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Abstract

The presence of pharmaceutically active compounds (PhACs) in the environment has been confirmed in different
parts of the world, but mainly in North America and Europe. In Latin America, progress on this issue has not been
as advanced, so we decided to compile the available information. The aim was to relate the environmental
exposure of PhACs detected in fresh surface waters of Latin America, their bioaccumulation and lethal or sublethal
effects. Most of the reported concentrations are in the same order of magnitude (113 PhACs in fresh surface water:
0.04 ng/L-227,000 ng/L, 57 PhACs in aquatic biota: 0.02-652 ng/g d.w.) as those previously reported worldwide.
The groups with the highest concentrations were analgesics/anti-inflammatories in water and antibiotics in biofilm.
For effects, we found 67 no observed effect concentration (NOEC) values for 37 PhACs, 36 lowest observed effect
concentration (LOEC) values for 26 PhACs and 45 lethal concentration (LC50) values for 31 PhACs. The only
compound whose concentration in water exceeded the lowest LC50 value was acetaminophen (32,000 ng/L),
which is an alarm signal for the need for further monitoring of this PhAC. In addition, acetaminophen, caffeine,
carbamazepine, propranolol, 17a-ethinylestradiol and 17p-estradiol were the only PhACs with NOEC and LOEC
values below the concentration in water. At the regional level, the information available in Latin America is scarce
and becomes even scarcer when bioaccumulation in aquatic biota is considered. At the global level, little
ecotoxicological information is available. This review identifies knowledge gaps and serves as a guide and reference
for further decision-making.
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INTRODUCTION

Today’s world is characterized by a growing and accelerated development, accompanied by a great
technological capacity and the accumulation of wealth, which can lead to the irretrievable destruction of
natural resources'. In this context, environment and development come into conflict, leading to one of the
fundamental problems of humanity: trying to satisfy basic needs without simultaneously destroying the
environment from which resources and services are extracted. As stated in the Brundtland Report®,
environment and development are not separate challenges but interrelated. Thus, development cannot be
sustained if the environmental resource base deteriorates, and at the same time, the environment cannot be
protected if growth does not take into account the consequences of environmental problems. Current
environmental problems due to anthropogenic activities include habitat loss and pollution from emerging
contaminants'.

The definition of emerging contaminants has changed over time as new compounds have been added to this
category*. The new approach focuses on contaminants that have been present in the environment for
some time, but for which concerns have only recently arisen or for which new facts or information have
provided a new perspective on concerns about these known pollutants. Consequently, a clear definition of
emerging contaminants should consider them as naturally occurring, manufactured, or crafted chemicals or
materials that are now discovered or suspected to be present in various environmental compartments and
whose toxicity or persistence is likely to significantly alter the metabolism of any organism'. We have
adopted the latter definition here and will, therefore, henceforth use the term “contaminants of emerging
concern” (CECs). Among the various CECs, the available literature lists the following under this category:
flame retardants, polar pesticides, perfluorinated compounds, cyanotoxins, pharmaceuticals, personal care
products, illicit drugs, stimulants/lifestyle compounds and nanoparticles*. Another important issue
regarding potential CECs is that the lack of relevant environmental fate, ecotoxicological or toxicological
data prevents an adequate assessment of the associated risks'“. The challenge is to be proactive rather than
reactive in gaining knowledge about potential CECs.

The presence of pharmaceuticals has been confirmed in surface water, raw and treated wastewater and
groundwater in different parts of the world, especially in North America and Western Europe'®'”. Their
bioaccumulation in aquatic biota has also been studied, but the number of reports is fewer and more recent
worldwide"'?. Although both the beneficial and adverse effects of their direct administration are known,
their side effects on humans due to indirect uptake through pharmaceutically contaminated water are
unknown. However, it may be possible to determine whether a small amount of pharmaceuticals in the
environment poses a threat to human and environmental health by analyzing the vast amount of data from
mammalian and clinical studies, and applying advanced methods to predict long-term and low-level
effects"”.

Pharmaceuticals are designed to target specific metabolic and molecular pathways in humans and
nonhuman animals. Therefore, they may affect similar metabolic pathways in animals with comparable
target organs, tissues, cells, or biomolecules. Because many pharmaceuticals have an unclear specific mode
of action, it is challenging to design and conduct toxicity experiments that target specific drug targets in
nonhuman animals. This approach can help mitigate the potential ecological effects of pharmaceuticals on
aquatic biota and other organisms in the environment"*. The effects of pharmaceuticals on aquatic biota
can vary depending on the active ingredient, level of exposure, interactions between contaminants or
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environmental matrices and species studied. Some pharmaceuticals have been shown to disrupt the
endocrine system of fish causing changes in reproduction, feeding behavior and predator avoidance.
Others have been shown to cause development and growth inhibition, abnormalities and mortality in
different aquatic organisms"*'*". Overall, the effects of pharmaceuticals on aquatic biota highlight the
importance of proper disposal and management of these compounds. It is important to consider the
potential ecological impacts of pharmaceuticals when designing wastewater treatment systems and
developing new drugs. Ecotoxicological data can assist in decision-making and ensure the safe and
sustainable use of pharmaceuticals in the environment. Although there are still contradictory results, most
assessments are conducted under controlled laboratory conditions'®'"'"*. Thus, there is a need to evaluate the
effects of environmental exposure and the possible synergistic effects of the different pharmaceuticals.

Considering that progress on this issue is still in its infancy in Latin America and that knowledge is not well-
organized, we decided to make an overview of the existing information and organized it to be able to
envision future studies that might be needed.

The general aim of this review was to summarize the existing information on human pharmaceutical
contamination in Latin America and the Caribbean (hereafter, we refer to the entire region as “Latin
America”) in order to identify gaps in this region, which is often underrepresented in environmental
studies. The specific aim was to relate environmental exposure in fresh surface water from Latin America,
bioaccumulation in native aquatic biota and lethal and sublethal effects. This review will provide
information on the current state of knowledge of pharmaceutical contamination in Latin America and serve
as a guide and reference for subsequent decision-making.

HUMAN PHARMACEUTICALLY ACTIVE COMPOUNDS: ENVIRONMENTAL EXPOSURE
AND EFFECTS

Among CECs, pharmaceuticals and active ingredients in personal care products represent a large class of
chemicals that are used in large quantities worldwide and have received minor attention. The increasing
introduction of new products into the market is leading to an exponential increase in the already large
number of classes of chemicals, each of which has distinct and poorly understood biochemical modes of
action in mammals, and/or has not even been studied in most organisms. Most of these products are
continuously disposed of through domestic and/or industrial wastewater systems, runoff or directly
discharged into the environment'®'”. In this review, we focused mainly on human pharmaceutically active
compounds (PhACs), which are chemical substances used to diagnose, treat, or prevent diseases, but we
have also included caffeine because it is used in combination with other compounds (e.g., stimulants,
analgesics, diuretics, weight control products)"®; cocaine and its metabolite (benzoylecgonine) as they are
good indicators of urbanization and deficiency of sewage treatment systems; and natural estrogens that have
been listed as important endocrine disruptors for aquatic biota"”. In order to simplify the terminology, the
term PhACs will refer throughout this work to the compounds detailed above. They are all a broad group of
organic compounds used in large amounts and variations that, after administration, are absorbed and
metabolized by the organism and eventually excreted in the feces and urine, either as unchanged
compounds or as metabolites. These excretions, if present, become part of the wastewater system and enter
surface waters either untreated or with conventional treatment methods that do not effectively eliminate
them™'. Although they generally have a high rate of degradation and their concentrations in the
environment are relatively low (ug/L or ng/L) compared to other pollutants, their continuous input into the
environment via wastewater has led to their classification as pseudo-persistent compounds"’. However,
given that within the term PhACs, there are a large number of compounds with different physicochemical
characteristics, we consider that it would be more appropriate to refer to them as “high input rate
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contaminants”, regardless of their half-life and degradation capacity. In any case, there is a clear need to
develop alternative and sustainable technologies to eliminate or mitigate the potential adverse effects of
these compounds on the environment. In recent years, some studies have shown that additional processes
such as adsorption by powdered activated carbon or even other technologies such as biodiscs and artificial
wetlands could be promising tools to improve the removal of these contaminants from conventional

wastewater treatment plants™ >,

The life cycle of high input rate contaminants extends from production (preclinical and clinical research,
monitoring and commercialization) to distribution, consumption and waste disposal, all of which are
potential pathways into the environment. Management and use practices in different regions of the world
may also vary, so that an important exposure pathway in one geographic area may be a less important
pathway in another'”. In addition, most pharmaceuticals were developed to relieve symptoms rather than to
cure disease, so many are taken for long periods of time. They are currently of great importance to the main
agencies concerned with the protection of public health and the environment, such as the World Health
Organization (WHO), the United States Environmental Protection Agency (US EPA) or the European
Commission”.. As they are so diverse, Boxall et al.'” pointed out the need to prioritize the compounds that
are likely to pose the greatest risk because it is impossible to experimentally evaluate the hazards and risks of
all available ones. The next sections address human PhACs that enter fresh surface waters and
bioaccumulate in aquatic biota from Latin America, and the final section links environmental exposure to
biological effects.

Data search criteria: pharmaceuticals reported in fresh surface water and aquatic biota

The search for reported PhACs concentrations in fresh surface water and freshwater biota from Latin
America was conducted in the Scopus® and Scielo® databases between November and December 2022. These
databases collect peer-reviewed articles from different scientific disciplines. All articles reporting PhACs
concentrations in fresh surface waters and aquatic biota were considered, having discarded the following: 1:
articles in which sampling sites could not be determined directly (using coordinates) or indirectly
(estimated from maps); 2: articles in which PhACs were detected but not quantified in water or aquatic
biota; 3: articles that reported PhACs concentrations directly measured in influents and effluents from
wastewater treatment plants; and 4: articles that reported bioaccumulation of PhACs under laboratory
conditions (we only considered bioaccumulation in field-collected aquatic biota naturally exposed to these
contaminants). The search strategy consisted of using keywords in English, Portuguese, and Spanish
[Supplementary Table 1], as these are the main languages in which articles from Latin American countries
are published.

Once the search was completed, each article was read in detail and the data of interest (e.g., coordinates,
concentration, unit of measure, tissue) were extracted. At the end of this phase, the references of each article
were checked to detect studies that had not been included in the previous search. Then, the above criteria
were applied to these newfound papers. Every effort was made to ensure that the search was as inclusive as
possible. Also, unpublished information from the research group was included [Supplementary Table 2].
The cut-off date for this review was 31st December 2022. Statistical analyses and figure design were
performed in the R 4.2.1 environment” using the tidyverse®, lattice”” and ggmap®™’ packages.
Human PhACs in fresh surface water

Based on the research conducted [n = 44 articles; Supplementary Table 2], most of the reported
concentrations (= 99%) were in the same order of magnitude as those previously reported for fresh surface
waters worldwide (< 40,000 ng/L)">'"*. Specifically, 113 PhACs belonging to 26 different therapeutic groups
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have been reported in fresh surface water from Latin America. Among these therapeutic groups, 21 PhACs
belong to psychiatric drugs, 17 to analgesics/anti-inflammatories and 16 to antibiotics [Table 1,
Supplementary Table 2]. The group with the highest observed concentrations (0.1-227,000 ng/L) were
analgesics/anti-inflammatories [Figures 1 and 2], as previously reported in North America, Europe, South
Africa, and Australia®**\. This therapeutic group includes non-steroidal compounds (e.g., acetylsalicylic
acid, acetaminophen, ibuprofen), which are mostly used as painkillers and sold in large quantities, usually
without prescription. Specifically in Latin America, the highest concentrations of analgesics/anti-
inflammatories belong to acetaminophen and have been reported in Brazil (30,421 ng/L)"* and Bolivia
(227,000 ng/L)". However, this last report from Bolivia appears to be an outlier, as it is three orders of
magnitude higher than the maximum concentration reported for North America (291 ng/L) and Europe
(394 ng/L)", and it is the only value of this magnitude in Latin America [Supplementary Table 2].
Although the octanol-water partition coefficient of acetaminophen indicates low lipophilicity (log K,,, =
0.9), as with most analgesics, its ionizability depends on the pH of the environment, which can greatly alter
this value"". According to the authors' descriptions, the site in Bolivia (Seke River) is suspected of draining
septic tanks and the site in Brazil (Agua Quente stream) is the main receptor of untreated wastewater. In
addition, the authors who reported the high concentration in Brazil linked it to nonprescription sales and
widespread consumption of analgesics. However, the problem of nonprescription sales is not unique to this
country but is widespread throughout Latin America. Thus, the characteristics of each location could be the
reasons for the higher concentrations. In this sense, comparisons between measurements performed in
different countries should be made with caution to avoid false conclusions. In other words: in this review,
we could compare each concentration with poverty level and access to health care, age structure, degree of
urbanization or even per capita income. However, the measurements were made using different analytical
methods, in different environments (rivers, streams, ponds) and at different times of the year. Therefore,
this review aims to provide an overview of PhACs contamination of fresh surface water from Latin America
through general comparisons at the regional level and by weighing the knowledge gaps.

Another therapeutic group with high concentrations was stimulants/lifestyle [Figure 2], consisting mainly of
caffeine (2.0-129,585 ng/L). This result makes sense considering that caffeine is used in combination with
other groups that also showed high concentrations in the environment. Besides, its uptake with drinks and
foods caused its inclusion on the U.S. EPA list of High Production Volume Chemicals. For all these reasons,
it is usually considered as an anthropogenic marker in aquatic systems, but mainly because it is ubiquitous
in surface water, seawater and also groundwater"*". Here, we demonstrated that there is a significant
association between the mean concentration of PhACs in fresh surface waters and the mean concentration
of caffeine at different sites in Latin America [Supplementary Figure 1]. The range of concentrations of this
compound in rivers and lakes from North America (3-1440 ng/L) and Europe (50-2,400 ng/L) is similar to
the range reported for Latin America, except for two outliers from Brazil (129,585 ng/L"” and 127,092
ng/L") [Figure 2]. Antidiabetics (1.50-64,100 ng/L) and psychiatric drugs (0.04 ng/L-36,920 ng/L) are the
other two therapeutic groups that showed high concentrations [Figure 2], with metformin and
carbamazepine leading in each of these groups. Metformin is a compound that appears to act directly or
indirectly on the insulin receptor. The maximum concentration measured in surface waters in the United
States was 150 ng/L", two orders of magnitude lower than in Latin America. Carbamazepine is used
primarily for the treatment of epilepsy but also as a psychotropic drug. The range of concentrations in
surface waters from North America, Europe, South Africa, and China (0.2-11.600 ng/L)"! is similar to the
range reported for Latin America, with the exception of an outlier from Colombia (36,920 ng/L)"".

Another therapeutic group that deserves special mention is that of antibiotics, which includes all natural or
synthetic compounds that have a selective toxic effect on bacteria or other unicellular microorganisms"". It


5687-SupplementaryMaterials.xlsx
5687-SupplementaryMaterials.xlsx
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202305/5687-SupplementaryMaterials.pdf

Page 6 of 17 Salgado Costa et al. Water Emerg Contam Nanoplastics 2023;2:8 | https://dx.doi.org/10.20517/wecn.2023.08

Table 1. Summary of the number of pharmaceutically active compounds, classified by therapeutic group, that has been reported (V)
in water or aquatic biota or has been tested in a laboratory* to evaluate its lethal or sublethal effects on aquatic organisms (algae,
crustaceans, amphibians, and fish)

Therapeutic group Compound Water Biota Effects
Analgesics/anti-inflammatories Acetaminophen \ \ v
Codeine \ \/
Diclofenac \ v
Hydrocodone \
Ibuprofen \ \ v
Indomethacin \ \
Ketoprofen \ v
Lidocaine \
Meloxicam v
Naproxen y \
Nimesulide v V
Orphenadrine \
Oxycodone \ v
Phenazone \ \/
Piroxicam \ v
Propyphenazone \ v
Salicylic acid \ v
Tramadol \
17 8 8
Androgens Sa-dihydrotestosterone \ v
Testosterone \ \/
2 0 2
Antibiotics Azithromycin \/ v
Cephalexin \
Cinoxacin \/
Ciprofloxacin \ v
Clarithromycin \ \/ v
Clindamycin N
Erythromycin \ \ v
Lincomycin \ v
Metronidazole \ \
N-Acetyl-Sulfamethoxazole \
Norfloxacin \ v \
Ofloxacin \ v \/
Oxacillin \
Penicillin G \
Penicillin V J
Sulfamethoxazole \ \/ \
Sulfathiazole v V V
Trimethoprim \ \ v
16 10 1l
Anticoagulant Warfarin \ v
1 0 1
Anticonvulsants Pregabalin \
1 0 0
Antidiabetic Glibenclamide \ v
Metformin \ v
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Sitagliptin \
3 0 2
Antiepileptics Gabapentin \
Primidone \
2 0 1
Antifungic Fluconazole \ \/
1 0 1
Antihelmintics Albendazole \/ \
Levamisole \ \
Mebendazole \ v
3 1 2
Antihypertensives Amlodipine \ \/
Enalapril \ v
Irbesartan y
Losartan \ v
Valsartan \ \/
5 4 0
Antiplatelet agent Clopidogrel \ \/
1 1 0
Antiviral Nevirapine \
1 0 0
Calcium channel blockers Diltiazem \ v
Norverapamil v
Verapamil \ v
2 1 2
Diuretic Chlorthalidone \ v
Furosemide \ \/
Hydrochlorothiazide \ v
Triamterene \
4 1 2
Erectile dysfunction Sildenafil \ \
1 1 0
Estrogens 17a-ethinylestradiol \ v
17p-estradiol \ \
Estradiol-3-sulfate \
Estriol \ \
Estrone y v
5 0 4
Histamine H1and H2 receptor Cetirizine \
antagonists Cimetidine \ v
Desloratadine \/
Diphenhydramine v v
Famotidine \
Fexofenadine \
Loratadine \ \/
Pseudoephedrine v
Ranitidine \
8 2 2
Illicit drugs Benzoylecgonine \
Cocaine \ \/
2 1 1
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Lipid regulators and cholesterol Atorvastatin \ \
lowering stating drugs Bezafibrate \ \
Fluvastatin \/
Gemfibrozil \ \/
Pravastatin \
3 3 2
Progestogens 17-hydroxyprogesterone \
Levonorgestrel \ v
Progesterone \ v
3 0 2
Prostatic hyperplasia Tamsulosin \ \
1 1 0
Psychiatric drugs 10,11-dihydro-10,11-dihydroxycarbamazepine \
10-hydroxy-10,11-dihydroxycarbamazepine \
2-hydroxy-Carbamazepine \ \
Acridone \ \/
Alprazolam \ v
Amitriptyline \ \
Bupropion \
Carbamazepine \ \ v
Citalopram \ v
Desvenlafaxine \
Diazepam \ \/ \
Epoxy-carbamazpine \ v
Escitalopram \
Fluoxetine \ \/
Lorazepam \ v
Norfluoxetine \ \
O-desmethyl-Venlafaxine \
Olanzapine \
Oxcarbamazepine \
Sertraline \ \ \
Trazodone \ \/
Venlafaxine \ v
21 13
Stimulants/lifestyle 1,7-dimethylxanthine N
Caffeine \ \/ \
2 1 1
Synthetic glucocorticoid Dexamethasone v \
0 1 1
To treat asthma Salbutamol \ \/
Terbutaline \
2 1 0
To treat cancer Tamoxifen \ \
1 0 1
Tranquilizer Azaperone \/
0 1 0
B-Blocking agents Atenolol \ v \/
Carazolol \/
Metoprolol \ \ v
Nadolol \ \/
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Propranolol N ~ ~
Sotalol v v
5 6 3
Total 13 57 55
*The laboratory data come from tests carried out in different parts of the world with different test species.
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Figure 1. Maximum concentrations of human pharmaceutically active compounds reported in fresh surface water from Latin America.

consists of a very large group of compounds with different physicochemical properties that have been
detected in surface waters from Latin America [0.6-25,000 ng/L, Figures 1 and 2] at lower concentrations
than the previous therapeutic groups, as found in North America (30-1,900 ng/L)"**!, Europe (0.5-29,000
ng/L)****” and Africa (34-21,000)”. Among this therapeutic group, the higher concentrations for Latin
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Figure 2. Total concentrations of human pharmaceutically active compounds, classified by therapeutic group, reported in fresh surface
waters from different Latin American countries.

America belong to clarithromycin (3-25,000 ng/L)"**, sulfamethoxazole (5-6,550 ng/L)"**", and
trimethoprim (2-3,580 ng/L)"***. The maximum concentration of clarithromycin is one or two orders of
magnitude higher than those reported for North America (857 ng/L), Europe (186 ng/L), Asia (177 ng/L),
and Africa (241 ng/L)"". The same is true when comparing the maximum concentration of trimethoprim
reported for Latin America with the values reported in North America (61 ng/L), Europe (36 ng/L), Asia (44
ng/L), and Africa (287 ng/L)". For sulfamethoxazole, the maximum concentration is an order of
magnitude higher than the levels reported for North America (111 ng/L) and Asia (200 ng/L)"". The
estimated supply of over-the-counter antibiotics is 62% worldwide, which corresponds to 65% for Asia, 53%
for Southern and Eastern Europe, 57% for Africa, and 78% for South America*. However, it would be
inappropriate to associate the high concentrations of antibiotics in Latin America with better access to over-
the-counter antibiotics for two reasons: 1: the range of antibiotic concentrations found in the region is
similar to other regions of the world, as mentioned earlier, 2: the article from which this percentage was
estimated for Latin America is based on data from only 3 countries (representing less than 1% of the
region). Therefore, more variables need to be evaluated to determine the reasons why some PhACs are
detected at higher concentrations than others.

Looking at the 33 countries in Latin America, concentrations of PhACs in fresh surface water were
registered in less than 40% of them, with Brazil (24 papers quantifying 47 different compounds), Argentina
(10 papers quantifying 56 different compounds and 20 unpublished new compounds) and Mexico (5 papers
quantifying 24 different compounds) topping the list [Figures 1 and 2]. Concentrations greater than 2500
ng/L were detected in all countries where PhACs were measured (n = 12), but only seven of them had
concentrations greater than 5000 ng/L. Although investment in research and development in this region has
steadily increased in recent years, only three countries account for 88% (Brazil = 64%, Mexico = 17%, and
Argentina = 7%)". Thus, the lack of studies in the region seems to be related to the lack of government
support.
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The largest number of PhACs was reported in Argentina (n = 76). However, it should be noted that this
number includes 20 new PhACs recently reported in an unpublished research article™ by one of the
authors of this review. However, ignoring this article, Argentina still tops the list (n = 56), although the
number of PhACs reported in Brazil is not so different (n = 47). In other words, Argentina and Brazil are
the countries with the most reported PhACs. However, when considering the number of articles published
in each country, the number in Brazil is two times higher than that in Argentina. This is probably due not
only to the analytical capabilities of each country, but also to the objectives of each study. It should also be
noted that in Argentina, all measurements were made in the central region of the country, whereas in Brazil,
measurements were scattered throughout the national territory. Both patterns are consistent with the
concentration of urban areas in each of these countries. Therefore, it is necessary to increase the number of
sampling sites to perform measurements in different regions of each country.

Human PhACs accumulated in aquatic biota

Based on the research conducted [# = 8 articles; Supplementary Table 2], all reported concentrations were in
the same order of magnitude as most of the previously reported concentrations for aquatic biota worldwide
(< 1,000 ng/g d.w.)"*!. Although the highest concentrations are generally found in waters adjacent to areas
with direct discharge of treated municipal water or areas with significant water runoff from highly
urbanized and populated areas, bioaccumulation has been found in freshwater biota from areas distant from
the source of contamination***. This makes sense because concentrations in aquatic biota are the result of
daily and historical exposure to bioavailable PhACs in surface water. In this sense, bioaccumulation is
determined by the absorption, distribution, metabolism and excretion capacity of aquatic organisms, in
addition to their migration capacity. This raises questions about transportation pathways and persistence of
pharmaceuticals in terms of global environmental health risk"*.

In Latin America, 57 PhACs belonging to 18 different therapeutic groups have been reported in aquatic
biota. Of these therapeutic groups, 13 PhACs belong to psychiatric drugs, 10 to antibiotics and 8 to
analgesics/anti-inflammatories [Table 1, Supplementary Table 2]. The highest reported concentrations
belong to antibiotics bioaccumulated in biofilm (5-652 ng/g d.w.)***" and vascular plants (20-112 ng/g d.w.)
Ll [Figures 3 and 4]. The antibiotic with the highest concentration was ciprofloxacin (400-652 ng/g d.w. in
biofilm)*” (log K,,, = 0.28), as previously reported for cultured and wild organisms"". However, the highest
concentrations reported in China (3-4 ng/g d.w. in fish muscle and decapods)®’ are two orders of
magnitude lower than those reported in Latin America. Thus, the fate and distribution of antibiotics in the
environment may depend on other factors and not only on the K, value, which is considered a good
predictor of the bioaccumulative capacity of most compounds. That is, the K , value is only a chemical
property that does not take into account biological and environmental factors such as bioavailability and
biotransformation, and it is expected to give many false positives for ionizable polar organics"”. Another
issue to consider is the definition of bioaccumulation, as most studies consider chemical concentrations in
an organism that exceed those found in the respiratory medium and the diet"”, whereas some studies refer
to the concentration of a compound within cells and in the surrounding matrix". The latter definition has
been used to describe the bioaccumulation of antibiotics in biofilm, which may explain the higher
concentrations reported.

Another therapeutic group with high concentrations were analgesics/anti-inflammatories [0.1 ng/g - 163
ng/g d.w., Figure 4], with codeine (163 ng/g d.w. in whole fish)"**, acetaminophen (~80 ng/g d.w. in anuran
muscle)” and ibuprofen (63 ng/g d.w. in biofilm)"*’ leading the group. Of these three PhACs,
acetaminophen was the only one whose concentration was two orders of magnitude higher in North
America (4,660 ng/g d.w. in fish plasma)* than in Latin America. However, the fact that the report was
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Figure 3. Maximum concentrations of human pharmaceutically active compounds bioaccumulated in aquatic biota from Latin America.

made in plasma could explain the difference in magnitude in terms of tissue accumulation.

Psychiatric drugs (1-90.8 ng/g d.w.) and B-Blocking agents (1-85 ng/g d.w.) were the other two therapeutic
groups that showed high concentrations [Figure 4]. For each of these groups, carbamazepine (90.8 ng/g d.w.
in fish muscle)® and propranolol (85 ng/g d.w. in whole fish)"* showed the highest concentrations.
Notably, psychiatric drugs were the only group reported in all Latin American countries where
bioaccumulation studies were conducted. However, as with fresh surface waters, we hypothesize that the
lack of reports is related to the lack of government support for conducting studies rather than the actual
presence/absence of a particular PhAC in the environment. Among B-Blocking agents, the concentration of
propranolol reported for Latin America is two orders of magnitude higher than that reported for Canada

[51]

(8.3 ng/g w.w. in bivalves)
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Figure 4. Total concentrations of human pharmaceutically active compounds, classified by therapeutic group, reported in aquatic biota
from different Latin American countries.

At the regional level, only 12% (n = 4) of countries recorded concentrations of bioaccumulated PhACs in
aquatic biota, with fish being the most studied taxonomic group. Besides, analgesics/anti-inflammatories
were reported only in Argentina and Uruguay, and most of the reports of other therapeutic groups were
made in Argentina, showing the lack of field studies with wildlife [Figure 3]. That is, Argentina is the Latin
American country with the most reported PhACs in aquatic biota, both considering (n = 55) and not
considering (n = 34) the previously mentioned unpublished work'”’. Therefore, future studies should be
conducted to better understand the range of concentrations of each PhAC and therapeutic group in the
region.

Data search criteria: effects of pharmaceuticals on aquatic biota

Data on the lethal and sublethal effects of PhACs on native and non-native aquatic biota were retrieved
from the USEPA database (https://cfpub.epa.gov/ecotox/), one of the most important ecotoxicological
databases in the world. Only PhACs quantified in fresh surface waters and aquatic biota from Latin America
were searched using the keywords listed in Supplementary Table 1. Once the search was completed, each
article was read in detail and data from laboratory tests with algae, crustaceans, amphibians and fish were
extracted (e.g., lethal and sublethal endpoints, concentration, biological organization level). For each
taxonomic group, the lowest concentration of each PhAC that induced lethal and sublethal effects was
selected. The cut-off date for this review was 31st December 2022.

Effects of PhACs on aquatic biota

Based on the research conducted, we found 67 no observed effect concentration (NOEC) values for 37
PhACs, 36 lowest observed effect concentration (LOEC) values for 26 PhACs and 45 lethal concentration
(LCs0) values for 31 PhACs [Supplementary Table 3]. Considering the PhACs for which we found reports
in fresh surface water, less than half (50 out of 113) were tested in the laboratory for lethal or sublethal
effects on an aquatic organism. Lethal and sublethal effects of most PhACs were evaluated in fish (n = 45)
and crustaceans (n = 32), with amphibians (n = 15) and algae (n = 12) being the groups with the least
available information [Figure 5]. Looking at the targets for prioritization of compounds, based on the
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Figure 5. Comparison of the maximum concentration of different pharmaceutically active compounds (PhACs) reported in fresh surface
waters from Latin America with the lowest concentrations of each PhAC that induced no effects (NOEC) or sublethal/lethal effects
(LOEC, LC50) in laboratory tests with algae, crustaceans, amphibians or fish. W > E: water concentration exceeding at least one NOEC,
LOEC, or LC50

available information, those compounds whose highest environmental concentrations exceed the lowest
reported LC50 should be prioritized (high prioritization), followed by those whose highest environmental
concentrations exceed the lowest reported LOEC (medium prioritization), and finally, those whose highest
environmental concentrations exceed the lowest reported NOEC values (low prioritization). That is, the
order of prioritization would be from right to left in the analysis of Figure 5. Specifically, the only
compound whose concentration in fresh surface water exceeded the minimum lethal concentration was
acetaminophen (lowest LC50 in crustaceans = 32,000 ng/L""). Regardless of whether this concentration in
water is an outlier value, this is an alarm signal for the need to continue monitoring concentrations of this
PhAC in water because of its potential to cause lethal effects. Also, there are several other PhACs for which
the reported maximum concentration in fresh surface water exceeds the NOEC (n = 13 out of 33) and/or
LOEC (n = 11 out of 20). Specifically, acetaminophen (analgesics/anti-inflammatories), caffeine (stimulants/
lifestyle), carbamazepine (psychiatric drugs), propranolol (B-blocking agents), 17a-ethinylestradiol and 17p-
estradiol (Estrogens) were the only six PhACs whose NOEC and also their LOEC values were lower than
the concentration in fresh surface water [Figure 5]. Therefore, special attention should also be paid to these
PhACs. In view of the above, the information available worldwide on the ecotoxicology of PhACs is still
scarce [Table 1].

CONCLUSIONS

Compared to other parts of the world, there is little information on PhACs contamination of fresh surface
waters in Latin America. This situation is exacerbated when considering the available information on the
bioaccumulation of PhACs in aquatic biota. In addition, the available information is not systematized,
which makes it even more difficult to assess the current situation. At the regional level, Argentina is the
country with the largest amount of available information on aquatic contamination with PhACs. Although
there is a moderate number of published articles on the subject in this country, a large amount of PhACs
has been quantified in both water and biota. However, there is a need to expand sampling sites to areas of
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the country that have not yet been studied. Brazil is also the country with the most quantity of articles on
this topic, but the number of reports of PhACs in water is lower than in Argentina. In addition, there are no
reports of bioaccumulation of PhACs in aquatic biota in this country. Thus, as in the other Latin American
countries, the focus should be on filling these knowledge gaps.

Based on the research conducted, most of the reported concentrations are in the same order of magnitude
as most of the previously reported concentrations in fresh surface water and aquatic biota worldwide. The
group with the highest concentrations in fresh surface waters were analgesics/anti-inflammatories, with
acetaminophen leading the group, whereas the group with the highest concentrations in aquatic biota were
antibiotics that bioaccumulate in biofilm, with ciprofloxacin leading the group. Thus, the fate and
distribution of PhACs in the environment may depend on physicochemical and biological factors of
individual sites, which may control their bioavailability. The latter may also control the effective
environmental exposure of organisms to PhACs, which may bioaccumulate differently depending on the
mobility of the organism, lipid content, size and life stage.

Considering all the ecotoxicological information collected, fish are the most studied taxonomic group.
Moreover, of all the PhACs for which we have found reports in fresh surface water, less than half have been
tested in the laboratory for lethal or sublethal effects on aquatic organisms. Therefore, it is not only
necessary to know the bioaccumulation of PhACs in other taxonomic groups to better understand the
absorption, distribution, metabolism and excretion capacity of aquatic organisms, but also to know the
potential effects of all bioavailable PhACs.

Considering all PhACs that have been reported in water or tested in the laboratory to evaluate lethal or
sublethal effects on aquatic organisms, 13 of them could be considered as low priority compounds, 11 as
medium priority compounds and one as a high priority compound. In general, there is an urgent need for
advanced treatment methods to remove PhACs to ensure the safe disposal of effluents into the
environment.
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