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Introduction

Endometriosis is a benign inflammatory and estrogen-
dependent gynecological condition characterised by the 
presence of endometrial glands and stroma outside the 
uterine cavity.1 Global epidemiological studies show that 
endometriosis affects 10% of reproductive-aged females 
with annual incidences ranging from 0.12% to 0.72%.1 
The disease’s incidence has risen, however, it is unclear 
whether this rise is due to disease awareness or environ-
mental contamination.2
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It has an idiopathic etiology accompanied by different 
theories of pathogenesis.3 Recent reports indicate that endo-
metriosis is likely attributed to a sundry of endocrine-dis-
rupting chemicals including; bisphenol A (BPA), phthalates, 
polychlorinated biphenyl (PCBs), atrazine, polybrominated 
biphenyls (PBBs),4 dichlorodiphenyltrichloroethane (DDT),5 
dichlorodiphenyldichloroethylene (DDE), dichlorodiphenyl-
dichloroethane (DDD), diethylstilbestrol (DES) and dioxins 
(TCDD).6 One of the proposed etiological mechanisms is 
Sampson’s theory of retrograde menstruation which seems 
to be the most coherent and explains cases of endometriosis 
in the pelvis minor.7 The theory supposes that backflow of 
endometrial tissues during menstruation into the abdomen 
results in implantation.8 Further theories including coelomic 
metaplasia, lymph vascular metastasis or the embryonic rest 
theory have been complemented by more recent concepts 
including lifestyle-related factors, stem cells, hormonal,9,10 
immune dysfunction, environmental pollution and/or expo-
sure to bisphenols,11 and genetic or epigenetic aspects.12

Despite the presence of multiple theories of endometrio-
sis pathogenesis, the environmental factors that could also 
pose a threat to and pathogenesis of the disease warrant 
investigation. To tackle this, experimental investigations 
including animal models could provide a basis for explor-
ing the proposed association between endocrine-disrupting 
environmental toxins, such as Bisphenol-A (BPA) exposure 
and endometriosis development.13 Numerous efforts have 
been made to utilise experimental animals, mostly mice14 
and a few non-human primates (NHPs).15 models in the 
study of BPA exposure and endometriosis.

The exposure of BPA and other Endocrine Disrupting 
Chemicals (EDCs) to the reproductive system renders seri-
ous abnormalities that may lead to impaired fertility, irreg-
ular menstrual patterns, Polycystic Ovary Syndrome 
(PCOS) and endometriosis.16 EDCs disrupt normal hor-
mone function by either mimicking or blocking hormones 
and causing adverse health effects.17 Long-term exposure 
to the EDCs can lead to disorders in reproductive-aged 
females that may be transgenerational. Several studies 
have reported on the association of BPA and female fecun-
dity, with BPA being detected more frequently in infertile 
women.16 Furthermore, BPA experimental research shows 
that its effects are more critical during prenatal, perinatal 
and postnatal exposure in the pup’s early life stages and 
may have transgenerational.18

Therefore, this review focuses on the effects of BPA 
and its analogues (Bisphenol S (BPS), Bisphenol F (BPF), 
Bisphenol E (BPE), Bisphenol F (BPAF) and Bisphenol B 
(BPB)) on the pathophysiology of endometriosis disease 
in NHPs as a surrogate for human disease.19

Methodology

The literature search was done using the electronic data-
bases of Google Scholar, Science Direct (Elsevier), 

PubMed, Hinari and Connected Papers websites restricted 
to the period between 1991-2022. The search terms used 
included; ‘non-human primates’, ‘endometriosis’, ‘bisphe-
nol A,’ ‘bisphenols analogues’ and ‘animal models. The 
reference lists of all selected articles were reviewed to 
identify additional papers and the search was limited to 
articles written in English. Inclusion/Exclusion criteria are 
listed in Table 1.

BPA and its analogues as potential 
cause of endometriosis

As defined by the World Health Organisation (WHO), 
EDCs are exogenous substances that alter the function(s) 
of the endocrine system and cause adverse effects on the 
organism, its progeny and subpopulations.22 EDCs are 
thought to contribute to the pathogenesis of endometrio-
sis, via their ability to mimic the hormone functions of 
the endocrine system. BPA and its analogues are EDCs 
that are universally present among common consumer 
products.23 Reports indicate that a large amount of natu-
ral and man-made chemical toxins are present within our 
surroundings, hence both animals and humans are 
exposed to them.22 Table 2 provides a summary of epide-
miological and experimental studies of exposure to BPA 
and its analogues, whereas Table 3 summarises studies 
on exposure to BPA and its analogues using human 
samples.

The female reproductive system is very sensitive to 
hormonal imbalances and modifications of the endocrine 
system’s functions.35 Generally, BPA is a well-studied 
EDC and can interfere with human hormonal balance 
even at long-lasting low-dose exposure.36 Upon expo-
sure, as a selective Estrogen Receptor (ER) modulator, 
BPA has been shown to bind to estrogen, thyroid, glu-
cocorticoid, peroxisome proliferator-activated recep-
tors and steroid enzymes among other molecular 
targets.37 It then interferes with the gene expression of 
several estrogen (ER) receptor subtypes (ERα, ERγ and 
ERβ) and can subsequently cause pleiotropic effects 
on the reproductive system, behaviour and metabo-
lism.38 BPA interrupts the foetal pulsatile secretion of 
Gonadotrophin-Releasing Hormone (GnRH) which 
negatively affects the function of the hypothalamic-
ovarian axis.36 As a result, continuous pre-and postnatal 
exposure induces future structural changes to the female 
reproductive system (ovary and uterus), leading to 
abnormalities and possibly diseases like endometriosis. 
Additionally, several BPA alternatives (BPS, BPB, BPF 
and BPE) have also been implicated in having similar 
effects to BPA on the endocrine system, thereby  
negating their safety. Among the analogues,39 tetramethyl 
bisphenol F (TMBPF) is reported to be the most recently 
produced.40
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Use of animal models for BPA 
exposure

NHP models for BPA exposure

Studies on the effects of BPA exposure using NHPs have 
been done using both baboons (Old World Monkeys) and 
macaques (New World Monkeys). However, the exposure 
of BPA analogues has not been reported using NHPs but 
only in mouse models.17 Studies on BPA have been shown 
to impact the midbrain dopamine neurons and hippocampal 
spine synapses in NHPs.41 The results showed that exposure 
to BPA induced abnormalities in the foetal ventral mesen-
cephalon and hippocampus in two months pregnant rhesus 
monkeys. Consequently, the same study showed a reduction 
in spine hippocampal synapses among juvenile vervet mon-
keys upon BPA exposure. Various research has revealed that 
consistent developmental exposure to EDCs (including 
BPA) interferes with the response of animal models to hor-
monal challenges later in life. Upon BPA and its analogues, 
Kathryn et al. showed that developmental exposures to BPA 
alters gene expression in foetal rhesus macaque uterus after 
the third trimester exposure leading to transcriptional sig-
nals in the uterus.42 Table 4 summarises studies on exposure 
to BPA and its analogues using NHP models.

NHPs for BPA exposure as a potential cause of 
endometriosis

Early studies on the effects of 2,3,7,8-tetrachlorodibenzo-p- 
dioxin (TCDD) exposure in rhesus macaques had revealed 

that the incidence of endometriosis correlates with dioxin 
exposure in a dose-dependent manner.43 Moreover, a 
study on chronic exposure to dioxin correlated with endo-
metriosis and increased PCB serum levels, suggested a 
possible contribution of endocrine disruptors in the patho-
genetic mechanism of rhesus monkeys.44 Regarding spe-
cific effects of BPA, Calhoun et.al. showed that BPA 
exposure alters developmental gene expression in the foe-
tal rhesus macaque uterus hence causing future transcrip-
tional signals.15 A study on NHPs in African green 
monkeys with BPA exposure reported a potential cause of 
endometriosis as BPA affects the balance between estro-
gen and progesterone action. This imbalance leads to 
increased estrogenic action that is associated with condi-
tions characterised by the development of endometrial 
proliferation and diminished differentiation, including 
endometriosis.28 Nonetheless, apart from in vivo studies 
of both NHPs and non-primate models, in vitro studies 
have also been used with endometriosis studies. Gu et 
al.13 reported a summary of both in vivo and in vitro stud-
ies used in the previous decade. Upon in vitro studies the 
human endometriotic primary cell lines have been used 
for preclinical research. They include; endometrial orga-
noids, epithelial progenitors, mesenchymal stem cells and 
endometriotic stromal cell lines. Particularly, organoid 
models and in vitro co-culture systems aim at recapitulat-
ing the complex cellular and extracellular matrix compo-
sition of the endometriotic lesions and may provide an 
important intermediate model bridging single-cell in vitro 
models and animal models.45

Table 1.  Details of the inclusion and exclusion criteria.

Topics Inclusions Exclusions

Study design Experimental studies that investigate effects of BPA 
and its analogues in NHPs
Includes designs such as in vivo experiments, 
longitudinal studies and controlled trials, including 
cross-sectional studies

Excludes any case reports, opinion pieces and 
review articles that do not present original 
research.20

Animal models Includes studies specifically conducted on NHPs 
(monkeys and baboons) as the primary subjects 
including non-primate models for the purpose of 
comparison

Eliminates studies involving animals that are 
not directly relevant to exposure to BPA as a 
potential cause of endometriosis

Exposure Includes studies that use BPA and its analogues as 
the exposure element
Also includes studies with information on the dose, 
durations and the method of exposure to BPA and 
its analogues

Omits studies that do not involve exposure 
to BPA and its analogues and also studies 
whose exposure details are unclear or not-well 
documented.12

Outcome Contains studies that report on endometriosis as 
the outcome or studies that investigate markers, 
symptoms or histological evidence associated with 
endometriosis

Excludes studies that do not report on 
endometriosis as an outcome and any that focuses 
on other reproductive or gynecological related 
health outcomes without any connection to 
endometriosis

Publication type Covers peer-reviewed journal articles and reviews 
(narrative, systematic and meta-analyses)

Disregards studies that are not published in 
English for ease of review.21

Publication timeframe Goes back 30 years Studies older than 30 years
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Discussion

The review performed a literature search of experimental 
animal studies which examined the EDC of BPA and its 
analogues. While several studies monitored non-primate 
animals, the association between these endocrine disrupt-
ers’ exposure and the female reproductive function focus-
ing on endometriosis has not been explored in NHPs.46 
Here, we have reviewed the current literature on BPA with 
its analogues and summarised the current state of 
knowledge.

Due to increased industrialisation, thousands of man-
made chemicals have been developed with few undergoing 
rigorous safety assessments before commercial use. 
Ubiquitous exposure to these compounds, many of which 
act as EDCs, including BPA, has been suggested to contrib-
ute to the increasing incidence of numerous diseases, 
including endometriosis.5 BPA exposure has been associ-
ated with an increase in the body’s inflammatory  
reactions.47 Inflammation plays a crucial role in the devel-
opment of lesions, adhesions and discomfort in endometri-
osis. Additionally, BPA exposure has been linked to 
epigenetic changes, which can affect gene expression with-
out altering the underlying DNA sequence. Endometriosis 

progression and growth may be influenced by epigenetic 
modifications that lead to the dysregulation of genes 
involved in hormones and immunological function.48

Many EDCs including BPA have been confirmed to dys-
regulate the immune system.47 This potentially impairs the 
body’s ability to recognise and destroy aberrant endometrial 
tissue. The development and function of the female repro-
ductive tract depend on hormone concentrations and bal-
ance. Endocrine disruptors interfere with the synthesis, 
metabolism and action of hormones, leading to the dysreg-
ulation of normal physiological processes and potentially 
promoting the development of diseases. Endometriosis is 
intimately associated with steroid metabolism and associ-
ated pathways, corresponding to the dominant roles estro-
gen receptors (ESRs) and progesterone receptors (PGRs) 
play in uterine biology.12 Therefore, environmental toxi-
cants that either mimic estrogen or enhance estrogenic 
exposure in the endometrium are thought to increase the risk 
of endometriosis. BPA as an endocrine disrupter has been 
reported to exert estrogenic activity which may interfere 
with the female reproductive system.16

Animal studies show the association between exposure 
to BPA and the development of endometriosis. The action 

Table 2.  Epidemiological summary of studies of exposure to bisphenol A and its analogues.

Authors Bisphenols Experimental models Samples No. of 
samples

Country of 
collected samples

Human samples
  Peinado et al.24 Bisphenol A Human samples Urine 124 Spain
  Cobellis et al.25 Human samples Human blood sera 58 Italy
  Rashidi et al.26 Human samples Urine 50 Iran
  Wen et al.27 Human samples Endometrial stromal cells 320 China
  Peinado et al.24 Bisphenol S Human samples Urine 124 Spain
  Peinado et al.24 Bisphenol F Human samples Urine 124 Spain
  Cobellis et al.25 Bisphenol B Human samples Human blood sera 58 Italy
NHPs
  Aldad et al.28 Bisphenol A African green monkey Ovaries 10 USA
  Calhoun et al.15 Rhesus macaques Foetal uteri 4 USA
Non-primates
  Pivonello et al.18 Rats Endometrial tissues Review Italy
  Jones et al.17 Mouse Lesions, ovaries and blood 25 USA
  Xue et al.14 Mouse and clinical 

samples
Endometrial stromal cell lines 22 China

  Signorile et al.29 Mouse Pelvic organs 60 Italy
  Signorile and Baldi30 Mouse Pelvic organs Review Italy
  Shi et al.31 Mice Neonatal ovary 25 Illinois, USA
  Abdel-Wahab et al.32 Rat Blood and tissue 40 Egypt
  Kendziorski and Belcher33 Mice Endometrial tissues 2 USA
  Horan et al.34 Bisphenol S Mouse ovary Review USA
  Shi et al.31 Mice Neonatal ovary 25 Illinois, USA
  Hill et al.23 Mice Ovary and uterus 15 USA
  Shi et al.31 Bisphenol E Mice Neonatal ovary 25 Illinois, USA
  Jones et al.17 Bisphenol AF Mice Lesions, ovary and blood 25 USA
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of BPA is reported to be similar to the action of estrogens 
in animals. Additional epidemiological studies have indi-
cated that BPA exposure may potentially be associated 
with alterations in hormone levels and impairment of 
ovary and uterine functions.35 Despite several studies on 
endometriosis using NHPs,49 few studies have assessed the 
relationship between endometriosis and BPA in these ani-
mals.28 BPA as a known endocrine disruptor has been 
shown to be a reproductive toxicant in animal models, its 
structural analogues are increasingly being used in con-
sumer products. However, these analogues may exert simi-
lar adverse effects on the reproductive system and their 
epidemiological studies and toxicological data are still 
scarce.

Most of the world population is still widely exposed to 
BPA, due to its large use in the production of polycarbon-
ate plastic and its release into foods and beverages. 
Recently, the prevalence of BPA analogs in the environ-
ment, foods, consumer products and human urine samples 
have been reported.50 With high degrees of structural simi-
larities to BPA, these analogues may potentially have a 
similar endocrine-disrupting capacity and the potential to 
exert adverse effects on the reproductive system. Numerous 
studies have investigated the reproductive toxicity of BPA 
and its analogues in rodents. Unlike rodents, an animal 
model that more reliably simulates endometriosis patho-
genesis and pathophysiology is only possible in NHPs.51 
Studies indicate that amongst the NHPs, olive baboons 
(Papio anubis)19 serve as the gold standard model for 
endometriosis research due to their reproductive physio-
logical similarities to humans.19 Studies conducted in 
Kenya have shown that baboons can develop spontaneous 
endometriosis thus making an exceptional model for the 
etiological and pathological research of the disease.52

Conclusion

Though endometriosis is a common disorder of unknown 
etiology, research indicates a relationship between bisphe-
nol A exposure as well as its concentration in body fluids 

and the occurrence of endometriosis in women. The stud-
ies reviewed here provide insufficient toxicological and 
epidemiological data to characterise and determine the 
reproductive effects of BPA and its analogues.2 The poten-
tial mechanisms of BPA and its analogues in contributing 
to human disease are unclear. Thus, considering that the 
incidence and/or prevalence of reproductive health prob-
lems associated with endocrine disruption has increased 
worldwide, further detailed studies using NHPs, in partic-
ular, P. anubis, are needed to specify the role of bisphenol 
A and its analogues in the etiology of endometriosis.53 The 
significant individual and public health concerns under-
score the importance of understanding the pathogenesis of 
endometriosis.54 Though some evidence exists pointing to 
possible connections between BPA exposure and endome-
triosis, additional research is required to fully understand 
the mechanism of action.
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Table 4.  Summary of studies on exposure to BPA and its analogues using NHP models.

Authors Bisphenols Model type Sample type Objectives Risk effects (odds ratio 
and relative risks)

Aldad et al.28 Bisphenol A African green 
monkey

Ovaries To evaluate the effect of 
bisphenol-A (BPA), a xenoestrogen 
endocrine disruptor, on endometrial 
P receptor (PR) expression in 
nonhuman primates and human cells.

Increased relative risk of 
2.8 for the exposed group 
that alters endometrial 
progesterone receptor 
expression leading to 
endometriosis

Calhoun et al.15 Rhesus 
macaques

Foetal uteri To determine if maternal oral BPA 
exposure affects foetal uterine 
development in a non-human 
primate model

Not reported
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