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ABSTRACT
Globally, water resources are under constant threat of being polluted by a diverse range of man-made chemicals, and South
Africa is no exception. These contaminants can have detrimental effects on both human and wildlife health. It is increasingly
evident that several chemicals may modulate endocrine system pathways in vertebrate species, and these are collectively
referred to as endocrine disrupting contaminants (EDCs). Although the endocrine-disrupting effect of water pollutants has
been mainly linked to agricultural pesticides and industrial effluents, other pollutants such as pharmaceuticals and personal
care products (PPCPs) are largely unnoticed, but also pose a potentially significant threat. Here we present for the first time
in a South African context, a summarised list of PPCPs and other EDCs detected to date within South African water systems,
as well as their possible endocrine-disrupting effect in-vitro and in-vivo. This review addresses other factors which should be
investigated in future studies, including endocrine disruption, PPCP metabolites, environmental toxicology, and antibiotic
resistance. The challenges of removing EDCs and other pollutants at South African wastewater treatment works (WWTWs)

are also highlighted. The need for focused research involving both in-vitro and in-vivo studies to detect PPCPs in water
systems, and to delineate adverse outcome pathways (AOPs) of priority PPCPs to aid in environmental impact assessment

(ETA), are discussed.
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INTRODUCTION

Fresh water is an essential resource for the survival of all life
on earth. It is globally recognised that humans are creating
great pressure on the quality of our water resources by means
of anthropogenic (man-made) pollutants entering freshwater
systems (WHO, 2012). The major sources of freshwater pollut-
ants typically originate from industry, domestic practices, and/
or agriculture (Genthe et al., 2013). These practices introduce
either non-degradable and/or harmful chemicals into water
systems, thereby creating health risks to both wildlife and
humans. Reductions in fertility, increases in the incidence of
several cancers, spontaneous abortions, and a range of in-utero
physiological disorders and birth defects have been linked to
contaminants found in freshwater (Soto and Sonnenschein,
2010; Robins et al., 2011).

South Africa is a developing country, with a mid-year
estimated population of 56.5 million people for 2017 (Stats SA,
2017). During the last formal 2011 census, the population was
estimated at 51.8 million, of which 77.7% (40.3 million) are
living in formal settlements, 7.9% (4.1 million) in traditional
settlements, and 13.6% (7.1 million) in informal settlements
(StatsSA, 2011). More recent statistics for 2016 showed an
increase in formal housing (79.2%), and an increase in house-
holds having access to clean water supplies (from 70.9% in 2011
to 83.5% in 2016; Stats SA, 2011). These statistics therefore not
only show the rapid increase in the country’s population, but
also highlight the rapid rate of urbanisation within the country,
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both of which are directly associated with increased demand
for water and sanitation services.

Apart from the provision of clean water to the South
African public, water treatment facilities are faced with
increased pressures for the provision of improved sanitation
services. Efficient operation of wastewater treatment works
(WWTWs) is therefore important to remove pathogens and
pollutants from surface waters, which might impact the health
of both wildlife and human ecosystems. The performance of
the WWTW:s to remove pathogens and pollutants depends on
several factors, such as the type of deployed treatment technol-
ogies, capacity, hydraulic retention time, as well as stakeholder
requirements of the plant. However, the general target factor
for all water treatment facilities is to improve on the quality
of the water resource, and therefore ensure the health of the
populations dependent on these resources. By extension, access
to clean water supplies and proper sanitation services is there-
fore dependent on the performance of these facilities in order
to adhere to water quality standards. As with many countries
worldwide, although most treatment processes are developed
to successfully eliminate or lower the levels of pathogens and
chemical pollutants to safe levels, this is not always the case
in South African water treatment facilities. In a survey of 986
WWTWs in South Africa, it was shown that 50% of the plants
are receiving less than 0.5 ML per day, 32% between 0.5 and 10
ML per day, and 17% more than 10 ML per day (Snyman et al.,
2006). A suggested explanation for the occurrence of ineffi-
cient pathogen and micro-pollutant removal is the inadequate
human resources for maintenance and operation of the plants.

To assess the South African situation, the South African
Department of Water and Sanitation (DWS) launched a Green
Drop (GD) certification programme in 2008, to evaluate the
performance of the country’s wastewater works. This initiative
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was mandated to improve the quality of discharged effluent
from wastewater treatment operations by awarding the oper-
ating bodies with a GD status if they comply with the DWS
criteria for quality wastewater treatment (DWS, 2012). This
initiative aimed to provide annual assessment reports on the
operating efficiency of the plants, by awarding a cumulative
risk rating (CRR) based on the design capacities (and hydrau-
lic loading into receiving waters), operational flow relative to
plant capacity, compliance/non-compliance of effluent qual-
ity being discharged into receiving waters, and compliance/
non-compliance of technical skills utilised at the WWTWs
(DWS, 2012, 2013). In 2012, the GD report has shown that

of the 831 WWTWs assessed nationwide, 323 of these plants
(39%) did not comply with the DWS standards, and 153 to 212
(18-26%) of all WWTWs received a critical and high-risk rating
(DWS, 2012). Furthermore, some of the plants were reported
to have unknown design capacities and/or not measure the
plant influent at the required frequency (DWS, 2012), creating
difficulties in reporting on the water quality these plants are
treating. Although the 2013 GD report has shown an improve-
ment in the overall CCRs of the assessed WWTWs for the
2012/13 year, it was still estimated that 49.6% of the WWTWs
are still below 50% compliance (DWS, 2013). Furthermore,
the DWS also awarded a Purple Drop status (critical state)

to the 30.1% of the assessed WWTWs that achieved < 30%
compliance (DWS, 2013). Taken from these reports, the high
percentage of non-compliance with water quality and service
delivery criteria therefore increases the risk for higher patho-
gen and harmful chemical loads in environmental waters.
Although it is reported that the assessed WWTWs receiving a
Purple Drop status in the 2013 GD report will be placed under
regulatory surveillance (under the Water Services Act, Act

108 of 1997), the ongoing non-compliance of these treatment
facilities creates great pressure on general surface water qual-
ity. This emphasizes the need to conduct environmental risk
assessments (ERAs) to monitor both influents and effluents of
water treatment facilities. Apart from the problem that some
WWTWs in South Africa do not comply with water quality
standards and service delivery, another problem exists in that
untreated river water is also not subjected to such water qual-
ity guideline initiatives, as this is not regarded as a drinking
water resource in South Africa (Genthe et al., 2013). However,
several rural communities depend on water taken directly from
rivers for general daily activities, such as washing, cooking and
consumption, as well as for agricultural purposes.

Due to the complexity and sheer volume of pollutants
potentially present in natural water systems, global regulating
bodies, such as the United States Environmental Protection
Agency (USEPA) and the World Health Organisation (WHO),
have set out a framework to investigate and identify environ-
mental pollutants in freshwater systems (USEPA, 1997; WHO,
2012). These approaches consist of four main steps to be fol-
lowed when doing impact assessment of water pollutants: (i)
identifying the hazard to the environment, (ii) conducting
dose-response assessments, (iii) exposure assessment of the
pollutants to non-target organisms, and (iv) implementing risk
characterisation for possible pollutants entering freshwater
ecosystems (Fig. 1).

By adhering to these approaches, the first line of investiga-
tion should include hazard identification of environmental pol-
lutants entering freshwater systems. It is evident from literature
that the identification of problematic areas in South Africa
where water systems may be subjected to various pollutants
coming from the abovementioned human sources (households,
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Figure 1
Framework for the identification and regulation of environmental
pollutants in freshwater systems, as set out by the United States
Environmental Protection Agency

industry, and agriculture) is much needed. Also, water treat-
ment facilities need to be a focus point for monitoring freshwa-
ter pollutants, especially in a developing country such as South
Africa, as these facilities can provide information regarding the
origin of freshwater pollutants in areas of interest. In regard to
the pollution of our natural water resources by human activities,
some insight can be obtained by observing the wellbeing (health
status) of wildlife populations within contaminated waters.
Wildlife species inhabiting polluted freshwater supplies are in
first-line contact with environmental pollutants and can provide
useful information on the presence of pathogens in environ-
mental waters and long-term exposure effects. Such sentinel spe-
cies therefore serve as a valuable tool for hazard identification.

Hazard identification
Endocrine disruptors and impacts on wildlife

Several micro-pollutants, or emerging contaminants (ECs),
found in environmental waters have been linked to potentially
causing a large variety of health effects in both invertebrates
and vertebrates (Daughton and Ternes, 1999; McKinlay et al.,
2008; Bolong et al., 2009). In particular, selected pollutants have
been suggested to interact with endocrine system pathways

of vertebrates, and are collectively referred to as endocrine-
disrupting contaminants (EDCs). The USEPA defines an EDC
as: ‘An exogenous agent that interferes with the synthesis,
secretion, transport, binding, action, or elimination of natural
hormones in the body that are responsible for the maintenance
of homeostasis, reproduction, development, and/or behaviour’
(USEPA, 1997). Man-made compounds most frequently impli-
cated as EDCs include pesticides, pharmaceuticals, personal
care products, and industrial by-products. Classic examples

of environmental endocrine disruption include studies show-
ing the feminisation of male fish and widespread occurrence
of anti-androgenic ligands within UK rivers which receive
effluent from connected WWTWs (Liney et al., 2006; Jobling
et al., 2009). Guillette and co-workers published a series of
accounts confirming the disruption of the male reproductive
system in juvenile male alligators in several lakes (especially
Lake Apopka) situated within Florida, USA (Guillette et al.,
1996; 1999). Reproductive deformities, ranging from reduced
penis size to altered plasma testosterone (T) levels were associ-
ated with extensive agricultural use of the insecticide DDT and
other persistent organic pollutants (POP) leading towards non-
point source pollution in water systems flowing into the lakes
(Guillette et al., 1996; 1999). Along with the concerns about
the general disruption of human reproductive systems leading
to various detrimental effects such as ovarian cancer, breast
cancer and declined sperm quality, international concerns
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were voiced regarding the potential subtle disruption of the
endocrine systems of humans and wildlife during the organisa-
tional window during development (Colborn et al. 1993). The
documented reports on the occurrence of endocrine disruption
within natural wildlife populations have raised international
awareness of the harmful effects which man-made pollutants
can exert on surface water quality for reuse.

EDCs are known to modulate either one of the three major
axes of the endocrine system, namely the hypothalamus-pitu-
itary-gonad (HPG), hypothalamus-pituitary-thyroid (HPT),
and hypothalamus-pituitary-adrenal (HPA) axes (Fig. 2).
Within these pathways, several hormones, metabolic enzymes
and receptors are responsible for the dispersal, activity and
function of various physiological traits in vertebrates. Due to
the vast cross-talk between endocrine system axes, disruption
of a particular component within one endocrine axis may also
cause modulation of other endocrine systems. It is therefore
evident that a cocktail of EDCs present in the environment can
have a range of negative effects on vertebrate health through
modulating various endocrine system pathways.

Environmental contaminants causing disruption of the
reproductive endocrine system have been the focus of many
EDC studies around the world, including South Africa, where
varying concentrations of contaminants having known oestro-
genic endocrine-disrupting effects have been found in surface
waters (Aneck-Hahn et al., 2009; Bornman et al., 2007; Slabbert
etal., 2007; Genthe et al., 2013). Such studies may be only the
tip of the iceberg, as increasing number of ECs are shown to
have endocrine-disrupting activities. Although termed ‘emerg-
ing contaminants’, many of these contaminants have only
recently been screened for their presence in the environment,
despite being used for years; therefore, the full extent of their
presence and associated risk is not fully understood.

Studies on gonadal abnormalities in wildlife living within
polluted water systems have been done in South Africa, similar
to those done at Lake Apopka in the United States. The pres-
ence of intersexuality in Sharptooth Catfish (Clarias gariepi-
nus) has been observed at two impoundments at the Rietvlei
Nature Reserve in the Gauteng Province (Barnhoorn et al.,
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TRH; CRH; GnRH

Anterior Pituitary

Adrenal Cortex

2004; Kruger et al,, 2013). Among the intersexual fish, the pres-
ence of testicular oocytes was observed, in which the possible
cause was linked to the presence of an industrial pollutant,
p-nonylphenol (NP), in the water. The endocrine-disrupting
activity of NP has been linked to its lipophilic properties and
persistence in the environment (Lech et al., 1996; Folmar et al.,
2002). Since the detection of endocrine disruption in freshwa-
ter fish, as well as the presence of POPs in the Rietvlei Nature
Reserve, this area has been identified as a national priority area
to monitor the presence of EDCs (Bornman and Bouwman,
2012). Further examples include populations of C. gariepinus
in the Hartebeespoort Dam in the Gauteng province, where
testicular abnormalities in male fish have been linked to the
presence of POPs detected in the dam (Wagenaar et al., 2012).
Intersex fish were also found in Mozambique Tilapia popula-
tions (Oreochromis mossambicus) at three impoundments in the
Limpopo Province, which are also situated within an area that
is intensively sprayed with DDT to combat malaria transmis-
sion (Barnhoorn et al., 2010). Sampling of O. mossambicus in
the Loskop Dam (Mpumalanga province), which receives water
from the Olifants River (a highly polluted river system), showed
elevated plasma thyroxine (T,) hormone levels and enlarged
thyroid gland follicles, indicating potential thyroid-modulat-
ing EDCs in the water. In African Clawed Frog populations
(Xenopus laevis), the presence of testicular ovarian follicles was
observed in male frogs caught in the north-eastern region of
South Africa, which are situated in areas of high agricultural
pesticide usage (Du Preez et al., 2009). Male X. laevis frogs col-
lected within impoundments in the Western Cape also situated
near agricultural practices also showed modulation of testicu-
lar spermatogenic development and altered plasma steroid- and
thyroid hormone levels (Van Wyk et al., 2014). As these stud-
ies only aimed to link the presence of endocrine disruption
in wildlife to pesticide contamination in water systems, the
presence of other contaminants, such as pharmaceuticals and
personal care products (PPCPs) or synthetic steroid hormones
was most probably overlooked.

Although the harmful effects of man-made pollutants on
wildlife species are well documented (Heath and Classen, 1999;
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Figure 2
Basic representation of the three major endocrine system axes mediated by hormonal signalling from the hypothalamus and anterior pituitary
gland in the brain
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Barnhoorn et al., 2004; Bornman et al., 2009; Wagenaar et al.,
2012; Kruger et al.,, 2013; Van Wyk et al., 2014), no national
monitoring programmes or water quality guidelines have
been implemented in South Africa to assess and monitor the
occurrence and frequency of pollutants affecting endocrine
pathways of non-target organisms (Jooste, 2008). The clinical
implications of EDC contamination in surface waters have also
received little attention in South Africa, and the importance
of using sentinel species as bio-indicators of water pollution is
regularly overlooked, especially by assessing the health of these
organisms up- and downstream of water treatment processes.
It is evident that most studies link the endocrine-disrupting
effect observed in wildlife and water sources to the usage of
agricultural pesticides. This assumption is supported by the fact
that agriculture comprises a large percentage of a country’s gross
produce, and therefore also utilises large quantities of available
surface water. Because of the notable dependence of food pro-
duction on pesticides, various point (identifiable) or non-point
(diffuse) pollution sources for surface and groundwater are
anticipated. However, the presence of PPCPs is regularly over-
looked. These chemicals are used on a daily basis for improved
healthcare, personal hygiene and/or as daily supplements. It can
therefore only be assumed that the presence of PPCPs in envi-
ronmental waters may contribute even more towards EDC pollu-
tion in freshwater resources than pesticides used in households
or agriculture. Although it is globally recognised and recorded
that several classes of PPCPs are present in environmental waters
(Kasprzyk-Hordern et al., 2009; Petrie et al., 2015; Blair et al.,
2015), not many studies have been done on PPCP pollutants pre-
sent in South African waters (especially PPCPs acting as EDCs),
and this therefore needs to be addressed in future studies.

Risk characterisation

Sources and emission routes of pharmaceuticals into the
environment

Pharmaceuticals can enter the environment by various routes,
including wastewater/sewage effluents and sludge from water
treatment facilities, improper disposal of unused pharmaceuti-
cals, in faeces and urine from livestock feedlots, and from waste
products in PPCP-producing industries (GWRC, 2003). The two
main sources of pharmaceuticals entering the environment are
sewage from urbanised areas, ending up in sewage treatment
works (STWs), and livestock feedlots using pharmaceuticals

for growth promotion and disease control (Maletz et al., 2013).
Through these pathways of exposure, several types of PPCPs
(such as anti-inflammatory drugs, antibiotics, anti-epileptics,
anti-depressants, skin care products, disinfectants, etc.) eventu-
ally end up at water treatment facilities with the hope that these
chemicals are effectively removed before being discharged into
rivers and impoundments downstream. Although the amount of
PPCP waste products from producers is relatively low (GWRC,
2003), several other industries, such as hospitals and clinics, can
contribute greatly to the discharge of PPCPs through sewage
and wastewater into the environment (Maletz et al., 2013; Al
Aukidy et al., 2014). One way of estimating the levels of PPCPs in
the environment is to gather information regarding the usage of
PPCPs by the general public in the area of concern.

Human pharmaceutical use in South Africa

In South Africa, as with many developing countries, the
information about the presence of pharmaceuticals in
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environmental and drinking waters is limited to a few stud-

ies. These studies have been restricted to certain regions in the
country, without multiple studies confirming the occurrence of
PPCPs in the same areas. A national survey of pharmaceutical
compounds present in South African waters has therefore not
yet been conducted. However, the limited amount of studies
done on the presence of pharmaceuticals in environmental and
drinking water provides a good indication on the type of com-
pounds present in water bodies, and also gives an indication of
priority PPCPs for future screening.

Pharmaceutical usage may vary in the ratio of prescrip-
tion and over-the-counter medication issued by the private vs.
public health sectors. A study by Osunmakinde et al. (2013)
listed 50 of the most prescribed pharmaceuticals in both the
public and private health sectors of South Africa. From these
lists, the analgesic paracetamol (acetaminophen) is shown to be
the most prescribed drug in both sectors. Other pharmaceuti-
cal compounds included in the list are antibiotics amoxicillin,
ampicillin, ceftriaxone, chloramphenicol, trimethoprim and
sulfamethoxazole, the beta-blocker atenolol, and contraceptives
containing levonorgestrel and the synthetic oestrogen ethynyl-
oestradiol (EE,) (Osunmakinde et al., 2013). In the private
health sector, analgesics are the most prescribed, followed by
antihistamines, bronchodilators, and antibiotics at second,
third and fourth, respectively (Osunmakinde et al., 2013). In
the public health sector, analgesics are also the most prescribed,
followed by hypotensives, antiretrovirals (ARVs), and antibiot-
ics at second, third and fourth, respectively (Osunmakinde et
al., 2013). For both the public and private health sectors, it is
shown that hypertension medication, analgesics, ARVs, antibi-
otics, non-steroidal anti-inflammatory drugs (NSAIDs), anti-
diabetics and antihistamines are the most common prescribed
medications in South Africa. Therefore, it can be expected that
water systems may contain a large amount of different types of
pharmaceutical compounds in South Africa.

Pharmaceuticals and steroid hormones detected in South
African waters

Initial detection studies of EDCs in South Africa consisted of
steroid hormone detection (especially oestrogens) in water sys-
tems (Table 1). This is due to the ubiquitous usage of synthetic
oestrogens as contraceptives and hormone replacement therapy
(HRT) by a large percentage of the population. These hormones
were shown to originate from human excretions and improper
disposal of pharmaceuticals into sewage (Swart and Pool, 2007;
Manickum et al., 2011; Swart et al., 2011; Manickum and John,
2014). However, it is increasingly becoming known that several
types of PPCPs are also accumulating in water systems to the
same extent as contraceptive medications. These compounds
can serve as EDCs and are not completely removed during
water treatment (Ncube et al., 2012). From these contaminants,
pharmaceuticals stand out as one of the sources which might
potentially cause endocrine-disrupting activities in non-target
organisms. Although it has been globally recognised that
pharmaceutical compounds do enter surface waters, the detec-
tion of PPCPs in water systems has only recently been done in
the country (Table 1). To our knowledge, this summarised table
is novel on both a local- and African scale by depicting the
current knowledge and research to date regarding trace levels
of PPCPs and hormones in South African surface waters. These
detections provide valuable information regarding the presence
of pharmaceutical drugs in South African waters.

Although there has been limited information linking these
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TABLE 1

and surface waters

List of pharmaceuticals and steroid hormone concentrations (in pg/L) detected in South African water treatment works

Pharmaceutical group /
active Ingredient

Concentration (pg/L)

Location (Province)

Source

Reference

NSAIDs
5.8 -58.7 KwaZulu-Natal Surface water Agunbiade and Moodley, 2014
5.8 KwaZulu-Natal WWTW influent Matongo et al., 2015
) 1.0-1.7 KwaZulu-Natal Surface water Matongo et al., 2015
Acetaminophen
136.9 - 343.6 Gauteng WWTW influent Archer etal., 2017
0.04-0.2 Gauteng WWTW effluent Archer et al., 2017
0.02-0.2 Gauteng Surface water Archer etal., 2017
Aspirin 2.2-10.0 KwaZulu-Natal Surface water Agunbiade and Moodley, 2014
13.7-254 KwaZulu-Natal Surface water Agunbiade and Moodley, 2016
1.1-15.6 KwaZulu-Natal Surface water Agunbiade and Moodley, 2014
222.7 KwaZulu-Natal WWTW influent Agunbiade and Moodley, 2016
123.7 KwaZulu-Natal WWTW effluent Agunbiade and Moodley, 2016
Diclofenac 0.6-8.2 KwaZulu-Natal Surface water Agunbiade and Moodley, 2016
2.7-5.6 Gauteng WWTW influent Archer et al., 2017
22-25 Gauteng WWTW effluent Archer et al., 2017
03-2.2 Gauteng Surface water Archer et al., 2017
0.8-18.9 KwaZulu-Natal Surface water Agunbiade and Moodley, 2014
39.8 Gauteng WWTW influent Amdany et al., 2014
12.6 Gauteng WWTW effluent Amdany et al., 2014
111.9 Gauteng WWTW influent Amdany et al., 2014
24.6 Gauteng WWTW effluent Amdany et al., 2014
0.02 Gauteng WWTW influent Osunmakinde et al., 2013
1.2 KwaZulu-Natal WWTW influent Agunbiade and Moodley, 2016
Ibuprofen 1.1 KwaZulu-Natal WWTW eftluent Agunbiade and Moodley, 2016
04-0.7 KwaZulu-Natal Surface water Agunbiade and Moodley, 2016
62.8 KwaZulu-Natal WWTW influent Matongo et al., 2015
58.7 KwaZulu-Natal WWTW effluent Matongo et al., 2015
0.5-85 KwaZulu-Natal Surface water Matongo et al., 2015
9.1-15.8 Gauteng WWTW influent Archer et al., 2017
03-1.2 Gauteng WWTW effluent Archer et al., 2017
0.1 -0.6 Gauteng Surface water Archer et al., 2017
04-82 KwaZulu-Natal Surface water Agunbiade and Moodley, 2014
1.1-2.0 KwaZulu-Natal Surface water Madikizela et al., 2014
1.7 -6.4 KwaZulu-Natal WWTW influent Madikizela et al., 2014
1.2-43 KwaZulu-Natal WWTW effluent Madikizela et al., 2014
0.02 Gauteng WWTW influent Osunmakinde et al., 2013
0.0001 Gauteng WWTW effluent Osunmakinde et al., 2013
Ketoprofen
3.2 KwaZulu-Natal WWTW influent Agunbiade and Moodley, 2016
0.4 KwaZulu-Natal WWTW effluent Agunbiade and Moodley, 2016
0.4-0.7 KwaZulu-Natal Surface water Agunbiade and Moodley, 2016
0.4-5.6 Gauteng WWTW influent Archer etal., 2017
0.2-0.7 Gauteng WWTW eftluent Archer etal., 2017
0.01-0.8 Gauteng Surface water Archer et al., 2017
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TABLE 1 (continued)

55.0 Gauteng WWTW influent Amdany et al., 2014
13.5 Gauteng WWTW effluent Amdany et al., 2014
52.3 Gauteng WWTW influent Amdany et al., 2014
Naproxen 204 Gauteng WWTW effluent Amdany et al., 2014
29-55 Gauteng WWTW influent Archer etal., 2017
1.8-2.9 Gauteng WWTW effluent Archer et al., 2017
02-19 Gauteng Surface water Archer etal., 2017
Antibiotics/Biocides
2.5-14.5 KwaZulu-Natal River water Agunbiade and Moodley, 2014
Ampicillin 6.6 KwaZulu-Natal WWTW influent Agunbiade and Moodley, 2016
8.9 KwaZulu-Natal WWTW effluent Agunbiade and Moodley, 2016
32-55 KwaZulu-Natal Surface water Agunbiade and Moodley, 2016
Chloramphenicol 0.5-10.7 KwaZulu-Natal Surface water Agunbiade and Moodley, 2014
0.6 -22.6 KwaZulu-Natal Surface water Agunbiade and Moodley, 2014
Erythromycin 0.6 KwaZulu-Natal WWTW influent Matongo et al., 2015
0.2 KwaZulu-Natal WWTW effluent Matongo et al., 2015
0.1-0.2 KwaZulu-Natal Surface water Matongo et al., 2015
0.09 - 0.1 Western Cape WWTW influent Hendricks and Pool, 2012
0.07 - 0.09 Western Cape STW effluent Hendricks and Pool, 2012
. 0.7 -16.9 KwaZulu-Natal Surface water Agunbiade and Moodley, 2014
Fluoroquinolones - -
27.1 KwaZulu-Natal WWTW influent Agunbiade and Moodley, 2016
20.5 KwaZulu-Natal WWTW effluent Agunbiade and Moodley, 2016
24-14.3 KwaZulu-Natal Surface water Agunbiade and Moodley, 2016
1.7 - 30.8 KwaZulu-Natal Surface water Agunbiade and Moodley, 2014
Nalidixic acid 29.9 KwaZulu-Natal WWTW influent Agunbiade and Moodley, 2016
25.2 KwaZulu-Natal WWTW effluent Agunbiade and Moodley, 2016
12.4 -23.5 KwaZulu-Natal Surface water Agunbiade and Moodley, 2016
Streptomycin 0.8-84 KwaZulu-Natal Surface water Agunbiade and Moodley, 2014
3.68 KwaZulu-Natal Surface water Agunbiade and Moodley, 2014
0.1 -0.2 Western Cape WWTW influent Hendricks and Pool, 2012
0.08 - 0.1 Western Cape STW effluent Hendricks and Pool, 2012
34.5 KwaZulu-Natal WWTW influent Matongo et al., 2015
Sulfamethoxazole
1.2-53 KwaZulu-Natal Surface water Matongo et al., 2015
0.6 -2.6 Gauteng WWTW influent Archer et al., 2017
1.2-1.6 Gauteng WWTW effluent Archer et al., 2017
0.6-1.4 Gauteng Surface water Archer etal., 2017
Tetracycline 0.6 -5.7 KwaZulu-Natal Surface water Agunbiade and Moodley, 2014
78.4 Gauteng WWTW influent Amdany et al., 2014
10.7 Gauteng WWTW effluent Amdany et al., 2014
127.7 Gauteng WWTW influent Amdany et al., 2014
Triclosan 229 Gauteng WWTW effluent Amdany et al., 2014
04-09 KwaZulu-Natal Surface water Madikizela et al., 2014
2.1-9.0 KwaZulu-Natal WWTW influent Madikizela et al., 2014
1.3-64 KwaZulu-Natal WWTW effluent Madikizela et al., 2014
0.3 KwaZulu-Natal Surface water Matongo et al., 2015
) ) 45-11.1 Gauteng WWTW influent Archer et al., 2017
Trimethoprim
1.2-1.6 Gauteng WWTW effluent Archer et al., 2017
0.3-1.1 Gauteng Surface water Archer et al., 2017
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TABLE 1 (continued)

Tylosin 0.2-22.0 KwaZulu-Natal Surface water Agunbiade and Moodley, 2014
Beta-blockers
1.0-39.1 KwaZulu-Natal Surface water Agunbiade and Moodley, 2014
Atenolol 1.6 -2.5 Gauteng WWTW influent Archer et al., 2017
04-0.7 Gauteng WWTW effluent Archer et al., 2017
0.1-0.5 Gauteng Surface water Archer et al., 2017
pindolol 0.03 Gauteng WWTW influent Osunmakinde et al., 2013
0.00003 Gauteng WWTW effluent Osunmakinde et al., 2013
Anti-epileptics
0.02-0.3 Free State Drinking water Patterton, 2013
0.01 - 0.02 KwaZulu-Natal Drinking water Patterton, 2013
0.01 Gauteng Drinking water Patterton, 2013
0.03-0.1 Gauteng Drinking water Patterton, 2013
0.01 Gauteng WWTW influent Osunmakinde et al., 2013
Carbamazepine 2.2 KwaZulu-Natal WWTW influent Matongo et al., 2015
0.9 KwaZulu-Natal WWTW effluent Matongo et al., 2015
01-32 KwaZulu-Natal Surface water Matongo et al., 2015
0.3-0.6 Gauteng WWTW influent Archer et al., 2017
0.4 Gauteng WWTW eftluent Archer et al., 2017
0.2-0.3 Gauteng Surface water Archer et al., 2017
Anti-psychotic
8.6 KwaZulu-Natal WWTW influent Matongo et al., 2015
Clozapine 9.6 KwaZulu-Natal WWTW effluent Matongo et al., 2015
2.2-89 KwaZulu-Natal Surface water Matongo et al., 2015
Lipid regulators
0.8-8.7 KwaZulu-Natal Surface water Agunbiade and Moodley, 2014
0.2 KwaZulu-Natal WWTW influent Agunbiade and Moodley, 2015
0.03 KwaZulu-Natal WWTW effluent Agunbiade and Moodley, 2016
Bezafibrate 0.003 -0.2 KwaZulu-Natal Surface water Agunbiade and Moodley, 2016
1.4-3.0 Gauteng WWTW influent Archer et al., 2017
0.3-0.7 Gauteng WWTW effluent Archer et al., 2017
0.05-0.4 Gauteng Surface water Archer et al., 2017
Antivirals
Ribavirin 0.02 Gauteng WWTW influent Osunmakinde et al., 2013
0.00004 Gauteng WWTW eftluent Osunmakinde et al., 2013
Famciclovir (Famvin 0.02 Gauteng WWTW influent Osunmakinde et al., 2013
0.00006 Gauteng WWTW effluent Osunmakinde et al., 2013
Tenofovir 0.25 Gauteng Surface water Wood et al., 2015
0.16 - 0.19 Free State Surface water Wood et al., 2015
0.07 Free State Surface water Wood et al., 2015
Zalcitabine 0.03 Gauteng Surface water Wood et al., 2015
0.008 Gauteng Tap water Wood et al., 2015
Lamivudine 0.09 - 0.24 Gauteng Surface water Wood et al., 2015
Didanosine 0.05 Free State Surface water Wood et al., 2015
Stavudine 0.41 - 0.78 Gauteng Surface water Wood et al., 2015
0.22 -0.62 Gauteng Surface water Wood et al., 2015
. . 0.45-0.97 Gauteng WWTW eftluent Wood et al., 2015
Zidovudine
0.05 Gauteng/Free State |Surface water Wood et al.,, 2015
0.07 Gauteng Tap water Wood et al,, 2015
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TABLE 1 (continued)

Nevirapine 0.24 - 1.48 Gauteng Surface water Wood et al., 2015
. 0.28-0.31 Gauteng Surface water Wood et al., 2015
Lopinavir
0.13 Gauteng WWTW effluent Wood et al., 2015
Human indicators
4.5 KwaZulu-Natal WWTW influent Matongo et al., 2015
0.6 KwaZulu-Natal WWTW effluent Matongo et al., 2015
Caffeine 01-33 KwaZulu-Natal Surface water Matongo et al., 2015
51-1214.4 Gauteng WWTW influent Archer et al., 2017
0.5-3.8 Gauteng WWTW effluent Archer et al., 2017
0.6-6.6 Gauteng Surface water Archer et al., 2017
Steroid hormones
0.001 - 0.03 KwaZulu-Natal WWTW downstream | Manickum and John, 2014
0.01 - 0.02 Western Cape STW downstream Swart etal., 2011
0.009 - 0.011 Western Cape STW efffluent Swart and Pool, 2007
0.01 Western Cape STW efffluent Swart and Pool, 2007
0.003 - 0.02 KwaZulu-Natal STW effluent Manickum et al., 2011
Oestrone (E)) 0.01 -0.35 KwaZulu-Natal WWTW influent Manickum and John, 2014
0.003 - 0.08 KwaZulu-Natal WWTW effluent Manickum and John, 2014
0.02 - 0.02 Western Cape STW influent Swart et al., 2011
0.01 - 0.02 Western Cape STW downstream Swart et al., 2011
0.002 - 0.004 Gauteng Drinking water Van Zijl et al., 2017
0.0004 - 0.001 Western Cape Drinking water Van Zijl et al.,, 2017
0.001 - 0.03 KwaZulu-Natal WWTW upstream Manickum and John, 2014
0.002 - 0.07 KwaZulu-Natal WWTW downstream | Manickum and John, 2014
0.001 Western Cape STW effluent Swart and Pool, 2007
0.005 Western Cape STW effluent Swart and Pool, 2007
0.01 - 0.02 KwaZulu-Natal STW effluent Manickum et al., 2011
0.02 -0.20 KwaZulu-Natal WWTW influent Manickum and John, 2014
Oestradiol (E,) -
0.004 - 0.11 KwaZulu-Natal WWTW effluent Manickum and John, 2014
0.001 - 0.03 Mpumalanga Surface water Van Wyk et al., 2014
0.04 - 0.37 Gauteng Drinking water De Jager et al., 2013
0.05-0.37 Western Cape Drinking water De Jager et al., 2013
0.00003 Gauteng Drinking water Van Zijl et al., 2017
0.00002 - 0.00005 | Western Cape Drinking water Van Zijl et al., 2017
0.003 KwaZulu-Natal WWTW upstream Manickum and John, 2014
0.001 - 0.004 KwaZulu-Natal WWTW downstream | Manickum and John, 2014
Ethynyl-oestradiol 0.01 - 0.095 KwaZulu-Natal WWTW influent Manickum and John, 2014
(EE) 0.001 - 0.008 KwaZulu-Natal WWTW effluent Manickum and John, 2014
0.001 - 0.01 Mpumalanga Surface water Van Wyk et al., 2014
0.00002 Gauteng Drinking water Van Zijl et al., 2017
0.01 KwaZulu-Natal WWTW upstream Manickum and John, 2014
0.06 KwaZulu-Natal WWTW downstream | Manickum and John, 2014
Progesterone (P) - -
0.16 - 0.90 KwaZulu-Natal WWTW influent Manickum and John, 2014
0.03 KwaZulu-Natal WWTW effluent Manickum and John, 2014
0.005 - 0.02 KwaZulu-Natal WWTW upstream Manickum and John, 2014
0.003 - 0.02 KwaZulu-Natal WWTW downstream | Manickum and John, 2014
Testosterone (T)
0.12 - 0.64 KwaZulu-Natal WWTW influent Manickum and John, 2014
0.03 KwaZulu-Natal WWTW effluent Manickum and John, 2014
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contaminants to wildlife and human health disorders locally,
the mechanism of physiological action is well established for

all of these compounds. A worrying factor from these studies is
that these contaminants are still being detected after wastewa-
ter treatment, as well as within environmental waters in rivers.
Such trends of persistence of priority emerging contaminants
after wastewater treatment are also recorded globally for PPCPs
(Kasprzyk-Hordern et al., 2009; Petrie et al., 2015; Blair et al.,
2015). Contaminants which are not removed from water treat-
ment processes are therefore destined to end up back in the
environment (therefore affecting wildlife), or might possibly
end up in drinking water, as shown in reports by De Jager et al.
(2013) and Patterton (2013). This emphasises the need to further
conduct comprehensive monitoring studies in South African
surface water systems to report on the fate of priority ECs to
assist with environmental risk assessment.

Environmental Risk Assessment (ERA) and Adverse
Outcome Pathways (AOPs)

Although the presence and recalcitrance of several PPCPs has
already been demonstrated within surface water systems on a
global scale, the implementation of such monitoring studies to
predict environmental risk needs more scrutiny. Conventional
methods for environmental risk assessment (ERA) are based

on acute and/or chronic toxicity studies which assess toxic-

ity towards the most sensitive organisms within ecosystems.

These test organisms include several trophic levels, such as

bacteria, algae, crustaceans, and vertebrate species. Acute toxic-

ity data is based on short-term toxicity effects (< 24 h) which
are expressed as EC,  (concentration which shows an effect in

50% of the experimental population) or LD, (lethal dose at

50% of the experimental population), whereas chronic toxicity

data are based on long-term toxicity effects (> 24 h) which are

expressed as NOEC (concentration which shows no effect in

the experimental population) or LOEC (lowest concentration

which shows an effect in the experimental population). These

toxicity endpoints are then corrected by an assessment factor to
calculate the predicted no-effect concentration (PNEC) of the

EC of interest. This PNEC is then compared to either predicted

environmental concentrations (PEC) or measured environmen-

tal concentrations (MEC) of the EC to obtain a risk quotient

(RQ). A RQ value calculated larger or equal to 1 then reflects

the EC to be of environmental concern. Although such ERAs

using RQ estimation for pollutants are valuable to assess toxic-
ity risks in the environment, there are several limitations to this
conventional calculation of ERA, namely:

o The relevance for selecting only specific test organisms to
calculate PNEC in the environment is an underestimation
of the total ecological impacts of the ECs

« Using animal models is timely and not cost-effective to
calculate risk for the vast majority of ECs on the market and
in environmental waters

» Ethical concerns using animal bio-indicators for toxicity
testing

o Sub-lethal and chronic (long-term; multigenerational) tox-
icity (such as endocrine disruption, behavioural effects and
other physiological modulation) are not estimated

o The prediction of environmental risk is also unknown for
pollutants in highly complex chemical mixtures in the envi-
ronment, which leads to the need to establish more defined
ERAs which are not chemical-specific

Due to these constraints that are shown for conventional ERA,

it is necessary to construct more accurate and thorough models
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for risk assessment, constituting both lethal and sub-lethal tox-
icity. In-vitro screening assays, molecular screening technolo-
gies and bioinformatics are just a few examples to be included
in the decision-making process in predictive ecotoxicology.

To add to the understanding of evolving 21 century toxicity
testing and risk assessment, an adverse outcome pathway (AOP)
framework has been proposed (Ankley et al., 2010; Villeneuve
et al., 2014; Garcia-Reyero, 2015). This framework is structured
upon existing knowledge based on the relationships between
physiological pathways, spanning from molecular initiating
events (MIEs), which in turn causes a perturbation in nor-

mal biological functioning, therefore impairing a sequence of
measurable key events (KEs), ranging from cellular- to organ-
ism level (Edwards et al., 2016). Each KE is further linked with
key event relationships (KERs) based on a weight-of-evidence
approach. This downstream series of KEs are then coupled
with a particular adverse outcome (AO) on a population level,
which can be used for regulatory decision-making (Fig. 3).

The AOP framework is well described by several authors
(Edwards et al., 2016; Villeneuve et al., 2014; Gracia-Reyero,
2015), highlighting the advances made since its establishment
by Ankley and colleagues (2010). Advancements of the AOP
framework are still ongoing, which includes the broader AOP
Knowledge Base (AOP-KB; https://aopkb.org/), containing the
AOP Wiki (https://aopwiki.org/wiki/index.php/Main_Page).

Levels
Molecular l MIE ’7
Cellular / Tissue t KE ‘ \ KE }
Organ / Organ system [ KE | KE ‘
Individual k KE ‘
— KERs
|
Population / Community ’ AO
Figure 3

Basic representation of an adverse outcome pathway (AOP). A specific
molecular initiating event (MIE) is linked to several key events (KE) by
means of key event relationships (KERs) from a cellular to organism level,
leading towards an adverse outcome (AO) observed within a population/
community. Ultimately, several AOPs can be connected into an AOP
network through several MIEs and KEs leading towards the same AO.
Diagram based on the template from AOP-Wiki (https://aopwiki.org/wiki/
index.php/Main_Page)
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This initiative is led by several global regulating bodies, namely
the USEPA, the Organisation for Economic Co-operation

and Development (OECD), the European Commission Joint
Research Centre (JRC), and the US Army Engineer Research
and Development Centre (ERDC).

Although the AOP framework is not considered to be part
of risk assessment, nor constructed to show chemical-specific
outcomes, it helps with the extrapolation of possible AOs which
might occur when specific MIEs or KEs are altered. Moreover,
this initiative can assist with the understanding of further
downstream pathways which could be modulated when a
specific KE is shown to be altered by micro-pollutants. Studies
indicating the environmental risk caused by micro-pollutants is
still lacking in South Africa. Incorporating ERAs and the AOP
framework in a local context will aid in the re-establishment of
the National Toxicity Monitoring Programme (NTMP), which
is only concentrated on a few pollutants and does not address
more recent ‘emerging contaminants’ such as PPCPs (Jooste,
2008). In order to contribute to a more thorough national
programme, it is clear that more information is needed on the
chronic, sub-lethal level of toxicity using wildlife species and
several other bio-markers for more accurate ERA analysis.

This can be achieved by adopting a tiered screening approach
to quantify and organise/categorise both lethal and sub-lethal
toxicity data on both in-vitro and in-vivo screening approaches.

Endocrine disruption of detected pharmaceutical
contaminants

Although studies indicating the monitoring of PPCPs within
South African waters are on the increase (Table 1), there is

still a lack of research effort towards correlating these levels

of micro-pollutants with potential sub-lethal toxicological
endpoints (such as endocrine disruption) for risk assessment.
As discussed earlier, the potential for correlating MECs with
known disruptions of KEs within an AOP framework can assist
in demonstrating potential disruption of vertebrate endocrine
systems, therefore serving as early-warning biomarkers of
environmental health. Pollutants such as PPCPs are regularly
shown to be present in water systems, either as their breakdown
products, or to persist as their active ingredient, depending on
several environmental factors and physiochemical properties
of the compounds. Furthermore, several in-vitro and in-vivo
toxicological studies have shown the potential of PPCPs to alter
endocrine system pathways (Table 2), and many of these com-
pounds have been detected within South African environmen-
tal waters and WWTW eftluents (Table 1). Even more alarming,
the levels of certain PPCPs detected within South African
waters are well within, or close to, the levels reported to disrupt
specific endocrine system pathways (as shown in Table 2).

It is apparent that several PPCPs can exert a range of MIEs
and KEs according to the in-vitro and in-vivo studies shown in
Table 2. The potential of these commonly-detected PPCPs in
environmental waters to exert endocrine-disrupting activities
therefore raise concerns for their impact upon environmental
and human health. A further concern is that these compounds
have been detected in broader environmental water systems,
such as direct point sources of drinking water for human con-
sumption. A study by Patterton and colleagues (2013) detected
pharmaceutical compounds in drinking water from taps in
Johannesburg (Gauteng Province) and Bloemfontein (Free State
Province), South Africa. In particular, the anticonvulsant drug
carbamazepine was detected in 63% of tap water tested in these
regions (Table 1; Patterton, 2013). Anticonvulsant drugs, such
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as carbamazepine, levetiracetam, lamotrigine and valproate,
have been shown to cause several reproductive endocrine
system side-effects in men and women suffering from epilepsy
(Table 2; Rattyd et al., 2001; Svalheim et al., 2009; Harden et
al., 2010), as well as in fish species exposed to carbamazepine
(Galus et al., 2013). In men using levetiracetam and valproate
as treatment, it has been shown that these drugs can lead to
increased T and steroid hormone-binding globulin (SHBG) lev-
els, which is responsible for the transport of steroid hormones
in blood plasma (Ritty4 et al., 2001; Harden et al., 2010). In the
same studies, it was shown that men treated with carbamaz-
epine also evidenced increased levels of SHBG, pituitary FSH
and LH (Herzog et al., 2005; Svalheim et al., 2009). Therefore,
it might be possible that anticonvulsant compounds found in
drinking water resources can lead to altered steroidogenesis in
men. Alternatively, carbamazepine treatment in women has
been shown to lead to higher SHBP levels and lower levels of P
and T steroid hormones (Lofgren et al., 2006; Svalheim et al.,
2009). These endocrine-disrupting effects of anticonvulsant
drugs were shown in wildlife as well, including modulation of
steroidogenesis and ovarian malformations in ovarian follicu-
lar cells (Briggs and French, 2004; Taubel et al., 2006).

Another group of pharmaceuticals that are frequently pre-
scribed and also detected in South African waters are NSAIDs.
A study by Amdany and colleagues (2014) detected varying
levels of naproxen and ibuprofen in the influents and eftfluents
of two WWTWs in the Gauteng province of South Africa
(Table 1). These compounds have been shown to alter endocrine
systems in non-target vertebrate species. In a full life-cycle
study, exposing Japanese Medaka Fish (Oryzias latipes) to
ibuprofen concentrations as low as 0.1 ug/L resulted in delayed
hatchling success, while a concentration of 1 mg/L resulted in
increased blood plasma levels of the glycoprotein vitellogenin
(VTG) (Table 2; Han et al., 2010). This protein molecule is the
precursor for egg yolk, and has been validated as a biomarker
to express oestrogenic endocrine disruption in egg-laying
vertebrate species. In the same study, the exposure of ibupro-
fen to a human adrenocortical carcinoma cell line (H295R)
resulted in an increase in E2 hormone levels at concentrations
of 2 and 20 mg/L, and also increased aromatase enzyme activ-
ity at concentrations of 0.2 and 2 mg/L (Table 2; Han et al.,
2010). Aromatase is the enzyme responsible for the metabolism
of T to E2 in steroidogenic pathways. Apart from the possible
gonadal endocrine-disrupting activity of ibuprofen, exposure
of X. laevis larvae to concentrations ranging between 30.7
and 39.9 mg/L leads to malformations in the development of
these larvae, indicating teratogenic effects of ibuprofen as well
(Richards and Cole, 2006).

Another NSAID that has been investigated for its
endocrine-disrupting effect is diclofenac. In South Africa,
diclofenac has been detected in a KwaZulu-Natal Province
river system at concentrations varying between 1.1 ug/L and
15.6 pg/L (Table 1; Agunbiade and Moodley, 2014). The expo-
sure of X. laevis embryos to diclofenac has been shown to
cause teratogenicity at a concentration of 4 mg/L (Chae et al.,
2015). Furthermore, diclofenac exposure in male O. latipes fish
showed that concentrations as low as 1 pg/L can increase the
gene expression for VTG in the liver, thereby showing estro-
genic effects (Hong et al., 2007). Furthermore, assessment of
patients using diclofenac as an NSAID has shown a reduction
in serum T, levels (Table 2; Bishnoi et al., 1994), which is the
more active thyroid hormone responsible for growth, develop-
ment and metabolism in the body. The other NSAID that has
also been found in South African waters, naproxen, has also
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been shown to cause a reduction in serum T, levels in patients
taking this medication (Bishnoi et al., 1994). However, accord-
ing to our knowledge, little is known about the endocrine-
disrupting activity of naproxen pollution into the environment,
and the effects of this compound on non-target organisms. The
dose-dependent response of thyroid disruption by naproxen
exposure still needs to be assessed in future studies. Although
some of the endocrine-disrupting effects shown above may only
occur at high levels of exposure to these NSAIDs, it is impor-
tant to note that a mixture of different pharmaceuticals and
other contaminants might accumulate in the water system. The
presence of NSAIDs such as ibuprofen, naproxen and diclofenac
may therefore contribute to endocrine disruption caused by
other water pollutants as well. Furthermore, these compounds
have been confirmed to be present in South African surface
waters (Table 1), showing that they are not completely removed
from the water system after treatment. The above-mentioned
studies imply that NSAIDs, such as ibuprofen, naproxen and
diclofenac, have the possibility to alter both gonadal and thy-
roid endocrine system pathways, and also possibly cause terato-
genicity at environmentally relevant concentrations.

The PPCPs which are the most frequently detected in sur-
face waters worldwide are antibiotics and biocides. Regularly-
prescribed antibiotic pharmaceuticals, such as ampicillin,
chloramphenicol, ciprofloxacin, erythromycin, nalidixic acid,
streptomycin, sulfamethoxazole, tetracycline, and tylosin,
have all been detected in South African river systems (Table 1;
Agunbiade and Moodley, 2014). These compounds have all been
shown to have endocrine-disrupting effects. The semi-synthetic
macrolide antibiotic tylosin, which is used in veterinary medi-
cine, has been shown to increase the expression of the aldoste-
ronogenic gene (CYP11f2), and decrease the production of T
and E, at a concentration of 3 mg/L in an H295R steroidogenic
assay, showing that this chemical can serve as both an anti-
estrogenic and anti-androgenic EDC (Table 2; Gracia et al.,
2007). In the same study, another macrolide antibiotic, eryth-
romycin, showed an increase in the expression of CYP11f2 and
areduction in T production at a concentration of 3 mg/L, but
caused increased production of E, and P in the assay (Table 2;
Gracia et al., 2007). Exposure of erythromycin in a recombinant
yeast oestrogen screen (YES) showed that this compound may
be a minor mimic of E, in binding to the oestrogen receptor in
a dose-dependent manner, therefore having oestrogenic effects
(Archer et al. unpublished). This shows that, although tylo-
sin and erythromycin share the same macrolide ring in their
chemical composition, the endocrine-disrupting effect differs
between these two compounds, and therefore complicates
environmental endocrine disruption studies if, for example,
both these two types of chemicals are present in environmental
samples. A study by Garcia and colleagues (2007) also showed
that tetracyclines, exposed at a concentration of 81 pg/L to
H295R cells, can increase the expression of CYP19 enzymes and
3BHSD?2 genes (Table 2), which are responsible for T-E, metabo-
lism and the production of P, respectively. Although these anti-
biotics were not detected in the range which showed endocrine
system modulation in an in-vitro assay, their effect on wildlife
through long-term exposure within environmental waters is
currently unknown. Furthermore, due to the extensive usage of
antibiotics in both humans and livestock, the expected concen-
trations of these chemicals in the environment may be underes-
timated, and may also have a cumulative endocrine-disrupting
effect in the water if they accumulate in mixtures with other
pollutants. It is therefore evident that antibiotic chemical pol-
lutants should receive high priority in environmental screening
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in water systems and water treatment facilities in South Africa.

Apart from the regularly-prescribed antibiotic pharma-
ceuticals detected in environmental waters, it is shown that
compounds in personal care products can also have endocrine-
disrupting properties. One of the most well documented
compounds is the biocide triclosan (TCS), which is used as a
disinfectant in soaps, detergents, toothpastes, mouthwash, and
more (Raut and Angus, 2010). This compound also shows a high
partition coefficient (K ) value (Log K 4.66; KOWWIN v.
1.67, EPI Suite), which indicates that TCS is highly lipid-soluble
and does not readily dissolve in water. For this reason, TCS can
be regarded as a POP, which can accumulate in the fat tissue
of exposed organisms, and can also be transported in water
bodies over great distances. This has been shown in a study
demonstrating high levels of TCS in the breast milk of pregnant
Swedish women (Allmyr et al., 2006). The pollution of TCS in
the environment can therefore be assessed in a similar way to
the exposure of organochloride insecticides in environmental
waters, such as DDT and endosulfan, which are also shown to
accumulate in the fat tissue of both wildlife and humans.

Although the use of TCS has been phased out in several
personal care products in developed countries, it is still found
in South African consumer products, and therefore detected
in surface waters (Amdany et al., 2014; Madikizela et al., 2014).
Amdany and colleagues (2014) showed varying levels of TCS
in influents and effluents from two WWTWs in the Gauteng
province of South Africa. These levels ranged from 78.4 to
127.7 ug/L in influent samples, and 10.7 to 22.9 pg/L in effluent
samples (Amdany et al., 2014). Although the concentrations
of TCS are significantly reduced after water treatment, these
levels are still high if sub-lethal effects are taken into account.
Exposure of North American bullfrog tadpoles (Rana cates-
beiana) to TCS showed that concentrations as low as 0.3 pg/L
can significantly lower tadpole body mass and decrease thyroid
hormone receptor (TR) gene expression (Table 2; Veldhoen et
al., 2006). Exposure of TCS at 20 pg/L has also been shown to
induce hepatic VTG levels in male Japanese Medaka (Oryzias
latipes) (Table 2; Ishibashi et al., 2004). Exposure of mature male
Western Mosquitofish (Gambusia affinis) to TCS at 101.3 ug/L
can cause decreased sperm counts, and also elevate VTG gene
expression (Table 2; Raut and Angus, 2010). TCS exposure in
MDA-kb2 breast cancer cells showed that a concentration of
289 pg/L significantly induces cell proliferation, and a con-
centration as low as 290 ng/L caused an elevated androgenic
response when treated along with dihydrotestosterone (DHT),
which is a more metabolically active androgen than testoster-
one (Table 2; Christin et al., 2012). These results show that TCS
serves as an androgen agonist by binding to the androgen recep-
tor in a human cell-based bioassay (Christin et al., 2012). These
concentrations of endocrine disruption are either equivalent or
lower than levels observed in South African waters (Table 1).
Therefore, wildlife species living either upstream or downstream
of WWTWs may be affected by levels of TCS in the environ-
ment. Bearing these studies in mind, it is possible that exposure
to low concentrations of TCS over a long period of time (chronic
exposure) may modulate both gonadal and thyroid endocrine
systems in humans and other wildlife species at concentrations
currently being detected in environmental waters.

Due to the regular detection and known endocrine-disrupt-
ing effect of TCS, it is also important to investigate other com-
pounds found in personal care products and detected in South
African waters. Based on chemical analyses and endocrine
disruption studies done elsewhere in the world, it is evident
that compounds used as preservatives, disinfectants and UV
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filters have not received much attention as priority environmen-
tal pollutants and EDCs in South Africa. Preservatives such
as parabens (methylparaben, propylparaben, octylparaben),
other biocides such as trichlorocarban (TCC), and UV filters in
sunscreens (4-MBC, OMC) have all been shown to accumulate
in wastewater systems and cause potential endocrine disrup-
tion. Several paraben compounds, as well as their metabolites,
have been shown to have both oestrogenic and anti-androgenic
effects in-vitro and in-vivo (Table 2). These studies imply that
contaminants such as parabens can affect multiple endocrine
pathways, and are therefore of environmental concern.
Biocides such as TCC are regularly included in several cos-
metic and personal care products to deter microbial organisms.
Although the endocrine disrupting effect of the biocide TCS has
been well documented, and also found at high concentrations
in the environment (Table 1, Halden and Paull, 2005), limited
data are available on the endocrine-disrupting effect of TCC.
Exposure to TTC in human cell-based bioassays, and exposure
of rodents to TTC, indicated that the biocide does not have
endocrine-disrupting activity on its own, but rather enhances
the action and binding affinity of steroid hormones (Table 2;
Ahn et al., 2008; Chen et al., 2008; Christen et al., 2010; Yueh et
al,, 2012). This shows a potentiating mechanism of endocrine
disruption, as well as an alternative mode of endocrine dis-
ruption other than direct modulation of endocrine pathways.
Several compounds used as UV filters in sunscreens, such as
benzophenones, benzedrone (4-MBC), and octyl methoxycin-
namate (OMC) have been shown to agonistically bind to the
human oestrogen receptor (hER) in human cell-based bioassays,
and to increase VTG production in female rats and male fish
species (Table 2). These compounds are therefore regarded as
oestrogenic contaminants, which might persist for long periods
of time in the environment due to their low water solubility. The
abovementioned compounds are all used as either ‘wash-off” or
‘application’ personal care products. Therefore, it can be assumed
that products containing biocides, UV screens, and preservatives
will either be washed down in drain water, or will be absorbed
through the skin after application. These compounds thus have
multiple routes of exposure to either humans or other non-target
organisms in water. Also, due to the fact that these chemicals
are regularly used in personal care products, and the fact that
these compounds have low solubility in water, their presence and
persistence in the environment can be high. Paraben concentra-
tions as high as 11 mg/L have been detected in a UK river system,
with concentrations as high as 30 mg/L in wastewater influents
(Kasprzyk-Hordern et al., 2009). TCC concentrations of 6 pg/L
have been documented in a US river system (Halden and Paull,
2005). Environmental concentrations of UV filters as high as
13 mg/L have been reported in wastewater influents (Kasprzyk-
Hordern et al., 2009), with 6 mg/L in wastewater effluents
(Kasprzyk-Hordern et al., 2009), 266 ng/L in swimming pools
(Cuderman and Heath, 2007), and in seawater at concentrations
of 3.3 pg/L (Sanchez-Rodriguez et al., 2015). These compounds
have not been screened for their presence in South African water
systems, which therefore highlights the importance of screening
for these chemicals to evaluate their fate within water treatment
facilities.

Future perspectives

Monitoring studies focusing on the presence and fate of EDCs
and PPCPs in surface waters have been comprehensive inter-
nationally. However, based on the available information on
South African toxicological studies, there are several aspects
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which still need to be addressed. Apart from conventional EDC
investigations, there are also a large variety of other topics
which need to be addressed. A few of these topics are mentioned
below, and will provide a significant contribution towards the
understanding of the fate and presence of chemical pathogens
in environmental waters. Such interdisciplinary studies should
receive high priority for future research, as they are all inter-
linked into the larger scope of environmental water pollution
investigations in South Africa.

Pharmaceutical metabolites and conjugates in WWTWs

Most pharmaceutical detection studies concentrate on the
detection of parental pharmaceutically active ingredients.
However, it is known that some pharmaceutical compounds are
rapidly metabolised in the body after consumption, resulting in
their breakdown products being the predominant component
of wastewater. Also, after their excretion and/or discharge into
wastewater, some PPCPs may be further transformed through
biotic (microbial metabolism) and/or abiotic (photodegrada-
tion, etc) factors which could affect the drug’s stability and fate.
It is therefore possible that some toxicologically active com-
pounds may be overlooked when screening for pharmaceutical
residues in water bodies, due to the metabolic processing of the
parental compound. For some pharmaceuticals, it is known
that it is rather the major metabolite products from the parental
compound which exert the physiological effect. For example,
the analgesic compound tramadol will undergo hepatic metab-
olism by desmethylation to produce the primary metabolite
O-desmethyltramadol, which is a more potent and persistent
opioid than tramadol itself. The anti-epileptic compound carba-
mazepine is also almost completely metabolised in the liver to
produce the more potent carbamazepine-10,11-epoxide. These
metabolites are then excreted at higher levels than the parental
compounds. Regardless, the metabolites of pharmaceutical
compounds are regularly ignored in environmental screening
of water systems and need to be included in future studies. The
environmental consequences of pharmaceutical metabolites in
water systems may be even more detrimental than the presence
of their parental compounds. Several metabolites of parental
compounds of other types of environmental pollutants (mostly
pesticides) have been shown to have more severe endocrine-
disrupting effects on non-target organisms than their paren-
tal compounds. For example, the dithiocarbamate fungicide
mancozeb is shown to cause thyroid-modulating effects, but it
is rather its metabolite, ethylene thiourea (ETU) which exerts
this thyroid-modulating, and possible carcinogenic, activity
(USEPA, 2005; Opitz et al., 2006). The dicarboximide fungicide
vinclozolin is also shown to be an anti-androgenic EDC, but

it is rather its metabolites that have the greater half-lives and
mobility in water necessary to cause endocrine-disrupting
effects (Bayley et al., 2003). Furthermore, metabolites from
parental EDCs may modulate other endocrine system pathways
as well, such as the organochloride insecticide DDT, which is a
known oestogenic EDC, but its metabolite p,p’-dichlorodiphe-
nyldichloroethylene (p,p’-DDE) is shown to rather have anti-
androgenic activity (Mills et al., 2001). Also, although some
breakdown products of EDCs may not have any endocrine-
disrupting activity, these components might contribute towards
an elevated pathogenic effect of another EDC (i.e. potentiating
mixture interactions) in water bodies, as a large mixture of
different EDCs might be present in water bodies. The potential
of parental compounds and metabolites (breakdown products)
having endocrine-disrupting activities might therefore cause
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several toxicological mixture interactions in environmental
waters (Hendricks and Pool, 2012).

Apart from the potential of pharmaceutical metabolites to
exert higher health impacts if they are present in the environ-
ment, the occurrence of negative mass balances for pharma-
ceuticals and their metabolites has also been detected at several
WWTWs globally (Kasprzyk-Hordern et al., 2009; Blair et al.,
2015). This trend in negative mass balances is defined as higher
concentrations of ECs being detected in WWTW effluents
compared to raw wastewater entering the plant. One possibility
is that the parental compounds of ECs are not detected within
raw sewage, as the metabolite form of these compounds is more
prevalent. It may be possible that these metabolites might then
be re-transformed to their parental compounds by the micro-
bial communities present in the treatment plant, or by abiotic
factors such as photolytic processes (Bonvin et al., 2013; Aris
et al.,, 2014; Blair et al., 2015). This may therefore indicate that
some compounds may bio-accumulate or transform within
WWTWs, either through enzymatic metabolism or other
abiotic pathways, and then be discharged into environmental
waters. In particular, it is therefore important to further the
knowledge regarding the metabolic capabilities of microbial
communities to consume or transform xenobiotics in water
treatment facilities.

Mixture interactions of environmental pollutants

It is recognised on a global scale that numerous xenobiotic
chemicals accumulate in complex mixtures in the environment.
Although the concentrations of pollutants range from mg/L to
ng/L, the chemical interaction between pollutants can be great
(Carvalho et al., 2014). It is regularly found that chemical mix-
ture studies do not always conform to conventional predicted
ecotoxicological mixture interactions. These mixture interac-
tions are largely dependent on the individual chemical’s general
mode of action (MOA). The MOA of chemicals having gonadal
endocrine-disrupting activities, for example, are grouped as
being oestrogenic, anti-oestrogenic, androgenic, and anti-
androgenic (Behrends et al., 2010). In ideal mixture interactions
of environmental pollutants, it is generally assumed that com-
pounds having the same MOA (e.g. oestrogenic + oestrogenic)
will generate additive mixture interactions, meaning that the
chemical mixture acts jointly to generate a larger physiologi-
cal or toxicological response than their individual counter-
parts. This is generally known as the additivity null hypothesis
(Christiansen et al., 2009). In contrast, chemicals having dis-
similar MOAs (e.g. oestrogenic + androgenic) are proposed to
act independently from one another in regard to a measured
physiological or toxicological endpoint. This is referred to as
independent action (Christiansen et al., 2009). However, it is
not as simple as grouping chemicals according to a general
endocrine outcome. Chemicals having the same MOA (e.g. anti-
oestogenic) may have dissimilar mechanisms exerting the same
MOA, for example, modulating steroid receptor binding or
inhibiting steroidogenic enzyme functions. Both of these mech-
anisms have the same MOA, but act in a dissimilar manner,
which can cause complex mixture interactions. This complexity
in mixture interactions has been highlighted in several studies
(Kjeerstad et al. 2010; Ermler et al., 2011; Archer and Van Wyk,
2015). Therefore, recent mixture interaction studies refer not

to the general outcome of the MOAs (oestrogenic, androgenic,
etc.), but rather to their mechanisms of action (steroid receptor
agonism/antagonism, steroidogenesis inhibition/stimulation,
enzyme inhibition/modulation). Bearing in mind that a vast
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majority of xenobiotic compounds from agriculture, industries
and domestic waste accumulate in water systems, it is expected
that a large variety of compounds having both similar and
dissimilar MOAs are present in the water matrix. This opens
up the possibility of other ecotoxicological mixture interac-
tions to occur, such as potentiation, synergism and antagonism.
Furthermore, several compounds are known for having mul-
tiple MOAs for a large variety of physiological and toxicological
endpoints, therefore creating further complications in mixture
interaction studies. Regardless, from the retrospective informa-
tion present to date, along with continuing research being done
on this topic, the knowledge regarding mixture interactions of
environmental pollutants is complex and needs to be addressed
in future environmental studies.

Antibiotic resistance

Apart from the harmful endocrine-disrupting effects of several
pharmaceutical contaminants in wildlife and human popula-
tions, the presence of pharmaceuticals, especially antibacterial
agents, may influence the type and persistence of bacterial
communities (harmless or pathogenic) in the environment and
in societies. The most common types of water-related infec-
tious diseases include gastroenteritis, amoebiasis, salmonellosis,
dysentery, cholera, typhoid fever, hepatitis-A and diarrhoea.
These infectious diseases have been reported to spread due to
untreated water supplies and/or poor sanitation (WHO, 2004).

Pathogenic bacteria are renowned for developing resist-
ance to antimicrobial compounds (Levy et al., 1998). Bacterial
pathogens can come from several sources, depending on the
type of species. Some strains are waterborne, coming from
human and animal faecal matter (Gerba and Smith, 2005).
Other multidrug-resistant bacteria are known for their specific
occurrence in hospitals. Due to the fact that most pathogenic
bacteria are prone to infect immune-compromised individuals,
these micro-organisms are not only responsible for their associ-
ated illnesses, but have also been shown to increase the death
rates in patients with other communicable diseases (Levy et al.,
1998). The control of pathogenic bacterial colonisation in public
healthcare institutions, such as hospitals, is therefore vital to
improve the health of the population. Resistance generated
by pathogenic bacteria can also lead to insufficient response
to antibacterial therapy, and to the implementation of further
alternative drugs which might also eventually create resistance.
In a South African study, Essack and colleagues (2005) identi-
fied 24 pathogenic bacterial strains in 16 hospitals (2 tertiary, 9
regional and 5 district) in the KwaZulu-Natal province. Of the
1 270 bacterial isolates retrieved from patients at the different
hospitals, 3% were sensitive to all 24 antibiotics tested, and 91%
were resistant to multiple antibiotics. However, less resistance
was observed in isolates treated with cephalosporins and fluoro-
quinolones, which are regarded as ‘newly developed’ antibiotics.
Fluoroquinolones have also been detected in a WWTW effluent
in the Western Cape Province (Table 1; Hendricks and Pool,
2012) and, although this pharmaceutical has high sensitivity
as an antibacterial treatment, its increased occurrence in water
systems might also lead to bacterial adaptation and future
resistance.

With the known occurrence of pharmaceutical contami-
nants in water systems, it is also possible that the presence of
low levels of these contaminants may improve the antibiotic
resistance of undesired and/or pathogenic bacterial communi-
ties and/or influence the structure and occurrence of bacte-
rial pathogens in the water system, therefore making it more
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difficult to eradicate these pathogens from the waters. These
problems are the reason for increased pressure on water treat-
ment facilities to remove both pathogens and toxins from the
water system. Although water treatment facilities assure that
bacterial pathogens are removed from the water, it is important
to note that not all water treatment facilities operate at their
expected levels (DWS, 2012). Although some WWTW facilities
in South Africa comply with the recommended limits of physio-
chemical parameters in the effluent, they fail to adhere to other
target standards (Odjadjare et al., 2012). A study by Odjadjare
et al. (2012) detected several antibiotic-resistant Pseudomonas
species in South African WWTW effluents. These strains did
not only show resistance to antibiotics, but also to chemical
treatments in the water treatment process, such as chlorina-
tion. It has also been noted that chlorination may increase the
resistance of bacteria to ampicillin and cephalotin (Murray et
al., 1984). Also, informal settlements situated above water treat-
ment facilities might utilise water resources directly from the
source, which might be prior to treatment. Although the levels
of antibiotics in environmental waters might be below their
concentrations to exert an antibiotic effect, these pollutants
might serve as a ‘primer’ for further anti-microbial resistance
(AMR) development. Taking all these factors into considera-
tion, the development of AMR needs to be investigated further,
by incorporating the data generated from environmental phar-
maceutical chemical analyses, to assess whether low concentra-
tions of antibiotics detected in environmental waters might
induce further antibiotic resistance in pathogenic bacteria.

Environmental biofilms (epilithon) as biomarkers of micro-
pollutants

In addition to the development of AMR in bacteria caused by
selective evolutionary pressure (such as exposure to antibiot-
ics), morphological and physical characteristics of microbial
communities also play a role. It is known that microorganisms
can adhere to solid surfaces where they deviate from their
planktonic state, and grow and multiply to form biofilms.
These biofilms typically constitute a community of multiple
types of microorganisms, potentially including bacteria, fungi,
and algae (Edwards and Kjellerup, 2013). The adherence of
microbial communities to surfaces is assisted by the formation
of extracellular polymeric substances (EPS) which keep the
biofilm community intact. This facilitates a niche for the micro-
organisms to proliferate and colonise new surfaces by either
single cell detachment, or multiple cell detachment, which is
transported within the liquid environment (Ghadakpour et
al., 2014). Biofilms may contain both harmless and pathogenic
micro-organisms, and are challenging to eradicate in both
the environment as well as WWTWs (Flemming et al., 2016).
Therefore, pathogenic microbes may proliferate in the environ-
ment if favourable conditions are present for them to form bio-
films, making them hard to remove at water treatment plants.
Due to several obligate and opportunistic pathogens that
have developed resistance to antibiotic chemicals, it is becom-
ing even more important to prevent the formation of pathogenic
biofilms in the environment. Such pathogenic microorganisms
do not only proliferate in contaminated environmental waters,
but can also spread to areas where humans are in direct contact
with these pathogens. This has been highlighted by Hota et al.
(2009), who investigated the incidence of 36 patients infected
with a multidrug-resistant strain of P. aeruginosa in a Canadian
hospital during 2004 and 2006. The research showed that a
biofilm containing the pathogenic strain was lined around sink
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piping situated close to patient beds. Although the sinks were
treated with antibacterial agents for disinfection, this did not
inhibit the dispersal of the bacteria when accidental splashing
from the sink occurred (Hota et al., 2009). Such incidences are
very likely to occur in South African hospitals as well, as most
public sector hospitals do not meet basic sanitation and hygiene
requirements. The outbreak studied by Hota et al. (2009) high-
lights the importance of controlling and limiting the possible
source points of adaptive pressure enabling these bacterial path-
ogens to develop resistance. If antibacterial pharmaceuticals
are not effectively removed from drinking water supplies, these
chemicals might accumulate and increase the antimicrobial
resistance of pathogenic bacterial biofilms. Also, the continued
usage of certain antibiotic compounds leads to the development
of resistance by the pathogens against that specific compound,
and therefore leads to the development or usage of alterna-

tive antibiotic compound/s. These are, however, short-term

and cyclic solutions, since they ultimately increase the suite

of genetic adaptation mechanisms available to the microbial
community. This is of particular concern in freshwater drink-
ing sources, as it is found on a daily basis that more and more
antibiotic pollutants are found in our freshwater systems, even
after water treatment processes.

Despite the detrimental effects of pathogenic biofilm com-
munities, the presence of biofilms in environments is not always
harmful. Biofilm communities can be found on streambed
sediment surfaces in environmental waters, and are a critical
element of the chemical and nutrient cycling in aquatic systems
(Writer et al., 2011). Biofilms and microbial flocs are one of the
primary means of carbon and nitrogen removal in wastewater
treatment plants, responsible for facilitating clean water and
preventing eutrophication of our water bodies (Sheng et al., 2010).
Biofilms are also used for bioremediation and biotransformation
of toxic compounds at water treatment facilities (see Edwards and
Kjellerup, 2013; Table 2 for a summary of biofilm-based treat-
ment techniques). Therefore, biofilms may be used as a screening
tool to investigate the accumulation and removal of harmful
chemicals (including PPCPs and other EDCs) in surface waters.
It is shown that steroid hormones and alkylphenols (such as NP)
can partition very rapidly into the organic matter of biofilms
(Writer et al., 2011). Biofilms can also contribute to the oxida-
tion of organic material, such as converting E, to E (Writer et al.,
2011), thereby changing the chemical profiles in the water system.
Thus, biofilms can serve as a bio-indicator of EDC presence in
the environment, as organic compounds can be retained within
the biofilm community and undergo transformation processes
(Edwards and Kjellerup, 2013). However, other environmental
factors may also influence the retention capacity of organic
compounds in biofilms, such as temperature, light, competing
carbon substrates and oxygen concentrations. Regardless, biofilm
communities in environmental waters may serve as a valuable
tool for EDC detection studies. Several aspects of biofilm interac-
tion with environmental EDCs can be investigated in the future.
Pharmaceuticals in environmental waters might exert pressure
on the structure and composition (physical and community) of
microbial biofilms in the environment, due to possible antimicro-
bial resistance or other chemical interactions with the microbial
communities. This might have beneficial or detrimental effects
on the fate and persistence of EDCs in the environment, as
biofilms may assist in the bioaccumulation and/or biodegrada-
tion of organic pollutants, either making them less harmful or
changing them into more biologically active metabolites. Thus,
both antibiotics and broader pharmaceutical compounds will
have a modulating effect on the microbiological ecology of both
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wastewater treatment works and freshwater systems, as well as
the endocrine-disrupting effects discussed above.

A tiered approach to endocrine disruption of PPCPs of
environmental concern

Taking all environmental and socio-economic factors men-
tioned in the current review into consideration, as well as
research to date on the accumulation of EDCs and other ECs

in surface waters, and their implications towards the health

of humans and wildlife (AMR and EDCs), it is important to
implement a tiered approach towards identifying and categoris-
ing possible pathogens and routes of exposure in environmental
and treated water systems.

Several global regulatory bodies such as the Endocrine
Disruptor Screening and Testing Advisory Committee
(EDSTAC) managed by the USEPA, and a task force on
Endocrine Disrupters Testing and Assessment (EDTA) by
the OECD, have mandated the development and validation of
testing (screening) methods for standardised assessments. The
tiered approach suggested by USEPA was accepted globally
and includes a battery of assays to screen or test for endocrine
interactions and to identify and evaluate the potential of con-
taminants serving as EDCs (EDSTAC, 1998). First-tier assays
were chosen to act as high-throughput screens to identify and
prioritise ECs for second-tier testing, which aids in the under-
standing of the specific physiological MOA which are modu-
lated by the EC of interest (EDSTAC, 1998). Second-tier screens
aim to evaluate the results obtained from the first-tier screens in
multi-generational or long-term in-vivo studies to gain further
support for a compound or mixture of contaminants to serve as
environmental EDCs (EDSTAC, 1998). First- and second-tier
screening can therefore provide biologically relevant informa-
tion, which can be used to support ERAs and to establish AOPs
for more detailed eco-toxicological assessment.

CONCLUSION

Based on the current status of micro-pollutant understanding

and analyses described in this review, it is evident that there

is a large source of information available which can aid in the

prioritisation of emerging contaminants for environmental risk

assessment. Several key points were discussed and should there-

fore receive priority in future studies to ensure sustainability of

our freshwater resources, namely:

o Further reports on the occurrences of PPCPs and their
metabolites in surface waters

o Establishing the possible endocrine-disrupting effects of
commonly-detected PPCPs and other micro-pollutants
through a tiered eco-toxicological approach

« Investigating the contribution of environmental micro-
pollutants towards the global epidemic of AMR

o Report on the effectiveness of WWTWs to remove prior-
ity micro-pollutants (such as EDCs), as well as biological
pathogens

« Raising public awareness of the consequences of liberal and
irresponsible PPCP use and disposal

o Establish and/or improve initiatives such as the National
Toxicity Monitoring Programme (NTMP) to assist with
environmental risk assessment through the use of AOP
networks

o Developing more effective water treatment technologies to
eradicate persistent micro-pollutants from the water system
in order to deem the system safe for reuse
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