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Abstract 
Bisphenol A (BPA) is a ubiquitous endocrine disruptor linked to metabolic syndrome. 
This study investigated the dose-dependent effects of perinatal BPA exposure on leptin 
levels and metabolic homeostasis in pre-adolescent Wistar rats. Pregnant rats received 
oral BPA at 0, 2.5, 25, or 2500 µg/kg from gestational day 0 to postnatal day (PND) 
13. Pups were directly gavaged with the same doses from PND 14 to 28, then 
euthanized on PND 29. Serum leptin, insulin, glucose, GLP-1, lipids, and oxidative 
stress markers were analyzed. BPA exposure significantly reduced serum leptin levels 
in a dose-dependent manner (p ≤ 0.05), correlating with increased body weight, 
particularly at 2500 µg/kg. A non-monotonic response was observed for insulin—
decreasing at lower doses but increasing at 2500 µg/kg—while fasting glucose 
remained elevated across all BPA groups. Lipid profiles were disrupted: triglycerides 
increased at 2.5 and 2500 µg/kg, while LDL rose at the highest dose. Conclusion: 
Early-life BPA exposure, even at human-relevant doses, suppresses leptin and impairs 
glucose and lipid metabolism. These findings suggest that BPA-induced leptin 
suppression may be a primary driver of metabolic dysfunction, potentially predisposing 
individuals to obesity and metabolic disorders later in life. 

Keywords: Bisphenol A. Leptin. Endocrine disruptors. Metabolic syndrome. Oxidative 
stress.  

Introduction   
Bisphenol A (BPA) is a synthetic 
compound widely used in the 
production of polycarbonate plastics 
and epoxy resins, which are found in 
food containers, flame retardants, 
thermal papers, and various household 
items and equipment. (Badding et al., 
2019; Dunder, 2021; Kodila et al., 
2023). Human exposure to BPA 
primarily occurs through leaching from 
food packaging; however, additional 

sources include occupational contact 
and environmental contamination of 
surface waters. (MacKay and Abizaid, 
2018; Rotimi et al., 2021; Ucheana et 
al., 2024). Notably, BPA crosses the 
placenta in humans and experimental 
animals (Doerge et al., 2011; 
Nishikawa et al., 2010; Rasdi et al., 
2023), raising concerns about its impact 
during critical developmental stages.  
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BPA is recognized as an endocrine-
disrupting chemical with estrogenic and 
anti-androgenic activities. While its 
affinity for classical estrogen receptors 
(ERα/β) is significantly lower than 17β-
estradiol, BPA can still exert biological 
effects at nanomolar concentrations 
through non-genomic pathways, 
including G protein-coupled estrogen 
receptor (GPER)-mediated signalling, 
activation of MAPKs, and modulation 
of calcium oscillations (Nadal et al., 
2018; Stanojević and Sollner Dolenc, 
2025). BPA exposure in early life has 
been shown to alter gene expression, 
provoke epigenetic changes, and 
disturb glucose and lipid metabolism, 
even at doses comparable to measured 
human exposures (Doerge et al., 2011; 
Nadal et al., 2018). 
Metabolic syndrome, marked by 
obesity, dyslipidemia, insulin 
resistance, and hyperglycemia, affects a 
growing number of individuals 
globally, with projections indicating an 
increase from 537 million cases in 2021 
to 783 million by 2045 (Oyewole et al., 
2023). Of particular concern is its rising 
prevalence among peri-adolescent 
populations in low-resource settings 
(Njan, et al., 2020; Vidal-Limon et al., 
2022). Early life BPA exposure has 
been implicated in this trend; however, 
the mechanisms underlying it remain 
incompletely understood. 
Leptin, an adipocyte-derived hormone, 
plays a central role in energy 
homeostasis by regulating appetite, 
insulin secretion, and lipid metabolism. 
(Choe et al., 2016; Dornbush and 
Aeddula, 2019, 2023; Martínez-
Sánchez, 2020). Despite emerging data 
linking BPA exposure to altered leptin 
levels in adult rodents (Aja et al., 2023; 

Mohsenzadeh et al., 2021), limited 
studies have examined its effects 
following perinatal exposure. Given the 
importance of leptin signalling in 
metabolic regulation and the non-
monotonic dose-response patterns often 
reported with BPA, this study 
investigates the impact of perinatal 
BPA exposure on leptin levels and 
related metabolic parameters in pre-
adolescent male Wistar rats. 

MATERIALS AND METHOD 
Drugs and reagents:  
BPA was purchased from Sigma 
Aldrich (CAS No. 80-05-7), Munich, 
Germany. Other chemicals, all 
analytical grade, were obtained from 
the Central Research Laboratory in 
Ilorin, Nigeria. Enzyme-linked 
immunosorbent assay ELISA kits for 
Leptin (E-EL-R0582), rat insulin, and 
Glucagon-like peptide-1 (GLP-1) were 
products of Elabscience Biotechnology 
Inc., Houston, Texas, USA. Glutathione 
peroxidase (GPx) (BXC0261), alanine 
aminotransferase (ALT), and aspartate 
aminotransferase (AST) (BXC0551) 
kits were products of Fortress 
Diagnostics, UK. Accu-Chek 
glucometer and associated test strips 
were products of Roche Diagnostics, 
USA. 
Experimental animals, grouping, 
breeding, and treatment:   
Adult female and male Wistar rats, 10 
weeks old, weighing 175 ± 25 g, were 
procured from a private rodent farm in 
Ogbomosho, Oyo State, Nigeria. They 
were housed in polysulfone cages at an 
average daily temperature of 22 °C ± 2 
°C and a 12-hour light/dark cycle in the 
animal house of the Faculty of Basic 
Clinical Sciences, University of Ilorin, 
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Nigeria. Food and water were provided 
ad libitum, using glass containers. 
These housing and diet conditions were 
carefully designed to minimise 
unintended exposure to BPA. 
Sexually mature male rats were 
introduced to adult female rats in the 
first stage of their oestrous cycle (the 
proestrus phase) for mating at a ratio of 
1:2. Daily serial vaginal smears were 
obtained from the female rats to 
confirm mating, and the mating day was 
marked as gestational day 0 (GD 0). 
The pregnant females were isolated and 
nursed in separate cages under the same 
housing and feeding conditions as 
earlier described (Kadir et al., 2021a, 
2021b; Marcondes and Bianchi, 2002). 
The dams were treated daily via the oral 
route in the following order: 
Group I: (0.5 ml of vehicle [0.3% 
carboxymethylcellulose]),  
Group II: 2.5µg/kg/day of BPA, 
 Group III: 25µg/kg/day of BPA and  
Group IV: 2500 µg/kg/day of BPA 
(Demeneix et al., 2020a; Heindel et al., 
2015).  
Dosing was skipped on the day of birth, 
and this day was marked as postnatal 
day 0 (PND 0). However, dosing 
continued from PND 1 until PND 13 for 
the dams. Litters were culled to 5 
healthy pups, comprising three males 
and two females, on PND 14, and these 
pups represented the test animals from 
the groups. The pups were further 
directly orally gavaged with BPA in 
doses like those of their respective dams 
between postnatal day (PND) 14 and 
PND 28.  

Body Weight Measurement, Fasting 
Blood Glucose, and Animal 
Euthanasia:  
The body weights of the pups were 
measured weekly from PND 7. On 
postnatal day 29 (PND 29), following 
an overnight fast, blood glucose was 
measured from blood obtained via a tail 
nick. Subsequently, the pups were 
anaesthetised with an intraperitoneal 
injection of pentobarbital sodium at a 
dose of 200 mg/kg body weight. The 
absence of reflexes confirmed deep 
anaesthesia. Blood was then collected 
through cardiac puncture, and death 
was verified by opening the thoracic 
cavity. All procedures were conducted 
in accordance with institutional and 
international guidelines for animal care 
and use approved by the Ethical Review 
Committee of the University of Ilorin 
(EERC/ASN/2024/2694). Blood 
samples obtained were centrifuged 
(LABCENT 5000) at 3000 rpm and 4˚C 
for 10 min, and the serum was aliquoted 
into cryovials and stored at -80˚C until 
needed for assay. The liver from each 
rat was excised, weighed, and then 
processed for biochemical analysis and 
histological examination. 
Biochemical Assays: 
Serum lipids were analysed using a 
chemistry autoanalyser, while other 
serum biochemical assays were 
performed with ELISA kits according 
to the manufacturer’s instructions. 
According to the manufacturer's 
guidelines, ELISA kits were used to 
determine aspartate aminotransferase 
(AST) and alkaline phosphatase (ALP) 
levels in liver homogenates. 
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Liver Homogenate Preparation: 
A 10% w/v liver homogenate was 
prepared in 0.05 M potassium 
phosphate buffer, pH 7.4, using an 
Elvehjem homogeniser (Dominique 
Deutscher, Issy-les-Moulineaux, 
France). The homogenate was 
centrifuged for 10 min at 3000 × g at 
4°C, and the supernatant was aliquoted 
and stored at -80°C until assayed.  
Histological analysis: 
The liver tissues were fixed in 10% 
neutral buffered formalin for 24 hours 
subsequently paraffin embedded. 
Sections were cut and processed for 
H&E staining as described by Njan et 
al., 2019.  
Data Presentation and Analysis: 
Data are presented in tables and line 
graphs as Mean ± standard error of 
mean (sem). The results were analysed 
using GraphPad Instat software 
(Version 8) with one- or two-way 
Analysis of Variance (ANOVA) 

followed by Dunnett’s post-hoc test for 
comparisons of the means. The p-value 
for significance was set at P < 0.05. 

RESULTS 
Effects of BPA on serum Leptin level in 
pre-adolescent Wistar rats: 
Figure 1 illustrates the impact of 
Bisphenol A (BPA) exposure on serum 
leptin concentrations. Leptin levels 
were measured in animals treated with 
varying doses of BPA (2.5 µg/kg, 25 
µg/kg, and 2500 µg/kg. and compared 
to a control group administered 3% 
carboxymethylcellulose (CMC). The 
data are presented as mean ± SEM with 
five animals per group (n=5). Our 
findings indicate that BPA treatment 
significantly reduced serum leptin 
levels in a dose-dependent manner 
compared to the control group (p ≤ 
0.05). However, no significant 
differences were observed amongst the 
BPA treatment groups themselves.

 
Fig 1: Effect of Bisphenol A (BPA) on serum leptin levels in experimental groups. 

Leptin concentrations (ng/mL) were 
measured in animals treated with 
different doses of BPA: 2.5 µg/kg, 25 
µg/kg, and 2500 µg/kg, compared to the 
control group receiving 3% 
carboxymethylcellulose (CMC; blue). 

Data are presented as mean ± SEM (n=5 
per group). BPA treatment significantly 
reduced serum leptin levels in a dose-
dependent manner compared to the 
control (p ≤ 0.05). 
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Effects of BPA on critical metabolic 
parameters:  
The data showed a complex dose-
dependent effect of BPA on serum 
insulin levels; insulin levels were 
reduced in the 2.5 and 25 µg/kg BPA 
groups but increased at the highest dose 
of 2500 µg/kg (Fig. 2a). Regarding 
glucose levels, an increase was 
observed across all BPA treatment 
groups relative to the control. Notably, 

the highest increase in glucose was 
observed in the 25 µg/kg group (Fig 
2b). In contrast, BPA significantly 
increased serum GLP-1 levels in all 
treatment groups compared to the 
control, with the most pronounced 
increase occurring at the 2.5 µg/kg 
dose. GLP-1 levels at 25 µg/kg and 
2500 µg/kg were similar (Fig 2b). 
Statistical significance was set at p ≤ 
0.05 for all observed differences.

  

 

 

Fig. 2 Effect of Bisphenol A on experimental groups' key metabolic hormones and 

glucose levels.  

Effect of Bisphenol A on experimental 
groups' key metabolic hormones and 
glucose levels (a) Serum insulin 
(IU/mL), (b) serum glucose (mg/dL), 
and (c) serum glucagon-like peptide-1 
(GLP-1; ng/mL) concentrations were 

measured in animals treated with BPA 
at doses of 2.5 µg/kg, 25 µg/kg, and 
2500 µg/kg, compared to the control 
group receiving 3% 
carboxymethylcellulose (CMC). Data 
are presented as mean ± SEM (n = 5 per 
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group). BPA treatment dose-
dependently reduced serum insulin 
levels in the 2.5 and 25 µg/kg groups, 
but levels increased at 2500 µg/kg. 
Glucose levels remained unchanged 
across all treatment groups. In contrast, 
BPA significantly increased serum 
GLP-1 levels in all treatment groups 
compared to control, with the highest 
increase observed at 2.5 µg/kg; levels at 
25 and 2500 µg/kg were similar. 
Statistical analysis was performed using 
one-way ANOVA followed by 
Dunnett's post hoc test; differences 
were considered significant at p ≤ 0.05. 
Effect of Bisphenol A (BPA) on serum 
lipid profiles: 
Lipid concentrations, measured in 
mg/dL, were assessed in animals treated 

with BPA at doses of 2.5 µg/kg, 25 
µg/kg, and 2500 µg/kg, as well as in a 
control group receiving 3% 
carboxymethylcellulose (CMC). Data 
are presented as mean ± SEM, with five 
animals per group (n=5). 
Our results indicate that BPA treatment 
significantly increased serum TG levels 
in the 2.5 µg/kg and 2500 µg/kg groups 
but not in the 25 µg/kg group (Fig 3a). 
HDL levels significantly increased in 
response to the 2.5 µg/kg doses but not 
at the 25 µg/kg and 2500 µg/kg doses 
(Fig 3b). Only the 2500 µg/kg dose 
demonstrated a significant increase in 
LDL compared to the control group (p 
≤ 0.05) (Fig 3c). 

 

 

Fig. 3. Effect of Bisphenol A (BPA) on serum lipid profile.    

Effect of Bisphenol A (BPA) on serum 
lipid profile, a) TG, b) LDL and c) HDL 
were measured in mg/dl in animals 
treated with different doses of BPA: 2.5 
µg/kg, 25 µg/kg, and 2500 µg/kg, 
compared to the control group receiving 
3% carboxymethylcellulose (CMC). 
Data are presented as mean ± SEM (n=5 
per group). BPA treatment significantly 
increased serum TG and HDL, but no 
significant changes were observed in 
LDL compared to the control (p ≤ 0.05). 

Effect of Bisphenol A (BPA) exposure 
on postnatal body weight gain in rat 
pups:  
Figure 4 shows the body weights (g) of 
pups measured on postnatal days 7, 14, 
21, and 28. The experimental groups 
included pups exposed to BPA at doses 
of 2.5 µg/kg, 25 µg/kg, and 2500 µg/kg, 
alongside a control group that received 
3% carboxymethylcellulose (CMC). 
Data are presented as mean ± SEM, 
with five pups in each group (n = 
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5/group). Our findings demonstrate that 
BPA exposure led to a dose-dependent 
increase in body weight, with the most 
significant weight gain observed in the 

2500 µg/kg group by day 28. These 
differences were considered 
statistically significant at p < 0.05.

 

Fig. 4. Bisphenol A (BPA) affects postnatal body weight gain 

Effects of BPA on the oxidative state in 
pre-adolescent Wistar rats:  
Fig.5. presents the effects of Bisphenol 
A (BPA) on serum markers of oxidative 
stress. Specifically, we measured (a) 
serum malondialdehyde (MDA) 
concentrations (µM) and (b) serum 
glutathione peroxidase (GPX) activity 
(U/L). The data shows that BPA 
treatment significantly increased serum 

MDA levels in the 2.5 µg/kg and 25 
µg/kg groups but not in the 2500 µg/kg 
group. In contrast, only the 2500 µg/kg 
dose caused a significant decrease in 
GPX activity compared to the control 
group (p ≤ 0.05). These findings 
indicate that BPA exposure can induce 
oxidative stress, as evidenced by 
alterations in MDA and GPX, with 
varied dose-dependent effects.
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Fig 5: Effect of Bisphenol A (BPA) on serum oxidative stress markers in experimental 
groups. 
 
(a) Serum malondialdehyde (MDA) 
concentrations (µM) and (b) serum 
glutathione peroxidase (GPX) activity 
(U/L) were measured in animals treated 
with different doses of BPA: 2.5 µg/kg 
(red), 25 µg/kg (green), and 2500 µg/kg 
(purple), compared to the control group 
receiving 3% carboxymethylcellulose 
(CMC; blue). Data are presented as 
mean ± SEM (n=5/group). BPA 
treatment significantly reduced serum 
levels of both MDA and GPX in a dose-
dependent manner compared to the 
control (p ≤ 0.05). 
Effect of Bisphenol A (BPA) on liver 
function markers in serum of 
experimental groups: 
Fig. 6. illustrates the effects of 
Bisphenol A (BPA) on markers of liver 
function in serum. We assessed (a) 
aspartate aminotransferase (AST) 
concentrations (U/L), (b) alanine 
aminotransferase (ALT) concentrations 
(ng/mL), and (c) the AST/ALT ratio. 
These parameters were measured in 

animals treated with BPA at 2.5 µg/kg, 
25 µg/kg, and 2500 µg/kg and 
compared to a control group 
administered 3% 
carboxymethylcellulose (CMC). Data 
are presented as mean ± SEM, with five 
animals per group (n = 5). 
The results show that BPA exposure 
significantly altered liver enzyme 
levels, with a notable increase in AST 
and the AST/ALT ratio across all BPA 
treatment groups compared to the 
control, suggesting potential hepatic 
stress or injury. Interestingly, no 
significant differences were observed 
among the 2.5, 25, and 2500 µg/kg BPA 
doses for AST and AST/ALT ratio. 
Conversely, ALT levels significantly 
decreased in the 2.5 µg/kg and 25 µg/kg 
doses compared to the control, but this 
decrease was insignificant in the 2500 
µg/kg group. When comparing the three 
BPA groups, only the 25 µg/kg and 
2500 µg/kg doses showed significant 
differences in ALT. 
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Fig 6: Effect of Bisphenol A (BPA) on liver function markers in serum of experimental 

groups. 
(a) Aspartate aminotransferase (AST) 
concentrations (U/L), (b) alanine 
aminotransferase (ALT) concentrations 
(ng/mL), and were measured in animals 
treated with BPA at doses of 2.5 µg/kg 
(red), 25 µg/kg (green), and 2500 µg/kg 
(purple), compared to the control group 
receiving 3% carboxymethylcellulose 
(CMC; blue). (c) the AST/ALT ratio 
was also determined. Data are presented 
as mean ± SEM (n = 5 per group). BPA 
exposure significantly altered liver 
enzyme levels in a dose-dependent 
manner, with a notable increase in the 
AST/ALT ratio, indicating potential 

hepatic stress or injury. Data was 
analysed using one-way ANOVA 
followed by Dunnett’s post hoc test; 
differences were considered significant 
at p < 0.05. 
Effect of BPA on Liver Histology in 
pre-adolescent Wistar Rats: 
The Liver hepatocytes (black arrow) 
and stroma, consisting of connective 
tissue and the sinusoids (red arrow), 
were generally preserved. However, 
atrophy of the central veins was noted 
in the BPA-exposed group compared to 
the control (Figure 7).

 
 

  

 

 

 

 

 

 
 
Fig. 7. Photomicrographs showing bisphenol A's effects on liver histology (9a - d).  
Haematoxylin and Eosin staining, Left column (i) x40; Right column (ii) x400. (Dotted 
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circle showing central vein (CV), yellow arrow: sinusoidal space (SP), black arrow: 
hepatocyte (H). 
 
DISCUSSION 
Intrauterine and early postnatal 
exposure to environmental toxicants 
have been shown to produce long-term 
adverse outcomes in animals. 
(Kochmanski et al., 2018; Ouazzani et 
al., 2021). This underscores the 
importance of investigating the effects 
of such exposures during critical 
developmental windows to anticipate or 
mitigate functional and structural 
deficits that may predispose to chronic 
diseases later in life. In this context, 
bisphenol A (BPA), a ubiquitous 
environmental toxicant and a 
component of food packaging materials 
(Demeneix et al., 2020b; Manzoor et 
al., 2022; Santoro et al., 2019), has 
garnered attention for its endocrine-
disrupting potential, particularly at 
levels exceeding the tolerable daily 
intake (TDI) of 4 µg/kg/day model 
(Demeneix et al., 2020b; Kodila et al., 
2023; Prins et al., 2019). Despite this 
concern, the impact of early-life BPA 
exposure on leptin regulation and 
associated metabolic functions remains 
underexplored. 
Our findings demonstrate a significant, 
dose-independent reduction in serum 
leptin concentrations across all BPA-
treated groups, consistent with earlier 
reports of leptin suppression in the 
offspring of BPA-exposed dams. 
(Biddinger et al., 2020; Izquierdo et al., 
2019). Leptin, an adipokine with key 
roles in appetite regulation, energy 
homeostasis, and lipid metabolism, is 
essential during early development. Its 
downregulation may disrupt 
hypothalamic appetite circuits and 

metabolic signaling, potentially 
predisposing to increased food intake 
and weight gain. In our study, this 
reduction in leptin was accompanied by 
a dose-dependent increase in body 
weight, particularly in the 2500 µg/kg 
group by PND 28, in agreement with 
previous findings on BPA-induced 
weight gain following perinatal 
exposure. (Angle et al., 2013; García-
Arevalo et al., 2014; Heindel et al., 
2017; Leslie et al., 2022; Santoro et al., 
2019; Vom Saal et al., 2012). 
Leptin deficiency has also been 
associated with increased insulin 
production, leading to 
hyperinsulinemia and insulin resistance 
- hallmarks of type 2 diabetes mellitus 
(Bally et al., 2017). Interestingly, our 
study observed a biphasic insulin 
response: decreased insulin levels at 
lower BPA doses (2.5 and 25 µg/kg) 
and a marked increase at the highest 
dose (2500 µg/kg). This non-monotonic 
response may reflect a progression from 
insulin suppression to compensatory 
hyperinsulinemia as the BPA dose 
increases, a pattern noted with other 
endocrine disruptors. (Naomi et al., 
2022; Pérez-Bermejo et al., 2021; 
Wassenaar et al., 2017) . 
Consistent with this hormonal 
imbalance, all BPA-exposed pups 
exhibited elevated fasting blood 
glucose levels, with the most 
pronounced rise at 25 µg/kg. This 
suggests impaired glucose handling and 
aligns with prior reports on BPA-
induced hyperglycemia. (Anderson et 
al., 2013; Angle et al., 2013; García-
Arevalo et al., 2014). GLP-1, an 
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incretin hormone known to regulate 
insulin release and glucose homeostasis 
(Müller et al., 2019; Nicholson et al., 
2018) was significantly elevated in all 
treated groups. This increase may 
represent an adaptive response to 
oxidative stress or hyperglycemia, as 
supported by studies indicating that 
GLP-1 upregulation precedes insulin 
secretion. (Gear and Belcher, 2017; 
Michałowska et al., 2021),  and may 
itself induce hyperinsulinemia. (Kahles 
et al., 2022, 2014). 
In terms of lipid metabolism, our results 
reveal dyslipidemia in BPA-treated 
animals. Triglycerides and LDL 
cholesterol were elevated at various 
doses, and a surprising increase in HDL 
cholesterol was observed at the lowest 
dose - contrary to previous findings 
(Moghaddam et al., 2015; Ozaydın et 
al., 2018). These mixed effects suggest 
a complex and possibly dose-specific 
influence of BPA on lipid regulatory 
pathways. 
Oxidative stress appears to be a central 
mechanism linking BPA exposure to 
these metabolic disturbances. Elevated 
malondialdehyde (MDA) levels in 
treated animals, particularly at lower 
doses, indicate enhanced lipid 
peroxidation and cellular damage. 
(Marmugi et al., 2014; Moghaddam et 
al., 2015; Njan et al., 2020a, 2019). A 
significant decrease in glutathione 
peroxidase (GPx) activity was observed 
at the highest dose, implying potential 
exhaustion of antioxidant defences. 
These findings echo previous reports 
that BPA is a potent inducer of 
oxidative stress and a disruptor of redox 
balance. (Afolabi et al., 2021; Marmugi 
et al., 2014; Njan et al., 2020a, 2019; 
Ogunyemi et al., 2022). 

Given the liver's critical role in 
regulating glucose and lipid 
metabolism, we assessed hepatic 
function and observed increased AST 
and AST/ALT ratios across BPA 
groups, consistent with hepatic injury. 
Although ALT levels decreased at 
lower doses, the overall profile suggests 
hepatocellular stress. This biochemical 
evidence was supported by histological 
findings of central vein atrophy in the 
livers of exposed pups, indicating 
structural disruption. These outcomes 
align with previous studies on BPA-
induced hepatotoxicity and altered liver 
architecture. (Naomi et al., 2022; Njan 
et al., 2020a, 2019). 
While our findings demonstrate clear 
evidence of metabolic disruption 
following perinatal BPA exposure, we 
acknowledge that extrapolation to 
human health must be approached with 
caution. Although the doses used in this 
study span environmentally relevant 
concentrations, interspecies differences 
in metabolism, development, and 
endocrine sensitivity may limit direct 
translation. Future studies involving 
longer-term follow-up, including both 
adolescent and adult stages, will be 
crucial in determining the persistence 
and long-term consequences of the 
observed early-life effects. 
Furthermore, while the findings remain 
statistically significant for many 
parameters, replication with larger 
cohorts would provide more robust 
validation of these results and 
strengthen conclusions regarding dose-
dependent effects. 
This study provides evidence that 
perinatal exposure to BPA, even at 
environmentally relevant doses, 
disrupts leptin signaling and induces 
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early metabolic and hepatic dysfunction 
in Wistar rats. These disruptions 
include altered glucose and lipid 
metabolism, oxidative stress, and 
hepatic enzyme activity. The observed 
changes suggest a potential mechanistic 
link between early leptin suppression 
and subsequent metabolic 
dysregulation. While these findings 
contribute to our understanding of 
endocrine disruption during critical 
developmental windows, further 
studies are needed to establish these 
effects' long-term impact and relevance 
in human populations. Nonetheless, 
these results underscore the importance 
of minimizing BPA exposure during 
pregnancy and early life. 

Declarations 
Ethics approval and consent to 
participate 
Ethical approval for this research was 
obtained from the University of Ilorin 
Animal Research Ethics Committee 
(Number: EERC/ASN/2024/2694), and 
the experiment was conducted in strict 
compliance with the committee’s 
instructions, which conformed with 
internationally accepted guidelines and 
regulations for the care and use of 

Laboratory Animals in Biomedical 
Research. 
Consent for publication 
Not applicable 
Availability of data and materials 
The datasets used and/or analysed 
during the current study are available 
from the corresponding author on 
reasonable request. 
Competing interests 
The authors declare that they have no 
competing interests 
Funding 
The authors provided funding.  
Authors' contributions 
AA-O, AAN, and FMO conceptualised 
this work; YJS, TEO, FA, and SOO 
carried out the experiments; AA-O, 
AAN, and FMO supervised the work; 
YJS, AA-O, SOO, and AAN analysed 
the results and wrote the manuscript. 
All authors read the manuscript and 
approved it for submission. 
Acknowledgements 
The authors would like to acknowledge 
the staff of the Pharmacology and 
Therapeutics Department, University of 
Ilorin; the Central Research Laboratory, 
Ilorin; Bridge Biotech, Ilorin; and the 
Raw Materials Research and 
Development Council, Maitama, 
Abuja. Nigeria.  

References  
Afolabi SO, Folahan J, Agede O and 

Olorundare, O (2021). Combined 
Intranasal 
Insulin/Saxagliptin/Metformin 
Therapies Ameliorate the Effect of 
Combined Oral Contraceptive‐
(COC‐) Induced Metabolic 
Syndrome (MetS) with a Major 
Target on Glucose Metabolism in 
Adult Female Wistar Rats. Int J 
Reprod Med. 96(9):31-71. 

Aja PM, Chiadikaobi, CD, Agu PC, Ale 
BA, Ani OG, Ekpono EU, Ogwoni 
HA, Awoke JN, Ogbu PN, Aja, L 
(2023). Cucumeropsis mannii seed 
oil ameliorates Bisphenol‐A‐
induced adipokines dysfunctions 
and dyslipidemia. Food Sci Nutr 
11, 2642–2653. 

Anderson OS, Peterson KE, Sanchez 
BN, Zhang Z, Mancuso P, 
Dolinoy, DC (2013). Perinatal 



 

329 
 

bisphenol a exposure promotes 
hyperactivity, lean body 
composition, and hormonal 
responses across the murine life 
course. FASEB Journal 27. 

Angle BM, Do RP, Ponzi D, Stahlhut 
RW, Drury BE, Nagel SC, 
Welshons WV, Besch-Williford 
CL, Palanza P, Parmigiani, S, vom 
Saal FS, Taylor, JA (2013). 
Metabolic disruption in male mice 
due to fetal exposure to low but not 
high doses of bisphenol A (BPA): 
Evidence for effects on body 
weight, food intake, adipocytes, 
leptin, adiponectin, insulin and 
glucose regulation. Reproductive 
Toxicology 42. 

Badding MA, Barraj L, Williams AL, 
Scrafford C, Reiss, R (2019). 
CLARITY-BPA Core Study: 
Analysis for non-monotonic dose-
responses and biological 
relevance. Food and Chemical 
Toxicology 131, 110554. 

Bally L, Kempf P, Zueger T, Speck C, 
Pasi N, Ciller C, Feller K, Loher 
H, Rosset R, Wilhelm M, Boesch 
C, Buehler T, Dokumaci AS, 
Tappy L, Stettler, C (2017). 
Metabolic effects of glucose-
fructose co-ingestion compared to 
glucose alone during exercise in 
type 1 diabetes. Nutrients 9. 

Biddinger JE, Lazarenko RM, Scott 
MM, Simerly, R (2020). Leptin 
suppresses development of glp-1 
inputs to the paraventricular 
nucleus of the hypothalamus. Elife 
9. 

Choe SS, Huh JY, Hwang IJ, Kim JI, 
Kim, JB (2016). Adipose tissue 
remodeling: Its role in energy 
metabolism and metabolic 
disorders. Front Endocrinol 
(Lausanne). 

Demeneix B, Vandenberg LN, Ivell R, 
Thomas Zoeller, R (2020a). 
Thresholds and endocrine 
disruptors: An endocrine society 

policy perspective. J Endocr Soc 4, 
1–7. 

Demeneix B, Vandenberg LN, Ivell R, 
Thomas Zoeller, R (2020b). 
Thresholds and endocrine 
disruptors: An endocrine society 
policy perspective. J Endocr Soc. 

Doerge DR, Twaddle NC, 
Vanlandingham M, Brown RP, 
Fisher, JW (2011). Distribution of 
bisphenol A into tissues of adult, 
neonatal, and fetal Sprague–
Dawley rats. Toxicol Appl 
Pharmacol 255, 261–270. 

Dornbush S, Aeddula, NR (2019). 
Physiology, leptin. 

Dornbush S, Aeddula, RN (2023). 
Physiology, Leptin. In: StatPearls 
[Internet]. Treasure Island (FL): 
StatPearls Publishing, Internet. 

Dunder, L (2021). Digital 
Comprehensive Summaries of 
Uppsala Dissertations from the 
Faculty of Medicine 1728. 

García-Arevalo M, Alonso-Magdalena 
P, Santos JR. Dos, Quesada I, 
Carneiro EM, Nadal, A (2014). 
Exposure to bisphenol-A during 
pregnancy partially mimics the 
effects of a high-fat diet altering 
glucose homeostasis and gene 
expression in adult male mice. 
PLoS One 9. 

Gear RB, Belcher, SM (2017). Impacts 
of Bisphenol A and Ethinyl 
Estradiol on Male and Female CD-
1 Mouse Spleen. Sci Rep 7. 

Heindel JJ, Blumberg B, Cave M, 
Machtinger R, Mantovani A, 
Mendez MA, Nadal A, Palanza P, 
Panzica G, Sargis R, Vandenberg 
LN, vom Saal, F (2017). 
Metabolism disrupts chemicals 
and metabolic disorders. 
Reproductive Toxicology 68. 

Heindel JJ, Newbold RR, Bucher JR, 
Camacho L, Delclos KB, Lewis 
SM, Vanlandingham M, 
Churchwell MI, Twaddle, NC, 
McLellen M, Chidambaram M, 



 

330 
 

Bryant M. Woodling K, Costa GG. 
da, Ferguson SA, Flaws J, Howard 
PC, Walker NJ, Zoeller RT, Fostel 
J, Favaro C, Schug,TT (2015). 
NIEHS/FDA CLARITY-BPA 
research program update. 
Reproductive Toxicology 58, 33–
44. 

Izquierdo AG, Crujeiras AB, 
Casanueva FF, Carreira, MC 
(2019). Leptin, obesity, and leptin 
resistance: where are we 25 years 
later? Nutrients. 

Kadir ER., Imam A, Olajide O.J, Ajao, 
MS, (2021a). Alterations of Kiss 1 
Receptor, Gnrh Receptor and 
Nuclear Receptors of the 
Hypothalamopituitary- Ovarian 
Axis Following Low Dose 
Bisphenol-a Exposure in Wistar 
Rats. Anat Cell Biol 54, 212–224. 

Kadir ER, Ojulari LS, Gegele, TA 
(2021b). Research Paper: Altered 
Testicular Histomorphometric and 
Antioxidant Levels Fol- lowing 
15, 165–174. 

Kahles F, Meyer C, Möllmann, J, 
Diebold S, Findeisen HM, Lebherz 
C, Trautwein C, Koch, A, Tacke F, 
Marx, N (2014). GLP-1 secretion 
is increased by inflammatory 
stimuli in an IL-6–dependent 
manner, leading to 
hyperinsulinemia and blood 
glucose lowering. Diabetes 63, 
3221–3229. 

Kahles F, Rau M, Reugels M, 
Foldenauer AC, Mertens RW, 
Arrivas MC, Schröder J, Idel P, 
Moellmann J, van der Vorst EPC, 
Marx N, Lehrke, M (2022). The 
gut hormone glucose-dependent 
insulinotropic polypeptide is 
downregulated in response to 
myocardial injury. Cardiovasc 
Diabetol 21. 

Kochmanski JJ, Marchlewicz EH, 
Cavalcante RG, Perera BPU, 
Sartor MA, Dolinoy DC, (2018). 
Longitudinal effects of 

developmental bisphenol a 
exposure on epigenome-wide 
DNA hydroxymethylation at 
imprinted loci in mouse blood. 
Environ Health Perspect 126. 

Kodila, A, Franko N, Sollner Dolenc, 
M, (2023). A review on 
immunomodulatory effects of 
BPA analogues. Arch Toxicol 97, 
1831–1846. 

Leslie H.A, van Velzen, MJM, 
Brandsma SH, Vethaak, AD, 
Garcia-Vallejo JJ, Lamoree, M.H 
(2022). Discovery and 
quantification of plastic particle 
pollution in human blood. Environ 
Int 163. 

MacKay H, Abizaid, A (2018). A 
plurality of molecular targets: The 
receptor ecosystem for bisphenol-
A (BPA). Horm Behav. 

Manzoor MF, Tariq T, Fatima B, Sahar 
A, Tariq F, Munir S, Khan S, 
Nawaz Ranjha MMA, Sameen A, 
Zeng, XA (2022). An insight into 
bisphenol A, food exposure and its 
adverse effects on health: A 
review. Front Nutr 9, 1047827. 

Marcondes FK, Bianchi, F (2002). 
Determination of the estrous cycle 
phases of rats: Some helpful 
considerations 
DETERMINATION OF THE 
ESTROUS CYCLE PHASES OF 
RATS: SOME HELPFUL 
CONSIDERATIONS. 

Marmugi A, Lasserre F, Beuzelin D, 
Ducheix S, Huc L, Polizzi A, 
Chetivaux M, Pineau T, Martin P, 
Guillou, H (2014). Adverse effects 
of long-term exposure to bisphenol 
A during adulthood leading to 
hyperglycaemia and 
hypercholesterolemia in mice. 
Toxicology 325, 133–143. 

Martínez-Sánchez, N (2020). There and 
back again: Leptin actions in white 
adipose tissue. Int J Mol Sci. 

Michałowska J, Miller-Kasprzak E, 
Bogdański, P (2021). Incretin 



 

331 
 

hormones in obesity and related 
cardiometabolic disorders: The 
clinical perspective. Nutrients 13. 

Moghaddam HS, Samarghandian S, 
Farkhondeh, T (2015). Effect of 
bisphenol A on blood glucose, 
lipid profile and oxidative stress 
indices in adult male mice. Toxicol 
Mech Methods 25. 

Mohsenzadeh MS, Razavi BM, 
Imenshahidi M, Tabatabaee Yazdi 
SA, Mohajeri SA, Hosseinzadeh, 
H (2021). Potential role of green 
tea extract and epigallocatechin 
gallate in preventing bisphenol A-
induced metabolic disorders in 
rats: Biochemical and molecular 
evidence. Phytomedicine 92. 

Müller TD, Finan B, Bloom SR, 
D’Alessio D, Drucker DJ, Flatt 
PR, Fritsche,A, Gribble F, Grill, 
H.J, Habener JF, Holst JJ, 
Langhans W, Meier JJ, Nauck, 
MA, Perez-Tilve D, Pocai A, 
Reimann F, Sandoval DA, 
Schwartz TW, Seeley RJ, 
Stemmer K, Tang-Christensen M, 
Woods SC, DiMarchi R.D, 
Tschöp, M.H (2019). Glucagon-
like peptide 1 (GLP-1). Mol 
Metab. 

Nadal A, Fuentes E, Ripoll C, Villar-
Pazos S, Castellano-Munoz M, 
Soriano S, Martinez-Pinna J, 
Quesada I, Alonso-Magdalena, P 
(2018). Extranuclear-initiated 
estrogenic actions of endocrine 
disrupting chemicals: Is there 
toxicology beyond paracelsus? J 
Steroid Biochem Mol Biol 176, 
16–22. 

Naomi R, Yazid MD, Bahari H, Keong 
YY, Rajandram R, Embong H, 
Teoh SH, Halim S, Othman, F, 
(2022). Bisphenol A (BPA) leads 
to obesity and cardiovascular 
complications: a compilation of 
current in vivo study. Int J Mol Sci 
23, 2969. 

Nicholson TM, Nguyen JL, Leverson 
GE, Taylor JA, Vom Saal FS, 
Wood RW, Ricke, WA (2018). 
Endocrine disruptor bisphenol A is 
implicated in urinary voiding 
dysfunction in male mice. 
American Journal of Physiology-
Renal Physiology 315, F1208–
F1216. 

Nishikawa M, Iwano H, Yanagisawa R, 
Koike N, Inoue H, Yokota, H 
(2010). Placental transfer of 
conjugated bisphenol A and 
subsequent reactivation in the rat 
fetus. Environ Health Perspect 
118, 1196–1203. 

Njan AA, Adenuga FO, Ajayi A., 
Sotunde O, Ologe MO., Olaoye 
SO, Erdogan ON, Iwalewa, OE 
(2020a). Neuroprotective and 
memory-enhancing effects of 
methanolic leaf extract of 
Peristrophe bicalyculata in rat 
model of type 2 diabetes mellitus. 
Heliyon 6. 

Njan AA, Adenuga FO, Ajayi AM, 
Sotunde O, Ologe MO, Olaoye 
SO, Nazan O, Iwalewa, OE, 
(2020b). Heliyon Neuroprotective 
and memory-enhancing effects of 
methanolic leaf extract of 
Peristrophe bicalyculata in rat 
model of type 2 diabetes mellitus. 
Heliyon 6, e04011. 

Njan AA, Olaoye SO, Afolabi SO, 
Ejimkonye BC, Soje,mellitus.dare 
OE, Iwalewa, E.O (2019). Safety 
effect of fractions from methanolic 
leaf extract of Ocimum 
gratissimum on reproduction in 
male wistar rats. Toxicol Rep 6, 
496–504. 

Ogunyemi OM, Gyebi GA, Saheed A, 
Paul J, Nwaneri-Chidozie V, 
Olorundare O, Adebayo J, 
Koketsu M, Aljarba N, Alkahtani 
S Batiha GES, Olaiya, CO (2022). 
Inhibition mechanism of alpha-
amylase, a diabetes target, by a 
steroidal pregnane and pregnane 



 

332 
 

glycosides derived from 
Gongronema latifolium Benth. 
Front Mol Biosci 9. 

Ouazzani HEL, Rouillon S, Venisse N, 
Sifer-Rivière L, Dupuis A, 
Cambien G, Ayraud-Thevenot S, 
Gourgues AS, Pierre-Eugène,P, 
Pierre F, Rabouan S, Migeot V, 
Albouy-Llaty M, Airaud C, 
Ancelot L, Berthome C, Bonniol 
S, Charier D, Cottet Y, Depret 
MH, Guillemot ML, Hardouin JB, 
Le Turdu H, Malvault C, Morin N, 
Nivault F, (2021). Impact of 
perinatal environmental health 
education intervention on 
exposure to endocrine disruptors 
during pregnancy—PREVED 
study: study protocol for a 
randomized controlled trial. Trials 
22. 

Oyewole OO, Ale AO, Ogunlana MO, 
Gurayah, T (2023). effects of 
physical activity 11, 3128–3140. 

Ozaydın T, Oznurlu Y, Sur E, Celik I, 
Uluısık D, Dayan, MO (2018). 
Effects of bisphenol A on 
antioxidant system and lipid 
profile in rats. Biotechnic and 
Histochemistry 93. 

Pérez-Bermejo M, Mas-Pérez I, 
Murillo-Llorente, M.T (2021). 
The role of the bisphenol a in 
diabetes and obesity. 
Biomedicines. 

Prin GS, Patisaul, HB, Belcher SM, 
Vandenberg, LN, (2019). 
CLARITY‐BPA academic 
laboratory studies identify 
consistent low‐dose Bisphenol A 
effects on multiple organ systems. 
Basic Clin Pharmacol Toxicol 
125, 14–31. 

Rasdi Z, Kamaludin R, Sheikh Abdul 
Kadir SH, Goon MDME, Khan J, 
Rahim SAB, Othman MHD, 
(2023). The Impact of Bisphenol A 
Exposure during Pregnancy on the 
Heart of Mother and Fetal Rats. 
Sains Malays 52, 1497–1511. 

Rotimi OA, Olawole D, De Campos 
OC, Adelani IB, Rotimi SO, 
(2021). Bisphenol A in Africa: A 
review of environmental and 
biological levels. Science of the 
Total Environment. 

Santoro A, Chianese R, Troisi J, 
Richards S, Nori SL, Fasano S, 
Guida M, Plunk E, Viggiano A, 
Pierantoni R, Meccariello R, 
(2019). Neuro-toxic and 
Reproductive Effects of BPA. 
Curr Neuropharmacol 17. 

Stanojević M, Sollner Dolenc, M 
(2025). Mechanisms of bisphenol 
A and its analogs as endocrine 
disruptors via nuclear receptors 
and related signaling pathways. 
Arch Toxicol. 

Ucheana I.A, Omeka ME, Ezugwu AL, 
Agbasi JC, Egbueri JC, Abugu 
HO, Aralu, CC (2024). A targeted 
review on occurrence, 
remediation, and risk assessments 
of bisphenol A in Africa. Environ 
Monit Assess 196, 1–58. 

Vidal-Limon A, Aguilar-Toalá JE, 
Liceaga, AM (2022). Integration 
of Molecular Docking Analysis 
and Molecular Dynamics 
Simulations for Studying Food 
Proteins and Bioactive Peptides. J 
Agric Food Chem 70, 934–943. 

Vom Saal FS, Nagel SC, Coe BL, 
Angle B, Taylor, JA (2012). The 
estrogenic endocrine disrupts 
chemical bisphenol A (BPA) and 
obesity. Mol Cell Endocrinol 354, 
74–84. 

Wassenaar P.N.H, TrasandeL Legler, J 
(2017). Systematic review and 
meta-analysis of early-life 
exposure to bisphenol A and 
obesity-related outcomes in 
rodents. Environ Health Perspect 
125, 106001. 

  


