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a b s t r a c t

Isoprostanes (IsoPs) are a class of oxidation products naturally formed in vivo that are indicative of
endogenous oxidative stress. In individuals with chronic and oxidative stress related diseases, IsoPs are
increased to pathological levels. Since they are excreted through urine into sewage systems, IsoPs can be
detected in wastewater treatment plants' (WWTPs) effluents and thus can be used to evaluate the health
status of a given population. The underlying principle is that higher isoprostanes WWTPs’ levels
correspond to populations undergoing higher levels of oxidative stress, and thus disease. However, IsoPs
are not eliminated by WWTPs and will end up being released into the aquatic environment, where they
will be available for uptake by aquatic species. Being bioactive molecules, it has been suggested that IsoPs
in the environment may elicit oxidative stress in aquatic organisms. In this context, we have critically
reviewed the available data on IsoPs as products and effectors of toxicity, and propose the new concept of
“circular toxicity”. In general, IsoPs excreted by humans as a consequence of oxidative stress are released
into the aquatic environment where they may interact with aquatic organisms and induce the pro-
duction of more IsoPs. These stress markers, in turn, will also be excreted, increasing the already high
levels of stressors in the aquatic environment and thus create an escalating cycle of oxidative stress.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

In homeostatic conditions, there is an equilibrium in the redox
status. However, certain stressors can elicit a response that disrupts
this homeostatic state, inducing an imbalance between oxidants
and antioxidants, in favour of the oxidants. This leads to the prev-
alence of supraphysiological oxidative stress, disrupting redox
signalling and/or damaging biomolecules, which may ultimately
lead to the onset of disease (Pisoschi and Pop, 2015). In fact,
oxidative stress plays a major role in several chronic and non-
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ousa).
communicable diseases including for example cancer, diabetes,
autoimmune disorders, neurodegenerative and cardiovascular
diseases (Andersen, 2004; Pham-Huy et al., 2008). However, it af-
fects not only humans but all living organisms, and the effects of
oxidative stress in wildlife and its role on the shaping of life-
histories is a topic of growing concern in the scientific commu-
nity (Costantini et al., 2010; Dowling and Simmons, 2009; Metcalfe
and Alonso-Alvarez, 2010; Salin et al., 2017).

Oxidants (or pro-oxidants) correspond to any endobiotic or
xenobiotic capable of inducing oxidative stress, either by gener-
ating free radicals or affecting the antioxidant response efficacy
(Rahal et al., 2014). Generally, oxidative damage occurs due to free
radicals, which may originate from several reactive species such as
reactive oxygen species, and, to a lesser extent, reactive species of
nitrogen, carbon, copper, halogens, iron and sulphur. Free radicals
are chemical species capable of existing independently. They have
an unpaired valence electron in their external orbit becoming
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highly unstable, and consequently very reactive, hence short lived
(Lushchak, 2014; Pisoschi and Pop, 2015). They are involved, for
example, in lipid peroxidation and consequent formation of
different molecules in which isoprostanes (IsoPs) are included.

2. Isoprostanes synthesis and classification

IsoPs are a class of prostaglandin-like compounds that are
generally produced non-enzymatically by the peroxidation of
polyunsaturated fatty acids (PUFAs) (Milne et al., 2015). The main
differences between IsoPs and prostaglandins (PGs) are associated
with their synthesis and stoichiometry (Fig. 1a). PGs production is
associated with tissue inflammation being synthesized when
arachidonic acid is released from phospholipids (by the action of
phospholipase A2) and afterwards metabolized by cyclooxygenases
(COX) (Ricciotti and FitzGerald, 2011; Yen et al., 2015). IsoPs are a
result of the peroxidation induced by free radicals in PUFAs (lipid
peroxidation). In this context, lipid peroxidation consists in the
interaction of free radicals with PUFAs that, upon oxidation, will
consequently propagate a series of lipidic oxidations until this
chain reaction is interrupted (Ayala et al., 2014; Kalyanaraman,
2013; Milne et al., 2011). This process is summarized in Fig. 1b.
Therefore, IsoPs generation is traditionally considered to be
enzyme independent (Milne et al., 2011). Recently, some authors
have been questioning the established paradigm that IsoPs for-
mation is independent of enzymatic action. van't Erve et al. (2016)
added important evidence that IsoPs are not solely products of
oxidation induced by free radicals (independent of enzymes) but
can also be obtained through enzymatic oxidation via COX, just like
PGs. In practical terms, these authors highlighted that, in order to
better characterize the real contribution of oxidative stress, one
should examine the ratio of a specific IsoP to its respective PG
generated by COX: the enzymatic pathway is responsible for a
higher proportion of the latter over the former, whereas the pro-
portion is similar when oxidative stress is the mechanism under-
lying the formation of these compounds (van't Erve et al., 2016).

The second major difference between PGs and IsoPs is their
stoichiometry: whereas the two PG side chains have a trans
conformation relative to the cyclopentane ring (thermodynami-
cally favourable), the two side chains of IsoPs have a cis confor-
mation (kinetically favourable) (Daughton, 2012). The
categorization of IsoPs is performed based on the functional groups
that are present along their prostane ring. They are named based on
the structure of the functional groups present in its cyclopentane
ring, being F2-, D2-and E2-IsoPs the main classes to be considered
when arachidonic acid is the oxidized PUFA (Jahn et al., 2008; Milne
et al., 2011). Of these three isomers, F2-IsoPs are the most stable
Fig. 1. a) Difference between PGs (F2a-PG) and IsoPs (15-F2t-IsoP). b) Steps of lipid peroxida
lipid peroxyl radical; LOOH: lipid hydroperoxide; A: antioxidant; A·: antioxidant radical; A
when compared to D2-and E2-IsoPs because these two are dehy-
drated to J2-and A2-IsoPs, respectively (Milne et al., 2011). F2-IsoPs
have several isomers (up to 64 are possible), depending on where
the oxidation of arachidonic acid occurs (Gaw and Glover, 2016; Yen
et al., 2015). This number of isomers is possible because, when
arachidonic acid is subject to lipid peroxidation by free radicals, it
produces four regioisomers and each of these will, in turn, give rise
to eight additional isomers together with their respective di-
astereomers (Daughton, 2012). The four regioisomers have a clas-
sification to discriminate them from each other, taking into account
the carbon where the hydroxyl group is and starting counting from
the carbon of the carboxyl group. By doing this, hydroxyl groups
can be bound to different carbons which occupy positions 5, 8, 12 or
15, and, therefore, F2-IsoPs will be present in the form of 5-F2-IsoPs,
8-F2-IsoPs, 12-F2-IsoPs and 15-F2-IsoPs, respectively. It is important
to note that the regioisomers of the 5- and 15-series are formed at
significantly higher amounts than the regioisomers of the 8- and
12-series because the latter are still susceptible to oxidation. Thus,
since regioisomers of series 5- and 15-series are not oxidized, they
correspond to the final products of the overall oxidation reaction
(Milne et al., 2011). As a consequence, these IsoPs are considered as
a marker of the occurrence of lipid peroxidation and, consequently,
an indicator of oxidative stress.

3. Isoprostanes as markers of oxidative stress

Oxidative stress is, as previously mentioned, associated with
several chronic non-communicable diseases and thus indicators of
oxidative stress can be used as clinical biomarkers. On this basis, F2-
IsoPs,15-F2-IsoPs and its metabolites, and also 5-F2-IsoPs have been
quantified in patients aiming to relate their levels with pathologies
known to be associated with lipid peroxidation and, thus, with
oxidative stress (Galano et al., 2017).

Generally, 15-F2-IsoPs (also known as 8-iso-PGF2a), are the most
abundant F2-IsoPs. They can be detected in plasma (free IsoPs) and
urine (free and glucuronide-conjugated IsoPs) (Gaw and Glover,
2016; Milne et al., 2015). Several authors have quantified F2-IsoPs
levels in bothmatrices. Morrow et al. (1990) established for the first
time the normal levels of F2-IsoPs both for plasma (0.005e0.04 ng
mL�1) and in urine (0.5e4 ng mg�1 creatinine). Later, Liu et al.
(1999) reported that the normal levels were 0.035± 0.006 ng
mL�1 for human plasma and 1.6± 0.6 ng mg�1 creatinine for urine.
More recently, van 't Erve et al. (2017), reported urinary levels of
1.2± 0.6 ng mL�1 (or 1.3± 0.8 ng mg�1 creatinine) in control in-
dividuals and plasma levels of 0.0451± 0.0184 ng mL�1. Because
urinary levels of free 15-F2-IsoPs are much higher than those in
plasma, urine is currently the preferred matrix to quantify F2-IsoPs,
tion (LH: lipid; R·: free radical; L·: lipid radical (oxidized); RH: reduced radical; LOO·:
ox: oxidized antioxidant (stable)). Adapted from (Kalyanaraman, 2013).
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with the additional advantage of being non-invasive, which facili-
tates its collection. In addition to plasma and urine, other matrices
such as amniotic fluid, central nervous systems samples (anterior
cingulate cortex, occipital cortex, cerebrospinal fluid, other brain
tissues), atherosclerotic plaques, carotid plaques, cord serum,
exhaled breath condensate, proximal gastric mucosa, saliva, serum
and sputum, may be used, as comprehensibly described by Galano
et al. (2017) and illustrated in Fig. 2; however, their use is still
limited.

Traditionally, higher IsoPs levels were associated, for example,
with neurodegenerative diseases, cancer and obesity as depicted in
Fig. 2. However, upon the paradigm change proposed by van't Erve
et al. (2016) (see section 2) new evidences arose and the list of
diseases associated with higher IsoPs levels was revised and
updated (van 't Erve et al., 2017). These authors performed a meta-
analysis in order to understand the role of oxidative stress markers
(free and total 8-iso-PGF2a) across human disease and compiled the
available data for free 8-iso-PGF2a and total 8-iso-PGF2a. The dif-
ference between these is that total 8-iso-PGF2a includes free 8-iso-
PGF2a and 8-iso-PGF2a that is esterified to LDL phospholipids.
Overall, the authors consider that the total 8-iso-PGF2a is a better
indicator of oxidative stress because, if only free 8-iso-PGF2a is
assessed, it can include the enzymatically generated 8-iso-PGF2a,
and, therefore, compromise the correct interpretation of 8-iso-
PGF2a as a biomarker of oxidative stress. Thus, pathologies that
have total 8-iso-PGF2a levels higher than the free 8-iso-PGF2a levels
will, most likely, be non-enzymatically generated, as a consequence
of oxidative stress. However, the number of publications with total
8-iso-PGF2a levels (n¼ 33) is much lower than the number of
publications reporting free 8-iso-PGF2a (n¼ 209) (van 't Erve et al.,
2017), most probably due to the difficulties associated with the
Fig. 2. Diagram illustrating the matrices used to monitor the levels of IsoPs and the disease
the diseases for which the new scientific evidences suggests stronger associations with Is
atherosclerotic plaques, carotid plaques, cord serum, exhaled breath condensate, anterior cin
extracted from Galano et al. (2017), Milne (2017) and van 't Erve et al. (2017).
quantification of total 8-iso-PGF2a levels. Based on the results ob-
tained from the meta-analysis, van't Erve and co-workers estab-
lished a new and more robust ranking of human pathologies in
which lipid peroxidation has higher interference. Diseases of the
respiratory tract such as cystic fibrosis, pulmonary arterial hyper-
tension and urogenital diseases such as chronic renal insufficiency
were recognized as those for which the extension of oxidative
damage is higher. On the other hand, Alzheimer's disease, obesity
and cancer, that were previously associated with significant
oxidative stress, presented lower association with increased levels
of 8-iso-PGF2a (Milne, 2017).

4. Isoprostanes as biomarkers in wastewater-based
epidemiology

In modern society, urine is discharged into the wastewater
system and thus IsoPs will follow this path. Given that the excreted
IsoPs are a measure of oxidative stress, it is plausible to assume that
wastewater can be used to provide a global picture of the overall
oxidative stress of populations. This concept known as wastewater-
based epidemiology (WBE) or “sewage epidemiology” is based on
the principle that wastewater can be regarded as a large composite
urine sample from a given population (Santos et al., 2015).WBEwas
initially proposed to evaluate the use of substances of abuse, such
as illicit drugs (Zuccato et al., 2005), and it was later extended to
other such substances of abuse (alcohol and tobacco), environ-
mental contaminants and pharmaceuticals. The usefulness of WBE
is by now well-established, leading to its recommendation by the
European Monitoring Centre for Drugs and Drug Addiction
(EMCDDA, 2016). Besides being used to estimate the use of illicit
drugs in a given population, WBE has also been used to access
s for which IsoPs were traditionally considered good biomarkers (depicted in grey) and
oPs levels (depicted in black, bold letters). “Others” matrices refer to amniotic fluid,
gulate cortex, occipital cortex, proximal gastric mucosa, saliva, serum and sputum. Data
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population exposure to environmental contaminants (Been et al.,
2017; Gonzalez-Marino et al., 2017; Rousis et al., 2017) and as a
valuable tool to access the general consumption of pharmaceuticals
and thus to indirectly assess the health status of a population
(Eggimann et al., 2017; Gracia-Lor et al., 2017; Rico et al., 2017;
Thomas et al., 2017). The same principle can be applied to evaluate
the presence of human endogenous biomarkers of disease
(Daughton, 2012, 2018; Gracia-Lor et al., 2017; Ryu et al., 2016). By
measuring endogenous biomarkers that provide an indication of
the disease instead of measuring the pharmaceuticals used to treat
those diseases it is possible to use WBE as a warning system.
Furthermore, the data obtained from endogenous biomarkers can
also be used to reveal health disparities between different pop-
ulations as suggested by Gracia-Lor et al. (2017). Therefore, IsoPs,
particularly 15-F2-IsoPs can also be used as WBE biomarkers: they
are time-integrative regarding systemic oxidative stress, are
excreted in urine and are stable as mentioned by Daughton (2012).
However, measurement of IsoPs levels in sewage epidemiology has
not receivedmuch attention judging by the small amount of studies
published (n¼ 4). Fig. 3 summarizes the distribution of 8-iso-PGF2a
levels reported in Europe and North America, the only locations
studied so far.

Santos et al. (2015) performed the first study that addressed
IsoPs levels in wastewater in Detroit, Michigan (USA). The authors
collected wastewater samples once from three different points in
Detroit, between May and June of 2014 and detected 8-IsoP (a
synonym to 15-F2-IsoPs) at levels between 6 and 20 ng L�1. Taking
into account the flow rate and population, they concluded that the
levels of IsoPs were community-dependent and remained constant
over a period of two months. The same team (Santos et al., 2016)
also quantified the levels of IsoPs inwastewater fromMichigan over
a period of one year between April of 2014 and May of 2015 using
three different collection points, and reported IsoPs concentrations
up to 20 ng L�1.

The subsequent studies were all performed in Europe with
levels of IsoPs being described for 8 countries in a total of 11 cities.
Ryu et al. (2015) reported the first concentrations while validating a
new method to quantify IsoPs in wastewater by liquid
chromatographyehigh resolution mass spectrometry coupled to an
immunoaffinity clean-up. Integrative wastewater samples were
collected in Oslo (Norway) in March of 2015 for eight consecutive
days and the quantified 8-iso-PGF2a levels varied between 18.9 and
23.3 ng L�1. Taking into account that urinary IsoPs might be in the
form of glucuronide conjugates, the authors treated their waste-
water sample with b-glucuronidase, in order to determine the total
(free þ conjugated) concentration of 8-iso-PGF2a. Their results
showed that, when treated with this enzyme, 8-iso-PGF2a
Fig. 3. Geographical distribution of the studies in which environmental levels of 8-iso-PGF2
Ryu et al. (2016), Santos et al. (2015, 2016).
concentration increased, confirming that IsoPs as glucuronide
conjugates can go undetected. Such results highlighted the
complexity in the evaluation of the levels of this biomarker in real
samples and strengthen the conclusions by van't Erve et al. (2016)
that total 8-iso-PGF2a is a better indicator of oxidative stress (sec-
tion 3).

The same team -Ryu and co-workers (Ryu et al., 2016) - also
performed the most comprehensive study up to date. They
studied the levels of IsoPs in wastewater from different European
cities. The work aimed to understand if there was a correlation
between the levels of IsoPs and biomarkers of alcohol (ethyl
sulphate) and tobacco (trans-30-hydroxycotinine) consumption,
in order to further validate the use of IsoPs as a biomarker of
population health in wastewater. Previous studies demonstrated
that tobacco and alcohol consumption were responsible for an
increase in the relative F2-IsoPs levels in relation to controls
(Daughton, 2012). Sampling was performed over 4 or 7 consec-
utive days between 2014 and 2015. The results depicted con-
centrations of 8-iso-PGF2a between 8.7 and 11.9 ng L�1 in
Brussels (Belgium); 15.6e17.8 ng L�1 in Copenhagen (Denmark);
14.6e16.7 ng L�1 in Utrecht (The Netherlands); 11.2e13.8 ng L�1

in Castellon (Spain); 14.6e18.0 ng L�1 in Zurich (Switzerland);
10.1e13.6 ng L�1 in Bristol (UK); 9.8e11.2 ng L�1 in Milan (Italy);
9.4e11.9 ng L�1 in Hamar (Norway); 13.9e17.7 ng L�1 in Sta-
vanger (Norway); 15.0e17.4 ng L�1 in Tromsø (Norway) and
13.9e17.0 ng L�1 in Oslo (Norway). The obtained results,
demonstrated that there was a strong correlation between
oxidative stress and tobacco consumption from composite
wastewater samples of eleven different cities. Thus, the authors
suggested that the analysis of F2-IsoPs in untreated sewage is an
advantageous tool in both diagnosis and prognosis for clinical
research (Ryu et al., 2016).

5. Isoprostanes in the context of circular toxicity

The same characteristics that makes IsoPs a suitable WBE
biomarker, i.e., their stability in wastewater (Ryu et al., 2015),
ubiquity (Ryu et al., 2016) and biological activity (Daughton, 2012),
may also be regarded as of potential concern towards the aquatic
environment.

IsoPs are products but also effectors of oxidative stress, and
therefore as proposed by Gaw and Glover (2016), there is a possi-
bility that exposure to IsoPs from wastewaters, triggers a so-called
“contagious toxicity” effect that may be responsible for the prop-
agation of oxidative stress through the aquatic environment. As
such, IsoPs were already considered as potential emerging con-
taminants (Gaw and Glover, 2016). The possible role of IsoPs as an
a were studied, with the indication of the detected concentrations. Data extracted from
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emerging class of contaminants gains strength if we consider that
aquatic organisms possess phylogenetically conserved prostanoid
receptors as described byMizutani et al. (2010). Given that IsoPs are
basically PG-like biomolecules, they will, most probably, interact
with these receptors (Heckmann et al., 2008; Lang et al., 2010).
Furthermore, IsoPs were already found in fishes suggesting that
they are produced by these aquatic species (Chung et al., 2013;
Spokas et al., 2008). Moreover, such productionwas associatedwith
lipid peroxidation after exposure to toxic metals in fatheadminnow
(Spokas et al., 2008).

Fig. 4 summaries our hypothesis of isoprostanes circular toxicity.
We postulate that when humans are exposed to environmental or
endogenous stressors, oxidative stress might occur, leading to the
production of oxidative stress markers, in which isoprostanes are
included. These IsoPs are excreted through urine that is discharged
in the sewage system and will reach WWTPs. Because most
WWTPs lack the technology to completely remove IsoPs they will
enter the aquatic ecosystem, increasing its background levels. In
the aquatic environment, IsoPs will be available for uptake by
aquatic species and as a consequence they will probably induce
additional stress in these organisms that will react by producing
more oxidative stress markers (i.e. IsoPs). This production of IsoPs
will lead to added excretion into the environment, which in turn
will promote higher uptake of IsoPs by the aquatic organisms, thus
creating a circular toxicity loop.

6. Limitations and future perspectives

The introduction by wastewaters of IsoPs in the aquatic envi-
ronment and their potential effects upon aquatic species is a matter
of concern that needs to be addressed. However, establishing that
IsoPs are reaching the aquatic environment and that aquatic species
Fig. 4. Conceptual diagram of the
will interact with these chemicals does not constitute proof in itself
of deleterious effects. Studies on the toxicity of IsoPs are thus
necessary; however, little attention has been directed to the po-
tential toxicity of IsoPs towards aquatic species. In fact, to this date,
a search on Scopus, PubMed andWeb of Science does not produce a
single article that directly addresses the effects of IsoPs as an
environmental contaminant in aquatic biota itself. Therefore, there
is an urgent need to evaluate the possible ecotoxicological impact
that IsoPs may have on the aquatic biota of effluent receiving wa-
ters as already stated by Gaw and Glover (2016). Future studies
should include the evaluation of sub-lethal effects of IsoPs into
species of different taxonomic groups, representative of different
trophic levels.

Besides, given the increasing incidence in developing countries
of non-communicable diseases that have at its base inflammation
mechanisms (i.e., obesity, diabetes, cancer, and cardiovascular,
chronic respiratory and neurological diseases) intimately con-
nected with oxidative stress (Camps and García-Heredia, 2014), an
increase in the excretion of IsoPs is expected. In order to fully
address this problem, it will also be necessary in the future to
quantify the levels of IsoPs excreted in influents and effluents of
wastewater treatment plants and to develop new technologies to
allow their complete removal. Additionally, more comprehensive
surveys on the environmental levels of IsoPs should also be
performed.

7. Conclusions

Oxidative stress is a conserved widespread toxic mechanism,
therefore, aquatic biota exposed to IsoPs released from WWTPs
may respond to this insult by triggering additional oxidative stress,
and thus may amplify oxidative stress throughout the environment
circular toxicity hypothesis.
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as a contagious disease. As such, IsoPs possess the necessary
characteristics to become a case of circular toxicity: the more IsoPs
are excreted by humans the greater amount of these chemicals will
be concentrated in WWTPs and afterwards released into the
aquatic environment where they will putatively impact aquatic
biota. These impacts will at least partially translate into further
oxidative stress, leading to the consequent excretion of more IsoPs,
perpetuating the cycle.
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