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Abstract: The increasing consumption of pharmaceuticals, including antibiotics, and their
improper disposal have resulted in both pharmaceuticals and their metabolites being re-
leased into the environment, where they pose a risk to both ecosystems and human health.
One of the most serious threats to public health associated with the presence of antibiotics
in the environment is antimicrobial resistance (AMR). In order to combat AMR, the legal
aspect of water protection becomes a critical area of action. This article analyzes the current
challenges and legislative developments in the European Union (EU) aimed at mitigating
pharmaceutical contamination in aquatic environments, particularly with regard to AMR.
It traces the evolution of EU water protection policies from the initial surface and ground-
water directives to the recent updates of the Water Framework Directive, Groundwater
Directive and Environmental Quality Standards Directive, focusing on the integration of
pharmaceutical contaminants into the regulatory framework. In addition, these changes
include the update of the Watch List system for monitoring emerging contaminants, the
adoption of effects-based methods (EBMs) in the assessment of water status and the stream-
lining of the legislative process to respond more quickly to emerging threats in the aquatic
environment. The EU’s strategic approach to pharmaceuticals in the environment is empha-
sized as a key framework for harmonizing the environmental standards and addressing the
problem of AMR through more sustainable pharmaceutical practices. This study advocates
for a proactive, integrated approach to water policy that aligns regulatory actions with
scientific advancements to protect public health and ecosystem integrity.

Keywords: antimicrobial resistance; water law; environment; European Union

1. Introduction

Pharmaceutical contaminants are biologically active compounds used in the treatment
of humans and animals that enter the environment as a result of both production, use and
improper disposal. These compounds are one of the classes of micropollutants, defined as
contaminants detected in the environment in low concentrations [1]. The presence of phar-
maceuticals in the environment has been a topic of increasing concern for many years [2-5].
The growing demand for pharmaceuticals is linked to population growth, longer life ex-
pectancy and economic development, all of which are associated with an increase in chronic
diseases [6]. According to the World Health Organization (WHO), global life expectancy

Antibiotics 2025, 14, 18

https://doi.org/10.3390/antibiotics14010018


https://doi.org/10.3390/antibiotics14010018
https://doi.org/10.3390/antibiotics14010018
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/antibiotics
https://www.mdpi.com
https://orcid.org/0000-0002-5556-3658
https://orcid.org/0000-0001-9255-3283
https://orcid.org/0000-0002-8757-5311
https://doi.org/10.3390/antibiotics14010018
https://www.mdpi.com/article/10.3390/antibiotics14010018?type=check_update&version=1

Antibiotics 2025, 14, 18

2 of 20

increased from 66.8 years in 2000 to 71.4 in 2021 and is projected to reach 78.2 by 2050 [7].
At the same time, the leading causes of death worldwide—cardiovascular diseases, respi-
ratory infections and tuberculosis—are expected to persist through 2050 [8]. The growing
pharmaceutical demand has led to significant environmental challenges, particularly in
aquatic ecosystems. Pharmaceuticals enter the environment through human excretion
(metabolites) or improper disposal [9]. Additionally, they can enter water systems from
livestock farms, aquaculture, pharmaceutical manufacturing and stormwater runoff [10].
Due to the fact that conventional wastewater treatment is not able to completely remove
pharmaceuticals from wastewater, they end up in water reservoirs (rivers and lakes), which
are often a source of drinking water for residents. Among pharmaceuticals, we distin-
guish numerous categories such as analgesics, antidepressants, beta-blockers, diuretics,
hormones or antimicrobials (antibiotics, antiviral and antifungal agents) [11]. One of these
categories is antibiotics, which are used in both human and veterinary medicine [11,12].
One of the most pressing public health risks associated with the excessive use and improper
disposal of antibiotics is antimicrobial resistance (AMR), which renders antibiotics less
effective [13,14]. AMR is a phenomenon in which microorganisms such as bacteria become
increasingly resistant to antimicrobial agents to which they were previously susceptible [14].
According to the WHO, AMR is one of the greatest global threats to public health and,
in 2019, was directly responsible for 1.27 million deaths worldwide and contributed to
4.95 million deaths [13]. The European Centre for Disease Prevention and Control indicates
that approximately 33,000 patients die each year from antibiotic-resistant bacteria in the
European Union and in the European Economic Area. Estimates indicate that AMR could
cause more deaths worldwide than cancer by 2050 [13].

The presence of antibiotics in the environment has a significant impact on the de-
velopment of AMR. Therefore, limiting the release of pharmaceutical contaminants into
the environment, especially the aquatic environment, is a key element of the strategy to
prevent/reduce the AMR problem. In response to growing concerns about AMR and
its connection with environmental pollution with pharmaceuticals, the EU has begun to
introduce changes in the legal regulations regarding the monitoring of water quality and
pollution management. Given the global importance of the AMR problem, especially in
terms of sustainable development and public health, the legal aspect of water protection
becomes a critical area of action. Therefore, this article aims to analyze the current EU
legislation on the protection of water from pharmaceutical contamination in the context
of preventing AMR. In addition, the evolution of AMR strategies and regulations regard-
ing the protection of water from pharmaceutical contamination are presented. Problems
and challenges that may arise during the implementation of new legislative solutions are
also discussed.

2. AMR: Past and Present

In order to counteract AMR in 1998, the World Health Assembly (WHA), in its resolu-
tion, called for Member States to rationally use antimicrobials in both human and veterinary
medicine, to increase supervision over the sale of antimicrobials and to intensify actions to
counteract the spread of infections [15]. The first global WHO plan to combat AMR was
published in 2001 as the Global Strategy for Containment of Antimicrobial Resistance, which
included 68 recommendations aimed at actions aimed at patients, physicians, healthcare
facilities and national authorities [16]. Many of these actions were also included in the
Global Action Plan on AMR adopted by the WHO in 2015. The plan required countries
to develop and implement multi-sectoral national action plans to combat antimicrobial
resistance by reducing the incidence of infections, optimizing the use of antimicrobials and
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increasing education about the problem of AMR in the health, veterinary and agricultural
sectors [16].

In parallel, actions were taken in the EU to combat drug resistance. Although, ac-
cording to Article 168 Treaty on the Functioning of the European Union (TFEU), public
health protection is the responsibility of the Member States, EU actions are to complement
and support national policies [17]. Already in 2001, the European Commission issued
Communication from the Commission on a Community Strategy against antimicrobial resistance,
in which it points out the need to introduce a community strategy concerning four key areas
of action, including a surveillance system for antimicrobial resistance and the use of antimi-
crobials in both human and veterinary medicine, and reducing the need for antimicrobials
by preventing the spread of infectious diseases and controlling infections [18]. As a result,
EU authorities have taken regulatory action to prevent drug resistance, including a ban
on the use of antibiotics other than coccidiostats and histomonostats to stimulate growth
in feed since 1 January 2006 [19]. In 2011, the European Commission adopted the first
Action Plan Against the Rising Threats from Antimicrobial Resistance, containing 12 actions [20].
Although the plan was based on a holistic approach to combat and limit the spread of AMR,
it did not directly address the role of the environment in this regard but focused more on
limiting the use of drugs in human and veterinary medicine or the need to develop new,
more effective antimicrobial drugs. However, the European Commission indicated the
need for international cooperation in reducing environmental pollution with drugs, pri-
marily from manufacturing plants [20]. The emphasis on the role of the environment in the
development and spread of AMR was reflected in A European One Health Action Plan Against
Antimicrobial Resistance, which was adopted by the European Commission in June 2017.
The plan indicated the need to conduct research, including monitoring, on AMR related to
the environment and to adopt a strategy on pharmaceuticals in the environment, including
the aquatic environment [21]. The plan also highlights the importance of the Scientific
Committee on Health and Environmental Risks (SCHER), established in March 2004 [22],
as a body responsible for providing knowledge on AMR related to the environment [21].
The clear emphasis that human and animal health and the environment are interconnected
and that the environment can be another source of drug-resistant microorganisms was
made in the resolution of 13 September 2018 on A European One Health Action Plan Against
Antimicrobial Resistance [23]. In its resolution, the European Parliament called on the Eu-
ropean Commission to immediately develop an EU strategy to combat pharmaceutical
residues in water, which will focus on monitoring pharmaceuticals in the environment,
collecting monitoring data or analyzing the effects of AMR on water resources. Therefore,
protecting water from pollution caused by pharmaceuticals, including antibiotics, is one of
the elements of the strategy to counter AMR.

3. Water Policy: Past, Present and Future
3.1. Surface Water—Past and Present

The first EU directives on the protection of water against pollution appeared in 1975
and 1976. The first one concerned the quality of surface waters used as a source of drink-
ing water, while the second one concerned the introduction of hazardous substances into
surface water [24-26]. In order to further ensure water protection, in 1991, additional direc-
tives concerning pollution from urban wastewater and nitrates from agricultural runoff
were introduced to further safeguard water quality [27]. The first directive establishing a
framework for the protection of all types of water, except for marine waters, i.e., groundwa-
ter, inland surface waters, estuarine waters and coastal waters, is Directive 2000/60/EC
(commonly known as the Water Framework Directive; WFD) [28]. Marine waters were later
incorporated into the EU legal system through Directive 2008/56/EC (Marine Strategy
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Framework Directive; MSFD) [29]. The aim of the WFD was for Member States to achieve
‘good water status’ by reducing the emissions of priority substances, eliminating these
substances from the aquatic environment and using water rationally in accordance with the
principle of sustainable development. Therefore, a list of priority substances that may pose
a particular risk to the aquatic environment has been developed. To determine whether
a substance poses a significant risk to aquatic ecosystems, the following factors are taken
into account:

e  Scientific evidence that the substance may pose a risk (in particular, its ecotoxicity and
human toxicity);

e  Monitoring data that indicates the prevalence of a substance in the aquatic environment;

o  Other reliable data such as the production levels of a substance, its use or applica-

tion [28].

The first list of priority substances containing 33 compounds/groups of compounds
was established in 2001 [30] and then updated in 2008 (Directive 2008/105/EC; EQSD) [31]
and 2013 (Directive 2013/39/EU) [32]. Directive 2008/105/EC contained environmental
quality standards (EQSs), which set limits on the concentrations of compounds identified
as a priority in the policy field [31]. The EQSs were updated for 7 of the 33 compounds
in Directive 2013/39/EU [32]. In addition, Directive 2013/39/EU extended the catalog of
compounds by another 12. Member States are required to implement environmental quality
standards for these 12 compounds by 22 December 2027 [32]. Pharmaceuticals, however,
were not included on any of these lists. Despite the growing recognition of pharmaceuticals
as environmental pollutants, the lack of sufficient data on their ecotoxicity and long-term
effects delayed their inclusion on the priority substances list, underscoring the complex-
ity of regulating these emerging contaminants. However, under Article 8b of Directive
2013/39/EU, the Watch List was established, which includes compounds that may pose a
significant risk to the aquatic environment, but the lack of sufficient data or insufficient qual-
ity of data does not allow for their inclusion on the list of priority substances [32]. The first
Watch List, published in 2015, included 17 compounds, including three macrolide antibi-
otics, three hormones and one non-steroidal anti-inflammatory drug (NSAID) [33] (Table 1).
This list was updated in 2018 (amoxicillin and ciprofloxacin were added, and diclofenac was
removed) and 2020 (sulfamethoxazole, trimethoprim, venlafaxine, o-desmethylvenlafaxine,
and a group of 10 azole compounds were added, and 17-alpha-ethinylestradiol (EE2),
17-beta-estradiol (E2), estrone (E1), and macrolide antibiotics were removed) [34,35]. The
latest Watch List was established in 2022 [36] (Table 1).

As already mentioned, the list of priority substances, the EQSs for these substances
and the Watch List are subject to periodic review. The collection of data on the compounds
on the Watch List is intended to show whether these compounds pose a risk to the aquatic
environment and, therefore, should be included on the list of priority substances and
whether EQSs should be established for them [37]. Compounds/groups of compounds are
monitored for up to 4 years. During this period, EU countries are obliged to monitor the
indicated substances at least once a year [38]. Then, based on the information collected, a
decision is made to place them on the list of priority substances or remove them from the
Watch List due to lack of information about the threat or insufficient monitoring data [39].
The Watch List is updated every 2 years. In accordance with article 16(4) of the WFD, the
list of priority substances is updated at least every 4 years [28].
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Table 1. Pharmaceuticals on the Watch List.

Watch List
(Year) Compound Type of Compound
17-alpha-Ethinylestradiol (EE2) Hormone
17-beta-Estradiol (E2) Hormone
Estrone (E1) Hormone
First Watch ; .
List (2015) . Non—stermdal anti-
Diclofenac inflammatory drug
(NSAID)
Erythromygn, Clant'hromycm, Macrolide antibiotics
Azithromycin
17-alpha-Ethinylestradiol (EE2) Hormone
17-beta-Estradiol (E2) Hormone
Second
Watch List Estrone (E1) Hormone
(2018) Erythromycin, Clarithromycin, Macrolide antibiotics
Azithromycin
Ciprofloxacin Fluoroquinolone antibiotic
Ciprofloxacin Fluoroquinolone antibiotic
Amoxicillin -lactam antibiotic
Sulfamethoxazole Sulfonamide antibiotic
Trimethoprim Antibiotic
Th.l rd Watch Venlafaxine and Non-tricyclic
List (2020) . .
O-desmethylvenlafaxine antidepressant

Clotrimazole, Fluconazole, Imazalil,
Ipconazole, Metconazole, Miconazole,

Azole compounds
Penconazole, Prochloraz, Tebuconazole, p

Tetraconazole
Sulfamethoxazole Sulfonamide antibiotic
Trimethoprim Antibiotic
Venlafaxine and Non-tricyclic
O-desmethylvenlafaxine antidepressant

Clotrimazole, Fluconazole, Imazalil,
Fourth Watch  Tpconazole, Metconazole, Miconazole,

List (2022) Penconazole, Prochloraz, Tebuconazole, Azole compounds

Tetraconazole
Clindamycin Antibiotic
Ofloxacin Antibiotic
Metformin and Guanylurea Antidiabetic drugs

3.2. Groundwater—Past and Present

Groundwater plays a critical role in providing drinking water within the EU. It is
estimated that 65% of drinking water in the EU is sourced from groundwater. Additionally,
groundwater is essential for agricultural irrigation [40]. The first EU directive on ground-
water was agreed in 1980 [41]. As Skinner [42] pointed out, this directive only influenced
the waste management sector by raising the standards of water protection against pollution
in landfills, but it had no significant impact on improving the management of groundwater.
It was only the WFD that outlined a new framework for integrated protection measures
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for all types of water and became the starting point for the Directive on the Protection
of Groundwater against Pollution and Deterioration (GWD), adopted in 2006 [43]. This
directive specified more detailed measures for the protection of groundwater than those
specified in the WFD, i.e., primarily the definition of groundwater quality standards and
threshold values of pollutant concentrations affecting the assessment of the chemical status
of groundwater. However, these standards did not refer in any way to pharmaceutical
substances [43].

Published by the European Environment Agency (EEA) in 2018, a report on the state
of water in Europe indicated that in 2015, only 38% of surface waters were in good chemical
status, 46% did not achieve good status, and 16% of them had an unknown status. In the
case of groundwaters, the analysis of data showed that 75% had good chemical status,
24% did not achieve good status, and in the case of 1%, this status was unknown. It is
significant that since the previous assessment in 2009, the status of groundwater has not
improved [44]. At the same time, in the same year, the European Parliament, in its Resolu-
tion of 13 September 2018 on the European One Health Action Plan against Antimicrobial
Resistance, expressed concern that the European Commission had not presented a timely
strategic approach to the presence of pharmaceuticals in water despite the obligation arising
from the WFD. As a result, in 2019, the European Commission adopted the Strategic Ap-
proach to Pharmaceuticals in the Environment [45]. The legal obligation to develop a strategic
approach to pharmaceuticals present in the environment resulted from Article 8c of Direc-
tive 2013/39/EU [32]. In addition, this strategy is one of the elements of the previously
mentioned European One Health Action Plan Against Antimicrobial Resistance (AMR). The
main objective of the strategy is primarily to increase the level of knowledge both on the
rational use of pharmaceuticals and the presence of pharmaceuticals in the environment
and the risk resulting from this. In addition, the European Commission has committed to
taking action to support the development of more ecological pharmaceuticals and their
production methods. In the context of preventing microbial resistance, the Commission
has indicated the need for further research on the relationship between the presence of
pharmaceuticals in the environment and the development of antimicrobial resistance. At
the same time, the Commission has determined that it will take pharmaceuticals and their
groups more into account when reviewing both the list of priority substances and the
Watch List [45]. Despite the initiatives taken by the European Commission and the Member
States, the European Parliament considered that the actions taken so far are insufficient, as
expressed in the European Parliament’s resolution of 17 September 2020 on the Strategic
Approach to Pharmaceuticals in the Environment [46]. Although the Parliament considered that
the strategic objectives presented by the European Commission in the Strategic Approach
to Pharmaceuticals in the Environment were justified, it indicated that more effective actions
were necessary to reduce the impact of pharmaceuticals on the environment. At the same
time, the European Commission’s 2021 report on the implementation of the WFD indicated
that only four Member States fully monitored the 12 substances that were added in 2013
and have identified the so-called main types of measures taken to reduce the impact of
these substances on the environment. Another 11 countries monitored most of the prior-
ity substances. The Commission indicated that in the case of some Member States, the
information submitted was incomplete, data for some substances were missing, substances
were monitored in the wrong matrices, or there was no information on the sources of these
substances [47].
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3.3. Protection of Surface and Groundwater—The Future

Currently, water protection activities are part of both the European Green Deal, which
is currently the main strategy in the field of environmental policy in the EU and whose
goals include zero pollution by 2050, and the 2030 Agenda for Sustainable Development
(especially goal 6-clean water and sanitation and 14-life below water) [48,49]. The action’s
effect is to achieve a good groundwater chemical status by 2039. In the case of surface
water, the deadline has not been extended, i.e., according to the WFD, Member States are
obliged to achieve all environmental objectives by 2027.

3.3.1. Legislative Updates and Strategic Changes

In October 2022, the European Commission published a proposal to amend three
directives: the WFD, GWD and EQSD. On 24 April 2024, the European Parliament adopted
its position in this case. The negotiation mandate was agreed by the Council of the European
Union on 19 June 2024 and allows for a dialogue with the European Parliament on the final
text of the amendments [50]. The purpose of these changes is to:

e  Update the list of priority substances and quality standards for both groundwater and
surface water;

e  Place emphasis on monitoring not only individual compounds but also their mixtures,
also in the context of seasonal differences in pollutant concentrations;

e  Take action to make changes to legislation more quickly if scientific evidence appears
indicating a risk resulting from the presence of a compound/group of compounds in
the aquatic environment;

e Improve the consistency and transparency of data on pollutants and access to
them [51].

Article 8¢, added to the WFD, clearly indicates the serious threat to ecosystems result-
ing from the presence of pharmaceuticals in water. The European Commission’s Strategic
Approach to Pharmaceuticals in the Environment (2019) emphasized the need for more compre-
hensive monitoring of pharmaceuticals and antimicrobial resistance genes [45]. This focus
is evident in the updates to the Watch List and priority substances list, which are crucial to
the broader goal of achieving better water quality under the European Green Deal.

3.3.2. Monitoring Challenges and Data Collection

The European Parliament indicated that in order to include indicators of antimicrobial
resistance evolution or transmission in the Watch List, not only reliable and harmonized
monitoring methods must be developed, but also criteria for assessing these indicators must
be developed based on scientific knowledge. At the same time, the European Parliament
indicated that the use of these methods must not entail “excessive costs’ [51].

Table 2 below summarizes the key updates to the Watch List, highlighting the ex-
panded scope and frequency of monitoring [51].

These Watch List updates are a critical part of improving data collection and ensuring
more comprehensive monitoring of both surface and groundwater contaminants. Fur-
thermore, updates to the priority substances list and environmental quality standards
(EQS), which now include pharmaceuticals, represent a shift toward more stringent control
measures. Table 3 summarizes the key updates to the priority substances list, including the
establishment of national threshold values for groundwater contaminants [51].
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Table 2. Watch List updates.

Watch List

Details

Expanded scope for
groundwater monitoring

Inclusion of the requirement to develop a Watch List for
groundwater (up to 5 substances/groups of substances).

Reduction in surface
water Watch List

Reduction of the Watch List for surface water to
10 substances/groups of substances.

Update frequency

Updated every 3 years.

Extended monitoring
period

Substances/groups of substances can remain on the Watch
List for an additional 3 years if further monitoring is
needed.

Inclusion of indicators of
antimicrobial resistance
evolution or transmission

Addition of indicators of antimicrobial resistance evolution
or transmission to the Watch List once monitoring methods
are available.

Table 3. Priority substance list updates.

Priority Substance List Groundwater Qualit National Threshold
and EQS Updates for y Values for Groundwater
Standards .
Surface Waters Contaminants
Increase the number of
priority substances to 62,
including pharmaceuticals: Addition of

17 alpha-ethinylestradiol

(EE2), 17 beta-estradiol Establishment of threshold

values for individual

3 pharmaceuticals with
groundwater quality

E2 t El ' . 1
( a;/i’f}?r(l;cr):ec(jn ) standards: carbamazepine, pharmaceutical active
erythrom};z cin’ sulfamethoxazole and substances.

clarithromycin, diclofenac, primidone.

carbamazepine and
ibuprofen.

The changes introduced in the directives are also intended to attempt to solve problems
related to both the monitoring of priority substances and the collection of data on these
substances. Data collection practices are inconsistent across EU Member States, with
significant variations in the methodologies and frequencies of monitoring. While some
countries, such as Germany and the Netherlands, have well-developed infrastructures for
water quality monitoring and regularly update their systems to meet the EU directives,
others struggle due to limited funding or technological capacity [52]. The EEA highlights
that countries with a lower GDP (gross domestic product) tend to have weaker water
quality monitoring frameworks, leading to significant disparities in data availability and
reliability [53]. The Organization for Economic Cooperation and Development (OECD) and
EEA both highlighted that monitoring remains insufficient across Member States, leading to
the slow response in adapting regulatory frameworks and the need for a more standardized
approach to data collection [54]. In connection with the above, the European Commission
proposed expanding the possibilities of using new tools for obtaining monitoring data,
including the Copernicus system or obtaining data obtained through citizen science. In
addition, in order to make the flow of information more efficient and effective, the European
Commission obliged the Member States to provide monitoring data to both the Commission
and the EEA using automatic reporting mechanisms. The European Parliament, in its
amendments, proposed the creation of a joint monitoring institution whose purpose would
be to help the Member States develop new measurement methods and, at the same time,
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obliged the European Commission to analyze how such an institution could be created and
function [54].

Another problem that was pointed out was the problem of the incomplete and out-
dated list of priority substances. The last update to the list occurred in 2013, and while
updates are required at least once every four years (as per article 16(4) of the WFD), sig-
nificant delays in publication have been noted. Although the list of priority substances
has been expanded, including pharmaceuticals, this number is relatively small compared
to international monitoring initiatives [55,56]. For example, a study conducted as part of
the Global Monitoring of Pharmaceuticals project, which is one of the largest and most
comprehensive monitoring programs of 61 pharmaceutical compounds in 104 countries,
showed that pharmaceutical contaminants were detected in over 75% of the sampling
sites, with some rivers showing contamination by as many as 34 different pharmaceuti-
cals [56]. Despite these initiatives and still additions, the total number of pharmaceuticals
under surveillance remains relatively low compared to the vast number of pharmaceutical
substances potentially present in the environment. This discrepancy between known con-
taminants and those legally recognized as priority substances under the directive presents
a significant regulatory lag.

Thus far, the time of introducing changes to the proposed Watch List has been extensive.
This was due to the availability of scientific research data but primarily because of the
lengthy legislative process. Therefore, it was proposed to transfer power to the European
Commission to update the lists under Article 290 of the TFEU (delegated acts) [17] and
not, as it has so far, under the ordinary legislative procedure based on the provisions of the
WEFD and GWD. Such a change should undoubtedly speed up the update of both the list of
priority substances and the Watch Lists.

3.3.3. Pharmaceutical Contamination and AMR Indicators

The inclusion of AMR indicators is a potential step towards more comprehensive
water management in the context of counteracting pharmaceutical pollution, including
antibiotics and reducing AMR. It should be noted that for the first time in water law there
is a direct reference to AMR by including indicators of antimicrobial resistance evolution or
transmission on the Watch List. Thus far, prevention of AMR has only been achieved by
protecting waters from pharmaceutical contamination, including antibiotics. Monitoring
pharmaceutical contaminants, including antibiotics, allows for the identification of the
extent to which the environment is exposed to these compounds and thus can provide clues
about the possibility of AMR. However, monitoring pharmaceutical contaminants is not
enough to fully assess the threat associated with AMR. In order to obtain a more complete
picture of the proliferation and transmission of AMR in water, it is necessary to introduce
additional indicators, such as monitoring the presence of antibiotic-resistant bacteria and
analyzing the transfer of resistance genes.

Monitoring both antibiotic-resistant bacteria and AMR genes provides complementary
insights. Monitoring antibiotic-resistant bacteria offers a direct measure of the presence
and potential impact of resistance on public health, as these bacteria are capable of causing
infections. However, the presence of resistant bacteria can be transient and may not
fully represent the broader environmental reservoir of resistance. In contrast, monitoring
AMR genes provides a deeper understanding of the genetic potential for resistance within
microbial communities, even without viable resistant bacteria. AMR gene monitoring
is particularly valuable for tracking the mechanisms of resistance transmission across
different environments, as these genes can be transferred between microorganisms through
horizontal gene transfer.



Antibiotics 2025, 14, 18

10 of 20

While both approaches are essential, their utility depends on the monitoring objective.
Monitoring antibiotic-resistant bacteria may be more relevant if the goal is to assess immedi-
ate risks to human health. Conversely, if the aim is to understand the potential for resistance
spread and the long-term impact on ecosystems, monitoring AMR genes is a more powerful
tool. Ideally, an integrated approach combining both methods would provide the most
comprehensive picture of antimicrobial resistance dynamics in aquatic environments.

Although monitoring antibiotics in the environment alone is not a sufficient tool to
assess the threat associated with AMR, together with the use of AMR indicators, such
monitoring provides a more complete picture of the problem. This means that to effectively
combat the problem of AMR, in the context of water pollution with pharmaceuticals, it
should be based on both monitoring the pharmaceutical contaminants and indicators that
are directly related to AMR.

Another problem is the lack of harmonized and reliable methods for monitoring AMR.
The European Chemicals Agency (ECHA) will be required to prepare a scientific report
containing the method of analysis and the maximum acceptable limit of quantification for
each of the substances on the Watch List. Until now, each Watch List was introduced into
the EU legal system by a commission implementing a decision, which, in addition to the
list of compounds, including pharmaceuticals, included an indicative analytical method
and maximum acceptable method of detection or quantification limit (see [33-36]).

3.3.4. Innovative Monitoring Techniques

The new regulations also include the use of effect-based methods (EBMs) in monitor-
ing, which reflects the increasing popularity of these methods in monitoring [57]. EBMs are
monitoring techniques that focus on assessing the biological effects of chemical mixtures
rather than measuring individual substance concentrations. They allow for evaluating
the cumulative impact of contaminants on organisms and the environment, identifying
potential toxic interactions and providing a more comprehensive risk assessment. The pro-
posed methods can be used not only for the toxic effects of the pharmaceuticals determined
for the endocrine system but also for other parameters, such as inhibition of respiration
or the growth of organisms occurring in the environment [57-59]. These methods can
determine the ecotoxicological effects of entire groups of substances found in water. Thanks
to this, the effects of the interactions of compounds with each other are also observed. It
also counteracts the risk associated with unknown chemical substances that are poorly
researched and not subject to regulation. Currently, it is a useful tool in water management,
complementing water quality assessments [60,61]. This approach excludes focusing on
selected contaminants and reduces the monitoring costs by limiting cost-intensive chemical
analytical method analyses and time-consuming analyses with the need to take into account
low detection limits, which extends the sample preparation stage [57]. Unfortunately, the
new regulations oblige Member States to apply EBMs in parallel with conventional chemi-
cal monitoring only for monitoring three estrogenic substances (17 alpha-ethinylestradiol
(EE2), 17 beta-estradiol (E2) and Estrone (E1)) [51]. The European Commission was obliged
to adopt guidelines for both chemical analysis methods and methods based on effects
for estrogenic substances within 12 months of the new regulations coming into force. At
the same time, in the WFD, in the section ‘Definitions’, point 35b was added, defining
‘Effect-based Trigger value’ as the effects of a pollutant or group of pollutants in water,
sediment or biota, where those effects are measured by an appropriate and scientifically
validated effect-based monitoring method, above which adverse effects on human health
or the environment from that pollutant or group of pollutants in water, sediment or biota,
could occur [51]. Effect-based trigger values were also included in the definition of ‘good
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surface water chemical status’, which opens the way to taking into account threshold values
when determining the status of water, also for substances other than estrogenic substances.

3.3.5. Monitoring Responsibility and Response to Data

Currently, the responsibility for monitoring water pollution lies predominantly with
individual Member States [29], which may lead to significant disparities in the methods,
the frequency of measurements and the data availability. Enhancing collaboration and
coordination among EU Member States is essential to address these challenges and more
effectively combat threats related to pharmaceutical contamination and AMR.

Each Member State is required to monitor the substances from the Watch List, in-
cluding AMR indicators, for a period of 24 months, with the monitoring period starting
within nine months of the establishment of the Watch List. This means that Member States
will have to adapt their monitoring and water management programs to include these
indicators. The Member State selects measurement points and the frequency of monitoring
(no less than once a year), taking into account, among other things, the possibility of the
occurrence of given substances, e.g., antibiotics. Therefore, monitoring pharmaceutical
substances in water (including antibiotics) can identify areas where the concentrations of
these substances are high, which may indicate that AMR may spread in these areas. Each
Member State makes available the monitoring results together with information on the
representativeness of the monitoring stations and monitoring strategies, and ECHA then
reviews the results and assesses which substances should be further monitored and which
should be removed from the Watch List [51].

The European Commission could establish a centralized coordination mechanism or
a joint monitoring institution. This body would assist Member States in developing stan-
dardized methods, managing shared databases and ensuring consistent implementation
across the Union. If monitoring data were to indicate elevated levels of AMR in specific
areas, coordinated actions should be considered to assess and mitigate the associated risks.
These actions might include:

e Implementing advanced treatment technologies in wastewater plants;

e Introducing stricter regulations for emissions from key sources, such as pharmaceutical
industries, hospitals and agricultural practices;

e Raising public awareness through targeted educational campaigns;

e  Enhancing early warning systems to identify and address emerging AMR threats rapidly.

Integrating the monitoring results with risk management strategies could enable a more
dynamic adaptation of water protection policies. This would provide Member States with the
tools to respond more effectively to potential threats, ensuring the sustainable management
of water resources and supporting the broader goals of sustainable development.

Until now, WFD has used the ‘one-out, all-out’ principle, meaning that the final
status of a water body is not determined by the average of all the indicators used for the
assessment but only by the worst-rated parameter [28]. Therefore, if one element has a
‘moderate’ status and the rest of the elements have ‘good’, the whole water body is classified
as ‘'moderate’ [62]. Critics of this principle pointed out that despite improvements in some
parameters in the overall classification, this progress is invisible. In addition, problems
with the reliability or accuracy of the assessment results were pointed out, which causes a
greater risk of obtaining a lower class of water body status [62-65]. As a result, it may cause
the need to implement actions (and incur financial outlays) where it is not necessary. Both
Member States and, among others, The International Network of Basin Organizations in
Europe (EUROPE-INBO) have postulated to change the regulations. In connection with the
above, the European Commission has proposed introducing new indicators at the EU level



Antibiotics 2025, 14, 18 12 of 20

that would show improvements in the status of water bodies, even in a situation where not
all indicators indicate a ‘good status’ [51].

The evolution of EU water law regulations, along with the proposed changes in the
context of preventing pharmaceutical and AMR pollution, is presented in Figure 1.

2006: Groun Directive  (GWD):
Directive 2006/118/

eThere are no indications for monitoring
pharmaceuticals

2001: Decision No 2455/2001/EC.

Established the first Priority Substances List

*Establishment of a listof 33
substances,/groups of substances
considered particularly harmful to the
aquaticenvironment

*The listdid not include pharmaceuticals
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list due to insufficient data on their
ecotoxicity
= Integration of surface and groundwater
protection
= Identification of environmental objectives
or Mem g
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Figure 1. Changes to EU water law regarding pharmaceutical contaminants and AMR.

4. Urban Wastewaters—Nowadays and Future

The main source of pharmaceuticals, including antibiotics, entering the aquatic en-
vironment is sewage, both from the pharmaceutical sector and from households. It is
estimated that about 50-100% of antibiotics in a given dose are eventually excreted in the
urine and feces [66]. In order to protect the environment from the negative effects of the
discharge of urban wastewater from agglomerations and industrial wastewater, in 1991,
the Urban Wastewater Treatment Directive (UWWTD) was adopted [67]. Currently, the
directive requires Member States to collect and treat municipal wastewater before it is
discharged from agglomerations with a population equivalent (p.e.) of more than 2000.
However, the requirements for municipal wastewater discharged from treatment plants
only refer to parameters such as biochemical oxygen demand, chemical oxygen demand or
total suspended solids [67]. In the case where the treated wastewater is to be discharged
into waters defined as particularly sensitive and exposed to eutrophication, the directive
provides the need to analyze the content of phosphorus and nitrogen and specifies their
maximum permissible concentrations. In connection with the above, wastewater treatment
plants operating in the EU are designed mainly to remove phosphorus, nitrogen or sus-
pended solids [67]. First of all, mechanical-biological methods are used in these treatment
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plants. They are not able to effectively remove micropollutants such as antibiotics and
antibiotic-resistant bacteria (ARB) from sewage, which causes them to enter the aquatic
environment [68]. For example, research conducted by Kortesmik et al. [69] in three Finnish
wastewater treatment plants showed that while the efficiency of sulfonamides removal was
between 58 and 100%, the concentration of macrolides was higher in the treated wastewater
than in the influent. As shown by Kotecka et al. [70], some pharmaceuticals like ibuprofen,
naproxen and diclofenac persist through treatment processes. Moreover, a correlation
between substance sales data and their concentrations in wastewater was observed, finding
that improper disposal likely contributes to elevated levels of sewage influents. Further-
more, the complex composition and high concentrations of pharmaceutical pollutants
in wastewater —including residual drugs like carbamazepine and tetracyclines—reduce
biodegradability, limiting the efficacy of traditional biological purification methods [71-73].
The increase in the efficiency of wastewater treatment is associated with the use of more
advanced methods such as ozonation, adsorption onto zeolites or sorption onto activated
carbon. That is why, in 2022, the European Commission proposed a revised UWWTD, not
only to combat pollution from sewage more effectively but also to align it with the objec-
tives of the European Green Deal. In January 2024, the Council and the Parliament reached
a provisional agreement on the European Commission’s proposal. The most important
changes to the directive include:

o  Covering agglomerations above 1000 p.e. with the collected municipal sewage system
by 31 December 2035;

e By 31 December 2039, all municipal sewage treatment plants with a load of at least
150,000 p.e. should have a tertiary treatment stage covering the removal of nitrogen
and phosphorus;

e In the case of agglomerations of 150,000 p.e. and more (and over 10,000 p.e. based on a
risk assessment), the fourth stage of sewage treatment from so-called micropollutants
(including pharmaceuticals) must be introduced by 2045 unless the Member State
proves that micropollutants do not pose a risk to human health and the environment.
The directive indicates that the load of 10 pharmaceuticals in treated sewage should be
reduced by 80%, including clarithromycin, carbamazepine, citalopram and metoprolol;

e Burdening, in accordance with the ‘polluter pays’ principle, producers introducing
products containing substances that are micropollutants to the market with the costs
(80%) associated with the introduction of the fourth stage of wastewater treatment.
(including investment and operational costs). In connection with the fact that currently,
the main micropollutants in wastewater are residues of cosmetic and pharmaceutical
products, extended responsibility would apply primarily to the pharmaceutical and
cosmetics industries. The Commission also envisages including other industrial
sectors if the scientific research indicates that their activities may also be a source of
micropollutants. The possibility of exemption from the obligations resulting from
extended producer responsibility is to apply in situations in which the total content
of substances in products is below 1 ton per year or when the producer proves that
their product does not produce micropollutants or that the pollutants that do occur
are biodegradable [74].

Extended producer responsibility in environmental protection is not a new mecha-
nism and has been functioning for years as an economic policy instrument in the area of
packaging waste or used electrical equipment. It is based on the assumption that producers
are responsible throughout the product life cycle, including the post-consumer stage [75].
In some countries, such as France and Spain, this scheme is used to finance the collection
and disposal of household pharmaceutical waste [76]. It seems that the introduction of
extended producer responsibility in the area of wastewater treatment was only a matter of
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time, especially since the Strategic Approach to Pharmaceuticals in the Environment indicated
that the fight against environmental pollution with pharmaceuticals should be based on the
polluter pays principle, especially in relation to production processes [46]. The introduction
of extended producer responsibility in the area of wastewater treatment was also recom-
mended by the European Federation of National Associations of Water Services (EurEau).
EurEau indicates that such a solution will prevent the transfer of the costs of wastewater
treatment from micropollutants to consumers [77]

Problems that arise in the case of introducing the fourth stage of wastewater treatment
from pharmaceuticals, including antibiotics and the burden of costs on producers, concern
primarily economic and technological issues. Pistocchi et al. [78] indicated that reducing
the total toxic load by about 75% as a result of modernizing existing wastewater treatment
plants will generate a cost of about 4 billion euros per year for the EU. Some countries,
despite the lack of European regulations, have already started to modernize their sewage
treatment plants, e.g., Germany. It has been estimated that the cost of modernizing 230 Ger-
man sewage treatment plants over a 25-year period may amount to 10.4 to almost 11 billion
euros, or 415 to 435 million euros per year [79]. The directive indicates that the producer’s
financial contribution should be proportional to the amount of substances contained in the
products and the environmental hazard that these substances pose. This means that the
contribution of different producers to pollution should be tracked and their relative size
and hazard assessed, which may prove extremely difficult [80]. Moreover, the introduction
of another purification step alone may not solve the problem of both antibiotics and ARBs
in wastewater to the extent expected. On the one hand, Wang and Chen [81] indicate
that ozonation can remove more than 99% of antibiotic-resistance genes. On the other
hand, Sabri et al. [82], in their study conducted in three sewage treatment plants, showed
that although good removal (79-88%) of antibiotics was observed in all sewage treatment
plants, sulfonamides and quinolones were still present in the sewage in all three sewage
treatment plants, regardless of whether it was a conventional treatment plant or one with
additional technologies. Four-step wastewater treatment technology, while advanced and
effective for many pharmaceutical compounds, has limited efficacy in completely removing
some recalcitrant substances. Specific compounds, such as carbamazepine, fluoroquinolone
antibiotics and some hormones, remain after treatment and are not removed by ozonation
or granular activated carbon filtration. These techniques are insufficient to break down their
chemical structures or adsorb them [83,84]. In addition, it should be noted that activated
sludge can be a secondary source of both antibiotics and ARBs [82,85].

The advantage of introducing new regulations will undoubtedly be the search for
new, safer-for-the-environment drugs by pharmaceutical companies. The emphasis on the
production of more environmentally friendly drugs is also assumed by the new reform
of EU pharmaceutical law. In 2023, the European Commission published a proposal for
changes to the regulation and directive relating to medicinal products for human use,
which were approved by the European Parliament on 10 April 2024. The proposals for
changes both in the context of protecting the environment from pharmaceutical pollution
and combating AMR concerns primarily are as follows:

e The obligation to conduct an environmental risk assessment of the medicinal prod-
uct and to indicate the means of preventing this risk in the procedure of obtaining
marketing authorizations. The risk assessment should cover both the production,
use and disposal of the product. The lack, incomplete or insufficiently justified risk
assessment will be the reason for refusing the authorization. In addition, the European
Medicines Agency may oblige the entity already holding a marketing authorization
for the medicinal product to conduct a post-approval environmental risk assessment
if new evidence of its impact on the environment, including AMR, appears;
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e  Creation and maintenance by the European Commission of a register of environmental
risk assessment studies for medicinal products;

e  Expanding the concept of risk for using a medicinal product, which is related not only
to the quality or safety of using this product by patients but also to the undesirable
impact of this product on the natural environment or the negative impact related
to AMR;

e  Restricting the use of some antimicrobials by making them prescription-only;

e Introduction of special information on the packaging of antimicrobial products regard-
ing their correct use and disposal as well as about AMR [86,87].

5. Conclusions

This article discusses the urgent challenges and strategies required to address water
pollution by pharmaceuticals within the EU regulatory framework, with a focus on AMR
and the emergence of new pharmaceutical contaminants in water. Pharmaceuticals, in-
cluding antibiotics, pose a serious threat to aquatic ecosystems. Antimicrobial resistance is
identified as a critical public health threat, and pharmaceuticals entering water systems con-
tribute to the spread of resistant bacteria and genes. Legislative measures are increasingly
focused on addressing water bodies as potential vectors of AMR, alongside the introduction
of environmental risk assessments for pharmaceuticals. The evolution of the WFD and
related directives shows an expanding scope to address pharmaceutical contaminants; how-
ever, existing provisions remain insufficient to address emerging contaminants. Although
EU legislation has evolved to address this problem, the current measures face limitations.
The European Commission’s strategic approach to pharmaceuticals in the environment,
the updates of the Watch List and the inclusion of pharmaceuticals in the Watch List are
important steps forward in addressing these challenges. However, legislative procedures
need to be improved so that the substances identified as harmful can be added to the list of
priority substances and regulated without delay. Failure to react quickly to new data can
lead to further environmental degradation and health risks related to water-borne pollution.
As the legislative proposals progress, the aim remains to improve the transparency, avail-
ability and efficiency of monitoring and data collection processes. The proposed changes
aim to improve the standards for monitoring pharmaceuticals, although differences in
monitoring capacities in Member States currently constitute a barrier to consistent water
quality standards across the EU. The implementation of changes and proposed methods,
sometimes associated with huge infrastructure costs, should be supported by appropriate
EU programs. However, in parallel to monitoring chemicals, this should go hand in hand
with the availability of ecotoxicological data for compounds. The problem is the limitations
in monitoring all pharmaceutical products and new hazards, e.g., their transformation
products. A solution could be the adoption of EBMs for monitoring, as they allow for
a broader assessment of pollutant interactions and toxicological impacts on ecosystems
without determining the concentration of all of them. Although the new legislative changes
have included the use of EBMs, they do so only to a limited extent. Further research is
also needed on pharmaceuticals and their potential contribution to AMR. The emphasis on
‘zero pollution’ targets underlines the need to integrate advanced treatment technologies
to achieve sustainable development goals despite the significant investments required for
implementation. However, this may not be sufficient to remove all types of pharmaceu-
ticals in wastewater treatment plants, especially since the ‘polluter pays’ principle alone
is insufficient for comprehensive protection. Therefore, emphasis should be placed on
preventing the entry of micropollutants into the environment, especially into the water
cycle. The persistence of micropollutants in water systems highlights the importance of
preventive measures in addition to treatment solutions. In conclusion, EU water policy
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needs to become more flexible and responsive to new threats in order to better protect water
resources and citizens” health. Rapid implementation of scientific findings into water legis-
lation is crucial to achieving the sustainable development and environmental protection
goals, especially since the latest findings from the EEA 2024 report indicate that only 37% of
EU surface waters achieved good or high ecological status in 2021, with little improvement
since 2015—underlining the urgent need for more effective, adaptive strategies [88].

Author Contributions: Conceptualization, ].R.; methodology, ].R. and G.G.; writing—original draft
preparation, J.R., G.G. and A.Z.; writing—review and editing, ].R. and G.G.; funding acquisition, A.Z.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: We would like to thank Marta Potrykus from the Laboratory of Biologically
Active Compounds, Intercollegiate Faculty of Biotechnology of the University of Gdansk and Medical
University of Gdansk for their language critical review of our manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

13.

Samal, K.; Mahapatra, S.; Ali, M.H. Pharmaceutical wastewater as Emerging Contaminants (EC): Treatment technologies, impact
on environment and human health. Energy Nexus 2022, 6, 100076. [CrossRef]

Sanusi, 1.O.; Olutona, G.O.; Wawata, I.G.; Onohuean, H. Occurrence, environmental impact and fate of pharmaceuticals in
groundwater and surface water: A critical review. Environ. Sci. Pollut. Res. 2023, 30, 90595-90614. [CrossRef]

Ashfaq, M,; Li, Y.; Rehman, M.S.U.; Zubair, M.; Mustafa, G.; Nazar, M.E; Yu, C.P; Sun, Q. Occurrence, spatial variation and risk
assessment of pharmaceuticals and personal care products in urban wastewater, canal surface water, and their sediments: A case
study of Lahore, Pakistan. Sci. Total Environ. 2019, 688, 653—663. [CrossRef] [PubMed]

Branchet, P.; Arpin-Pont, L.; Piram, A.; Boissery, P.; Wong-Wah-Chung, P.; Doumeng, P. Pharmaceuticals in the marine environ-
ment: What are the present challenges in their monitoring? Sci. Total Environ. 2021, 766, 142644. [CrossRef]

Aus der Beek, T.; Weber, FA.; Bergmann, A.; Hickmann, S.; Ebert, I; Hein, A.; Kiister, A. Pharmaceuticals in the
environment—Global occurrences and perspectives. Environ. Toxicol. Chem. 2016, 35, 823-883. [CrossRef] [PubMed]

Kock, A.; Glanville, H.C.; Law, A.C.; Stanton, T.; Carter, L.J.; Taylor, ].C. Emerging challenges of the impacts of pharmaceuticals
on aquatic ecosystems: A diatom perspective. Sci. Total Environ. 2023, 878, 162939. [CrossRef] [PubMed]

World Health Organization (WHO). GHE: Life Expectancy and Healthy Life Expectancy. Available online: https:/ /www.who.int/
data/gho/data/themes/mortality-and-global-health-estimates/ghe-life-expectancy-and-healthy-life-expectancy (accessed on
21 October 2024).

Vollset, S.E.; Ababneh, H.S.; Abate, Y.H.; Abbafati, C.; Abbasgholizadeh, R.; Abbasian, M.; Abbastabar, H.; Abd Al Magied, A H.A,;
ElHafeez, S.A.; Abdelkader, A.; et al. Burden of disease scenarios for 204 countries and territories, 2022-2050: A forecasting
analysis for the Global Burden of Disease Study 2021. Lancet 2024, 403, 2204-2256. [CrossRef]

Vaudreuil, M.A.; Munoz, G.; Duy, S.V.; Sauvé, S. Tracking down pharmaceutical pollution in surface waters of the St. Lawrence
River and its major tributaries. Sci. Total Environ. 2024, 912, 168680. [CrossRef]

Bavumiragira, ].P; Yin, H. Fate and transport of pharmaceuticals in water systems: A processes review. Sci. Total Environ. 2022,
823, 153635. [CrossRef]

Kovalakova, P.; Cizmas, L.; McDonald, T.J.; Marsalek, B.; Feng, M.; Sharma, V.K. Occurrence and toxicity of antibiotics in the
aquatic environment: A review. Chemosphere 2020, 251, 126351. [CrossRef]

Rodriguez-Mozaz, S.; Vaz-Moreira, L.; Della Giustina, S.V.; Llorca, M.; Barceld, D.; Schubert, S.; Berendonk, T.U.; Michael-Kordatou,
I.; Fatta-Kassinos, D.; Martinez, ].L.; et al. Antibiotic residues in final effluents of European wastewater treatment plants and their
impact on the aquatic environment. Environ. Int. 2020, 140, 105733. [CrossRef] [PubMed]

Murray, C.J.; Ikuta, K.S.; Sharara, F.; Swetschinski, L.; Aguilar, G.R; Gray, A.; Han, C.; Bisignano, C.; Rao, P.; Wool, E.; et al. Global
burden of bacterial antimicrobial resistance in 2019: A systematic analysis. Lancet 2022, 399, 629-655. [CrossRef]


https://doi.org/10.1016/j.nexus.2022.100076
https://doi.org/10.1007/s11356-023-28802-4
https://doi.org/10.1016/j.scitotenv.2019.06.285
https://www.ncbi.nlm.nih.gov/pubmed/31254831
https://doi.org/10.1016/j.scitotenv.2020.142644
https://doi.org/10.1002/etc.3339
https://www.ncbi.nlm.nih.gov/pubmed/26666847
https://doi.org/10.1016/j.scitotenv.2023.162939
https://www.ncbi.nlm.nih.gov/pubmed/36934940
https://www.who.int/data/gho/data/themes/mortality-and-global-health-estimates/ghe-life-expectancy-and-healthy-life-expectancy
https://www.who.int/data/gho/data/themes/mortality-and-global-health-estimates/ghe-life-expectancy-and-healthy-life-expectancy
https://doi.org/10.1016/S0140-6736(24)00685-8
https://doi.org/10.1016/j.scitotenv.2023.168680
https://doi.org/10.1016/j.scitotenv.2022.153635
https://doi.org/10.1016/j.chemosphere.2020.126351
https://doi.org/10.1016/j.envint.2020.105733
https://www.ncbi.nlm.nih.gov/pubmed/32353669
https://doi.org/10.1016/S0140-6736(21)02724-0

Antibiotics 2025, 14, 18 17 of 20

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

A European One Health Action Plan Against Antimicrobial Resistance (AMR). Available online: https:/ /health.ec.europa.eu/
system/files /2020-01/amr_2017_action-plan_0.pdf (accessed on 21 October 2024).

World Health Assembly. Emerging and Other Communicable Diseases: Antimicrobial Resistance. World Health Organization,
1998; p. 51. Available online: https:/ /iris.who.int/handle /10665/79863 (accessed on 21 October 2024).

World Health Organization. Global Action Plan on Antimicrobial Resistance. 2015. Available online: https://www.who.int/
publications/i/item /9789241509763 (accessed on 21 October 2024).

European Union. Consolidated version of the Treaty on the Functioning of the European Union. OJEU 2012, 326, 47-390.
European Commission. Communication From the Commission on a Community Strategy Against Antimicrobial Resistance;
COM/2001/0333 final; European Commission: Brussels, Belgium, 2001.

Regulation (EC) No 1831/2003 of the European Parliament and of the Council of 22 September 2003 on additives for use in animal
nutrition. OJEU 2003, 268, 29-43.

European Commission. Communication from the Commission to the European Parliament and the Council Action Plan Against the Rising
Threats from Antimicrobial Resistance; COM/2011/0748 final; European Commission: Brussels, Belgium, 2011.

European Commission. Communication from the Commission to the Council and the European Parliament a European One Health Action
Plan Against Antimicrobial Resistance (AMR); COM /2017 /0339 final; European Commission: Brussels, Belgium, 2017.

European Union. Commission Decision of 3 March 2004 setting up Scientific Committees in the field of consumer safety, public
health and the environment. OJEU 2004, 066, 45-50.

European Parliament resolution of 13 September 2018 on a European One Health Action Plan Against Antimicrobial Resistance.
(AMR) (2017 /2254(INI)).

European Union. Council Directive 75/440/EEC of 16 June 1975 concerning the quality required of surface water intended for
the abstraction of drinking water in the Member States. OJEU 1975, 194, 26-31.

European Union. Council Directive 76/464/EEC of 4 May 1976 on pollution caused by certain dangerous substances discharged
into the aquatic environment of the Community. OJEU 1976, 129, 23-29.

Kallis, G.; Nijkamp, P. Evolution of EU Water Policy: A Critical Assessment and a Hopeful Perspective; FEWEB: Gent, Belgium, 1999;
p-27.

Kallis, G.; Butler, D. The EU water framework directive: Measures and implications. Water Policy 2001, 3, 125-142. [CrossRef]
European Union. Directive 2000/60/EC of the European Parliament and of the Council of 23 October 2000 establishing a
framework for community action in the field of water policy. OJEU 2000, 327, 1.

European Union. Directive 2008/56/EC of the European Parliament and of the Council of 17 June 2008 establishing a framework
for community action in the field of marine environmental policy. OJEU 2008, 164, 19.

European Union. Decision No 2455/2001/EC of the European Parliament and of the Council of 20 November 2001 establishing
the list of priority substances in the field of water policy and amending Directive 2000/60/EC. OJEU 2001, 331, 1-5.

European Union. Directive 2008/105/EC of the European Parliament and of the Council of 16 December 2008 on environmental
quality standards in the field of water policy, amending and subsequently repealing Council Directives 82/176/EEC, 83/513/EEC,
84/156/EEC, 84/491/EEC, 86/280/EEC and amending Directive 2000/60/EC of the European Parliament and of the Council.
OJEU 2008, 348, 84-97.

European Union. Directive 2013/39/EU of the European Parliament and of the Council of 12 August 2013 amending Directives
2000/60/EC and 2008/105/EC as regards priority substances in the field of water policy. OJEU 2013, 226, 1-17.

European Union. Commission Implementing Decision (EU) 2015/495 of 20 March 2015 establishing a watch list of substances for
Union-wide monitoring in the field of water policy pursuant to Directive 2008/105/EC of the European Parliament and of the
Council. OJEU 2015, 78, 40-42.

European Union. Commission Implementing Decision (EU) 2018/840 of 5 June 2018 establishing a watch list of substances for
Union-wide monitoring in the field of water policy pursuant to Directive 2008/105/EC of the European Parliament and of the
Council and repealing Commission Implementing Decision (EU) 2015/495. OJEU 2018, 141, 9-12.

European Union. Commission Implementing Decision (EU) 2020/1161 of 4 August 2020 establishing a watch list of substances
for Union-wide monitoring in the field of water policy pursuant to Directive 2008/105/EC of the European Parliament and of the
Council. OJEU 2020, 257, 32-35.

European Union. Commission Implementing Decision (EU) 2022 /1307 of 22 July 2022 establishing a watch list of substances for
Union-wide monitoring in the field of water policy pursuant to Directive 2008/105/EC of the European Parliament and of the
Council. OJEU 2022, 197, 117-120.

Loos, R.; Marinov, D.; Sanseverino, L; Lettieri, T. Analytical Methods for Substances in the Watch List Under the Water Framework
Directive; Work Report; Publications Office of the European Union: Luxembourg, 2018; 2E018.

Halleux, V. Pollutants in EU Waters: Update of Chemical Substances Listed for Control. 2023. Available online: https://www.
europarl.europa.eu/thinktank/en/document/EPRS_BRI(2023)749772 (accessed on 21 October 2024).


https://health.ec.europa.eu/system/files/2020-01/amr_2017_action-plan_0.pdf
https://health.ec.europa.eu/system/files/2020-01/amr_2017_action-plan_0.pdf
https://iris.who.int/handle/10665/79863
https://www.who.int/publications/i/item/9789241509763
https://www.who.int/publications/i/item/9789241509763
https://doi.org/10.1016/S1366-7017(01)00007-1
https://www.europarl.europa.eu/thinktank/en/document/EPRS_BRI(2023)749772
https://www.europarl.europa.eu/thinktank/en/document/EPRS_BRI(2023)749772

Antibiotics 2025, 14, 18 18 of 20

39.

40.

41.

42.
43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.

55.

56.

57.

58.

59.

60.

61.

Carvalho, R.N.; Ceriani, L.; Ippolito, A.; Lettieri, T. Development of the first watch list under the environmental quality standards
directive. JRC Sci. Hub. 2015.

European Environment Agency. Europe’s Groundwater—A Key Resource Under Pressure, Publications Office of the European
Union. 2022. Available online: https://data.europa.eu/doi/10.2800/50592 (accessed on 21 October 2024).

European Union. Council Directive 80/68/EEC of 17 December 1979 on the protection of groundwater against pollution caused
by certain dangerous substances. OJEU 1980, 20, 43—48.

Skinner, A.C. Groundwater: Still out of sight but less out of mind. Q. J. Eng. Geol. Hydrogeol. 2008, 41, 5-19. [CrossRef]
Directive 2006/118/EC of the European Parliament and of the Council of 12 December 2006 on the protection of groundwater
against pollution and deterioration (GWD). OJEU 2006, 372, 19-31.

Kristensen, P.; Whalley, C.; Zal, EN.N.; Christiansen, T. European Waters Assessment of Status and Pressures. 2018. Available
online: https://www.cabidigitallibrary.org/doi/full/10.5555/20193272133 (accessed on 21 October 2024).

European Commission. Communication from the Commission to the European Parliament, the Council and the European Economic
and Social Committee European Union Strategic Approach to Pharmaceuticals in the Environment; COM/2019/128 final; European
Commission: Brussels, Belgium, 2019.

European Union. European Parliament resolution of 17 September 2020 on a strategic approach to pharmaceuticals in the
environment (2019/2816(RSP)). OJEU 2021, 385, 59-67.

European Commission. Report From The Commission To The Council And The European Parliament on the implementation of the Water
Framework Directive (2000/60/EC), the Environmental Quality Standards Directive (2008/105/EC amended by Directive 2013/39/EU) and
the Floods Directive (2007/60/EC) Implementation of Planned Programmes of Measures New Priority Substances Preliminary Flood Risk
Assessments and Areas of Potential Significant Flood Risk; COM/2021/970 final; European Commission: Brussels, Belgium, 2021.
Mohr, T.; Schliebner, I.; Neumann, M.; Oules, L.; Arp, H.PH.; Hale, S.E. Progress in European chemicals policy to support
the protection of the environment and human health from persistent, mobile and toxic and very persistent and very mobile
substances. Environ. Sci. Eur. 2024, 36, 99. [CrossRef]

Transforming Our World: The 2030 Agenda For Sustainable Development. 2015. Available online: https://sdgs.un.org/
publications/transforming-our-world-2030-agenda-sustainable-development-17981 (accessed on 21 October 2024).

Council of the EU. 2024. Available online: https://www.consilium.europa.eu/en/press/press-releases/2024/06/19/surface-
water-and-groundwater-council-agrees-negotiating-mandate-to-update-list-of-pollutants/ (accessed on 21 October 2024).
European Commission. Proposal for a Directive of the European Parliament and of the Council amending Directive 2000/60/EC Establishing
a Framework for COMMUNITY ACTION in the Field of Water Policy, Directive 2006/118/EC on the Protection of Groundwater Against
Pollution and Deterioration and Directive 2008/105/EC on Environmental Quality Standards in the Field of Water Policy—Mandate for
Negotiations with the European Parliament; COM(2022) 540 final; European Commission: Brussels, Belgium, 2024.

Steinebach, Y. Water Quality and the Effectiveness of European Union Policies. Water 2019, 11, 2244. [CrossRef]

European Environment Agency. Quality of Europe’s Water for People’s Use Has Improved, but Challenges Remain to Keep It
Clean and Healthy EEA Report No 32/2016. 2016. Available online: https://www.eea.europa.eu (accessed on 21 October 2024).
European Environment Agency. Water Pollution and Health. 2022. Available online: https://www.eea.europa.eu/publications/
zero-pollution/health /water-pollution (accessed on 21 October 2024).

Silori, R.; Shrivastava, V.; Singh, A.; Sharma, P.; Aouad, M.; Mahlknecht, J.; Kumar, M. Global groundwater vulnerability for
Pharmaceutical and Personal care products (PPCPs): The scenario of the second decade of 21st century. J. Environ. Manag. 2022,
320, 115703. [CrossRef]

Wilkinson, ].L.; Boxall, A.B.; Kolpin, D.W.; Leung, K.M.; Lai, RW.; Galbdn-Malagén, C.; Adell, A.D.; Mondon, ]J.; Metian, M.;
Marchant, R.A.; et al. Pharmaceutical pollution of the world’s rivers. Proc. Natl. Acad. Sci. USA 2022, 119, €2113947119. [CrossRef]
[PubMed]

Backhaus, T. Commentary on the EU Commission’s proposal for amending the Water Framework Directive, the Groundwater
Directive, and the Directive on Environmental Quality Standards. Environ. Sci. Eur. 2023, 35, 22. [CrossRef]

Brack, W.; Aissa, S.A.; Backhaus, T.; Dulio, V.; Escher, B.L.; Faust, M.; Hilscherova, K.; Hollender, J.; Hollert, H.; Miiller, C.; et al.
Effect-based methods are key. The European Collaborative Project SOLUTIONS recommends integrating effect-based methods
for diagnosis and monitoring of water quality. Environ. Sci. Eur. 2019, 31, 10. [CrossRef]

Wernersson, A.S.; Carere, M.; Maggi, C.; Tusil, P.; Soldan, P.; James, A.; Sanchez, W.; Dulio, V.; Broeg, K.; Reifferscheid, G.; et al.
The European technical report on aquatic effect-based monitoring tools under the water framework directive. Environ. Sci. Eur.
2015, 27, 7. [CrossRef]

Profita, M.; Fabbri, E.; Vasumini, I.; Valbonesi, P. Endocrine disrupting chemicals in Italian drinking water systems: Insights from
a three-year investigation combining chemical and effect-based tools. Heliyon 2024, 10, e26785. [CrossRef]

Niarchos, G.; Alygizakis, N.; Carere, M.; Dulio, V.; Engwall, M.; Hy6tyldinen, T.; Kallenborn, R.; Karakitsios, S.; Karakoltzidis, A.;
Kérrman, A.; et al. Pioneering an effect-based early warning system for hazardous chemicals in the environment. TrAC 2024, 180,
117901. [CrossRef]


https://data.europa.eu/doi/10.2800/50592
https://doi.org/10.1144/1470-9236/07-077
https://www.cabidigitallibrary.org/doi/full/10.5555/20193272133
https://doi.org/10.1186/s12302-024-00932-7
https://sdgs.un.org/publications/transforming-our-world-2030-agenda-sustainable-development-17981
https://sdgs.un.org/publications/transforming-our-world-2030-agenda-sustainable-development-17981
https://www.consilium.europa.eu/en/press/press-releases/2024/06/19/surface-water-and-groundwater-council-agrees-negotiating-mandate-to-update-list-of-pollutants/
https://www.consilium.europa.eu/en/press/press-releases/2024/06/19/surface-water-and-groundwater-council-agrees-negotiating-mandate-to-update-list-of-pollutants/
https://doi.org/10.3390/w11112244
https://www.eea.europa.eu
https://www.eea.europa.eu/publications/zero-pollution/health/water-pollution
https://www.eea.europa.eu/publications/zero-pollution/health/water-pollution
https://doi.org/10.1016/j.jenvman.2022.115703
https://doi.org/10.1073/pnas.2113947119
https://www.ncbi.nlm.nih.gov/pubmed/35165193
https://doi.org/10.1186/s12302-023-00726-3
https://doi.org/10.1186/s12302-019-0192-2
https://doi.org/10.1186/s12302-015-0039-4
https://doi.org/10.1016/j.heliyon.2024.e26785
https://doi.org/10.1016/j.trac.2024.117901

Antibiotics 2025, 14, 18 19 of 20

62.

63.

64.

65.

66.

67.
68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Borja, A; Rodriguez, ].G. Problems associated with the’one-out, all-out’principle, when using multiple. Mar. Pollut. Bull. 2010, 60,
1143-1146. [CrossRef]

Uddin, M.G.; Jackson, A.; Nash, S.; Rahman, A.; Olbert, A.I. Comparison between the WFD approaches and newly developed
water quality model for monitoring transitional and coastal water quality in Northern Ireland. Sci. Total Environ. 2023, 901,
165960. [CrossRef]

Zacharias, I; Liakou, P; Biliani, I. A review of the status of surface European waters twenty years after WFD introduction. Environ.
Proc. 2020, 7, 1023-1039. [CrossRef]

Latinopoulos, D.; Spiliotis, M.; Ntislidou, C.; Kagalou, I.; Bobori, D.; Tsiaoussi, V.; Lazaridou, M. “One Out-All Out’ Principle in
the Water Framework Directive 2000—A New Approach with Fuzzy Method on an Example of Greek Lakes. Water 2021, 13, 1776.
[CrossRef]

Polianciuc, S.I.; Gurzau, A.E.; Kiss, B.; Stefan, M.G.; Loghin, F. Antibiotics in the environment: Causes and consequences. Med.
Pharm. Rep. 2020, 93, 231. [CrossRef] [PubMed]

European Union. Council Directive 91/271/EEC of 21 May 1991 Concerning Urban Waste-Water Treatment. OJEU 1991, 135, 40-52.
Novo, A.; André, S.; Viana, P.; Nunes, O.C.; Manaia, C.M. Antibiotic resistance, antimicrobial residues and bacterial community
composition in urban wastewater. Water Res. 2013, 47, 1875-1887. [CrossRef] [PubMed]

Kortesmiki, E.; Ostman, J.R;; Meierjohann, A.; Brozinski, ].M.; Eklund, P.; Kronberg, L. Occurrence of antibiotics in influent and
effluent from 3 major wastewater-treatment plants in Finland. Environ. Toxicol. Chem. 2020, 39, 1774-1789. [CrossRef] [PubMed]
Kolecka, K.; Gajewska, M.; Caban, M. From the pills to environment-Prediction and tracking of non-steroidal anti-inflammatory
drug concentrations in wastewater. Sci. Total Environ. 2022, 825, 153611. [CrossRef]

Takovides, I.C.; Michael-Kordatou, I.; Moreira, N.F,; Ribeiro, A.R.; Fernandes, T.; Pereira, M.ER.; Nunes, O.C.; Manaia, C.M.; Silva,
A.M.; Fatta-Kassinos, D. Continuous ozonation of urban wastewater: Removal of antibiotics, antibiotic-resistant Escherichia coli
and antibiotic resistance genes and phytotoxicity. Water Res. 2019, 159, 333-347. [CrossRef] [PubMed]

Maharana, M.; Sen, S. Magnetic zeolite: A green reusable adsorbent in wastewater treatment. Mater. Today 2021, 47, 1490-1495.
[CrossRef]

Priya, A.K.; Gnanasekaran, L.; Rajendran, S.; Qin, J.; Vasseghian, Y. Occurrences and removal of pharmaceutical and personal
care products from aquatic systems using advanced treatment—A review. Environ. Res. 2022, 204, 112298. [CrossRef]

European Commission. Proposal for a Directive of the European Parliament and of the Council Concerning Urban Wastewater Treatment
(Recast); COM /2022 /541 final; European Commission: Brussels, Belgium, 2022.

OECD. “Extended Producer Responsibility: Basic Facts and Key Principles’; OECD Environment Policy Papers, No. 41, OECD
Publishing: Paris, France, 2024. [CrossRef]

Rogowska, J.; Zimmermann, A. Household Pharmaceutical Waste Disposal as a Global Problem—A Review. Int. ]. Environ. Res.
Public Health 2022, 19, 15798. [CrossRef] [PubMed]

EurEau Annual Review. 2018. Available online: https://www.eureau.org/resources/publications/annual-reviews/3468-eureau-
annual-review-2018-1/file (accessed on 21 October 2024).

Pistocchi, A.; Andersen, H.R.; Bertanza, G.; Brander, A.; Choubert, ].M.; Cimbritz, M.; Drewes, ].E.; Koehler, C.; Krampe, J.;
Launay, M.; et al. Treatment of micropollutants in wastewater: Balancing effectiveness, costs and implications. Sci. Total Environ.
2022, 850, 157593. [CrossRef] [PubMed]

Ahting, M.; Brauer, F.; Duffek, A.; Ebert, I.; Eckhardt, A.; Hassold, E.; Helmecke, M.; Kirst, I.; Krause, B.; Lepom, P; et al.
Recommendations for reducing micropollutants in waters. Ger. Environ. Agency 2018.

Malmqvist, E.; Fumagalli, D.; Munthe, C.; Larsson, D.J. Pharmaceutical pollution from human use and the polluter pays principle.
Public Health Ethics 2023, 16, 152-164. [CrossRef]

Wang, J.; Chen, X. Removal of antibiotic resistance genes (ARGs) in various wastewater treatment processes: An overview. Crit.
Rev. Environ. Sci. Technol. 2022, 52, 571-630. [CrossRef]

Sabri, N.A.; Van Holst, S.; Schmitt, H.; van der Zaan, B.M.; Gerritsen, H.W.; Rijnaarts, H.H.; Langenhoff, A.A.M. Fate of antibiotics
and antibiotic resistance genes during conventional and additional treatment technologies in wastewater treatment plants. Sci.
Total Environ. 2020, 741, 140199. [CrossRef] [PubMed]

Kharel, S.; Stapf, M.; Miehe, U.; Ekblad, M.; Cimbritz, M.; Falds, P; Nilsson, J.; Sehlén, R.; Bregendahl, J.; Bester, K. Removal of
pharmaceutical metabolites in wastewater ozonation including their fate in different post-treatments. Sci. Total Environ. 2021, 759,
143989. [CrossRef]

Svahn, O.; Borg, S. Assessment of full-scale 4th treatment step for micro pollutant removal in Sweden: Sand and GAC filter
combo. Sci. Total Environ. 2024, 906, 167424. [CrossRef] [PubMed]

Wang, Y,; Han, Y.; Li, L.; Liu, J.; Yan, X. Distribution, sources, and potential risks of antibiotic resistance genes in wastewater
treatment plant: A review. Environ. Pollut. 2022, 310, 119870. [CrossRef]


https://doi.org/10.1016/j.marpolbul.2010.06.026
https://doi.org/10.1016/j.scitotenv.2023.165960
https://doi.org/10.1007/s40710-020-00458-z
https://doi.org/10.3390/w13131776
https://doi.org/10.15386/mpr-1742
https://www.ncbi.nlm.nih.gov/pubmed/32832887
https://doi.org/10.1016/j.watres.2013.01.010
https://www.ncbi.nlm.nih.gov/pubmed/23375783
https://doi.org/10.1002/etc.4805
https://www.ncbi.nlm.nih.gov/pubmed/32557762
https://doi.org/10.1016/j.scitotenv.2022.153611
https://doi.org/10.1016/j.watres.2019.05.025
https://www.ncbi.nlm.nih.gov/pubmed/31108362
https://doi.org/10.1016/j.matpr.2021.04.370
https://doi.org/10.1016/j.envres.2021.112298
https://doi.org/10.1787/67587b0b-en
https://doi.org/10.3390/ijerph192315798
https://www.ncbi.nlm.nih.gov/pubmed/36497873
https://www.eureau.org/resources/publications/annual-reviews/3468-eureau-annual-review-2018-1/file
https://www.eureau.org/resources/publications/annual-reviews/3468-eureau-annual-review-2018-1/file
https://doi.org/10.1016/j.scitotenv.2022.157593
https://www.ncbi.nlm.nih.gov/pubmed/35914591
https://doi.org/10.1093/phe/phad012
https://doi.org/10.1080/10643389.2020.1835124
https://doi.org/10.1016/j.scitotenv.2020.140199
https://www.ncbi.nlm.nih.gov/pubmed/32615424
https://doi.org/10.1016/j.scitotenv.2020.143989
https://doi.org/10.1016/j.scitotenv.2023.167424
https://www.ncbi.nlm.nih.gov/pubmed/37793453
https://doi.org/10.1016/j.envpol.2022.119870

Antibiotics 2025, 14, 18 20 of 20

86. European Commission. Proposal for a Directive of the European Parliament and of the Council on the Union Code Relating to Medicinal
Products for Human Use, and Repealing Directive 2001/83/EC and Directive 2009/35/EC; COM(2023) 192 final; European Commission:
Brussels, Belgium, 2023.

87. European Commission. Proposal for a Regulation of the European Parliament and of the Council Laying Down Union Procedures for the
Authorisation and Supervision of Medicinal Products for Human Use and Establishing Rules Governing the European Medicines Agency,
Amending Regulation (EC) No 1394/2007 and Regulation (EU) No 536/2014 and Repealing Regulation (EC) No 726/2004, Regulation (EC)
No 141/2000 and Regulation (EC) No 1901/2006; COM(2023) 193 final; European Commission: Brussels, Belgium, 2023.

88. European Environment Agency. Europe’s State of Water 2024: The Need for Improved Water Resilience, EEA Report. 2024. Avail-
able online: https:/ /www.eea.europa.eu/en/analysis/publications/europes-state-of-water-2024 (accessed on 31 October 2024).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://www.eea.europa.eu/en/analysis/publications/europes-state-of-water-2024

	Introduction 
	AMR: Past and Present 
	Water Policy: Past, Present and Future 
	Surface Water—Past and Present 
	Groundwater—Past and Present 
	Protection of Surface and Groundwater—The Future 
	Legislative Updates and Strategic Changes 
	Monitoring Challenges and Data Collection 
	Pharmaceutical Contamination and AMR Indicators 
	Innovative Monitoring Techniques 
	Monitoring Responsibility and Response to Data 


	Urban Wastewaters—Nowadays and Future 
	Conclusions 
	References

