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Highlights
Public health relevance—How does this work relate to a public health issue?

e  Pharmaceutical residues are widely detected in drinking and environmental waters,
representing an emerging pathway of chronic human exposure.

e  The study addresses human health risks associated with multi-compound, low-dose
exposure through water consumption within a One Health framework.

Public health significance —Why is this work of significance to public health?

e Itintegrates occurrence data across bottled, tap, and surface waters with risk assess-
ment approaches (RQ and RQ_screen), enabling a comprehensive evaluation of ex-
posure scenarios.

e It identifies vulnerable populations, particularly infants and children, as having
higher relative exposure risks due to physiological and consumption factors.

Public health implications—What are the key implications or messages for practition-
ers, policy makers and/or researchers in public health?

e  Screening-level prioritization (RQ_screen) highlights pharmaceuticals that require
continuous monitoring even when traditional risk metrics indicate low concern.
e  The findings support the need for risk-based water quality management, age-specific
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concern, with compounds spanning the full risk spectrum. Key contributors to potential
human health risk included hormones (17-alpha-ethinylestradiol, 17-beta-estradiol, es-
trone), ramipril, betamethasone, citalopram, and amoxicillin. RQ_screen highlighted com-
pounds relevant for ongoing monitoring even in treated waters, such as carbamazepine,
diclofenac, salicylic acid, warfarin, fluoxetine, and erythromycin, due to their persistence
and toxicological significance. Both RQ and RQ_screen indicated higher risk values for
infants and children, reflecting lower body weight and higher water intake per unit mass,
underscoring the need for age-specific evaluations. The RQ_screen method proved useful
for contaminant prioritization, identifying substances relevant for monitoring despite low
concentrations. Overall, this systematic review highlights pharmaceutical residues as an
emerging public and environmental health concern in Portugal and emphasizes the im-
portance of targeted monitoring and risk-based management within a One Health frame-
work.

Keywords: aquatic environments; contaminants of emerging concern; human health risk
assessment; One Health; pharmaceutical residues

1. Introduction

The global increase in pharmaceutical consumption [1], driven by population ageing
[2], expanded access to pharmacological therapies, and the extensive use of pharmaceuti-
cals in veterinary medicine and animal production systems [3], has contributed to the con-
tinuous release of pharmaceutical residues, defined as active pharmaceutical ingredients,
their metabolites, transformation products, and other drug-related compounds originat-
ing from human and veterinary use, into the environment [4]. Unlike classical chemical
contaminants, these compounds are intentionally designed to exert biological activity
and, once introduced into ecosystems, may persist and interact across multiple environ-
mental compartments [5]. Pharmaceutical residues are acknowledged as contaminants of
emerging concern due to their pervasive occurrence in aquatic systems and their possible
effects on environmental and public health [6].

Aquatic systems play a central role in the dissemination of these contaminants [7].
Following human and animal consumption, a significant fraction of pharmaceuticals is
excreted either unchanged or as biologically active metabolites [8], ultimately reaching
wastewater treatment plants that are often not designed to ensure their complete removal
[9]. Accordingly, pharmaceutical residues have been commonly observed in surface water
bodies, which are often used as sources for public water supply, as well as in tap water
and bottled water, indicating that conventional treatment processes do not constitute an
absolute barrier to their presence in water intended for human consumption [10].

Although reported concentrations are generally in the ng/L to ug/L range, human
exposure occurs in a chronic, involuntary, and multicomponent manner, as multiple phar-
maceuticals can coexist simultaneously within the same aquatic matrix [11]. This contin-
uous exposure raises public health concerns, particularly for vulnerable populations such
as children, the elderly, and individuals with preexisting health conditions [12]. Further-
more, the persistent presence of antibiotics in aquatic environments has been linked to the
promotion of antimicrobial resistance [13], while hormones and other compounds with
endocrine activity [14] raise concerns regarding long-term subclinical effects.

The issue of pharmaceutical residues in water is framed within the One Health par-
adigm [15], which recognizes the interdependence of human, animal, and environmental
health. The use of pharmaceuticals across clinical, veterinary, and agricultural contexts,
combined with improper disposal and the persistence of these compounds throughout
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the hydrological cycle, establishes a direct link between human practices, environmental
degradation, and health risks [16]. In this context, water serves as a critical integrative
vector, functioning simultaneously as a transport medium, environmental reservoir, and
exposure pathway for humans and other organisms [17].

Despite the growing number of studies on the occurrence of pharmaceutical residues
in aquatic environments, integrated assessments comparing different water matrices from
a human exposure perspective remain limited [18]. Most research has focused on surface
waters or effluents, with less attention given to the presence of these compounds in water
consumed by the population and to systematic comparisons between tap and bottled wa-
ter [19]. Furthermore, few studies incorporate human health risk assessments across life
stages, a critical aspect for more realistic population-level analyses [20].

From an environmental health and sustainability perspective, this issue can also be
understood through the One Health approach, which recognizes the interconnectedness
of human, animal, and environmental health and promotes collaborative efforts to achieve
optimal health outcomes across these domains. The issue aligns with the principles estab-
lished by the 2030 Agenda for Sustainable Development Goal, particularly SDG 3 (Good
Health and Well Being), SDG 6 (Clean Water and Sanitation), and SDG 12 (Responsible
Consumption and Production), which emphasize the need to strengthen environmental
management, enhance monitoring of micropollutants, and promote responsible practices
throughout the pharmaceutical life cycle [21]. In this context, understanding the distribu-
tion levels and associated risks of these residues in Portuguese aquatic environments is
essential to support regulatory frameworks, guide public policy, and inform mitigation
strategies.

By combining environmental occurrence data with risk assessment metrics and the
prioritization of pharmaceutical contaminants within a One Health framework, this study
a thorough evaluation of pharmaceutical residues in bottled, tap, and surface waters in
Portugal and employs a screening-level risk quotient (RQ_screen), a dimensionless index
that ranks compounds by the ratio of their measured environmental concentration to a
simplified reference value, intended for comparative prioritization rather than absolute
risk estimation. By integrating occurrence data across multiple water matrices and ac-
counting for differences among age groups and exposure scenarios, this study pinpoints
priority pharmaceuticals that require further investigation and targeted management
within water treatment and monitoring programs, thereby supporting water quality man-
agement and public health protection, in line with the objectives of the 2030 Agenda.

2. Materials and Methods
2.1. Selection of Studies

A systematic search for studies reporting the occurrence of pharmaceutical residues
in Portuguese waters was conducted in the PubMed, Web of Science, and Scopus data-
bases (Figure 1). The following search terms were used combined with Boolean operators:
“tap water” AND pharmaceuticals AND Portugal; (“drinking water” OR “bottled water”)
AND pharmaceuticals AND Portugal; and “surface water” AND pharmaceuticals AND
Portugal.

The study selection followed three steps: (1) screening of titles and abstracts, (2) full-
text review, and (3) data extraction of reported concentrations for each water matrix. Ar-
ticles published since 2010 and in English or Portuguese were included, provided they
reported quantitative data on pharmaceutical detection in Portuguese waters. Only stud-
ies with clearly specified detection limits and validated analytical methodologies were
considered eligible. Studies reporting extrapolated data and/or environmental estimates
of pharmaceutical compound concentrations in water were excluded from this review.
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Figure 1. Flowchart of the literature search, screening, eligibility assessment, and study selection
process used to identify studies reporting pharmaceutical residues in Portuguese waters. Flow
diagram illustrating the systematic literature search and study selection process adopted in this
review. Records were identified through searches in PubMed, Web of Science, and Scopus for
three environmental matrices relevant to human exposure to pharmaceutical residues: tap water,

bottled water, and surface water.

2.2. Data Collection

Following the selection of eligible studies, pharmaceutical residue concentration data
were extracted separately for each water matrix (Table S1). For bottled water, studies an-
alyzing commercially bottled water in Portugal were included. Reported concentrations
were fully extracted to represent the actual level of exposure associated with the consump-
tion of treated water intended for human use. For tap water, the minimum, mean, and
maximum concentrations of each detected pharmaceutical in Portugal were compiled.

These data enabled the assessment of potential exposure scenarios from direct con-
sumption of distributed water. Finally, for surface waters, studies analyzing rivers, reser-
voirs, and estuaries in Portugal were considered. For risk assessment purposes, direct con-
sumption without treatment was assumed to represent an extreme exposure scenario. For
each identified pharmaceutical, the extracted data were used in the risk assessment de-
scribed in Section 2.3, including the calculation of risk quotients and DWEL values.

2.3. Human Health Risk Assessment (RQ)

The human health risk assessment was conducted through the calculation of risk
quotients (RQs), considering different life stages to improve exposure characterization
across 10-year age intervals. These age groups were defined based on the guidelines of
the United States Environmental Protection Agency (EPA), as outlined in the document
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Guidance on Selecting Age Groups for Monitoring and Assessing Childhood Exposures
to Environmental Contaminants. The adopted categories are detailed in Table 1 [22].

Table 1. Age groups defined according to EPA guidelines and their respective body weight (kg) and
daily water intake (DWI, L/day) values adopted for human health risk assessment.

Age Range (years) Body Weight (Kg) DWI (L/day)

0-1 7.4 0.97
1-10 21.3 0.52
10-20 51.8 1.64
20-30 70.8 2.85
3040 72.6 297
40-50 74.2 2.97
50-60 75.9 2.98
60-70 75.1 2.97
70-80 72.4 227

80+ 68.7 2.12

Note: Age groups were defined based on EPA guidelines [22]. Body weight (50th percentile) and
daily drinking water intake (DWI) values were both obtained from the EPA Exposure Factors Hand-
book [22].

The RQs for the pharmaceutical residues analyzed in this review were calculated us-
ing the minimum, mean, and maximum concentrations, whenever available, measured in
bottled, tap, or surface water samples, according to Equation (1). For all evaluated matri-
ces, the lowest detected concentrations of the identified pharmaceuticals were considered
the best-case scenario, the mean concentrations represented the near-realistic scenario,
and the highest detected concentrations were classified as the worst-case scenario. When
the RQ is less than 0.1, the risk is classified as low; values between 0.1 and 1.0 are consid-
ered moderate; and values greater than 1.0 are classified as high, suggesting a potential
health risk associated with involuntary exposure through water ingestion [23].

Cs
DWEL’ @)

RQ =

In this equation, Cs corresponds to the minimum, mean, or maximum concentration
of the pharmaceutical residue detected in the water sample (bottled, tap, or surface water),
while the DWEL (Drinking Water Equivalent Level) values, expressed in pg/L, were de-
termined using Equation (2), following the criteria described in the document Wyoming
Water Rules and Regulations [24].

ADI x BW x HQ @)
DWI x AB x FOE”

DWEL =

In this equation, ADI represents the Acceptable Daily Intake (ug/kg/day); BW refers
to the 50th percentile body weight for each considered age group (kg); HQ is the Hazard
Quotient, set to 1 to represent the threshold of acceptable risk, allowing the estimation of
a maximum concentration in drinking water that would not pose a risk to human health;
and DWI indicates the daily drinking water intake (L/day), with age-specific values ob-
tained from the EPA Exposure Factors Handbook [22].

The gastrointestinal absorption rate (AB) was assumed to be 1, while FOE corre-
sponds to the frequency of exposure (350 days/365 days = 0.96) [25]. Body weight and
daily intake values are presented in Table 1. The ADI values represent the level of a given
substance that is not expected to result in any adverse effect in a potentially exposed pop-
ulation, including susceptible subpopulations [26]. In this study, ADI values were ob-
tained using Equation (3).
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RD
ADI =32 )

Here, RD represents the reference dose corresponding to the lowest therapeutic effect
reported in the drug label, and UF is the uncertainty factor, set to 1000, which results from
the following: a factor of 10 to account for human response variability (intraspecies vari-
ation); a factor of 10 for the protection of sensitive subgroups, such as children and infants;
and a factor of 10 to account for the fact that the reference dose for the lowest therapeutic
effect is not a no-effect level [27]. When ADI values were not available in the literature for
metabolites, i.e., pharmaceutical byproducts, the same ADI as the parent compound was
applied. For pharmaceuticals with available literature data, these values were used as the
starting point for the assessment (Table S2).

For compounds for which no ADI value was available in the literature [26—45] and
for which no parent compound could be identified (e.g., illicit drugs such as cocaine and
its metabolite benzoylecgonine), quantitative RQ-based assessment was not performed,
as no established safe intake reference exists for these substances in drinking water matri-
ces. These compounds were classified as “uncategorized” and are discussed qualitatively
in Section 3.3. The absence of regulatory toxicological benchmarks for illicit drugs under-
scores a methodological limitation of RQ-based frameworks and reinforces the need for
complementary screening approaches such as RQ_screen. A sensitivity analysis was con-
ducted to evaluate the influence of compounds with high or uncertain ADI values on the
overall risk ranking: excluding the top 10% of ADI values did not alter the classification
of the high-risk compounds identified, indicating that the prioritization results are robust
to uncertainty in individual ADI estimates.

2.4. Identification of Contaminants of Emerging Concern Through Prioritization Quotient

To identify contaminants of emerging concern for human health via water consump-
tion and establish a ranking based on relative hazard, a prioritization index was devel-
oped by the authors specifically for the purposes of this literature review using a screening
risk quotient (RQ_screen). This metric was intended exclusively for comparative screen-
ing, allowing compounds to be ranked according to the combination of their environmen-
tal occurrence and toxicological potency. The proposed RQ_screen approach represents a
methodological tool created in this review to support the prioritization of contaminants
based on available occurrence and toxicity data. Unlike conventional human health risk
assessment approaches, RQ_screen does not provide an estimate of absolute health risk;
instead, it was used to compare the relative relevance of detected compounds and to iden-
tify those requiring priority attention in monitoring programs, refined risk assessments,
or management actions (Equation (4)).

_ GCs
RQ_screen = WEL’ 4)

The WEL was calculated following the same structure as the DWEL (Equation (2)),
but omitting the uncertainty factor (UF) incorporated in the ADI derivation. Specifically,
WEL was determined using Equation (5) where RD is the reference dose corresponding
to the lowest therapeutic effect reported in the drug label (ug/kg/day), and all other pa-
rameters retain the same definitions as in Equation (2). The omission of the UF (set to 1000
in the formal risk assessment) is justified by the purely comparative nature of RQ_screen:
since the UF is a fixed multiplicative constant applied uniformly to all compounds, its
inclusion or exclusion does not alter the relative ranking among substances. Its removal
avoids the over-conservative distortion that would otherwise compress RQ_screen values
across compounds and impair the discriminatory power of the prioritization. Accord-
ingly, WEL values were derived directly from the RD values listed in Table S2, using the
age-specific body weight and water intake parameters in Table 1.
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RD x BW x HQ 5
DWI X AB X FOE’ ®)

WEL =

In this equation, the RQ_screen is calculated as the ratio between the pharmaceutical
compound concentration (Cs) in water, whether minimum, mean, or maximum, and a
Water Equivalent Level (WEL). In contrast to DWEL (Equation (2)) which was used in the
formal human health risk assessment described in Section 2.3, WEL was adopted here as
a simplified reference value for comparative screening purposes. This procedure pre-
serves the relative differences among compounds and avoids the over conservative dis-
tortion that may arise when multiple uncertainty assumptions are incorporated into a
metric intended only for prioritization. This approach allows the direct use of analytically
reported concentrations, preserving comparability between compounds for screening
purposes.

RQ_screen values were used exclusively as a screening and prioritization tool. Ac-
cording to the adopted criteria, compounds with RQ_screen < 0.01 were classified as low-
priority, values between 0.01 and 0.1 as moderate priority, values between 0.1 and 1.0 as
high-priority, and RQ_screen > 1.0 as critical-priority contaminants. These categories re-
flect relative prioritization based on the combined effect of environmental concentrations
and toxicological margin. This classification was applied consistently across compounds
and scenarios, allowing for an objective ranking of substances of greatest relevance for
screening and prioritization purposes

3. Results and Discussion

3.1. Occurrence of Pharmaceutical Residues Across Water Matrices
3.1.1. Bottled Water

Bottled water showed the lowest concentrations among all matrices analyzed (Table
2). Based on the compiled data, the pharmaceutical residues detected in bottled water in
Portugal (n = 9, pharmaceutical residues) with the highest average concentrations were
salicylic acid (25.9 ng/L), carbamazepine (12.7 ng/L), and warfarin (7.6 ng/L). Among
these, salicylic acid deserves particular attention, not only because of its concentration in
this matrix, but also because it is both an active ingredient in topical formulations and a
major metabolite and transformation product of acetylsalicylic acid, one of the most
widely consumed analgesic and anti-inflammatory drugs worldwide [46]. Carbamaze-
pine and warfarin, in turn, are an antiepileptic and an anticoagulant under continuous
use, respectively [47,48].

Table 2. Concentration of pharmaceutical compounds identified in consumption water in Portugal

inng/L.
Matrix Therapeutic Classes Pharmaceuticals n Min Mean Max Reference
Bottled " - t-inflammatory Diclofenac 2 39 5.81 7.66 [49]
water
Anti-inflammatory Salicylic acid 2 21.20 25.90 30.60 [50]
Antibiotic Erythromycin 2 0.50 3.10 5.69 [25]
Antibiotic Sulfadiazine 2 0.40 0.70 1.00 [25]
Antibiotic Sulfapyridine 2 1.00 1.50 2.00 [25]
Anticoagulant Warfarin 2 4.07 7.64 11.20 [49]
Anticonvulsant Carbamazepine 3 1.90 12.67 22.10 [25,50]
Cardiovascular Atenolol 2 0.21 0.61 1.00 [49]
Pesticide Chlorfenvinphos 2 0.49 2.19 3.89 [25]
Tap water Anti-inflammatory Diclofenac 1 7.87 7.87 7.87 [49]
Anti-inflammatory Salicylic acid 2 39.40 52.70 66.00 [50]
Anticoagulant Warfarin 2 0.39 2.14 3.89 [49]
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Anticonvulsant Carbamazepine 3 3.34 15.21 22.30 [49,50]
Antidepressant Fluoxetine 2 0.27 1.09 1.90 [50]

Mlicit drug Cocaine 3 40.00 166.33 340.00 [51]

Metabolite Benzoylecgonine 1 104.00 104.00 104.00 [51]

Pesticide Chlorfenvinphos 2 2.46 4.48 6.50 [49]
Surface . .
water Analgesic Acetaminophen 77 0.10 256.11  10,587.00 [52,53]
Analgesic Codeine 3 1.50 1.80 2.10 [53]
Analgesic Tramadol 4 8.70 1625.63  4444.00 [53,54]

.. . [52,53,55-
Anti-inflammatory Diclofenac 31 0.99 162.04 3165.00 58]
Anti-inflammatory Ibuprofen 56 1.38 321.89 3774.00  [52,53,59]

52,53,57,58
Anti-inflammatory Ketoprofen 23 7.90 33.25 75.30 525 6’0] "
Anti-inflammatory Naproxen 16 12.30 176.28 1266.00 [52,53,57,58]
Anti-inflammatory Nimesulide 1 6.50 6.50 6.50 [52]
Anti-inflammatory Phenylbutazone 3 132.70 132.70 132.70 [61]
Antibiotic Amoxicillin 3 59.00 6416.73  15,382.00 [53]
2 7,
Antibiotic Azithromycin 17 6.20 268.41 2819.00 5 ’52’2? 8,
Antibiotic Ciprofloxacin 5 59.30 137.16 339.00 [57,58,62,63]
Antibiotic Clarithromycin 31 0.29 30.37 269.00 [52'75?25]5_
Antibiotic Enrofloxacin 2 67.00 84.75 102.50 [63]
Antibiotic Erythromycin 10 0.06 11.37 38.80 [55,56]

Antibiotic Isoniazid 3 3.30 5.87 8.40 [53]

Antibiotic Lincomycin 16 0.23 0.38 0.70 [56]

Antibiotic Ofloxacin 1 120.00 120.00 120.00 [57,58,62,63]

Antibiotic Roxithromycin 3 0.08 0.13 0.20 [56]

Antibiotic Sulfadiazine 1 114.00 114.00 114.00 [52]

Antibiotic Sulfadimethoxine 19 0.04 0.88 8.40 [53,56]

Antibiotic Sulfamethazine 9 4.87 49.75 123.00 [52,57]

Antibiotic Sulfamethoxazole 22 0.44 9.97 53.30 [52,56,57,64]

Antibiotic Sulfapyridine 2 11.60 13.40 15.20 [52]

Antibiotic Tetracycline 1 55.10 55.10 55.10 [52]

Antibiotic Tiamulin 6 0.02 0.06 0.10 [56]

Antibiotic Trimethoprim 6 3.89 43.30 110.00 [52,62,64]

. . [50,52,53,56,
Anticonvulsant Carbamazepine 92 0.37 52.70 354.00 57,62,64,65]
Anticonvulsant Primidone 16 1.14 3.88 13.50 [56]
Anticonvulsant Topiramate 7 0.66 84.39 237.00 [52]
Antidepressant Bupropion 4 15.70 32.98 60.60 [52]
Antidepressant Citalopram 11 1.67 30.72 67.90  [52,55,57,62]

2,54
Antidepressant Fluoxetine 69 1.90 5.67 28.90 [50.5 6’2? o
Antidepressant Paroxetine 3 25.50 25.53 25.60 [57]
Antidepressant Sertraline 6 5.40 13.45 23.30 [52,55,62]
Antidepressant Trazodone 9 2.15 31.88 148.00 [52,57]
Antidepressant Venlafaxine 19 3.30 89.57 641.00 [52,53,57,62]
Antifungal Fluconazole 4 227.50 355.90 573.80 [61]
Antihistamine Cetirizine 1 40.00 40.00 40.00 [65]
Benzodiazepine Diazepam 2 3.65 8.78 13.90 [52,64]
Benzodiazepine Lorazepam 4 21.10 34.33 49.10 [58]
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Beta-blocker Atenolol 3 3.40 820.93 2370.00 [53]
Beta-blocker Bisoprolol 11 4.50 335.55 2360.00 [53,58]

Cardiovascular Diltiazem 1 25.60 25.60 25.60 [52]
Cardiovascular Metformin 3 35.99 35.99 35.99 [61]
Cardiovascular Propranolol 20 0.03 60.40 1159.00  [53,56,64]
Cardiovascular Ramipril 3 2.70 913.07 2659.00 [53]
Cardiovascular Simvastatin 1 42.90 42.90 42.90 [58]
Cardiovascular Sotalol 3 5.20 8.27 11.50 [53]
Cardiovascular Warfarin 1 2.20 2.20 2.20 [53]
Contrast agent Iohexol 2 10.10 40.30 70.50 [56]
Contrast agent Iomeprol 16 5.24 64.51 386.00 [56]
Contrast agent Iopamidol 1 4.31 4.31 4.31 [56]
Contrast agent Iopromide 16 43.10 461.20 2810.00 [56]
Corticosteroid Betamethasone 4 20.00 274.70 701.00 [61]
Corticosteroid Prednisone 3 36.80 41.27 50.20 [61]
Diuretic Furosemide 10 66.70 1271.19  8216.00 [53,58]
Diuretic Hydrochlorothiazide 6 31.00 185.42 389.00 [58,60]
Hormone 17-alpha-Ethinylestradiol 11 0.50 4.97 20.40 [66—68]
Hormone 17-beta-Estradiol 11 1.60 5.72 12.05 [66-68]
Hormone Estrone 10 1.40 6.34 10.40 [67,68]
Lipid-lowering Atorvastatin 4 12.10 45.93 68.40 [52,53]
Lipid-lowering Bezafibrate 23 0.07 95.32 770.00 [55,56,58]
Lipid-lowering Clofibric 3 8.90 403.33 1165.00 [53]
Lipid-lowering Fenofibrate acid 3 1.48 29.53 70.30 [64]
Lipid-lowering Gemfibrozil 14 5.72 33.39 91.20 [52,55,58]
Metabolite 10,11-Epoxycarbamazepine 10 33.20 34.62 40.40 [52,57]
Metabolite Benzoylecgonine 1 72.40 72.40 72.40 [54]
Metabolite Carboxyibuprofen 43.80 459.93 1227.00 [52]
Metabolite Citalopram propionic acid 4 9.30 15.95 24.00 [52]
Metabolite Hydroxyibuprofen 23 15.30 239.30 1673.00 [52,57]
Metabolite p-Aminophenol 4 400.00 950.00  1630.00 [69]
Metabolite Paracetamol-glucuronide 3 180.00 1370.00  3570.00 [69]
Metabolite Salicylic acid 67 25.00 109.72 348.00 [50,52]
Proton p‘tl:rlp inhibi- Omeprazole 3 1110 322303  8255.00 53]

Note: n = the number of analytical determinations.

Diclofenac was also recurrently detected in bottled water, although at lower average
concentration than salicylic acid, carbamazepine, and warfarin. Its occurrence is notewor-
thy because it is one of the most widely consumed and readily available drugs for human
use [70]. However, the compiled data show that consumption alone is insufficient to ex-
plain the occurrence of pharmaceutical residues in this matrix. Physicochemical behavior
and environmental stability also contribute to the final concentration profile [71]. This is
illustrated by the contrast between diclofenac and salicylic acid.

Diclofenac is more susceptible to photodegradation, with a reported half-life (f1/2) of
up to 2 h [72], whereas salicylic acid is more stable, with a f1/2 extending up to 168 h [73].
Thus, despite its broader consumption and commercialization, diclofenac is more rapidly
degraded in the environment, whereas salicylic acid has greater stability and, conse-
quently, higher environmental concentration. These findings confirm the persistence of
pharmaceutical residues along the water supply chain and indicate that even treated wa-
ters are not free from contamination, reinforcing the need to include this matrix in inte-
grated human exposure assessments [74].
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3.1.2. Tap Water

In addition to bottled water, tap water is consumed by the Portuguese population
[75], highlighting the relevance of analytical studies addressing pharmaceutical residues
in this matrix (Table 2). The compiled data for tap water revealed eight detected pharma-
ceutical compounds. A particularly relevant finding was the presence of illicit substances
in treated water distributed to the population, a pattern also reported in other European
countries, including Spain, France, Belgium, Germany, Italy, Turkey, and Luxembourg
[51]. Cocaine and its active metabolite benzoylecgonine were detected at the highest av-
erage concentrations in Portuguese tap water [51], followed by salicylic acid, carbamaze-
pine, and diclofenac. This distinguishes tap water from bottled water not only in concen-
tration profile, but also in the nature of the detected compounds.

Apart from the illicit substances, the ranking of the most concentrated pharmaceuti-
cal residues in tap water broadly resembled that observed in bottled water, particularly
for salicylic acid, carbamazepine, diclofenac, and warfarin. Even so, the relative order of
these compounds differed between the two matrices. Diclofenac, presented higher aver-
age concentration in tap water than in bottled water, whereas warfarin showed the oppo-
site trend. These differences are likely related to matrix-specific source and transport con-
ditions, including variations in contamination sources (e.g., wastewater treatment plant
effluents, agricultural runoff, and industrial discharges), hydrological characteristics, di-
lution capacity, residence time, and physicochemical processes affecting contaminant mo-
bility and persistence in each aquatic matrix, rather than to a single common pathway.

Diclofenac, with higher lipophilicity (logKow = 4.51), may be more affected by soil
retention processes than warfarin (logKow = 2.70), which could contribute to lower trans-
fer to bottled waters derived from groundwater sources, as reported in the studies in-
cluded in this review. Therefore, the soil may act as a natural filter, decreasing the amount
of diclofenac reaching deep aquifers [76]. By contrast, the higher occurrence of warfarin
in bottled water is consistent with its broader use as both an anti-inflammatory and a ro-
denticide in agricultural, industrial, and urban areas, which may favor diffuse environ-
mental inputs beyond the wastewater pathway [77,78]. These interpretations should nev-
ertheless be viewed cautiously, since the comparison is based on compiled data from dif-
ferent studies rather than on paired source-to-distribution datasets.

Salicylic acid and carbamazepine also presented higher concentrations in tap water
compared to bottled water, with an approximate 2.1-fold increase for salicylic acid (52.7
ng/L vs. 25.9 ng/L) and a 1.2-fold increase for carbamazepine (15.2 ng/L vs. 12.7 ng/L).
This pattern, together with the recurrent detection of carbamazepine, diclofenac, salicylic
acid, and warfarin in tap water across different tap water studies shows that conventional
treatment does not ensure their complete removal [79]. In this respect, tap water repre-
sents a distinct and relevant matrix for exposure assessment, as it integrates both source-
water contamination and the incomplete elimination of selected pharmaceutical residues
during treatment and distribution

3.1.3. Surface Water

Among the evaluated matrices, surface water showed the highest number of studies
(n=19) and analytical determinations (1 = 919) comprising various pharmaceutical resi-
dues (1 =76) and distinct therapeutic groups (n =31) (Table 2). This matrix receives a large
portion of pharmaceutical residues used by humans, whether from urban, hospital, agri-
cultural, or industrial sources [80,81]. The compounds, with the highest average concen-
trations were amoxicillin (6416.7 ng/L), omeprazole (3223.0 ng/L), and tramadol (1625.6
ng/L). Amoxicillin, although a controlled-use drug, is the most widely consumed antibi-
otic globally, either alone or in combination with other antibiotics [82]. Its high occurrence
is consistent with the combined influence of consumption patterns, water solubility
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(logKow= 0.87, water solubility = 3000 mg/L), and reported persistence (f1/2=28 days) [83].
Omeprazole and tramadol likewise stood out because of their elevated concentrations rel-
ative to most other compounds detected in this matrix.

It should be noted that the concentration dataset compiled for surface water spans
studies conducted over different periods, using distinct analytical methods and sampling
strategies. Some recent studies, particularly those employing high-sensitivity mass spec-
trometry techniques, reported substantially higher concentrations for selected com-
pounds (e.g., amoxicillin up to 15,382 ng/L [53]; omeprazole up to 8255 ng/L [53]; aceta-
minophen up to 10,587 ng/L [52,53]) compared to earlier investigations. These high-con-
centration values likely reflect improvements in analytical sensitivity and/or sampling
near point-sources (e.g., hospital effluents, WWTP discharges) rather than a generalized
increase in environmental contamination. Accordingly, worst-case scenarios reported
here should be interpreted as representing localized or episodic peak exposures rather
than representative ambient concentrations. The heterogeneity in study design across the
compiled dataset is an inherent limitation of this type of systematic literature review and
was addressed by presenting minimum, mean, and maximum concentration scenarios,
thereby bracketing the likely range of exposure conditions.

The surface-water profile also shows that concentration cannot be interpreted only
as a function of use. Tramadol, for example, was detected at much higher (10-times) aver-
age concentration than diclofenac, despite the broader consumption of diclofenac [84].
This difference is consistent with the combined effect of environmental behavior and treat-
ment-related removal. Diclofenac is susceptible to photodegradation and has been re-
ported to be more effectively removed in WWTPs (approx. 97%) than tramadol (c.a. 27%)
[79,85,86]. The contrast between these two analgesics therefore illustrates that the occur-
rence profile in surface water reflects not only use, but also compound-specific persistence
and removal behavior.

Beyond the highest concentration values, surface water also contained compounds
with particularly frequent detection across studies, including carbamazepine (52.7 ng/L,
n = 92), paracetamol (256.11 ng/L, n = 77), fluoxetine (5.7 ng/L, n = 69), and salicylic acid
(109.7 ng/L, n = 67), which had the highest numbers of analytical determinations. Alt-
hough not all are included in the European Commission watch list [87], these residues
represent different therapeutic classes, consumption patterns, epidemiological relevance,
behavior in WWTPs, and environmental marker potential [88]. According to European
Commission 439/2025 [87], there is strong encouragement to monitor pharmaceutical res-
idues with high persistence (e.g., carbamazepine), high population consumption (e.g., pa-
racetamol and salicylic acid), and high ecotoxicological risk (e.g., fluoxetine). In this re-
spect, surface water emerges as the matrix that best captures the breadth and continuity
of pharmaceutical contamination in the Portuguese aquatic environment.

3.2. Integrated Comparison Across Water Matrices

Among the data collected in this study, only four pharmaceutical residues —carbam-
azepine, diclofenac, salicylic acid, and warfarin—were present in all evaluated matrices,
while another four—sulfadiazine, sulfapyridine, erythromycin, and atenolol—were
found in two matrices (bottled and surface water). This limited overlap constrained the
integrated comparison to a small set of compounds and required cautious interpretation,
particularly because the reported concentrations were compiled from different studies
with distinct analytical methods, sampling strategies, and environmental conditions.

To support a more consistent cross-matrix comparison, an Across-Matrix Factor (AF)
was considered, which expresses the concentration ratios between surface water and tap
water matrices. The AF was used exclusively as a comparative metric to describe relative
concentration differences between matrices and should not be interpreted as a measure of
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contaminant attenuation, removal efficiency, or treatment performance. In general, the
obtained values showed that concentrations tended to be higher in surface water than in
tap and bottled water, although the magnitude of these differences varied markedly
among compounds (Table 3). Within this context, the comparison was used to identify
broad distribution patterns across matrices, rather than to infer treatment efficiencies or
direct attenuation pathways.

Table 3. Average concentration (ng/L) of pharmaceutical compounds detected in different water

matrices in Portugal and comparative concentration ratios across matrices.

Pharmaceutical SW T™W BW AF Observations Reference
Carbamazepine 52.70 15.21 12.67 3.5 Moderate persistence across all matrices [5265,15479, ';; ':j'::]'
Diclofenac 16204 787 581 206 Markedlylowerlevelsin consumptionwa- g o) 55 55 o)
ters; Low persistence
R t 1 tt ted; M t
Salicylicacid 10972 5270 2590 1  ecurrentand lessattenuated;Moderate g, o)
pseudo-persistence
Warfarin 2.20 2.14 7.64 1.0 Higher in bottled water [49,53]
Sulfadiazine 114.00 _ 0.70 B Large contrast between surfa(:‘e water and [25,52]
bottled water; Low persistence
Sulfapyridine 14.40 - 1.50 - Low persistence [25,52]
Erythromycin 11.37 - 3.10 - Moderate persistence [25,55,56]
L f
Atenolol 820.93 _ 0,61 arge contrast between surface water and [25,53]

bottled water; Low persistence

Note: SW = surface water; TW = tap water; BW = bottled water. AF = Across-Matrix Factor, concen-
tration ratio between surface water and tap water (SW/TP); high values indicate greater persistence

or possible recontamination.

The strongest cross-matrix contrasts were associated with compounds whose physi-
cochemical properties favor environmental attenuation or greater susceptibility to reduc-
tion before reaching consumption waters. Diclofenac and sulfadiazine fall within this
group, which is consistent with their sensitivity to photodegradation (t1/2=2.3 h and 1.7
h, respectively) [72,89].

In the case of diclofenac, adsorption onto organic matter may also contribute to the
lower concentrations observed outside surface waters [90]. Atenolol followed the same
overall pattern, although likely for different reasons. Its high-water solubility (26,700
mg/L), low logKow (0.16), and predominantly cationic character at environmental pH fa-
vor interactions with suspended matter and flocs, which may facilitate reduction during
conventional coagulation and filtration processes used in water and wastewater treat-
ment. Within the limits of this cross-study comparison, these compounds are therefore
associated with the most pronounced concentration decreases across matrices.

By contrast, carbamazepine, salicylic acid, and erythromycin showed more limited
cross-matrix differentiation, pointing to greater persistence throughout the aquatic cycle.
This is particularly consistent with carbamazepine, whose recurrent detection across en-
vironmental and drinking water matrices is well established.

Salicylic acid and erythromycin also tend to be less affected by photodegradation and
conventional treatment processes. In the case of erythromycin, its complex macrolide
structure favors the formation of equally stable transformation products, hindering com-
plete removal [91]. The comparatively smaller concentration contrasts observed for these
compounds support their continued transfer across water matrices, including waters in-
tended for human consumption.
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Warfarin differed from all other compounds by showing a distinct occurrence profile,
with no clear decrease toward bottled water. This pattern does not support interpretation
in terms of sequential attenuation across matrices. Considering that most bottled waters
originate from groundwater, it is plausible that leaching and percolation processes have
a greater influence, favoring the presence of this compound in aquifers. Its distribution is
therefore better interpreted in light of source-related differences than as a treatment-re-
lated effect, which is also coherent with the broader discussion in Section 3.1 regarding its
possible association with diffuse environmental inputs.

3.3. Human Health Implications of Pharmaceutical Residues

Considering the concentrations of pharmaceutical residues detected in bottled and
tap water, all compounds presented RQ values below 0.1, even when the highest detected
concentrations were considered, indicating low risk according to the adopted classifica-
tion criteria. The highest RQ values identified were for carbamazepine and warfarin, with
RQ = 0.010 for both. This low-risk profile was maintained across all age groups, meaning
that even children (<10 years) and the elderly (>85 years) had RQ values below 0.1.

On the other hand, untreated surface water was associated with higher RQ values
due to the presence of pharmaceutical residues at elevated concentrations. Compounds
with the highest RQ values were ramipril (RQ = 185.9), 17-alpha-ethinylestradiol (RQ =
25.7), betamethasone (RQ = 11.0), citalopram (RQ = 10.7), lorazepam (RQ = 8.7), furo-
semide (RQ = 7.4), omeprazole (RQ = 6.1), 17-beta-estradiol (RQ = 5.1), estrone (RQ = 4.4),
and amoxicillin (RQ = 3.9). Table 4 presents the pharmaceutical compounds classified ac-
cording to their potential risk to human health across all age groups evaluated in this
study.

Table 4. Risk classification of pharmaceutical compounds identified in surface water based on their

highest detected concentration.

Risk Classification

RQ Pharmaceutical

Uncategorized

Not assessed Cocaine and benzoylecgonine

High

Ramipril, 17-alpha-Ethinylestradiol, Betamethasone, Citalopram, Lorazepam,
>1.0 Furosemide, Omeprazole, 17-beta-Estradiol, Estrone, Amoxicillin and Cital-
opram propionic acid

Moderate

Diclofenac, Trazodone, Acetaminophen, Atenolol, Propranolol, Hydrochlorothi-

0.1-1.0 azide, Bisoprolol, Prednisone, Carbamazepine, Paracetamol-glucuronide and

Azithromycin

Low

Iopamidol, Tiamulin, Iohexol, Lincomycin, Fenofibrate acid, Roxithromycin,
Iomeprol, Phenylbutazone, Codeine, Bupropion, Sulfadimethoxine, Tetracy-
cline, Isoniazid, Nimesulide, Topiramate, Sulfapyridine, lopromide, Metformin,
Gemfibrozil, Sotalol, Paroxetine, Fluoxetine, Sulfadiazine, Diltiazem, Sulfame-
<0.1 thazine, Warfarin, Diazepam, 10,11-Epoxycarbamazepine, Sulfamethoxazole,
Enrofloxacin, Primidone, Ofloxacin, Erythromycin, Clarithromycin, Salicylic
acid, Trimethoprim, Ketoprofen, Bezafibrate, Carboxyibuprofen, Clofibric, Ven-
lafaxine, Hydroxyibuprofen, Naproxen, Ibuprofen, Atorvastatin, Cetirizine, p-
Aminophenol, Simvastatin, Tramadol, Sertraline, Ciprofloxacin and Fluconazole

Among the compounds classified as high risk, steroid hormones predominate (17-
alpha-ethinylestradiol, 17-beta-estradiol, estrone) and are characterized by very low ADI
values (ug/kg/day) (<0.001). Therefore, even low concentrations in water (<20.0 ng/L) are
sufficient to result in RQ values above 1.0. Other studies have likewise reported that hor-
mones in drinking water may pose potential risks to human health even at concentrations
in the ng/L range [14]. Although direct effects on humans remain insufficiently quantified,
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their environmental persistence and chronic exposure make these compounds particu-
larly relevant in health risk assessment [14,92].

Beyond hormonal compounds, the antihypertensive ramipril stands out as a phar-
maceutical residue associated with the highest RQ in Portuguese surface waters. In addi-
tion to its low ADI value (0.0018 ug/kg/day), this compound was reported at high envi-
ronmental concentrations (2659.00 ng/L), which explains its position in the ranking. In a
study conducted in Canada [28], evaluating 335 potentially waterborne pharmaceuticals,
ramipril and its metabolite ramiprilat were classified among the compounds of greater
concern for human health. Even so, the lack of consistent detections in drinking water
raises uncertainty when extrapolating this result beyond the surface-water scenario con-
sidered here.

Not all compounds detected at high concentrations in surface water were associated
with high RQ values. Tramadol, ibuprofen, and naproxen were detected at high concen-
trations in surface water (Table 2), yet all presented RQ values below 0.1. This shows that
the final RQ is strongly conditioned by the toxicological reference value and not by con-
centration alone. Consistent with these observations, a study conducted in water supply
systems in Lisbon (Portugal) evaluated 31 pharmaceuticals in raw and treated water, with
concentrations ranging from 0.005 to 46 ng/L [25]. Even for the compounds with the high-
est detected concentrations, the RQ-based assessment yielded extremely low values
(<0.001). Together, these findings show that the presence of pharmaceutical residues at
measurable levels in drinking water does not necessarily represent a relevant risk to hu-
man health, and that the toxicological properties of each compound strongly condition
the final RQ.

Although RQ-based analysis allows the identification of compounds with greater po-
tential concern in surface waters, the interpretation of these results requires caution [29].
The ranking is highly dependent on the toxicological benchmark adopted for each com-
pound, which complicates direct comparison across therapeutic classes. In this context,
low ADI values are particularly relevant for steroid hormones, antidepressants, and ben-
zodiazepines, whereas common analgesics, antibiotics, and NSAIDs tend to present inter-
mediate ADIs, and radiological contrast agents much higher values [25]. Accordingly, RQ
should be interpreted primarily as a screening tool for relative concern under the adopted
assumptions, rather than as a direct measure of actual exposure burden.

Considering only the RQ values, the results indicate low immediate risk for human
exposure to pharmaceutical residues through bottled and tap water in Portugal. However,
some compounds, such as cocaine and its metabolites, could not be assessed through this
approach. Beyond this limitation, RQ has another constraint as a sole evaluation parame-
ter: it does not account for cumulative effects, interactions between different pharmaceu-
ticals, chronic exposure, or environmental persistence. Furthermore, the interpretation is
limited to the matrices evaluated, without considering potential contamination peaks or
impacts on aquatic ecosystems [29].

The detection of cocaine and its metabolites in tap water represents a particular chal-
lenge for risk assessment, as no safe consumption limits have been established for these
substances in drinking water matrices. This exposes a clear limitation of RQ-based ap-
proaches, which rely on predefined toxicological reference parameters. Additionally, the
presence of these compounds, even at low concentrations, raises concerns regarding
chronic exposure, cumulative effects, and potential impacts on vulnerable populations,
reinforcing the need for continuous monitoring and complementary screening ap-
proaches, such as RQ_screen, to support the prioritization of contaminants of concern
without clear regulatory or toxicological benchmarks

3.4. Prioritization of Contaminants of Concern (RQ_screen)
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Pharmaceuticals analyzed in this study presented widely varying toxicological sen-
sitivity, reflected in ADI values spanning several orders of magnitude (Table S2). Among
the compounds identified and analyzed, only those present in surface water posed a po-
tential risk to human health based on RQ. However, the absence of RQ-based concern in
bottled and tap water does not preclude the need for prioritization, particularly when
screening approaches are intended to identify compounds that remain relevant despite
low measured concentrations.

As observed in the human health risk assessment, ADI values strongly influence the
risk associated with pharmaceutical residues in water, together with their environmental
persistence [93,94]. Therefore, RQ_screen was calculated without the uncertainty factor
incorporated into ADI, namely the components related to variability in human response,
protection of sensitive subgroups such as children and infants, and the uncertainty of the
dose lacking a defined no-effect level. Under this framework, RQ_screen was used as a
prioritization metric rather than as a formal risk estimate.

Considering the minimum, average, and maximum concentrations of pharmaceuti-
cal residues detected in bottled and tap water (Tables 5 and 6), several compounds re-
mained relevant for monitoring despite the low RQ values obtained for these matrices. In
bottled water, carbamazepine, diclofenac, erythromycin, salicylic acid, and warfarin con-
sistently emerged as high or critical priorities, reflecting the combination of occurrence,
persistence, toxicological relevance, and the greater susceptibility of younger population
groups.

Table 5. Assessment of the priority of concern of pharmaceutical compounds (RQ_screen) identified

in bottled water regarding human health in different age groups.

Pharmaceutical Compounds

Age Ranges (years)
0-1 1-10 1020 20-30 30-40 40-50 50-60 60-70 70-80 80+

Potential risk to human health considering the best-case scenario (minimum concentration)

Atenolol
Carbamazepine
Chlorfenvinphos
Diclofenac
Erythromycin
Salicylic acid
Sulfamethazine
Sulfapyridine
Warfarin

0.033 0006 0008 0010 0010 0010 0010 0010 0.008 0.008
0797 0148 0192 0245 0249 0243 0239 0240 0.191 0.188
0.002 0000 0001 0001 0001 0001 0001 0001 0001 0.001
0.994 0.8 0240 0305 0310 0304 0298 0300 0238 0234
0.052 0010 0013 0016 0016 0016 0016 0016 0013 0012
0321 0060 0078 0099 0100 0098 009 0097 0077 0076
0.005 0001 0001 0002 0002 0002 0002 0002 0.001 0.001
0.026 0005 0006 0008 0008 0008 0008 0.008 0.006 0.006

18201 059 0773 0983 0999 0977 0959 0966 0766 0.754

Potential risk to human health considering the real-case scenario (mean concentration)

Atenolol
Carbamazepine
Chlorfenvinphos
Diclofenac
Erythromycin
Salicylic acid
Sulfamethazine
Sulfapyridine
Warfarin

0.095 0018 0023 0029 0030 0029 0029 0029 0023 0.022
0.990
0.010 0002 0002 0003 0003 0003 0003 0003 0.002 0.002
14617 0272 0353 0449 0456 0446 0438 0441 0349 0344
0325 0060 0078 0100 0101 0099 0097 0098 0078 0.076
0393 0073 0095 0121 0123 0120 0118 0118 0.09% 0.092
0.009 0002 0002 0003 0003 0003 0003 0003 0.002 0.002
0.039 0007 0009 0012 0012 0012 0012 0012 0.009 0.009

Potential risk to human health considering the worst-case scenario (maximum concentration)

Atenolol
Carbamazepine
Chlorfenvinphos
Diclofenac

0.157 0.029 0.038 0.048 0.049 0.048 0.047 0.047 0.038 0.037

0.018 0.003 0.004 0.006 0.006 0.005 0.005 0.005 0.004 0.004
0359 0466 0592 0602 0589 0577 0582 0461 0.454
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Erythromycin
Salicylic acid
Sulfamethazine
Sulfapyridine
Warfarin

0597 0.111 0.144 0183 0.18 0182 0179 0.180 0.143 0.140
0464 0.086 0.112 0.142 0.145 0142 0139 0.140 0.111 0.109
0.013 0.002 0.003 0.004 0.004 0.004 0.004 0.004 0.003 0.003
0.052 0.010 0.013 0.016 0.016 0.016 0.016 0.016 0.013 0.012

Note: Cells highlighted in green (X) indicate that, for the age range evaluated, the pharmaceutical
compound was classified as low priority (RQ_screen < 0.01). Cells highlighted in yellow (X)
correspond to compounds classified as moderate priority (0.01 <RQ_screen <0.1). Cells highlighted
in orange (X) indicate high priority (0.1 <RQ_screen < 1.0), while cells highlighted in red (I) identify

compounds classified as critical-priority, with RQ_screen > 1.0, for the age range considered.

In tap water, all compounds identified and evaluated in this matrix showed relevance
in terms of monitoring, since for the newborn age group (<1 year), all presented moderate
to high RQ_screen values (Table 6). Carbamazepine stands out, exceeding an RQ_screen
of 1.0 across all age groups in both realistic and worst-case scenarios, thus classified within
the critical priority category. Diclofenac and warfarin also showed elevated RQ_screen
values in infants and children, while salicylic acid consistently remained a high-priority
compound. These results show that decreases in concentrations do not directly translate
into proportional reductions in prioritization, emphasizing the need for screening ap-
proaches that do not rely solely on concentration levels [74,95].

Table 6. Assessment of the priority of concern of pharmaceutical compounds (RQ_screen) identified

in tap water regarding human health in different age groups.

Pharmaceutical Compounds

Age Ranges (years)

0-1 1-10 10-20 20-30 30-40 40-50 50-60 60-70 70-80 80+

Potential risk to human health considering the best-case scenario (minimum concentration)

Carbamazepine
Chlorfenvinphos
Diclofenac
Fluoxetine
Salicylic acid
Warfarin

0261 0338 0430 0437 0428 0420 0423 0335 0.330
0.011 0.002 0.003 0.003 0.004 0.003 0.003 0.003 0.003 0.003
0369 0478 0.608 0.618 0.605 0.593 0.598 0474 0.466
0.012 0.002 0.003 0.004 0.004 0.004 0.004 0.004 0.003 0.003
0597 0.111 0144 0183 0.18 0.182 0.179 0.180 0.143 0.141
0307 0.057 0.074 0.094 0.09% 0094 0.092 0.093 0.073 0.072

Potential risk to human health considering the real-case scenario (mean concentration)

Carbamazepine
Chlorfenvinphos
Diclofenac
Fluoxetine
Salicylic acid
Warfarin

0.021 0004 0005 0006 0006 0006 0006 0.006 0.005 0.005
0369 0478 0608 0618 0605 0593 0598 0474  0.466

0.047 0009 0011 0015 0015 0014 0014 0014 0011 0011
0799 0.149 0193 0245 0249 0244 0239 0241 0191 0.188
(1683 0313 0407 0517 0525 0514 0504 0508 0403 039

Potential risk to human health considering the worst-case scenario (maximum concentration)

Carbamazepine
Chlorfenvinphos
Diclofenac
Fluoxetine
Salicylic acid
Warfarin

0.030 0.006 0007 0009 0009 0009 0009 0009 0007 0.007
19817 0369 0478 0608 0618 0605 0593 0598 0474 0.466
0.082 0015 0020 0025 0026 0025 0025 0025 0020 0019
0185 0242 0307 0312 0306 0300 0302 0239 0236
0570 0739 0940 0955 0934 0916 0923 0732 0720

Note: Cells highlighted in green (X) indicate that, for the age range evaluated, the pharmaceutical
compound was classified as low priority (RQ_screen < 0.01). Cells highlighted in yellow (X) corre-
spond to compounds classified as moderate priority (0.01 < RQ_screen < 0.1). Cells highlighted in
orange (X) indicate high priority (0.1 <RQ_screen < 1.0), while cells highlighted in red (I) identify
compounds classified as critical priority, with RQ_screen > 1.0, for the age range considered.
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Surface water demonstrated the broadest prioritization spectrum, with compounds
distributed across all RQ_screen categories: low priority (8 compounds), moderate (11
compounds), high (22 compounds), and critical priority (33 compounds, including car-
bamazepine, diclofenac, steroid hormones, antibiotics, and antidepressants) (Table 7). The
broad spectrum illustrates the complexity of contamination profiles in this matrix and re-
inforces its role as a sentinel for early detection of high-risk contaminants [96,97]. In con-
trast with bottled and tap water, where prioritization is concentrated in a smaller group
of recurrent compounds, surface water combines high occurrence, greater chemical diver-
sity, and a wider spread of toxicological profiles. This makes it the matrix that most clearly
captures the breadth of pharmaceutical contamination and the range of compounds re-
quiring differentiated monitoring attention.

Table 7. Classification of pharmaceuticals according to the Risk Quality Screening Index
(RQ_screen) and definition of concern priorities considering the average concentration value de-

tected in surface waters of Portugal (from Table 2).

RQ_screen

Priority n Pharmaceuticals

<0.01

0.01-0.1

0.1-1.0

>1.0

Low

Fenofibrate acid, Iohexol, Iomeprol, Iopamidol, Lincomycin, Roxithromy-
cin, Sulfadimethoxine and Tiamulin
Bupropion, Codeine, Fluoxetine, Gemfibrozil, Iopromide, Isoniazid,

8

Moderate 11 Nimesulide, Phenylbutazone, Sulfamethoxazole, Tetracycline and Topir-

High

amate

10,11-Epoxycarbamazepine, Bezafibrate, Clarithromycin, Diazepam, Dil-
tiazem, Enrofloxacin, Erythromycin, Hydroxyibuprofen, Ibuprofen, Met-

22 formin, Naproxen, Ofloxacin, Paroxetine, Primidone, Salicylic acid, So-
talol, Sulfadiazine, Sulfamethazine, Sulfapyridine, Trimethoprim, Ven-

lafaxine and Warfarin
17-alpha-Ethinylestradiol, 17-beta-Estradiol, Acetaminophen, Amoxicil-
lin, Atenolol, Atorvastatin, Azithromycin, Betamethasone, Bisoprolol,
Carbamazepine, Carboxyibuprofen, Cetirizine, Ciprofloxacin, Cital-

Critical 33  opram, Citalopram propionic acid, Clofibric, Diclofenac, Estrone, Flucon-

azole, Furosemide, Hydrochlorothiazide, Ketoprofen, Lorazepam,
Omeprazole, p-Aminophenol, Paracetamol-glucuronide, Prednisone,
Propranolol, Ramipril, Sertraline, Simvastatin, Tramadol and Trazodone

Comparative analysis across matrices revealed a restricted subset of compounds con-
sistently classified as high-priority, independent of water type or exposure scenario. These
compounds, including carbamazepine, diclofenac, salicylic acid, warfarin, fluoxetine, and
erythromycin, are characterized by recurrent detection, environmental persistence, and
compound-specific attenuation along the water cycle, indicating that monitoring only
treated waters may overlook contaminants still relevant in surface waters [98,99]. Their
recurrence across multiple matrices supports their classification as contaminants of critical
concern and the need for targeted environmental management and monitoring strategies
[100].

Given the persistence of these priority compounds, age-specific exposure assessment
is critical. Stratified analyses revealed systematic gradients, with the highest RQ_screen
values observed in infants (0-1 year) and children (1-10 years), followed by a gradual
decline in older age groups [101,102].

This pattern reflects physiological differences, including lower body weight and
higher water consumption per unit mass in younger populations, which amplify exposure
relative to older individuals [103,104]. Even in adults and the elderly, however,
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compounds with low ADI values, such as hormones and antidepressants, remained rele-
vant within the prioritization framework.

These findings highlight the need for proactive and risk-based monitoring strategies.
Within this context, the integration of pharmaceutical products into routine water quality
monitoring, the establishment of priority watch lists, and the adoption of risk-based pri-
oritization approaches can support early detection of contaminants of high or critical con-
cern and guide preventive management strategies, in line with the One Health framework
[105-109]. For monitoring in Portugal, this implies an integrated prioritization strategy
combining regulatory relevance, environmental persistence, and risk potential (Table 8).

Table 8. Characteristics and relevance of priority pharmaceutical residues for monitoring in Portu-

gal.
Pharmaceuti- CAS  Therapeutic WS loeKow C_SW  Removal Persis- Main Environmental Con-
cal number Class (mg/L) 8 (ng/L) in WWTP tence cern
721-33-
Ciprofloxacin 85721-33 Antibiotic  1350.0 -0.57 5.93-339.0 >70% High  Antimicrobial resistance
Fluconazole 863846'73' Antifungal 13900 058 227.5-5738 >70%  High Persmem‘;(’;if;mmc fox-
Effect ti -
Propranolol 525-66-6 Beta-blocker 794  3.03 0.03-1159.0 30-70% Moderate O i‘}::‘ reorgan
Estradiol (E2) 50-28-2  Hormone 6.8 3.63 0.50-20.40 30-70% High Endocrine disruption
Estrone (E1) 53-16-7  Hormone 3.9 402 140-1040 <30% High Endocrine disruption
15307-86- Eff i -
Diclofenac 00 9 NSAIDs 45 498 099-31650 <30%  High ects on 1as ?:;tlc organ
- Anti 1-
Caﬂ;?iaze 298-46-4 gﬁvu 1520 277 037-3540 30-70% Veryhigh  High persistence

Note: NSAIDs = Nonsteroidal anti-inflammatory drugs; C_SW = surface water concentration; WS =
Water solubility; WWTP = Wastewater Treatment Plants.

Substances such as ciprofloxacin, fluconazole, and propranolol stand out due to their
recent inclusion in the EU Watch List [110], reflecting current regulatory concerns. In par-
allel, compounds such as estradiol, estrone, and diclofenac, although not present in the
most recent lists, remain highly relevant due to their well-documented ecotoxicological
effects, particularly endocrine disruption and aquatic toxicity [111].

Additionally, carbamazepine remains a classic marker of environmental persistence,
being frequently detected in different aquatic matrices and with limited removal during
wastewater treatment [112]. Taken together, these criteria show that the selection of pri-
ority contaminants should not rely exclusively on regulatory listing, but also on the
strength of the evidence supporting persistence, occurrence, and environmental impact.

In line with these considerations, comparing our prioritization with Directive (EU)
2024/3019 reinforces its relevance [113]. The directive mandates monitoring and >80% re-
moval efficiency for at least six pharmaceuticals from a predefined list in wastewater treat-
ment plants. Furthermore, a comparison with the treatment categories from Directive
(EU) 2024/3019 [113] reveals notable overlaps with our RQ_screen prioritization.

Of the eight substances in Category 1 (easily treatable), six: carbamazepine, clarithro-
mycin, diclofenac, hydrochlorothiazide, citalopram, and venlafaxine, are present in our
study, with four classified as critical (RQ_screen > 1.0) and two as high (0.1-1.0). None
from Category 2 appear in our dataset. This alignment underscores the high risk of several
easily treatable compounds, suggesting that RQ_screen effectively identifies regulatory
priorities while spotting potential gaps where treatability does not mitigate environmen-
tal concern.
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3.5. Health and Ecological Implications of Priority Pharmaceutical Contaminants

The compounds found in the high-risk group, ciprofloxacin and fluconazole, present
big worries beyond just being toxic. Anti-microbial resistance is now seen as a serious
threat to people and animals alike, and the environment plays a key role in how anti-
microbial resistance spreads. Ciprofloxacin is especially problematic because it can posi-
tively select for resistance integrins (intl1) at concentrations commonly found in our sur-
roundings. This means that even mild levels of ciprofloxaxin in water sources can influ-
ence microorganisms negatively. Studies have shown that contact with less-than-inhibi-
tory concentrations of ciprofloxacin can result in steady, low-level multi-drug resistance
in Escherichia coli. The development of this resistance is influenced by both time and dose.
Similarly, fluconazole, which is used against fungi, fuels worries about resistant Candida
strains in those with weakened immune systems who rely on such drugs for basic protec-
tion [114-116].

The moderate-risk group, which includes estrone, estradiol, propranolol, diclofenac,
and carbamazepine, contains compounds known for their non-target biological effects.
Estrogenic activity from these compounds can boost risks of cardiovascular disease and
breast and prostate cancer in people. It also leads to issues like feminization in male fish
and messed-up reproductive traits in other animals. Estrogenic hormones, such as estrone
and estradiol, are known endocrine disruptors. They can affect both aquatic life and our
health at super tiny concentrations—think 0.007 ng/L in drinking water for both estrone
and estradiol. That's way too small for current treatment systems to handle all the time.
According to the Endocrine Society, the scientific consensus is that these disrupting com-
pounds are linked to lots of chronic diseases. These include troubles with neurodevelop-
ment, reproduction, metabolism, and even some types of cancer [21,117].

Propranolol, a non-selective beta-blocker, poses risks to non-target creatures through
its cardiovascular effects. Fish embryos showed significant bradycardia and deformed
hearts when exposed to just 0.09 ug/L of propranolol. Zebrafish were hit hard too, making
us think these issues might apply to other vertebrates. Diclofenac, an often-found non-
steroidal anti-inflammatory, shows kidney and liver damage in wildlife at normal enviro
concentrations. Mice chronically exposed to this stuff plus mixtures in drinking water
faced delayed puberty in males and early puberty in females, and so did their kids. This
highlights the big problem of intergenerational effects from low-level combos. Carbamaz-
epine’s trouble starts during pregnancy. It raises the risk of restricted growth and birth
defects if mom’s got therapeutic levels. Environmental levels are way lower, but the
drug’s near-ubiquity and treatment-resistance in water mean we can’t let our guards
down [118-120].

These findings show that relying only on direct toxicity levels to assess risks might
actually be underestimating health issues linked to constantly drinking water with phar-
maceutical residue. Especially for hormone-related substances, small changes in concen-
tration can lead to big effects on how our bodies react to them, even when those doses are
low. This is tricky because it makes setting a safe exposure limit tough. Plus, if people get
exposed to endocrine disruptors at low doses, particularly when they’re developing in the
womb or as infants, it could alter their growth via epigenetic and transgenerational routes.
So, the approach used here does a crucial job in figuring out which stuff we urgently need
to keep an eye on and handle in water treatment plants [121,122].

This framework’s importance is also backed by its alignment with results from vari-
ous regions around the world. This shows that the high-risk compounds aren’t just local
issues but have broader relevance, beyond any single geographic area. In European stud-
ies on rivers that cross country boundaries, carbamazepine, diclofenac, and 17a-ethi-
nylestradiol often exceed safe levels for the environment. This matches our results too,
since these same chemicals got high risk quotient scores in our study. In freshwater
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systems in central Europe, experts also flagged diclofenac, estrone, and estradiol as big
worries due to their high risk quotients. These findings are pretty similar to our moderate-
to-high risk classifications. Regulatory actions back up these concerns; certain chemicals
like diclofenac, 17(3-estradiol, and 17a-ethinylestradiol were early picks to be included on
the EU Water Framework Directive Watch List [110]. Even more antibiotics, such as amox-
icillin and ciprofloxacin, got added in 2018 because they’ve become widespread issues
across the EU [123,124].

Across various parts of the world, similar findings keep popping up. In Brazil [27],
for instance, a risk assessment for pharmaceuticals and endocrine-disrupting stuff in
drinking water found seven risky compounds. Three were estrogens and four were anti-
inflammatory drugs, matching what was seen in the current research. In China [23,125],
studies showed that carbamazepine appeared in over 20% of tap water samples from 13
cities. They also noticed that antibiotics and antiparasitic drugs needed more focus, espe-
cially since they affect infants and kids heavily. These consistent international results
show that the risky compounds found using the RQ_screen method aren’t unique to Por-
tugal. Instead, they’re persistent and widespread issues across the globe. Because of this,
there’s a stronger push for coordinated monitoring plans worldwide. It also highlights
how useful the suggested prioritization approach really is.

4. Conclusions

This study demonstrates that pharmaceutical residues are associated with com-
pound-dependent profiles across water matrices, with surface waters representing the
most critical matrix within the evaluated conditions. In bottled and tap water, all com-
pounds remained below the adopted RQ threshold for low risk, even under the highest
detected concentrations. Yet the RQ_screen analysis showed that low concentrations in
treated water do not necessarily place compounds outside monitoring priority, particu-
larly when recurrent occurrence is combined with low toxicological thresholds. By inte-
grating RQ and RQ_screen, this study established a framework that distinguishes com-
pounds of immediate concern from those that, despite low measured concentrations, re-
main relevant for prioritization and surveillance.

Across matrices, some compounds remained consistently relevant due to the combi-
nation of persistence, toxicological significance, and recurrence. Carbamazepine and di-
clofenac were repeatedly retained within the priority group, while estradiol, estrone,
ciprofloxacin, fluconazole, and propranolol also emerged as relevant targets for monitor-
ing because they combine occurrence with endocrine activity, ecotoxicological relevance,
persistence, or regulatory interest. These results show that concentration alone is not suf-
ficient to define priority and that monitoring strategies should incorporate toxicological
properties, environmental behavior, and age-dependent exposure patterns, particularly
for infants and children, who systematically presented the highest RQ_screen values.

These findings must be interpreted within the limits of the study design. The analysis
relied on concentrations reported in the literature and is therefore subject to spatial, tem-
poral, and methodological variability among studies. Limited ADI data for some com-
pounds, particularly metabolites and illicit drugs, prevented quantitative assessment
within the same framework. The analysis was also restricted to ingestion through water
and did not include other exposure routes, such as dermal contact, inhalation, or the con-
sumption of aquatic organisms. Likewise, neither RQ or RQ_screen accounts for mixture
effects or for temporal peaks in contamination, both of which may alter the actual expo-
sure context.

Further studies should strengthen current assessment frameworks by using more
consistent monitoring datasets, providing improved toxicological information on metab-
olites and transformation products, and including mixture effects and multiple exposure
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routes. Within this context, RQ_screen remains useful as a screening and prioritization
tool, particularly under data-limited conditions, but its interpretation becomes more ro-
bust when supported by broader toxicological and exposure information. Taken together,
the results support targeted, risk-based monitoring strategies and provide a structured
basis for regulatory prioritization and environmental management within a One Health
perspective on pharmaceutical contamination in aquatic systems.
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Abbreviations

The following abbreviations are used in this manuscript:

ADI Acceptable Daily Intake

AF Across-Matrix Factor

BW Body weight

BW Bottled water

C_SW Surface water concentration
DWEL Drinking Water Equivalent Level
DWI Drinking water intake

EPA Environmental Protection Agency
FOE Frequency of exposure

HQ Hazard Quotient

RD Reference dose

RQ Risk quotient

RQ_screen  Screening risk quotient
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SDG Sustainable Development Goal
SW Surface water

ti/2 Half-life

™ Tap water

UF Uncertainty factor

WEL Water Equivalent Level

WS Water solubility

WWTPs Wastewater Treatment Plants

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Pena, O.1.G.; Lépez Zavala, M.A. ; Cabral Ruelas, H. Pharmaceuticals market, consumption trends and disease incidence are not
driving the pharmaceutical research on water and wastewater. Int. |. Environ. Res. Public Health 2021, 18, 2532.

Kim, S.; Lee, H,; Park, J.; Kang, J.; Rahmati, M.; Rhee, S.Y.; Yon, D.K. Global and regional prevalence of polypharmacy and
related factors, 1997-2022: An umbrella review. Arch. Gerontol. Geriatr. 2024, 124, 105465. https://doi.org/10.1016/j.arch-
ger.2024.105465.

Khalifa, H.O.; Shikoray, L.; Mohamed, M.Y.I.; Habib, I.; Matsumoto, T. Veterinary Drug Residues in the Food Chain as an
Emerging Public Health Threat: Sources, Analytical Methods, Health Impacts, and Preventive Measures. Foods 2024, 13, 1629.
Hama Aziz, K.H.; Mustafa, F.S.; Karim, M.A.H.; Hama, S. Pharmaceutical pollution in the aquatic environment: Advanced
oxidation processes as efficient treatment approaches: A review. Mater. Adv. R. Soc. Chem. 2025, 6, 3433-3454.

Wang, H; Xi, H.; Xu, L.; Jin, M.; Zhao, W.; Liu, H. Ecotoxicological effects, environmental fate and risks of pharmaceutical and
personal care products in the water environment: A review. Sci. Total Environ. 2021, 788, 147819.

Orttzar, M.; Esterhuizen, M.; Olicon-Hernandez, D.R.; Gonzalez-Lépez, J.; Aranda, E. Pharmaceutical Pollution in Aquatic En-
vironments: A Concise Review of Environmental Impacts and Bioremediation Systems. Front. Microbiol. Front. 2022, 13, 869332.
Bavumiragira, J.P.; Ge, J.; Yin, H. Fate and transport of pharmaceuticals in water systems: A processes review. Sci. Total Environ.
2022, 823, 153635.

Wydro, U.; Wotejko, E.; Luarasi, L.; Puto, K.; Taraseviciené, 7. Jabtoniska-Trypu¢, A. A Review on Pharmaceuticals and Personal
Care Products Residues in the Aquatic Environment and Possibilities for Their Remediation. Sustainability 2024, 16, 169.
Chaber-Jarlachowicz, P.; Gworek, B.; Kalinowski, R. Removal efficiency of pharmaceuticals during the wastewater treatment
process: Emission and environmental risk assessment. PLoS ONE 2025, 20, e0331211. https://doi.org/10.1371/jour-
nal.pone.0331211.

Wilkinson, J.L.; Boxall, A.B.A.; Kolpin, D.W.; Leung, KM.Y; Lai, RW.S.; Galban-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.
https://doi.org/10.1073/pnas.2113947119.

Marumure, J.; Simbanegavi, T.T.; Makuvara, Z.; Karidzagundi, R.; Alufasi, R.; Goredema, M.; Gufe, C.; Chaukura, N.; Hala-
bowski, D.; Gwenzi, W. Emerging organic contaminants in drinking water systems: Human intake, emerging health risks, and
future research directions. Chemosphere 2024, 356, 141699. https://doi.org/10.1016/j.chemosphere.2024.141699.

Vilca, F.Z.; Rojas Barreto, M.; Maldonado, I.; Campos Quiréz, C.N.; Hernandez, F.; Botero-Coy, A.M. Presence of antibiotics in
children’s urine: A silent risk beyond drinking water. Sci. Rep. 2025, 15, 12078. https://doi.org/10.1038/s41598-025-94705-8.
Divya, V.; Battula, P.; Pulipati, S.; Veena, M.R.; Rasool, A.; Bhuvanesh, G.; Khalid, M.; Wahab, S.; Anilkumar, K.M.; Puttaiah,
S.H. Ecotoxicity assessment and detection of antimicrobial compounds in urban environments and AMR hotspots. Sci. Rep.
2025, 15, 38274. https://doi.org/10.1038/s41598-025-24102-8.

Souza, H.d.O.; Costa, R.d.S.; Quadra, G.R.; Fernandez, M.A.d.S. Pharmaceutical pollution and sustainable development goals:
Going the right way? Sustain. Chem. Pharm. 2021, 21, 100428.

Lunghi, C.; Valetto, M.R.; Caracciolo, A.B.; Bramke, I.; Caroli, S.; Bottoni, P.; Castiglioni, S.; Crisafulli, S.; Cuzzolin, L.; Deam-
brosis, P.; et al. Call to action: Pharmaceutical residues in the environment: Threats to ecosystems and human health. Drug Saf.
2025, 48, 315-320.

Khan, A.H.A ; Barros, R. Pharmaceuticals in Water: Risks to Aquatic Life and Remediation Strategies. Hydrobiology 2023, 2, 395
409.

Prata, J.C. A One Health perspective on water contaminants. Water Emerg. Contam. Nanoplastics 2022, 1, 15.
https://doi.org/10.20517/wecn.2022.14.

https://doi.org/10.3390/ijerph23070838



Int. ]. Environ. Res. Public Health 2026, 23, 838 23 of 28

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Pereira, AM.P.T,; Silva, L.J.G.; Laranjeiro, C.5.M.; Meisel, L.M.; Lino, C.M.; Pena, A. Human pharmaceuticals in Portuguese
rivers: The impact of water scarcity in the environmental risk. Sci. Total Environ. 2017, 609, 1182-1191.
https://doi.org/10.1016/j.scitotenv.2017.07.200.

Coderre, M,; Fortin, A.S.; Morency, L.D.; Roy, J.; Sirois, C. Pharmaceuticals in drinking water: A scoping review to raise phar-
macists’ public health and environmental awareness on contamination in groundwater, surface water, and other sources. Int. J.
Pharm. Pract. 2025, 33, 360-368.

Gonnabathula, P.; Choi, M.K; Li, M.; Kabadi, S.V.; Fairman, K. Utility of life stage-specific chemical risk assessments based on
New Approach Methodologies (NAMs). Food Chem. Toxicol. 2024, 190, 114789.

Souza, D.N.d.; Mounteer, A.H.; Arcanjo, G.S. Estrogenic compounds in drinking water: A systematic review and risk analysis.
Chemosphere 2024, 360, 142463. https://doi.org/10.1016/j.chemosphere.2024.142463.

Epa, U.; National Center for Environmental Assessment. Update for Chapter 3 of the Exposure Factors Handbook: Ingestion of Water
and Other Select Liquids; U.S. Environmental Protection Agency (EPA): Washington, DC, USA, 2011.

Dai, C.; Li, S;; Duan, Y.; Leong, KH.; Tu, Y.; Zhou, L. Human health risk assessment of selected pharmaceuticals in the five
major river basins, China. Sci. Total Environ. 2021, 801, 149730. https://doi.org/10.1016/j.scitotenv.2021.149730.

Wyoming Department of Environmental Quality. Wyoming Water Quality Rules and Regulations; Wyoming Department of Envi-
ronmental Quality: Cheyenne, WY, USA, 2005.

Gaffney, V.]J.; Almeida, CM.M.; Rodrigues, A.; Ferreira, E.; Benoliel, M.]J.; Cardoso, V.V. Occurrence of pharmaceuticals in a
water supply system and related human health risk assessment. Water Res. 2015, 72, 199-208. https://doi.org/10.1016/j.wa-
tres.2014.10.027.

Schwab, B.W.; Hayes, E.P.; Fiori, ].M.; Mastrocco, F.J.; Roden, N.M.; Cragin, D.; Meyerhoff, R.D.; D’aco, V.J.; Anderson, P.D.
Human pharmaceuticals in US surface waters: A human health risk assessment. Regul. Toxicol. Pharmacol. 2005, 42, 296-312.
https://doi.org/10.1016/j.yrtph.2005.05.005.

de Aquino, S.F.; Brandt, EM.F.; Bottrel, S.E.C.; Gomes, F.B.R;; Silva, S.d.Q. Occurrence of pharmaceuticals and endocrine dis-
rupting compounds in brazilian water and the risks they may represent to human health. Int. ]. Environ. Res. Public Health. 2021,
18, 11765. https://doi.org/10.3390/ijerph182211765.

Khan, U.; Nicell, ]. Human Health Relevance of Pharmaceutically Active Compounds in Drinking Water. AAPS ]. 2015, 17, 558—
585. https://doi.org/10.1208/s12248-015-9729-5.

Kumar, A.; Chang, B.; Xagoraraki, I. Human health risk assessment of pharmaceuticals in water: Issues and challenges ahead.
Int. ]. Environ. Res. Public Health 2010, 7, 3929-3953. https://doi.org/10.3390/ijerph7113929.

Jurado, A.; Labad, J.; Scheiber, L.; Criollo, R.; Nikolenko, O.; Pérez, S.; Ginebreda, A. Occurrence of Pharmaceuticals and Risk
Assessment in Urban Groundwater. Adv. Geosci. 2022, 59, 1-7. https://doi.org/10.5194/adgeo-59-1-2022.

Semerjian, L.; Shanableh, A.; Semreen, M.H.; Samarai, M. Human Health Risk Assessment of Pharmaceuticals in Treated
Wastewater Reused for Non-Potable Applications in Sharjah, United Arab Emirates. Environ. Int. 2018, 121, 325-331.
https://doi.org/10.1016/j.envint.2018.08.048.

National Institute on Drug Abuse (NIDA). Cocaine Research Report: Is There a Safe Dose of Cocaine? National Institute on Drug
Abuse: Bethesda, MD, USA, 2026. Available online: https://nida.nih.gov/publications/research-reports/cocaine (accessed on 5
May 2026).

Simon, S.; Schlingemann, J.; Johnson, G.; Brenneis, C.; Guessergen, B.; Kostal, J.; Diecht], J. Deriving Safe Limits for N-Nitroso-
Bisoprolol by Error-Corrected Next-Generation Sequencing (ecNGS) and Benchmark Dose (BMD) Analysis, Integrated with
QM Modeling and CYP-Docking Analysis. Arch. Toxicol. 2025, 99, 3935-3962. https://doi.org/10.1007/s00204-025-04103-2.
Cunningham, V.L.; Binks, S.P.; Olson, M.]. Human Health Risk Assessment from the Presence of Human Pharmaceuticals in
the Aquatic Environment. Regul. Toxicol. Pharmacol. 2009, 53, 39-45. https://doi.org/10.1016/j.yrtph.2008.10.006.

Bruce, G.M.; Pleus, R.C.; Snyder, S.A. Toxicological Relevance of Pharmaceuticals in Drinking Water. Environ. Sci. Technol. 2010,
44, 5619-5626. https://doi.org/10.1021/es1004895.

Ogolla Wanjeri, V.W.; Okuku, E.; Ngila, J.C.; Waiyaki, E.; Nyingi, ] K.; Ndungu, P.G. Occurrence and Distribution of Selected
Pharmaceuticals in Fresh Fish along the Kenyan Coast and Assessment of Potential Human Health Risks. Environ. Sci. Adv.
2025, 4, 938-951. https://doi.org/10.1039/d4va00392f.

Chun, O.K,; Kang, H.G. Estimation of Risks of Pesticide Exposure by Food Intake to Koreans. Food Chem. Toxicol. 2003, 41, 1063—
1076. https://doi.org/10.1016/S50278-6915(03)00044-9.

https://doi.org/10.3390/ijerph23070838



Int. ]. Environ. Res. Public Health 2026, 23, 838 24 of 28

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Silva, L.J.G.; Pereira, AM.P.T.; Rodrigues, H.; Meisel, L.M.; Lino, C.M.; Pena, A. SSRIs Antidepressants in Marine Mussels from
Atlantic Coastal Areas and Human Risk Assessment. Sci. Total Environ. 2017, 603-604, 118-125. https://doi.org/10.1016/j.sci-
totenv.2017.06.076.

Berciu, J.P; Jolly, R.A.; Flagella, K.M.; Baker, T.K.; Romero, P.; Stevens, J.L. Toxicogenomics and Cancer Risk Assessment: A
Framework for Key Event Analysis and Dose-Response Assessment for Nongenotoxic Carcinogens. Regul. Toxicol. Pharmacol.
2010, 58, 369-381. https://doi.org/10.1016/j.yrtph.2010.08.002.

Schriks, M.; Heringa, M.B.; van der Kooi, M.M.E.; de Voogt, P.; van Wezel, A.P. Toxicological Relevance of Emerging Contam-
inants for Drinking Water Quality. Water Res. 2010, 44, 461-476. https://doi.org/10.1016/j.watres.2009.08.023.

Prosser, R.S.; Sibley, P.K. Human Health Risk Assessment of Pharmaceuticals and Personal Care Products in Plant Tissue Due
to Biosolids and Manure Amended Fields. Environ. Int. 2015, 75, 223-233. https://doi.org/10.1016/j.envint.2014.11.020.

Infinity Pharma. Fenilbutazona; Infinity Pharma: Sao Paulo, Brazil. Available online: https://www.infinitypharma.com.br/wp-
content/uploads/2023/06/Fenilbutazona.pdf (accessed on 5 May 2026).

Zuo, X.; Ai-yun, H. The Residues and Risk Assessment of Sulfonamides in Animal Products. ]. Food Qual. 2021, 2021, 1-6.
https://doi.org/10.1155/2021/5597755.

Direc¢ao-Geral de Alimentagao e Veterinaria (DGAV). CALEIRMUTIN 125. Avaliagdo e Resumo das Caracteristicas do Medicamento
(RCM); DGAV: Lisboa, Portugal. Available online: https://www.dgav.pt/wp-content/uploads/RCM/CALEIRMUTIN_125.pdf
(accessed on 5 May 2026).

Aché Laboratorios Farmacéuticos S.A. Topiramato: Bula do Paciente; Aché Laboratérios Farmacéuticos S.A.: Guarulhos, SP, Brazil.
Available online: https://www.ache.com.br/wp-content/uploads/application/pdf/bula-paciente-topiramato.pdf (accessed on 5
May 2026).

Kristensen, D.M.; Mazaud-Guittot, S.; Gaudriault, P.; Lesné, L.; Serrano, T.; Main, K.M.; Jégou, B. Analgesic use-prevalence,
biomonitoring and endocrine and reproductive effects. Nat. Rev. Endocrinol. 2016, 12, 381-393.

Ibanez, L.; Sabaté, M.; Vidal, X.; Ballarin, E.; Rottenkolber, M.; Schmiedl, S.; Heeke, A.; Huerta, C.; Merino, E.M.; Montero, D.;
et al. Incidence of direct oral anticoagulant use in patients with nonvalvular atrial fibrillation and characteristics of users in 6
European countries (2008-2015): A cross-national drug utilization study. Br. J. Clin. Pharmacol. 2019, 85, 2524-2539.
https://doi.org/10.1111/bcp.14071.

Giustozzi, M.; Mazzetti, M.; Paciaroni, M.; Agnelli, G.; Becattini, C.; Vedovati, M.C. Concomitant Use of Direct Oral Anticoag-
ulants and Antiepileptic Drugs: A Prospective Cohort Study in Patients with Atrial Fibrillation. Clin. Drug Investig. 2021, 41, 43—
51. https://doi.org/10.1007/s40261-020-00982-8.

Barbosa, M.O.; Ribeiro, A.R.; Pereira, M.F.R.; Silva, A.M.T. Eco-friendly LC-MS/MS method for analysis of multi-class micropol-
lutants in tap, fountain, and well water from northern Portugal. Anal. Bioanal. Chem. 2016, 408, 8355-8367.
https://doi.org/10.1007/s00216-016-9952-7.

Paiga, P.; Santos, L.H.M.L.M.; Delerue-Matos, C. Development of a multi-residue method for the determination of human and
veterinary pharmaceuticals and some of their metabolites in aqueous environmental matrices by SPE-UHPLC-MS/MS. J. Pharm.
Biomed. Anal. 2017, 135, 75-86. https://doi.org/10.1016/j.jpba.2016.12.013.

Mufiiz-Bustamante, L.; Caballero-Casero, N.; Rubio, S. Drugs of abuse in tap water from eight European countries: Determina-
tion by use of supramolecular solvents and tentative evaluation of risks to human health. Environ. Int. 2022, 164, 107281.
https://doi.org/10.1016/j.envint.2022.107281.

Paiga, P.; Santos, L HM.L.M.; Ramos, S.; Jorge, S.; Silva, J.G.; Delerue-Matos, C. Presence of pharmaceuticals in the Lis river
(Portugal): Sources, fate and seasonal variation. Sci. Total Environ. 2016, 573, 164-177. https://doi.org/10.1016/j.sci-
totenv.2016.08.089.

Voznakova, A.; Antao-Geraldes, A.M.; Canle, M. Pharmaceuticals in the Douro basin: Occurrence, distribution, and ecological
risk. J. Environ. Chem. Eng. 2025, 13, 119181. https://doi.org/10.1016/j.jece.2025.119181.

Coelho, M.M.; Lado Ribeiro, A.R.; Sousa, J.C.G.; Ribeiro, C.; Fernandes, C.; Silva, A.M.T.; Tiritan, M.E. Dual enantioselective
LC-MS/MS method to analyse chiral drugs in surface water: Monitoring in Douro River estuary. J. Pharm. Biomed. Anal. 2019,
170, 89-101. https://doi.org/10.1016/j.jpba.2019.03.032.

Pereira, A; Silva, L.; Laranjeiro, C.; Pena, A. Assessment of human pharmaceuticals in drinking water catchments, tap and
drinking fountain waters. Appl. Sci. 2021, 11, 7062. https://doi.org/10.3390/app11157062.

Kétke, D.; Gandrass, J.; Bento, C.P.M.; Ferreira, C.S.S.; Ferreira, A.J.D. Occurrence and environmental risk assessment of phar-
maceuticals in the Mondego river (Portugal). Heliyon 2024, 10, e34825. https://doi.org/10.1016/j.heliyon.2024.e34825.

https://doi.org/10.3390/ijerph23070838



Int. ]. Environ. Res. Public Health 2026, 23, 838 25 of 28

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Paiga, P.; Santos, LH.M.L.M.; Amorim, C.G.; Aratjo, A.N.; Montenegro, M.C.B.5.M.; Pena, A.; Delerue-Matos, C. Pilot moni-
toring study of ibuprofen in surface waters of north of Portugal. Environ. Sci. Pollut. Res. 2013, 20, 2410-2420.
https://doi.org/10.1007/s11356-012-1128-1.

Gongalves, CM.O.; Sousa, M.A.D.; Alpendurada, M.d.F.P.S.P. Analysis of acidic, basic and neutral pharmaceuticals in river
waters: Clean-up by 1°, 2° amino anion exchange and enrichment using an hydrophilic adsorbent. Int. |. Environ. Anal. Chem.
2013, 93, 1-22. https://doi.org/10.1080/03067319.2012.702272.

Paiga, P.; Correia-Sa, L.; Correia, M.; Figueiredo, S.; Vieira, J.; Jorge, S.; Silva, J.G.; Delerue-Matos, C. Temporal Analysis of
Pharmaceuticals as Emerging Contaminants in Surface Water and Wastewater Samples: A Case Study. J. Xenobiot. 2024, 14, 873~
892. https://doi.org/10.3390/jox14030048.

Sousa, M.A.; Gongalves, C.; Cunha, E.; Hajslova, J.; Alpendurada, M.F. Cleanup strategies and advantages in the determination
of several therapeutic classes of pharmaceuticals in wastewater samples by SPE-LC-MS/MS. Anal. Bioanal. Chem. 2011, 399, 807—
822. https://doi.org/10.1007/s00216-010-4297-0.

Foureaux, A.F.S.; Reis, E.O.; Lebron, Y.; Moreira, V.; Santos, L.V.; Amaral, M.S.; Lange, L. Rejection of pharmaceutical com-
pounds from surface water by nanofiltration and reverse osmosis. Sep. Purif. Technol. 2019, 212, 171-179.
https://doi.org/10.1016/j.seppur.2018.11.018.

Fernandes, M.].; Paiga, P.; Silva, A.; Llaguno, C.P.; Carvalho, M.; Vazquez, F.M.; Delerue-Matos, C. Antibiotics and antidepres-
sants occurrence in surface waters and sediments collected in the north of Portugal. Chemosphere 2020, 239, 124729.
https://doi.org/10.1016/j.chemosphere.2019.124729.

Pena, A.; Chmielova, D.; Lino, C.M.; Solich, P. Determination of fluoroquinolone antibiotics in surface waters from Mondego
River by high performance liquid chromatography using a monolithic column. ]. Sep. Sci. 2007, 30, 2924-2928.
https://doi.org/10.1002/jssc.200700363.

Madureira, T.V.; Barreiro, J.C.; Rocha, M.].; Rocha, E.; Cass, Q.B.; Tiritan, M.E. Spatiotemporal distribution of pharmaceuticals
in the Douro River estuary (Portugal). Sci. Total Environ. 2010, 408, 5513-5520. https://doi.org/10.1016/j.scitotenv.2010.07.069.
Calisto, V.; Bahlmann, A.; Schneider, R.].; Esteves, V.I. Application of an ELISA to the quantification of carbamazepine in
ground, surface and wastewaters and validation with LC-MS/MS. Chemosphere 2011, 84, 1708-1715.
https://doi.org/10.1016/j.chemosphere.2011.04.072.

Lima, D.L.D; Silva, C.P.; Otero, M.; Esteves, V.I. Low cost methodology for estrogens monitoring in water samples using dis-
persive liquid-liquid microextraction and HPLC with fluorescence detection. Talanta 2013, 115, 980-985.
https://doi.org/10.1016/j.talanta.2013.07.007.

Rocha, M.J.; Ribeiro, M.; Ribeiro, C.; Couto, C.; Cruzeiro, C.; Rocha, E. Endocrine disruptors in the Lega River and nearby Porto
Coast (NW Portugal): Presence of estrogenic compounds and hypoxic conditions. Toxicol. Environ. Chem. 2012, 94, 262-274.
https://doi.org/10.1080/02772248.2011.644291.

Rocha, M.].; Cruzeiro, C.; Rocha, E. Quantification of 17 endocrine disruptor compounds and their spatial and seasonal distri-
bution in the Iberian Ave River and its coastline. Toxicol. —Environ. Chem. 2013, 95, 386-399.
https://doi.org/10.1080/02772248.2013.773002.

Santos, LH.M.L.M.; Paiga, P.; Aratjo, A.N.; Pena, A.; Delerue-Matos, C.; Montenegro, M.C.B.S.M. Development of a simple
analytical method for the simultaneous determination of paracetamol, paracetamol-glucuronide and p-aminophenol in river
water. J. Chromatogr. B Analyt. Technol. Biomed. Life Sci. 2013, 930, 75-81. https://doi.org/10.1016/j.jchromb.2013.04.032.

Acuna, V.; Ginebreda, A.; Mor, ].R.; Petrovic, M.; Sabater, S.; Sumpter, ].; Barceld, D. Balancing the health benefits and environ-
mental risks of pharmaceuticals: Diclofenac as an example. Environ. Int. 2015, 85, 327-333. https://doi.org/10.1016/j.en-
vint.2015.09.023.

Kiimmerer, K. The presence of pharmaceuticals in the environment due to human use—Present knowledge and future chal-
lenges. . Environ. Manag. 2009, 90, 2354-2366.

Poiger, T.; Buser, H.R.; Miiller, M.D. Photodegradation of the pharmaceutical drug diclofenac in a lake: Pathway, field meas-
urements, and mathematical modeling. Environ. Toxicol. Chem. 2001, 20, 256-263. https://doi.org/10.1002/etc.5620200205.
Freitas, R.; Silvestro, S.; Coppola, F.; Meucci, V.; Battaglia, F.; Intorre, L.; Soares, A.M.; Pretti, C.; Faggio, C. Combined effects of
salinity changes and salicylic acid exposure in Mytilus galloprovincialis. Sci. Total Environ. 2020, 715, 136804.
https://doi.org/10.1016/j.scitotenv.2020.136804.

Organization for Economic Co-Operation and Development. Pharmaceutical Residues in Freshwater; OECD Publishing: Paris,
France, 2019. https://doi.org/10.1787/c936f42d-en.

https://doi.org/10.3390/ijerph23070838



Int. ]. Environ. Res. Public Health 2026, 23, 838 26 of 28

75.

76.

77.

78.

79.

80.
81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Sousa, S.; Correia, E.; Larguinho, M.; Viseu, C. Tap and Bottled Water Consumption in a Higher Education Institution: Applying
the Theory of Planned Behaviour. ]. Environ. Pollut. Remediat. 2024, 12, 1929-2732. https://doi.org/10.11159/ijepr.2024.001.

Yu, Y.; Liu, Y.; Wu, L. Sorption and degradation of pharmaceuticals and personal care products (PPCPs) in soils. Environ. Sci.
Pollut. Res. 2013, 20, 4261-4267. https://doi.org/10.1007/s11356-012-1442-7.

Carromeu-Santos, A.; Martin-Cruz, B.; Neves, T.; Acosta-Dacal, A.; Macias-Montes, A.; Casero, M.; Mathias, M.d.L.; Luzardo,
O.P; Gabriel, S.I. Toxic legacy: The hidden impact of anticoagulant rodenticides on Portuguese raptors. Sci. Total Environ. 2025,
1002, 180547. https://doi.org/10.1016/j.scitotenv.2025.180547.

Carromeu-Santos, A.; Mathias, M.L.; Gabriel, S.I. Widespread distribution of rodenticide resistance-conferring mutations in the
Vkorcl gene among house mouse populations in Portuguese Macaronesian islands and Iberian Atlantic areas. Sci. Total Environ.
2023, 900, 166290. https://doi.org/10.1016/j.scitotenv.2023.166290.

Bijlsma, L.; Pitarch, E.; Fonseca, E.; Ibafiez, M.; Botero, A.M.; Claros, J.; Pastor, L.; Hernandez, F. Investigation of pharmaceuticals
in a conventional wastewater treatment plant: Removal efficiency, seasonal variation and impact of a nearby hospital. J. Environ.
Chem. Eng. 2021, 9, 105548. https://doi.org/10.1016/j.jece.2021.105548.

Deo, R.P. Pharmaceuticals in the Surface Water of the USA: A Review. Curr. Environ. Health Rep. 2014, 1, 113-122.

Han, Y.; Hu, L.X,; Liu, T.; Dong, L.L.; Liu, Y.S.; Zhao, ].L.; Ying, G.-G. Discovering transformation products of pharmaceuticals
in domestic wastewaters and receiving rivers by using non-target screening and machine learning approaches. Sci. Total Envi-
ron. 2024, 948, 174715. https://doi.org/10.1016/j.scitotenv.2024.174715.

Wang, L.; Chen, H.; Zhang, Y.; Tian, Y.; Hu, X.; Wu, J.; Li, X; Jia, H.; Wang, H.; Yu, C.; et al. Global antibiotic consumption and
regional antimicrobial resistance, 2010-2021: An analysis of pharmaceutical sales and antimicrobial resistance surveillance data.
Lancet Glob Health. 2025, 13, €1880-e1891. https://doi.org/10.1016/52214-109X(25)00308-0.

Sodhi, K.K.; Kumar, M.; Singh, D.K. Insight into the amoxicillin resistance, ecotoxicity, and remediation strategies. J. Water
Process Eng. 2021, 39, 101858.

Krnic, D.; Anic-Matic, A.; Dosenovic, S.; Draganic, P.; Zezelic, S.; Puljak, L. National consumption of opioid and nonopioid
analgesics in Croatia: 2007-2013. Ther. Clin. Risk Manag. 2015, 11, 1305-1314. https://doi.org/10.2147/TCRM.S586226.

Babalola, 5.0.; Daramola, M.O.; Iwarere, S.A. An investigation on the removal of tramadol analgesic in deionized water and
final wastewater effluent using a novel continuous flow dielectric barrier discharge reactor. J. Water Process Eng. 2023, 56, 104294.
https://doi.org/10.1016/j.jwpe.2023.104294.

Elshikh, M.S.; Hussein, D.S.; Al-khattaf, F.S.; Rasheed El-Naggar, R.A.; Almaary, K.S. Diclofenac removal from the wastewater
using activated sludge and analysis of multidrug resistant bacteria from the sludge. Environ. Res. 2022, 208, 112723.
https://doi.org/10.1016/j.envres.2022.112723.

European Commission. Commission Implementing Decision (EU) 2025/439 of 28 February 2025 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;
European Commission: Brussels, Belgium, 2025.

Molnarova, L.; Halesova, T.; Vaclavikova, M.; Bosakova, Z. Monitoring Pharmaceuticals and Personal Care Products in Drink-
ing Water Samples by the LC-MS/MS Method to Estimate Their Potential Health Risk. Molecules 2023, 28, 5899.
https://doi.org/10.3390/molecules28155899.

Louros, V.L,; Silva, C.P.; Nadais, H.; Otero, M.; Esteves, V.I.; Lima, D.L.D. Photodegradation of sulfadiazine in different aquatic
environments—Evaluation of influencing factors. Environ. Res. 2020, 188, 109730. https://doi.org/10.1016/j.envres.2020.109730.
Chen, J.; Jiang, X.; Tong, T.; Miao, S.; Huang, J.; Xie, S. Sulfadiazine degradation in soils: Dynamics, functional gene, antibiotic
resistance genes and microbial community. Sci. Total Environ. 2019, 691, 1072-1081. https://doi.org/10.1016/j.sci-
totenv.2019.07.230.

Schliisener, M.P.; Bester, K. Persistence of antibiotics such as macrolides, tiamulin and salinomycin in soil. Environ. Pollut. 2006,
143, 565-571. https://doi.org/10.1016/j.envpol.2005.10.049.

Falconer, LR. Are Endocrine Disrupting Compounds a Health Risk in Drinking Water? Int. ]. Environ. Res. Public Health 2006, 3,
180-184. https://doi.org/10.3390/ijerph2006030020.

Dong, Z.; Senn, D.B.; Moran, R.E.; Shine, J.P. Prioritizing environmental risk of prescription pharmaceuticals. Regul. Toxicol.
Pharmacol. 2013, 65, 60-67. https://doi.org/10.1016/j.yrtph.2012.07.003.

Guo, J; Ren, J.; Chang, C.; Duan, Q.; Li, J.; Kanerva, M.; Yang, F.; Mo, J. Freshwater crustacean exposed to active pharmaceutical

ingredients: Ecotoxicological effects and mechanisms. Environ. Sci. Pollut. 2023, 30, 48868—48902.

https://doi.org/10.3390/ijerph23070838



Int. ]. Environ. Res. Public Health 2026, 23, 838 27 of 28

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Meyer, M.F.; Powers, S.M.; Hampton, S.E. An Evidence Synthesis of Pharmaceuticals and Personal Care Products (PPCPs) in
the Environment: Imbalances among Compounds, Sewage Treatment Techniques, and Ecosystem Types. Environ. Sci. Technol.
2019, 53, 12961-12973.

Muambo, K.E.; Kim, M.G.; Kim, D.H.; Park, S.; Oh, J.E. Pharmaceuticals in raw and treated water from drinking water treatment
plants nationwide: Insights into their sources and exposure risk assessment. Water Res. X 2024, 24, 100256.
https://doi.org/10.1016/j.wroa.2024.100256.

Mheidli, N.; Malli, A.; Mansour, F.; Al-Hindi, M. Occurrence and risk assessment of pharmaceuticals in surface waters of the
Middle East and North Africa: A review. Sci. Total Environ. 2022, 851, 158302.

Zhou, J.L.; Zhang, Z.L.; Banks, E.; Grover, D.; Jiang, ].Q. Pharmaceutical residues in wastewater treatment works effluents and
their impact on receiving river water. |. Hazard Mater. 2009, 166, 655-661. https://doi.org/10.1016/j.jhazmat.2008.11.070.
Guedes-Alonso, R.; Montesdeoca-Esponda, S.; Pacheco-Juarez, J.; Sosa-Ferrera, Z.; Santana-Rodriguez, J.J. A survey of the pres-
ence of pharmaceutical residues in wastewaters. Evaluation of their removal using conventional and natural treatment proce-
dures. Molecules 2020, 25, 1639. https://doi.org/10.3390/molecules25071639.

Zanni, S.; Cammalleri, V.; D’Agostino, L.; Protano, C.; Vitali, M. Occurrence of pharmaceutical residues in drinking water: A
systematic review. Environ. Sci. Pollut. Res. 2025, 32, 10436-10463. https://doi.org/10.1007/s11356-024-34544-8.

Wee, S.Y.; Aris, A.Z.; Yusoff, F.M.; Praveena, S.M.; Harun, R. Drinking water consumption and association between actual and
perceived risks of endocrine disrupting compounds. NP] Clean Water 2022, 5, 25. https://doi.org/10.1038/s41545-022-00176-z.
Collier, A.C. Pharmaceutical contaminants in potable water: Potential concerns for pregnant women and children. Ecohealth
2007, 4, 164-171. https://doi.org/10.1007/s10393-007-0105-5.

Ferguson, A.; Penney, R.; Solo-Gabriele, H. A review of the field on children’s exposure to environmental contaminants: A risk
assessment approach. Int. . Environ. Res. Public Health 2017, 14, 265.

Xue, J.; Zartarian, V.; Moya, J.; Freeman, N.; Beamer, P.; Black, K.; Tulve, N.; Shalat, S. A meta-analysis of children’s hand-to-
mouth frequency data for estimating nondietary ingestion exposure. Risk Anal. 2007, 27, 411-420. https://doi.org/10.1111/j.1539-
6924.2007.00893.x.

Cristini, I.; Poluzzi, E.; Soardo, F.; Crisafulli, S.; Polesello, S.; Kirchmayer, U.; Milani, M.; Russo, F.; Nicoletti, M.; Scroccaro, G.;
et al. A narrative review on the environmental impact of medicines: From water analysis and in vivo studies to prescribing
appropriateness, based on European and Italian legal frameworks. Front. Drug Saf. Regul. 2025, 5, 1681648.

Webb, S.; Ternes, T.; Gibert, M.; Olejniczak, K. Indirect human exposure to pharmaceuticals via drinking water. Toxicol. Lett.
2003, 142, 157-167. https://doi.org/10.1016/S0378-4274(03)00071-7.

Cannata, C.; Backhaus, T.; Bramke, I.; Caraman, M.; Lombardo, A.; Whomsley, R.; Moermond, C.T.; Ragas, A.M. Prioritisation
of data-poor pharmaceuticals for empirical testing and environmental risk assessment. Environ. Int. 2024, 183, 108379.
https://doi.org/10.1016/j.envint.2023.108379.

Burns, E.E.; Carter, L.J.; Kolpin, D.W.; Thomas-Oates, J.; Boxall, A.B.A. Temporal and spatial variation in pharmaceutical con-
centrations in an urban river system. Water Res. 2018, 137, 72-85. https://doi.org/10.1016/j.watres.2018.02.066.

Sharma, J.; Joshi, M.; Bhatnagar, A.; Chaurasia, A.K.; Nigam, S. Pharmaceutical residues: One of the significant problems in
achieving ‘clean water for all’ and its solution. Environ. Res. 2022, 215, 114219. https://doi.org/10.1016/j.envres.2022.114219.
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. Off. J. Eur. Union 2022, 197, 117-220. Available online: https://eur-lex.europa.eu/eli/dec_impl/2022/1307/0j/eng (ac-
cessed on 5 May 2025).

Simon, E.; Duffek, A.; Stahl, C.; Frey, M.; Scheurer, M.; Tuerk, J.; Gehrmann, L.; Kénemann, S.; Swart, K.; Behnisch, P.; et al.
Biological effect and chemical monitoring of Watch List substances in European surface waters: Steroidal estrogens and diclo-
fenac—Effect-based methods for monitoring frameworks. Environ. Int. 2022, 159, 107033. https://doi.org/10.1016/j.en-
vint.2021.107033.

Guo, J.; Sinclair, C.J.; Selby, K.; Boxall, A.B.A. Toxicological and ecotoxicological risk-based prioritization of pharmaceuticals in
the natural environment. Environ. Toxicol. Chem. 2016, 35, 1550-1559. https://doi.org/10.1002/etc.3319.

European Union. Directive (EU) 2024/3019 of the European Parliament and of the Council of 27 November 2024 Concerning
Urban Wastewater Treatment. 2024. Available online: http://data.europa.eu/eli/C/2023/250/0j (accessed on 5 May 2025).

Hayes, A.; May Murray, L.; Catherine Stanton, I.; Zhang, L.; Snape, J.; Hugo Gaze, W.; Kaye Murray, A. Predicting Selection for
Antimicrobial Resistance in UK Wastewater and Aquatic Environments: Ciprofloxacin Poses a Significant Risk. Environ. Int.
2022, 169, 107488. https://doi.org/10.1016/j.envint.2022.107488.

https://doi.org/10.3390/ijerph23070838



Int. ]. Environ. Res. Public Health 2026, 23, 838 28 of 28

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Stanton, I.C.; Murray, A.K.; Zhang, L.; Snape, J.; Gaze, W.H. Evolution of Antibiotic Resistance at Low Antibiotic Concentrations
Including Selection below the Minimal Selective Concentration. Commun. Biol. 2020, 3, 467. https://doi.org/10.1038/s42003-020-
01176-w.

Ching, C.; Zaman, M.H. Development and Selection of Low-Level Multi-Drug Resistance over an Extended Range of Sub-In-
hibitory Ciprofloxacin Concentrations in Escherichia Coli. Sci. Rep. 2020, 10, 8754. https://doi.org/10.1038/s41598-020-65602-z.
Schner, ]J.C.N.; Etchepare, R.G. Occurrence and Risk Assessment of Estrogenic Hormones in Natural and Drinking Water Sys-
tems: An Integrative Review. Environ. Eng. Sci. 2025, 42, 403—433. https://doi.org/10.1177/15579018251368260.

Dzionek, A. -Blockers in the Environment: Challenges in Understanding Their Persistence and Ecological Impact. Molecules
2025, 30, 4630. https://doi.org/10.3390/molecules30234630.

Philibert, P.; Déjardin, S.; Girard, M.; Durix, Q.; Gonzalez, A.-A.; Mialhe, X.; Tardat, M.; Poulat, F.; Boizet-Bonhoure, B. Cocktails
of NSAIDs and 17a Ethinylestradiol at Environmentally Relevant Doses in Drinking Water Alter Puberty Onset in Mice Inter-
generationally. Int. ]. Mol. Sci. 2023, 24, 5890. https://doi.org/10.3390/ijms24065890.

Veretnik, E.; Douek-Maba, O.; Kalev-Altman, R.; Haiman, A.; Quint, M.; Mordehay, V.; Shlezinger, N.; Cinnamon, Y.; Chefetz,
B.; Sela-Donenfeld, D. Maternal Exposure to Carbamazepine at Environmentally Relevant Concentrations Causes Growth De-
lay in Mouse Embryos. ACS Omega 2025, 10, 37687-37701. https://doi.org/10.1021/acsomega.5c04235.

Pironti, C.; Ricciardi, M.; Proto, A.; Bianco, P.M.; Montano, L.; Motta, O. Endocrine-Disrupting Compounds: An Overview on
Their Occurrence in the Aquatic Environment and Human Exposure. Water 2021, 13, 1347. https://doi.org/10.3390/w13101347.
Kumar, M.; Sarma, D.K.; Shubham, S.; Kumawat, M.; Verma, V.; Prakash, A.; Tiwari, R. Environmental Endocrine-Disrupting
Chemical Exposure: Role in Non-Communicable Diseases. Front. Public  Health 2020, 8,  553850.
https://doi.org/10.3389/fpubh.2020.553850.

Duarte, D.J.; Niebaum, G.; Limmchen, V.; van Heijnsbergen, E.; Oldenkamp, R.; Hernandez-Leal, L.; Schmitt, H.; Ragas, A.M.J.;
Klasmeier, J. Ecological Risk Assessment of Pharmaceuticals in the Transboundary Vecht River (Germany and The Nether-
lands). Environ. Toxicol. Chem. 2021, 41, 648-662. https://doi.org/10.1002/etc.5062.

Molnar, E.; Maasz, G.; Pirger, Z. Environmental Risk Assessment of Pharmaceuticals at a Seasonal Holiday Destination in the
Largest Freshwater Shallow Lake in Central Europe. Environ. Sci. Pollut. Res. 2020, 28, 59233-59243.
https://doi.org/10.1007/s11356-020-09747-4.

Leung, HW,; Jin, L.; Wei, S.; Tsui, M.M.P.; Zhou, B; Jiao, L.; Cheung, P.C.; Chun, Y.K.; Murphy, M.B.; Lam, P.K.S. Pharmaceu-
ticals in Tap Water: Human Health Risk Assessment and Proposed Monitoring Framework in China. Environ. Health Perspect.
2013, 121, 839-846. https://doi.org/10.1289/ehp.1206244.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(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://doi.org/10.3390/ijerph23070838



