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Abstract

Cholesterol-lowering drugs, antidiabetics, antiarrhythmics, antidepressants, and antibiotics belong to the most prescribed drugs
worldwide. Because of the manufacture, excretion, and improper disposal of leftover drugs, the drugs enter waste waters and,
subsequently, surface waters. They have been detected in surface waters all over the world, from concentrations of ng/l to concentrations
several orders of magnitude higher. Since pharmaceuticals are designed to be both biologically and chemically stable, photochemical
degradation by sun radiation represents a way of transformation in the natural environment. This review provides a survey of how
selected drugs of the above-mentioned classes affect aquatic organisms of different trophic level. The emphasis is on the harmful effects
of phototransformation products, an area of scientific investigation that has only attracted attention in the past few years, revealing the

surprising fact that products of photochemical degradation might be even more toxic to aquatic organisms than the parent drugs.
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Highlights:

+ Cholesterol-lowering drugs, antidiabetics, antiarrhythmics, antidepressants, and antidiabetics belong to the most prescribed drugs
worldwide. They have been detected in surface waters all over the world.
+ Since pharmaceuticals are designed to be biologically as well as chemically stable, photochemical transformation by sun radiation

represents a way for them to degrade in the natural environment.

« Toxicity of the drugs’ photoproducts has begun to attract attention. Several studies have recently revealed that the photoproducts
may be even more toxic to the aquatic organisms than the parent drugs themselves.

Introduction

Pharmaceuticals include an enormous group of compounds;
the US Food and Drug Administration listed over 20,000
prescription drug products approved for marketing in 2021
(Fact Sheet, 2021). Cholesterol-lowering drugs (hypolipidemic
agents), antidiabetics, antiarrhythmics, antidepressants, and
antibiotics belong to the therapeutic categories prescribed in
the greatest amounts worldwide (Aus der Beek et al., 2016;
Mezzelani et al., 2018; Li, 2014).

Globally, the use of pharmaceuticals reached about
3,600 billion doses in 2015 and was estimated to increase by
25% by 2020 (Mezzelani et al., 2018). Moreover, the outbreak
of the coronavirus (COVID-19) pandemic in 2019 induced an
unprecedented increase in the use of several old and repur-
posed therapeutic drugs, such as nonsteroidal anti-inflamma-
tory drugs, disease-modifying antirheumatic and antimalarial
drugs, antiretrovirals, analgesics, and their supporting agents,

and even veterinary medicines, e.g., ivermectin (Gwenzi et al.,
2022).

Although the remarkable worldwide increase in medicine
usage may be considered one of the greatest benefits of mod-
ern society, a parallel result of this growing usage is the ubiqui-
tous occurrence of pharmaceuticals in natural ecosystems (Aus
der Beek et al., 2016).

Active pharmaceutical ingredients are discharged into
the natural environment in many ways, mainly during their
manufacture, usage, and improper disposal of unused drugs
(Wilkinson et al., 2022). There is evidence that environmental
exposure to these substances has detrimental effects on the
well-being of ecosystem living constituents (including hu-
mans), e.g., by selecting antibiotic-resistant bacteria, feminiz-
ing fish, and increasing the susceptibility of fish to predation.

In principle, an environmental transformation of any xe-
nobiotic substance may include processes of biotic (aerobic
and anaerobic) and abiotic (chemical) character. Concerning
chemical degradation, mainly oxidation, hydrolysis, and/or
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binding to environmental matrices come into consideration
(Patel et al., 2019; Sebastine and Wakeman, 2003).

Since pharmaceuticals are designed to be chemically stable
(Khetan and Collins, 2007) and wastewater treatment plants
have not been tailored to remove micropollutants (substances
in the concentration range of ng/1 to hundreds of pg/1) of very
different solubilities, polarities, and absorption abilities (Kha-
sawneh and Palaniandy, 2021) additional processes are likely
to contribute to the environmental fate of pharmaceuticals.

Surface waters are exposed to solar radiation. They typical-
ly contain metal ions and some of them, mainly humic waters,
also various absorbing species that can act as photochemical
sensitizers. In such a system, even recalcitrant xenobiotic com-
pounds may be degraded in photoinitiated processes (Boreen
etal., 2003; Klementovd et al., 2017, 2019, 2020, 2021, 2022).
Thus, in surface waters, photoinitiated processes may repre-
sent a noteworthy transformation pathway for such - biologi-
cally and chemically resistant — compounds. A physicochemical
background of photochemical reactions and a general over-
view of photochemical degradation of some selected groups
of pharmaceuticals covering the different ways of decomposi-
tion mechanisms together with the relationship between the
photosensitising effect of a drug and its chemical structure
is provided in the review of Klelemen et al. (2022). Strategies
utilised by medical chemists toward mitigation of phototox-
icity risks are given in the overview of Harrison et al. (2023).
A general feeling presumes that even a partially degraded drug
should be unharmful, or at least less harmful to non-target
species than the original drug. Nevertheless, several studies
have proven that products of biotic (metabolic) as well as pho-
tochemical degradation of various substances may be more
toxic to aquatic organisms than the parent compounds them-
selves (Klementova et al., 2020, 2021, 2022; Tixier et al., 2002,
2009; Travinski and Skibinski, 2022). A better understanding
of these processes is essential to a better insight into the fate
of pollutants in the natural aquatic environment and the pos-
sible effects of parent compounds and their transformation
products on aquatic organisms.

Ecotoxicology represents a framework enabling the testing
of a compound’s impact on organisms and thus revealing, or
at least estimating, its potentially harmful effects. There is a
large number of methods and organisms used in such assays.
In autotrophs, the algae Chlorella spirulina and Desmodesmus
subspicatus are often used because of their simple laboratory
maintenance (OECD 201, 2011). OECD 221 (2006) describes
toxicity testing using freshwater aquatic plants of the genus
Lemna (duckweed) — Lemna gibba and Lemna minor. The cla-
doceran Daphnia magna, a representative of the microcrusta-
cean group, is a flagship in toxicity testing in surface waters
(OECD 202, 2004; OECD 211, 2012). The planktonic species
D. magna has several characteristics which help to easily per-
form toxicological tests, especially those targeted at acute tox-
icity: D. magna reproduces parthenogenetically when in suit-
able conditions and can be relatively easily maintained under
laboratory conditions. The zebrafish Danio rerio represents a
common model of vertebrates in ecotoxicology (OECD 203,
2019). The extrapolation of the obtained results to higher ver-
tebrates cannot be simply straightforward and should be done
with care. Nevertheless, the response of fish to xenobiotics in
general is a significant indicator of manners in which a particu-
lar compound (or products of the compound’s photochemical
degradation) affects fish assemblages in surface waters.

This review aims to summarise the basic data about the im-
pacts of selected groups of widely prescribed drugs (hypolipi-
demic drugs, antidiabetics, antiarrhythmics, antidepressants,

and antibiotics) on aquatic organisms, with a special emphasis
on the harmful effects of the products of photochemical degra-
dation of the drugs on the species in the aquatic environment.
The selected groups of drugs and their representatives dis-
cussed in this review are synoptically overviewed in Table 1.

Table 1. Selected groups of widely prescribed drugs and
their representatives covered in this review

Medical drug Representatives
class
Efppolipistoric Statins (atorvastatin)
drugs
Pt e Metform.m (+ product its wastewater plant
degradation guanylurea)
Antidepressants Sertraline, fluoxetine
T — Beta.-blockers (metoprolol, a.te.nolol, propranol.ol)
drues Calcium channel blockers (diltiazem, verapamil)
g Potassium channel blockers (amiodaron)
Penicillin antibiotics (amoxicillin)
Fluoroquinolone (ciprofloxacin, ofloxacin)
Macrolide antibiotics (erythromycin)
T Tetracycline antibiotics (tetracycline,
Antibiotics

oxytetracycline)

Sulfonamides (sulfamethoxazole — usually
used in combination with diaminopyrimidine
trimethoprim)

Hypolipidemic drugs

Hypolipidemic, lipid-lowering, drugs, are classified into
two groups - statins and fibrates (Pahan, 2006). Statins
(e.g., atorvastatin, rosuvastatin, lovastatin, fluvastatin, sim-
vastatin) lower cholesterol by inhibiting the enzyme 3-hy-
droxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase
which catalyses a rate-limiting step in cholesterol biosynthe-
sis; this, in turn, leads to cholesterol biosynthesis suppression
(Stancu and Sima, 2001). Fibrates (e.g., clofibrate, bezafibrate)
stimulate cellular fatty acid uptake and B-oxidation of fatty ac-
ids mainly in peroxisomes and partly in mitochondria (Pahan,
2006).

Atorvastatin (Fig. 1) is one of the most commonly pre-
scribed drugs, e.g., it ranked number one in the number of pre-
scriptions in the USA in 2019 (ClinCalc, 2021a). It has been
detected in the aquatic environment worldwide in a range of
concentrations — from tens of ng/1 to mg/1 (Conley et al., 2008;
Ministry of Agriculture of the Czech Republic, 2019; Lee et al.,
2009; Tete et al., 2020).

Fig. 1. Structure of atorvastatin
(https://pubchem.ncbi.nlm.nih.gov/compound/Atorvastatin)
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Falfushynska et al. (2019) studied the effects of atorvasta-
tin in relatively low concentration (1 pg/l) on a marine bivalve
Mytilus edulis. The exposure to atorvastatin had an impact on
energy homeostasis — it led to a significant elevation of the ba-
sal metabolic rate (thus depleting body energy reserves), and
to the alteration of membrane properties, with the digestive
gland being the major target.

Hu et al. (2022) studied the effects of atorvastatin on the
physiological parameters and stress-related gene expression
in Daphnia magna. The authors concluded that short-term
(24 h and 48 h exposure to atorvastatin at a concentration of
500 pg/l induced the expression of antioxidant-related genes
(Nrf2, Keapl, HO-1, and GCLC) and apoptosis-related genes
(p53 and PIG3) to effectively manage oxidative stress and DNA
damage. A chronic toxicity test lasting 21 days revealed that
the time to first brood was significantly longer than that in the
control group, the number of neonates notably lower, while
the heart rate was higher. Swimming behaviour was substan-
tially affected; the higher the atorvastatin concentration the
smaller the total swimming distance and the swimming range
area.

Ying Han et al. (2022) exposed zebrafish embryos to sever-
al statins representatives to evaluate the developmental toxic-
ity of the substances. Statins altered the expression of several
fundamental genes, e.g., those involved in heart contractions
and calcium ion binding. They also affect the expression of
transcription factors and the G protein-coupled receptor sig-
nalling pathway.

A study by Klementova et al. (2021) on the water plant
Lemna minor demonstrated that while atorvastatin itself did
not exhibit an observable effect measured as leaf area growth
inhibition, exposure to products of photochemical degrada-
tion of atorvastatin under light conditions relevant to natural
waters led to a significant inhibition in leaf area growth.

Antidiabetic drugs

The treatment of type I diabetes is limited to the application of
insulin from an external source either by individual injections
or using an insulin pump (Mayo Clinic, 2023), since the pan-
creas makes little or no insulin.

For type II diabetes, a number of therapeutic approach-
es exist, mainly using antidiabetic agents. Currently, several
major categories of oral antidiabetic drugs are available — they
include classes of biguanides and thiazolidinediones acting as
insulin sensitizers, sulfonylurea classes that affect insulin se-
cretion, or groups of sodium-glucose cotransporter inhibitors
blocking glucose reabsorption in the kidneys (Chaudhury et
al., 2017; Dahlén et al., 2022).

Metformin (Fig. 2), a derivative of guanidine from the
biguanides group, represents the preferred first-line glu-
cose-lowering drug. It was introduced in the 1990s in Europe
and the USA (Bailey, 2017) and in a few years became the most
prescribed glucose-lowering medicine worldwide, now being
the 3rd-4th most prescribed drug in the USA (ClinCalc, 2023).
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Fig. 2. Structure of metformin - left (https://pubchem.ncbi.nlm.
nih.gov/compound/Metformin) and guanylurea - right
(https://pubchem.ncbi.nlm.nih.gov/compound/Guanylurea)

Due to its enormous usage, it has been repeatedly detected
in wastewater treatment plant effluents in many countries in
Europe, as well as in the USA, Australia, Malaysia (Briones et
al. 2016), and China (Yan et al., 2019). Its concentrations in
these countries are in the range of tenths to tens of pg/l.

Though beneficial for humans, metformin is considered
one of the emerging environmental micropollutants with neg-
ative effects on the aquatic ecosystem.

Godoy et al. (2018) studied the toxicological effects of met-
formin on four organisms of different trophic levels: an aquat-
ic plant Lemna minor, an aquatic crustacean Daphnia similis, a
freshwater cnidarian Hydra attenuata, and the fish Danio rerio.
Effective concentrations at 50% (ECs) found in the study
were quite high - tens of mg/1 for L. minor, D. similis, and even
higher for D. rerio and H. attenuata. Nevertheless, the authors
concluded that currently recommended standard toxicity as-
says may result in an underestimation of the adverse effects of
substances that affect the endocrine system. Moreover, they
highlighted the fact that the number of prescriptions for met-
formin has been increasing enormously due to almost epidem-
ic levels of people diagnosed with diabetes. Since metformin is
not metabolised in the human body and is therefore excreted
unaltered (Gong et al., 2012), it belongs to pharmaceuticals
most commonly detected in the aquatic environment (Ambro-
sio-Albuquerque et al., 2021).

Wei et al. (2022) demonstrated that metformin induces
multiple antibiotic resistance in Escherichia coli at environmen-
tal concentrations.

Since metformin was shown to partially undergo aero-
bic bacterial degradation to guanylurea in sewage treatment
plants (Trautwain and Kummerer, 2011), some ecotoxicolog-
ical studies of guanylurea were performed. An investigation
by Jacob et al. (2019) into the effect of guanylurea on brown
trout (Salmo trutta f. fario) resulted in the conclusion that gua-
nylurea did not lead to lethal embryonic or behavioural con-
sequences in brown trout at the concentrations used in their
tests, and that the biochemical markers (namely lipid perox-
ides and stress proteins) were not influenced.

In their study on the Japanese medaka fish (Oryzias lati-
pes), Ussery et al. (2019) demonstrated that guanylurea has
similar effects as metformin on growth in the early life stage
(decreased fish length and body weight), even in concentra-
tions three orders of magnitude lower in comparison with
metformin (ng/l for guanylurea vs pg/l for metformin) and
much below the concentrations repeatedly measured for gua-
nylurea in surface waters.

A study by Elizalde-Veldzquez et al. (2021) on a zebrafish
(Danio rerio) revealed that guanylurea delayed the hatching
process, induced developmental abnormalities in embryos,
increased the activity of antioxidant enzymes and oxidative
damage biomarkers in embryos — and thus, even in environ-
mentally relevant concentrations poses a threat to at least
some aquatic species.

Antidepressants
Antidepressants, the drugs used to treat not only clinical
depression but also other conditions including e.g., obses-
sive-compulsive disorder, generalised anxiety disorder, post-
traumatic disorder, and others (NHS, 2021), belong to several
classes (Stoéppler, 2023): selective serotonin reuptake inhibi-
tors (SSRIs), monoamine oxidase inhibitors (MAOIs), tricyclic
and tetracyclic antidepressants.

Antidepressants of the SSRIs class have recently been
recognised as a major therapeutic advance in psychophar-
macology, with sertraline and fluoxetine ranking among the
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first twenty most frequently used drugs in the USA (ClinCalc,
2021b, ¢) and belonging to the most prescribed drugs in Euro-
pean countries as well (Lalji et al., 2021).

The primary mechanism of action of SSRIs is the inhibi-
tion of the presynaptic reuptake of serotonin by the seroto-
nin transporter, which subsequently leads to an increase in
the amount of serotonin at the postsynaptic membrane in the
serotonergic synapse. According to Edinoff et al. (2021), the
therapeutic effects of SSRIs cannot be ascribed to the simple
inhibition of the serotonin transporter only; it is presumed
that some further mechanisms of action contribute to achieve
the resulting effect (Edinoff et al., 2021). According to current
knowledge, the neuronal stress caused by SSRIs leads to a shift
in brain homeostasis, with the result of a downregulation of
the serotonin transporter in some areas of the brain and its
upregulation in others (Santarsieri and Schwartz, 2015). This
mechanism may explain the fact that the full therapeutic ef-
fects of SSRIs manifest themselves not earlier than four to six
weeks after the treatment initiation, despite significant in-
stantaneous alterations in serotonin flux (Edinoff et al., 2021).

Commonly used antidepressants, such as sertraline and
fluoxetine (Fig. 3), have been detected in urban sewage and
other environmental water samples throughout Europe, North
America, and China (Alonso et al., 2010; Kostich et al., 2014;
Lajeunesse et al., 2012; Wu et al., 2015; Yuan et al., 2013). Al-
though the concentrations of the drugs usually do not exceed
the low hundreds of ng/l, they may have adverse effects on
aquatic organisms.

Yang et al. (2019) investigated the ecotoxicity of sertraline
on two aquatic microbial communities, the green alga Chlorella
vulgaris and the cyanobacterium Microcystis aeruginosa. They
detected an inhibition of growth and a decrease in chloro-
phyll-a concentration, which means a reduction in photosyn-
thetic efficiency.

Ribeiro et al. (2015) reported sertraline toxicity on zebra-
fish (Danio rerio) and sea urchin (Paracentrotus lividus) embryo
bioassays even at environmentally relevant concentrations -
they observed embryonic and larval developmental abnormal-
ities.

Calza et al. (2021) investigated the photochemical reaction
of sertraline under simulated solar irradiation in the presence
of heterogeneous photocatalyst TiO,. Microtox bioassay us-
ing Vibrio fischeri was employed in the study to evaluate the
ecotoxicity of the photo-transformation products. The authors
found that the transformation products exhibited distinctly
higher toxicity than the parent molecule.

Fig. 3. Structure of sertraline — left (https://pubchem.ncbi.nlm.nih.
gov/compound/Sertraline) and fluoxetine - right
(https://pubchem.ncbi.nlm.nih.gov/compound/Fluoxetine)

Ofoegbu et al. (2019) reported that fluoxetine caused con-
centration-dependent changes in locomotor activity, DNA
damage, and a decrease in feeding and fissioning in the planar-
ian Schmidtea mediterranea.

De Farias et al. (2019) concluded in their study of the
fluoxetine effect on zebrafish embryos that though LCsq (con-
centration that kills 50% of test animals) for embryos is rather
high (1.18 mg/1 in 168-hour treatment), fluoxetine caused loss
of equilibrium (characterised by the fish side-laying at the bot-
tom of the microplate well) and hatching delay in embryos. It
also affected their locomotor activity and inhibited acetylcho-
linesterase in concentrations three orders of magnitude lower.

Pan et al. (2022) observed several adverse effects in their
study focused on the toxicity of the fluoxetine photodegrad-
ation products formed under UV-A light exposure which was
tested on zebrafish (Danio rerio) embryos: the hatching time
of zebrafish embryos was delayed, the heart rate increased,
and the body length decreased. Furthermore, changes in
neuron-related and apoptosis-related gene expression were
discerned. Their findings highlight the need to consider the
toxicity of photodegradation products when assessing the en-
vironmental risk of a parental drug.

Antiarrhythmic drugs

Arrhythmias are conditions where the heart rhythms differ
from the normal sinus rhythm. These conditions can be the
result of a wide range of individual or combined causes (Bar-
ton et al., 2020). The medical approach commonly includes the
use of antiarrhythmic medication. Antiarrhythmic drugs are
categorised into four classes according to the mechanism of
action: three of them control the transportation of ions in and
out of the cells — calcium-channel blockers, potassium-chan-
nel blockers, and sodium-channel blockers. The fourth type of
medication, beta-blockers, reduces blood pressure.

Among the drugs most prescribed for arrhythmias, the
following rank as most commonly used: the beta-blockers me-
toprolol, atenolol, propranolol, the calcium channel blockers
diltiazem and verapamil, and the potassium channel blocker
amiodarone (ClinCalc, 2022). Their structures are visualised
in Fig. 4 (metoprolol, atenolol, and propranolol), in Fig. 5 (dil-
tiazem and verapamil), and in Fig. 6 (amiodarone).

Although all of these substances are extensively metabo-
lised in the human body and only small portions of the drugs
are excreted unchanged (Brocker et al., 2020; Latini et al,,
1984; Talreja and Cassagnol, 2022), they have been repeatedly
found in surface waters in concentrations ranging from ng/1 to
hundreds of ng/1 (Batt et al., 2015; de Barros et al., 2018; Iancu
et al., 2020; Komesli et al., 2015; Santos et al., 2013).

Aquatic vertebrates, fish, possess beta receptors in their
hearts, livers, and reproductive systems, so prolonged expo-
sure to pharmaceuticals belonging to the beta-blockers group
(metoprolol, atenolol) may cause deleterious effects as proven
in several studies summarised by Santos et al. (2010). These ef-
fects include alteration of plasma steroid levels, decreased egg
production, and ultrastructural changes in the liver and kid-
ney. Invertebrates cannot be targeted via beta receptors since
they do not possess them. Nevertheless, detrimental impacts
on these organisms were also observed: a significant reduction
in heart rate, fecundity, and biomass in Daphnia magna and in-
hibition of the growth of the green algae Desmodesmus subspi-
catus (Santos et al., 2010).

Allouche et al. (2022) observed a significant change in the
taxonomic composition and functional traits of benthic nem-
atodes (Photis longicaudata and Anticoma eberthi) exposed to
diltiazem.
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Fig. 4. Structure of metoprolol - A (https://pubchem.ncbi.nlm.nih.
gov/compo und/Metoprolol), atenolol - B (https://pubchem.ncbi.
nlm.nih.gov/compound/Atenolol), and propranolol - C
(https://pubchem.ncbi.nlm.nih.gov/compound/Propranolol)
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Fig. 5. Structure of diltiazem - left (https://pubchem.ncbi.nlm.nih.

gov/compound/Diltiazem) and verapamil - right
(https://pubchem.ncbi.nlm.nih.gov/compound/Verapamil)

Steinkey et al. (2019) studied the effect of diltiazem on
D. magna. When exposed to environmentally relevant concen-
trations, increased heart rate and oxygen consumption were
observed, though the exposure did not affect feeding behav-
iour or thoracic limb activity.

Steinbach et al. (2016) tested the influence of diltiazem
on rainbow trout (Oncorhynchus mykiss); they found that ex-
posure to the environmentally relevant concentrations of
30 ng/l led to the altered activity of some enzymes, namely
antioxidant enzymes in the liver and gills. Also, a transient
elevation of lipid oxidation measured as an increase in TBARS
level (thiobarbituric acid reactive substances) in the gills was
observed.

Fig. 6. Structure of amiodarone
(https://pubchem.ncbi.nlm.nih.gov/compound/Amiodarone)

Numerous studies have been carried out to get better in-
sight into the adverse effects of verapamil on various aquatic
organisms. Zhi-Hua et al. (2010, 2011) observed behavioural
changes, tissue-specific antioxidant responses, changes in hae-
matological parameters, and decreased RNA/DNA ratio in fish
muscle tissue in juvenile rainbow trout (Oncorhynchus mykiss)
in the acute toxicity test; all these effects intensified with in-
creasing verapamil concentrations. Ajima et al. (2017a, b) ex-
posed the Nile tilapia fish (Orechromis niloticus) to verapamil in
both acute and long-term tests. Exposure to sublethal concen-
trations revealed multiple effects including, on the one hand,
the inhibition of some enzymes such as oxidative enzymes
(catalase, superoxide dismutase, and glutathione peroxidase)
or acetylcholinesterase enzyme and, on the other hand, an in-
crease in the activity of glutathione-S-transferase, an enzyme
belonging to the family of detoxification enzymes protecting
the cell from oxidative damage (Kumar and Trivedi, 2018).
Exposure of the common carp (Cyprinus carpio) to verapamil
reduced the heart rate in both embryos and larvae (Steinbach
et al., 2013). No effects were observed in this study regarding
condition factors, ontogeny, growth, hatching, or accumulat-
ed mortality of the fish. Nonetheless, concentrations as high
as tens and hundreds of pg/l resulted in a higher occurrence
of oedemas and/or malformations compared with the control
group. Exposure of early life-stages of the fathead minnow
(Pimephales promelas) to verapamil was studied by Overturf
et al. (2012). The investigation revealed a notable decrease
in growth when relatively high verapamil concentrations
(600 pg/l) were applied. Minguez et al. (2016) surprisingly
noticed deleterious effects of verapamil even on photosynthe-
sising organisms - they observed a pronounced growth inhibi-
tion in the alga Raphidocelis subcapitata.

Amiodarone’s adverse effects on aquatic organisms have
been reported by several authors.

Shi et al. (2012) performed chronic toxicity tests with em-
bryos and larvae of the amphibian Xenopus tropicalis to study
the influence of the drug on early amphibian development.
They found that the body length and biomass were notably de-
creased, and individual developmental stages were delayed in
the presence of the drug.

Sanoh et al. (2020) observed suppression of thyroid hor-
mone-controlled spontaneous metamorphosis in amphibians
(Xenopus laevis and Xenopus tropicalis) caused by inhibition of
the thyroid hormone receptor-mediated gene.

Santos et al. (2023) studied the effect of amiodarone on
the embryo-larval stages of a zebrafish Danio rerio. Blood
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coagulation and yolk sac oedema were observed at the embryo
stage, while in the larval stage, the absence of the swim blad-
der was the most commonly observed malformation, followed
by spine deformities.

Photo-Fenton decomposition (decomposition by H,O, cat-
alysed by Fe?* formed by photochemical reduction of Fe3* in
situ) of the beta-blockers atenolol and metoprolol with subse-
quent toxicity tests on Vibrio fischeri of parent compounds and
photodegradation intermediates was carried out by Veloutsou
et al. (2014). Toxicity evaluation using this bacterium proved
that metoprolol and its intermediates are only moderately
toxic to the bacterium, while atenolol’s intermediates showed
higher toxicity than the parent compound. Cetojevi¢-Simin et
al. (2013) performed a toxicity assessment of metoprolol and
its photoproducts mixture obtained by photochemical degra-
dation in the presence of TiO, as a heterogeneous catalyst on
several mammalian cell lines; they found that photocatalysed
degradation promoted a time-dependent increase in toxicity.

Photochemical transformation together with a toxicity
test of photoproduct mixtures was recently investigated for
verapamil by Klementova et al. (2020), and for amiodarone by
Trawinski and Skibinski (2022).

Klementova et al. (2020) found that phototransformation
of verapamil resulted in the formation of norverapamil and a
series of twenty-one other minor products. Toxicity assays in
sublethal concentrations did not show any direct negative re-
sponse in Daphnia magna to verapamil but the mixture of pho-
toproducts notably lowered both the number of clutches and
the number of juveniles in individual clutches, as well as the
body size of Daphnia. The exposure of Daphnia to norverapa-
mil resulted in the same (only even more pronounced) effects
as the exposure to photoproduct mixture. All this led to the
conclusion that norverapamil was mainly responsible for the
toxicity of the photoproduct mixture and that norverapamil
produced either in the metabolic pathway of the parent drug
in the human body or subsequently photochemically in sunlit
waters might pose a notable threat to aquatic invertebrates.

Trawinski abd Skibinski (2022) investigated the photo-
transformation of amiodarone, as well as the toxicity of the
parent drug and several of its identified photoproducts. They
identified twelve photoproducts, the two most abundant of
which proved to be over 100 times more toxic than amiodar-
one itself. One of these photoproducts also represents a me-
tabolite of amiodarone in the human body which provides an
analogy to the verapamil situation as an environmental threat.

Antibiotics

Antibiotics, compounds able to kill or inhibit the growth of mi-
croorganisms, are grouped into classes based on their chemical
structure. However, antibiotics within each class may be effec-
tive against different organisms (Werth, 2022).

Based on data from 76 countries, the total global consump-
tion of antibiotics grew by almost 40% between 2000 and 2015
to more than 40 billion defined daily doses (Klein et al., 2018).

As reported by Van Boeckel et al. (2014), the highest per
capita human antibiotic consumption in 2010 was seen in In-
dia, China, and the US. For animal use, the highest antibiotic
consumption (an estimated average of antibiotics for cattle,
chicken, and pigs being 45 mg/kg, 148 mg/kg, and 172 mg/kg,
respectively) occurred in southeast China, the Red River delta
in Vietnam, the south coast of India and, the Midwestern and
Southern states in the US (Van Boeckel et al., 2015).

Antibiotics are eliminated from both the human and an-
imal body mainly through the renal and/or biliary system,
either as an original unchanged parent compound or as a me-

tabolite, or sometimes as conjugates of glucuronic acid (Tran
et al., 2018). Even though individual antibiotics vary widely
in the degree to which they are metabolised before excretion,
Dinh et al. (2017) evaluated that approximately 75% of antibi-
otics enter sewage systems in unchanged forms.

The mean concentrations of eight selected antibiotics
(amoxicillin, ciprofloxacin, erythromycin, ofloxacin, oxytet-
racycline, sulfamethoxazole, tetracycline, trimethoprim) in
Asia and Europe are summarised in the review of Kovalakova
et al. (2020). In Europe, the concentrations ranged from tens
to hundreds of ng/l; in Asia, they reached pg/1 (tetracycline,
ofloxacin), tens of pg/l (oxytetracycline), and even hundreds
of ug/1 (ciprofloxacin). The structures of the antibiotics are de-
picted in Fig. 7 (amoxicillin), Fig. 8 (ciprofloxacin, ofloxacin),
Fig. 9 (erythromycin), Fig. 10 (tetracycline, oxytetracycline),
and Fig. 11 (sulfamethoxazole and trimethoprim).

The toxicity of antibiotics to non-target organisms has
been studied by many scientists with the aim of gaining a bet-
ter insight into the ecosystem effects of antibiotics. Kovalak-
ova et al. (2020) summarised the ecotoxicity of the eight
selected antibiotics (see above) as assessed in multiple inde-
pendent studies. Cyanobacteria were observed to be extremely
sensitive to some antibiotics (amoxicillin, ciprofloxacin, oflox-
acin), with ECs (half maximal effective concentrations) values

Fig. 7. Structure of penicillin
(https://pubchem.ncbi.nlm.nih.gov/compound/Penicillin)

Fig. 8. Structure of ciprofloxacin - up (https://pubchem.ncbi.nlm.
nih.gov/compound/Ciprofloxacin) and ofloxacin — down
(https://pubchem.ncbi.nlm.nih.gov/compound/Ofloxacin)
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Fig. 9. Structure of erythromycin
(https://pubchem.ncbi.nlm.nih.gov/compound/Erythromycin)

Fig. 10. Structure of tetracycline — up (https://pubchem.ncbi.
nlm.nih.gov/compound/Tetracycline) and oxytetracycline — down
(https://pubchem.ncbi.nlm.nih.gov/compound/Biostat)

Fig. 11. Structure of sulfamethoxazole - left (https://pubchem.
ncbi.nlm.nih.gov/compound/Sulfamethoxazole) and trimethoprim —
right (https://pubchem.ncbi.nlm.nih.gov/compound/
Trimethoprim)

being in tens of pg/l. Algae and plants had ECs values one or-
der of magnitude higher, and crustaceans and fish ECsq values
reached approximately hundreds of mg/1.

In the study by Yuan et al. (2011), antibiotics oxytetracy-
cline, doxycycline, and ciprofloxacin were degraded by irradi-
ation of a low-pressure mercury lamp either with or without
added H,O, with subsequent tests of toxicity on Vibrio fischeri.
UV treatment alone increased assessed toxicity, while in the
UV/H,0, process, toxicity increased in the initial stages of the
reaction, and subsequently declined, which - according to the
authors — might be the consequence of the gradual complete
mineralisation of the organic substances in the oxidative en-
vironment.

Sturini et al. (2015) investigated the photochemical deg-
radation of five fluoroquinolone antibiotics (ciprofloxacin,
danofloxacin, enrofloxacin, levofloxacin, and marbofloxacin)
under solar light, again with a subsequent toxicity test on
Vibrio fischeri. Their results conclusively showed that irradi-
ation under this condition is an important removal pathway
for these otherwise persistent contaminants in surface waters
and that the observed toxic effect was due to photodegrada-
tion products.

Klementova et al. (2022) investigated the photochemical
degradation of three fluoroquinolones (ciprofloxacin, enro-
floxacin, and norfloxacin) under light conditions imitating
the shortest-wavelength solar radiation. Besides providing a
comprehensive photoproduct identification, the authors per-
formed toxicity tests on Escherichia coli and Staphylococcus
epidermidis. They found that the photodegradation mechanism
is strongly dependent on pH, with significantly more complex
reaction schemes occurring at alkaline pH compared with neu-
tral pH. Norfloxacin photoproducts did not exhibit antibacte-
rial activity. On the other hand, photoproducts of ciprofloxa-
cin and enrofloxacin showed extremely enhanced antibacterial
activities compared to their parent compounds.

Antibiotics in aquatic systems are considered to pose a
threat to public health since they might significantly contrib-
ute to the evolution of resistant species (Carvalho and Santos,
2016; Kusi et al., 2022). Antibiotic residues including products
of their natural photochemical transformation with increased
antibacterial activity might enhance these adverse effects.

Conclusion

In all presented groups of the most widely used pharmaceuti-
cals, the adverse effects of products of photoinitiated degra-
dation on organisms of the aquatic ecosystem were reported.
Such findings accentuate the need to contemplate not only
the parental drugs when assessing environmental risks, but
also the possibility of the generation of toxicologically relevant
photochemically induced degradation products.
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