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Abstract
Lipid peroxidation is implicated in the development of hypertension and coronary 
artery disease, and its deleterious impact is exacerbated by estrogen (ETD) 
depletion in post-menopausal women. We hypothesize that treatment with ETD 
and antihyperlipidemic drugs, either alone or in combination, can alleviate the 
development of cardiovascular disease. In this study, female Wistar rats were divided 
into 10 groups (n = 6): Group 1 (control) underwent a Sham operation and was fed 
standard rat chow, whereas the other nine groups were ovariectomized (OVX) and 
received a diet containing either thermoxidized palm oil (TPO) or thermoxidized soya 
oil (TSO) for 12 weeks. ETD at 0.2 mg/kg/day, atorvastatin (ATV) at 10 mg/kg/day, and a 
combination of ezetimibe (EZE) and ATV (EZE at 3 mg/kg/day + ATV at 10 mg/kg/day) 
were administered for 12 weeks in both TSO and TPO diet groups. Blood pressure 
and electrocardiogram (ECG) parameters were assessed, along with serum lipid 
prole, atherogenic indices, and markers of oxidative stress. Both TPO and TSO diets 
signicantly altered blood pressure and ECG parameters in OVX rats. Treatment with 
ATV, EZE+ATV, and ETD signicantly reduced blood pressure parameters compared 
to the OVX+TPO group. Antihyperlipidemic drugs signicantly decreased heart rate, 
QT interval, QRS duration, and QT corrected (QTc), whereas ETD similarly shortened
the QRS and QTc duration. ATV and ETD also reduced total cholesterol, triglycerides, 
and very low-density lipoprotein levels, while boosting high-density lipoprotein 
concentrations compared to untreated OVX+TSO rats. This study demonstrates that 
thermoxidized oil has a deleterious eect on OVX rats by altering blood pressure, 
ECG parameters, and atherogenic indices. Treatment with antihyperlipidemic drugs 
and ETD normalized blood pressure and ECG parameters, reversed hyperlipidemia, 
and restored antioxidant system balance.
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1. Introduction
Palm oil and soya oil are commonly used in food 
processing.1 Palm oil is rich in saturated fatty acids, whereas 
soybean oil predominantly contains polyunsaturated fatty 
acids.2 Saturated fats (SFs) are generally believed to raise 
low-density lipoprotein cholesterol (LDL-c) levels and 
contribute to atherosclerosis. However, a recent review 
found that plant-derived SFs, such as those in palm 
oil, increase both LDL-c and high-density lipoprotein 
cholesterol (HDL-c), potentially balancing pro-atherogenic 
and anti-atherogenic lipids.2,3 While dietary advisories 
recommend reducing the intake of SFs, the health eects 
of these SFs remain controversial and vary across studies.3

ermal oxidization of dietary oils, commonly practiced 
in both homes and industries to enhance palatability,4 
occurs when oils are heated during frying at temperatures 
of 180°C or higher. Oxidation occurs due to exposure to 
moisture and air, producing lipid oxidation products,5 
such as peroxides, hydroperoxides, and aldehydes, which 
compromise the biochemical and nutritional safety of the 
oil.6 Lipid peroxidation is implicated in several diseases, 
including hypertension and coronary heart disease.7

e loss of estrogen (ETD) aer menopause 
deprives blood vessels of signicant protection, further 
compounding the harmful eects of the highly reactive 
products of thermoxidized oils on the vasculature. is 
can result in a loss of vascular integrity and accelerated 
development of atherosclerosis and cardiovascular disease 
(CVD).8,9 CVD is an umbrella term for conditions that 
entail structural and functional abnormalities of the heart 
and blood vessels. ese conditions include coronary 
artery disease, cerebrovascular disease, and acute coronary 
syndromes such as myocardial infarction, stroke, and 
peripheral artery disease. CVDs account for the highest 
rates of morbidity and mortality worldwide.8,9

Although the incidence of CVD is relatively low in 
young women, there is a noticeable increase in risk aer 
menopause.10 CVD is the primary cause of illness and 
death among women over 50, responsible for around 80% 
of fatalities in post-menopausal women.10 Menopause 
is associated with a dramatic rise in blood pressure.11 
Physiologically, estradiol serves a modulatory role in the 
peripheral nervous system, particularly in the sympathetic 
arm, while also regulating the renin-angiotensin-
aldosterone system and maintaining body mass. ese 

eects essentially delay the onset of hypertension in 
premenopausal women.12 However, in post-menopausal 
women, ETD depletion is associated with an increased risk 
of hypertension and other CVDs.13 Furthermore, diets rich 
in SFs have been shown to exacerbate the deleterious eect 
of ETD depletion on blood pressure.14,15

In this study, we hypothesize that early control of 
circulating lipids through the administration of ETD and 
antihyperlipidemic drugs can prevent the development of 
oxidized lipid-induced oxidative stress and subsequently 
reduce the risk of hypertension and coronary artery 
disease.

2. Materials and methods
2.1. Preparation of thermoxidized oil diet

Palm oil (Ace, Nigeria) and soya oil (Sunola, Nigeria) 
were thermally oxidized following the method outlined 
previously.16 Five liters of each oil were used to fry 2 kg 
of potatoes on a hot plate at 180°C for 20 min, and this 
process was repeated 5  times. Aer each frying session, 
the potatoes were removed, and the oil was allowed to 
cool for 5 h. No additional oil was added to maintain the
volume, and the 5-h cooling period was consistent across 
all cycles. e resulting thermoxidized palm oil (TPO)/
thermoxidized soya oil (TSO) was then incorporated into 
diets (15% w/w) mixed with standard rat chow (Ladokun 
Feeds, Nigeria) and formed into pellets.

2.2. Experimental animals

For this study, 60  female Wistar rats, weighing between 
200 and 250  g, were sourced from McTemmy Farms in 
Ogbomosho, Nigeria. e rats were individually housed in 
cages at the University of Ilorin Central Laboratory animal 
house, maintained at a temperature of 27±2°C, with a 12-h 
light/dark cycle and adequate ventilation. e rats had
unrestricted access to food and water. Ethical approval for 
the study was granted by the University of Ilorin Ethical 
Review Committee under approval number UERC/
ASN/2021/2038.

2.3. Ovariectomy and study design

Rats were anesthetized with a ketamine/xylazine mixture 
(10:1). Incisions were made to access the abdominal cavity. 
e fat pad containing the ovary was externalized, and the 
anterior arm of the bifurcated uterus was traced up to the 
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uterine horn, where the horn was cut to excise the ovary. 
e uterus and fat pad were then returned to the abdominal 
cavity, and the muscle and skin incisions were sutured with 
4/0 absorbable sutures (Chromic Catgut Suture, Nigeria). 
e same procedure was used to remove the contralateral 
ovary. Aer surgery, the suture sites were cleaned and 
treated with penicillin to prevent infection. e animals 
were administered ooxacin (100 mg/kg orally) for 7 days 
to prevent infection.17 Following surgery, the rats were 
allowed a 1-week recovery period with unrestricted access 
to food and water. A  further week was allowed for the 
rats to attain a post-menopausal state before the start of 
treatment and diet administration.

e study consisted of 10 groups, each containing 
six rats. e rst group was the Sham group, which 
underwent a simulated surgery for surgical stress and 
was fed normal rat chow. e other nine groups were 
ovariectomized (OVX) and fed the test diets containing 
TPO or TSO. Group 2 received the TSO diet, and Group 3 
received the TPO diet. e remaining treatment groups 
were fed either the TSO or TPO diet and concurrently 
treated with one of the following: atorvastatin (ATV) at 
10 mg/kg/day, a combination of ezetimibe (EZE) and ATV 
(EZE at 3 mg/kg/day + ATV at 10 mg/kg/day), or estradiol 
valerate (ETD) at 0.2 mg/kg/day. e diets and treatments 
were administered concurrently for 12 weeks, aer which 
blood pressure parameters were measured.

2.4. Measurement of blood pressure and 
electrocardiogram (ECG) parameters

Systolic (SBP) and diastolic blood pressure, as well as 
mean arterial pressure (MAP), were measured using a 
non-invasive tail-cu sphygmomanometer (CODA Tail 
Cu Blood Pressure Monitor, Kent Scientic, United States 
of America). ECG parameters, including PR interval, 
QT interval, heart rate, QRS duration, P duration, R 
amplitude, and QT corrected (QTc), were measured using 
an electrocardiograph machine (VE 1010 Veterinary 
6/7 Channel PC ECG Machine, EDAN, United States of 
America).

2.5. Serum lipid prole analyses

Serum total cholesterol, triglycerides, and HDL-c were 
measured using specialized kits from Randox (Randox 
Laboratories, United  Kingdom). e concentrations of 
LDL and very LDL (VLDL), as well as the atherogenic 
index (AI), coronary risk index (CRI), and HDL-c/LDL-c 
ratio, were calculated using established formulas.18-20

2.6. Serum oxidative stress assessment

Lipid peroxidation was assessed by measuring 
malondialdehyde (MDA) levels using the thiobarbituric 

acid reactive substances assay.21 Markers of oxidative 
stress, including reduced glutathione (GSH),22 catalase 
(CAT),23 and superoxide dismutase (SOD).24 activities 
were determined using previously reported methods.

2.7. Statistical analysis

All data were summarized as mean ± standard error of the 
mean. e normality of the data was conrmed, followed 
by a one-way analysis of variance (ANOVA). Bonferroni’s
multiple comparisons test was applied for post-hoc analysis. 
e condence level was set at 95%.

3. Results
3.1. ETD and antihyperlipidemic drugs improve 
blood pressure parameters in OVX rats treated with 
thermoxidized oils

Blood pressure parameters, including SBP, DBP, and MAP, 
were not signicantly aected in OVX rats compared to 
the Sham group. However, SBP and MAP were markedly 
elevated in OVX + TSO rats compared to Sham rats 
(Table  1). Treatment with EZE + ATV reduced SBP 
(P < 0.05) compared to the untreated OVX+TSO group.

In OVX+TPO rats, there were signicant increases 
in SBP, DBP, and MAP compared to Sham rats (Table 2).
However, treatment with ATV, EZE+ATV, and ETD 
normalized the SBP, DBP, and MAP parameters in these 
rats.

3.2. ETD and antihyperlipidemic drugs improve ECG 
parameters in OVX rats treated with thermoxidized 
oils

Heart rate (Figure  1A), QRS duration (Figure  1B), QT
interval (Figure  1C), and QTc (Figure  1D) values were 

Table 1. Eects of estradiol and antihyperlipidemic drugs on 
blood pressure parameters in ovariectomized Wistar rats fed 
thermoxidized soya oil

Treatment Blood pressure parameters (mmHg)a

SBP DBP MAP
Sham 107.30±3.87 78.25±3.10 87.46±2.09

OVX 109.20±3.02 83.87±2.15 90.06±1.48

OVX+TSO 138.30±1.91# 98.58±2.99 111.50±2.41#

OVX+TSO+ATV 130.00±4.16 95. 88±4.61 106.9±4.25

OVX+TSO+EZE+ATV 111.80±7.10* 83.84±7.82 92.91±7.59

OVX+TSO+ETD 130.00±11.02 92.45±10.02 104.7±9.83

Notes: aValues are presented as mean±SEM. Statistical signicance: 
#P<0.05 compared to Sham; *P<0.05 compared to OVX+TSO.
Abbreviations: ATV: Atorvastatin; DBP: Diastolic blood pressure; 
ETD: Estradiol valerate; EZE: Ezetimibe; MAP: Mean arterial 
pressure; OVX: Ovariectomized; SBP: Systolic blood pressure;
TSO: ermoxidised soya oil.
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largely unchanged in the OVX group relative to the 
Sham group. Conversely, QRS and QTc (P < 0.05) were 
signicantly prolonged in the OVX + TSO and OVX + 

TPO groups compared to the Sham group. Treatment 
with ETD, ATV, and EZE + ATV reversed these eects,
signicantly reducing QRS duration and QTc relative to 
the diet-only TSO and TPO groups.

3.3. ETD and antihyperlipidemic drugs improve lipid 
metabolism in OVX rats treated with thermoxidized 
oils

Lipid metabolism was disrupted in OVX rats, as indicated 
by signicantly elevated total levels of cholesterol, 
triglycerides, HDL-c, LDL-c, and VLDL compared to Sham
rats. OVX + TSO (Table 3) and OVX+TPO (Table 4) rats 
exhibited similar eects, though more pronounced. CVD 
indices, such as AI and CRI, were elevated, whereas high-
density lipoprotein (HDL)/LDL ratios were signicantly 
decreased (P < 0.05) in the OVX and diet-only groups 
(Tables 5 and 6).

Our results demonstrate that treatment with ETD 
and antihyperlipidemic drugs restored normal lipid 
metabolism in the treated rats, although each intervention 
exhibited a distinct mode of action. ETD increased HDL-c 

Table 2. Eects of estradiol and antihyperlipidemic drugs on 
blood pressure parameters in ovariectomized Wistar rats fed 
thermoxidized palm oil

Treatment Blood pressure parameters (mmHg)a

SBP DBP MAP
Sham 107.30±3.87 78.25±3.10 87.46±2.09

OVX 109.20±3.02 83.87±2.15 90.06±1.48

OVX+TPO 145.10±4.48# 105.90±3.43# 118.20±3.84#

OVX+TPO+ATV 108.90±8.69** 76.58±4.75* 86.98±6.01*
OVX+TPO+EZE+ATV 110.00±4.52* 76.70±3.59* 87.55±3.31*
OVX+TPO+ETD 110.60±7.60* 77.54±8.01* 88.18±7.74*

Notes: aValues are presented as mean±SEM. Statistical signicance: 
#P<0.05 compared to Sham; *P<0.05 compared to OVX+TPO; **P<0.01.
Abbreviations: ATV: Atorvastatin; DBP: Diastolic blood pressure; 
ETD: Estradiol valerate; EZE: Ezetimibe; MAP: Mean arterial 
pressure; OVX: Ovariectomized; SBP: Systolic blood pressure; 
TPO: ermoxidised palm oil.

Figure 1. Eects of estradiol and antihyperlipidemic drugs on electrocardiogram parameters in OVX Wistar rats fed thermoxidized soya and palm oil 
diets. (A) Heart rate; (B) QRS interval; (C) QT interval; (D) QT corrected. Notes: Values are presented as mean±SEM. Statistical signicance: #P<0.05 
compared to Sham; *P<0.05 compared to OVX+TSO/TPO; **P<0.01 compared to OVX+TSO/TPO; ***P<0.001 compared to OVX+TPO 
Abbreviations: ATV: Atorvastatin; ETD: Estradiol valerate; EZE: Ezetimibe; OVX: Ovariectomized; TPO: ermoxidized palm oil; TSO: ermoxidized
soya oil.
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Table 3. Eects of estrogen and antihyperlipidemic drugs on serum lipid proles in ovariectomized Wistar rats fed 
thermoxidized soya oil

Treatment Serum lipid prole (mg/dL)
T‑CHOL TRIG HDL LDL VLDL

Sham 60.79±7.78 73.25±7.49 26.09±3.40 20.05±7.47 14.65±1.49

OVX 79.24±4.13# 150.51±7.57# 19.65±0.83# 23.97±1.06# 31.96±2.23#

OVX+TSO 80.41±3.55# 185.83±39.94# 19.76±1.01# 23.59±1.32# 37.16±7.98#

OVX+TSO+ATV 57.49±6.14*** 108.52±31.89*** 24.18±2.54*** 14.01±1.60*** 21.71±6.38***

OVX+TSO+EZE+ATV 69.58±6.08 148.54±45.85 28.03±1.04*** 11.84±0.87*** 29.71±9.17

OVX+TSO+ETD 74.29±6.24 113.81±23.79*** 33.18±1.51*** 18.36±0.95*** 22.76±4.76***

Notes: Values are expressed as mean±SEM. Statistical signicance: #P<0.05 compared to Sham. *P<0.05 compared to OVX+TSO; **P<0.01 compared 
to OVX+TSO; ***P<0.001 compared to OVX+TSO.
Abbreviations: ATV: Atorvastatin; ETD: Estradiol valerate; EZE: Ezetimibe; HDL: High-density lipoprotein; LDL: Low-density lipoprotein; 
OVX: Ovariectomized; T-Chol: Total cholesterol; TRIG: Triglycerides; TSO: ermoxidized soya oil; VLDL: Very low-density lipoprotein.

Table 4. Eects of estrogen and antihyperlipidemic drugs on serum lipid proles in ovariectomized Wistar rats fed 
thermoxidized palm oil

Treatment Serum lipid prole parameters (mg/dL)
T‑CHOL TRIG HDL LDL VLDL

Sham 60.79±7.78 73.25±7.49 26.09±3.40 20.05±7.47 14.65±1.49

OVX 79.24±4.13# 150.51±7.57# 19.65±0.83# 23.97±1.06# 31.96±2.23#

OVX+TPO 80.27±4.21# 192.40±9.05# 19.69±1.96# 22.10±1.20 38.48±1.81#

OVX+TPO+ATV 77.09±1.91 121.09±15.12*** 24.45±2.18*** 27.75±1.37 24.22±3.02***

OVX+TPO+EZE+ATV 69.99±8.20 74.24±3.52*** 28.24±4.21*** 26.90±1.54 14.85±0.70***

OVX+TPO+ETD 61.61±2.26*** 103.77±11.39*** 24.84±2.01*** 16.02±1.02*** 20.75±2.28***

Notes: Values are expressed as mean±SEM. Statistical signicance: #P<0.05 compared to Sham; *P<0.05 compared to OVX+TPO; **P<0.01 compared to 
OVX+TPO; ***P<0.001 compared to OVX+TPO.
Abbreviations: ATV: Atorvastatin; ETD: Estradiol valerate; EZE: Ezetimibe; HDL: High-density lipoprotein; LDL: Low-density lipoprotein; 
OVX: Ovariectomized; T-Chol: Total cholesterol; TPO: ermoxidized palm oil; TRIG: Triglycerides; VLDL: Very low-density lipoprotein.

Table 5. Eects of estrogen and antihyperlipidemic drugs on 
serum atherogenic indices in ovariectomized Wistar rats fed 
thermoxidized soya oil

Treatment Atherogenic indices
AI CRI HDL/LDL

Sham 2.03±0.49 2.51±0.46 4.42±2.14

OVX 7.67±0.58# 3.94±0.2# 0.69±0.11#

OVX+TSO 8.87±2.38# 4.19±0.29# −0.12±1.01#

OVX+TSO+ATV 3.72±1.37*** 2.58±0.28*** 6.47±5.89***

OVX+TSO+EZE+ATV 4.91±1.91*** 3.09±0.76** 0.44±0.71

OVX+TSO+ETD 2.62±0.65*** 2.63±0.57*** 0.30±2.24

Notes: Values are expressed as mean±SEM. Statistical signicance: 
#P<0.05 compared to Sham; *P<0.05 compared to OVX+TSO; **P<0.01 
compared to OVX+TSO; ***P<0.001 compared to OVX+TSO.
Abbreviations: AI: Atherogenic index; ATV: Atorvastatin; 
CRI: Coronary risk index; ETD: Estradiol valerate; EZE: Ezetimibe; 
HDL: High-density lipoprotein; LDL: Low-density lipoprotein; 
OVX: Ovariectomized; TSO: ermoxidized soya oil.

Table 6. Eects of estrogen and antihyperlipidemic drugs on 
serum atherogenic indices in ovariectomized Wistar rats fed 
thermoxidized palm oil

Treatment Atherogenic indices
AI CRI HDL/LDL

Sham 2.03±0.49 2.51±0.46 4.42±2.14

OVX 7.67±0.58# 3.94±0.2# 0.69±0.11#

OVX+TPO 9.429±1.39# 4.26±0.43# 1.19±0.34#

OVX+TPO+ATV 4.22±0.89*** 3.27±0.27* 0.94±0.16

OVX+TPO+EZE+ATV 1.99±0.57*** 2.91±0.76*** 3.03±1.67

OVX+TPO+ETD 3.41±0.69*** 2.55±0.21*** 1.78±0.35

Notes: Values are expressed as mean±SEM. Statistical signicance: 
#P<0.05 compared to Sham; *P<0.05 compared to OVX+TPO; **P<0.01 
compared to OVX+TPO; ***P<0.001 compared to OVX+TPO.
Abbreviations: ATV: Atorvastatin; AI: Atherogenic index; 
CRI: Coronary risk index; ETD: Estradiol valerate; EZE: Ezetimibe; 
HDL: High-density lipoprotein; LDL: Low-density lipoprotein; 
OVX: Ovariectomized; TPO: ermoxidized palm oil.
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levels, whereas ATV and EZE + ATV reduced triglyceride 
levels. All treatments signicantly decreased AI and CRI 
indices.

3.4. ETD and antihyperlipidemic drugs alleviate 
oxidative stress in OVX rats treated with 
thermoxidized oils

e concentrations of oxidative stress markers – GSH, 
MDA, and CAT – in OVX rats were comparable to those of 
Sham rats, except for SOD, which was signicantly depleted 
in OVX rats compared to Sham. Diets containing TSO 
(Table 7) and TPO (Table 8) markedly (P < 0.05) reduced 
serum GSH, CAT, and SOD levels while signicantly 
increasing MDA levels in comparison to Sham. Treatment 
with ATV + NCN signicantly increased serum GSH levels. 
In addition, treatment with ATV, EZE + ATV, and ETD 
reversed the oxidative stress induced by thermoxidized 
oils, as revealed by the signicantly decreased (P < 0.05) 
MDA levels and increased CAT and SOD levels, in contrast 
to the untreated TSO and TPO groups.

4. Discussion
Post-menopausal women experience a marked increase 
in CVD risk, including hypertension, hyperlipidemia, and 
atherosclerosis.25 Studies have also shown that long-term 
feeding of TPO or TSO to OVX rats increases the risk of 
CVD by accelerating the development of hyperlipidemia 
and atherosclerosis.26-27 is eect is a result of the 
generation of oxidized products, such as oxidized LDL, 
and their interaction with blood vessel components.25,28,29

Our study explored the potential ameliorative eects of
ETD, ATV, and EZE + ATV in this context.

OVX rats not exposed to thermoxidized oil maintained 
normal levels of SBP, DBP, and MAP. In contrast, OVX rats 
fed thermoxidized oil diets showed elevated blood pressure
compared to the Sham group. ese results indicate
that prolonged exposure to thermoxidized oil induces 
hypertension, which aligns with ndings from previous 
studies.17,30,31 However, treatment with antihyperlipidemic 
drugs resulted in signicant reductions in SBP, DBP, and 

Table 7. Eects of estrogen and antihyperlipidemic drugs on serum oxidative stress markers in ovariectomized Wistar rats fed 
thermoxidized soya oil

Treatment Serum oxidative stress parameters
GSH (µM/mg protein) MDA (nM/mg protein) CAT (U/mg protein) SOD (U/mg protein)

Sham 0.38±0.03 2.20±0.06 6.02±0.34 1.22±0.05

OVX 0.34±0.05 2.61±0.16 5.24±0.31 0.42±0.03#

OVX+TSO 0.20±0.03# 3.09±0.08# 4.26±0.16# 0.38±0.04#

OVX+TSO+ATV 0.41±0.03*** 2.39±0.13*** 6.26±0.31** 1.48±0.09***

OVX+TSO+EZE+ATV 0.31±0.02 2.28±0.11*** 5.12±0.30 0.91±0.06***

OVX+TSO+ETD 0.24±0.04 2.45±0.14** 5.41±0.28 0.66±0.10

Notes: Values are expressed as mean±SEM. Statistical signicance: #P<0.05 compared to Sham; *P<0.05 compared to OVX+TSO; **P<0.01 compared to 
OVX+TSO; ***P<0.001 compared to OVX+TSO/OVX+TPO.
Abbreviations: ATV: Atorvastatin; CAT: Catalase; ETD: Estradiol valerate; EZE: Ezetimibe; GSH: Glutathione; MDA: Malondialdehyde; 
OVX: Ovariectomized; SOD: Superoxide dismutase; TSO: ermoxidised soya oil.

Table 8. Eects of estrogen and antihyperlipidemic drugs on serum oxidative stress markers in ovariectomized Wistar rats fed 
thermoxidized palm oil

Treatment Serum oxidative stress parameters
GSH (µM/mg protein) MDA (nM/mg protein) CAT (U/mg protein) SOD (U/mg protein)

Sham 0.38±0.03 2.20±0.06 6.02±0.34 1.22±0.05

OVX 0.34±0.05 2.61±0.16 5.24±0.31 0.42±0.03#

OVX+TPO 0.18±0.02# 3.35±0.14# 4.25±0.20# 0.47±0.06#

OVX+TPO+ATV 0.26±0.04 2.14±0.04*** 6.11±0.49** 1.42±0.15***

OVX+TPO+EZE+ATV 0.28±0.05 2.38±0.16*** 5.21±0.18 0.47±0.03

OVX+TPO+ETD 0.24±0.03 2.30±0.09*** 4.80±0.14 0.69±0.03

Notes: Values are expressed as mean±SEM. Statistical signicance: #P<0.05 compared to Sham; *P<0.05 compared to OVX+TPO; **P<0.01 compared to 
OVX+TPO; ***P<0.001 compared to OVX+TPO.
Abbreviations: ATV: Atorvastatin; CAT: Catalase; ETD: Estradiol valerate; EZE: Ezetimibe; GSH: Glutathione; MDA: Malondialdehyde;
OVX: Ovariectomized; SOD: Superoxide dismutase; TPO: ermoxidized palm oil.
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MAP. ese reductions are consistent with previous studies 
demonstrating that lipid control can play a crucial role in 
managing hypertension and other metabolic syndrome-
related diseases.32,33

In addition, evaluation of ECG parameters revealed 
signicantly prolonged QTc and QRS intervals in OVX + 
TSO rats, and prolonged QRS, QT, and QTc in OVX+TPO 
rats. is nding is consistent with an earlier report where 
ovariectomy in rats aected all recorded ECG parameters.34 
Prolonged QTc indicates cardiotoxicity and an elevated 
risk of fatal cardiac arrhythmias.35,36 A decreasing trend 
in QRS, QT, and QTc intervals was observed across all 
treatment groups, suggesting a cardioprotective eect. 
TPO increases CVD risk, as evidenced by the signicant 
increase in heart rate, QRS, QT, and QTc. Treatment 
with antihyperlipidemic drugs oers cardioprotection, 
as demonstrated by the signicant decrease in heart rate 
and reductions in QRS, QT, and QTc upon completion of 
treatment with ATV and EZE + ATV.

Evaluation of serum lipid prole and atherogenic indices 
revealed the development of hyperlipidemia, characterized 
by hypercholesterolemia, hypertriglyceridemia, and 
overproduction of VLDL, following ovariectomy and 
thermoxidized oil treatment. e signicant increases 
in total cholesterol, triglycerides, VLDL, and LDL-c in 
levels in the diet-only groups support this nding. ese 
results also suggest the presence of metabolic syndrome 
in these groups. Treatments with ATV, EZE + ATV, and 
ETD eectively reversed hyperlipidemia in OVX + TSO 
rats. ATV and ETD signicantly decreased VLDL levels, 
whereas EZE + ATV and ETD treatments signicantly 
increased HDL-c levels. HDL-c plays a crucial role 
in reverse cholesterol transport by scavenging excess 
cholesterol from tissues and transporting it to the liver 
for metabolism and excretion. is action of HDL-c can 
attenuate oxidized LDL-mediated atherogenic progression 
in the artery walls.37 Similarly, ETD and antihyperlipidemic 
drug treatments reversed hyperlipidemia in OVX + TPO 
rats. is was evident from the signicant reductions in 
triglyceride and VLDL levels across all treatment groups. 
In addition, EZE + ATV signicantly increased HDL-c 
levels, while ETD treatment signicantly decreased 
triglyceride levels. Overproduction of VLDL is a hallmark 
of dyslipidemia in metabolic syndrome.38 Increased 
VLDL levels negatively impact the composition of HDL, 
facilitating its degradation through the actions of hepatic 
lipase and cholesterol ester transfer protein.38 us, 
reducing VLDL levels helps preserve HDL-c concentration.

Ovariectomy and thermoxidized oil treatment appear 
to increase the risk of developing atherosclerosis and 
coronary artery disease in OVX+TSO and OVX+TPO 

rats. is is evidenced by the signicant elevation of AI 
and CRI, as well as the signicant reduction in the HDL/
LDL cholesterol ratio. While these indices were mildly 
elevated in OVX animals, consumption of thermoxidized 
oil exacerbated them. ATV treatment reversed these eects 
by signicantly increasing the HDL/LDL cholesterol ratio
in OVX+TSO rats, and AI and CRI were signicantly 
decreased across all treatment groups. ETD administration 
eectively attenuated atherogenesis in OVX + TSO rats, 
with a notable  75% decrease in AI. AI is a predictor of 
CVD risk, with a higher value indicating a heightened risk 
of atherosclerosis.39 Treatments with ETH, ATV, and EZE 
signicantly decreased AI and CRI, though their eects on 
the HDL-c/LDL-c cholesterol ratio were less pronounced.

ese results suggest that early administration of low-
dose ETD and antihyperlipidemic drugs in individuals 
exposed to CVD risk factors, such as menopause and 
thermoxidized oil consumption, can reduce the risk of 
CVDs.

Previous studies have proposed that hypertension is an 
inammatory disease and have explored the possible links
between oxidative stress, hypertension, and CVDs.40,41

Oxidative stress occurs when there is an imbalance 
between free radicals and the cellular antioxidant 
system, with pro-oxidant molecules overwhelming the 
system. Vascular oxidative stress is one of the leading 
factors for CVDs.42,43 It is implicated in endothelial 
dysfunction, which is an initial step in the development 
of atherosclerosis and other CVDs. e generation of 
reactive oxygen species (ROS) and the degradation of 
nitric oxide are major outcomes of oxidative stress. is 
process promotes endothelial dysfunction by reducing 
endothelium-mediated vasorelaxation and disrupting the 
non-thrombogenic surface of the endothelium, exposing
the vessel wall to thrombogenic components in the 
blood.44,45 Impairment of endothelial vasodilation due to
endothelial dysfunction disrupts the regulation of vascular 
tone, potentially resulting in paradoxical vasoconstriction, 
cardiac ischemia, heart failure, increased renal vascular 
constriction, sodium reabsorption, and hypertension.40,44

In this study, serum levels of GSH, MDA, CAT, and SOD
were examined as markers of oxidative stress in OVX rats 
fed TSO and TPO.

e ndings of this study suggest that ovariectomy 
alone does not signicantly impact oxidative stress. 
However, treatment with thermoxidized oils increases 
ROS production and disrupts redox balance, as revealed 
by the results of this study.

Treatment with ETD appeared to normalize lipid 
metabolism and reduce ROS production in both the TSO 
and TPO diet groups. ese results support previous 
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ndings where ETD was shown to oer protection 
against oxidative stress in OVX rats.46,47 ETD reduces ROS 
production by downregulating mitogen-activated protein 
kinase activity and also decreases inammatory markers 
and lipid peroxidation.48,49

In rats fed with TSO, treatment with EZE+ATV 
similarly restored SOD levels, while ATV treatment 
increased GSH, SOD, and CAT levels. Elevated expression 
of CAT inhibits the stimulation of ROS. As a crucial 
enzyme in the antioxidant defense system, CAT interacts 
with two molecules of hydrogen peroxide, breaking them 
down into water and oxygen50 in a free radical scavenging 
process.

e results of this study suggest that ovariectomy 
alone contributes to dyslipidemia; however, ovariectomy 
does not independently lead to signicant elevation in 
blood pressure or oxidative stress. However, dyslipidemia, 
which is a direct consequence of ovariectomy, is a well-
established risk factor for CVDs. Furthermore, the 
consumption of thermoxidized oil exacerbates the eects 
of ETD withdrawal, resulting in elevated blood pressure, 
AI, lipid proles, and oxidative stress markers.

e health eects of chronic consumption of TSO 
or TPO have been previously described.51,52 Both have 
been shown to negatively impact lipid levels and general 
cardiovascular health. Based on their major fatty acid 
components, palm oil is classied as SFs, while soya oil 
is classied as a polyunsaturated fatty acid.2 A recent 
systematic review showed the health impact of plant-
derived SFs, such as palm oil, remains inconclusive, 
as both LDL-c and HDL-c levels increase following its 
consumption.2

TPO signicantly elevated DBP, MAP, and SBP, while 
TSO raised SBP alone. Regarding their eects on ECG 
parameters, TPO increased heart rate and prolonged 
the QT interval, an eect not observed in the TSO 
group. Although TSO also had adverse health impacts, 
these results suggest that its impact is less severe than 
that of TPO. ese results align with dietary guidelines 
advocating for the modication of dietary fats, specically 
recommending reducing the intake of SFs and replacing 
them with unsaturated fatty acids to lower CVD risk.2

5. Conclusion
Our study demonstrates that the combination of 
menopause and thermoxidized oil consumption has a 
synergistically deleterious eect on cardiovascular health 
and the antioxidant system, with TPO exerting the most 
adverse impact. We propose that ETD supplementation 
and treatment with antihyperlipidemic drugs oer 

cardioprotective, antihyperlipidemic, and antioxidant 
benets in OVX rats exposed to thermoxidized oils.
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