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BACKGROUND AND PURPOSE

Oestrogen therapy is known to induce cardioprotection in post-menopausal metabolic syndrome (PMS). Hence, we
investigated the effect of 17-B oestradiol (E2) on functional responses to angiotensin Il and cardiovascular dysfunction in a rat
model of PMS.

EXPERIMENTAL APPROACH

PMS was induced in ovariectomized rats by feeding a high-fat diet for 10 weeks. Isometric tension responses of aortic rings to
angiotensin Il were recorded using an isometric force transducer. TUNEL assay and immunoblotting was performed to assess
apoptosis and protein expression respectively in PMS.

KEY RESULTS

Endothelial dysfunction in PMS was characterized by enhanced angiotensin ll-induced contractile responses and impaired
endothelial dependent vasodilatation. This was associated with an increased protein expression of AT, receptors in the aorta
and heart in PMS. PMS induced cardiac apoptosis by activating Bax and PARP protein expression. These changes were
associated with a down-regulation in the expression of silent information regulation 2 homologue (SIRT1)/P-AMP-activated PK
(AMPK) and increased H3 acetylation in aorta and heart. E2 partially suppressed angiotensin ll-induced contractions, restored
the protein expression of SIRT1/P-AMPK and suppressed H3 acetylation. The role of SIRT1/AMPK was further highlighted by
administration of sirtinol and compound C (ex vivo), which enhanced angiotensin Il contractile responses and ablated the
protective effect of E2 on PMS.

CONCLUSION AND IMPLICATIONS

Our results provide novel mechanisms for PMS-induced cardiovascular dysfunction involving SIRT1/AMPK/ histone H3
acetylation, which was prevented by E2. The study suggests that therapies targeting SIRT1/AMPK/epigenetic modifications
may be beneficial in reducing the risk of cardiovascular disorders.

Abbreviations
AMPK, AMP-activated PK; Ang II, angiotensin II; E2, 17-f oestradiol; PMS, post-menopausal metabolic syndrome; SIRT1,
silent information regulation 2 homologue

© 2013 The British Pharmacological Society British Journal of Pharmacology (2013) 170 779-795 779


mailto:tikoo.k@gmail.com

D S Bendale et al.

Introduction

The accumulating incidences of type II diabetes mellitus and
various cardiovascular disorders worldwide has been attrib-
uted to lifestyle changes, and in particular, the consumption
of a high fat-enriched Western diet. Insulin resistance, one of
the features of metabolic syndrome refers to defective insulin
action and development of hyperinsulinaemia (Wang et al.,
2004). The vascular endothelium plays a protagonistic role in
maintaining the vascular tone by balancing the release of
vasodilator substances (i.e. NO and prostacyclins) and vaso-
constrictor substances (i.e. endothelin, TXA,, ROS; Katz,
1997; Puddu et al., 2000). During the last few decades, cor-
roborating data from experimental and clinical studies has
revealed that insulin resistance is a predisposing factor for
endothelial dysfunction, which further leads to the develop-
ment of hypertension, coronary artery diseases and other
cardiovascular diseases. In general, endothelial dysfunction
refers to loss of NO availability, uncoupling of endothelial
NOS (eNOS), lack of substrate or cofactors of eNOS and accel-
erated NO degradation by ROS (Cai and Harrison, 2000).
Because endothelial dysfunction is an early event, it can be of
prognostic value. Insulin resistance and oestrogen deficiency
have been established as independent risk factors for cardiac
hypertrophy and hence heart failure (Rutter efal., 2003;
Pelzer et al., 2005). The myocardium is considered to be a site
of action of oestrogens and sex hormones as they prevent left
ventricular hypertrophy in animal and human models. In a
rat model of post-menopausal cardiac hypertrophy induced
by pressure overload the protective Akt-eNOS-NO pathway
activated by oestrogen is compromised and contributes to
cardiac decompensation (Bhuiyan and Fukunaga, 2010).
Therefore, therapies targeting endothelial dysfunction and
increasing NO availability can be effective at preventing
numerous cardio-metabolic disorders.

The renin angiotensin system (RAS) is a major common
denominator implicated in the pathogenesis of various car-
diovascular disorders associated with insulin resistance
(Touyz et al., 1999). A direct link between the activation of
RAS and the occurrence of endothelial dysfunction in insulin
resistance has been demonstrated (McFarlane et al., 2001).
Angiotensin II (Ang II), the major peptide of RAS, has been
shown to be involved in stimulation of oxidative stress, pro-
moting smooth muscle cell growth, inhibiting apoptosis and
altering the redox state of the blood vessel (Paravicini and
Touyz, 2006). Also, activation of MAPKs, in response to Ang
II, transmit extracellular stimuli by phosphorylating a variety
of substrates including transcriptional factors and histone H3
and hence regulating hypertrophy in various cellular sub-
types (Wang et al., 1998; Soloaga et al., 2003).

Exciting research has shown that epigenetic changes in
chromatin can affect gene transcription, replication, genome
stability and repair in response to environmental stimuli and
changes in key chromatin histone patterns have been noted
with various pathological conditions (Li, 2002). The best-
known covalent modifications, methylation, acetylation and
phosphorylation, have been characterized in various disease
models. We have learned from our experience that histones
(H3) are acetylated and phosphorylated in heart and kidney
under insulin-resistant conditions and may contribute to the
development of insulin resistance and associated complica-
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tions (Gaikwad et al., 2010). As far as angiotensin receptors
are concerned, we have shown that both AT, and AT, recep-
tors are epigenetically regulated by histone H3 modifications
in aortic vasculature (Karpe et al., 2012).

Gender plays a prominent role in regulating cardiovascu-
lar risk, as women suffer less frequently from cardiovascular
diseases than their male counterparts (Ho and Mosca, 2002).
This tendency arises because of the presence of oestrogen in
women, and naturally decreases after menopause, a clinical
state of oestrogen deficiency (Colditz et al., 1987; Rossi et al.,
2002). This menopausal transition is characterized by a rapid
decline in endogenous oestrogen levels and an elevation in
androgen levels thus resulting in increased visceral adiposity
index (Lee et al., 2009). This ‘hormonal-shift’ plays a pivotal
role in the development of insulin resistance and endothelial
dysfunction adding to further cardiovascular risk. Taking into
account the protective action of oestrogen, hormone therapy
by far remains the only effective way to limit this risk in
addition to a classical preventive strategy based on physical
activity and reduced calorie intake. Oestrogens act both on
vascular smooth muscle cells and endothelial cells to increase
the production and bioavailability of a potent vasodilator
through eNOS (Chen efal, 1999; Chambliss and Shaul,
2002).

To the best of our knowledge, this is the first study that
demonstrates all the characteristics of post-menopausal meta-
bolic syndrome (PMS) in vivo in Sprague-Dawley rats. We
hypothesized that 17- oestradiol (E2) treatment alleviates
the insulin resistance, endothelial dysfunction and cardio-
myopathy associated with PMS. We also hypothesized that
the covalent modifications of histone represent the mecha-
nism behind the vasoprotective role of oestrogen in PMS.

Methods

Animals

All experimental protocols were approved by the Institu-
tional Animal Ethics Committee (IAEC no: 11/26) and were
performed in accordance with the guidelines of the Commit-
tee for the Purpose of Control and Supervision on Experi-
ments on Animals (CPCSEA). Female Sprague-Dawley rats
(8-9 weeks; 200 + 10 g) were obtained from the Central
Animal Facility of National Institute of Pharmaceutical Edu-
cation and Research (NIPER). The total number of animals
used in these experiments was 144. They were housed in
groups of three per cage and maintained under standard
environmental conditions: temperature 22 = 2°C, humidity
50 £ 10% and 12 h light and dark cycles with food and water
ad libitum. All animals were acclimatized to their environ-
ment for 1 week before commencement of the experiments.
All studies involving animals are reported in accordance with
the ARRIVE guidelines for reporting experiments involving
animals (Kilkenny et al., 2010; McGrath et al., 2010).

Model development and surgical procedures

Female rats underwent ovariectomy (OVX) or sham (SHAM)
operation under ketamine (80 mg kg')/xylazine (8 mg kg")
anaesthesia (both drugs administered i.p.). The depth of
anaesthesia was assessed by observing muscle movements,
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Figure 1

Protocol scheme: The female rats were divided into six groups as
CON; SHAM; OVX; ovariectomized and fed high-fat diet HFD + OVX,
and oariectomized rats fed on high-fat diet with 17-3 oestradiol
supplement (HFD + OVX + E2). 17-B Oestradiol was administered s.c.
80 ng-kg-day™' in olive oil for 60 days. Animals were killed at the
end of the study for further analysis.

jaw tone, swallowing reflex, withdrawal reflex (toe, paw, ear
pinch), palpebral and corneal reflex. We also monitored the
physiological parameters during surgery such as heart rate,
respiratory rate and blood pressure. Ovariectomy was per-
formed as described previously (Mittal et al., 2009). Female
rats were then randomly divided into six groups and were fed
on respective diets for model development (Figure 1). The
groups included: (1) control (CON) - fed normal chow, n = 6;
(2) sham operated (SHAM) - fed normal chow, n = 6;
(3) ovariectomized (OVX) - fed normal chow, n = §;
(4) high-fat diet - fed (HFD), n = 6; (5) ovariectomized rats fed
on high-fat diet (HFD + OVX), n = 8; and (6) chronic treat-
ment with E2 in HFD + OVX + E2 rats; n = 8.

Ovariectomized rats were fed on high-fat diet for a period
of 10 weeks after surgery to develop a model comprising both
characteristics of oestrogen deficiency and insulin resistance.
This model clinically mimics PMS.

Drug and molecular target nomenclature conforms to the
BJP’s Guide to Receptors and Channels (Alexander et al., 2011).

Chronic treatment with E2
E2 was purchased from Sigma Chemicals (St Louis, MO, USA).
Animals were allowed to recover from post-operative stress
for a week after the surgery. E2 (80 ug-kg'-day! in olive oil
s.c.; Bebo et al., 2001) was then administered to animals in
the HFD + OVX group for 60 days.

Morphometric parameters, biochemical
estimations and measurement of serum
oestradiol levels

Plasma was used for estimation of glucose, insulin,
triglycerides, total cholesterol, high-density lipoprotein
(HDL)-cholesterol CK-MB using commercially available spec-
trophotometric kits (Accurex Biomedical Pvt. Ltd., Mumbai,
India). Plasma insulin and serum oestradiol levels were
assayed, respectively, by use of a rat insulin Eusa kit (DRG®
International, Inc., Springfield, NJ, USA) and rat oestradiol
EIA kit (Cayman Chemical Company, Ann Arbor, MI, USA)
according to the manufacturer’s instructions.

Invasive BP measurement

Rats deprived of food overnight (fasted) were anaesthetized
and the skin on the ventral side of the neck, right hind leg
and chest were carefully shaved and disinfected. The carotid
artery was differentiated from the nerve fibre, and cannulated
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with a PE catheter. After cannulation, the cannulation line
was flushed with normal saline (0.1 mL) to prevent throm-
bosis. The cannula was then connected to a fluid filled pres-
sure transducer (MLT844) attached to Powerlab data
acquisition system (AD Instruments, Bella Vista, NSW,
Australia) for measurement of BP.

Glucose and insulin tolerance tests

(GTT and ITT)

Animals were kept on a 6 h fast for GTT and ITT, and a basal
sample was taken, followed by oral p-glucose (2 g-kg™) or
bovine insulin (0.25 IU-kg’, s.c.). Blood samples were col-
lected at 5, 15, 30, 60, 90 and 120 min and plasma glucose
concentration was determined to assess impairment in
glucose tolerance and glucose disappearance with time
(Vikram et al., 2010).

Aortic ring preparation and vascular
reactivity studies

Briefly, after a proper model had been developed, animals
were killed under ketamine-xylazine anaesthesia. The tho-
racic aorta was excised and placed in ice-cold oxygenated
Krebs-Henseleit solution (KHS). Intact aortic rings (3-4 mm
in length) were cut from the cleaned aorta. KHS comprised
of (in mmol-L™") NaCl: 118; KCI: 4.7; MgS0,.7H,0: 1.2;
CaCl,.2H,0: 2.6; KH,PO,: 1.2; NaHCOs: 25; Glucose: 5.5;
pH 7.4. Aortic rings were carefully mounted with the help of
stainless steel hooks on the isometric force transducer in the
water-jacketed organ bath chamber. A resting tension of 2 g
was applied to each aortic ring. Each ring was allowed to
equilibrate in 10 mL KHS (37°C) bubbled with carbogen (5%
CO; + 95% O,) for 120 min. KHS was changed every 15 min
during this equilibration period. At the beginning of each
experiment, aortic rings were primed with 80 mmol-L™ KCI.
Isometric tension responses were recorded using an isometric
force transducer (BioDevices, Ambala, India). Cumulative
concentration-response curves (CRCs) to Ang II (1 nmol-L™
to 1 umol-L™"); phenylephrine (PE; 1 nmol-L™! to 1 pumol-L™)
and carbachol (CCh; 1 nmol-L" to 10 umol-L™") were con-
structed in all animal groups. To record CCh-mediated relaxa-
tions, aortic rings were precontracted with 100 nmol-L™' PE
and responses to increasing concentration of CCh were
obtained. At the end of the experiment, aortic rings were
blotted dry and their length and weights were measured
to calculate tension normalized to cross-sectional area
(mg-mm™) as described previously (Karpe et al., 2012).

To determine the role of mediators involved in altered
vascular reactivity in HFD + OVX + E2 group, we performed a
mechanistic study using various antagonists of the physi-
ological mediators. For this, aortic rings from HFD + OVX +
E2 group were pre-incubated with L-N¢-nitroarginine methyl
ester (L-NAME), a non-selective competitive eNOS blocker,
100 umol-L7; sirtinol a SIRT1 blocker, 50 pmol-L™' and com-
pound C an AMPK blocker, 100 umol-L™ for 30 min and then
CRCs to Ang II were constructed.

Nitrite determination

NO being unstable (rapidly oxidized to nitrite and nitrate)
was estimated by the Griess method. Briefly, aortic rings
were homogenized in ice-cold homogenizing medium
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(10 mmol-L! Tris-HCI; 0.1 mmol-L"' EDTA; 10 mmol-L™!
sucrose; 0.8% NaCl, pH 7.4) and nitrite was estimated in the
supernatant (Bitar et al., 2005; Karpe et al., 2012).

Detection of vascular O, by lucigenin
chemiluminescence

Vascular superoxide production was measured using
lucigenin chemiluminescence as described previously
(Rajagopalan etal.,, 1996). Briefly, aorta was harvested,
cleaned of extraneous tissue, cut into rings of 5-mm length
and was incubated in HEPES buffer (pH 7.4), which was con-
tinuously bubbled with 5%CO0,/95% O,. Aortic rings were
equilibrated at 37°C for 30 min. These were then transferred
to glass tubes containing warm HEPES buffer and lucigenin
(5 umol-L™) and equilibrated in the dark for 10 min at 37°C.
Lucigenin chemiluminescence was recorded every 20 s for
10 min with a luminometer (Flexstation 3, Molecular Devices
Corp., Menlo Park, CA, USA). Chemiluminescence was
expressed as counts s'. Chemiluminescence was also mea-
sured in tubes containing buffer and lucigenin without aortic
rings, and these values were subtracted from chemilumines-
cence obtained from aortic rings. After the experiment, aortic
rings were recovered, rinsed and protein content was esti-
mated. Vascular superoxide concentration was quantified as
relative light units mg™’ of tissue.

Histological determination and TUNEL assay
Rats were anaesthetized and the aorta and heart were har-
vested, cleaned of adhering adventitious tissue, and were
stored in 10% formal saline. Heart sections from the left
ventricle were used for the determination of cell death using a
TUNEL assay kit (Calbiochem, Darmstadt, Germany). The
assay was performed according to the manufacturer’s
instructions.

Western immunoblotting

Protein isolation and Western blotting were performed as
previously described (Gaikwad etal., 2010; Gupta etal.,
2010). Briefly, frozen aortic tissues were thawed, minced and
homogenized in lysis buffer. Protein samples were resolved
using 7.5, 10.0 and 14.0% SDS-PAGE depending on the
molecular weight of desired proteins. These were then trans-
ferred to nitrocellulose membranes (Amersham BioSciences,
Piscataway, NJ, USA) and were analysed with appropriate
antibodies (see below; Santa Cruz Biotechnology, Inc., Santa
Cruz, CA, USA). Antibodies (dilutions included in parenthe-
ses) used were: AT; (1:1000), caspase 3 (1:1000), PARP
(1:1000), Bax (1:2000), Bcl2 (1:1000), PCNA (1:1500), SIRT1
(1:2000), P-AMPK (1:3000) and AMPK (1:3000). Actin was
used as the loading control (1:3500). Histones were extracted
as described previously (Tikoo et al., 2008). Immunoblotting
for histones was performed: H3 acetylation (1:2000) and Ser
10 phosphorylation (1:2000). The antigen-primary antibody
complexes were incubated with HRP-conjugated secondary
antibodies and visualized using enhanced chemilumines-
cence (ECL) system and ECL hyperfilm (Amersham, Bucking-
hamshire, UK). Blots were scanned and analysed using ImageJ
software (National Institutes of Health, Bethesda, MD, USA).

Statistical analysis
Results are expressed as mean = SEM and n refers to number
of animals in a particular group. Statistical analysis was per-
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formed using SigmaStat statistical software (Systat Software
Inc., San Jose, CA, USA). Comparisons between two groups
were evaluated using Student’s f-test. Multiple group com-
parisons were performed using one-way ANOVA. Post hoc analy-
sis was performed using Tukey’s test. Results were considered
significant if P < 0.05.

Results

HFD + OVX: Mimicking PMS

Feeding a high-fat diet to ovariectomized rats for 10 weeks led
to the development of an animal model displaying charac-
teristics of PMS. Body weights of OVX, HFD and HFD + OVX
rats were significantly higher than those of SHAM rats as
depicted by the body weight gain (Table 1). Consistent with
the known effects of high-fat diet feeding, rats from the HFD
group displayed mild hyperglycaemia and hyperinsulinae-
mia. However, oestrogen deficiency further aggravate the
pathological condition in these rats. Hence, HFD + OVX rats
displayed hyperglycaemia and hyperinsulinaemia to a signifi-
cant extent as compared with SHAM rats (Figure 2A & B).
HED + OVX rats also showed impaired glucose tolerance and
enhanced insulin sensitivity as observed in GTT and ITT
respectively (Figure 2C to F). Furthermore, a significant eleva-
tion in plasma triglycerides, total cholesterol, low-density
lipoprotein (LDL)-cholesterol and a significant decrease in
HDL-cholesterol was observed in HFD + OVX rats as com-
pared with SHAM rats (Table 1). HFD + OVX rats receiving
showed a modest decrease in plasma glucose, insulin levels,
thus displaying partially improved glucose tolerance and
insulin sensitivity. Also, the plasma lipid profile was found to
be improved after E2 treatment. Taken together, these data
indicate that this rat model possesses all of the characteristics
of the clinical state PMS.

Taking in consideration the clause mentioned in the
CPCSEA guidelines relating to the justification for using
animals for experiments, the control group was not used
further in the vascular reactivity studies and molecular
studies because it mimics similar conditions to the SHAM
group. Similarly, preliminary studies with the HFD + OVX +
vehicle showed similar results to the HFD + OVX group.
Hence, only the HFD + OVX group was used in all further
studies.

Morphometric parameters, serum oestradiol
levels and BP

Morphometric parameters are compiled in a tabular form in
Table 1. Rats had an increased body weight after ovariectomy
and high-fat diet feeding. Absolute heart weights were com-
parable among the groups. However, heart weight normalized
to tibia length was significantly elevated in the HFD + OVX
group, which is an indication of cardiac hypertrophy. Con-
sistent with its known effects, chronic treatment with E2
restored the OVX-mediated decrease in uterine weight. White
adipose tissue mass was significantly increased in the OVX,
HFD and HFD + OVX rats. However, oestrogen treatment was
found to decrease this mass. Similarly, brown adipose tissue
mass was comparable among all groups except the HFD +
OVX + E2 group where it was increased. Serum oestradiol
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Table 1

Tabular representation of morphometric and biochemical parameters

CONTROL SHAM
Initial BW (g) 206+1.59 202+1.49
Final BW (g) 270+2.81 267 £2.70
Weight gain (g) 64 £ 3.59 65+ 2.58
Absolute HW (g) 0.92+0.01 0.89+0.04
HW/BW (x 103) 0.33+£0.01 0.33+0.01
HW/Tibia length (g-cm™) 0.21£0.01 0.20+0.01
Absolute kidney wt (g) 1.61+0.07 1.58+0.11
KW/BW (x 10-3) 6.01 £0.29 5.68+0.34
Absolute liver weight (g) 776 +0.23 7.51+0.23
LW/BW (x 1073) 26.51£0.23 27.11 £0.59
WAT (9) 3.44+046 3.54+0.47
WAT/BW (x 107%) 12.56 £1.46 12.76 £1.63
BAT (9) 0.59£0.08 0.54+0.05
BAT/BW (x 1073) 2.19+£0.31 1.96+0.20
Absolute uterus weight (g) 0.53+0.04 0.49£0.02
UW/BW (x 1073) 1.66£0.03 1.64+0.06
Plasma triglycerides (mmol-L™") 0.36 £0.04 0.43 £0.04
Plasma total cholesterol (mmol-L™") 1.67+0.09 1.77 +0.06
Plasma HDL cholesterol (mmol-L™") 1.10+0.06 1.06 +0.03
Plasma LDL cholesterol (mmol-L”')  0.38+0.07 0.60 + 0.06

ovX HFD HFD + OVX HFD + OVX + E2
209 +3.24 202 +£2.20 201 +1.52 204 +2.87
342 +£7.46*** 323 £4.66*** 403 £ 6.77*** 239 £ 2.75###
133 £5.53** 121 £5.99*** 202+ 7.08*** 35 + 2.94###
1.08 £ 0.06 0.93 £0.05 1.12 £ 0.04* 0.86 + 0.03##
0.29 +0.02 0.30+£0.02 0.30+0.02 0.35+0.01
0.25+0.01* 0.25+0.01 0.28 + 0.02** 0.22 +0.01#
1.74 £0.07 1.68 £0.02 1.70 £ 0.06 1.58 £0.08
5.69 £ 0.47 5.67 £0.20 6.26 £ 0.25 6.81 £0.19
9.29£0.57 8.03+0.33 9.86 £0.73* 9.37£0.11

30.04 £1.71 30.19 £ 0.98 34.58 £ 1.44** 26.79 £0.15#
7.45 +0.69* 7.96 +0.78** 14.27 +1.37*** 7.8 £ 1.09##

24.28 +2.77 29.35+3.10** 48.16 £ 6.15*** 27.43 + 3.08#
1.20£0.17 1.00 £0.23 1.11 £0.02 2.17 £0.18#
4.74 +0.50 3.61£1.06 4.47 +£0.56 8.75+0.22#
0.28 £0.02***  0.50+0.03 0.21 £0.01***  0.60 = 0.03###
0.81 £0.08***  2.22 +0.22 0.71 £0.05** 2.03 = 0.01###
0.53+0.03 0.42 +£0.05 0.62 +0.04** 0.44 +£0.02
2.06 +0.04 2.23+0.11* 3.61 £0.16*** 291+ 0.07##
1.08 £0.02 0.98 £ 0.06 0.64 £0.03***  1.41 = 0.07###
0.81 +0.07 1.16 £0.28 2.46 £0.06***  1.12+0.04#

All the morphometric parameters were recorded after proper development of an oestrogen deficient condition, insulin resistance, PMS and
oestrogen replacement. BW, body weight; HW, heart weight; KW, kidney weight; LW, liver weight; WAT, white adipose tissue; BAT, brown
adipose tissue; UW, uterus weight. Each data point represents the mean + SEM, n = 6-8 rats per group.

*P < 0.05; **P < 0.01; ***P < 0.001; #P < 0.05; ##P < 0.01; ###P < 0.001; * vs. SHAM; # vs. HFD + OVX.

levels were significantly increased, but remained within the
physiological range in the HFD + OVX + E2 group of rats
(87.51 + 4.05 pg-mL™") compared with HFD + OVX rats
(7.92 £ 0.71 pg-mL™). This shows that E2 treatment via the
s.c. route delivered a dose of oestrogen that mimicked endog-
enous levels (Figure 2G). Furthermore, we estimated the level
of 17-B estradiol in liver and adipose tissue in the four main
groups to ascertain the bioavailability and success of admin-
istration of oestrogen s.c. in our animal model. We found
increased levels of oestrogen in adipose tissue and liver
(Figure 2H & I). Apart from this, the OVX, HFD and HFD +
OVX rats showed a higher systolic and diastolic BP than the
SHAM group. BP was reduced in the HFD + OVX + E2 group,
whereas that in the HFD + OVX group was comparable with
the SHAM group. Heart rate was comparable among all the
groups (Supporting Information Table S1).

E2 attenuates endothelial dysfunction in HFD
+ OVX rats

It has been reported that agonist-mediated responses are
modulated in ovariectomized and diabetic vasculature
leading to vascular dysfunction (Rossi et al., 2002; Viswanad
et al., 2006). However, no reports exist regarding responses to
agonists in the PMS condition in vitro or in vivo. Hence, to

evaluate endothelial dysfunction occurring in PMS, we per-
formed vascular reactivity studies with Ang II (1 nM-1 uM)
and PE (1 nM-1 uM) in the study groups. Ang II induced
concentration-dependent sustained contractions in thoracic
aortic segments of all animals, based on which cumulative
response curves were generated (Figure 3A). Maximal
response (Ema; mg-mm™) was found to be significantly
increased in OVX (346 + 25), HFD (581 + 60) and HFD + OVX
(754 £ 50) group as compared with the SHAM group (168 +
13). Apart from this, no appreciable change was observed in
pD; values to Ang IT among all the groups (Supporting Infor-
mation Table S2). Treatment with E2 partially attenuated the
elevated responses to Ang II as evident from the E. in
mg-mm~? values (351 + 33) in HFD + OVX + E2 group as
compared with HFD + OVX group (754 + 50).

In a similar setup of experiments, CRCs were also gener-
ated in response to PE (1 nm-1 puM; Figure 3B). PE also
induced concentration-dependent contraction in thoracic
aortic segments. In accord with the results mentioned earlier,
Emax (mg-mm?) was found to be significantly increased in
the HFD (821 + 20) and HFD + OVX (868 * 23) groups as
compared with the SHAM group (676 £ 58). However, no
change in En.x was found in the OVX group (690 * 13) as
compared with the SHAM group (676 + 58). pD, values were
comparable in all the groups. E2 was effective in decreasing
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Figure 2

17-B Oestradiol (E2) therapy alleviates insulin resistance and mimics physiological serum oestradiol levels: E2 suppresses hyperglycaemia and
hyperinsulinaemia in HFD + OVX rats as depicted by plasma glucose and insulin levels respectively (A & B). GTT and ITT with representative bar
graphs showing area under curve (C-F) confirms improved insulin sensitivity after E2 treatment. After s.c. injection of E2, serum and tissue

oestradiol levels were determined (2G to 2I). Each data point is represented as mean + SEM, n = 6-8 rats per group. *P < 0.05; **P < 0.01;
***p < 0.001.
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Figure 3

PMS alters Ang ll-induced contractile responses in thoracic aorta: Cumulative concentration-responses curves (CRCs) to Ang Il (A), cumulative
CRCs to PE (B) showing enhanced contractile responses to Ang Il and PE in PMS condition and partial alleviation by 17-B oestradiol. Protein
expression of AT, receptors was determined in aorta and heart and bar analysis of the blots (C & D). (E) Superoxide (O) production in response
to Ang Il in aortic rings detected by lucigenin chemiluminescence in all groups (E). Each data point is represented as mean + SEM, n = 6-8 rats
per group. Comparisons are shown by arrows. *P < 0.05; **P < 0.01; ***P < 0.001. # vs. HFD + OVX group.
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PMS attenuates endothelium-dependent relaxant responses in thoracic aorta and causes endothelial dysfunction: PMS impairs CCh-mediated
vasorelaxation in thoracic aortic rings and 17-f3 oestradiol partially promotes vasorelaxation (A) and increases nitrite levels in aorta and heart
suggesting elevated bioavailability of NO (B & C). Each data point is represented as mean + SEM, n = 6-8 rats per group. Comparisons are shown

by arrows. *P < 0.05; **P < 0.01; ***P < 0.001.

the contractile responses to PE as evident by E.. values in
mg-mm~2 (HFD + OVX + E2: 610 £+ 33 vs. HFD + OVX: 868 +
23) with no change in pD, values. The protein levels of AT;
receptors were assessed using immunoblotting in aorta and
heart (Figure 3C & D). HFD + OVX rats displayed a markedly
elevated expression of AT; receptors in aorta and heart.
The altered expression of AT, receptors was normalized by
chronic treatment with E2 thus supporting the hormone
therapy in PMS. Furthermore, lucigenin chemiluminescence
data confirmed that enhancement of Ang II-induced
oxidative stress via the activation of NAD(P)H oxidases in
HFD + OVX rats, may mediate the endothelial dysfunction.
This oxidative stress was suppressed by oestrogen therapy
(Figure 3E).

We used CCh, a muscarinic agonist for relaxation
studies. Vasorelaxation responses (% relaxation) to CCh
were compromised significantly in OVX (67 £ 11.84), HFD
(56 £ 14.92) and HFD + OVX (37 £ 2.07) groups as com-
pared with the SHAM group (82 + 2.71). This impairment of
CCh-mediated vasorelaxation was partially prevented in the
HFD + OVX + E2 group (% relaxation 76 *+ 6.81; Figure 4A).
This suggests that the endothelium was preserved, thus
adding weight to the protective role of E2 for treating PMS.
Additionally, aortic and heart nitrite levels (in uM) were sig-
nificantly decreased in the OVX (49.89 + 0.03), HFD (55.60
+ 3.09) and HFD + OVX (31.06 £ 1.86) groups compared
with the SHAM (82.52 + 1.18) group (Figure 4B & C). E2
markedly increased plasma nitrite levels (92.30 £ 2.60), sup-
porting the hypothesis that vasodilatation of the thoracic
aorta is induced by increased production and availability of
NO and an improvement in endothelial function. Histologi-
cal sections of thoracic aorta revealed that the arterial media
thickness was increased in PMS (Figure SA & B). This is
indicative of vascular proliferation, which was normalized
by E2 treatment.
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E2 prevents cardiac apoptosis induced

by PMS

To assess cardiac apoptosis, we determined the expression of
the apoptotic proteins Bax and PARP. There was a significant
increase in the expression of Bax and the cleaved form of PARP
in the OVX, HFD and HFD + OVX groups as compared with
the SHAM group (Figure 6A). In contrast, the expression of
anti-apoptotic Bcl2 and PCNA was found to be decreased in
the PMS conditions (Figure 6B & C). Interestingly, this activa-
tion of apoptotic pathways was normalized by E2 treatment to
asignificant extent. The plasma LDH and creatine kinase - MB
(CK-MB) levels were elevated in OVX, HFD and HFD + OVX
groups as compared with SHAM group. This increase in LDH
and CK-MB was normalized by E2 treatment. This indicates
that E2 prevents cardiac damage and hence, cardiomyopathy
(Figure 6D & E). To support this molecular data, we looked at
gross histopathology and performed a TUNEL assay for con-
firmation of apoptosis and hence cardiomyopathy. Haema-
toxylin and eosin staining of heart sections revealed that the
number of nuclei per section was decreased significantly in
HFD + OVX heart compared to the SHAM group, thus indica-
tive of hypertrophy (Figure 7A). Also in heart sections from
OVX, HFD and HFD + OVX rats, the proportion of TUNEL
positive cells were more than SHAM group (Figure 7B). E2
treatment partially prevented apoptosis as the number of
TUNEL positive cells observed in the HFD + OVX + E2 group
were less than those in the HFD + OVX group.

E2 attenuates Ang IlI-mediated contractile
responses — the involvement of SIRT1/AMPK
and eNOS

It is now known that SIRT1 and AMPK are important media-
tors in regulating eNOS phosphorylation to realize its cardio-
protective role. Therefore, we determined the expression of
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PMS alters the gross histology of thoracic aorta: PMS increases the aortic media thickness in HFD, OVX and HFD + OVX rats and 17- 3 oestradiol
attenuates this effect. Sections of aorta were stained with H&E for gross microscopic changes in all groups (A). Quantitative interpretation of aortic
media width in all groups (B). Each data point is represented as mean = SEM, n = 6-8 rats per group. *P < 0.05; **P < 0.01; ***P < 0.001;

*vs. SHAM; # vs. HFD + OVX group.

these molecules in PMS. Western blotting analysis confirmed
that the expression of both SIRT1 and P-AMPK were reduced
in HFD + OVX aorta and heart. This indicates that in the PMS
state there is a deficiency of SIRT1 and P-AMPK. Interestingly,
E2 treatment prevented the loss of SIRT1 and P-AMPK
(Figure 8A to D). We also found that the Ang II-mediated
contractile responses were attenuated the in HFD + OVX + E2
group. However, the exact mechanisms behind this improve-
ment in these functional contractile responses are largely
unknown. To confirm and expand these mechanisms, we
performed a more complete study involving pre-incubation

of aortic segments with inhibitors of eNOS, SIRT1 and AMPK
and then constructed CRCs in response to Ang II (Figure 8E).
We used sirtinol as a SIRT1 inhibitor (Donato et al., 2011),
L-NAME as an eNOS inhibitor (Karpe et al., 2012) and com-
pound C as an AMPK inhibitor (Luciana et al., 2011; Meijer
et al., 2013). Pre-incubation with L-NAME, sirtinol and com-
pound C exhibited elevated E. values as compared with the
HFD + OVX + E2 group. This clearly indicates an interplay
between eNOS, AMPK and SIRT1 in mediating protective
effects of E2 in PMS. This is in corroboration with the results
obtained in the vascular reactivity studies.
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Figure 6

PMS induces the expression of apoptotic proteins in the heart: Expressions of protein involved in apoptosis were determined by immunoblotting.
PMS alters of the expression of pro-apoptotic Bax and PARP (A), anti-apoptotic Bcl2 (B) and PCNA (C) in heart. LDH and CK-MB levels were
also determined in all the groups and PMS was found to increase levels of LDH and CK-MB, which indicates signs of cardiomyopathy and
17-B oestradiol prevents the elevation (D & E). Each data point is represented as mean + SEM, n = 6-8 rats per group. *P < 0.05; **P < 0.01;
***P < 0.001; * vs. SHAM; # vs. HFD + OVX group.
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17-B Oestradiol attenuates PMS-induced cardiac hypertrophy: Heart sections from all the groups were stained with haematoxylin and eosin to
analyse gross microscopic changes (A). PMS induces apoptosis in heart as revealed by TUNEL assay. (A) Representative photomicrographs showing
apoptotic cells having fragmented DNA (indicated by arrows). The graph illustrates the mean apoptotic cells per 100 cells (B). Each data point
is represented as mean + SEM, n = 6-8 rats per group. *P < 0.05; **P < 0.01; ***P < 0.001; #P < 0.05; ##P < 0.01; ###P < 0.001. * vs. SHAM;

# vs. HFD + OVX group.

PMS alters histone post-translational
modifications

Chromatin structure is crucial for gene transcription and
repression. Multiple histone modifications favour gene acti-
vation or repression (Li, 2002; Karpe et al., 2012). We studied
the total histone H3 acetylation in the aorta and heart of all
the groups. H3 acetylation levels were higher in the OVX,
HFD and more in HFD + OVX groups than in the SHAM
group. This elevation in acetylation was suppressed by E2
treatment. This decrease in acetylation appears to be associ-
ated with the increased SIRT1 levels in the HFD + OVX + E2
group (Figure 8F). Hence, these histone modifications may
play a role in regulating the expressions of key proteins in the
PMS condition, thus mediating endothelial dysfunction and
cardiomyopathy.

Discussion

Our data clearly show that chronic exposure to E2 improves
the clinical features of PMS leading to alleviation of endothe-
lial dysfunction and cardiac apoptosis. Furthermore, we

showed that the beneficial effect occurs through the modu-
lation of SIRT1/AMPK/H3 acetylation.

To our knowledge, the present study is the first to dem-
onstrate all the clinical features of PMS in female Sprague-
Dawley rats; this was model was obtained by combining
oestrogen deficiency and HFD-induced insulin resistance.
Recently, Tominaga et al. also demonstrated the development
of PMS by feeding HFD to ovariectomized mice for 4 weeks
(Tominaga et al., 2011). In their study, with the exception of
glucose intolerance, no significant difference was observed in
the lipid profile of the HFD + OVX group. Further, we noticed
that OVX alone increased the insulin resistance and cardiac
apoptosis compared to the group fed a HFD. In previous
studies the clinical features of metabolic syndrome were
observed in OVX rats and found to be comparable to those of
HED rats (Gorres et al., 2010; Tominaga et al., 2011). However,
these studies were of short duration (4 weeks), which might
explain the incomplete development of insulin resistance in
ovariectomized female rats. In our study, a sustained defi-
ciency in oestrogen (60 days) evoked the clinical features of
metabolic syndrome rather than HFD alone. Therefore, our
study shows the complete development of PMS as evident by
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biochemical parameters and glucose intolerance thus featur-
ing all the metabolic disturbances that occur in metabolic
syndrome.

The second major finding of the present study is that
chronic 17-B oestadiol therapy alleviates endothelial dysfunc-
tion in PMS. Endothelial dysfunction is the result of a distur-
bance in the balance between vasodilator and vasoconstrictor
effectors. Endothelial dysfunction can be characterized by
altered Ang Il-mediated contractile responses and compro-
mised CCh-mediated vasorelaxation (Gibbons, 1997). We
characterized the endothelial dysfunction in the PMS condi-
tion as evidenced by altered responses to Ang Il and CCh and
these alterations were alleviated by E2 treatment. The
enhanced vascular reactivity to Ang II may be due to an
up-regulation of AT, receptors or through some other mecha-
nism like functional coupling with L-type of calcium chan-
nels (Arun et al., 2005; Karpe et al., 2012). Recently, Nishida
et al. demonstrated that NO is invoved in the heterologous
down-regulation of AT, receptors (Nishida ef al., 2011). In our
study, activation of NO by E2 might explain the suppressed
contractile responses to Ang II and reduced AT, receptor
expression. Previous studies have demonstrated that
increased production of Ang II accounts for the increased
expression of NAD(P)H oxidase subunits in porcine cultured
endothelial cells and cardiomyocytes further leading to apo-
ptosis (Seshiah et al., 2002; Qin et al., 2006). We found that
thoracic aortic rings isolated from the PMS group were super-
sensitive to Ang II and produced more free radicals in
response to Ang II, indicating an enhanced expression of
NAD(P)H oxidase or activity in the vasculature of PMS rats
and this was normalized by E2 treatment.

The third finding of the study is that PMS-induced cardiac
apoptosis is prevented by chronic E2 treatment. Both insulin
resistance and early ovariectomy have been established as
independent risk factors for cardiac apoptosis (Rossi et al.,
2002; Yue et al., 2005). Cardiac apoptosis is recognized as a
predictor of cardiac disorders like heart failure. Both extrinsic
and intrinsic pathways of apoptosis have been implicated in
cardiac apoptosis. The relative balance of pro-apototic (PARP,
Bax) and antiapoptotic (Bcl2, PCNA) molecules determines
the cell fate (Liou et al., 2010). In our study we examined the
effect of PMS on cardiac apoptosis and found that PMS pro-
motes pro-apoptotic signals and causes cardiac apoptosis,
which in the long run may lead to myocardial infarction and
heart failure.

Endothelial dysfunction is associated with decreased NO
availability, which may be due to loss of NO production or
loss of biological activity. In the endothelium, eNOS is the
major NO forming enzyme and phosphorylation of eNOS at
Ser''”” is positively correlated with increased NO bioavailabil-
ity (Mount et al., 2007). Recently the increase in expression of
P-AMPK and SIRT1 has been positively correlated with eNOS
phosphorylation, NO bioavailability and endothelial func-
tion (Zhang et al., 2006; Mattagajasingh et al., 2007). Both
endogenous SIRT1 and its overexpression protect cardiomyo-
cytes from apoptosis (Alcendor et al., 2004). An energy sensor
AMPK is also involved in maintaining homeostasis of cardio-
myocytes in stress (Russell et al., 2004). Hence, both mol-
ecules are important for protecting the cardiovascular system.
A deficiency in SIRT1 and P-AMPK in PMS may explain the
occurrence of cardiovascular dysfunction and can be posi-

Oestrogen and cardiovascular dysfunction in PMS

tively correlated with serum oestradiol levels. Oestrogen
therapy increased the expression of SIRT1 and P-AMPK sup-
porting the idea that E2 mediates cardioprotection in PMS
(Dyck and Lopaschuk, 2006; Donato et al., 2011).

Next we tried to address the role of SIRT1 and AMPK by
using commercially available inhibitors of SIRT1 and AMPK,
sirtinol and compound C, respectively, in ex vivo studies.
Incubation of sirtinol with mouse isolated aortic rings has
been shown to attenuate the ACh-induced relaxations
(Donato et al., 2011). Compound C, a cell-permeable pyrra-
zolopyrimidine derivative, acts as a potent competitive
inhibitor of AMPK. In vitro assays indicate that compound C
blocks AMPK activity with reported ICs, values ranging from
0.1 to 0.2 uM (Zhou et al., 2001). Meijer et al. have recently
shown that perivascular adipose tissue modulates the insulin-
induced vasoreactivity in muscle. Insulin has been shown to
vasodilate muscle microcirculation through AMPK and com-
pound C treatment reduced the insulin-induced vasodilata-
tion in muscles of db/db mice (Meijer etal, 2013).
Furthermore, Rossini ef al. found that simavastatin increased
eNOS phosphorylation through AMPK and reduced the con-
tractility of rat isolated mesenteric resistance arteries. Com-
pound C (ex vivo) prevented the effects of simavastatin on
eNOS phosphorylation and contractility (Luciana etal.,
2011). Berberine has been shown to activate AMPK L6 skeletal
muscles strongly and this effect is prevented by compound C
(Cheng et al., 2006). Both compound C and siRNA knock-
down of AMPK demonstrate that glucagon regulates ACC1
and ACC2 activity through AMPK (Peng et al., 2012). Further,
RNA interference and chemical inhibition of AMPK led to a
decrease in MITF protein levels and this was associated with
decreased cell viability (Borgdorff et al., 2013). Also the ability
of resveratrol to induce AMPK to boost cellular ATP and
mtDNA copy number was prevented by knockdown of the
AMPKal subunit or by treatment with compound C, an
AMPK inhibitor (Price et al., 2012). We showed that acute
treatment (short incubation) with these inhibitors enhanced
Ang II induced contractile responses and hence ablated the
protective effect of oestradiol. Interestingly, compound C
elevated the maximal contraction to Ang II to a greater extent
than sirtinol and L-NAME. This can be explained if we assume
that compound C inhibits AMPK and another unknown mol-
ecule and hence removes the observed protection of vascular
reactivity effected by oestradiol through some other pathway.

There is accumulating evidence to support a role for epi-
genetic mechanisms in various diseases like cancer, neuro-
logical disorders and metabolic disorders including diabetes
(Berdasco and Esteller, 2011). Diverse histone modifications
suggest a complex covalent language and are coordinated to
regulate the structure of chromatin (Pirola et al., 2010). An
increase in the expression of SIRT1, hence a decrease in total
acetylation, induced by E2 in aorta and heart may be of
clinical importance as far as cardiovascular dysfunction is
concerned. Inhibition of histone de-acetylation and subse-
quent increase in acetylation has been shown to decrease
eNOS activity and possibly endothelial dysfunction (Rossig
etal.,, 2002). An overexpression of SIRT1 promotes vaso-
dilatation by de-acetylating eNOS, which explains the
fundamental role SIRT1 has in regulating vascular tone
(Mattagajasingh et al., 2007). Therefore, it is tempting to
hypothesize that the relative balance of histone acetylation/

British Journal of Pharmacology (2013) 170 779-795 791
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Figure 9

Schematic diagram of proposed pathway involved in mediating the protective role of oestrogen in treating PMS: PMS is associated with increased
Ang ll-induced contraction, increased ROS generation and decreased NO bioavailability, which is responsible for the compromised endothelial
function. Apart from that, SIRT1 and P-AMPK are deficient in PMS. 17-8 Oestradiol therapy in PMS condition is effective at generating NO via
activation of the SIRT-1/AMPK pathway, thus mediating vasorelaxation, alleviating endothelial dysfunction and cardiomyopathy. Activation of
SIRT-1/AMPK pathway thus serves as an excellent and effective approach to treat PMS and associated complications.

de-actylation will influence the endothelial function in PMS.
As far as cardiac hypertrophy is concerned, H3 acetylation
and histone actyltransferases p300 are involved in regulating
cardiomyocyte growth (Backs and Olson, 2006; Haberland
et al., 2009). The transcriptional activity of p300 is enhanced
in response to Ang II or pathophysiological stress, which
promotes the transcription of GATA4, SRF and MEF2 in medi-
ating hypertrophy (Backs and Olson, 2006; Sahar et al., 2007).
Also we have learned from our previous studies that histone
H3 phosphorylation is responsible for epigenetic regulation
of AT, and AT, receptor expression in the thoracic and
abdominal aorta respectively (Karpe et al., 2012). This raises
an interesting question: can PMS-associated cardiovascular
dysfunction be prevented by modulation of epigenetic
histone modifications? However, further studies are needed
to elucidate this and the findings will be of profound clinical
importance.

Fabris et al., Han et al. and Pelzer et al. have all shown an
effect of oestradiol on the OVX and HFD rats. However, our
aim was to investigate the combined effect of HFD + OVX on
cardiovascular dysfunction and plausible alleviation by
oestradiol treatment. Oestradiol treatment effectively sup-
pressed the increased expression of the cardiac apoptotic gene
(Bax) and associated increase in AT;/ACE1 mRNA expression
in ovariectomized rats (Pelzer et al., 2005; Fabris et al., 2011).
Also, oestradiol treatment prevented the down-regulation of
eNOS signalling and hence the vascular endothelial dysfunc-
tion in diabetic female rats (Han etal.,, 2012). Oestradiol
treatment has also been shown to protect against HFD-
induced glucose intolerance and insulin resistance. Oestra-
diol treatment improved insulin signalling (AKT) in skeletal
muscle. (Riant et al.,, 2009; Camporez efal.,, 2013). These
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studies prove beyond doubt that oestradiol therapy is effec-
tive at protecting against the detrimental effects of OVX as
well as HFD.

A wealth of observational and epidemiological data
suggest that women taking hormone therapy (oestradiol or
combination of oestradiol and progesterone) have a lower
incidence of cardiovascular disease than their counterparts
who do not receive hormone therapy (Miller et al., 2005).
However, results from the Women’s Health Initiative and
other studies revealed that many of the effects of hormone
therapy were not observed in these randomized clinical trials
(Herrington et al., 2000; Manson et al., 2003). There are plau-
sible explanations for these discrepancies between clinical
and observational studies. One possible explanation is that
the large amount of observational data are complicated by
healthy user bias. Secondly, most of the women started the
hormone therapy at or near menopause in observational
studies while in randomized clinical trials, like the Women's
Health Initiative, the women had undergone the menopause
several years ago and their arteries had already undergone
significant damage (Harman efal., 2005b; Manson etal.,
2006). These unresolved clinical issues were addressed in a
newly designed ‘Kronos Early Oestrogen Prevention Study’, a
5-year randomized trial which evaluated the effectiveness of
low-dose oral oestrogen and transdermal oestradiol in pre-
venting the progression of atherosclerosis in recent post-
menopausal women (Harman et al., 2005a; Manson, 2013).
Several intriguing effects of hormone therapy were observed
in this trial. There was significant improvement in vasomotor
functions, little progression in atheroscelorsis, improved lipid
profile (reduced LDL and increased HDL) and insulin sensi-
tivity (Manson, 2013). This new information supports the



findings obtained in numerous observational studies as well
as our results.

Conclusion

We demonstrated that combining oestrogen deficiency with a
high-fat diet induces insulin resistance in rats, which then
leads to the development of PMS and a novel animal model
for studying the underlying mechanisms of this condition.
Our results suggest that PMS is associated with aggravated
Ang 11 signalling and cardiac apoptosis. We demonstrated, for
the first time, that the SIRT1/AMPK/histone H3 pathway is
involved in the protective effects of oestrogen therapy, which
effectively reverses the features of PMS and also alleviates the
cardiovascular dysfunction associated with this condition
(Figure 9).
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Table S1 Effect of oestrogen therapy of BP and heart rate: All
systemic parameters were recorded after proper development
of oestrogen deficient condition, insulin resistance, Post-
menopausal Metabolic Syndrome and oestrogen replace-
ment. SBP-systolic; DBP-diastolic BP and HR: heart rate. Each
data point is represented as mean + SEM, n = 6-8 rats per
group. (**) P < 0.01; (***) P < 0.001; (###) P < 0.001. (*) vs.
SHAM; (#) vs. HFD + OVX.

Table S2 Tabular representation of apparent affinity con-
stant (pD-values): pD, values for angiotensin II-mediated
contractile responses, Phenylephrine-mediated contractile
responses and carbachol-mediated relaxations in thoracic
aorta. Each point is represented as mean = SEM, n = 6-8 rats

per group.
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