant capacity due to ovarian withdrawal
and its prevention by treatment with estradiol has been observed
previously (Hernandez et al., 2000), where it is argued that
the reduction of this capacity would reflect an imbalance in
the redox state with pre-dominance of oxidative processes. In
fact, the pro-oxidant profile of OVX rats has already been
demonstrated, including in important tissues for cardiovascular
function (Ceravolo et al., 2013; Claudio et al., 2014). We have
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FIGURE 3 | Typical recordings of pulsatile arterial pressure (PAP, mmHg), mean arterial pressure (MAP, mmHg) and heart rate (HR, bpm) illustrating the
cardiovascular responses to intravenous LPS injection (5 mg kg−1) in non-anesthetized rats, preceded by saline or SMT (3 mg kg−1) injection, 8 weeks post
sham-operation (SHAM), bilateral ovariectomy (OVX), or OVX plus daily estradiol treatment (OVX+E). Arrows indicate the time of injections.

previously demonstrated that OVX rats, without LPS, tend
to reduce TRAP (Castardo-de-Paula et al., 2017), and the
endotoxemic state seems to have intensified this characteristic,

probably due to the consumption of the antioxidant reserves
when generating more reactive species. In fact, White et al. (2010)
state that diseases lead to the reduction of essential cofactors to
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FIGURE 4 | Time-course response to LPS (5 mg kg−1) of MAP (A) and HR (B) after saline (0.9%) injection, and MAP (C) and HR (D) after SMT (3 mg kg−1)
injection. Mean ± SEM of five minutes before and the respective minute after LPS administration. Comparison of area under the curves (AUC) of MAP (E) and HR
(F). Differences of corresponding saline group: (S) SHAM, (O) OVX, and (E) OVX+E. Different from SHAM (∗) inside the treatment, (P < 0.05). The number of rats per
group is indicated in the (A,C).

NO-generating activity by NOS and, in the absence of these, NOS
become decoupled from the ability to generate NO and generate
superoxide anion, a highly reactive oxygen specie.

Data suggest that iNOS has a physiological function
independent of ovarian hormones and important for
cardiovascular system. Chan et al. (2001) describe a tonic
activity of iNOS in the central nervous system of males,
inhibiting sympathetic efflux by RVLM. We demonstrated
in a previous work the pre-dominance of sympathetic ANS
activity after the selective inhibition of iNOS in females

(Castardo-de-Paula et al., 2017). In the present study the role of
iNOS in the response of females to 2 h of LPS endotoxemia was
investigated by previous administration of SMT (3 mg kg−1), an
iNOS selective inhibitor (Szabo et al., 1994).

Interestingly, blood pressure was reduced in the female
rats treated with SMT. Previous data from our laboratory
demonstrated increased MAP 2 h after SMT injection (Castardo-
de-Paula et al., 2017), indicating a response related to endotoxin.

Injection of LPS promotes a systemic inflammatory response
accompanied by the release of important cytokines to
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FIGURE 5 | Cardiovascular and spectral hemodynamic data 2 h after LPS injection (5 mg kg−1) for sham-operated (SHAM), ovariectomized (OVX), or
estrogen-treated OVX (OVX+E) groups treated with SMT (3 mg kg−1) or vehicle (saline 0.9%, 1 ml kg−1) 10 min before LPS. (A) Mean arterial pressure (MAP), (B)
spectral density of systolic blood pressure in the low-frequency (SBP-LF), (C) heart rate (HR), (D) spectral densities of interbeat intervals (IBI) in the low-frequency
(IBI-LFnu), (E) IBI in the high-frequency (IBI-HFnu), (F) LF HF−1 ratio (IBI-LF HF−1), (G) total baroreflex gain. Data are represented in % of time zero. Differences of
corresponding saline group: (S) SHAM, (O) OVX and (E) OVX+E, P ≤ 0.05. Values are means ± S.E.M. The number of rats per group is indicated in the (A,C).

hypotension and shock, such as TNFa, IL-6, and IL-1. It
is possible that the uncoupled iNOS, acting as a generator
of reactive oxygen species vasoconstrictors (White et al.,
2010), would counterbalance the hypotensive effect of pro-
inflammatory cytokines. Therefore, inhibition of iNOS with
SMT resulted in a reduction in blood pressure in endotoxemic
rats. Inhibition of iNOS also promoted vascular and cardiac

sympathetic activation, and increased TRAP in endotoxemic
females. Among several pro-inflammatory mediators, LPS
itself is a stimulus to iNOS activity (Lirk et al., 2002), while
sympathetic ANS has a protective function against sepsis,
favoring the maintenance of cardiac output (Vitecek et al.,
2012) and containing the immune response (Martelli et al.,
2014).
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FIGURE 6 | Plasma biochemical parameters, 2 h after LPS (5 mg kg−1), for sham-operated (SHAM), ovariectomized (OVX), or estrogen-treated OVX (OVX+E)
groups pre-treated with SMT (3 mg kg−1) or vehicle (saline 0.9%, 1 ml kg−1) 10 min before LPS. (A) Nitrite levels, (B) total radical-trapping antioxidant parameter
(TRAP), (C) paraoxonase 1 (PON1) activity and (D) lipoperoxidation. Values are means ± SEM. Differences of corresponding saline group: (S) SHAM, (O) OVX, and
(E) OVX+E, P ≤ 0.05. ∗P < 0.01 vs. corresponding SHAM; #P < 0.05 vs. corresponding OVX. The number of rats per group is indicated in the figure.

Mani et al. (2006) observed that knockout mice for iNOS had
higher cardiac sympathetic activity, suggesting a tonic inhibitory
role for iNOS in the heart. However, unlike the results observed
by us in females, the authors observed that cardiac sympathetic
modulation decreases during LPS endotoxemia, regardless of
the presence of iNOS. These data suggest that the female sex
would be a determinant of this sympathetic activity after SMT in
endotoxemia.

Losonczy et al. (2000) observed no shock at 2–4 h after LPS
in Sprague-Dawley female rats when compared to males, with no
influence of prior castration. Investigating this protective role of
female sex against hypotension and shock in sepsis, Wang et al.
(2000) observed decrease of noradrenaline levels and increase
of NOS activity after LPS, while selective inhibition of iNOS
prevented the decrease of noradrenaline. Therefore, iNOS seems
to favor the worsening of the sepsis by reducing the sympathetic
activity.

Pacher et al. (2007) discuss the link between NO from iNOS
and increased superoxide production in peroxynitrite generation,
pointing also studies on the protection obtained with the selective
inhibition of iNOS and its similarity to the use of antioxidants
(Pacher et al., 2007). Such observations suggest a pro-oxidant
action of iNOS in pathological states, which is reinforced by the
increase of TRAP in all animals after inhibition of iNOS with
SMT in the present work.

We have already observed that the inhibition of iNOS drives
to a pre-dominance of sympathetic ANS (Castardo-de-Paula
et al., 2017), however there are few data available on the relation

between iNOS and sympathetic ANS in females in sepsis, being
this the first observation of such factors in female Wistar rats,
in the first hours of LPS endotoxemia. Therefore, we can affirm
that the previous inhibition of iNOS generated a favorable
cardiovascular and biochemical profile in females, in 2 h of
endotoxemia, which involves the activation of the sympathetic
ANS.

OVX rats, in the face of inflammatory challenges, express
more iNOS than SHAM rats (Crisafulli et al., 2009; Ma and
Bai, 2012; Sakanashi et al., 2013; Hassouna et al., 2014), and
estradiol is a known stimulator of NO synthesis, including the
increase of iNOS expression and activity (Nuedling et al., 1999;
Zhu et al., 2002). In addition, progesterone is able to reduce
iNOS activity in LPS-stimulated cells (Su et al., 2007; Menzies
et al., 2011), suggesting that the lower plasma levels of nitrite
observed in the SHAM group may be the result of a synergism
between iNOS inhibition by SMT and the reduction of the
activity of this enzyme by circulating progesterone of these
animals. However, it is important to note that differences in
plasma levels of nitrite do not necessarily reflect the levels of
NO in tissues, since a reduction in one of these parameters
can be observed at the same time as increase in the other, as
observed by Panis et al. (2011) in plasma nitrite and cardiac tissue
levels.

Sharma et al. (2008) reported that lipid peroxidation could
increase by low antioxidant levels, increased substrates for
oxidation, and the presence of pro-oxidants in plasma. We could
suggest that the reduction of LOOH levels in SMT pre-treated
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OVX+E rats occurred by the increase of antioxidant levels,
the decrease of the substrates for oxidation, or by the decrease
of the levels of pro-oxidants. In fact, all endotoxemic females,
pre-treated with iNOS inhibitor, showed an increase in total
antioxidant capacity, and the similarity between the protection
obtained with the inhibition of iNOS and the use of antioxidants
was previously mentioned (Pacher et al., 2007). Suggesting that
treatment with estradiol, in the absence of iNOS activity, creates
a more favorable environment to the body’s response in 2 h of
endotoxemia, than the set of ovarian hormones. Since estradiol
itself is discussed as an antioxidant (Hernandez et al., 2000),
this feature may have contributed to the reduction of LOOHs
compared to SHAM group. To date, this is the first observation of
these aspects in endotoxemic rats, involving or not the presence
of estrogen.

The main limitation of our study is that SMT, although it has
greater affinity or binding capacity for iNOS, is not a specific
inhibitor of this, and there may be a minor inhibitory effect on the
other isoforms of NOS. However, endotoxemia and LPS are well-
established stimuli of iNOS, which is therefore the pre-dominant
isoform in the experimental model of this article.

Literature point the male sex as an independent risk factor
for morbidity and mortality in sepsis. This study demonstrates
that females respond to the first few hours of endotoxemia
with MAP maintenance and tachycardia. The mentioned facts
for the preferential inhibition of iNOS, besides indicating
that progesterone, or the set of ovarian hormones, may have
an inhibitory action on the isoform, allow us to conclude,
for the first time in the literature, that iNOS is responsible
for the sympathetic inhibition and the consumption of the
antioxidant reserves apart of estradiol levels, which may lead to
the aggravation of endotoxemia and cardiovascular collapse in
females.
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