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Abstract
The present study compared high-fat style diet (HFSD)-induced renal nerve-dependent

dysregulation of the baroreflex control of renal sympathetic nerve activity (RSNA) in

ovary-intact and ovariectomized (OVX) rats. Female rats received a normal diet (ND) or a

HFSD for 10weeks prior to the acute study. The rats were anesthetized; RSNA and heart

rate (HR) were measured. Acute bilateral renal denervation was performed, and baroreflex

gain curves were constructed from the baroreflex changes in RSNA to vasopressor and

vasodepressor drugs. Cardiopulmonary baroreflex control of RSNA was assessed by acute

saline volume expansion (VE). Mean blood pressure was elevated in the OVX-HFSD rats

compared to the HFSD group reaching significance on week 6 of the experimental study

(P< 0.01). Adiposity index and creatinine clearance were significantly greater in all HFSD

rats compared to their ND counterparts. Fractional excretion of sodium rose initially in all

HFSD rats but was normalized towards the end of the study although absolute sodium

excretion remained high. In the acute study, baroreflex gain curve sensitivity (A2) of

RSNA was similarly decreased in both the HFSD and OVX-HFSD rats by 88% (P<0.005)

and 94% (P< 0.001) respectively compared to their control counterparts, but was normal-

ized following bilateral renal denervation. VE-reduced RSNA in ND andOVX-ND rats by 55%

and 52% (both P< 0.001) respectively, but did not alter RSNA in both HFSD and OVX-HFSD

female rats. Following bilateral renal denervation, HFSD and OVX-HFSD rats exhibited 37%

(P< 0.01) and 24% (P< 0.01) reduction in RSNA respectively. These findings demonstrate that although obesity-induced impair-

ment of baroreflex control of RSNA occurred similarly in HFSD and OVX-HFSD rats, mean blood pressure was increased only in

the ovarian hormones deprived-group suggesting that ovarian hormones could have modulatory role on other mechanisms that

regulate blood pressure in female obesity.
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Impact statement
Over activation of renal sensory nerve in

obesity blunts the normal regulation of

renal sympathetic nerve activity. To date,

there is no investigation that has been

carried out on baroreflex regulation of renal

sympathetic nerve activity in obese ovarian

hormones deprived rat model, and the

effect of renal denervation on the barore-

flex regulation of renal sympathetic nerve

activity. Thus, we investigated the role of

renal innervation on baroreflex regulation

of renal sympathetic nerve activity in obese

intact and ovariectomized female rats. Our

data demonstrated that in obese states,

the impaired baroreflex control is indistin-

guishable between ovarian hormones

deprived and non-deprived states. This

study will be of substantial interest to

researchers working on the impact of diet-

induced hypertension in pre- and post-

menopausal women. This study provides

insight into health risks amongst obese

women regardless of their ovarian hor-

monal status and may be integrated in

preventive health strategies.
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Introduction

Obesity in humans could lead to progressive renal injury
associated with hypertension and an inappropriate activa-
tion of renal and muscle sympathetic nerve activities.1–3

Obesity is commonly associated with the excessive increase
of visceral adipose tissue especially adipocyte size.4,5

Amongst women, most, but not all, gain weight and accu-
mulate central abdominal fat after the menopause,6 and
reports have indicated that menopause-related central obe-
sity is an enhanced cardiovascular risk factor.7,8 Previous
animal9,10 and human studies11 reported that females were
protected from hypertension until they reached meno-
pause. On the other hand, a chronically elevated blood
pressure was strongly associated with increased body
mass index (BMI) in young obese women, indicating that
the protection from hypertensionmight be restricted to lean
pre-menopausal women.12–14

The mechanisms responsible for the increase in blood
pressure in obese postmenopausal women are complex
and varied. There is a complex relationship between obesi-
ty, menopausal status and sympathetic nerve activity
(SNA), which has been suggested as playing a key role in
the development of hypertension. Importantly, in obesity,
SNA is modulated at least in part by the regional distribu-
tion of adipose tissue which is primarily in subcutaneous
depots in pre-menopausal women compared to visceral
deposition after the menopause.15 Indeed, a rise in
visceral adiposity in postmenopausal women is associated
with a sympatho-excitation.16–18 Similarly, renal fat deposi-
tion has been shown to be predictive of hypertension.19

Therefore, abdominal obesity together with ectopic fat
deposition plays a crucial role in the pathophysiology of
hypertension.

It has been established that obesity-induced renal injury
is strongly linked to the genesis of secondary hyperten-
sion.20 Heightened renal sympathetic nerve activity
(RSNA) in obesity stimulates renin secretion and renal
sodium reabsorption that leads to the progression and
maintenance of hypertension.21,22 On the other hand,
renal afferent nerves can initiate a sympatho-excitation
which results in an increase in peripheral vascular resis-
tance and blood pressure.23,24 Indeed, the renal sensory
innervation may play an important role in determining
sympathetic output which has been reported to be
increased in both human and animal models of obesity.25,26

The mechanism for the increase in renal sympathetic
output in these animal models of obesity appears to
be due to the blunting of the arterial and cardiopulmonary
baroreflexes resulting from an inflammatory response.25,26

To date, the effect of loss of ovarian function on obesity-
induced dysregulation of the baroreflex control of renal
sympathetic nerve activity has not been fully elucidated.
The present study was designed to compare obesity-
induced renal nerve-dependent dysregulation of arterial
and cardiopulmonary baroreflex control of renal sympa-
thetic nerve activity in presence and absence of ovarian
hormones states. This was done by undertaking studies
in HFSD fed-ovariectomized and ovary-intact female rats
in which the kidneys were acutely denervated.

Materials and methods

Animals and treatments

All experimental procedures were approved by the
Faculty of Medicine Institutional Animal Care and Use
Committee, University of Malaya (FOM IACUC). Female
Sprague Dawley rats (n¼ 48, 3weeks old) with an initial
body weight of 80–100 g were purchased from Invivos
Pte. Ltd, Singapore and were housed in standard cages
in a temperature- and humidity-controlled room
(21–23�C and 40–60% relative humidity) with a 12 h:
12 h light–dark cycle, food and water available ad libi-
tium. Female rats were either sham-operated (n¼ 32) or
bilaterally ovariectomized (n¼ 24) at fourweeks of age.27

After induction of anesthesia (mixture of 5mg kg�1 of
xylazine and 50mg kg�1 of ketamine intraperitoneally;
Xylazil-20, Troy Laboratories Pty Limited, Australia;
Ketamil, Troy Laboratories Pty Limited, Australia),
short dorso-lateral incisions were made. The ovaries
were gently exteriorized, separated from the uterus,
and removed. The muscle and skin layers were then
individually sutured. Diclofenac sodium (Fenac, L.B.H.
Laboratory, Thailand) and ceftriaxone sodium (Trixone,
L.B.H. Laboratory, Thailand) was injected intramuscular-
ly at a dose of 25mg kg�1 each to provide further anal-
gesia and to prevent bacterial infection respectively. For
sham- operated rats, the same procedure was applied,
except their ovaries were left intact. After an acclimati-
zation period of 2weeks with standard rodent chow
(Gold Coin Sdn. Bhd., Penang, Malaysia), the rats
(6weeks old) were randomly assigned to four groups:
(1) sham-operated ovary-intact animals receiving
normal diet (ND) (2) sham-operated ovary-intact animals
receiving high-fat style diet (HFSD) (3) ovariectomized
animals (OVX) receiving ND and (4) ovariectomized ani-
mals (OVX) receiving HFSD. At the end of week 10,
animals underwent the acute terminal studies with
each group further divided into two subgroups, consist-
ing of rats in which their renal nerves were retained
(INN) or subjected to bilateral renal denervation
(DNX). The experimental design of the study is summa-
rized in Figure 1 and the experimental groups are as
follows with each group consisting of six rats:

• Group 1: INN-ND Group 5: INN-OVX-ND
• Group 2: INN-HFSD Group 6: INN-OVX-HFSD
• Group 3: DNX-ND Group 7: DNX-OVX-ND
• Group 4: DNX-HFSD Group 8: DNX-OVX-HFSD

Diet protocol

Normal diet was purchased from Teklad Research Diet
(Harlan laboratories, Madison, WI, USA) whereas HFSD
was locally purchased and composed of six highly palat-
able and energy dense diets consisting of chocolate bars,
salami, smoked chicken, vanilla wafer, buttered cakes and
Ritz crackers. The HFSD in the present study is quite sim-
ilar to the diet in other studies28,29 except that it comprised
of local substitutes that were readily and commercially
available. Daily rotation of each of the six items constituting
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the HFSD was different in each week throughout the study.
The diets were given in the same quantities and at the same
time for all the groups of rats. The composition of the diets
is as follows:

Composition of diet

Normal

diet

High-fat

style diet

Protein (% kcal) 22 32.3

Fat (% kcal) 12 42.6

Carbohydrate (% kcal) 66 27.8

Sodium (g/100 g) 0.2 0.6

Total gross energy

with calories (kcal g�1)

3 3.4

Physiological data collection

Rats were kept individually in metabolic cages for 24 h on
weeks 0, 2, 4, 6, 8 and 10. Urine output over a period of 24 h
was measured. Blood samples (400–500 lL) were collected
via the tail vein in heparinized microcentrifuge
tubes (Eppendorf, USA; heparin 5000 IU/mL, Leo
Pharmaceuticals, Denmark). The blood samples were cen-
trifuged at 3000 r/min for 5min to extract the plasma.
Creatinine (Plate reader; BioTek Instruments, Winooski,
VT, USA) and sodium (Flame photometer; Corning 410C,
Hastead, Essex, UK) concentrations were measured in both
plasma and urine. At the end of week 10, the acute terminal
studies were performed.

Measurement of blood pressure and fasting blood
glucose

Blood pressure was determined by the tail-cuff method
(CODA, Kent Scientific Corporation, Torrington, CT, USA)
on weeks 0, 2, 4, 6, 8 and 10. A day after, experimental ani-
mals were fasted for 12h and glucose levels were determined
in aliquots of blood, obtained by tail prick, using a glucom-
eter (Accu-ChekVR Performa, Roche Diagnostics, Germany).

Acute study

Detection of proestrus phase of estrus cycle prior to
acute study

Both ovary-intact and ovariectomized rats underwent the
acute terminal studies. The estrus cycle of each ovary-intact
rat was first established and animals underwent the acute
studies during the proestrus (high levels of estrogen). For
determination of proestrus phase, the genital area was care-
fully exposed and 10 lL of saline (0.9% NaCl) was intro-
duced into their vagina. Thereafter, vaginal fluid was
collected as previously described.30 The presence of
round epithelial cells with defined nuclei in the vaginal
smear when visualized under the microscope was taken
as an indicator of proestrus phase.

Surgical procedure for acute study

Overnight fasted ovary-intact and ovariectomized rats
were anesthetized with 1mL of a-chloralose-urethane mix-
ture (250 and 16.5mg mL�1 respectively, intraperitoneally)

Figure 1. Experimental design. The animals were allocated to eight different groups. ND: normal diet; HFSD: high-fat style diet; OVX: ovariectomized; INN: innervated;

DNX: denervated; BP: blood pressure.
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and maintained with supplemental doses of the anesthetic
(0.05mL, intravenously) every 30min. A tracheostomy was
performed in which a polypropylene catheter (1.98mm ID)
was inserted into the trachea to facilitate mechanical venti-
lation. The left femoral vein was cannulated in order to
permit the continuous saline infusion (0.9% NaCl,
3 mLh�1) and maintenance doses of anesthesia as well as
the administration of drugs. The left femoral artery was
cannulated and the cannula connected to a pressure trans-
ducer (P23 ID Gould Statham Instrument, Nottingham,
UK) coupled to a computerized data acquisition system
(PowerLabVR ; AD Instrumentation, Sydney, Australia) to
measure mean arterial pressure (MAP) and heart rate
(HR). The urinary bladder was cannulated through a
small abdominal incision for drainage of urine.

Using a retroperitoneal incision to expose the left kidney
and a dissecting microscope, a section of the left renal nerve
bundle was placed on fine bipolar stainless steel wire elec-
trodes. A successful renal nerve signal was verified visually
on the computer screen and by an audible sound using an
audio amplifier. Once adequate renal nerve recording was
obtained, the nerve bundle was fixed on the electrodes with
dental glue (Klasse 4 Dental, Augsburg, Germany). Renal
sympathetic nerve activity (RSNA) was amplified with a
gain of 100,000 by setting the low- and high-pass filters at
1.0 and 0.1 kHz, respectively. The rats were then allowed to
stabilize for 2 h before commencing the baroreflex gain
curve and volume expansion studies.

Acute bilateral renal denervation

A flank incision was made retroperitoneally to expose the
right kidney and all the visible renal nerves were dissected
and smeared with 10% phenol in absolute alcohol.
Thereafter, the left kidney was exposed and the renal
nerve bundle was dissected and placed on the recording
electrodes. Denervation of the afferent renal nerves of the
left kidney was achieved by mechanically crushing the
nerve bundle at a point between the electrodes and
the kidney using surgical forceps as previously
described.25,26 This approach intercepted most afferent
nerve trafficking from the kidney, but enabled recording
of the sympathetic nerve activity by the electrodes.
Additionally, it is expected that sympathetic nerve traffic
would not be transmitted across the damaged section of the
renal nerve bundle into the kidney effectively denervating
the organ. The nerve bundle was then fixed on the electro-
des with dental glue. In the innervated animals, recordings
were obtained from the left kidney with both the left and
right renal nerves be left intact. The baroreflex gain curve
and volume expansion studies were initiated 2 hours after
the completion of acute bilateral renal denervation.

Baroreflex gain curve and volume expansion studies

High-pressure baroreflex regulation of RSNAwas assessed
via intravenous administration of vasoactive drugs.
Phenylephrine and sodium nitroprusside (50 lg in 0.2mL
of saline for each) was infused at 18mLh�1 over 40 s to
increase and decrease arterial pressure respectively.
Variables were permitted to return to baseline levels after

each drug administration. Baroreflex gain curves for RSNA
were generated from which the baroreflex parameters,
namely range of the curve (A1), sensitivity coefficient of
the slope over which the baroreceptor operated (A2),
mid-point blood pressure (A3) and minimal point of the
curve (A4) were derived.

After completion of the baroreflex gain curve study, ani-
mals were allowed to recover for 30min before initiation of
the volume expansion study. Rats were infused with saline
for 30min at a rate of 0.25mL per 100 g body weight per
min via the femoral vein. MAP and RSNA basal readings
were recorded for 5min which were taken as 100%. The
percentage reduction of these variables was determined
at 5 min intervals over a 30 min period. At the completion
of the study, sham operated (ovary-intact) and ovariecto-
mized rats were euthanized via intravenous administration
of an overdose of a-chloralose-urethane anesthetic. A back-
ground noise level was recorded 20min later and the mag-
nitude of the noise signal was removed from all RSNA
measurements taken during the acute study. Kidneys and
total abdominal fat were excised and weighed for determi-
nation of kidney and adiposity index respectively.
Thereafter, the kidneys were either snap frozen in liquid
nitrogen (N2) and stored at �80�C for noradrenaline mea-
surement or fixed in 10% buffered formalin solution for
later immunohistochemical staining.

Measurement of kidney and adiposity indices

Both kidneys were rinsed in phosphate buffered saline
(PBS), patted dry and weighed for determination of
kidney index (100� kidney weight/body weight). Total
abdominal adipose tissue was also carefully patted dry
and weighed for determination of adiposity index
(100� total abdominal fat weight/body weight).

Noradrenaline

Immunohistochemical detection of renal noradrenaline

Kidneys were fixed in 10% buffered formalin solution
(Sigma Aldrich, Germany) and processed for paraffin
embedding. After deparaffinization, tissue sections (5 lm)
were incubated in 0.01M citrate buffer (10min, 100�C) for
antigen retrieval. The tissue sections were rinsed in PBS,
followed by incubation in 3% hydrogen peroxide for 1 h
to quench the endogenous peroxidase activity, and blocked
with 5% BSA. Thereafter, the sections were incubated over-
night with primary rabbit anti-noradrenaline antibody
(Abcam, Cambridge, USA) at a dilution of 1:200 in 5%
BSA. After washing in PBS, the sections were incubated
with biotinylated secondary polyclonal goat anti-rabbit
antibodies (Santa Cruz Biotechnology, Santa Cruz,
California, USA) at a dilution of 1:400 in 5% BSA for 1 h
at room temperature. The sections were then incubated
in an avidin-biotinylated-peroxidase complex system
(ImmunoCruz ABC Staining, Santa Cruz Biotechnology,
Texas, USA) and immunoreactivity was visualized with
3,30-diaminobenzidine tetrahydrochloride and hydrogen
peroxide. Finally, the slides were lightly counterstained
with hematoxylin and analyzed under a microscope.
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Evaluation of immunohistochemical labelling was carried
out using double-blinded observers.

Measurement of renal noradrenaline

Kidneys were snap frozen in liquid nitrogen (N2) and
stored at �80�C until further analysis. On the day of nor-
adrenaline measurement, the frozen kidneys were thawed
and homogenized over ice in PBS. After centrifugation of
the homogenates at 1500g for 10min, noradrenaline con-
centrations in the supernatants were measured using
a commercial ELISA kit (Elabscience Biotechnology,
Wuhan, China).

Calculations

The data obtained from the metabolic studies permitted the
calculations of renal excretory and hemodynamic func-
tions. Urine flow rate (UFR) was calculated using the fol-
lowing formula: V/T�BW, where V was the volume of
urine, T the time period over which urine was collected,
and BW the body weight of the rat. Absolute sodium excre-
tion (UNaV) was calculated asUNa�UFR, in which UNa was
the concentration of urinary sodium. The clearance of cre-
atinine (CrCl) was utilized as an approximate measure of
glomerular filtration rate, CrCl¼UCr�UFR/PCr, in which
UCr and PCr were the concentrations of creatinine in urine
and plasma respectively. Fractional excretion of sodium
(FENa) was calculated as CNa/CrCl, in which CNa was clear-
ance of sodium.

Statistical analysis

Data were expressed as means� S.E.M., and graphical as
well as statistical analyses were undertaken using IBM

SPSS statistical software package (IBM SPSS Statistics for
Windows; Version 23.0, IBM Corporation, Armonk, NY,
USA). Body weight, renal functional assessment parame-
ters, non-invasive mean blood pressure and fasting blood
glucose were analyzed using univariate three-way repeated
measures ANOVAwith the application of the Greenhouse–
Geisser correction if assumption of Mauchy’s test of sphe-
ricity is violated, followed by a Bonferroni post hoc test with
statistical significance defined as P< 0.05 for the compari-
son between groups. Data in Tables 1 and 2 as well as renal
noradrenaline content were analyzed using univariate
three-way ANOVA whilst sympatho-inhibitory responses
to volume expansion were analyzed using one-way
ANOVA followed by a Bonferroni post hoc test with statis-
tical significance defined as P< 0.05 for the comparison
between groups. The baroreflex gain curve for RSNA was
generated by quantifying the four-parameter logistic
regression equation: [RSNA¼ A1/(1þ exp (A2 (MAP-
A3)))þA4], in which A1 represents range of the curve,
A2 is baroreflex sensitivity, A3 is midpoint blood pressure
and A4 indicates the minimum point achieved for RSNA.
[Gmax¼ (�A1�A2/4)] equation was utilized to calculate
the maximal gain or slope (Gmax) and this was analyzed
using univariate three-way ANOVA followed by a
Bonferroni post hoc test.

Results

Body weight

Figure 2 illustrates the body weights in the different exper-
imental groups over the period of study. At the start of the
study, OVX-HFSD rats exhibited a slightly higher body
weight, of some 16%, compared to the OVX-ND rats

Table 1. Basal values of renal sympathetic activity (RSNA), mean arterial pressure (MAP) and heart rate (HR) obtained in innervated (INN) and dener-

vated (DNX), normal diet (ND) and high-fat style diet (HFSD) fed rats with and without ovariectomy (OVX) during acute study.

Basal values INN-ND INN-HFSD INN-OVX-ND INN-OVX-HFSD DNX-ND DNX-HFSD DNX-OVX-ND DNX-OVX-HFSD

RSNA (mVs�1) 13� 3 14� 3 14� 5 14� 1 11� 1 15� 9 14� 1 12� 2

MAP (mmHg) 98� 10 113� 5 98� 4 121� 5# 95� 6 111� 2 94� 10 109� 4

HR (bpm) 250� 9 336� 16 241� 11 280� 7 381� 174 293� 24# 205� 15 240� 12

Data were analyzed using univariate three-way ANOVA followed by Bonferroni’s multiple comparisons post hoc test. Data are expressed as mean�SEM (n¼ 6 per

group).
#P< 0.05 vs. OVX-ND (each respective innervated or denervated group).

Table 2. Baroreflex gain curve parameters for renal sympathetic nerve activity (RSNA): (a) range of the curve (A1), (b) baroreflex sensitivity (A2), (c)

midpoint blood pressure (A3) and (d) minimal point of the curve obtained in innervated (INN) and denervated (DNX), normal diet (ND) and high-fat style diet

(HFSD) fed rats with and without ovariectomy (OVX) during baroreflex gain curve study.

Baroreflex parameters INN-ND INN-HFSD INN-OVX-ND INN-OVX-HFSD DNX-ND DNX-HFSD DNX-OVX-ND DNX-OVX-HFSD

A1 (mV s�1) 49� 7 72� 15 40� 10 107� 14####d 24� 6 53� 5 49� 4 41� 7bbbb

A2 (mV s�1 mmHg�1) 1.17� 0.19 0.14� 0.02*** 1.41� 0.14 0.08� 0.02#### 1.02� 0.23 0.89� 0.25 a 1.52� 0.31 1.14� 0.30bbb

A3 (mmHg) 88� 4 110� 8 100� 9 111� 4 93� 8 108� 9 83� 8 103� 11

A4 (mV s�1) 83� 10 82� 16 78� 4 104� 23 97� 11 97� 3 86� 5 84� 4

Data were analyzed using univariate three-way ANOVA followed by Bonferroni’s multiple comparisons post hoc test. Data are expressed as mean�SEM (n¼ 6 per

group).

***P<0.005 vs. INN-ND; ####P< 0.001 vs. INN-OVX-ND; dP< 0.05 vs. INN-HFSD; aP< 0.05 vs. INN-HFSD; bbbP< 0.005 vs. INN-OVX-HFSD.
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(P< 0.005) while OVX-ND rats exhibited slightly lower
body weight, of some 19%, compared to the ND rats
(P< 0.001). OVX-ND rats exhibited a greater total body
weight gain starting from fourth week which persisted
throughout the study when compared to the corresponding
female rats with intact ovaries (ranging from P< 0.005 to
P< 0.001). Similarly, OVX-HFSD rats began to gain weight
compared to HFSD rats beginning from fourth week which
persisted throughout the study (ranging from P< 0.05 to
P< 0.001). However, after 10weeks of feeding, the body
weight of the ovary-intact HFSD rats as well as that of
OVX-HFSD rats did not differ from that of ovary-intact
ND rats and OVX-ND rats respectively. Of note, OVX-
HFSD rats exhibited higher body weight compared to
HFSD rats at week 6 (P< 0.001) and 8 (P< 0.005).

Adipose weight and adiposity indices

After 10weeks of HFSD, total abdominal adipose tissue
and adiposity index were greater by 80% (INN,
P< 0.001), 62% (DNX, P< 0.001) and 71% (INN,
P< 0.001), 78% (DNX, P< 0.001), respectively, in the
OVX-HFSD rats compared to the OVX-ND rats (Figure 3
(a) and (b)). A similar trend was observed in the ovary-
intact rats. The total abdominal adipose tissue and adipos-
ity index were greater by 64% (INN, P< 0.005), 41% (DNX,
P< 0.05) and 48% (INN, P< 0.005), 54% (DNX, P< 0.005),
respectively, in the HFSD fed rats compared to the ND fed
rats. Ovariectomy did not lead to excessive fat accumula-
tion in HFSD rats in comparison to the corresponding
ovary intact HFSD fed rats.

Physiological assessment and hemodynamic
parameters

Figure 4(a) and (b) and Figure 5(a) and (b) illustrate the
renal functional assessments in the different experimental
groups over the period of study. Creatinine clearance
(Figure 4(a)) was lower in OVX-ND rats compared to ND
rats on week 0 by 40% (P< 0.05). Creatinine clearance was
increased significantly beginning week 4 until week 10 in

HFSD (P< 0.001), while beginning week 4 until week 8 in
OVX-HFSD rats (P< 0.05), compared to their correspond-
ing ND groups. By contrast, there was no significant change
in the urine flow rate (UFR) (Figure 4(b)) across all exper-
imental groups. Sodium excretion was markedly increased
in all groups fed the HFSD throughout the 10weeks period
(Figure 5(a)). Absolute excretion of sodium was increased
significantly on week 2 until 10 (ranging from P< 0.05 to
P< 0.001) in HFSD rats compared to their corresponding
ND counterparts. Similarly, absolute excretion of sodium
was increased significantly on week 2, 4 and 8 in OVX-
HFSD rats (P< 0.05) respectively compared to their corre-
sponding OVX-ND rats. Fractional excretion of sodium
(FENa) did not differ between the OVX-HFSD and
OVX-ND and similarly, between HFSD and ND groups
before initiation of diet (Figure 5(b)). FENa was higher on
week 0 in OVX-ND rats compared to ND rats (P< 0.01).
After initiation of the diet, FENa rose sharply on the
second week in OVX-HFSD rats (P< 0.01) compared to
their corresponding ND rats. Similarly, HFSD rats also
showed an abrupt increase in FENa on the second week,
but could not be statistically distinguished compared to
their corresponding ND rats. However, FENa began to nor-
malize towards the end of the study in both OVX-HFSD

Figure 2. Body weight of normal diet (ND) and high-fat style diet (HFSD) fed rats

with and without ovariectomy (OVX). Data are expressed as mean�SEM (n¼12

per group). ***P< 0.005 or ****P< 0.001 vs. normal diet fed rats (ND); ##P< 0.01

or ###P<0.005 vs. OVX-ND; dP<0.05 or dddP< 0.005 or ddddP< 0.001 vs. high-

fat style diet fed rats (HFSD). (A color version of this figure is available in the

online journal.)

Figure 3. Adipose tissue weight (a) and adiposity index (b) of innervated (INN)

and denervated (DNX), normal diet (ND) and high-fat style diet (HFSD) fed rats

with and without ovariectomy (OVX). Data are expressed as mean�SEM (n¼ 6

per group). *P< 0.05 or ***P< 0.005 vs. ND (each respective innervated or

denervated group); ####P< 0.001 vs. OVX-ND (each respective innervated or

denervated group). (A color version of this figure is available in the online journal.)
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and HFSD rats even though absolute sodium excretion
remained high during this period (Figure 5(b)).

Kidney weight and indices

Figure 6(a) and (b) shows kidney weights were significantly
increased in INN-OVX-HFSD rats compared to INN-OVX-
ND and INN-HFSD rats by 21% (P< 0.001) and 21%
(P< 0.005) respectively, and similarly increased in DNX-
OVX-HFSD rats by 20% (P< 0.005) compared to DNX-
HFSD rats. However, kidney indices were similar across
all innervated as well as denervated experimental groups.

Fasting blood glucose and blood pressure profile

Figure 7(a) shows the fasting blood glucose (FBG) of all the
experimental groups. Fasting blood glucose (FBG) was sig-
nificantly increased in OVX-HFSD compared to HFSD rats
especially beginning week 8 (ranging from P< 0.05 to
P< 0.001). There was no meaningful trend in the FBG in
the rest of the experimental groups.

Figure 7(b) shows the mean blood pressure of the exper-
imental groups of which the OVX-HFSD exhibited an
increasing trend towards the end of the experimental
study reaching significance on week 6 (P< 0.01) as com-
pared to HFSD rats. Mean blood pressure was similar
across the HFSD, OVX-ND and ND groups.

Acute studies

Basal hemodynamic parameters and RSNA

Table 1 displays the basal values of MAP, integrated RSNA
and HR during the initial stage of acute experiment follow-
ing anesthesia prior to challenge with vasoconstrictor and
vasodilator drugs. Basal RSNAwas similar across all inner-
vated and denervated experimental groups. INN-OVX-
HFSD rats exhibited a higher (P< 0.05) baseline MAP by
23% (121� 5mmHg vs. 98� 4mmHg) compared to their
ND counterparts. Nevertheless, basal MAP in INN-HFSD
rats was not significantly different as compared to that of
their corresponding ND rats. Basal MAP was not statisti-
cally different across all denervated experimental groups.
Basal HR could not be distinguished statistically across all
innervated and denervated experimental groups except the
value was slightly higher (P< 0.05) in DNX-HFSD rats
compared to DNX-OVX-ND rats.

Baroreflex gain curve parameters of RSNA

Table 2 shows the baroreflex gain curve parameters of
RSNA and these parameters (A1, A2, A3, A4) were derived
from the baroreflex gain curves as displayed in Figure 8.
The range of the curve (A1) in INN-OVX-HFSD rats was
significantly increased by 168% (P< 0.001; 107� 14mV s�1

vs. 40� 10mV s�1) and 49% (P< 0.05; 107� 14mV s�1 vs.

Figure 4. Creatinine clearance (a) and urinary flow rate (b) of normal diet (ND)

and high-fat style diet (HFSD) fed rats with and without ovariectomy (OVX). Data

are expressed as mean�SEM (n¼ 12 per group). ****P< 0.001 vs. normal diet

fed rats (ND); #P< 0.05 vs. OVX-ND; dP< 0.05 or ddP<0.01 vs. high-fat style diet

fed rats (HFSD). CrCl: creatinine clearance; UFR: urinary flow rate. (A color ver-

sion of this figure is available in the online journal.)

Figure 5. Absolute excretion of sodium (a) and fractional excretion of sodium (b)

of normal diet (ND) and high-fat style diet (HFSD) fed rats with and without

ovariectomy (OVX). Data are expressed as mean�SEM (n¼12 per group).

*P< 0.05, **P<0.01 or ****P< 0.001 vs. normal diet fed rats (ND); #P< 0.05,
##P< 0.01 or ####P< 0.001 vs. OVX-ND; ddP<0.01 vs. high-fat style diet fed rats

(HFSD). UNaV: absolute excretion of sodium; FENa: fractional excretion of

sodium. (A color version of this figure is available in the online journal.)
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72� 15mVs�1) when compared to INN-OVX ND
(Figure 8(c)) and INN-HFSD rats respectively. There was
no significant difference in A1 values between INN-HFSD
and INN-ND rats (Figure 8(a)). Denervation in the OVX-
HFSD (DNX-OVX-HFSD) rats elicited a significantly
(P< 0.001) lower A1 values compared to those of the
INN-OVX-HFSD rats, by 161%. However, there were no
statistical differences in A1 values in the DNX-HFSD
(Figure 8(d)) and DNX-OVX-HFSD rats (Figure 8(f)) when
compared to their denervated ND counterparts. A1 value
has no effect on normal diet fed rats (ND and OVX-ND)
neither in innervated (Figure 8(b) and (e)) nor denervated
groups. The sensitivity of the baroreflex (A2) in both INN-
HFSD rats and INN-OVX-HFSD rats was significantly
depressed by 88% (P< 0.005) and 94% (P< 0.001) respec-
tively when compared to their ND counterparts. By con-
trast, A2 values in both denervated HFSD fed groups
(DNX-HFSD and DNX-OVX-HFSD) was significantly
increased when compared to INN-HFSD (P< 0.05) and
INN-OVX-HFSD (P< 0.005) respectively. Although the
magnitude of A2 values in INN-OVX-HFSD rats was
more depressed than INN-HFSD rats, there is no statistical
difference in A2 values between these groups of rats.
Furthermore, there were no statistical differences in A2
values between the DNX-HFSD and DNX-OVX-HFSD
rats when compared to their denervated ND counterparts.

A2 value also has no effect on normal diet fed rats (ND and
OVX-ND) neither in innervated nor denervated groups.
HFSD and OVX-HFSD has no meaningful effect on the
midpoint of blood pressure (A3) value and the minimum
point to which RSNA could be reached (A4).

Maximum slope or gain of RSNA

Figure 9 displays the maximal gain of the RSNA baroreflex
curves. Maximum gain was significantly lower (both
P< 0.05) in INN-OVX-HFSD and INN-HFSD animals com-
pared to their control ND counterparts by 86% (�2.0� 0
mVs�1mmHg�1 vs. �14.5� 4 mVs�1mmHg�1) and 84%
(�2.5� 1 mVs�1mmHg�1 vs. �15.5� 4 mVs�1mmHg�1).
Ovariectomy in the ND rats (OVX-ND) has no meaningful
effect on the maximum gain of RSNA neither in innervated
nor denervated groups. There was no significant difference
in the maximum slope of RSNA between INN-HFSD and
INN-OVX HFSD rats. Similarly, renal denervation of both
groups of HFSD fed rats (D-HFSD and D-OVX-HFSD)
could not be distinguished from their denervated ND
counterparts.

Volume expansion studies

Figure 10 illustrates the percentage reduction in RSNA after
infusion of acute saline load. Innervated ND and OVX-ND
rats elicited a significant (P< 0.001) renal sympatho-
inhibition after the infusion of acute saline load of some

Figure 6. Kidney weight (a) and kidney index (b) of innervated (INN) and

denervated (DNX), normal diet (ND) and high-fat style diet (HFSD) fed rats with

and without ovariectomy (OVX). Data are expressed as mean�SEM (n¼6 per

group). ###P< 0.005 vs. OVX-ND (each respective innervated or denervated

group); dddP< 0.005 vs. HFSD (each respective innervated or denervated group).

(A color version of this figure is available in the online journal.)

Figure 7. Fasting blood glucose (FBG) (a) and mean blood pressure (MBP) (b) of

normal diet (ND) and high-fat style diet (HFSD) fed rats with and without ovari-

ectomy (OVX). Data are expressed as mean�SEM (n¼ 12 per group).

***P< 0.005 or ****P< 0.001 vs. ND, ####P< 0.001 vs. OVX-ND, dP< 0.05,
ddP< 0.01 or ddddP< 0.001 vs. HFSD. FBG: fasting blood glucose; MBP: mean

blood pressure. (A color version of this figure is available in the online journal.)
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55% and 52% respectively from the baseline value. By con-
trast, the INN-HFSD and INN-OVX-HFSD groups of rats
did not exhibit a meaningful renal sympatho-inhibition
from the baseline value after 30 min of volume expansion
and the degree of impairment of cardiopulmonary barore-
ceptors to acute volume load between these groups could
not be distinguished statistically. Nevertheless, in both
HFSD fed rats subjected to renal denervation (DNX-
HFSD and DNX-OVX-HFSD), there was a significant
(both P< 0.01) reduction in RSNA, of 37% and 24% respec-
tively from the baseline value, in which those magnitudes
of reduction could not be distinguished statistically com-
pared to their corresponding denervated ND rats (DNX-
HFSD and DNX-OVX-ND). Likewise, renal denervation
of ND (DNX-ND) and OVX-ND (DNX-OVX-ND) resulted

in a significant decrease in RSNA by 49% (P< 0.001) and
51% (P< 0.001) respectively from the baseline values. The
magnitude of reduction of RSNA in DNX-HFSD and DNX-
OVX-HFSD rats after the infusion of acute saline load were
statistically indistinguishable from that obtained in their
ND counterparts. Of note, degree of renal sympatho-
inhibition in INN-OVX-HFSD rats was significantly differ-
ent compared to INN-ND and INN-OVX-ND by 127%
(P< 0.05) and 113% (P< 0.001) respectively.

Renal noradrenaline

Immunohistochemical detection of renal noradrenaline

Formalin-fixed paraffin-embedded sections of rat kidney
were stained for immunoreactivity to noradrenaline.

Figure 8. Baroreflex gain curves for RSNA in innervated (INN) and denervated (DNX) normal (ND) and high-fat style diet (HFSD) fed rats with and without ovariectomy

(OVX) (n¼ 6 per group).
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Figures 11 and 12 show specific staining for noradrenaline
in the renal tissue and cortex region, and outer as well as
inner medulla regions, respectively. Renal staining for nor-
adrenaline was strongest in the inner and outer medulla
regions of samples from both groups of innervated HFSD
and OVX-HFSD fed rats where the sympathetic nerve end-
ings are densely located. The presence of noradrenaline
was also detected in renal cortex of samples from innervat-
ed OVX-HFSD rats, and slightly to a lesser degree in renal
cortex from innervated HFSD rats. There was relatively

little staining in these regions of renal samples from the
other experimental groups (INN-ND and INN-OVX-ND).
All renal sections from denervated experimental groups
showed relatively little staining.

Quantification of renal noradrenaline

Figure 13 shows the renal noradrenaline contents in renal
tissues from innervated and denervated ND and HFSD fed
rats with and without ovariectomy. The concentration of
noradrenaline in renal tissue was significantly higher in
both innervated HFSD fed groups of rats by 223%
(P< 0.005) and 190% (P< 0.001) in INN-HFSD and INN-
OVX-HFSD rats respectively compared to their innervated
ND control rats. By contrast, the renal concentration of nor-
adrenaline could not be statistically distinguished across all
denervated experimental groups. Nevertheless, renal nor-
adrenaline content was significantly decreased in
DNX-HFSD as well as DNX-OVX-HFSD rats compared to
INN-HFSD (P< 0.01; 56%) and INN-OVX-HFSD rats
(P< 0.01; 48%) respectively. Of note, renal noradrenaline
content between INN-HFSD and INN-OVX-HFSD rats
was indistinguishable statistically.

Discussion

The purpose of the present study was to test the hypothesis
that renal nerve-dependent obesity-induced dysregulation
of the low- and high-pressure baroreflex control of RSNA is
altered in ovarian hormones deprived rat model. To this
end, ovariectomized female rats were fed a HFSD for

Figure 10. Renal sympathoinhibition reflex after 30min of acute saline volume load of innervated (INN) and denervated (DNX) normal (ND) and high-fat style diet

(HFSD) fed rats with and without ovariectomy (OVX) in volume expansion (VEP) study. Data are expressed as mean�SEM (n¼ 6 per group). Baseline RSNA was taken

as 100% at 5min prior to the execution of the acute saline infusion. ***P< 0.005 vs. INN-ND (30min); ###P< 0.005 vs. INN-OVX-ND (30min); ††††P< 0.001 vs. INN

(0min); ††P< 0.01 vs. DNX (0min); ††††P< 0.001 vs. DNX (0min). (A color version of this figure is available in the online journal.)

Figure 9. Maximal gain of the RSNA baroreflex gain curves in innervated (INN)

and denervated (DNX), normal diet (ND) and high-fat style diet (HFSD) fed rats

with and without ovariectomy (OVX). Data are expressed as mean�SEM (n¼ 6

per group). *P< 0.05 vs. INN-OVX-ND. #P< 0.05 vs. INN-OVX-ND. (A color

version of this figure is available in the online journal.)
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10weeks and the impact on the baroreflex regulation of
RSNAwhen the renal innervation was intact and following
its removal was assessed. There were two major findings.
Firstly, ovariectomy did not impact on the normal regula-
tion of RSNA by the high- and low-pressure baroreceptors
of the cardiovascular system in rats fed a normal diet.
Secondly, HFSD loading caused renal nerve-dependent
dysregulation of the low- and high-pressure baroreflex con-
trol of RSNA in both ovary-intact and ovariectomized
female rats to a similar degree. These findings would
appear to indicate that female sex hormones do not modu-
late firstly, the normal baroreflex sensitivity in normal
female rats and secondly, impairment of the baroreflex sen-
sitivity in obese female rats. Although the present findings
did not support the notion that ovarian hormones have a
modulatory effect on the dysregulation of baroreflex con-
trol of RSNA in female obesity, there was a propensity for
increased BP in the ovarian hormones deprived-obese
female rats. Moreover, insulin resistance was present in
the ovariectomized obese group as reflected in the high
fasting blood glucose.

It is suggested that ovariectomized mice are more prone
to obesity as a result of fat accumulation due to the lack of
hormonal protection.31 However, our data indicated that
ovariectomy alone did not lead to fat accumulation in ani-
mals fed the ND at the end of the experimental period;

furthermore, no difference in fat mass was observed
between OVX-ND and ND groups. This data is in consis-
tent with other study in C57BL/6 mice.32 In the present
study, we used HFSD or more popularly known as cafeteria
diet to induce obesity in our experimental animals.
Exposure of the HFSD which contains 43% fat induces
the human metabolic syndrome-like phenotype more
robustly than a high-fat diet (HFD).29,33 Furthermore,
high energy density and palatability of this type of diet is
well known to induce hyperphagia which could not be
observed in rodents fed with high-fat diet.29,34–36 Our
data indicated that ovariectomized rats had significantly
higher body weight gains than did ovary-intact rats irre-
spective of diet types. Although we failed to measure food
consumption, other studies have shown that ovariectomy
produces hyperphagia and increases gain in body weight
due to increased gain in both lean and fat mass.37,38 Despite
the fact that ovariectomized animals gained more body
weight in the current study, animals fed the HFSD gained
more abdominal fat mass which may be a more adequate
metric for obesity than body weight.39 When fed the HFSD,
our study showed that OVX-HFSD animals gained more
abdominal fat mass which is comparable to the ovary-
intact group, suggesting that rats with normal estrous
cycle are not protected from excessive fat accumulation
when fed the HFSD. However, Ludgero-Correia et al.

Figure 11. Immunohistochemical staining of noradrenaline in kidneys (4� magnification) and cortex region (40� magnification) of innervated (INN) and denervated

(DNX), normal diet (ND) and high-fat style diet (HFSD) fed rats, with and without ovariectomy (OVX) (n¼ 5 per group). White arrow, noradrenaline. (A color version of this

figure is available in the online journal.)
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showed that ovariectomy with high-fat diet consumption
led to a significant accumulation of body fat, even when
compared to ovary-intact mice fed a high-fat diet.32 The
reason for the discrepancy is not obvious but we may

suppose that the difference in diet could contribute,
HFSD (cafeteria diet) in the present study as opposed to
high-fat diet in their study.32 On the other hand, fasting
blood glucose was elevated in OVX-HFSD rats which

Figure 13. Noradrenaline contents in kidneys of innervated (INN) and denervated (DNX), normal diet (ND) and high-fat style diet (HFSD) fed rats, with and without

ovariectomy (OVX). Data are expressed as mean�SEM (n¼ 5 per group). ***P< 0.005 vs. INN-ND, ####P< 0.001 vs. INN-OVX-ND; aaP< 0.01 vs. INN-HFSD;
bbP< 0.01 vs. INN-OVX-HFSD. (A color version of this figure is available in the online journal.)

Figure 12. Immunohistochemical staining of renal noradrenaline in the outer medulla (40�magnification) and inner medulla (40�magnification) regions of innervated

(INN) and denervated (DNX), normal diet (ND) and high-fat style diet (HFSD) fed rats, with and without ovariectomy (OVX) (n¼5 per group). White arrow, noradrenaline.

(A color version of this figure is available in the online journal.)
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strongly suggests that estrogen deprivation reduces insulin
sensitivity. Studies have been demonstrated that estrogen
regulates insulin sensitivity and glucose metabolism
through central and peripheral actions.40

In the present study, no difference in renal dysfunction
was observed between the HFSD fed ovary-intact and
ovariectomized female rats. Both groups seemed to exhibit
glomerular hyperfiltration which could be associated with
obesity and insulin resistance.41–45 Initiation of HFSD feed-
ing in both ovariectomized and ovary-intact groups led to
an abrupt and sustained increase in absolute sodium excre-
tion throughout the study which could be ascribed to the
higher sodium content in the diet that possibly masked a
sodium retention. The sodium content in the HFSD was
threefold higher than the normal diet (0.6 g/100 g vs.
0.2 g/100 g). Nevertheless, fractional sodium excretion in
HFSD-fed rats which was high at the initiation of the diet
declined towards the end of the study indicating an under-
lying sodium retention. The increase in renal tubular
sodium reabsorption in this study was similar to that
reported in other studies.25,26,46,47 Possible explanations
for the increased sodium reabsorption include activation
of the renin-angiotensin-aldosterone system48 together
with a direct action of the renal sympathetic nerves on
the proximal tubular epithelial cells.49,50 The present
study points to an increase in RSNA in view of the
enhanced noradrenaline immuno-staining observed in the
renal cortex, inner and outer medullary region in the HFSD
fed rats.

In the present study, we did not uncover hormonally
mediated differences in baroreflex control of RSNA in rats
fed a normal diet or a HFSD. Of note, we assessed barore-
flex control of RSNAwhen ovary-intact animals were in the
proestrus phase since it has been shown that the gain and
maximum of baroreflex control of RSNA are elevated
during proestrus when the estrogen level is high.51 Our
data, however, showed that normal diet fed ovary-intact
and ovariectomized rats had similar high-pressure and
low-pressure RSNA baroreflex sensitivity at the end of a
10-week study and this is consistent with previous
reports.52–54 In contrast, it has been shown that ovariectomy
reduces baroreflex sensitivity in rats and there are experi-
mental evidence to suggest a facilitatory role for estrogen in
the modulation of baroreflex function.51,55–57 Furthermore,
it has been reported that the suppression of baroreflex sen-
sitivity observed 2–3weeks after ovariectomy is reversed
with estrogen replacement.57–60 It is unlikely that proges-
terone contributes to the alteration of baroreflex sensitivity
following ovariectomy since a neurosteroid metabolite,
allopregnanolone, reduces the gain of baroreflex control
of RSNA and RSNA baroreflex maximum.61 The reason
for the difference between our results and those results
on the effects of ovariectomy on cardiovascular regulation
is not obvious, nevertheless the observed variability may be
explained, in part, by the differing times following ovari-
ectomy at which these studies are performed.51 Indeed,
based on telemetry study, the initial reduction of spontane-
ous baroreflex sensitivity observed following ovariectomy
returns towards basal values 5–6weeks later and this effect
is not due to recovery of estrogen levels.51

Dysregulation of the baroreflex control of RSNA was
observed in both the ovary-intact and ovariectomized
HFSD rats and this finding complements previous studies
in obese male Sprague Dawley rats.25,26 The dysregulation
of the arterial baroreflex control of RSNA and decline in
maximal gain of the RSNA baroreflex curves in the HFSD
female rats which was partially re-established following
bilateral renal denervation confirms an important role of
renal afferent nerve signaling in the resetting of barorecep-
tor activity in obesity.25,26 This aberrant renal sensory input
to the brain may be critical in causing dysfunction of car-
diovascular homeostasis and contribute to hypertension in
obesity.25,26 Furthermore, the present data revealed an
attenuated renal sympatho-inhibitory response to volume
expansion in HFSD fed female rats, which was to some
degree restored after bilateral renal denervation. This
observation suggests that the normal function of the cardio-
pulmonary baroreflex has been altered through a mecha-
nism that involves the renal afferent nerves and is
supported by previous studies in male Sprague-
Dawley25,26 as well as Wistar rats62 fed a high-fat diet.
Impairment of this reflex can influence extracellular fluid
volume and eventually blood pressure in the HFSD rats in
the present study.63 Alternatively, it could be argued that
the high dietary sodium rather than the high fat intake
could in part affect the baroreflex mechanisms since the
HFSD contains 0.6% sodium. However, this is unlikely
since Huang et al.64 showed that the baroreflex gain curve
parameters for RSNA in Wistar male rats fed with high
sodium diet (3.0%) for sevenweeks were very similar to
those fed with normal sodium diet (0.3%).

What was unexpected was that the impairment of the
arterial and the cardiopulmonary baroreflex control of
RSNA did not differ between the ovary-intact and ovariec-
tomized female rats fed the HFSD. The failure to observe a
difference in the baroreflex control of RSNA between the
central obese ovary-intact and ovariectomized rats may be
due to the timing of the RSNA baroreflex study considering
that RSNA baroreflex is estrus-cycle dependent.65

However, measures were taken to ensure that the barore-
flex study in ovary-intact animals was performed during
proestrus, when estrogen levels were high. Alternatively,
the HFSD may alter ovarian function since other study
has shown that high-fat diet for 18weeks in rats accelerates
ovarian follicle development and rate of follicular loss lead-
ing to premature ovarian failure.66 Notwithstanding, the
HFSD feeding period in our study was much shorter than
that study, 10weeks as opposed to 18weeks, and accord-
ingly may somewhat have lesser effect on the ovary of
intact rats in our study. Indeed, it has been shown that
high-fat diet feeding of rats for 13weeks interferes with
the normal estrus cycle but does not cause significant
changes in serum estradiol levels.67 The present findings
seemed to be contrary to the hypothesis that female sex
hormones are cardioprotective in both humans and exper-
imental animals. Estrogens may influence factors that
profoundly impact the development of diet-induced
hypertension including sympatho-excitation, RAS activa-
tion and inflammation.68 However, these findings may
not necessarily refute the importance of visceral fat that
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when present in female in significant amounts due to exces-
sive intake of fat could diminish the modulatory role of
ovarian hormones, specifically estrogen, in the dysregula-
tion of RSNA baroreflexes.

Interestingly, as opposed to the data obtained with bar-
oreflex control of RSNA, our results indicated that ovariec-
tomized HFSD rats had significantly decreased insulin
sensitivity as compared to ovary-intact HFSD rats suggest-
ing that the metabolic and autonomic regulative effects of
estrogens can be dissociated. Corroborating data from clin-
ical and experimental studies indicate that estrogens have
beneficial effect on insulin action and glucose homeostasis
through the activation of the estrogen receptor a.27,69 Our
present findings also showed that although baroreflex and
renal dysfunction occurred similarly in both the HFSD and
OVX-HFSD groups, the tendency to develop hypertension
was observed only in the estrogen deprived HFSD-fed rats.
These findings may indicate that under the influence of
estrogen, other blood pressure regulative mechanisms are
shifted towards cardiovascular protective pathways to
counteract the detrimental effects of baroreflex and renal
dysfunction on BP in the ovary intact obese group.
Indeed, estrogen is known to have a role in cardiovascular
protection by modulating vasodilator and vasoconstrictor
pathways, including the renin-angiotensin aldosterone and
the endothelin systems.40 Furthermore, development of
hypertension in the OVX-HFSD could also occur through
insulin resistance.70

Limitations

We acknowledge several limitations in the present study.
The data derived from the acute studies were obtained
under anesthesia and may not exactly reflect the situations
in conscious animals. Nevertheless, since measurements
were undertaken under similar conditions, internal com-
parisons for most variables would be acceptable although
validity may be limited for comparisons between groups.
Second, we only assessed sympathetic nerve activity to one
vascular bed, i.e. the kidney. It remains unknown whether
these results are applicable to other tissues and organs,
such as skin, muscle and heart. Third, we have performed
ovariectomy in very young female rats although meno-
pause (loss of ovarian follicular function) coincides with
aging. The reason for performing this procedure in very
young female rats is to negate the aging factor when the
RSNA baroreflexes were assessed during the acute study at
the end of the experimental diet. Aging per se, is known to
cause a series of alterations in the innate mechanisms that
regulate cardiovascular function leading to increased risk
of cardiovascular disease.71,72 Since ovariectomy is known
to aggravate the impairment of cardiac and functional
effects of aging,73 there is a plausibility that ovariectomy
if performed in mature female rats would have led to a
greater obesity-induced dysfunction of the RSNA barore-
flexes. Fourth, we do not rule out the contribution of renal
afferent nerve activity to the overall integrated renal sym-
pathetic nerve activity signal recorded which would differ
between the intact and bilaterally denervated groups.
However, it is expected that their contribution would be

minimal since their overall firing rate is low compared to
that originating from the sympathetic nerves. Further, we
have set the low pass filter at 100Hz on the amplifier
which would filter the afferent renal nerve impulses from
the signal.

Conclusions

In conclusion, the present study showed that the baroreflex
dysfunction and impairment of neurohumoral control of
the kidney were not modulated by estrogen in female obe-
sity. Disruption of cardiovascular homeostatic mechanisms
and neurohumoral control of the kidney would contribute
to the development of hypertension. Since blood pressure
seemed to be elevated only in the ovarian hormones
deprived obese female rats, we hypothesize that other
mechanisms that regulate blood pressure are shifted to car-
diovascular protective pathways in obese female rats with
normal estrous cycle. Our findings also suggest that in
female obesity, there is a break down in the protective
effects of ovarian hormones on some of the mechanisms
that regulate blood pressure and thus provide insight into
the existence of health risks amongst obese women regard-
less of their ovarian hormonal status.
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