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Xenoestrogens are substances that are similar in chemical 
composition and structure to steroidal oestrogens, hence 
they mimic and compete with them, e.g. by binding onto 
the hormonal receptors in animals such as fish (Roszko et 
al. 2018; Kanda 2019). In female vertebrates, oestrogens 
occur in three major forms; oestrone (E1), 17β-estradiol 
(E2) and estriol (E3), and serve as primary reproductive 
hormones (Burgos-Aceves et al. 2016; Ashfaq et al. 
2019). These hormonal substances have C18 steroidal 
groups, which are characterised by tetracyclic molecular 
frameworks of cyclopentane, phenol and two cyclohexanes. 
Interestingly, this conformation also forms the four ring 
structures of xenoestrogens (Khanal et al. 2006). The 
structures of the three hormones (E1, E2 and E3) are 
named based on the conformational arrangement on C16 
and C17. For example, the structure of the 17β-estradiol 
has two  hydroxyl groups, one at position C3, and the 
other at the 17β position (Figure 1). Therefore, based 
on the presence of hydroxyl groups, estradiol has been 
named as E2. E2 is the predominant female sex hormone 
produced in follicles of ovaries and it is used specifically 
in vertebrates for the development and maintenance of 
reproductive tissue, bone,  fat and hepatocytes. The E2 
synthesis in ovarian follicular cells involves the production 
of androstenedione, which is converted into oestrone by 

aromatase and finally into estradiol through a process 
catalysed by a series of different enzymes (Cui et al. 2013). 
Moreover, the liver is another site for biosynthesis of the 
natural oestrogens; it is also the main site for their further 
biotransformation. Once the oestrogens are synthesised 
by aromatase in the liver, they are released into circulation. 
However, in vertebrates, including fish, oestrogens are 
taken up again by the liver where they are biotransformed 
into different metabolites under series of enzymes.

The quantity and specific type of oestrogen excreted 
naturally in animals varies, depending mainly on the 
animal’s physiology, reproductive cycle and age. For 
example, pregnant women and lactating mothers discharge 
approximately five mg d–1 of 17β-estradiol (Guang-Guo et al. 
2002; Khanal et al. 2006), whereas prenatal dairy cows may 
excrete up to 11.4 mg d–1 of 17α-ethinylestradiol (Khanal 
et al. 2006). Furthermore, at least 7.0 µg oestrone, 15.2 µg 
estriol, and 2.4 µg 17β-estradiol have been estimated to be 
excreted in urine daily by a young woman at the end of the 
lactating period (Adlercreutz et al. 1986; Liu et al. 2004). As 
such, oestrogens are continually flushed down in wastewater 
from homes, hospitals, and abattoirs, and drain into the 
natural aquatic ecosystems, such as lakes and rivers 
(Table 1). For pharmaceutical and medical purposes, 
steroidal estrogenic chemicals like 17α-ethinylestradiol, 
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mestranol and diethylstilboestrol are formulated in oral 
contraceptives and other medications for the treatment of 
human and animal diseases (Sumpter 1995; Toppari et al. 
1996; Augustine and Ander 1998; Guang-Guo et al. 2002).

Xenoestrogens (also referred to as environmental 
oestrogens) are commonly found in industrially manufactured 
products, such as fertilizers, canned foods, toothpastes, 
detergents, parabens, lotions and perfumes (Bhandari 
et al. 2015). Other products include contraceptives: 
D-norgestrel and norethindrone (Labadie and Budzinski 
2005); plasticizers: phthalates; plastic chemicals: 
bisphenol-A (BPA) (Oehl et al. 2008); insecticides: aldrin, 
dichlorodiphenyltrichloroethane (DDT), dieldrin and 
toxaphene; multiple chemical usage: polychlorinated 
biphenyls (PCBs); herbicides: metolachlor, alachlor and 
atrazine (Soto et al. 1991; Campbell et al. 2006); and 
heavy metals (Hachfi et al. 2012). These substances 
often leach, drain into and contaminate the environment, 
in particular aquatic ecosystems, with several adverse 
impacts (Nandong et al. 2005; Dumitrescus et al. 2010). 
For example, it is estimated that the concentration of 
non-steroidal xenoestrogen BPA leached from plastic 
containers is 139 mg g−1 when in contact with water for 
two weeks at room temperature (Yamamoto and Yasuhara 
1999; Mathieu-Denoncourt et al. 2015). Besides, metallic 
containers release higher BPA, compared with plastics or 
paper containers. Liao and Kannan (2013) reported that 
when exposed, intake of BPA from canned foods is 63.6 
and 58.6 ng kg−1 d−1 for teenagers and adults, respectively. 
Furthermore, the interference of the reproductive system 
of female vertebrates (such as fish) by xenoestrogens, 
even in minute quantities, i.e. ng l−1 may alter their 
physiology, endocrine systems and reproductive functions. 
In the aquatic environment, toxicity in fish results from the 

potential of xenoestrogens to interfere with oestrogen, 
androgen and thyroid hormone activities. The toxicity of 
endocrine system also causes the dysfunction of other 
organ systems that are under endocrine regulation, such as 
neurological, cardiovascular and immune systems (Schug 
et al. 2011; Jordan et al. 2016). Release of xenoestrogens 
into the aquatic systems should be minimised, because 
they compromise the reproduction of the aquatic organisms 
therein, including fish that are an important source of proteins 
and income for humans. This paper reviews the adverse 
impacts of xenoestrogens on aquatic ecosystems, such as 
the disruption of fish endocrine system, vitellogenin (VTG) 
production, interference with the reproductive cycle and 
intersex. A detailed understanding of the chemical nature 
of xenoestrogens and related compounds is necessary for 
designing control measures that would prevent their adverse 
environmental impacts, ensure their safe use and control.

Vitellogenin production in fish
Under estrogenic stimulation and regulation, mature 
egg laying female vertebrates and some invertebrates 
synthesise VTG (Emmersen and Petersen 1976). The 
structure of VTG has a dimeric molecule and approximate 
size of 300–600 kDa (Booth and Skene 2006). In 
vertebrates like fish, upon elicitation of parenchymal 
liver cells by oestrogens either as xeno-agonists or 
xeno-antagonists on the oestrogen receptor, VTG is 
secreted and thereafter transported in the bloodstream 
towards the ovarian cells (final destination), where it is 
required for proper physiological development of oocytes 
(Jones et al. 2000). The normal level of VTG circulating 
in the mature females is between 100–1  000 mg ml−1, 
however, in the mature male, its production is less than 
20 ng ml−1 (Tyler et al. 1996). Therefore, in males and 
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juvenile fish, VTG synthesis and production is abnormal 
(Bahamonde et al. 2013), with the quantity produced 
usually correlating with the burden of xenoestrogens or 
other environmental contaminants in water and sediment 
(Sumpter and Jobling 1995; Jobling et al. 1998; Denslow 
et al. 1999; Jones et al. 2000; Van der Oost et al. 2003; 
Matozzo et al. 2008; Frey et al. 2011). Induction of VTG 
in wild male fish populations provides evidence for the 
widespread contamination of the aquatic environment. 
Globally, estrogenic chemicals, typically ethinyl estradiol 
from pharmaceuticals are responsible for the abnormal 
VTG in males (Jordan et al. 2016). 

Globally, in lakes and rivers, fish physiology, endocrine 
system and reproductive functions are often adversely 
affected by diffuse chemical contaminants and pollutants 
from various sources (Table 2). The proximity of aquatic 
ecosystems to both urban settlements and wastewater 
treatment facilities make them natural recipients of 
various xenoestrogenic chemicals (Table 1), that may 
induce synthesis of VTG in male and juvenile fish 
(Purdon et al. 1994; Harries et al. 1997; Jobling et al. 
2002b; Gross-Sorokin et al. 2006; Johnson et al. 2008; 
Bahamonde et al. 2015; Jarque et al. 2015). Over fifty 
non-steroidal chemicals that mimic steroidal oestrogens 
in many species of fish are found in aquatic ecosystems. 
Indeed, thousands of other chemicals and metabolites in 
the environment are classified as endocrine disruptors, 
because of their interference with the functions of 
endogenous reproductive hormones (Ritchie et al. 2005; 
Iversen 2018; Miller et al. 2018). 

Such chemical metabolites may enter into the bodies 
of fish through dermal contact, via the gills and by food 
ingestion. Notable studies on effects of xenoestrogens on 
alterations in reproductive function have been conducted 
on Oncorhynchus mykiss in Lake Ontario, Canada 
(McMaster 2001); Oncorhynchus mykiss reared in cages 
installed near sewage treatment outfalls in the United 
Kingdom (UK) (Purdon et al. 1994); and wild Rutilus 
rutilus and Perca fluviatilis in the Hessian River Rhine 
catchment (Allner et al. 2010). Furthermore, the effects of 
xenoestrogens and other chemicals on reproductive defects 
in fish have been observed in the Elbe River, Germany, 
(Markus et al. 2002) and several UK rivers (Harries et al. 
1997). In addition, the potential of the xenoestrogens to 
disrupt reproductive systems of wild fish have been studied 
in both laboratory and field experiments in Europe and Asia. 

At a concentration of 0.1 ng l−1, 17α-ethinylestradiol 
induced VTG production in male O. mykiss (Labadie 
and Budzinski 2005). Furthermore, because of 
17α-ethinylestradiol, several studies in fish confirmed 
drastic decrease of gonadotropins, reduction of egg fertility, 
reduced fecundity, atrophy of gonads, embryo mortality, 
feminization of males and intersex (Harries et al. 1997; 
Mathiessen et al. 1998; Matthiessen and Sumpter 1998; 
McMaster 2001; Andersen et al. 2003; Lavado et al. 2004; 
Feist et al. 2005; Jobling et al. 2006; McGee et al. 2012; 
Blanchfield et al. 2015). 

At a concentration of 5.0 ng l−1, estradiol induced 
the production of female specific proteins in male 
Oryzias latipes (Khanal et al. 2006). In several species of 
fish, various biological changes resulting from exposure St
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to xenoestrogenic substances have been reported, 
e.g. intersexuality in Gobio gobio, common bream fish 
(Abramis brama), and Platichthys flesus (Jobling et al. 
1998; Allen et al. 1999; Hecker et al. 2006); inhibited 
testicular growth in male O. mykiss (Jobling et al. 1996); 
ovotestis in O. latipes (Getsfrid et al. 2004); increased liver 
size in O. mykiss (Herman and Kincaid 1988); intersexuality 
in Tilapia guineensis (Adeogun et al. 2016) and testicular 
oocytes in catfish (Clarias gariepinus) (Asem-Hiablie et al. 
2013b). Although many feminised male fish can reproduce, 
their fecundity may be reduced by up to 76% (Sumpter and 
Jobling 2013). The extent of wild fish population recovery 
from exposure to synthetic xenoestrogens was tested 
in whole lake experiments using Pimephales promelas 
population in Lake Ontario (Blanchfield et al. 2015). 
Whole-lake contamination by 17α-ethinylestradiol had 
previously collapsed P. promelas population (Blanchfield 
et al. 2015). However, after ceasing the contamination for 
seven consecutive years, the level of VTG and reproductive 
abnormalities were reverted to a baseline level (Blanchfield 
et al. 2015). Because fish is globally one of the most 
important protein sources in human diet (Obiero et al. 2015; 
Obiero et al. 2019), it is imperative that chemicals that induce 
undue VTG production in juvenile females and males and 
disrupt reproduction be monitored closely, regulated and 
controlled with all due capabilities and resources. 

Intersexuality among fish species, which is the 
simultaneous presence of female and male gonadal tissue, 
at the same time in a fixed-sex species is accepted as a 
significant result of exposure to xenoestrogens in the 
aquatic environment (Bahamonde et al. 2013). There is 
increasing research on the intersex conditions among the 
wild fish population in developed countries. The alarming 
increase in the detection of ovotestis, testiova, imposex 
and testicular oocyte conditions are observed among 
gonochoristic teleosts inhabiting chemically contaminated 
sites of the aquatic environment (Table 2). Furthermore, 
reports of intersexuality show either feminization (oocytes 
within testicular tissue) or masculinization (spermatogenic 
cells within the ovarian tissue) conditions among teleost 
fishes (Sardi et al. 2015a; Grilo and Rosa 2017; Hicks 
et al. 2017). The effects of intersexuality resulting from 
exposure to xenoestrogenic contaminants include delayed 
spermatogenesis and oogenesis in males and females, 
respectively (Bahamonde et al. 2015). Therefore, control 
of xenoestrogens and related chemical compounds is 
essential for the maintenance of healthy fish diet, as 
well as balanced male and female populations in aquatic 
ecosystems (i.e., the oceans, lakes and rivers) in order to 
ensure stable populations and productivity.

Detection and quantification of vitellogenin in fish 
The techniques used for detection and quantification of 
VTG vary across experimental designs. The validity of the 
results is primarily determined by the strength of the method 
used (Coady et al. 2017). Methods that are well described 
allow for replication and credibility of studies (Ågerstrand et 
al. 2011). In the ecotoxicological studies, VTG in fish can 
be used as an indicator of aquatic ecosystem pollution. 
Therefore, a wide range of methods for VTG assay in 
fishes have been extensively reviewed, aimed at reporting 

the current state of knowledge on threats posed to aquatic 
ecosystems and fish reproduction by xenoestrogenic 
chemicals. Samples taken from the fish blood plasma, 
blood serum, liver and whole body homogenates, may 
be used for the detection and quantification of VTG 
using different techniques, with examples herewith. In 
European flounders fish (P. flesus) exposed to effluents 
from sewage treatment works, Lye et al. (1997) used 
electrophoresis and scanning densitometry; Fukada et al. 
(2001) used chemiluminescent immunoassay for masu 
salmon (Oncorhynchus masou), rainbow trout (O. mykiss), 
cutthroat trout (Oncorhynchus clarki), white-spotted char 
(Salvelinus leucomaenis), and Sakhalin taimen 
(Hucho peryyi); Shao et al. (2005) used high performance 
liquid chromatography (HPLC) on the crucian (Carassius 
auratus) and sea catfish (Enchelyopus elongates); Allner et al. 
(2010) used an immunostaining technique for roach (R. rutilus) 
and perch (P. fluviatilis), whereas several authors (Emmersen 
and Petersen 1976; Copeland et al. 1986; Allen et al. 1999) 
used radioimmunoassay on P. flesus and O. mykiss. 

The advancement in molecular biology and biotechnology 
has made real time polymerase chain reaction (RT-PCR) 
useful for the detection of VTG mRNA expressions in fish 
(Crowther 2001; Islinger et al. 2002). Furthermore, the 
use of enzyme-linked immunosorbent assays (ELISAs) 
has demonstrated high degree of acceptability as 
gold standard assays, because it is considered safer, 
compared with radioimmunoassays (Crowther 2001). 
Herein follows the different types of ELISA techniques 
that have been used for VTG detection in fish: Sandwich 
ELISA in Japanese medaka fish (O. latipes) (Nishi 
et al. 2002); competitive ELISA in wild gudgeon fish 
(G. gobio) (Sanchez et al. 2011); non-competitive ELISA in 
freshwater tilapia (Oreochromis niloticus) primary cultured 
hepatocytes (Liu et al. 2007); direct ELISA developed 
for the smallmouth bass (Micropterus dolomieu), white 
sucker fish (Catostomus commersonii) and redhorse 
sucker fish (Moxostoma carinatum)  (Blazer et al. 2012; 
Blazer et al. 2014); and capture ELISA in common carp 
(Cyprinus carpio), bass fish (Micropterus salmoides), 
bullhead catfish (Ameiurus nebulosus) and walleye fish 
(Stizestedion vitreum) (Folmar et al. 2001b; Baldigo et 
al. 2006). Indeed, VTG ELISA kits for many species 
of salmonids, O. mykiss, O. latipes, fathead minnows 
(P. promelas), and C. carpio have been developed, 
evaluated and are available commercially (Tatarazako 
et al. 2004; Jensen and Ankley 2006; Stansley and 
Washuta 2007). Collectively, the afore-mentioned 
techniques for the detection of VTG in fish have proven 
the role of xenoestrogens in their induction and production. 
Xenoestrogens in polluted aquatic systems raise the levels 
of VTG in fish. However, VTG production was found to be 
high in both less and more polluted areas for Nile tilapia 
(0.77 ± 0.08 mg l−1), Nile perch (0.73 ± 0.09 mg l−1) and 
lungfish (0.55 ± 0.06 mg l−1) in Lake Victoria (Badamasi 
et al. 2019). In addition, a value of 0.9 mg l−1 VTG in 
Esox lucius from polluted Yukon River, USA, was recorded 
(Table 2). Such knowledge is vital when formulating, 
implementing, or reviewing environmental policies, laws and 
regulations required for maintenance of healthy aquatic and 
terrestrial ecosystems.



African Journal of Aquatic Science 2020: 1–16 7

Natural sources of xenoestrogens
Phytoestrogens are plant-derived natural secondary 
metabolites, belonging to the classes of lignans, 
isoflavones, and coumestans that act as xenoestrogens by 
mimicking the actions of endogenous steroidal oestrogens 
in animals (Chen et al. 2016). Phytoestrogens that are 
found in a variety of plants (e.g. soybeans, rice, wheat and 
barley) include genistein, zearalenone and isoflavonoides 
(Palmer and Palmer 1995; Campbell et al. 2006), which 
are vital in plant reproduction. Generally, phytoestrogens 
have similar structures to oestrogens, enabling them to 
firmly bind onto their receptors in animals (Latonnelle et 
al. 2002; Lund et al. 2004; Primiani et al. 2019). Those 
natural organic products are not a threat by themselves, 
besides helping in the maintenance of normal bone 
density in animals (Rietjens et al. 2017; Masoodi et al. 
2019). However, fish are exposed to phytoestrogens from 
toxic algae, mycoestrogens (produced by fungi) together 
with the truly synthetic compounds (industrial chemicals), 
hence creating estrogenic effects on reproduction and 
development (Tyler et al. 1998; Houtman 2010; Dellafiora 
and Dall’Asta 2017).

Industrial chemicals as sources of xenoestrogens
After the discovery of the insecticidal properties of DDT 
in 1939 by Paul Muller, it proved to be very effective 
in agriculture and was widely used as an insecticide 
(Slowikwoska-Hilczer 2006) in the control of vectors of 
diseases, such as malaria (Van Den Berg et al. 2017; 
Abong’o et al. 2018). In addition, several industrial 
chemicals, such as phthalates (plasticisers), BPA 
(plastic material), aroclor (used in electrical appliances), 
metolachlor (herbicide), and heavy metals used widely 
by humans have xenoestrogenic properties (Darbre 
2018; Henkel 2018). These chemicals may distort fish 
reproduction and development (Miccoli et al. 2017). In 
particular, organochlorine related chemicals, such as DDT, 
have been reported to have altered the hormonal levels, 
influenced gonads, and led to the intersex conditions of 
many species of alligators in Lake Apopka (Florida, USA) 
(Guillette et al. 1994; Guillette et al. 1995a; Guillette et al. 
1995b). Because of their adverse environmental impact, 
use of these chemicals is closely monitored, and some of 
them, such as DDT, having been totally banned.

The fate of xenoestrogens in the environment 
Several factors determine the fate of xenoestrogenic 
chemicals in the environment, i.e., physico-chemical 
properties (e.g. solubility index, redox potential, partition 
coefficient, hydrophobic-hydrophilic potential, and ability 
to bioaccumulate), as well as environmental factors (e.g. 
pH, temperature, salinity and humus content) (Tijani et al. 
2016). In wastewater treatment plants, xenoestrogens 
may be converted into harmless forms, such as water and 
carbon dioxide, through biological and physico-chemical 
processes, or be adsorbed and retained onto sediments. 
Furthermore, aerobic and anaerobic bacteria are able to 
bio-degrade BPA, with a half-life of approximately three to 
four days (Tijani et al. 2016). Some pharmaceuticals, such 
as iodoarene and diazepam, undergo photodegradation, 
whereas others are unaffected, e.g. phthalates 

and tetracycline (Tijani et al. 2016). Metabolites of 
xenoestrogens that are not removed from treatment 
plants are often persistent in both terrestrial and aquatic 
ecosystems. Relatedly, although xenoestrogenic chemicals 
may undergo degradation in the environment, new releases 
regularly replenish them, lessening net removal.

Sources and impact of xenoestrogens on fish 
reproduction 
Xenoestrogens are endocrine disrupting chemicals (EDCs) 
that are generated mainly from terrestrial ecosystems 
through human activities/establishments (e.g. manufacture 
of pharmaceutical products, herbicides and pesticides) and 
waste treatment plants. Given that aquatic ecosystems 
occur at the lowest gradients in an environment, they usually 
receive runoff deposit, hence, exposing aquatic organisms to 
adverse impacts of EDCs. Accumulation of xenoestrogens 
in aquatic ecosystems is exacerbated by the fact that they 
include a wide range of synthetic chemicals with complex 
molecular structures; hence conventional wastewater 
treatment plants have not been designed to eliminate 
xenoestrogens completely (Kumar et al. 2012). Categories 
of EDCs include plastic materials, insecticides, herbicides, 
contraceptives and heavy metals. Fish are considered ideal 
sentinels, because they respond to EDCs; for example their 
males show feminization, reduction of milt quantities and 
sperm density (Jarque et al. 2015). Through dysregulation 
of normal reproductive processes in animal uteri (e.g. tissue 
differentiation, growth and maturation of foetuses), EDCs 
often cause reproductive malfunctions, such as intersex 
variation (Rich et al. 2016). A congenital condition, intersex 
variation include anatomical abnormalities in which 
reproductive organs of an animal is hermaphroditic, hence 
being neither exclusively male nor female. 

Xenoestrogens are globally widespread, and their impacts 
may be caused by very low concentrations, in the range 
of subnanometric (sub-nM) levels (Jarque et al. 2015). 
Conversely, oestrogens are essential for normal regulation 
of reproduction, bone formation and maintenance, and 
also cerebrovascular functions (Hurley et al. 2016). It is 
therefore important to isolate the sources of EDCs in the 
environment in order to understand associated trends of 
endocrine related diseases (Hurley et al. 2016). However, 
in aquatic ecosystems, EDCs occur in different proportions 
and mixtures, with individual chemicals often acting as either 
agonists or antagonists of one another (Laetz et al. 2015) or 
by overshadowing one another. Indeed, in situations where 
there are mixtures of different EDCs in water, it may be 
impossible to isolate the adverse effects of individual ones 
on respective organisms (Tijani et al. 2016).

Wagenaar and Barnhoorn (2018) reported adverse 
impact of eutrophication and chemical pollution on health 
of freshwater fishes, i.e. C. gariepinus and C. carpio in 
South Africa. Histopathology alterations e.g. inflammatory 
responses, circulatory disturbances, regressive changes and 
foci of cellular alterations (liver); hyaline droplet degeneration 
and eosinophilic cytoplasm and melanomacrophage 
centres (kidney); and telangiectasia, epithelial lifting and 
hyperplasia (gills) were attributable to hyper-eutrophic 
freshwater habitats. However, gonads neither suffered 
histopathological changes, nor were any intersex changes 
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observed among the fishes. Several in vivo studies 
carried out in the UK rivers demonstrated adverse effects 
of different chemicals on fish reproduction; for example, 
on O. mykiss (Purdon et al. 1994; Jobling et al. 1998); R. 
rutilus (Jobling et al. 2002a; Sardi et al. 2015b); wild male 
P. flesus (Hashimoto et al. 2000); male C. carpio (Lavado 
et al. 2004; Thibaut and Porte 2004; Stansley and Washuta 
2007); English sole fish (Parophrys vetulus) (Johnson et al. 
2008) and male spottail shiners fish (Notropis hudsonius) 
(Aravindakshan et al. 2004). 

In juvenile female and male fish, the presence of VTG 
is considered as a biomarker of exposure to oestrogens. 
The impacts of EDCs may be chronic in nature and 
multigenerational in extent (Lee et al. 2017). For example, 
among the biological responses that anthropogenic 
perfluoroctanesulfonic acid (PFAA) mixtures had on O. latipes 
in three generations during a period of 238 days were sex 
ratios, hatching and survival rates, fecundity, VTG expression, 
growth indices, and changes in the histopathology of liver 
and gonads (Lee et al. 2017). In laboratory experiments, 
evidence of VTG induction in males has been recorded 
using model fish species, such as O. mykiss (Bon et al. 
1997), flounders fish (Folmar et al. 2001a) and rare minnow 
fish (Gobiocypris rarus) (Zha et al. 2007). Furthermore, 
exposure of juveniles and females of the common goby 
fish (Pomatoschistus microps) to different concentrations 
of PCB-77, estradiol and dichlorodiphenyldichloroethylene 
(DDE) (resulting from breakdown of DDT) for 21 days 
showed VTG levels in liver and gonads corresponding 
with concentrations of chemicals applied (Dias et al. 
2014). Sogbanmu et al. (2018) exposed C. gariepinus 
broodstock to sublethal concentrations of naphthalene, 
phenanthrene and pyrene, the result showed that biomarker 
toxicity effect of phenanthrene was the most toxic. The 
exposure of P. promelas to 17β-estradiol (10–100 ng l−1) 
and oestrone (9.9–993 ng l−1) inhibit testicular growth, and 
increase plasma VTG in a concentration-related manner 
(Panter et al. 1998). Furthermore, when O. mykiss was 
injected with 17α-ethinylestradiol, there were significant 
dose-dependent increases of VTG, protein plasma, calcium 
and somatic indices (Verslycke et al. 2002). Similarly, when 
juvenile mosquito fish were fed with 17α-ethinylestradiol, 
they exhibited induced VTG production, with increasing 
exposure (Angus et al. 2005). Relatedly, exposure of 
O. latipes to nonylphenol, phthalates, and BPA results into 
adverse impact on fecundity and hatching rates (Shioda and 
Wakabayashi 2000). 

When assessment was done to detect and quantify 
oestrogens (i.e., oestrone, estradiol, estriol and ethinyl 
estradiol) in Paris (with the then population of approximately 
10 million inhabitants), it was found to range between 2.7 
and 17.6 ng l−1 in wastewater treatment plant facilities, and 
1.0 and 3.2 ng l−1 in rivers (Cargouet et al. 2004). In the 
human population of Paris during that period, 30% of the 
people in the age category of 14–46 were estimated to be 
females, 36% of whom frequently used oral contraceptives. 
This situation would explain the relatively high quantities 
of oestrogen in the environment (Cargouet et al. 2004). 
Indeed, in France, high levels of the synthetic oestrogens, 
17α-ethinylestradiol and alkylphenols were detectable 
in ground and surface waters at high concentrations 

(Cargouet et al. 2007). Considering that exposure of 
male fish to as little as 0.1 ng l−1 of oestrogen may induce 
VTG production (Cargouet et al. 2004; Nash et al. 2004), 
concerns abound over the then observed concentrations in 
the Paris environment. 

In North America, the St. Lawrence River and the Puget 
Sound lowlands receive both domestic and industrial 
wastes from Montreal city, with nonylphenol and β-sitosterol 
recorded in sediment in lowlands (Johnson et al. 2008). 
High levels of VTG and intersexuality have been recorded 
in male P. vetulus in the Puget Sound lowlands, attributable 
to xenoestrogens (Aravindakshan et al. 2004). Similar 
studies in Europe on the occurrence of BPA in water and 
sediment samples in Elbe River from Schmilka at the 
German-Czech border confirmed increased plasma VTG 
and prevalence of hermaphroditism in male trout (Heemken 
et al. 2001; Vadja et al. 2008).

In Lake Eleyele, Nigeria, 33% of the Guinean tilapia 
(Tilapia guineensis) exposed to wastewater presented 
intersex, and males were more affected than females 
(Adeogun et al. 2016). Furthermore, concentrations of 
plasma luteinizing hormone and estradiol, mRNA levels 
of the VTG and zona radiata proteins were found to be 
significantly higher in males, compared with females. 
Conversely, PCB congeners (81, 123 and 138), and 
dieldrin were detected in sediment and fish muscles 
(Adeogun et al. 2016). Relatedly, Lake Apopka in USA is 
highly contaminated with chemicals, compared with the 
reference lakes Orange and Woodruff (Toft et al. 2003). 
Studies showed that male mosquitofish from Lake Apopka, 
had shorter gonopodia, and 47% fewer sperm cells per 
milligram in the testis, when, compared with the reference 
lakes (Toft et al. 2003). Samples of male blackchin tilapia 
fish (Sarotherodon melanotheron) from contaminated sites 
in Benin had plasma VTG, which correlated to the levels 
of organochlorine pesticide in the tissue (Okoumassoun et 
al. 2002). In Japan, the Tokyo Bay received up to 4.7 km3 

y−1 of domestic and industrial effluents during the period 
1997 to 1998 (Hashimoto et al. 2000). When 192 male 
flounders (impacted site = 130, control site = 62) in this bay 
were investigated (1997 to 1998), high concentrations of 
VTG in males, and three intersex conditions were recorded 
at impacted sites, unlike at the control site on Hokkaido 
whose conditions were all normal. 

In another study, average concentration of 
17α-ethinylestradiol in 50% of shorthead redhorse fish 
(Moxostoma macrolepidotum) collected downstream 
a wastewater treatment plant at Stag Island, St. Clair 
River, Canada were 1.6 ng l−1 and 1.43 ng l−1 in males 
and females, respectively. Furthermore, concentration 
of 17α-ethinylestradiol correlated to total body lipid 
contents of respective fish specimens. However, at the 
control site, located 24 km from Stag Islands, at Port 
Lambo, 17α-ethinylestradiol was not detected in the fish 
(Al-Ansari et al. 2010). Meanwhile, in Alaska, melting 
snow and industrial runoffs add contaminants to the 
Yukon River. Studies on the northern pike (Esox lucius) 
in the Yukon River showed that the concentration of 
VTG in male specimens from contaminated sites were 
higher than 0.01 mg ml−1, likely attributable to exposure 
to xenoestrogens (Hinck et al. 2007). Downstream of 



African Journal of Aquatic Science 2020: 1–16 9

wastewater treatment plants in Irish rivers where R. rutilus 
and brown trout (Salmo trutta) were studied (McGee et al. 
2012); and the Grand River basin in Canada where the 
Rainbow dater fish (Etheostoma caeruleum) was studied 
(Bahamonde et al. 2015), intersex was recorded, attributable 
to exposure to xenoestrogens. The level of VTG in male 
wild C. carpio in Spain sampled downstream Zaragoza’s 
sewage treatment plant was found to be high, attributable 
to ethinylestradiol and alkylphenols polyethoxylate (Purdon 
et al. 1994; Lavado et al. 2004). In France, the induction of 
VTG in wild chub fish (Leuciscus cephalus) was investigated 
in a relatively clean river (Drôme), and another contaminated 
by metals and organic wastes (Moselle River). Athough 
serum VTG was not detected in male chub fish of the 
Drôme River, high levels (>1 mg ml−1) were observed in 
both males and females of the Moselle River (Flammarion 
et al. 2000). In the Escambia River (USA), the largemouth 
bass (M. salmoides) only showed VTG production in males 
sampled from sites contaminated by industrial wastes 
(Orlando et al. 1999). Similarly, in the Pennsylvania (USA) 
watersheds, plasma VTG was detected in male fish M. 
dolomieu and C. commersonii sampled from sites that were 
contaminated by effluents from a wastewater treatment 
plant (Blazer et al. 2014). The studies reviewed show 
that exposure of fish to xenoestrogens result into different 
reproductive abnormalities, hence necessitating regulation 
and control of their sources. 

Bioaccumulation and biomagnification of 
xenoestrogens in the food web 
Some EDCs have long half-lives in the environment, 
e.g. ranging between 9–15 years for dioxins in soils (Rich 
et al. 2016; Nieder et al. 2018), and therefore tend to 
bioaccumulate and biomagnify in the food web (Rich et 
al. 2016). Actually EDCs are often lipophilic, and tend 
to bioaccumulate in the fatty tissues of fish, eventually 
biomagnifying in the food chain. Besides, metabolites of 
xenoestrogens are often more potent than their parent 
compounds (Priac et al. 2017). By virtue of their position in 
the food web, humans, birds and other consumers of aquatic 
organisms are vulnerable to EDCs (Daghrir and Drogui 
2013). Concerns therefore arise regarding risks associated 
with fish consumption, depending on concentrations of EDCs 
in fillet, the quantity consumed, and reproductive stage 
during exposure. Indeed, in the 1960s, high rates of sterility 
and spontaneous abortions were recorded in grey seals 
(Halichorerus grypus), and ringed seals (Phoca hispida) 
in the Baltic Sea in association with high concentrations of 
DDT and PCBs, resulting from consumption of contaminated 
fish (Rich et al. 2016). At high levels of exposure to EDCs, 
combinations of adverse forms of reproductive malfunctions 
may cause decline in whole populations of organisms. 
Although, reproduction in fish usually occurs whenever the 
progeny has certain chances for survival, exogenous agents 
(xenoestrogens) interfere with the normal physiological 
function of the surviving progeny. 

Like in fish, EDCs may have similar adverse reproductive 
impacts in humans, including decline in conception rates, 
lower sperm counts, reduced fertility and latent menopause 
(Rich et al. 2016). They exert their impacts through 
interference with the hypothalamic-pituitary-gonadal 

pathway, and regulation/control of the hormonal cascade 
during development from puberty to adulthood. Although 
exposure to EDCs may be evident during the foetal stage 
or infancy, normally, there are no observable effects 
until puberty or adulthood (Rich et al. 2016). Besides 
reproductive malfunctions, EDCs have been associated 
with obesity and growth of cancerous tumours (Jarque 
et al. 2015). However, in contrast to aquatic organisms, 
such as fish, the effects of xenoestrogens on humans 
are less clear, because it is a less studied subject (Tijani 
et al. 2015). Furthermore, research on the impact of 
xenoestrogens on human health is limited, because of lack 
of technical expertise to determine detection limits and the 
extremely high cost of undertaking risk assessments (Tijani 
et al. 2015). Epidemiological risk assessment of EDCs on 
human populations is therefore necessary to comprehend 
their health impacts and to design effective management 
measures (Tijani et al. 2015). Although studies on EDCs 
are scanty in developing countries, there is evidence that 
they are on the rise in some jurisdictions, such as South 
Africa (Sorensen et al. 2015).

Spatial and temporal variation of xenoestrogens in the 
environment 
The concentrations of natural and synthetic oestrogens 
in receiving aquatic ecosystems vary at a spatial and 
temporal scale, depending on the levels of wastewater 
inflow, season, population density and human activities 
in the catchment. Furthermore, xenoestrogens, industrial 
chemicals and other pollutants may be discharged in 
relatively high and harmful concentrations in domestic and 
industrial wastes. For example, in China, the concentrations 
of nonylphenol, octylphenol and BPA detected in both 
domestic and industrial wastes correlated strongly with 
levels recorded in the recipient holding-lake (Jin et al. 
2013). Relatedly, in a study of groundwater reservoirs in 
the USA, it was found that almost 81% of the 47 reservoirs 
in 18 states were contaminated with pharmaceutical and 
industrial chemicals (Barnes et al. 2008). 

Naturally, bacteria in the environment, particularly in 
wastewater holding facilities convert harmful chemicals into 
less toxic forms. However, xenoestrogenic substances and 
related chemicals do not undergo complete biodegradation, 
even in wastewater holding facilities with high biomass of 
bacteria. Furthermore, biodegradation of xenoestrogens 
often produce metabolites that conventional waste 
treatment processes and wetland cleansing mechanisms 
may not completely eliminate (Teske and Arnold 2008). 
Indeed, anaerobic biodegradation pathways of such 
chemicals often produce stronger and more potent 
metabolites that hinder additional degradation (Nandong et 
al. 2005). The exposure of wildlife to EDCs is intermittent, 
because of seasonal changes and variable biological, 
industrial and agricultural activities, and it is possible that 
fish may be more affected by periodic peak exposure than 
by chronic exposure (Luzio et al. 2016). Therefore, the 
production, use and disposal of xenoestrogens and related 
chemical compounds should follow stringent standard 
protocols, in order to limit their levels in the environment to 
non-detectable and non-harmful concentrations and ensure 
integrity of both aquatic and terrestrial ecosystems.
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Control of xenoestrogens and related contaminants in 
the environment 
Because of the adverse environmental impacts of 
xenoestrogens and related chemicals, concerns abound 
globally, especially among industrialists, pharmacists, 
medical professionals, scientific community, public officials 
and international organizations regarding their safe use 
and eventual presence in the environment. Several 
measures are necessary at national and international 
levels, by different categories of stakeholders to limit 
the levels of EDCs in the environment and prevent their 
adverse impacts on both aquatic organisms and humans. 
The Persistent Organic Pollutants Treaty of 2001 (the 
Stockholm Convention), as well as the Berlaymont 
Declaration of 2013, aims at protecting aquatic organisms 
and humans from adverse effects of EDCs. Conversely, 
in 2013, the Human Reproductive Health and General 
Environment Network (HURGENT) was formed in Europe 
in collaboration with the World Health Organization (WHO) 
to control adverse effects of EDCs, through surveillance 
and information sharing. In order to ensure safety of global 
aquatic ecosystems, the United Nations’ Sustainable 
Development Goals (SDGs) emphasise restoration of life 
below water (Goal 14), and responsible consumption and 
production (Goal 12). Furthermore, the European Union 
placed the contraceptive 17α-ethinylestradiol among the 
list of priority contaminants (Sumpter and Jobling 2013) 
to be closely monitored and controlled. Meanwhile in the 
USA, several chemicals considered to disrupt animal 
endocrine systems or reproduction and have adverse 
environmental impacts were banned since the 1970s. 
Indeed, more than 70 000 potential endocrine disruptors are 
closely regulated in the USA through the Toxic Substances 
Control Act (TSCA), the Environmental Protection Agency 
(EPA) and Endocrine Disruptors Screening and Testing 
Advisory Committee (EDSTAC) (Vlachogianni et al. 2010). 
However, in developing countries, several factors, e.g. poor 
sanitation, poor management of industrial, municipal and 
domestic wastes, poor application methods of herbicides 
and agro-chemicals, as well as weak implementation of 
environmental laws are responsible for discharge of large 
quantities of several chemicals (including xenoestrogens), 
with adverse impacts on the environment. Because aquatic 
ecosystems receive cocktails of xenoestrogenic chemicals 
from several sources, e.g. wastewater treatment plants, 
agricultural lands and municipal runoff, there is necessity to 
design effective control measures, advised by surveillance, 
biomonitoring and ecotoxicological studies. Setting minimum 
discharge limits for individual chemicals in wastewater 
and carrying out sensitization of the public regarding their 
pathways and negative health impacts is also essential. 
Indeed, redesign of wastewater treatment plants should 
cater for removal of EDCs, for example, through advanced 
oxidation technologies.

Tijani et al. (2016) recommend collaborative and 
multidisciplinary research to collect data on the sources 
of xenoestrogenic chemicals, their pathways, effects on 
organisms and humans, and other aspects of EDCs to 
devise means of regulating their concentrations in the 
environment and prevent harmful effects on organisms. 
Amongst these measures is banning the use of some 

xenoestrogenic chemicals. Relevant environment policies 
and laws should be formulated and enacted by the line 
agencies of national governments and other international 
jurisdictions to control use of xenoestrogenic chemicals. 
Governments should in turn establish and implement 
effective enforcement measures of the policies and laws 
regulating EDCs. Specialised laboratories to study effects 
of EDCs, and carry out environmental monitoring should 
be built and equipped, especially in developing countries. 
Furthermore, the fate of EDCs in the environment should 
be tracked through design and development of predictive 
models to assist enforcement of regulatory control 
measures. Because various stakeholders with conflicting 
interests produce, use or treat and dispose different types 
of xenoestrogenic chemicals, political will and support 
from relevant government authorities, civil societies and 
non-governmental organizations are prerequisites for 
effective implementation of control measures against EDCs. 
In highlighting the environmental challenges posed by 
xenoestrogens, we hope to raise awareness and indeed 
design effective control measures, especially for developing 
countries of eastern Africa, such as Uganda. Implementation 
of the recommended measures is essential to prevent 
proliferation of xenoestrogenic chemicals in the environment, 
for substantial removal from terrestrial ecosystems, and 
prevention of disruptive effects on endocrine system of 
aquatic organisms and humans. 

The requirement for investigations on the impact of 
xenoestrogens in developing countries 
Most recorded studies of adverse effects of xenoestrogens 
in aquatic ecosystems (Table 2) have been in developed 
countries of Asia, Europe and America. Several 
sub-Saharan African (SSA) countries are using DDT, 
lindane, heptachlor, endrin, dieldrin and toxaphene for 
combating agricultural pests and controlling disease vectors, 
especially mosquitoes. Such practices are represented 
by the accumulation of toxic chemical residues in different 
environmental samples, more than any other regions in 
the world (Mansour 2009). However, limited studies on the 
impact of xenoestrogens in the aquatic environment and 
on fish reproduction in developing countries have been 
undertaken in SSA, e.g. Ghana (Asem-Hiablie et al. 2013a), 
Benin (Okoumassoun et al. 2002; Agbohessi et al. 2015), 
South Africa (Marchand et al. 2008) and Nigeria (Adeogun 
et al. 2016; Ibor et al. 2016; Ibor et al. 2017). Yet, developing 
SSA countries have serious challenges related to pollution 
and contamination of their aquatic ecosystems, attributable 
to poor treatment and disposal of wastes emanating from 
domestic, municipal, industrial and agricultural sources.

Eastern Africa’s Lake Victoria, the world’s second 
largest freshwater lake has been severely affected by 
organic and inorganic chemical pollution, attributable 
to unregulated human activities and ill-planned rapid 
urbanization within its catchment. The level of organic 
pollution in Lake Victoria has reached the extent of anoxia, 
with massive algal blooms and general deterioration in 
water quality. Fortunately, the level of PCBs in water, 
sediments and fish tissue of Nile perch (Lates niloticus) and 
Nile tilapia (O. niloticus) are still within permissible levels 
recommended by the European Commission (Ssebugere et 
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al. 2014), hence not yet a threat to human health. Similarly, 
levels of mercury and other heavy metals in water, 
sediments and fish tissue are also still within permissible 
international levels (Campbell et al. 2003). However, 
information regarding a broad range of xenoestrogenic 
chemicals and VTG in fishes from Lake Victoria is lacking. 
This paper reviews critical literature at global level to set the 
platform for experiments and field investigations aimed at 
assessing the levels and adverse impacts of xenoestrogens 
in Lake Victoria, with emphasis on L. niloticus, O. niloticus 
and lung fish (Protopterus spp.), as the main fisheries.

Conclusions and recommendations

Xenoestrogenic chemicals include a broad of range of 
compounds that disrupt the vertebrate endocrine system by 
mimicking and interfering with their functions in reproduction, 
resulting into abnormalities, such as testicular oocytes, 
infertility, low fecundity and intersexuality. Vitellogenin 
production in male fish is an important biomarker, indicating 
xenoestrogenic exposure in aquatic environments. A cocktail 
of substances, such as plastic materials, domestic and 
industrial wastes, pharmaceutical drugs and agro-chemicals 
are important sources of xenoestrogenic chemicals that 
are carried in effluents or runoffs from terrestrial to aquatic 
ecosystems. Being an organism that reacts to the effects of 
xenoestrogens, fish serves as a sentinel, providing evidence 
of the adverse impacts of the chemicals on vertebrate 
reproduction. Many of the chemicals bio-accumulate in fish 
fatty tissues because they are lipophilic, hence potentially 
biomagnify in the food web, through consumption by 
humans and other predators like birds. Although evidence 
is scarce, there are indications that xenoestrogens may 
cause similar reproductive abnormalities in humans, as 
observed in fish. At a population level, adverse effects of 
xenoestrogens on fish reproduction cause a decline in their 
numbers or localised population extinction of the species 
(Hamilton et al. 2016). In contrast to well-studied adverse 
impacts of xenoestrogens on aquatic ecosystems and 
fish in developed countries, similar studies are lacking in 
developing sub-Saharan African countries, such as those 
in the African great lakes region. Therefore, to inform 
studies on xenoestrogens in Lake Victoria, this paper 
reviewed critical literature regarding their adverse impacts 
on fish, such as vitellogenin induction. There are several 
control and management measures required to stem the 
adverse impacts of chemicals on reproductive biology of 
fish and ultimately to humans. These include surveillance, 
reproductive studies on fish and other aquatic and 
terrestrial organisms, collaborative research, sharing critical 
information and banning of their production and use. Such 
efforts require strong political will, formulation of national/
international management policies, laws, and convention, 
and their enforcement by relevant government authorities 
and agencies. 

Acknowledgements — We thank the Nigeria’s Federal Ministry of 
Education, in collaboration with the Tertiary Education Trust Fund 
and Kano State Government (Project # TETF/DAST&D/4.30/
CIV.R/2012/2013), who facilitated doctoral training of Inuwa 
Badamasi at Makerere University. 

ORCID

C Masembe: http://orcid.org/0000-0002-9581-0414

References

Abong’o D, Wandiga S, Jumba I. 2018. Occurrence and distribution 
of organochlorine pesticide residue levels in water, sediment and 
aquatic weeds in the Nyando River catchment, Lake Victoria, 
Kenya. African Journal of Aquatic Science 43: 255–270. https://doi.
org/10.2989/16085914.2018.1490244.

Adeogun AO, Ibor OR, Adeduntan SD, Arukwe A. 2016. Intersex 
and alterations in reproductive development of a Cichlid, Tilapia 
guineensis, from a municipal domestic water supply Lake (Eleyele) 
in Southwestern, Nigeria. Science of the Total Environment 541: 
372–382. https://doi.org/10.1016/j.scitotenv.2015.09.061.

Adlercreutz H, Fotsis T, Bannwart C, Hämäläinen E, Bloigu 
S, Ollus A. 1986. Urinary estrogen profile determination 
in young Finnish vegetarian and omnivorous women. 
Journal of Steroid Biochemistry 24: 289–296. https://doi.
org/10.1016/0022-4731(86)90067-1.

Agbohessi PT, Imorou Toko I, Ouédraogo A, Jauniaux T, Mandiki 
S, Kestemont P. 2015. Assessment of the health status of wild 
fish inhabiting a cotton basin heavily impacted by pesticides in 
Benin (West Africa). Science of the Total Environment 506–507: 
567–584. https://doi.org/10.1016/j.scitotenv.2014.11.047.

Ågerstrand M, Breitholtz M, Rudén C. 2011. Comparison of 
four different methods for reliability evaluation of ecotoxicity 
data: a case study of non-standard test data used in 
environmental risk assessments of pharmaceutical substances. 
Environmental Sciences Europe 23(1): 1–17. https://doi.
org/10.1186/2190-4715-23-17.

Al-Ansari AM, Saleem A, Kimpe LE, Sherry JP, McMaster 
ME, Trudeau VL, Blais JL. 2010. Bioaccumulation of the 
pharmaceutical 17α-ethinylestradiol in shorthead redhorse suckers 
(Moxostoma macrolepidotum) from the St. Clair River, Canada. 
Environmental Pollution 158: 2566–2571. https://doi.org/10.1016/j.
envpol.2010.05.020.

Allen Y, Matthiessen P, Scott AP, Haworth S, Feist S, Thain JE. 
1999. The extent of exterogenic contamination in the UK estuarine 
and marine environment-further survey of flounder. Science 
of the Total Environment 233: 5–20. https://doi.org/10.1016/
S0048-9697(99)00175-8.

Allner B, von der Gönna S, Griebeler EM, Nikutowski N, Weltin A, 
Stahlschmidt-Allner P. 2010. Reproductive functions of wild fish as 
bioindicators of reproductive toxicants in the aquatic environment. 
Environmental Science Pollution and Research 17: 505–518. 
https:// doi.org/10.1007/s11356-009-0149-x.

Andersen L, Hollbech H, Gesbo A, Petersen GI, Norrgren A. 
2003. Effect of exposure to 17α-ethinyl estradiol during early 
development on sexual differentiation and induction of vitellogenin 
in zebrafish (Danio rerio). Comparative Biochemistry and 
Physiology 134: 365–374.

Angus RA, Stanko J, Jenkins RL, Watson RD. 2005. Effects of 
17α-ethinylestradiol on sexual development of male (Gambusia 
affinis)Western mosquitofish. Comparative Biochemistry and 
Physiology Part C 140: 330–339.

Aravindakshan J, Gregory M, Marcogliese DJ, Fournier M, Cyr DG. 
2004. Consumption of xenoestrogen-contaminated fish during 
lactation alters adult male reproductive function. The Journal of 
Toxicological Sciences 81: 179–189. https://doi.org/10.1093/toxsci/
kfh174.

Asem-Hiablie S, Church C, Elliott H, Shappell N, Schoenfuss 
H, Drechsel P, Williams C, Knopf A, Dabie M. 2013a. Serum 
estrogenicity and biological responses in African catfish raised in 
wastewater ponds in Ghana. Science of the Total Environment 



Badamasi, Odong and Masembe12

463: 1182–1191. https://doi.org/10.1016/j.scitotenv.2013.06.032.
Asem-Hiablie S, Church CD, Elliott HA, Shappell NW, Schoenfuss 

HL, Drechsel P, Williams CF, Knof AL, Dabie MY. 2013b. 
Serum estrogenicity and biological responses in African catfish 
raised in wastewater ponds in Ghana. Science of the Total 
Environment 463–464: 1182–1191. https://doi.org/10.1016/j.
scitotenv.2013.06.032.

Ashfaq M, Sun Q, Ma C, Rashid A, Li Y, Mulla SI. Yu CP. 2019. 
Occurrence, seasonal variation and risk evaluation of selected 
endocrine disrupting compounds and their transformation products 
in Jiulong river and estuary, China. Marine Pollution Bulletin 145: 
370–376. https://doi.org/10.1016/j.marpolbul.2019.05.016.

Augustine A, Ander G. 1998. Xenobiotics, xenoestrogens and 
reproduction disturbances in fish. Sarsia North Atlantic Marine 
Science Journal 83: 225–241. 

Badamasi I, Odong R, Masembe C. 2019. Implications of increasing 
pollution levels on commercially important fishes in Lake Victoria. 
Journal of Great Lakes Research 45: 1274–1289. https://doi.
org/10.1016/j.jglr.2019.09.024.

Bahamonde PA, Fuzzen ML, Bennett CJ, Tetreault GR, McMaster 
ME, Servos MR, Martyrniuk CJ, Martyniuk KR. 2015. Whole 
organism responses and intersex severity in rainbow darter 
(Etheostoma caeruleum) following exposures to municipal 
wastewater in the Grand River Basin, ON, Canada. Part A. Journal 
of Aquatic Toxicology 159: 290–301. https://doi.org/10.1016/j.
aquatox.2014.11.023.

Bahamonde PA, Munkittrick KR, Martyniuk CJ. 2013. Intersex in 
teleost fish: are we distinguishing endocrine disruption from natural 
phenomena? General and Comparative Endocrinology 192: 25–35. 
https://doi.org/10.1016/j.ygcen.2013.04.005.

Baldigo BP, Sloan RJ, Smith SB, Denslow ND, Blazer VS, Gross 
ST. 2006. Polychlorinated biphenyls, mercury, and potential 
endocrine disruption in fish from Hudson River, Newyork, USA. 
Journal of Aquatic Sciences 68: 206–228. https://doi.org/10.1007/
s00027-006-0831-8.

Barnes KK, Kolpin DW, Furlong ET, Zaugg SD, Meyer MT, Barber 
LB. 2008. A national reconnaisssance of pharmaceuticals and 
other organic wastewater contaminants in the United States - 1) 
Groundwater. Science of the Total Environment 402: 192–200. 
https://doi.org/10.1016/j.scitotenv.2008.04.028.

Bhandari RK, Deem SL, Holliday DK, Jandegian CM, Kassotis CD, 
Nagel SC, Tillitt DE, vom Saal FS, Rosenfeld CS. 2015. Effects 
of the environmental estrogenic contaminants bisphenol A and 
17α-ethinyl estradiol on sexual development and adult behaviors 
in aquatic wildlife species. General and Comparative Endocrinology 
214: 195–219. https://doi.org/10.1016/j.ygcen.2014.09.014.

Blanchfield PJ, Kidd KA, Docker MF, Palace VP, Park BJ, Postma 
LD. 2015. Recovery of a Wild fish population from whole-lake 
additions of a synthetic estrogen. Environmental Science and 
Technology 49: 3136–3144. https://doi.org/10.1021/es5060513.

Blazer VS, Iwanowicz DD, Walsh HS, Sperry AJ, Iwanowicz LR, 
Alvarez DA, Brightbill RA, Smith G, Foreman WT, Manning R. 
2014. Reproductive health indicators of fishes from Pennylsvania 
Watersheds: association with chemicals of emerging concern. 
Journal of Environmental Monitoring and Assessment 186: 
6471–6491. https://doi.org/10.1007/s10661-014-3868-5.

Blazer VS, Iwanowicz LR, Henderson H, Mazik PM, Jenkins JA, 
Alvarez DA, Young JA. 2012. Reproductive endocrine disruption 
in smallmouth bass (Micropterus dolomieu) in the Potomac River 
Basin: spatial and temporal comparisons of biological effects. 
Journal of Environmental Monitoring Assessment 184: 4309–4334. 
https://doi.org/10.1007/s10661-011-2266-5.

Bon E, Barbe U, Rodriguez JN, Cuisset B, Pelissero C, Sumpter JP, 
Le Menn F. 1997. Plasma vitellogenin levels during the annual 
reproductive cycle of the female rainbow trout (Oncorhynchus 
mykiss): establishment and validation of an ELISA. Journal of 
Comparative Biochemistry and Physiology Part B: Biochemistry 

and Molecular Biology 117: 75–84. https://doi.org/10.1016/
S0305-0491(96)00252-0.

Booth DJ, Skene CD. 2006. Rapid assessment of endocrine 
disruption: vitellogenin (Vtg) expression in male estuarine toadfish. 
Australian Journal of Ecotoxicology 12: 3–8. 

Burgos-Aceves MA, Cohen A, Smith Y, Faggio C. 2016. Estrogen 
regulation of gene expression in the teleost fish immune system. 
Fish & Shellfish Immunology 58: 42–49. https://doi.org/10.1016/j.
fsi.2016.09.006.

Campbell CG, Borglin SE, Green FB, Grayson A, Wozei E, 
Stringfellow WT. 2006. Biologically directed environmental 
monitoring fate, and transport of estrogenic endocrine disrupting 
compounds in water: a review. Chemosphere 65: 1265–1280. 
https://doi.org/10.1016/j. chemosphere.2006.08.003.

Campbell LM, Dixon DG, Heckey RE. 2003. A review of mercury in 
Lake Victoria, East Africa: implications for human and ecosystem 
health. Journal of Toxicology and Environmental Health, Part B 6: 
325–356.

Cargouet M, Perdiz D, Levi Y. 2007. Evaluation of estrogenic 
potential of river and treated waters in the Paris Area (France) 
using In Vivo and In Vitro assays. Journal of Ecotoxicology and 
Environmental Safety 69: 149–156. https://doi.org/10.1016/j.
ecoenv.2006.03.001.

Cargouet M, Perdiz D, Mouatassim-Souali A, Tamisier-Karolak 
S, Levi Y. 2004. Assessment of river contamination by 
estrogenic compounds in Paris Area (France). Science of 
the Total Environment 324: 55–66. https://doi.org/10.1016/j.
scitotenv.2003.10.035.

Chen X, Uzuner U, Li M, Shi W, Yuan JS, Dai SY. 2016. 
Phytoestrogen and mycoestrogens induce signature structure 
dynamics changes on estrogen α. International Journal of 
Environmental Research and Public Health 13(9): 869–883. https://
doi.org/10.3390/ijerph13090869.

Coady KK, Biever RC, Denslow ND, Gross M, Guiney PD, Holbech 
H, Karouna-Renier NK, Katsiadaki I, Krueger H, Levine SL. 2017. 
Current limitations and recommendations to improve testing for 
the environmental assessment of endocrine active substances. 
Integrated Environmental Assessment and Management 13: 
302–316. https://doi.org/10.1002/ieam.1862.

Copeland PA, Sumpter JP, Walker TK, Croft M. 1986. Vitellogenin 
levels in male and female rainbow trout (Salmo Gairneri 
Richardson) at various stage of the reproductive cycle. 
Comparative Biochemistry and Physiology 83B(2): 487–493.

Crowther JR. 2001. Methods in molecular biology. The ELISA 
guidebook. Totowa, New Jersey: USA: Human Press. https://
books.google.com/books. [Accessed 25 August 2015].

Cui J, Shen Y, Li R. 2013. Estrogen synthesis and signaling pathways 
during ageing: from periphery to brain. Journal of Trends in 
Molecular Medicine 19 (3): 197– 209. https://doi.org/10.1016/j.
molmed.2012.12.007.

Daghrir R, Drogui P. 2013. Tetracycline antibiotics in the environment: 
a review. Environmental Chemistry Letters 11: 209–227. https://doi.
org/10.1007/s10311-013-0404-8.

Darbre PD. 2018. Overview of air pollution and endocrine disorders. 
International Journal of General Medicine 11: 191–207. https://doi.
org/10.2147/IJGM.S102230.

Dellafiora L, Dall’Asta C. 2017. Forthcoming challenges in 
mycotoxins toxicology research for safer food—a need for 
multi-omics approach. Toxins 9(1): 1–14. https://doi.org/10.3390/
toxins9010018.

Denslow ND, Chow MC, Kroll KJ, Green L. 1999. Vitellogenin 
as a biomarker of exposure for estrogen or estrogen 
mimics. Journal of Ecotoxicology 8: 385–398. https://doi.
org/10.1023/A:1008986522208.

Dias LCA, Soares AMVM, Ferreira ALG, Santos CS, Monteiro 
MS. 2014. Biomarkers of endocrine disruption in juveniles and 
females of the estuarine fish (Pomatoschistus microps). Journal 



African Journal of Aquatic Science 2020: 1–16 13

of Marine Pollution Bulletin, 84: 314–321. https://doi.org/10.1016/j.
marpolbul.2014.04.040.

Dumitrescus G, Ciochina LP, Voia S, Dronca D, Boca L. 2010. 
Histological changes induced in gonads, liver and kidney of zebra 
fish (Denio rerio) under the effect octylphenol (OP). Journal of 
Animal Science Biotechnology 43(1): 484–489.

Emmersen BK, Petersen MI. 1976. Natural occurrence and 
experimental induction by estradiol-17β of a lipophosphoprotein 
(vitellogenin) in flounder (Platichtys flesus, L.). Comparative 
Biochemistry and Physiology 54B: 443–446.

Feist GW, Webb MH, Gundersen DT, Foster EP, Schreck CB, 
Maule AG, Fitzpatrick MS. 2005. Evidence of detrimental effects 
of environmental contaminants on growth and reproductive 
physiology of white sturgeon in impounded areas of the Columbia 
River. Journal of Environmental Health Perspectives 113(12): 
1675–1682. https://doi.org/10.1289/ehp.8072.

Flammarion P, Brion F, Babut M, Garric J, Migeon B, Noury P, 
Thybaud E. 2000. Induction of fish vitellogenin and alterations in 
testicular structure: preliminary results of estrogenic effects in chub 
(Leuciscus cephalus). Journal of Ecotoxicology 9: 127–135. https://
doi.org/10.1023/A:1008984616206.

Folmar LC, Gardner GR, Schreibman MP, Cepriano LM, Mill LJ, 
Zaroogian G, Gutjahr-Gobell R, Haebler R, Horowitz DB, Denslow 
ND. 2001a. Vitellogenin-induced pathology in male Summer 
flounder (Paralichthys dentatus). Journal of Aquatic Toxicology 51: 
431–441. https://doi.org/10.1016/S0166-445X(00)00121-1.

Folmar MC, Denslow ND, Kroll K, Orlando EF, Enblom J, Marcino 
J, Metacalfe C, Guillette LJ. 2001b. Altered serum sex steroids 
and vitellogenin induction in walleye (Stizestedion vitreum) 
collected near a metropolitan sewage treatment plant. Journal of 
Environmental Contamination and Toxicology 40: 392–398. https://
doi.org/10.1007/s002440010188.

Frey CA, Calamendreis C, Bo E, Calza L, Fernandez M, Fusani 
L, Kajta M, Page YL, Venorossi, A, Wojtowick AK, et al. 2012. 
Endocrine disrupters: a review of some sources, effects, and 
mechanisms of actions on behaviour and neuroendocrine 
systems. Journal of Neuroendocrinology 24: 144–159. https://doi.
org/10.1111/j.1365-2826.2011.02229.x.

Fukada HA, Haga T, Fuita T, Hiramatsu N, Sullivan CV, Hara 
A. 2001. Development and validation of chemi-luminscent 
immunoassay. Journal of Comparative Biochemistry 
and Physiology 130A: 163–170. https://doi.org/10.1016/
S1095-6433(01)00381-6.

Getsfrid W, Thiyagarajah A, Hartley WR. 2004. Ovotestis in Japanese 
medaka. Journal of Aquatic Animal Health 16: 164–168. https://doi.
org/10.1577/H03-037.1.

Grilo TF, Rosa R. 2017. Intersexuality in aquatic invertebrates: 
prevalence and causes. Science of the Total Environment 592: 
714–728. https://doi.org/10.1016/j.scitotenv.2017.02.099.

Gross-Sorokin MY, Roast SD, Brighty GC. 2006. Assessment of 
feminization of male fish in English Rivers by the Environment 
Agency of England and Wales. Journal of Environmental Health 
Perspectives 114: 147–151. https://doi.org/10.1289/ehp.8068.

Guang-Guo Y, Rai SK, Ying-Jun R. 2002. Occurrence and 
fate of hormone steroids in the environment. Journal of 
Environmental International 28: 545–551. https://doi.org/10.1016/
S0160-4120(02)00075-2.

Guillette LJ, Crain DA, Rooney AA, Pickford DB. 1995a. Organization 
versus activation: the role of endocrine-disrupting contaminants 
(EDCs) during embryonic development in wildlife. Journal of 
Environmental Health Perspectives 103: 157.

Guillette LJ, Gross TS, Gross DA, Rooney AA, Percival HF. 
1995b. Gonadal steroidogenesis in vitro from juvenile alligators 
obtained from contaminated or control lakes. Environmental 
Health Perspectives 103(Suppl 4): 31–36. https://dx.doi.
org/10.1289%2Fehp.95103s431.

Guillette LJ, Gross TS, Masson GR, Matter JM, Percival HF, 

Woodward AR. 1994. Developmental abnormalities of the 
gonad and abnormal sex hormone concentrations in juvenile 
alligators from contaminated and control lakes in Florida. 
Environmental Health Perspectives 102(8): 680–688. https://dx.doi.
org/10.1289%2Fehp.94102680.

Hachfi L, Couvray S, Simide R, Tarnowska K, Pierre S, Gaillard S, 
Richard S, Coupe S, Grillasca J, D’Alvise NP. 2012. Impact of 
endocrine disrupting chemicals (EDCs) on hypothalamic-pituitary-
gonad-liver (HPGL) axis in fish. World Journal of Fish and Marine 
Sciences 4(1): 14–30.

Hamilton PB, Cowx IG, Oleksiak MF, Griffiths AM, Grahn M, Stevens 
JR, Carvalho GR, Nicol E, Tyler CR. 2016. Population‐level 
consequences for wild fish exposed to sublethal concentrations 
of chemicals–a critical review. Fish and Fisheries 17: 545–566. 
https://doi.org/10.1111/faf.12125.

Harries JE, Sheahan DA, Jobling S, Matthiessen P, Neall P, Sumpter 
JP, Tylor T, Zaman N. 1997. Estrogenic activity in five United 
Kingdom Rivers detected by measurement of vitellogenesis in 
caged male trout. Journal of Environmental Toxicology Chemicals 
16: 534–542. https://doi.org/10.1002/etc.5620160320.

Hashimoto S, Bessho H, Hara A, Nakamura M, Iguchi T, Fujita 
K. 2000. Elevated serum Vvtellogenin levels and gonadal 
abnormalities in wild male flounder (Pleuronectes yokohamae) 
from Tokyo Bay, Japan. Journal of Marine Environmental Research 
49: 37–53. https://doi.org/10.1016/S0141-1136(99)00047-1.

Hecker M, Murphy MB, Coady KK, Villeneuve DL, Jones DP, Carr 
AJ, Solomon RK, Smith EE, Vander Kraak G, Gross T, Dupreez L, 
Kendal JR, Giesy JP. 2006. Terminology of gonadal abnomalies in 
fish and amphibians resulting from chemical exposure. Reviews of 
Environmental Contamination and Toxicology 187: 103–131.

Hecker M, Tyler CR, Hoffmann M, Maddix S, Karbe L. 2002. Plasma 
biomarkers in fish provide evidence for endocrine modulation in the 
Elbe River, Germany. Environmental Science and Technology 36 
(11): 2311–2321. https://doi.org/10.1021/es010186h.

Heemken OP, Reincke H, Stachel B, Theobald N. 2001. The 
occurrence of xenoestrogen in the Elbe River and the North 
Sea. Chemosphere 45: 245–259. https://doi.org/10.1016/
S0045-6535(00)00570-1.

Henkel R. 2018. Environmental contamination and testicular 
function. In: Bioenvironmental issues affecting men’s reproductive 
and sexual health. Elsevier, 191–208. https://doi.org/10.1016/
B978-0-12-801299-4.00012-8

Herman RL, Kincaid HL. 1988. Pathological effects of orally 
administered estradiol to rainbow trout. Journal of Aquaculture 72: 
165–172. https://doi.org/10.1016/0044-8486(88)90156-1.

Hicks KA, Fuzzen ML, McCann EK, Arlos MJ, Bragg LM, Kleywegt 
S, Tetreault GR, McMaster ME, Servos MR. 2017. Reduction of 
intersex in a wild fish population in response to major municipal 
wastewater treatment plant upgrades. Environmental Science 
& Technology 51: 1811–1819. https://doi.org/10.1021/acs.
est.6b05370.

Hinck JE, Blazer VS, Denslow ND, Myers MS, Gross TS, Tillitt DE. 
2007. Biomarkers of contaminant exposure in Northern Pike 
(Esox lucius) from the Yukon River Basin, Alaska. Archives of 
Environmental Contamination and Toxicology 52: 549–562. https://
doi.org/10.1007/s00244-006-0134-z.

Houtman CJ. 2010. Emerging contaminants in surface waters and 
their relevance for the production of drinking water in Europe. 
Journal of Integrative Environmental Sciences 7: 271–295. https://
doi.org/10.1080/1943815X.2010.511648.

Hurley SG, Lackey BR, Tate PL, Gray SL. 2016. Xenoestrogens 
from household plastics bind estrogen receptors and affect cell 
proliferation. Journal of the South Carolina Academy of Science 
14(1): 15–16. 

Ibor OR, Adeogun AO, Chukwuka AV, Arukwe A. 2017. Gross 
pathology, physiological and toxicological responses in relation to 
metals and persistent organic pollutants (POPs) burden in tilapia 



Badamasi, Odong and Masembe14

species from Ogun River, Nigeria. Marine Environmental Research 
129: 245–257. https://doi.org/10.1016/j.marenvres.2017.06.003.

Ibor OR, Adeogun AO, Fagbohun OA, Arukwe A. 2016. Gonado-
histopathological changes, intersex and endocrine disruptor 
responses in relation to contaminant burden in Tilapia species 
from Ogun River, Nigeria. Chemosphere 164: 248–262. https://doi.
org/10.1016/j.chemosphere.2016.08.087.

Islinger M, Yuan H, Voelkl A, Braunbeck T. 2002. Measurement 
of vitellogenin gene expression by RT-PCR as a tool to 
identify endocrine disruption in Japanese medaka (Oryzias 
latipes). Journal of Biomarkers 7: 80–93. https://doi.
org/10.1080/13547500110086919.

Iversen PL. 2018. Chemicals in the environment. Molecular basis 
of resilience. Switzerland: Springer Nature AG. https://doi.
org/10.1007/978-3-319-98164-2_7.

Jarque S, Quiros S, Grimalt JO, Gallego E, Catalan J, Lackner R, 
Pina B. 2015. Background fish feminisation effects in European 
remote sites. Scientific Reports 5: 11292–11298. https://doi.
org/10.1038/srep11292.

Jensen KM, Ankley GT. 2006. Evaluation of a commercial kit for 
measuring vitellogenin in the fathead minnows (Pimephales 
promelase). Journal of Ecotoxicology and Environmental Safety 
64(2): 101–105. https://doi.org/10.1016/j.ecoenv.2006.02.011.

Jin S, Yang F, Xu Y, Dai H, Liu W. 2013. Risk assessment of 
xenoestrogen in a typical domestic sewage holding lake in 
China. Chemosphere 93: 892–898. https://doi.org/10.1016/j.
chemosphere.2013.05.037.

Jobling S, Beresford N, Nolan M, Rodgers-Gray T, Brighty GC, 
Sumpter JP, Tyler CR. 2002a. Altered sexual maturation and 
gamete production in wild roach (Rutilus rutilus) living in rivers that 
receive treated sewage effluent. Journal of Biology of Reproduction 
66: 272–281. https://doi.org/10.1095/biolreprod66.2.272.

Jobling S, Coey S, Whitmore JG, Kime DE, Van Look KJ, McAllister 
BG, Beresford N, Henshaw AC, Brighty G, Tyler CR, Sumpter JP. 
2002b. Wild intersex roach (Rutilus rutilus) have reduced fertility. 
Journal of Biology and Reproduction 67: 515–524. https://doi.
org/10.1095/biolreprod67.2.515.

Jobling S, Nolan M, Tyler CR, Brighty G, Sumpter JP. 1998. 
Widespread Sexual disruption in wild fish. Environmental Science 
and Technology 32: 2498–2506. https://doi.org/10.1021/es9710870.

Jobling S, Sheahan D, Osborne JA, Mathiessen P, Sumpter JP. 
1996. Inhibition of testicular growth in rainbow trout (Oncorhynchus 
mykiss) exposed to estrogenic alkylphenolic chemicals. Journal of 
Environmental Toxicology and Chemistry 15: 194–202. https://doi.
org/10.1002/etc.5620150218.

Jobling S, Williams R, Johnson A, Taylor A, Gross-Sorokin M, 
Nolan M, Tyler CR, van Aerle R, Santos E, Brighty G. 2006. 
Predicted exposures to steroid estrogens in UK Rivers correlate 
with widespread sexual disruption in wild fish populations. Journal 
of Environmental Health Perspectives 114: 32–39. https://doi.
org/10.1289/ehp.8050.

Johnson LL, Lomax DP, Myers MS, Olson OP, Sol SY, Oneill SM, 
West J, Collier TK. 2008. Xenoestrogen exposure and effects in 
English sole (Parophrys vetulus) from Puget Sound, WA. Journal 
of Aquatic Toxicology 88: 29–38. https://doi.org/10.1016/j.
aquatox.2008.03.001.

Jones PD, Tremblay LA, DeCoon WM, Glosy JP. 2000. Vitellogenin 
as a biomarker for environmental estrogens. Australasian Journal 
of Ecotoxicology 42: 1–58. https://doi.org/10.2166/wst.2000.0546.

Jordan SJ, Benson WH, Foran CM, Bennett ER, Snyder EM. 2016. 
Endocrine-disrupting compounds in aquatic ecosystems. New 
York, USA: Endocrine Toxicology, Informa Healthcare. 

Kanda R. 2019. Reproductive impact of environmental chemicals 
on animals. pp 41–70 In: Comizzoli P, Brown J, Holt W (Eds) 
Reproductive Sciences in Animal Conservation. Advances in 
Experimental Medicine and Biology, Vol 1200. Cham, Switzerland: 
Springer.

Khanal KS, Xie B, Thomson ML, Sung S, Ong S, Van Leeuwen J. 
2006. Fate, transport, and biodegradation of natural estrogens in 
the environment and engineered systems. Environmental Science 
and Technology 40(21): 6537–6546. https://doi.org/10.1021/
es0607739.

Kumar A, Williams M, Woods M, Kookana R, Barber L, Vajda A, 
Doan H, Gregg A, Gonzago D, Bain P. 2012. Treated effluent 
in the aquatic environment: impact assessment of endocrine 
disrupting chemicals. Water for a Healthy Country Flagship Report 
Series.

Labadie P, Budzinski H. 2005. Determination of steroidal hormone 
profiles along the Jalle dEysines River (near Bordeaux, France). 
Environmental Science and Technology 39(14): 5113–5120. 
https://doi.org/10.1021/es048443g.

Laetz CA, Hecht SA, Incardona JP, Collier TK, Scholz NL. 2015. 
Ecotoxicological risk of mixtures. pp 441–462. In: Amiard-Triquet C, 
Amiard J-C, Mouneyrac C. (Eds) Aquatic ecotoxicology: advancing 
tools for dealing with emerging risks. Cambridge, USA: Elsevier 
Academic Press.

Latonnelle K, Fostier A, Le Menn F, Bennetau-Pelissero C. 
2002. Binding affinities of hepatic nuclear estrogen receptors 
for phytoestrogens in rainbow trout (Oncorhynchus mykiss) 
and Siberian sturgeon (Acipenser baeri). General and 
Comparative Endocrinology 129: 69–79. https://doi.org/10.1016/
S0016-6480(02)00512-9.

Lavado R, Thibaut R, Raldúa D, Martín R, Porte C. 2004. First 
evidence of endocrine disruption in feral carp from the Ebro River. 
Journal of Toxicology and Applied Pharmacology 196: 247–257. 
https://doi.org/10.1016/j.taap.2003.12.012.

Lee JW, Lee J, Shin Y, Kim J, Ryu T, Ryu J, Lee J, Kim P, Choi 
K, Park K. 2017. Multi-generational xenoestrogenic effects of 
perfluoroalkyl acids (PFAAs) mixture on Oryzias latipes using 
a flow-through exposure system. Chemosphere 169: 212–223. 
https://doi.org/10.1016/j.chemosphere.2016.11.035.

Liao C, Kannan K. 2013. Concentrations and profiles of bisphenol-A 
and other bisphenol analogues in foodstuffs from the United States 
and their implications for human exposure. Journal of Agricultural 
and Food Chemistry 61: 4655–4662. https://doi.org/10.1021/
jf400445n.

Liu C, Du Y, Zhou B. 2007. Evaluation of estrogenic activities and 
mechanism of action of perfluorinated chemicals determined 
by vitellogenin induction in primary cultured tilapia hepatocytes. 
Journal of Aquatic Toxicology 85: 267–277. https://doi.
org/10.1016/j.aquatox.2007.09.009.

Liu R, Zhou JL, Widing A. 2004. Simultaneous determination of 
endocrine disrupting phenolic compounds and steroids in water by 
solid-phase extraction - gas chromatography - mass spectrometry. 
Journal of Chromatography A, 1022: 179–189. https://doi.
org/10.1016/j.chroma.2003.09.035.

Lund TD, Munson DJ, Adlercreutz H, Handa RJ, Lephart ED. 2004. 
Androgen receptor expression in the rat prostate is down-regulated 
by dietary phytoestrogens. Reproductive Biology and 
Endocrinology 2: Article 5. https://doi.org/10.1186/1477-7827-2-5.

Luzio A, Monteiro SM, Rocha E, Fontaínhas-Fernandes AA, Coimbra 
AM. 2016. Development and recovery of histopathological 
alterations in the gonads of zebrafish (Danio rerio) after single and 
combined exposure to endocrine disruptors (17α-ethinylestradiol 
and fadrozole). Aquatic Toxicology 175: 90–105. https://doi.
org/10.1016/j.aquatox.2016.03.014.

Lye CM, Frid CLJ, Gill ME, McCormick D. 1997. Abnormalities 
in the reproductive health of flounder, Platichthys flesus 
exposed to effluent from a sewage treatment works. Journal of 
Marine Pollution Bulletin 34(1): 34–41. https://doi.org/10.1016/
S0025-326X(96)00061-6.

Mansour SA. 2009. Persistent organic pollutants (POPs) in Africa: 
Egyptian scenario. Human & Experimental Toxicology 28: 
531–566. https://doi.org/10.1177/0960327109347048.



African Journal of Aquatic Science 2020: 1–16 15

Marchand MJ, Pieterse GM, Barnhoorn IEJ. 2008. Preliminary results 
on sperm motility and testicular histology of two feral fish species, 
Oreochromis mossambicus and Clarias gariepinus, From a currently 
DDT-sprayed area, South Africa. Journal of Applied Ichthyology 
24(4): 423–429. https://doi.org/10.1111/j.1439-0426.2008.01141.x.

Masoodi N, Vaida N, Azim H, Mustaq M. 2019. Awareness of healthy 
diet for preventing or delaying bone loss in adults of District 
Srinagar, Jammu and Kashmir. ZENITH International Journal of 
Multidisciplinary Research 9: 589–613.

Mathiessen P, Allen TY, Allchin CY, Feist SW, Kirby MF, Law RJ, 
Scott AP, Thain JE, Thomas KV. 1998. Oestrogenic disruption 
in flounder (Platichthys flesus L.) from United Kingdom estuarine 
and marine waters. Science Series Technical Report (107), 
CEFAS, Lowestoft. pp 1–48. http://ea-lit.freshwaterlife.org/archive/
ealit:4378/OBJ/preview.pdf. [Accessed 12 October 2018]

Mathieu-Denoncourt J, Wallace SJ, De-Solla SR, Langlois VS. 2015. 
Plasticizer endocrine disruption: highlighting developmental and 
reproductive effects in mammals and non-mammalian aquatic 
species. General and Comparative Endocrinology 219: 74–88. 
https://doi.org/10.1016/j.ygcen.2014.11.003.

Matozzo V, Gagné F, Marin MG, Ricciardi F, Blaise C. 2008. 
Vitellogenin as a biomarker of exposure to estrogenic 
compounds in aquatic invertebrates: a review. Journal of 
Environmental International 34: 531–545. https://doi.org/10.1016/j.
envint.2007.09.008.

Matthiessen P, Sumpter JP. 1998. Effects of estrogenic substances 
in the aquatic environment. Journal of Fish Ecotoxicology 86: 
319–335. https://doi.org/10.1007/978-3-0348-8853-0_10.

McGee C, Brougham C, Roche J, Fogarty A. 2012. First report of 
intersex roach residing in Irish Rivers downstream of several 
wastewater treatment plants. Biology and Environment: 112B(1): 
69–77. https://doi.org/10.3318/BIOE.2011.23.

McMaster ME. 2001. A review of the evidence for endocrine 
disruption in Canadian aquatic ecosystem Journal of Water Quality 
Research, Canada 36(2): 215–231. https://doi.org/10.2166/
wqrj.2001.013.

Miccoli A, Maradonna F, De Felice A, Caputo Barucchi V, Estonba 
A, Genangeli M, Vittori S, Leonori I, Carnevali O. 2017. Detection 
of endocrine disrupting chemicals and evidence of their effects on 
the HPG axis of the European anchovy (Engraulis encrasicolus). 
Marine Environmental Research 127: 137–147. https://doi.
org/10.1016/j.marenvres.2017.04.006.

Miller TH, Bury NR, Owen SF, MacRae JI, Barron LP. 2018. 
A review of the pharmaceutical exosome in aquatic fauna. 
Environmental Pollution 239: 129–146. https://doi.org/10.1016/j.
envpol.2018.04.012.

Nash JP, Kime DE, Van der Ven LTM, Wester PW, Brion F, 
Maack G, Stahlschmidt-Allner P, Tyler CR. 2004. Long-term 
exposure to environmental concentrations of the pharmaceutical 
ethynylestradiol causes reproductive failure in fish. Journal 
of Environmental Health Perspectives 112: 1725. https://doi.
org/10.1289/ehp.7209.

Nieder R, Benbi DK, Reichl FX. 2018. Health risks associated with 
organic pollutants in soils. In: Soil components and human health. 
pp 575–657. Dordrecht, The Netherlands: Springer Science. 
https://doi.org/10.1007/978-94-024-1222-2_11.

Nishi K, Chikae M, Hatano Y, Mizukami H, Yamashita M, Sakakibara 
R, Tamiya E. 2002. Development and application of a monoclonal 
antibody based- assay sandwich elisa for quantification of 
Japanese medaka (Oryzias latipes) vitellogenin. Journal of 
Comparative Biochemistry and Physiology 132(Part C): 161–169.

Obiero KO, Abila RO, Njiru MJ, Raburu PO, Achieng AO, Kundu 
R, Ogello EO, Munguti JM, Lawrence T. 2015. The challenges 
of management: Recent experiences in implementing fisheries 
co-management in Lake Victoria, Kenya. Lakes & Reservoirs: 
Research & Management 20: 139–154. https://doi.org/10.1111/
lre.12095.

Obiero K, Meulenbroek P, Drexler S, Dagne A, Akoll P, Odong R, 
Kaunda-Arara B, Waidbacher H. 2019. The contribution of fish 
to food and nutrition security in Eastern Africa: Emerging Trends 
and future outlooks. Sustainability. 11(6): 1636–1641. https://doi.
org/10.3390/su11061636.

Oehlmann J, Oetken M, Schulte-Oehlmann U. 2008. A critical 
evaluation of the environmental risk assessment for plasticiser in 
the freshwater environment in Europe, with special emphasis on 
bisphenol-A and endocrine disruption. Journal of Environmental 
Research 108: 140–149. https://doi.org/10.3390/su11061636.

Okoumassoun L-E, Brochu C, Deblois C, Akponan S, Marion M, 
Averill-Bates D, Denizeau F. 2002. Vitellogenin in tilapia male 
fishes Exposed to organochlorine pesticides in Oueme River in 
Republic of Benin. Science of the Total Environment 299: 163–172. 
https://doi.org/10.1016/S0048-9697(01)01053-1.

Orlando EF, Denslow ND, Folmar MC, Guillette LJ. 1999. A 
comparison of the reproductive physiology of largemouth 
bass, Micropterus salmoides, collected from the Escambia and 
Blackwater Rivers in Florida. Journal of Environmental Health 
Perspectives 107(3): 199–204.

Palmer BD, Palmer SK. 1995. Vitellogenin induction by xenobiotic 
estrogens in the red-eared turtle and African–clawed toad. Journal 
of Environmental Health Perspectives 103: 19–25.

Panter GH, Thompson RS, Sumpter JP. 1998. Adverse reproductive 
effects in male fathead minnows (Pimephales promelas) 
exposed to environmentally relevant concentrations of the natural 
oestrogens, oestradiol and oestrone. Journal of Aquatic Toxicology 
42: 243–253. https://doi.org/10.1016/S0166-445X(98)00038-1.

Priac A, Morin-Crini N, Druart C, Gavoille S, Bradu C, Lagarrigue C, 
Torri G, Winterton P, Crini G. 2017. Alkylphenol and alkylphenol 
polyethoxylates in water and wastewater: A review of options for 
their elimination. Arabian Journal of Chemistry 10: S3749–S3773. 
https://doi.org/10.1016/j.arabjc.2014.05.011.

Primiani C, Pujiati P, Sumitro S. 2019. Characterization and potention 
phytoestrogen of pigeon pea (Cajanus cajan L. Mill sp.) on at ovary. 
Thai Journal of Pharmaceutical Sciences (TJPS) 43 (1): 57–62.

Purdom CE, Hardiman PA, Bye VJ, Eno NC, Tyler CR, Sumpter 
JP. 1994. Estrogenic effects of effluents from sewage treatment 
works. Journal of Chemical Ecology 8: 275–285. https://doi.
org/10.1080/02757549408038554.

Rich AL, Phipps LM, Tiwari S, Rudraraju H, Dokpesi PO. 2016. 
The increasing prevalence in intersex variation from toxicological 
dysregulation in fetal reproductive tissue differentiation and 
development by endocrine-disrupting chemicals. Environmental 
Health Insights 10: 163–171. doi: 10.4137/EHI.S39825. 

Rietjens IMCM, Louisse J, Beekmann K. 2017. The potential health 
effects of dietary phytoestrogens. British Journal of Pharmacology 
174: 1263–1280. https://doi.org/10.1111/bph.13622.

Ritchie JM, Vial SL, Fuortes LJ, Robertson LW, Guo H, Reedy 
VE, Smith EM. 2005. Comparison of proposed framed works for 
grouping polychlorinated biphenyl congeners data applied to a 
case-control pilot study of prostate cancer Journal of Environmental 
Science Research 98: 104–113. https://doi.org/10.1016/j.
envres.2004.05.013.

Roszko MŁ, Kamińska M, Szymczyk K, Piasecka-Jóźwiak K, 
Chabłowska B. 2018. Endocrine disrupting potency of organic 
pollutant mixtures isolated from commercial fish oil evaluated 
in yeast-based bioassays. PloS One e0197907. https://doi.
org/10.1371/journal.pone.0197907.

Sanchez W, Sremski W, Piccini B, Palluel O, Maillot-Maréchal E, 
Betoulle S, Jaffal A, Aït-Aïssa S, Brion F, Thybaud E, Hinfray N, 
Porcher J-M. 2011. Adverse effects in wild fish living downstream 
from pharmaceutical manufacture discharges. Environmental 
International 37 (8): 1342–1348. ff10.1016/j.envint.2011.06.002ff.

Sardi AE, Bizarro C, Cajaraville MP, Ortiz-Zarragoitia M. 
2015a. Steroidogenesis and phase II conjugation during the 
gametogenesis of thicklip grey mullet (Chelon labrosus) from a 



Badamasi, Odong and Masembe16

population showing intersex condition. General and Comparative 
Endocrinology 221: 144–155. https://doi.org/10.1016/j.
ygcen.2015.01.005.

Sardi AE, Bizzaro C, Cajaraville MP, Ortiz-Zarragoitia M. 
2015b. Steroidogenesis and phase 11 conjugation during the 
gametogenesis of thick grey mullet (Chelon labrosus) from a 
population showing intersex condition. General and Comparative 
Endocrinology 221: 144–155. https://doi.org/10.1016/j.
ygcen.2015.01.005.

Schug TT, Janesick A, Blumberg B, Heindel JJ. 2011. Endocrine 
disrupting chemicals and disease susceptibility. The Journal of 
Steroid Biochemistry and Molecular Biology 127: 204–215. https://
doi.org/10.1016/j.jsbmb.2011.08.007.

Shao J, Shi G, Jin X, Song M, Shi J, Jiang G. 2005. Preliminary 
survey of estrogenic activity in part of waters in Haihe Rivers, 
Tianjin. Journal of Chinese Science Bulletin 50 (22): 2565–2570. 
https://doi.org/10.1007/BF03183651.

Shioda T, Wakabayashi M. 2000. Effect of certain chemicals on the 
reproduction of medaka. Chemosphere 40: 239–243. https://doi.
org/10.1016/S0045-6535(99)00235-0.

Slowikwoska-Hilczer J. 2006. Xenobiotics with estrogens or 
antiandrogen action-disruptors of the male reproductive system. 
Central European Journal of Medicine 1 (3): 205–227.

Sogbanmu T, Osibona A, Oguntunde O, Otitoloju, A. 2018. 
Biomarkers of toxicity in Clarias gariepinus exposed to sublethal 
concentrations of polycyclic aromatic hydrocarbons. African Journal 
of Aquatic Science 43 (3): 281–292. https://doi.org/10.2989/160859
14.2018.1491825.

Sorensen JPR, Lapworth DJ, Nkhuwa DCW, Stuart ME, Gooddy 
DC, Bell RA, Chirwa M, Kabika J, Liemisa M, Chibesa M. 2015. 
Emerging contaminants in urban groundwater sources in Africa. 
Journal of Water Research 72: 51–63. https://doi.org/10.1016/j.
watres.2014.08.002.

Soto AM, Justicia H, Wray JW, Sonnenschein C. 1991. P-Nonyl-
phenol: An estrogenic xenobiotics released from modified 
polystyrene. Journal of Environmental Health Perspectives 92: 
167–173. https://doi.org/10.1289/ehp.9192167.

Ssebugere P, Sillanpaa M, Wang P, Li Y, Kiremire BT, Kasozi GN, 
Zhu C, Ren D, Zhu N, Zhang H, Shang H, Zhang Q, Jiang G. 
2014. Polychlorinated biphenyls in sediments and fish species 
from the Murchison Bay of Lake Victoria, Uganda. Science of the 
Total Environment 482–483: 349–357. https://doi.org/10.1016/j.
scitotenv.2014.03.009.

Stansley W, Washuta EJ. 2007. Initial survey of plasma vitellogenin 
and gonadal development in male carp (Cyprinus carpio) 
from three locations in New Jersey, USA. Journal Bulletin of 
Environmental Contamination Toxicology 78: 181–185. https://doi.
org/10.1007/s00128-007-9011-3.

Sumpter JP. 1995. Feminized responses in fish to environmental 
estrogens. Toxicology Letters 82-83: 737–742. https://doi. 
org/10.1016/0378-4274(95)03517-6.

Sumpter JP, Jobling S. 1995. Vitellogenesis as a biomarker for 
estrogenic contamination of the aquatic environment. Journal of 
Environmental Health Perspectives 103 (7): 173–178.

Sumpter JP, Jobling S. 2013. The occurrence, causes, and 
consequences of estrogens in the aquatic environment. Journal of 
Environmental Toxicology and Chemistry 32(2): 249–251. https://
doi.org/10.1002/etc.2084.

Tatarazako N, Koshio M, Hori H, Morita M, Iguchi T. 2004. 
Validation of an enzyme-linked immunosorbent assay methods 

for vitellogenin in the medaka Journal of Health Science 50 (3): 
301–308. https://doi.org/10.1248/jhs.50.301.

Teske SS, Arnold RG. 2008. Removal of natural and xeno-estrogens 
during conventional wastewater treatment. Journal of Review 
Environmental Science Biotechnology 7: 107–124. https://doi.
org/10.1007/s11157-008-9129-8.

Thibaut R, Porte C. 2004. Effects of endocrine disrupters on sex 
steroid synthesis and metabolism pathways in fish. Journal of 
Steroid Biochemistry and Molecular Biology 92: 485–494. https://
doi.org/10.1016/j.jsbmb.2004.10.008.

Tijani JO, Fatoba OO, Babajide OO, Petrik LF. 2016. 
Pharmaceuticals, endocrine disruptors, personal care 
products, nanomaterials and perfluorinated pollutants: a 
review. Environmental Chemistry Letters 14: 27–49. https://doi.
org/10.1007/s10311-015-0537-z.

Toft G, Edwards TM, Baatrup E, Guillette LJ. 2003. Disturbed 
sexual characteristics in male mosquitofish (Gambusia holbrooki) 
from a lake contaminated with endocrine disrupters. Journal of 
Environmental Health Perspectives 111(5): 695–701. https://doi.
org/10.1289/ehp.6022.

Toppari J, Larsen JC, Christiansen P, Giwercman A, Grandjean P, 
Guillette LJ, Jegou B, Jensen TK, Jouannet P, Keiding N, et al. 
1996. Male reproductive health and environmental xenoestrogens. 
Journal of Environmental Health Perspectives 104(4): 741–803.

Tyler C, Jobling S, Sumpter J. 1998. Endocrine disruption in wildlife: 
a critical review of the evidence. Critical Reviews in Toxicology 28: 
319–361. https://doi.org/10.1080/10408449891344236.

Tyler CR, Van der Eerden B, Jobling S, Panter G, Sumpter JP. 
1996. Measurement of vitellogenin, a biomarker for exposure to 
oestrogenic chemicals, in a wide variety of cyprinid fish. Journal 
of Comparative Physiology B, 166 (7): 418–426. https://doi.
org/10.1007/BF02337886.

Vajda AM, Barber LB, Gray JL, Lopez EM, Woodling JD, Norris 
DO. 2008. Reproductive disruption in fish downstream from an 
estrogenic wastewater effluent. Environmental Science and 
Technology 42 (9): 3407–3414. https://doi.org/10.1021/es0720661.

van den Berg H, Manuweera G, Konradsen F. 2017. Global trends 
in the production and use of DDT for control of malaria and other 
vector-borne diseases. Malaria Journal 16: 401–409. https://doi.
org/10.1186/s12936-017-2050-2.

van der Oost R, Beyer J, Vermeulen NP. 2003. Fish bioaccumulation 
and biomarkers in environmental risk assessment: a review. 
Environmental Toxicology and Pharmacology 13: 57–149. https://
doi.org/10.1016/S1382-6689(02)00126-6.

Vlachogianni T, Fiotakis K, Lorida S, Perdicaris S, Valavanidis A. 
2010. Chemical pollutants with endocrine disrupting properties: 
adverse health effects to human and wildlife. Science advances on 
Environment, Toxicology & Ecotoxicology Issues 1–42. http://www.
academia.edu/download/32636011/20_EDCs.pdf.

Xue N, Wang H, Xu X. 2005. Progress in study on endocrine 
disrupting pesticides (EDPs) in aquatic environment. Journal 
of Chinese Science Bulletin 50(20): 2257–2266. https://doi.
org/10.1007/BF03183731.

Yamamoto T, Yasuhara A. 1999. Quantities of bisphenol-A leached 
from plastic waste samples. Chemosphere 38: 2569–2576. https://
doi.org/10.1016/S0045-6535(98)00464-0.

Zha J, Wang Z, Wang N, Ingersoll C. 2007. Histological alternation 
and vitellogenin induction in adult rare minnow (Gobiocypris rarus) 
after exposure to ethynylestradiol and nonylphenol. Chemosphere 
66: 488–495. https://doi.org/10.1016/j.chemosphere.2006.05.071.

Received: 11 October 2018; Revised: 26 February 2020; Accepted: 18 March 2020
Associate Editor: B Clark


