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A B S T R A C T   

Several studies have demonstrated that the underlying mechanism of insulin resistance (IR) is linked with 
developing diseases like diabetes mellitus, hypertension, metabolic syndrome, and polycystic ovary syndrome. In 
turn, the dysfunction of female gonadal hormones (especially 17β-estradiol) may be related to the development 
of IR complications since different studies have shown that 17β-estradiol has a cardioprotector and vasorelaxant 
effect. This study aimed was to determine the effect of the 17β-estradiol administration in insulin-resistant rats 
and its effects on cardiovascular responses in pithed rats. Thus, the vasopressor responses are induced by sym-
pathetic stimulation or i.v. bolus injections of noradrenaline (α1/2), methoxamine (α1), and UK 14,304 (α2) 
adrenergic agonist were determined in female pithed rats with fructose-induced insulin resistance or control rats 
treated with: 1) 17β-estradiol or 2) its vehicle (oil) for 5 weeks. Thus, 17β-estradiol decreased heart rate, pre-
vented the increase of blood pressure induced by ovariectomy, but with the opposite effect on sham-operated 
rats; and decreased vasopressor responses induced by i.v. bolus injections of noradrenaline on sham-operated 
(control and fructose group) and ovariectomized (control) rats, and those induced by i.v. bolus injections of 
methoxamine (α1 adrenergic agonist). Overall, these results suggest 17β-estradiol has a cardioprotective effect, 
and its effect on vasopressor responses could be mediated mainly by the α1 adrenergic receptor. In contrast, IR 
with ovariectomy 17β-estradiol decreases or loses its cardioprotector effect, this could suggest a possible link 
between the adrenergic receptors and the insulin pathway.   

1. Introduction 

Insulin resistance (IR) is defined as the decrease in insulin action at 
the cellular level, characterized by the inability of insulin to increase 
glucose uptake and its utilization, leading to compensatory hyper-
insulinemia [1]. In addition, several studies have shown that the un-
derlying mechanism of IR provides the basis for the subsequent 
development of many metabolic and cardiovascular diseases, such as 
diabetes mellitus (DM) and hypertension [1–4]; and it is also linked with 
polycystic ovary syndrome (PCOS) [5,6]. On the other hand, IR has a 
progressive increase after menopause, which is thought to be due to an 
increase in central adipose tissue and the effects of hypoestrogenism 

[7,8]. The relationship between IR and PCOS, as well as with meno-
pause, suggests that gonadal hormones may be involved in the devel-
opment of IR, or well a disfunction of female gonadal hormones (mainly 
17β-estradiol) could be an active driver of the development of insulin 
resistance and its complications, as those described above. 

Several studies have demonstrated that 17β-estradiol not only im-
proves insulin sensitivity [7,9–11] but also has a cardioprotector 
[12–14] and vasorelaxant [15–18] effect. Some mechanisms have been 
proposed to explain the action of 17β-estradiol in decreasing IR. 17β- 
Estradiol has been shown to decrease gluconeogenesis by the hepatic 
Foxo1 and phosphatidylinositol-3 kinase (PI3K)-Akt pathway in male 
mice [9]; also, it improves insulin signaling in the heart increasing the 
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activity of the insulin receptor substrate 1 (IRS1) and p-Akt [11] in rats. 
While concerning the vasorelaxant effects, several mechanisms have 
been proposed by which 17β-estradiol can generate its action; for 
example, by inhibition of calcium channels type L [16] or by an increase 
of nitric oxide as a consequence of increasing the expression of endo-
thelial nitric oxide synthase (eNOS) and activating the PI3K/Akt 
pathway [17,18]. In addition, in rats with post-menopausal metabolic 
syndrome induced by high-fat diet and ovariectomy, 17β-estradiol 
decreased contractile responses induced by angiotensin II and 
noradrenaline, increased vasorelaxation responses, and improved 
endothelial dysfunction by the activation of eNOS, silent information 
regulation 2 homologue (SIRT1) and AMP-activated PK (AMPK) [19]. 
The vasorelaxant effects of 17β-estradiol have been observed in isolated 
rat aortas [19–21], while 17β-estradiol reduces the vasoconstrictor re-
sponses in isolated rat mesenteric arteries [22,23]. This effect has also 
been observed in a pithed rat model, where it was observed a decrease in 
vasopressor responses in ovariectomized diabetic rats [15]. Due to the 
relevance of these pathologies, their relationship with 17β-estradiol, and 
the fact that no studies demonstrate its effect on vasopressor responses 
in insulin-resistant rats, this study aimed to determine the effect of the 
17β-estradiol administration in insulin-resistant rats and its effects on 
cardiovascular responses in pithed rats. 

2. Experimental procedures 

2.1. Animals 

Female Wistar rats weighing 200–220 g (n = 48) were used. The 
animals were housed in plastic cages and maintained under standard-
ized conditions (22 ± 2 ◦C, 50 % humidity and 12/12-h light–dark 
cycle), with food and water freely available. All animal procedures and 
protocols of the present study were approved by our Institutional Ethics 
Committee (Cicual-Cinvestav) following the regulations established by 
the Mexican Official Norm for the Use and Welfare of Laboratory Ani-
mals (NOM-062-ZOO-1999), following the Guide for the Care and Use of 
Laboratory Animals in U.S.A. 

2.2. Induction of insulin resistance 

At the beginning of the study, animals were divided into two groups 
(control group and fructose group). The control group (n = 24) was fed 
with a regular diet and tap water freely available for 23 weeks, while the 
fructose group (n = 24) was fed with a regular diet and fructose solution 
(15 % wt./vol.) freely available for 23 weeks to induce IR. 

2.3. Bilateral ovariectomy 

Sixteen weeks after animals started with IR induction, they were 
ovariectomized or sham-operated. The animals were anaesthetized with 
ketamine (70 mg/kg, i.m.) and xylazine (5 mg/kg, i.m.). After anaes-
thesia, a small incision (1 cm) in the lower abdomen was performed, and 
both ovaries were removed (Ovx; n = 24). While sham-operated animals 
(n = 24) only make a small incision without remotion of ovaries. Both 
subgroups received postoperative treatment with antibiotics (penicillin 
G procaine: 80,000 IU/kg and dihydrostreptomycin: 2.5 mg/kg) and 
anti-inflammatory drugs (flumethasone; 12.5 µg/kg) (Fluvicina®, Pfizer 
of Mexico). Then, the animals were allowed to recover for two weeks. 

2.4. Chronic administration of 17β-estradiol 

Two weeks after the ovariectomy or sham operation, the animals 
received daily s.c. injections of 17β-estradiol (10 μg/kg; n = 24) or its 
vehicle (corn oil; 0.5 ml/kg; n = 24) for 35 days, respectively [15,24]. 

2.5. Biochemical measurements 

Fasting blood glucose and triglyceride (TG) levels were determined 
before and after treatment with 17β-estradiol or its vehicle (Fig. 1A) 
using a glucometer (AccuCheck® and Accutrend® Plus; Roche of 
Mexico). Plasma insulin levels were measured during the oral glucose 
tolerance test; basal levels were quantified at time cero (before admin-
istration of glucose (1 g/kg, p.o.)) with a rat insulin ELISA (Enzyme- 
linked immunosorbent Assay) kit from ALPCO. Absorbance of enzymatic 
reaction was quantified at 450 nm. All determinations were performed 
by duplicate and a standard curve was included in each experiment as 
suggested by the provider. 

The insulin resistance was determined according to the Homeostasis 
Model Assessment for Insulin Resistance (HOMA-IR) using the following 
formula: HOMA-IR = [(glucose (mmol/L) × insulin (μIU/mL))/ 22.5] 
[25]. 

2.6. Oral glucose tolerance tests (OGTT) 

Before and after treatment with 17β-estradiol or its vehicle, rats 
fasted for 12 h. Subsequently, for insulin plasma levels, tail blood 
samples were collected at 0 min (before) and 5, 10, 15, 30, 60 min after 
oral administration of glucose (1 g/kg, p.o.). For glucose levels, samples 
were collected at the same time as those for insulin levels, including 90 
and 120 min (see Fig. 1A). 

2.7. Measurement of arterial blood pressure and heart rate in conscious 
animals 

Heart rate (HR), systolic (SBP), diastolic (DBP) and mean (MBP) 
blood pressure were measured by a tail-cuff method using a LE 5001 
automatic blood pressure recorder (Letica1, PanLab, Barcelona, Spain). 
Determinations were obtained after treatment with 17β-estradiol or its 
vehicle (Fig. 1A). 

2.8. Evaluation of the vasopressor responses in pithed rats 

Here, we used a pithed rat model because this model allows in vivo 
observation of cardiovascular reactions induced by several vasoactive 
substances without the participation of circulatory reflexes; it also al-
lows to induce cardiovascular responses through electrical stimuli by an 
electrode through the spinal nerve roots [26]. 

Therefore, at the end of the treatment period with 17β-estradiol or its 
vehicle, the animals were anesthetized with isoflurane (3 %). Next, the 
trachea was cannulated and the central nervous system was destroyed 
by inserting a stainless-stell rod through the orbit and foramen magnum 
into the vertebral foramen (pithed) [27]. Then, the animals were artifi-
cially ventilated with a positive pressure pump (7025 rodent ventilator, 
Ugo Basile, Comerio, VA, Italy) at 56 S/min and a stroke volume of 20 
ml/kg [28]. After that, a bilateral cervical vagosympathectomy was 
made, and catheters were placed in: 1) the left and right femoral veins 
for drug administration and 2) the left carotid artery to measure blood 
pressure and heart rate. This catheter was connected to a pressure 
transducer (P23 XL, Grass Technologies, Warwick, RI, U.S.A.). Blood 
pressure and heart rate were recorded simultaneously using a data 
acquisition unit (MP150A- CE, Biopac Systems Inc., Goleta, CA) and 
Acqknowledge software v4.2 (Biopac Systems Inc., Goleta, CA). Dia-
stolic blood pressure was determined, as this is the blood pressure when 
the left ventricle is relaxed and thus could indirectly represent the sys-
temic vascular resistance that regulates arterial blood pressure and 
blood flow within organs [29]. 

2.8.1. Stimulation of the vasopressor sympathetic outflow 
After surgical intervention, the stainless-steel rod was replaced by an 

enameled electrode except for 1 cm long section 9 cm from the tip. The 
uncovered segment was situated at the T7-T9 region of the spinal cord to 
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allow for selective stimulation of the sympathetic vasopressor outflow 
[26]. Before electrical stimulation, the animals received gallamine (25 
mg/Kg, i.v.) to avoid electrically induced muscular twitching. 30 min 
after surgery the hemodynamic conditions stabilized and baseline values 
of diastolic pressure and heart rate were determined. Next, the pre-
ganglionic vasopressor sympathetic outflow was stimulated with an 
S88X square pulse stimulator (Grass Technologies, Warwick, RI, U.S.A.) 
by applying 10 s trains of monophasic, rectangular pulses (2 ms, 60 V) at 
increasing frequencies of stimulation frequencies (0.03, 0.1, 0.3, 1 and 3 
Hz). An SIU-V isolation unit (Grass Technologies, Warwick, RI, U.S.A.) 
was used to minimize artefacts resulting from the stimuli. When dia-
stolic blood pressure returned to baseline levels, the subsequent fre-
quency was applied; this procedure was performed systematically until 
the stimulus–response curve was completed (approximately 30 min). 

2.8.2. Vasopressor responses 
The vasopressor responses induced by sympathetic stimulation (as 

described above) or i.v. bolus injections of the adrenoceptor agonists: (1) 
exogenous noradrenaline (endogenous ligand; 0.003, 0.01, 0.03, 0.1, 
0.3 1 and 3 μg/kg), (2) methoxamine (α1 adrenoceptor; 1, 3, 10, 30 and 
100 μg/kg) and (3) UK 14,304 (α2 adrenoceptor; 0.03, 0.1, 0.3, 1, 3, 10 
and 30 μg/kg) were determined in all groups (Fig. 1B). 

2.9. Experimental design 

Forty-eight animals were divided into two groups. The first group (n 
= 24) received tap water (control group), and the second group (n = 24) 
that developed IR received fructose solution (15 % wt/vol) for 23 weeks. 
At week sixteen, each group were divided into two groups that under-
went sham surgery (Sham; n = 12 each) or ovariectomy (ovx; n = 12 
each). Two weeks later, each subgroup was divided accord of treatment 

with 17β-estradiol (10 μg/kg, s.c.; n = 6 each) or its vehicle (corn oil; 0.5 
ml/kg, s.c.; n = 6 each) for 35 days (5 weeks). It is important to mention 
that before and after the treatment with 17β-estradiol or its vehicle 
biochemical parameters (glucose and TG levels, plasma insulin levels, 
HOMA-IR), OGTT, as well as heart rate and arterial blood pressure (SBP 
and DBP) were evaluated after 12 h of fasting. Finally, after 17β-estra-
diol treatment, the pithed rat model was developed to evaluate the 
vasopressor responses (Fig. 1). 

2.10. Drugs 

In addition to the anaesthetic isoflurane (Fluriso TM, Vet One®, 
Boise, ID, U.S.A.), the following compounds were used in this study: 
gallamine triethiodide (PubChem CID: 6172), (±)-noradrenaline bitar-
trate (PubChem CID: 168929), methoxamine hydrochloride (PubChem 
CID: 6081), 5-Bromo-N-(2-imidazolin-2-yl)-6-quinoxalinamine (UK 
14,304) (PubChem CID: 2435), 1,1 Dimethylbiguanide hydrochloride 
(metformin) (PubChem CID: 14219), 17β-estradiol (PubChem CID: 
5757) (Sigma Chemical Co., St. Louis, MO, U.S.A.) and Crystalline 
fructose (KRYSTAR®, Tate and Lyle). All the compounds were dissolved 
in saline solution except for UK 14,304, which was dissolved in dimethyl 
sulfoxide (DMSO) (PubChem CID: 679) 10 % and 17β-estradiol (dis-
solved in corn oil). 

2.11. Statistical analysis 

All results are presented as mean ± standard error of the mean (s.e. 
m.), and the number of animals is represented by n. Under the normality 
of the data, an analysis of variance (ANOVA) was performed, which was 
one-way or two-way repeated measures depending on the case. Then the 
differences among the changes in all the analyzed parameters were 

Fig. 1. Experimental design. (A) Time curse. 
(B) Experimental protocol in pithed rats. All an-
imals received a regular diet freely available plus 
tap water (control) or fructose 15 % wt./vol., 
respectively, for 23 weeks. On week 16, animals 
underwent sham surgery (Sham) or ovariectomy 
(Ovx); then, after two weeks of recovery, the 
animals received treatment with 17β-estradiol 
(10 μg/kg, s.c.) or its vehicle (corn oil; 0.5 ml/kg) 
for 5 weeks. Before and after 17β-estradiol 
treatment, metabolic characteristics (oral glucose 
tolerance test, plasma insulin levels, HOMA- 
index, glucose and triglyceride blood vessels), 
heart rate (HR) and arterial blood pressure (ABP) 
were evaluated. Finally, at week 23, the pithed 
rat model was developed to evaluate the vaso-
pressor responses.   
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evaluated using the Tukey post hoc test. Moreover, the area under the 
curve (AUC) was calculated using the trapezoid rule, and the compari-
son was evaluated with a student’s t-test. Statistical significance was 
accepted at P < 0.05. 

3. Results 

3.1. Metabolic and hemodynamic parameters 

As shown in Table 1, fructose consumption did not cause changes in 
glucose blood levels or body weight in any of the groups. In the sham 
group, fructose consumption increased insulin levels, HOMA-IR index, 
and TG compared with the sham + control group. In contrast, fructose 
consumption did not change these parameters in the ovariectomy group 
compared with its respective control group; however, these changes in 
the ovariectomy + fructose group were statistically significant only 
compared with the sham + control group. Interestingly, insulin levels 
were increased after ovariectomy and were significantly higher than 
those shown in the sham + control group. 

Table 2 shows that in the control group, 17β-estradiol significantly 
increased fasting insulin levels and values of HOMA-IR; in contrast, this 
treatment diminished body weight in control animals with sham surgery 
(sham) when compared with vehicle (oil). Further, in animals with 
fructose consumption and sham surgery, the treatment with 17β-estra-
diol increased the triglycerides blood levels compared with sham- 
operated and control animals treated with its vehicle (oil). On the 
other hand, in both control and IR animals with ovariectomy, the 
treatment with 17β-estradiol did not significantly modify the deter-
mined parameters (glucose, TG, insulin levels, HOMA-IR index, and 
body weight). 

Moreover, Table 3 shows the effect of fructose (IR animals) on he-
modynamic variables (heart rate, systolic, diastolic, and mean blood 
pressure). After 23 weeks of fructose consumption, the values of heart 
rate, systolic, diastolic, and mean blood pressure were increased in both 
groups of sham-operated and ovariectomized rats compared with their 
respective control groups. 

The effect of treatment with 17β-estradiol on hemodynamic vari-
ables is shown in Table 4. In sham-operated rats, both in control and IR 
(fructose consumption) groups, 17β-estradiol significantly increased 
systolic, diastolic, and mean blood pressure, and reduce heart rate but 
with no significant difference compared with their respective vehicle 
(oil) groups. In contrast, in control-ovariectomized rats, the treatment 
with 17β-estradiol reduced all the hemodynamic variables analyzed 
compared with the vehicle (oil) group. However, these changes were not 
statistically significant. Interestingly, in ovariectomized rats with IR, the 
treatment with 17β-estradiol significantly reduced systolic, diastolic, 
and mean blood pressure; it also diminished the heart rate but with no 
significant difference when compared with its vehicle group. 

3.2. Blood glucose and plasma insulin during oral glucose tolerance test 

To know the handling of glucose in animals, we performed an OGTT 
after 23 weeks of fructose consumption or its vehicle (tap water). Both 
blood glucose and plasma insulin levels were determined during the test. 
The results are shown in Fig. 2 as the area under the curve of the time 
course. In this respect, blood glucose values were similar in all groups 

(Fig. 2A). Nevertheless, plasma insulin levels (Fig. 2B) were significantly 
increased in animals treated with fructose in ovariectomized or sham- 
operated rats. 

Next, Fig. 3A shows the effect of 17β-estradiol on glucose levels sham 
operated or ovariectomized rats. In control animals, these values did not 
significantly change. In contrast, 17β-estradiol significantly increased 
insulin plasma levels (Fig. 3B) during OGTT in both sham-operated and 
ovariectomized rats. On the other hand, in animals with IR (fructose 
group), the treatment with 17β-estradiol significantly diminished blood 
glucose values in sham-operated rats; the treatment with 17β-estradiol 
also diminished glucose values in ovariectomized rats but without sta-
tistically significant differences (Fig. 3C). Conversely, insulin levels were 
not modified in any of the groups with fructose consumption after 
treatment with 17β-estradiol (Fig. 3D). 

3.3. Effect of insulin resistance induced by fructose consumption on the 
vasopressor responses induced by sympathetic stimulation or i.v. injections 
for several α-adrenoceptor agonists 

As shown in Fig. 4, electrical stimulation of the vasopressor sympa-
thetic outflow or i.v. bolus injection of noradrenaline, methoxamine and 
UK 14,304 produced frequency or dose-dependent increases in diastolic 
blood pressure both in the control and fructose group. Interestingly, in 
animals with sham surgery, the vasopressor responses to sympathetic 
stimulation were significantly smaller in the group treated with fructose 
than in the control group, specifically at the frequencies of 1 and 3 Hz 
(Fig. 4A; F(1,4) = 5.60, P < 0.05). This decrease was also observed in the 
responses generated by noradrenaline at the doses of 0.1–3 μg/kg 
(Fig. 4B; F (1,4) = 6.00, P < 0.05) and UK 14,304 at the doses of 0.3–30 
μg/kg (Fig. 4D; F(1,4) = 29.264, P = 0.03). While the fructose con-
sumption did not modify methoxamine responses (Fig. 4C; F(1,4) = 1.66, 
P = 0.26). Likewise, in ovariectomized rats, fructose consumption did 
not modify the vasopressor responses generated by sympathetic stimu-
lation or the different adrenergic agonists used (Fig. 4E-H). 

3.4. Effect of ovariectomy on the vasopressor responses induced by 
sympathetic stimulation or i.v. injections for several α-adrenoceptor 
agonists 

As show in Fig. 5A and 5B the vasopressor responses generated by 
sympathetic stimulation (at 1 and 3 Hz; F(1,4) = 7.55, P = 0.040) and 
noradrenaline (at the doses of 0.1 to 3 μg/kg; F(1,4) = 6.66, P = 0.05) 
were decreased after ovariectomy. However, this surgery did not 
significantly affect the responses produced by α1 (methoxamine) and α2 
(UK 14,304) adrenergic agonists. Meanwhile, in animals with IR, the 
surgery failed to modify the vasopressor responses, when compared with 
sham-operated rats. 

3.5. Effect of the 17β-estradiol on the vasopressor responses induced by 
sympathetic stimulation or i.v. injections for several α-adrenoceptor 
agonists 

As observed in Fig. 6, in sham-operated rats, the treatment with 17β- 
estradiol significantly decreased vasopressor responses induced by 
intravenous bolus injection of noradrenaline both in control (F(1,4) =

12.36, P = 0.02; Fig. 6B) and in IR (with fructose consumption) (F(1,4) =

Table 1 
Effect of fructose 15 % consumption on biochemical parameters and body weight in sham-operated (sham) and ovariectomized (Ovx) rats.  

Group  Glucose (mmol/l) Insulin (μIU/ml) HOMA-IR Triglyceride (mg/dl) Body weight (kg) 

Sham Control 5.65 ± 0.15 3.68 ± 0.46 0.95 ± 0.15 120 ± 21 0.38 ± 0.01  
Fructose 5.68 ± 0.25 11.06 ± 2.31* 2.81 ± 0.72* 212 ± 27* 0.43 ± 0.03 

Ovx Control 6.16 ± 0.25 8.26 ± 1.54* 2.26 ± 0.37* 138 ± 26 0.41 ± 0.03  
Fructose 5.29 ± 0.24 12.68 ± 3.54* 2.91 ± 0.82* 214 ± 24* 0.47 ± 0.03 

*, P < 0.05 vs sham + control. 
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3.70, P < 0.05; Fig. 6F) group compared with the corresponding group 
treated with oil. Also, 17β-estradiol: (1) decreased vasopressor responses 
at the highest dose of methoxamine (100 μg/kg, Fig. 6G) in the group 
with fructose consumption, and (2) did not change the vasopressor re-
sponses in the control group (Fig. 6C). However, the treatment with 17β- 
estradiol did not modify vasopressor responses induced by sympathetic 
stimulation (Fig. 6A and 6E), or UK 14,304 (Fig. 6D and 6H), in the 
control groups and in those that had fructose consumption. 

On the other hand, in ovariectomized and control rats (Fig. 7A-D), 
the treatment with 17β-estradiol decreased vasopressor responses 
induced by noradrenaline (at 3 μg/kg; Fig. 7B) and methoxamine (at 
100 μg/kg; Fig. 7C), without changes in vasopressor responses induced 
by sympathetic stimulation (Fig. 7A) and UK 14,304 (Fig. 7D), when 
compared with oil. Meanwhile, in animals with fructose consumption 
and ovariectomy, the treatment with 17β-estradiol increased vaso-
pressor responses induced by sympathetic stimulation, specifically at the 
frequencies 1 and 3 Hz (F(1,4) = 3.42, P < 0.05; Fig. 7E). Further, this 

treatment did not modify the vasopressor responses induced by intra-
venous bolus injection of noradrenaline (Fig. 7F), methoxamine 
(Fig. 7G) or UK 14,304 (Fig. 7H). 

4. Discussion 

In this study, we analyzed the effect of ovariectomy which leads to 
the loss of sex hormones, and insulin resistance, as well as the effect of 
chronic administration of 17β-estradiol on several cardiovascular 
responses. 

4.1. Effect of fructose consumption on metabolic variables 

In our model, we observed that chronic fructose (15 % wt./vol.; 23 
weeks) consumption in female rats did not change body weight 
compared with control groups, both in sham and ovariectomized rats 
(Table 1). These results were similar to previous reports [30,31]; ani-
mals with fructose consumption had lower food and liquid intake than 
the control groups. 

On the other hand, chronic fructose (15 % wt./vol.; 23 weeks) con-
sumption significant increased: i) fasting insulin levels (Table 1), ii) 
levels of insulin during OGTT (Fig. 2B), iii) HOMA-IR index (Table 1), 
and iv) fasting triglycerides levels (Table 1) in the sham group, but in 
ovariectomy group, these changes were not statistically significant when 
compared with its control group. In contrast, fructose consumption did 
not modify fasting glucose (Table 1), glucose values of OGTT (Fig. 2A), 
or body weight (Table 1) both in sham and ovariectomy groups. These 
results are similar to previous reports [32–34]. Since hyperinsulinemia 
is a compensatory mechanism to maintain normoglycemia [35,36], and 
IR may reduce VLDL (very low-density lipid) breakdown and, as a 
consequence, increase hypertriglyceridemia [37], our data suggest that 
fructose consumption (15 %) during 23 weeks induces insulin resis-
tance, hypertriglyceridemia without dysregulation of glucose meta-
bolism. Additionally, according to the results in ovariectomized rats, it is 
suggested that ovariectomy and its consequent loss of female sex hor-
mones could contribute to the development of IR leading to a less dif-
ference between the control and fructose groups than that observed in 
these groups in sham-operated. 

4.2. Evidence that ovariectomy contributes to the development of insulin 
resistance 

Our results show that in the control group, ovariectomy significantly 
increased: i) fasting insulin levels (Table 1), ii) HOMA-IR index 
(Table 1), and iii) fasting triglycerides levels (without statistical signif-
icance, Table 1) compared with the sham-operated group. In contrast, 
ovariectomy did not modify fasting glucose (Table 1), glucose or insulin 
values of OGTT (Fig. 2A, 2B), or body weight (Table 1) compared with 
the sham-operated group. While in groups with fructose consumption, 
ovariectomy showed the same tendency but without becoming a 

Table 2 
Effect of 17β-estradiol on biochemical parameters and body weight in animals with water or fructose 15 % consumption.  

Group Glucose (mmol/l) Insulin 
(μIU/ml) 

HOMA-IR Triglyceride (mg/dl) Body weight 
(kg) 

Control 
Sham Oil 5.65 ± 0.15 3.68 ± 0.46 0.95 ± 0.15 120 ± 21 0.38 ± 0.01 

17β-Estradiol 5.51 ± 0.22 15.27 ± 0.14* 3.50 ± 0.62* 160 ± 17 0.26 ± 0.02* 
Ovx Oil 6.16 ± 0.25 8.26 ± 1.54 2.26 ± 0.37 138 ± 26 0.41 ± 0.03 

17β-Estradiol 5.63 ± 0.10 13.01 ± 0.80 3.32 ± 0.23 179 ± 16 0.35 ± 0.01 
Fructose 
Sham Oil 5.68 ± 0.25 11.06 ± 2.31 2.81 ± 0.72 212 ± 27 0.43 ± 0.03 

17β-Estradiol 5.29 ± 0.14 12.62 ± 2.57 3.02 ± 0.56 339 ± 21* 0.43 ± 0.02  

Ovx 
Oil 5.29 ± 0.24 12.68 ± 3.54 2.91 ± 0.82 214 ± 24 0.47 ± 0.03 
17β-Estradiol 5.66 ± 0.23 14.70 ± 2.38 3.57 ± 0.56 287 ± 38 0.40 ± 0.01 

Administration of 17β-estradiol (10 μg/kg⋅day, s.c.); or its vehicle (oil, 0.5 ml/kg⋅day; s.c.) for 5 weeks, in animals with water (control) or fructose 15 % consumption. 
*, P < 0.05 vs control + sham + oil. 

Table 3 
Effect of fructose on hemodynamic variables in sham or ovx rats.  

Group HR 
(BPM) 

SBP 
(mmHg) 

DBP 
(mmHg) 

MBP 
(mmHg) 

Sham Control 368 ± 17 105 ± 4 84 ± 5 91 ± 5 
Fructose 443 ± 6* 137 ± 4* 109 ± 4* 118 ± 4* 

Ovx Control 401 ± 22 131 ± 3* 101 ± 5* 110 ± 4* 
Fructose 439 ± 7* 153 ± 4*,a 130 ± 4* 138 ± 4* 

Water consumption (control); heart rate (HR); systolic blood pressure (SBP); 
diastolic blood pressure (DBP), and mean blood pressure (MBP). *, P < 0.05 vs 
Sham + control; a, P < 0,05 vs Ovx + control. 

Table 4 
Effect of 17β-estradiol on hemodynamic variables, in animals with water or 
fructose 15 % consumption.  

Group HR 
(BPM) 

SBP 
(mmHg) 

DBP 
(mmHg) 

MBP 
(mmHg) 

Control 
Sham Oil 368 ± 17 105 ± 4 84 ± 5 91 ± 5 

17β-Estradiol 356 ± 12 131 ± 3a 112 ± 3a 115 ± 5a 

Ovx Oil 401 ± 22 131 ± 3 101 ± 5 110 ± 4 
17β-Estradiol 366 ± 23 118 ± 2 91 ± 3 100 ± 2 

Fructose 
Sham Oil 443 ± 6 137 ± 4a 109 ± 4a 118 ± 4 

17β-Estradiol 415 ± 12 166 ± 6b 146 ± 6b 152 ± 6b 

Ovx Oil 439 ± 7 153 ± 4 130 ± 4 138 ± 4  
17β-Estradiol 431 ± 5 123 ± 4c 97 ± 5c 105 ± 4c 

17β-Estradiol (10 μg/kg⋅day; s.c.; for 5 weeks), oil (0.5 ml/kg⋅day; s.c.; for 5 
weeks); control (water consumption); heart rate (HR), systolic blood pressure 
(SBP), diastolic blood pressure (DBP) and mean blood pressure (MBP). a, P <
0.05 vs control + sham + oil; b, P < 0.05 vs fructose + sham + oil; c, P < 0.05 vs 
fructose + ovx + oil. 
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Fig. 2. Effect of fructose consumption on glucose and insulin levels in sham or ovariectomized rats. The area under the curve (AUC) of blood glucose (A) and 
plasma insulin values (B) obtained during oral glucose tolerance test after 23 weeks of consumption of fructose 15 % or water (control) in both groups sham surgery 
(sham) and ovariectomized (ovx) animals. Each column represents the mean ± s.e.m. *, P < 0.05 vs control. 

Fig. 3. Effect of 17β-estradiol administration on glucose and insulin levels in animals with fructose or water consumption with sham surgery or ovari-
ectomized. The area under the curve (AUC) of blood glucose (A, C) and plasma insulin values (B, D) obtained during oral glucose tolerance test after (week 23) of s.c. 
administration of vehicle (oil, 0.5 ml/kg day) or 17β-estradiol (10 µg/kg day) in both groups sham (sham surgery) and ovx (ovariectomized) animals. The upper panel 
shows the differences in control groups (tap water consumption; A, B) and the bottom panel shows the differences in groups with fructose 15 % consumption 
(fructose; C, D). Each column represents the mean ± s.e.m. *, P < 0.05 vs control. 
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statistically significant change (Table 1, and Fig. 2). Our results are 
similar to previous reports [38,39] and suggest that ovariectomy con-
tributes to the development of IR; meanwhile, the combination of 
ovariectomy and fructose consumption exacerbates the development of 
IR. 

4.3. Effect of chronic administration of 17β-estradiol on metabolic 
variables 

17β-Estradiol has an essential role in glucose homeostasis and insulin 
secretion. However, dysregulation (increase or decrease) of physiolog-
ical levels could cause an affectation on the metabolism. Indeed, we 
observed that chronic administration of 17β-estradiol in the sham- 
control group significantly increased fasting insulin levels, HOMA-IR 
index (Table 2), and insulin levels in OGTT (Fig. 3). Besides, this treat-
ment: i) increased fasting triglyceride levels but without statistical sig-
nificance (Table 2); ii) significantly decreased body weight, iii) had no 
significant change in fasting glucose levels (Table 2) or glucose levels in 
OGTT (Fig. 3A); although it shows a tendency to decrease these pa-
rameters. On the other hand, the administration of 17β-estradiol has the 
same tendency in the ovariectomy-control group as in the sham-control 
group, but only with a statistically significant change in the increase of 
insulin levels in OGTT (Table 2; and Fig. 3B). These results are similar 
with that presented by Marchand et al., 2018 [40] who observed that 
women with higher levels of 17β-estradiol had less insulin sensitivity 
and could be related with lipid alterations, because we also observed an 
impaired insulin sensitivity and increase in fasting triglycerides in 
groups with 17β-estradiol administration. Thus, we suggest that these 

insulin alterations could be related to concomitant lipid changes. 
On the other hand, in the group with fructose consumption and sham 

surgery, the chronic administration of 17β-estradiol: i) significantly 
decreased glucose levels in OGTT (Fig. 3C), ii) significantly increased 
triglycerides (Table 2), and iii) increased fasting insulin levels and 
HOMA-IR index (Table 2) but without statistical significance compared 
with the vehicle of 17β-estradiol. Finally, in the group with fructose 
consumption and ovariectomy, the chronic administration of 17β- 
estradiol decreased glucose and insulin levels in OGTT (Fig. 3), as well as 
fasting insulin levels and HOMA-IR index (Table 2), but without statis-
tical significance. Taken together, these results suggest that chronic 
treatment with 17β-estradiol improves insulin sensitivity in animals 
with fructose consumption. The increase in insulin levels observed in all 
groups treated with 17β-estradiol may be explained in terms that 17β- 
estradiol can improve the function of pancreatic beta cells by the pro-
motion of the GLP-1 secretion or by regulation of the ATP-sensitive 
potassium (KATP) channels through cyclic GMP (cGMP) and cGMP- 
dependent protein kinase (PKG) activity which stimulates insulin 
secretion [41,42]. Furthermore, 17β-estradiol has been shown to 
improve insulin sensitivity by activating Era-Akt-Foxo1 signaling 
pathway, which can reduce gluconeogenesis, leading to a decrease in 
glucose levels [9]. 

4.4. Effect of insulin resistance on hemodynamic parameters and 
vasopressor responses 

Chronic consumption of 15 % fructose solution significantly 
increased all hemodynamic parameters in the sham-operated group 

Fig. 4. Effect of fructose consumption on vasopressor responses. Effect of fructose 15 % (23 weeks) on vasopressor responses induced by sympathetic stimulation 
(0.03–3 Hz; A, E) or i.v. bolus injections of noradrenaline (0.003–3 μg/kg; B, F), methoxamine (1–100 μg/kg; C, G) or UK 14,304 (0.03–30 μg/kg; D, H) both in sham 
surgery (sham; A-D) and ovariectomized (Ovx; E-H) groups. Each point represents the mean ± s.e.m. *, P < 0.05 vs control. 
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compared with its control group. While in the ovariectomy group, 
fructose consumption increased all hemodynamic parameters compared 
with its control group; however, it was statistically significant only to 
SBP (Table 3). These results are consistent with previous reports which 
show that fructose consumption induces hypertension in rats [32,43] 
and humans [44], and in different studies. In this respect, it has been 
proposed that this effect may be because fructose consumption increases 
uric acid production and induces IR, and both of them are considered to 
be a possible cause of hypertension [44–46]. 

In contrast, although fructose consumption induced significant in-
creases in blood pressure measurements in the awake animals, the 
vasopressor responses were measured by changes in DBP in a pithed rat 
model. The baseline values of DBP were similar in the control and 
fructose groups at time cero. After the stimulus or intravenous bolus 
injections, the vasopressor responses were significantly decreased, spe-
cifically those induced by sympathetic stimulation and by intravenous 
bolus injections of noradrenaline (α1/α2 adrenergic agonist) and UK 
14,304 (α2 adrenergic agonist) (Fig. 4A-D). The results could be because 
fructose consumption also induced both IR and hyperinsulinemia, 
leading to these contradictory effects probably due to the fact that in-
sulin produces vasodilatation and vasoconstriction effects [47,48]. In 
this case, due to the obtained results, we suggested that the decreases on 
vasopressor responses are mainly mediated by an action on α2 adren-
ergic receptors. 

In ovariectomized animals, the fructose consumption did not change 
the vasopressor responses by sympathetic stimulation, or those gener-
ated by the intravenous bolus injections of noradrenaline, methoxamine, 
or UK 14,304 (Fig. 4). These results show that the loss of female sex 

hormones could contribute to the development of cardiovascular dis-
eases and masks the effect of hyperinsulinemia induced by fructose 
consumption. 

4.5. Effect of ovariectomy on hemodynamic parameters and vasopressor 
responses 

Our results show that in the control group, ovariectomy significantly 
increased SBP, DBP and MBP; it also increased HR, although no statis-
tical significance was observed (Table 3). This effect was similar in the 
fructose group, where the ovariectomy increased all hemodynamic pa-
rameters but was statistically significant only to SBP (Table 3). These 
results are consistent with those presented by Honigberg et al. [49], who 
observed that premature menopause increases the risk of cardiovascular 
disease with an increase in hypertension incidence. 

On the other hand, on vasopressor responses, in the control group, 
ovariectomy only diminished those induced by sympathetic stimulation 
and intravenous bolus injections of noradrenaline (Fig. 5A and 5B), 
while in the fructose group ovariectomy did not change the above 
vasopressor responses (Fig. 5E- 5H). These results suggest that the 
ovariectomy decreased the sympathetic tone in the control group, 
similar to the reported by Shimojo et al. [50], and considering the results 
in the control group, probably ovariectomy also decreased the func-
tionality of α1/α2 adrenergic receptors but with more action on α2 
adrenergic receptors, since the vasopressor responses induced by UK 
14,304 were decreased but with no significant differences, and no 
changes were observed in those vasopressor responses induced by 
methoxamine. All these effects (hemodynamic and vasopressor 

Fig. 5. Effect of ovariectomy on vasopressor responses. Effect of ovariectomy on vasopressor responses induced by sympathetic stimulation (0.03–3 Hz; A, E) or i. 
v. bolus injections of noradrenaline (0.003–3 μg/kg; B, F), methoxamine (1–100 μg/kg; C, G) or UK 14,304 (0.03–30 μg/kg; D, H) in control (tap water consumption, 
A-D) and fructose (fructose 15 % consumption) groups (E-H). Each point represents the mean ± s.e.m. *, P < 0.05 vs Sham. 

E.J. Gutiérrez-Lara et al.                                                                                                                                                                                                                      



Steroids 188 (2022) 109132

9

responses) maybe be less marked in the fructose group because the effect 
of IR could mask the effect of ovariectomy. 

4.6. Effect of chronic administration of 17β-estradiol on hemodynamic 
parameter and vasopressor responses 

Our results show that chronic administration of 17β-estradiol 
decreased HR but was not statistically significant, compared with its 
vehicle, in the control group with sham surgery or ovariectomy, and in 
the fructose group with ovariectomy. While in the fructose group with 
sham surgery, 17β-estradiol significantly decreased HR (Table 4). 
Therefore, 17β-estradiol shows a cardioprotective effect which could be 
due to its effect on estrogen receptors, leading to a reduction in Ca++

influx and an increase in Ca++ uptake on cardiomyocytes, as previously 
demonstrated [51,52]. However, future studies are required to test this 
hypothesis. 

In contrast, 17β-estradiol significantly increased SBP, DBP and MBP 
in the control and fructose groups with sham surgery. Nevertheless, in 
the control and fructose group with ovariectomy, the treatment with 
17β-estradiol decreased SBP, DBP and MBP. Notwithstanding, these 
changes were statistically significant only in the fructose group 
(Table 4). This paradox effect has also been reported previously on 
women with hormone replacement therapy [52]. Here, we suggest that 
these discrepancies may be due to the 17β-estradiol levels in the body 
because sham-operated rats have average production of natural 17β- 
estradiol plus administered 17β-estradiol, leading to higher 17β-estra-
diol levels than presented under physiologically normal conditions. In 
turn, this suggests that high levels of 17β-estradiol could induce an 

adverse effect on blood pressure, but its replacement in ovariectomized 
rats has a positive effect on blood pressure and heart rate; similar data 
were found by Li et al. [53]. In this sense, they found a correlation be-
tween hormonal steroid levels and cardiac function and showed that 
high 17β-estradiol levels increased the diastolic cardiac function due to a 
decrease in ejection fraction; however, the mechanisms are not fully 
understood. Besides, these effects were lower on IR rats (with fructose 
consumption) causing the effect of IR masks the effect of 17β-estradiol. 

On the other hand, in sham-operated control rats, 17β-estradiol 
significantly decreased vasopressor responses induced by i.v. bolus in-
jections of noradrenaline compared with the vehicle of 17β-estradiol 
(Fig. 6B). Moreover, in sham-operated IR rats, 17β-estradiol significantly 
decreased vasopressor responses induced by i.v. bolus injections of 
noradrenaline (Fig. 6F) and methoxamine (Fig. 6G) compared with its 
vehicle (oil). These last results were similar to those obtained on 
ovariectomized control rats (Fig. 7B and 7C). Overall, these results 
suggest that the effect of chronic administration of 17β-estradiol on 
vasopressor responses could be mediated at least in part by down-
regulation or decrease in functionality of postganglionic alpha- 
adrenergic receptors, mainly by the α1 adrenergic receptor. However, 
future studies are required to test this hypothesis. 

On ovariectomized fructose rats, 17β-estradiol increased vasopressor 
responses induced by sympathetic stimulation (Fig. 7E) but did not 
change vasopressor responses induced by i.v. bolus injections with the 
agonist of adrenergic receptors. These results suggest that both IR and 
ovariectomy could lead to loss of effect of the treatment with 17β- 
estradiol. 

Fig. 6. Effect of 17β-estradiol on vasopressor responses in sham-operated rats. Effect of 17β-estradiol (10 μg/kg⋅day) or its vehicle (corn oil, 0.5 ml/kg⋅day) in 
sham-operated rats on vasopressor responses induced by sympathetic stimulation or i.v. bolus injections of noradrenaline, methoxamine, or UK 14,304 in control (tap 
water, A-D) and fructose (E-H) groups. Each point represents the mean ± s.e.m. *, P < 0.05 vs vehicle. 
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5. Conclusions 

This study demonstrated that treatment with 17β-estradiol: i) 
increased the metabolic disbalance (hyperinsulinemia, IR, and TG) 
induced by ovariectomy both in control and fructose groups; ii) 
increased triglycerides induced by fructose consumption; iii) prevented 
the increase of blood pressure induced by ovariectomy both in control 
and fructose group, but with the opposite effect on sham-operated rats; 
and iv) decreased vasopressor responses induced by i.v. bolus injections 
of noradrenaline on sham-operated (control and fructose group) and 
ovariectomized (control) rats, and those induced by i.v. bolus injections 
of methoxamine (α1 adrenergic agonist). Overall, these results suggest 
that 17β-estradiol has a cardioprotective effect, and the effect of 17β- 
estradiol on vasopressor responses could be mediated mainly by the α1 
adrenergic receptor, while IR and ovariectomy lead to a loss or decrease 
of the effect of the treatment with estradiol. 
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P. Dominici, A.M. Puyó, B.E. Fernández, Central insulin–angiotensin II interaction 
in blood pressure regulation in fructose overloaded rats, Regul. Pept. 185 (2013) 
37–43, https://doi.org/10.1016/j.regpep.2013.06.001. 

[33] Y.-H. Chan, G.-J. Chang, Y.-J. Lai, W.-J. Chen, S.-H. Chang, L.-M. Hung, C.-T. Kuo, 
Y.-H. Yeh, Atrial fibrillation and its arrhythmogenesis associated with insulin 
resistance, Cardiovasc. Diabetol. 18 (2019) 125, https://doi.org/10.1186/s12933- 
019-0928-8. 

[34] G. García, E.J. Gutiérrez-Lara, D. Centurión, V. Granados-Soto, J. Murbartián, 
Fructose-induced insulin resistance as a model of neuropathic pain in rats, 
Neuroscience 404 (2019) 233–245, https://doi.org/10.1016/j. 
neuroscience.2019.01.063. 

[35] M.C. Petersen, G.I. Shulman, Mechanisms of insulin action and insulin resistance, 
Physiol. Rev. 98 (2018) 2133–2223, https://doi.org/10.1152/ 
physrev.00063.2017. 
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[46] L. Tappy, K.-A. Lê, Metabolic effects of fructose and the worldwide increase in 
obesity, Physiol. Rev. 90 (2010) 23–46, https://doi.org/10.1152/ 
physrev.00019.2009. 

[47] J. Fan, L.Y. Liu, X.Z. Liu, Hyperinsulinemia negatively affects the association 
between insulin resistance and blood pressure, Nutr. Metab. Cardiovasc. Dis. 31 
(2021) 3359–3366, https://doi.org/10.1016/j.numecd.2021.08.029. 

[48] U. Scherrer, C. Sartori, Insulin as a vascular and sympathoexcitatory hormone, 
Circulation 96 (1997) 4104–4113, https://doi.org/10.1161/01.CIR.96.11.4104. 

[49] M.C. Honigberg, S.M. Zekavat, K. Aragam, P. Finneran, D. Klarin, D.L. Bhatt, J. 
L. Januzzi, N.S. Scott, P. Natarajan, Association of premature natural and surgical 
menopause with incident cardiovascular disease, JAMA 322 (2019) 2411, https:// 
doi.org/10.1001/jama.2019.19191. 

[50] G.L. Shimojo, R.K. Palma, J.O. Brito, I.C. Sanches, M.C. Irigoyen, K. De Angelis, 
Dynamic resistance training decreases sympathetic tone in hypertensive 
ovariectomized rats, Braz. J. Med. Biol. Res. 48 (2015) 523–527, https://doi.org/ 
10.1590/1414-431x20154387. 

E.J. Gutiérrez-Lara et al.                                                                                                                                                                                                                      

https://doi.org/10.1080/09513590.2020.1768370
https://doi.org/10.1080/09513590.2020.1768370
https://doi.org/10.1258/mi.2011.011003
https://doi.org/10.1258/mi.2011.011003
https://doi.org/10.2337/db18-0638
https://doi.org/10.1016/j.freeradbiomed.2020.02.016
https://doi.org/10.1016/j.freeradbiomed.2020.02.016
https://doi.org/10.1016/j.lfs.2020.117673
https://doi.org/10.1016/j.lfs.2017.11.043
https://doi.org/10.1016/j.lfs.2017.11.043
https://doi.org/10.1016/j.mce.2013.09.002
https://doi.org/10.1016/j.mce.2014.01.002
https://doi.org/10.1016/j.steroids.2014.01.011
https://doi.org/10.1016/j.steroids.2014.01.011
https://doi.org/10.1038/aps.2012.4
https://doi.org/10.1038/aps.2012.4
https://doi.org/10.1016/j.ejphar.2003.08.037
https://doi.org/10.1038/sj.ki.5002690
https://doi.org/10.1111/bph.12290
https://doi.org/10.1007/s00210-012-0770-y
https://doi.org/10.1007/s00210-012-0770-y
https://doi.org/10.1097/FJC.0b013e31828bc88a
https://doi.org/10.1097/FJC.0b013e31828bc88a
https://doi.org/10.1159/000329426
https://doi.org/10.1139/y06-061
https://doi.org/10.1186/1471-2202-11-39
https://doi.org/10.1186/1471-2202-11-39
https://doi.org/10.1039/C5FO00251F
https://doi.org/10.1111/j.1476-5381.1970.tb09919.x
https://doi.org/10.1111/j.1476-5381.1970.tb09919.x
https://doi.org/10.3181/00379727-64-15828
https://doi.org/10.3181/00379727-64-15828
https://doi.org/10.1152/jappl.1964.19.2.360
http://refhub.elsevier.com/S0039-128X(22)00171-4/h0145
http://refhub.elsevier.com/S0039-128X(22)00171-4/h0145
https://doi.org/10.1016/j.foodres.2021.110287
https://doi.org/10.1016/j.foodres.2021.110287
https://doi.org/10.1080/1028415X.2018.1427659
https://doi.org/10.1080/1028415X.2018.1427659
https://doi.org/10.1016/j.regpep.2013.06.001
https://doi.org/10.1186/s12933-019-0928-8
https://doi.org/10.1186/s12933-019-0928-8
https://doi.org/10.1016/j.neuroscience.2019.01.063
https://doi.org/10.1016/j.neuroscience.2019.01.063
https://doi.org/10.1152/physrev.00063.2017
https://doi.org/10.1152/physrev.00063.2017
https://doi.org/10.1186/s12916-020-01688-6
https://doi.org/10.1007/s11892-018-1101-6
https://doi.org/10.1007/s11892-018-1101-6
https://doi.org/10.1155/2015/567945
https://doi.org/10.1155/2015/567945
https://doi.org/10.1152/ajpregu.00401.2014
https://doi.org/10.1152/ajpregu.00401.2014
https://doi.org/10.1152/ajpendo.00293.2017
https://doi.org/10.1152/ajpendo.00293.2017
https://doi.org/10.1172/jci.insight.98569
https://doi.org/10.1210/me.2009-0287
https://doi.org/10.1161/JAHA.120.016543
https://doi.org/10.3390/nu13103608
https://doi.org/10.3390/nu13103608
https://doi.org/10.1161/HYPERTENSIONAHA.111.182311
https://doi.org/10.1161/HYPERTENSIONAHA.111.182311
https://doi.org/10.1152/physrev.00019.2009
https://doi.org/10.1152/physrev.00019.2009
https://doi.org/10.1016/j.numecd.2021.08.029
https://doi.org/10.1161/01.CIR.96.11.4104
https://doi.org/10.1001/jama.2019.19191
https://doi.org/10.1001/jama.2019.19191
https://doi.org/10.1590/1414-431x20154387
https://doi.org/10.1590/1414-431x20154387


Steroids 188 (2022) 109132

12

[51] C. Buitrago, V. Massheimer, A.R. de Boland, Acute modulation of Ca2+ influx on 
rat heart by 17β-estradiol, Cell. Signal. 12 (2000) 47–52, https://doi.org/10.1016/ 
S0898-6568(99)00066-2. 

[52] S. Mahmoodzadeh, E. Dworatzek, The Role of 17β-estradiol and estrogen receptors 
in regulation of Ca2+ channels and mitochondrial function in cardiomyocytes, 

Front. Endocrinol. (Lausanne) 10 (2019), https://doi.org/10.3389/ 
fendo.2019.00310. 

[53] Y. Li, X. Sun, L. Zang, Q. Zhang, J. Li, S. Zou, Correlation between steroid hormonal 
levels and cardiac function in women during controlled ovarian hyperstimulation, 
Endocrine 44 (2013) 784–789, https://doi.org/10.1007/s12020-013-9953-7. 

E.J. Gutiérrez-Lara et al.                                                                                                                                                                                                                      

https://doi.org/10.1016/S0898-6568(99)00066-2
https://doi.org/10.1016/S0898-6568(99)00066-2
https://doi.org/10.3389/fendo.2019.00310
https://doi.org/10.3389/fendo.2019.00310
https://doi.org/10.1007/s12020-013-9953-7

	Effect of chronic administration of 17β-estradiol on the vasopressor responses induced by the sympathetic nervous system in ...
	1 Introduction
	2 Experimental procedures
	2.1 Animals
	2.2 Induction of insulin resistance
	2.3 Bilateral ovariectomy
	2.4 Chronic administration of 17β-estradiol
	2.5 Biochemical measurements
	2.6 Oral glucose tolerance tests (OGTT)
	2.7 Measurement of arterial blood pressure and heart rate in conscious animals
	2.8 Evaluation of the vasopressor responses in pithed rats
	2.8.1 Stimulation of the vasopressor sympathetic outflow
	2.8.2 Vasopressor responses

	2.9 Experimental design
	2.10 Drugs
	2.11 Statistical analysis

	3 Results
	3.1 Metabolic and hemodynamic parameters
	3.2 Blood glucose and plasma insulin during oral glucose tolerance test
	3.3 Effect of insulin resistance induced by fructose consumption on the vasopressor responses induced by sympathetic stimul ...
	3.4 Effect of ovariectomy on the vasopressor responses induced by sympathetic stimulation or i.v. injections for several α- ...
	3.5 Effect of the 17β-estradiol on the vasopressor responses induced by sympathetic stimulation or i.v. injections for seve ...

	4 Discussion
	4.1 Effect of fructose consumption on metabolic variables
	4.2 Evidence that ovariectomy contributes to the development of insulin resistance
	4.3 Effect of chronic administration of 17β-estradiol on metabolic variables
	4.4 Effect of insulin resistance on hemodynamic parameters and vasopressor responses
	4.5 Effect of ovariectomy on hemodynamic parameters and vasopressor responses
	4.6 Effect of chronic administration of 17β-estradiol on hemodynamic parameter and vasopressor responses

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments
	References


