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ARTICLE INFO ABSTRACT

Edited by Sandra Viviana Verstraeten Aquatic ecosystems are increasingly subjected to environmental stressors, including pH fluctuations, and anti-

biotic contamination, which can disrupt essential biological functions such as metabolism, respiration, and

Keywords: reproduction. The interaction between these stressors presents significant ecological risks, as pH affects the
Su.lfamethO).(azole toxicity, pharmacodynamics/kinetics of antibiotics by altering their ionization state and membrane permeability.
Ezﬁi‘j}:iﬁfnm This study assessed the toxicity of environmentally relevant concentrations of sulfamethoxazole (150 ug SMX/L),
Biologicalyhealth status trimethoprim (30 pg TRIM/L), and their mixture (MIX: 150 ug SMX/L + 30 ug TRIM/L) under different pH
Zebrafish conditions (6.5, 7.5, and 9.0) on Danio rerio juveniles. A multi-biomarker approach was used to assess D. rerio

biological health status, including oxidative stress responses, lipid peroxidation, cholinergic neurotransmission,
energetic metabolism, and DNA damage. Results revealed that SMX was marginally toxic across all pH scenarios,
but caused more severe effects such as oxidative stress, lipid peroxidation, and DNA damage, under acidic pH. In
contrast, TRIM toxicity increased at neutral and alkaline pH, causing severe alterations in antioxidant defenses
and cellular integrity. The MIX treatment exhibited marginal toxicity at acidic and alkaline pH but was
moderately toxic at neutral pH, leading to oxidative stress, lipid peroxidation, and DNA damage. These physi-
ological and metabolic disruptions highlight how antibiotic mixtures, under varying pH conditions, can impair
critical biological functions in aquatic organisms. These findings emphasize the urgent need for integrated
research addressing multiple environmental stressors, particularly chemical contamination and climate change-
driven abiotic factors. Ignoring these threats could lead to irreversible damage to aquatic ecosystems and
biodiversity.

Environmental stressors

1. Introduction 2022).

Ocean acidification has been widely studied (Birchenough et al.,

"Anthropocene" describes the era characterized by profound envi-
ronmental changes caused by human activity, especially the increase of
burning fossil fuels and CO, emissions over the last two centuries, which
have impacted the global climate (Giorgi, 2024; Thomas et al., 2022;
Vargas et al., 2017). Excess carbon is absorbed by the oceans, leading to
acidification through increased hydrogen ion concentrations and
decreased pH values (Birchenough et al., 2017; Vargas et al., 2017).
Since the Industrial Revolution, about 48 % of the CO» produced by
human activities has been absorbed by the oceans (Sabine et al., 2004),
leading to a pH drop from 8.2 to 8.1, and projected to a further decrease
by 0.3-0.4 units by the end of the century (IPCC, 2023; Thomas et al.,

2017), due to its harmful effect on marine organisms, also causing
habitat loss and population declines (IPCC, 2023). Although the acidi-
fication mechanism may be similar in oceans and freshwater, some
factors specific (e.g., buffering capacity, greater seasonal pH variability)
in freshwater systems make it difficult to understand acidification
caused by the atmospheric CO5 increase (Thomas et al., 2022). The pH of
freshwater systems tends to become more acidic, and a change of
0.3-0.5 is expected in large freshwater bodies, occurring more quickly
than in the ocean (Weiss et al., 2018). However, some studies report
recent increases in freshwater pH (alkalinization) in reservoirs and
rivers in Portugal and the U.S., with shifts of about 1 unit (pH > 8) (e.g.,
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INAG, 2011a, 2011b, 2011c; Kaushal et al., 2018, 2013; Pinto et al.,
2025). Considering these changes, understanding the biological effects
of pH fluctuations in freshwater ecosystems is essential.

pH fluctuations in freshwater ecosystems can disrupt vital physio-
logical functions across species, from invertebrates to fish, by altering
nutrient availability, cell membrane properties, and chemical toxicity
(Alsop and Wilson, 2019; Nakamura et al., 2008; Valenti et al., 2009).
Even slight pH changes can alter the chemical properties of compounds,
such as antibiotics, by modifying their solubility in the medium, trans-
port, bioavailability, and toxicity, which in turn may impact community
composition (Almeida et al., 2022; Bethke et al., 2023; Suter et al.,
2023). The co-occurrence of pH fluctuations and antibiotic contamina-
tion presents a particularly concerning scenario, as both factors may
interact, amplifying the potential for environmental harm. The phar-
macodynamics or pharmacokinetics of antibiotics can vary with pH, as
the degree of ionization of these compounds and their membrane
permeability depend directly on the environmental conditions (Zhang
et al., 2023). Furthermore, deviations in pH levels from an organism’s
optimal range can heighten its susceptibility to the toxic effects of these
substances by disrupting essential physiological processes, such as
enzyme activity, membrane integrity, and ion balance, thereby poten-
tially amplifying ecotoxicological damage (Bethke et al., 2023).

Given the significant influence of pH on the pharmacodynamics or
pharmacokinetics of pharmaceuticals, it is crucial to examine the envi-
ronmental impact of antibiotics under different pH values scenarios (due
to climatic changes), frequently detected in different aquatic matrices.
Among these, sulfamethoxazole (SMX) and trimethoprim (TRIM) have
been found in various environmental compartments with concentrations
ranging from ng to pg/L (e.g., freshwater, seawater, and groundwater)
(Carvalho and Santos, 2016; Duan et al., 2022). Both antibiotics are also
listed as priority substances by the Watch List under the Water Frame-
work Directive, underscoring the need for further investigation into
their toxicity (Cortes et al., 2020, 2022). SMX and TRIM are among the
most frequently detected antibiotics in aquatic environments, particu-
larly in surface waters near urban or agricultural areas, where concen-
trations can reach up to 150 pg/L for SMX and 30 ug/L for TRIM (Kairigo
et al., 2020; Khan et al., 2013), and their common co-occurrence can
often be a part of fixed-dose pharmaceutical combinations. Clinically,
these antibiotics are commonly administered together as a synergistic
combination therapy due to their complementary modes of action on
bacterial DNA synthesis (SMX inhibits dihydropteroate synthase, while
TRIM targets dihydrofolate reductase) (Daeseleire et al., 2017; Masters
et al., 2003). Despite their known synergy in medical contexts, the
ecological consequences of their co-occurrence remain poorly under-
stood. Although previous studies have reported various toxic effects of
SMX and TRIM (e.g., neurotoxicity and reproductive impairment) in
aquatic organisms (e.g., Daphnia magna and Danio rerio), these often
focus on isolated exposures under standard laboratory conditions
(Dionisio et al., 2020; Park and Choi, 2008). However, little is known
about how these compounds interact under varying environmental pa-
rameters, such as pH. This study addresses this knowledge gap by
evaluating the combined and individual effects of SMX and TRIM across
a realistic pH gradient using D. rerio, a well-established ecotoxicological
model for freshwater ecosystems (OECD, 2000). By integrating envi-
ronmentally relevant concentrations with ecologically meaningful pH
scenarios, this study contributes to a more accurate assessment of
ecological risks in the context of ongoing climate-related pH changes.
Therefore, this study aims to evaluate the toxicity of environmentally
relevant concentrations of SMX, TRIM, and their mixture (MIX) under
different pH conditions (6.5, 7.5, and 9.0) on the fish species D. rerio. To
achieve this goal, a multi-biomarker approach was applied to assess the
organism’s biological health. The study provides novel insights into the
intricate interactions between antibiotics and pH variations, high-
lighting the pH-dependent toxicological responses and potential syner-
gistic effects. This will enhance our understanding of complex
environmental dynamics that affect water quality, biodiversity, and the
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resilience of aquatic ecosystems to antibiotics.
2. Material and methods
2.1. Study organism - Danio rerio

Danio rerio (zebrafish) is a freshwater species commonly used as a
model organism for evaluating the impact of contaminants on aquatic
ecosystems (OECD, 2000). Juvenile D. rerio used in the experiment were
sourced from a laboratory broodstock and reared under standard con-
ditions at CIIMAR’s certified laboratory facilities, the Interdisciplinary
Centre of Marine and Environmental Research in Matosinhos, Portugal.
The acclimation period (three weeks) was carried out in 60 L tanks with
continuous aeration, and dechlorinated tap water, under controlled
conditions of photoperiod (16 h light/8 h dark), temperature (26 + 1
°C), and pH (7.5 + 0.5). Several water parameters were monitored,
temperature, conductivity, dissolved oxygen, ammonium, and nitrite
levels, every two days to ensure water quality (criteria established
present in Table 1). The organisms were fed ad libitum with commercial
zebrafish food (Zebrafeed 400-600 um by Sparos) and were deemed
suitable and healthy for the experiments, as no signs of disease or
mortality were observed (at least 15 days before the assays). All the
procedures were conducted by trained researchers in compliance with
FELASA category C guidelines, and adhering to the European Union
Directive (2010/63/EU) and Portuguese legislation (DL 113/2013)
regarding the protection of animals used for scientific purposes
(Decreto-Lei n.° 113/2013). The study protocol received approval from
the Animal Welfare and Ethics Committee of the Interdisciplinary Centre
of Marine and Environmental Research (ORBEA-CIIMAR).

2.2. Chemicals and experimental procedures

Sulfamethoxazole (SMX; CAS: 723-46-6, molecular weight
253.28 g/mol, > 98 % purity) and trimethoprim (TRIM; CAS: 738-70-5,
molecular weight 290.3 g/mol, > 98.5 % purity) were purchased from
Sigma Aldrich. To conduct the chronic assay, two stock solutions
(100 mg/L for SMX and 50 mg/L for TRIM) were prepared by dilution of
SMX and TRIM in dechlorinated tap water. The assay was performed for
28 days, according to OECD test guideline n° 215 (OECD, 2000), under
the same laboratory-controlled conditions as those adopted during the
quarantine period. The treatments tested were SMX (150 pg/L), TRIM
(30 pg/L), an antibiotic mixture (MIX: 150 pg SMX/L + 30 ug TRIM/L),
and a control group (without antibiotics). Each antibiotic treatment was
tested at three different pH values (6.5, 7.5, and 9.0). The concentrations
of SMX (150 pg/L) and TRIM (30 ug/L) used in this study were selected
based on the highest levels reported in surface water monitoring studies.
Kairigo et al. (2020) reported SMX concentrations of approximately
150 pg/L in surface waters impacted by wastewater discharge in Kenya,
while Khan et al. (2013) detected TRIM concentrations of nearly 30 pg/L
in rivers in Pakistan, also under strong anthropogenic influence. These
concentrations, although representing worst-case scenarios, are envi-
ronmentally relevant in regions with limited or no wastewater treat-
ment. Thus, they provide a realistic basis for assessing potential
ecological risks under high-exposure conditions. The pH values were
chosen considering: the water laboratory system pH and standard
guideline recommendations (7.5 — neutral pH), the IPCC predictions of
freshwater acidification (pH = 6.5; IPCC 2023), and the alkaline fresh-
water projections in Portugal’s freshwater ecosystems (pH = 9.0; INAG,
2011c, 2011b, 2011d, 2011a; Pinto et al., 2025; SNIRH, 2024).

A total of 216 D. rerio juveniles (1.58 + 0.02 cm; 0.039 + 0.004 g)
were assigned to thirty-six 2-L glass aquaria randomly distributed in the
exposure room (3 aquaria per treatment, each one with 6 fish). During
the assay, fish were fed, and the exposure medium was 80 % renewed
every 48 h. Physical and chemical water parameters (pH, temperature,
conductivity, and dissolved oxygen) were measured using a multi-
parametric probe (Multi 3630 IDS SET F), and ammonium and nitrite
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Table 1
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Measured concentrations of the control group (CTL), sulfamethoxazole (SMX), trimethoprim (TRIM), and their mixture (MIX) in water samples collected at the
beginning of the assay (0 h). Results of physical and chemical parameters monitored during chronic exposure, as well as water quality criteria under standard con-

ditions based on OECD Guideline N* 215 (OECD, 2000), were also presented.

Treatments Measured concentrations pH Temp. 0, Nitrites Ammonium
pH Nominal pg/L) (ug/L) (§] (%) (mg/L) (mg/L)
Estabilished quality criteria 6.5-8.5 £ 0.5 21-25 +2°C > 60 %
Acidic pH 6.5 CTL SMX = 0.0 6.61 £ 0.17 25.4 + 0.36 95.9 +2.31 0.137 £ 0.02 0.44 £0.13
(SMX = 0.0 TRIM = 0.0
TRIM = 0.0)
SMX 174.0 6.48 £ 0.05 25.8 £ 0.10 95.0 £ 3.05 0.239 £ 0.15 0.37 £ 0.01
(150.0)
TRIM 34.0 6.66 £ 0.17 25.4 £0.31 96.4 +1.22 0.125 + 0.02 0.35 £ 0.21
(30.0)
MIX SMX = 200.0 TRIM = 32.3 6.60 + 0.19 25.6 £ 0.15 96.2 +1.33 0.105 + 0.01 0.52 £ 0.21
(SMX = 150.0
TRIM = 30.0)
Neutral CTL SMX = 0.0 7.57 £ 0.06 25.6 £ 0.15 96.6 + 2.91 0.317 £ 0.29 0.21 £0.25
pH7.5 (SMX = 0.0 TRIM = 0.0
TRIM = 0.0)
SMX 144.0 7.55 + 0.09 25.5 + 0.25 96.2 +1.76 0.414 +0.15 0.15 + 0.03
(150.0)
TRIM 32,5 7.52 £ 0.05 25.4 + 0.20 97.0 £+ 1.69 0.335 + 0.36 0.19 + 0.05
(30.0)
MIX SMX = 111.3 TRIM = 34.8 7.58 + 0.05 25.8 + 0.36 96.2 + 1.27 0.336 + 0.29 0.31 £0.33
(SMX = 150.0
TRIM = 30.0)
Alkaline CTL SMX = 0.0 9.04 £0.18 25.7 £ 0.26 95.3 + 2.34 0.408 + 0.28 0.19 £ 0.08
pH 9.0 (SMX = 0.0 TRIM = 0.0
TRIM = 0.0)
SMX 114.0 9.09 £0.13 25.9 £ 0.15 96.3 + 1.47 0.462 + 0.36 0.28 £+ 0.08
(150.0)
TRIM 31.0 9.01 +0.10 25.8 + 0.36 96.0 + 1.68 0.347 +0.25 0.29 + 0.01
(30.0)
MIX SMX = 107.3 TRIM = 31.0 9.05 +£0.23 25.5 +£0.32 96.0 +1.38 0.449 + 0.48 0.09 £+ 0.04
(SMX = 150.0
TRIM = 30.0)

levels were quantified using a bench photometer (Spectroquant Multy
Colimeter) in aliquots of water collected from all aquariums before
medium renewal (OECD, 2000).

2.3. Antibiotics quantifications

To quantify the analytical concentrations of SMX, TRIM, and MIX
(Table 1), 50 mL of exposure medium was randomly collected from a
replicate of each treatment at the beginning of the assay (0 h). The water
samples were stored in darkness and frozen at —20 °C immediately after
collection until the antibiotics were quantified. The analytical quanti-
fication followed the method described by Diogo et al. (2024). The limits
of quantification (LOQs) were 1 ug/L for SMX and 0.8 pg/L for TRIM.
The precision of the method was evaluated by examining its repeat-
ability, and none of the compounds studied were detected in the control
samples.

2.4. Sacrifice, biological samples collection, and biochemical markers

After 28 days (the exposure period), organisms were euthanized in a
rapid ice-cold water bath (< 4 °C) and sacrificed by decapitation after no
opercular movements and swimming mobility were observed, according
to Portuguese animal welfare legislation and the American Veterinary
Medical Association’s recommendations for animal euthanasia
(Decreto-Lei n.” 113/2013; Wilson et al., 2009). Then, the individuals
were measured and weighed, and the biological samples were used to
evaluate different biochemical markers. Thus, from each aquarium
(replicate) the 6 fish were divided into: 2 fish bodies for oxidative stress
and lipid peroxidation biomarkers determinations [superoxide dismut-
ase (SOD), catalase (CAT), glutathione peroxidase (GPx), glutathione
reductase (GRed) and glutathione S-transferases (GSTs) activities,
glutathione (GSH) content, thiobarbituric acid reactive substances

(TBARS) levels]; 1 fish body for lactate dehydrogenase (LDH) activity; 1
body for cellular energy allocation [CEA - measuring the available en-
ergy (Ea), which includes total carbohydrate, lipid, and protein con-
tents, as well as the energy consumed (Ec) through electron transport
system (ETS) activity]; and 1 fish head was used for acetylcholinesterase
(AChE) activity quantification. One fish head was immediately analyzed
to assess DNA damage in the gills. All the biological samples were stored
at —80 °C until the biochemical determinations follow the protocols
described in Table 2.

2.5. Genotoxicity: DNA damage

Comet assay was used to evaluate the DNA damage and was per-
formed according to Rodrigues et al. (2016). A six microgels system of
6 pL per slide/replicate was adopted to increase the assay output, based
on a model created by Shaposhnikov et al. (2010) and described by
Rodrigues et al. (2016). Microgels were placed on a glass microscope
slide, precoated with 1 % normal melting point agarose (NMPA), as two
rows of 3 (3 groups of 2 replicates), without coverslips. At the end of the
procedure, slides were stored in boxes, with light protection, until
observation. DNA damage was assessed and quantified using a Nikon
Eclipse Ci fluorescence microscope (600 x magnification), equipped
with an excitation filter (540-580 nm) and an emission filter
(620-670 nm). A total of 100 nucleoids per sample (i.e., replicate) were
examined and classified into five categories (from O to 4) based on the
intensity of the tail and head (Rodrigues et al., 2016). Cells from control
organisms were treated with 50 pM of H20> for 5 min, as positive con-
trols. The genetic damage index (GDI) was calculated according to
Azqueta and Collins (2011), and results were expressed as arbitrary
units on a scale of 0-400 per 100 scored nucleoids.
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Table 2
Summary table of the procedures used for the biochemical determinations.
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Biomarkers Tissue preparation Biomarker determinations
Homogenization Spectrophotometric readings Result expression References
Centrifugation (nm) units
SOD activity 2.5 mL - phosphate buffer (50 mM, pH 7.0) with Triton 500 units min /mg/protein  Flohé and Otting (1984)
CAT activity X—100 (0.1 %); 240 umol/min/mg protein Aebi (1984)
GPx activity 15,000 rpm; 10 min; 4 °C 340 mmol/min Flohé and Giinzler (1984)
/mg protein
GRed activity 340 umol/min/mg protein Carlberg and Mannervik,
1985
GSH content 412 ug/mg protein Soares et al., 2019
GSTs activity 340 mmol/min Habig et al., (1974)
/mg protein
TBARS levels 535 mmol/mg protein Buege and Aust (1978)
CEA* Ea CARBO 1 mL of ice-cold phosphate buffer (50 mM, pH 7.0); 492 mJ/mg fresh weight De Coen and Janseen
10,000 rpm; 5 min; 4 °C (1997)
LIP o Folch et al., 1957
PROT 595 Bradford (1976)
Ec ETS 490 mJ/mg fresh weight/ De Coen and Janseen
min (1997)
LDH activity 2.5 mL - TRIS buffer (0.1 M, pH=7.2): 340 mmol/min/mg Vassault, 1983
6000 rpm; 3 min; 4 °C protein
AChE activity 1.5 mL - phosphate buffer (0.1 M, pH 7.2); 412 nmol/min/mg protein Ellman et al., (1961)

6000 rpm; 5 min; 4 °C

*All the procedures were also present in Diogo et al (2025a). **Extraction procedure through the biphasic solvent system consisting of chloroform/methanol/water.
The results (% of lipids) were obtained by the difference between the weight of tubes before and after the lipids extraction.

2.6. Data analysis

Data for all biomarkers were tested for normality (using the Shapiro-
Wilk test) and homogeneity (using Levene’s test). Before statistical
analysis, the data for GRed activity, and GSH content activities were
transformed (log(x) + 1 or arcsine) to meet ANOVA assumptions. A two-
way ANOVA was conducted to evaluate the combined effects of anti-
biotics (SMX, TRIM, and MIX) and pH (6.5, 7.5, and 9.0) on D. rerio. To
discriminate differences between antibiotic concentrations and the
respective control treatment for each pH, a Dunnett’s test was also
performed. All statistical analyses were carried out with SPSS Statistics
v29, using a significance level of a = 0.05.

2.6.1. Ecotoxicological assessment

Regarding the biomarkers results, the effect percentage of each
biomarker was calculated, for each antibiotic and pH condition, relative
to the respective control group. This calculation followed the method-
ology described by Rodrigues et al. (2022) (Table S2), and established
distinct ecotoxicity ranges (scores and classes). These results were used
to assess the toxic effects of each antibiotic treatment under different pH
conditions (Table S2).

2.6.2. IA model: SMX and TRIM potential interaction

To evaluate the potential interaction between SMX and TRIM in the
MIX treatment under different pH scenarios (pH 6.5, 7.5, and 9.0), the
Independent Action (IA) model was applied. The approach follows the
conceptual basis established by Crain et al. (2008) and Piggott et al.
(2015), and the specific methodology, including the equation and
analytical steps, is described in Diogo et al. (2025b).

2.6.3. Biological health status of Danio rerio

Integrating multiple biomarker responses offers a more holistic un-
derstanding of the effects induced by different environmental stressors
(Li et al., 2019). The biological health status of an organism exposed to
different stressors can be evaluated through the biomarker response
index (BRI), as proposed by Li et al. (2019). This index is determined by
comparing the degree of alterations in biomarker responses in stressed
organisms with the normal biological responses observed in a control
group (without stress) (Li et al., 2019). In the BRI calculation, the
relevance factor (W) for each biomarker was determined according to

their biological significance and insights, proposed by Piva et al. (2011).
According to Piva et al. (2011), this classification assigns relevance
factors to biomarkers based on their ability to indicate adverse effects.
These effects range from reversible responses (e.g., antioxidant de-
fenses) to those signalling more severe biological damage (e.g., DNA
damage). Thus, a W of 1.0 was applied to biomarkers of antioxidant
defense, detoxification, and energetic metabolism (SOD, CAT, GRed,
GPx, GSTs activities, GSH, and LDH contents), a W of 1.2 was assigned to
biomarkers indicating potentially harmful effects (e.g., TBARS levels),
and a W of 1.5 was reserved for biomarkers suggesting more severe
damage (e.g., AChE activity and DNA damage). After that, the per-
centage of alterations (AL) observed in comparison to the respective
control group was calculated:

AL (% ) _ ‘BRantibiotic treatment BRCTL| % 100
BRerr,

where BR.nibiotic treatment T€fErs to the result of each biomarker, and
BRcr. refers to the control group responses. According to AL (%) ob-
tained, each biomarker response was classified into four different scores
(1—4) (Table S2). Then, the BRI formula was applied:

BRI = 2S5 x Wy
> Wa

where S, were the score and W,, the relevance factor of biomarker n,
respectively. Based on the calculated BRI, the biological health status of
D. rerio was categorized as negligible, moderate, major, or severe
alteration (Table S2; Hagger et al., 2008).

3. Results
3.1. Water quality

Throughout the chronic exposure, water quality parameters (pH,
temperature, conductivity, dissolved oxygen, ammonium, and nitrites)
remained within the established quality criteria (OECD, 2000), as
detailed in Table 1. Measured concentrations for all antibiotic treat-
ments are also provided in Table 1. No mortality was observed in the
assays, complying with the guideline requirement of control group
mortality being under 10 %.
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3.2. Biochemical markers and genotoxicity results

The results of biochemical markers and DNA damage (genetic
damage index) in D. rerio following exposure to environmentally rele-
vant concentrations of SMX, TRIM, and their mixture (MIX) under
different pH conditions (6.5, 7.5, and 9.0) are shown in Figs. 1-4. An-
tibiotics had significant effects on different biomarkers and DNA eval-
uation of D. rerio after chronic exposure, and significant interaction with
PH, except in protein content, was observed (Figs. 1-4, and Table S1).

3.2.1. IPCC predictions of freshwater acidification: pH 6.5

Regarding antioxidant defense, no significant changes in SOD ac-
tivity were observed after exposure to any antibiotic treatment at pH 6.5
(Fig. 1 and Table S1). At the same pH, CAT activity only decreased after
TRIM exposure, while GRed activity increased significantly after SMX
and MIX exposure. Similarly, GPx activity and GSH content increased
after SMX exposure, whereas the opposite trend was observed following
TRIM and MIX exposure (Fig. 1 and Table S1). GSTs activity significantly
increased after exposure to SMX and MIX, while TBARS levels followed
the same pattern, but decreased after TRIM exposure. A significant
decrease in AChE and LDH activities was observed after exposure to all
the antibiotic treatments. Carbohydrate content, Ea, and Ec increased
following all antibiotic exposures (Fig. 1 and Table S1). In contrast, lipid
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content significantly decreased after exposure to all antibiotic treat-
ments, while protein content showed no significant changes. CEA only
decreased after SMX and MIX (Fig. 1 and Table S1).

Regarding the comet assay results, SMX exposure caused notable
DNA damage, mainly classes 1 and 2, while TRIM led to genotoxic
damage, predominantly classes 1, 2, but also 3. MIX treatment resulted
in more severe damage, with damage classes 2, 3, and 4 most repre-
sentative (Fig. 4I). All antibiotic treatments significantly increased the
genetic damage index (Fig. 4II and Table S1).

Concerning IA model and the interaction obtained between SMX and
TRIM in MIX treatment, an antagonistic down effect was observed for
SOD, GPx and LDH activities, and GSH and protein contents (Fig. 1). In
contrast, a synergistic up response was detected for CAT, GRed, and
GSTs activities, TBARS levels, carbohydrate content, Ea (Fig. 1), and
genetic damage index (Fig. 4II). AChE activity and lipid content showed
an antagonistic up interaction (Fig. 1). Ec exhibited a synergistic down
response. Finally, the CEA showed an additive effect (Fig. 1).

3.2.2. Neutral conditions: pH 7.5

The antioxidant defense and detoxification enzymes exhibited varied
responses under neutral pH exposure (Fig. 2 and Table S1). A significant
decrease in SOD activity was observed after exposure to TRIM and MIX,
while CAT and GRed activity significantly increased after the same
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Fig. 1. Results of biochemical markers of Danio rerio after chronic exposure (28 days) to sulfamethoxazole (150 ug SMX/L), trimethoprim (30 pg TRIM/L), and a
mixture (MIX = 150 pg SMX/L + 30 ug TRIM/L) under IPCC predictions of freshwater acidification (pH 6.5). Data are expressed as mean (n = 3) + standard error
bars. Asterisks (*) discriminate significant differences between the control group and antibiotic treatments (Dunnett’s test; p < 0.05). The interaction type, deter-
mined using the Independent Action (IA) model and referring to the combined effects observed between the antibiotics SMX and TRIM in the MIX treatment, is also

presented. AD - additive; S — synergism; A — antagonism; 1 for up; | for down.
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Fig. 2. Results of biochemical markers of Danio rerio after chronic exposure (28 days) to sulfamethoxazole (150 pg SMX/L), trimethoprim (30 ug TRIM/L), and a
mixture (MIX = 150 ug SMX/L + 30 pg TRIM/L) under neutral conditions (pH 7.5). Data are expressed as mean (n = 3) + standard error bars. Asterisks (*)
discriminate significant differences between the control group and antibiotic treatments (Dunnett’s test; p < 0.05). The interaction type, determined using the In-
dependent Action (IA) model and referring to the combined effects observed between the antibiotics SMX and TRIM in the MIX treatment, is also presented. AD —

additive; S - synergism; A — antagonism; 1 for up; | for down.

antibiotic treatments. GPx activity showed an increase after exposure to
SMX and MIX but decreased following TRIM exposure (Fig. 2 and
Table S1). A significant rise in GSTs activity, GSH, and TBARS levels
across all antibiotic treatments was also observed. Relative to cholin-
ergic neurotransmission, the results showed that AChE activity was
significantly increased after exposure to TRIM and MIX (Fig. 2 and
Table S1). Regarding energetic metabolism, LDH activity increased after
exposure to all antibiotics (Fig. 2 and Table S1), while carbohydrate
content and Ea decreased following SMX and MIX exposure, but
increased with TRIM. In contrast, lipid content significantly decreased
after exposure to all the antibiotic treatments, while no significant al-
terations were observed in protein content. Ec levels increased only after
MIX exposure, while no significant changes were observed in CEA.

Based on the results from the comet assay, all antibiotic treatments
led to a significant increase in the genetic damage index (Fig. 4II and
Table S1). Organisms exposed to SMX and TRIM showed considerable
DNA damage, particularly in classes 1 and 2 comets, while those exposed
to MIX exhibited more severe damage, with DNA damage predominantly
in classes 2, 3, and 4 (Fig. 41).

Using the IA model, an additive effect was observed for SOD activity,
while a synergistic increase was detected for GRed activity (Fig. 2) and

genetic damage index (Fig. 4II) following MIX exposure. In contrast, the
remaining parameters exhibited an antagonistic down response (Fig. 2).

3.2.3. Alkaline freshwater projections: pH 9.0

Under alkaline pH, no significant changes were observed in SOD
activity, while a significant increase was recorded in CAT activity and
GSH content, after exposure to SMX and TRIM (Fig. 3 and Table S1). A
significant increase was also observed in GRed and GSTs activities, and
TBARS levels after TRIM and MIX exposure, and in GPx activity only
after SMX exposure (Fig. 3 and Table S1). Regarding AChE activity, a
significant decrease was observed after SMX exposure, while the oppo-
site was observed in TRIM and MIX exposure. LDH activity was signif-
icantly increased following exposure to all the antibiotic treatments
(Fig. 3 and Table S1). A significant decrease in carbohydrate content,
lipid content, Ea, and CEA was observed after exposure to all the anti-
biotic treatments, while protein and Ec remained unchanged.

Considering the results obtained in the comet assay, a significant
increase in the genetic damage index was observed in all the antibiotic
treatments (Fig. 41I and Table S1). However, overall, the organisms
exposed to SMX exhibited a higher percentage of severe DNA damage
(classes 3 and 4) than TRIM and MIX (less severe, classes 2 and 3).
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Fig. 3. Results of biochemical markers of Danio rerio after chronic exposure (28 days) to sulfamethoxazole (150 pg SMX/L), trimethoprim (30 ug TRIM/L), and a
mixture (MIX = 150 pg SMX/L + 30 ug TRIM/L) under alkaline freshwater projections (pH 9.0). Data are expressed as mean (n = 3) =+ standard error bars. Asterisks
(*) discriminate significant differences between the control group and antibiotic treatments (Dunnett’s test; p < 0.05). The interaction type, determined using the
Independent Action (IA) model and referring to the combined effects observed between the antibiotics SMX and TRIM in the MIX treatment, is also presented. AD —
additive; S — synergism; A — antagonism; 1 for up; | for down.

1)

Treatments Damage classes Genetic damage index (GDI)
pH Antibiotic 0 1 2 3 4 400
CTL 603:54  37.0£5.1 270£03 0.0£0.0 0.0£0.0 pen
Acidic SMX 123+0.0 68.3+0.7 19.3+0.4 0.0+0.0 0.0+0.0 300 <0001 .
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MIX 0.0£0.0 10.740.1 670513 20706 1701
CTL 420%20  53.7+24 430£0.7 0.0%0.0 00£0.0
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Fig. 4. Results of comet assay in gills of Danio rerio after chronic exposure (28 days) to sulfamethoxazole (150 pg SMX/L), trimethoprim (30 ug TRIM/L), and a
mixture (MIX = 150 ug SMX/L + 30 pug TRIM/L). I) Percentage of damage classes (0—4); II) Results of Genetic Damage Index (GDI, expressed as arbitrary units). Data
are expressed as mean =+ standard error. Significant effects (p level) of antibiotics for each pH condition are shown, with asterisks (*) discriminating significant
differences between the control group and antibiotic treatments in each pH value (Dunnett’s test; p < 0.05). The interaction type, determined using the Independent
Action (IA) model and referring to the combined effects observed between the antibiotics SMX and TRIM in the MIX treatment, is also presented. AD — additive; S —
synergism; A — antagonism; 1 for up; | for down.
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Regarding IA model, an additive effect was observed for SOD activity
and lipid content after MIX exposure (Fig. 3). A synergism up response
was detected for AChE activity, while a synergism down effect was
observed for carbohydrate content, Ea, and CEA. For the remaining
parameters, an antagonism down response was found (Fig. 3 and 41I).

3.3. Ecotoxicological assessment and Danio rerio biological health status

Table 3 shows the percentage effects of each biomarker (Table 3. I)
evaluated in D. rerio after exposure to environmentally relevant con-
centrations of SMX, TRIM, and their MIX under different pH conditions
(6.5, 7.5, and 9.0), and the final toxicity classification obtained (Table 3.
I.a). The BRI values (Table 2. II) obtained (Table 3 and Table S2) and the
corresponding biological health status were also presented. At pH 6.5,
the results showed that SMX and MIX were classified as marginally toxic
(score 3), while TRIM was classified as slightly toxic (score 2). Regarding
the BRI, SMX caused severe alterations (1.00 < BRI < 2.50) in D. rerio
health status, while TRIM and MIX only caused major alterations (BRI
ranging from 2.51 to 2.75; Table 2). At neutral pH (7.5), both SMX and
TRIM were classified as marginally toxic, and caused major and severe
alterations in the health status of D. rerio (respectively), while MIX was
classified as moderately toxic (score 4) and induced severe alterations in

Table 3
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this species (Table 3). All antibiotic treatments revealed marginal
toxicity after exposure to alkaline pH (9.0), and TRIM and MIX exposure
caused severe alterations in D. rerio’s health status, while SMX only
caused moderate alterations (Table 3).

4. Discussion

pH is a fundamental abiotic factor in aquatic ecosystems, directly
influencing the physiology of organisms and the chemical balance of the
environment (Suter et al., 2023). Small pH variations can influence
nutrient availability, cell membrane permeability (e.g., the presence of
transporters, the type of transport involved, the electrochemical
gradient), and the toxicity of chemical compounds in the environment
(AlRabiah et al., 2018; Sun et al., 2020). pH plays a crucial role in the
toxicity of a compound, influencing its solubility, chemical stability,
bioavailability, and, in turn, toxicity, either enhancing or decreasing the
impact (AlRabiah et al., 2018; Paul et al., 2020; Sun et al., 2020; Suter
et al., 2023). The sensitivity of organisms to these compounds is also
strongly influenced by pH fluctuations, making this factor crucial for
assessing the ecotoxicological impact of pollutants in aquatic environ-
ments (Anskjer et al., 2013; Sun et al., 2020; Valenti et al., 2009).
However, studies that examine these interactions in freshwater

I) The percentage effects in each biomarker of Danio rerio following chronic exposure to environmentally relevant concentrations of sulfamethoxazole (150 ug SMX/L),
trimethoprim (30 ug TRIM/L), and their mixture (MIX = 150 ug SMX/L + 30 ug TRIM/L) were assessed under varying pH conditions (6.5, 7.5, and 9.0) (Table S2). L.a)
Final toxicity: scores (1-5) and the respective final ecotoxicological classification [non toxic (NT - blue), slightly toxic (ST - green), marginally toxic (MGT - yellow),
moderately toxic (MT - orange), highly toxic (HT — red)] determined for each antibiotic treatment (Table S2). II) Results of Biomarker Response Index (BRI) and the
corresponding classification of biological health status. BRI values: 1.00 < BRI < 2.50 - severe alterations (red); 2.51 < BRI < 2.75 - major alterations (orange);
2.76 < BRI < 3.00 - moderate alterations (yellow); 3.01 < BRI < 4.00 - negligible alterations (green) (more details in Table 52).

I) Effects (%)
Biomarker Acidic pH 6.5 Neutral pH 7.5 Alkaline pH 9.0
SMX TRIM MIX SMX TRIM MIX SMX TRIM MIX
SOD a::t_i\_/ity (;4—1(_)“ -19.7 -20.0 -6.35 -—-3-8_(; -51.6 12.0 279 -7.80
CAT activity 10.8 -34.0 12.5 8.77 48.8 24.9 41.0 51.8 15.0
GRed activity 132 -4.70 563 0.05 2154 242.7 -47.4 473 449
GPx activity 922 -24.8 -42.8 132.0 -4.74 563.3 66.8 -15.2 -12.4
GSH content 52.7 -39.5 -20.7 135.5 61.4 21.2 473 25.5 -0.90
GSTs activity 107 25.7 195 595.3 512.5 231.3 -11.8 232 60.8
TBARS levels 13.6 -37.3 18.1 130.8 126.2 593 10.7 374 19.2
ACHhE activity -67.8 -71.6 -14.6 -5.51 78.2 53.8 -43.5 103 151
LDH activity -29.2 -7.50 -20.1 13.8 106.1 92.1 19.5 83.5 56.8
CEA -43.1 -21.8 -41.6 43.6 6.12 -38.2 -54.9 -394 -65.2
GDI 153 209 490 111 134 300 379 332 278
G PTORICIEy M3GT SZT M3GT Mi}T Mi;T NfT M3GT MgéT M3GT
II) Biomarker Response Index
BRI 2.40 2.80 2.73 2.60 1.86 2.04 2.85 2.10 2.43
Biological Health Status Major Major Major Moderate




B.S. Diogo et al.

organisms remain limited, since pH change has often been associated
only with acidification in seawater ecosystems (Almeida et al., 2022;
Bethke et al., 2023; Jesus et al., 2018).

Several studies have reported that the interaction between pharma-
ceuticals (e.g., antibiotics, antiepileptics) and climate change factors (e.
g., pH fluctuations) can either enhance or attenuate the effects of these
compounds (e.g., Alsop and Wilson, 2019; Bethke et al., 2023; Naka-
mura et al., 2008; Valenti et al., 2009). The toxicity of pharmaceuticals
is directly influenced by pH, which regulates the balance between the
charged and neutral forms of pharmaceutical molecules by altering the
charges of the acidic and alkaline parts of the molecules (uncharged or
neutral molecules, in turn, pass through cell membranes more readily)
(Alsop and Wilson, 2019; Bethke et al., 2023). Studies have shown that
more than 80 % of these compounds are ionizable, meaning their
toxicity can vary depending on whether the neutral or ionized form
predominates under different pH conditions (Manallack, 2007). Typi-
cally, the neutral form is more lipophilic and, therefore, has a greater
capacity to cross cell membranes, often making it the primary contrib-
utor to a compound’s toxicity (Valenti et al., 2009). This is because, for
pharmaceuticals to be effective, they must be designed to penetrate
cells, a process influenced by the molecule’s hydrophobicity and acidity
(Almeida et al., 2022; Kim et al., 2010). In general, pH influences a
compound’s toxicity and can modify its absorption by organisms. It can
also affect the stability of toxic substances and compromise cellular
processes, such as membrane permeability and enzymatic activity.
Furthermore, pH can enhance or reduce the toxicity of contaminants in
the environment, making its control essential in assessing chemical
risks.

4.1. Toxicity of sulfamethoxazole under pH variations

The toxicity of SMX in D. rerio varied with pH, influencing physio-
logical and biochemical responses, including antioxidant defenses,
metabolic processes, and overall well-being (Fig. 5). At acidic (6.5;
Figs. 1 and 5) and neutral (7.5; Figs. 2 and 5) pH, SMX increased the
activity of several antioxidant enzymes, lipid peroxidation, and geno-
toxicity, suggesting that this antibiotic may induce oxidative stress and

P PVY WY YN
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cellular damage in D. rerio (Figs. 4 and 5). The opposite was observed
after exposure to SMX at alkaline pH (9.0; Figs. 3 and 5), indicating that
D. rerio may be activating different mechanisms (e.g., antioxidant and
detoxification mechanisms) to cope with the induced oxidative stress,
managing to prevent lipid peroxidation (Fig. 3), but not genotoxicity
(Fig. 4). The defense responses may prioritize protecting cellular mem-
branes from oxidative damage (lipid peroxidation), but nuclear material
may remain exposed (membrane stability vs. nuclear vulnerability),
leading to genotoxic effects. Thus, at pH 9.0, there was a less toxic
profile, possibly due to lower solubility or ionization of the compound
that limits its passive diffusion through membranes (Fig. 5).

Anskjeer et al. (2013) studied the acute toxicity of sulfadiazine in
Daphnia magna, in three pH conditions (6.0, 7.5, and 8.5), reporting a
significant increase in toxicity with decreasing pH. These authors
explained these results considering that possibly the greatest amount of
the non-ionized (neutral) fraction of the antibiotic was greater at the
lowest pH (6.0), resulting in greater diffusion through the cell mem-
branes of D. magna (Anskjer et al., 2013). The same tendency was
observed in the present study since SMX is a sulfonamide antibiotic
classified as a weak acid, whose ionization depends heavily on the
environmental pH (Bethke et al., 2023; Montone et al., 2024). At lower
pH values, a larger proportion of molecules remain in their non-ionized
form, while at higher pH values, they become more ionized (Montone
et al., 2024). At pH 6.5, most of the SMX is expected to be in the neutral
form, which is more lipophilic and can more easily cross cell membranes
via passive diffusion (Fig. 5). Our results also suggest that the acidic
environment potentiates the active or bioavailable form of SMX,
increasing its ability to cause cellular damage. As a result, SMX is likely
to be more toxic at low pH values due to increased intracellular accu-
mulation, heightening its toxic effects (Bethke et al., 2023). Similar re-
sults were reported by Paul et al. (2020), who studied the toxicity of
triclosan (also classified as a weak acid) in the fish Pangasianodon
hypophthalmus at different pH levels (6.5, 7.5, and 8.5). These authors
found that increased toxicity at lower pH levels was attributed to the
formation of the non-ionized triclosan, which can more easily diffuse
through gills and skin, resulting in higher bioavailability and toxicity
(Paul et al., 2020). Furthermore, several studies have reported that
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Fig. 5. Description of the mechanisms of toxicity for sulfamethoxazole (SMX) across different pH conditions (6.5, 7.5, and 9.0), according to the results of
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pharmaceuticals classified as weak acids (e.g., triclosan, naproxen,
diclofenac, salicylic acid) can alter biomarkers associated with antioxi-
dant and biotransformation defense mechanisms (e.g., SOD, CAT, GPx,
and GSTs), as well as indicators of cellular damage (TBARS levels),
through their ability to affect the redox balance of the organisms (e.g.,
Almeida et al., 2022; Costa et al., 2020; Munari et al., 2018). Costa et al.
(2020) investigated the biochemical and physiological responses of
clams Ruditapes philippinarum and Ruditapes decussatus under exposure
to triclosan and different pH conditions (pH 7.1 and 8.1). The study
showed that oxidative stress responses and lipid peroxidation were
affected by pH variations, with R. decussatus exhibiting higher cellular
damage (Costa et al., 2020). Although no significant changes in SOD
activity were observed across pH conditions, Costa et al. (2020)
observed that CAT and GSTs activities increased significantly under the
combined stressors, suggesting activation of antioxidant and detoxifi-
cation mechanisms to cope with oxidative stress and other physiological
disruptions. Munari et al. (2018) studied the biochemical responses of
Mytilus galloprovincialis under reduced pH conditions and diclofenac
exposure. The authors revealed that, at low pH (—0.4 and —0.7 units
from the standard pH = 8.1), the activities of SOD and CAT remained
unchanged, suggesting that other antioxidant mechanisms might be
responsible for mitigating oxidative stress under these conditions
(Munari et al., 2018). Additionally, increased DNA strand breaks were
observed in the gills in low pH and diclofenac exposure (Munari et al.,
2018). Dionisio et al. (2020) investigated the toxicity of salicylic acid in
Gibbula umbilicalis, exposed to three environmentally relevant concen-
trations (5, 25, and 125 pg/L) and different pH conditions (7.6, 7.9, and
8.2). These authors observed a significant effect of pH on cyclo-
oxygenase, GSTs, and AChE activities, with changes dependent on both
pH and salicylic acid concentrations. The results suggest that changes in
pH values from normal conditions may contribute to oxidative stress or
increased oxidative damage in exposed organisms (Dionisio et al.,
2020).

Exposure to antibiotics in changing pH scenarios also represents a
potentially disruptive combination for the energetic systems of aquatic
organisms (Bethke et al., 2023; Jesus et al., 2018). To survive chal-
lenging conditions, organisms often display various physiological re-
sponses, including adjustments in metabolic pathways that redirect
energy production to cope with stress (Jesus et al., 2018; Shang et al.,
2023). The exposure of D. rerio to acidic pH and SMX significantly re-
duces CEA, reflecting a disruption in the balance between energy needs
and availability (Figs. 1 and 5). Additionally, a significant decrease in
LDH activity suggests a diminished reliance on anaerobic metabolic
pathways, further highlighting disruptions in the organism’s overall
energy metabolism. This aligns with findings from other studies, such as
Shang et al. (2023), which also observed a decrease in CEA in mussels
(Mytilus coruscus) under acidification, due to an energy imbalance.
Almeida et al. (2022) investigated the effects of cetirizine and carba-
mazepine, both individually and in a mixture, on R. philippinarum under
acidic pH conditions and found significant impacts on energy meta-
bolism. This study revealed that exposure to a lowered pH, in combi-
nation with these pharmaceuticals, notably increased the Ec, likely
linked to enhanced detoxification processes, to eliminate reactive oxy-
gen species generated under stress conditions (Almeida et al., 2022).
Typically, LDH activity increases under stressful conditions (e.g., high
temperatures, scarcity of oxygen), as observed by Jesus et al. (2018) in
freshwater fish Squalius carolitertii under an acidification scenario (pH
6.5-6.9). However, in the present study, exposure to SMX led to a similar
response, but at neutral and alkaline pH (7.5 and 9.0; Figs. 2, 3, and 5).
These findings, consistent with the significant effects observed in Ea and
Ec, suggest that D. rerio may shift its energy metabolism toward anaer-
obic pathways to support cellular activity, under neutral and alkaline pH
(Figs. 2 and 3, respectively). This indicates potential energy balance
disruptions in response to the combined SMX and pH stress (Farhana and
Lappin, 2024). Costa et al. (2020) studied the effects of weak acid (tri-
closan) and pH on clams R. philippinarum and R. decussatus, finding
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decreased Ea (protein and lipid levels) at pH 7.7 without impacting Ec,
similar to our results. Furthermore, Bolner et al. (2014) observed that
under alkaline pH conditions, glucose and glycogen levels in silver
catfish (Rhamdia quelen) decreased significantly, suggesting that the
species have fewer available energy reserves. This decline may
compromise key physiological processes essential for fish homeostasis,
development, and survival (Bolner et al., 2014).

Another physiological process that can be influenced by pH varia-
tions and affect the health of the organism is neurotransmission
(Marinho et al., 2019; Serova et al., 2020). A significant decrease in
AChE activity after exposure to SMX at pH 6.5 (Figs. 1 and 5) and 9.0
(Figs. 3 and 5) was observed, while no significant changes occurred at
neutral pH (Figs. 2 and 5). In contrast to our results, other authors re-
ported a significant variation in the AChE activity of D. rerio embryos
after exposure to SMX (> 40 pg/L), enrofloxacin (6 and 60 pg/L), and
norfloxacin (> 200 pg/L) at neutral pH (Liu et al., 2014; Tian et al.,
2024). Marinho et al. (2019) reported that AChE activity is highly sen-
sitive to pH levels, with the optimal pH for brain AChE in D. rerio being
9.0 and for muscle AChE being 8.5 (Ceylan and Erdogan, 2017). Both
brain and muscle AChE show a decrease in activity at extreme pH levels,
likely due to protonation effects that alter the active site’s properties,
which disrupt the enzyme-substrate interaction (de la Torre et al., 2002;
Marinho et al., 2019). Specifically, increased protonation of histidine
residues in the AChE active site at acidic pH hinders its ability to interact
with the substrate, decreasing enzymatic activity (Marinho et al., 2019).
Several authors have reported the impact of different antibiotics (such as
cefalexin, sulfadiazine, norfloxacin, and oxytetracycline) on AChE ac-
tivity in fish, which interferes with normal cholinergic neurotransmis-
sion and may lead to adverse effects (e.g., visual difficulties, cognitive
impairment, and impaired movement coordination) (Huo et al., 2023;
Miranda et al., 2019).

4.2. Toxicity of trimethoprim under pH variations

Under all the pH conditions, TRIM exposure activated antioxidant
defenses and detoxification processes in D. rerio, however, these mech-
anisms were insufficient to prevent lipid peroxidation under neutral
(Figs. 2 and 6) and alkaline pH (Figs. 3 and 6). This suggests that while
TRIM exposure triggered defense responses, these were not always
effective in mitigating cellular damage, particularly at neutral and
alkaline pH. Additionally, genotoxicity was also observed in all pH
conditions, indicating that TRIM exposure consistently led to DNA
damage regardless of the pH (Figs. 4 and 6), and can still occur if repair
mechanisms are insufficient or overwhelmed. DNA is particularly
vulnerable to oxidative stress, and some oxidative byproducts may
persist despite cellular defenses. Unlike SMX, TRIM is a weak base, and
its ionization behavior is inversely related to pH (AlRabiah et al., 2018).
Different authors (e.g., Nakamura et al., 2008; Valenti et al., 2009) re-
ported that the toxicity of some pharmaceuticals classified as weak bases
(e.g., fluoxetine, sertraline, carbamazepine) increased with pH, indi-
cating that, in more neutral and alkaline conditions, a greater proportion
of the molecules remain in the non-ionized form (facilitating their pas-
sage through cell membranes and consequently increasing absorption
and toxicity in the aquatic organisms studied; Fig. 6).

Nakamura et al. (2008) reported that the sensitivity of fish Oryzias
latipes to fluoxetine varied significantly at different pH levels,
concluding that higher pH values lead to increased toxicity. These au-
thors revealed that LCsg values after 96 h decreased from 5.5 mg/L at
pH 7 to 0.20 mg/L at pH 9, indicating that fish are more vulnerable to
fluoxetine at alkaline pH levels. Additionally, the bioconcentration of
fluoxetine increased at high pH, corroborating the idea that the mole-
cule’s neutrality favors its accumulation in the tissues of Oryzias latipes.
Similarly, Valenti et al. (2009) studied the sertraline toxicity in fish
Pimephales promelas at different pH levels (6.5, 7.5, and 8.5), reporting
that lower concentrations of this compound (< 1000 ug/L) caused
notable toxicity (e.g., mortality, decrease in growth and feeding rates) at
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pH 8.5, compared to pH 6.5 and 7.5. These authors highlighted that the
ionization state of sertraline, which fluctuates with pH, directly in-
fluences its toxicity (Valenti et al., 2009). At higher pH levels, sertraline
is more often in its non-ionized form, which is more readily absorbed by
organisms, resulting in a quicker onset of adverse effects (Valenti et al.,
2009). At more acidic pH levels, such as 6.5, TRIM exists in an ionized
form, which can hinder its ability to pass through cell membranes since
charged molecules are less likely to diffuse passively across lipid mem-
branes (Fig. 6), thereby reducing their toxicity (AlRabiah et al., 2018;
Straub, 2013). As the pH increases, such as at 7.5 or 9.0, a larger fraction
of TRIM is found in the non-ionized (neutral) form, which enhances its
diffusion across cell membranes (AlRabiah et al., 2018; Straub, 2013).
Consequently, at these pH levels, TRIM is likely to be more readily
absorbed by organisms, potentially enhancing their toxicity, as
demonstrated in this study (Figs. 2 and 3). Mikes and Trapp (2010)
studied the toxicity of TRIM in basket willow (Salix viminalis) and found
that TRIM’s toxicity levels vary depending on the environment pH.
These authors also reported that TRIM toxicity was higher at high pH
(pH 8-9) compared to low pH (pH 4.3). Additionally, these authors
suggest that the toxicity and bioaccumulation of ionizable compounds
like TRIM are likely to be more pronounced when the compound is in its
neutral form, which occurs at higher pH levels (Mikes and Trapp, 2010).
Almeida et al. (2022) investigated the effects of environmentally rele-
vant concentrations of two weak bases, carbamazepine (1 pg/L) and
cetirizine (0.6 pg/L), on the activity of antioxidant enzymes in clams
(R. philippinarum). The study found that clams exposed to both com-
pounds at lowered pH (-0.4 units from the standard pH = 8.0) exhibited
higher activity levels of antioxidant and biotransformation enzymes,
such as CAT and GSTs. These findings suggest that lower pH conditions
may enhance processes for eliminating reactive oxygen species (ROS) in
these organisms (Almeida et al., 2022).

In line with this, under acidic pH, TRIM exposure induced metabolic
stress in D. rerio, leading to increased energy consumption and activa-
tion of detoxification mechanisms (Figs. 1 and 6). However, despite
these responses, overall energy efficiency remained unchanged, and
there was no shift toward anaerobic metabolism (Figs. 1 and 6). In
contrast, at neutral pH, TRIM also impacted energy metabolism,
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affecting energy reserves without compromising balance, while the in-
crease in LDH activity indicates a shift toward anaerobic pathways
(Figs. 2 and 6). Pimentel et al. (2019) reported that LDH activity in
Sparus aurata larvae significantly increased at pH 7.5, highlighting a
shift toward anaerobic metabolism. This study also found a decrease in
the activity of key aerobic enzymes (e.g., citrate synthase - CS), indi-
cating a reduced aerobic capacity (Pimentel et al., 2019). This increase
in LDH activity and the LDH/CS ratio suggests a necessary shift from
aerobic to anaerobic energy production, enabling S. aurata larvae to
maintain energy levels in response to environmental stress. The same
tendency is observed in Crassostrea gigas (pacific oysters), which can
modulate energy sources, inhibiting aerobic energy metabolism, after 28
days of exposure to pH 7.6 (Cao et al., 2018). Similar to the findings with
SMX, in the alkaline pH, after TRIM exposure, LDH activity increased,
suggesting a shift toward anaerobic metabolism (Figs. 3 and 6). This,
along with the observed metabolic adjustments (alterations in Ea and
CEA), indicates that the combined effect of TRIM and alkaline conditions
causes a further disruption in the energy balance of D. rerio, potentially
challenging its ability to maintain homeostasis (Fig. 3). As previously
mentioned by Bolner et al. (2014), alkaline conditions increased
Na'/K*-ATPase activity in the gills and kidneys of catfish R. quelen,
directing more energy to ion regulation and leaving less energy available
for other physiological functions (e.g., growth). This enzyme plays a
crucial role in ion regulation and can contribute to maintaining higher
pH levels within the fish’s body (Bolner et al., 2014).

Although no studies have been found relating the combined effect of
TRIM and pH variations on fish neurotransmission, it is known that
AChE activity can be individually affected by antibiotics and water
physicochemical properties (e.g., pH levels) (Diogo et al., 2024; Liu
et al., 2014; Marinho et al., 2019; Tian et al., 2024). AChE activity is
essential for neurotransmission, breaking down acetylcholine to regu-
late nerve signals (Ellman et al., 1961). The disruption of AChE activity
can cause acetylcholine accumulation, leading to negative effects, such
as behavioral alterations, developmental issues, and weakened defense
mechanisms (Huo et al., 2023). Similarly to SMX, under acidic pH, the
activity of AChE decreased significantly after TRIM exposure (Figs. 1
and 6), likely due to protonation effects that disrupt enzyme-substrate
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interaction, as previously discussed (see previous section). At higher pH
levels (7.5 and 9.0) an increase in AChE activity was noted after expo-
sure to TRIM (Figs. 2, 3 and 6), which corroborates with previous studies
performed in D. rerio following exposure to sulfonamides and TRIM,
attributing the alterations caused in AChE activity to the mechanism of
action of these antibiotics (Crivello et al., 2010; Diogo et al., 2024,
2025b; Huo et al., 2023; Lee et al., 2012).

4.3. Toxicity of mixture under pH variations

The interaction analysis using the IA model revealed that the com-
bined effects of SMX and TRIM are not merely additive (Figs. 1, 2, and
3). Instead, a complex interplay of antagonistic and synergistic re-
sponses was observed, varying according to the biological parameter
and pH scenario (Figs. 1 to 4II). These interactions suggest that one
compound may modulate or counteract the effects of the other, leading
to unexpected outcomes that cannot be predicted from individual ex-
posures alone. At acidic pH (6.5; Fig. 1), the interaction between SMX
and TRIM showed a balance of antagonistic and synergistic effects across
biomarkers. Some oxidative stress and metabolic parameters decreased
more than expected (antagonism), while others related to oxidative
damage and energy metabolism were enhanced (synergism), indicating
complex and, non-additive responses. At neutral pH (7.5; Fig. 2),
antagonistic down interactions were dominant across most endpoints,
indicating that the combined effect of SMX and TRIM was lower than
expected based on their individual actions. Under alkaline conditions
(pH 9.0; Fig. 3), additive effects were observed for SOD activity and lipid
content, indicating that the combined effects of SMX and TRIM on these
parameters were consistent with the sum of their individual actions. In
contrast, a synergistic suppression of energy-related parameters,
alongside antagonistic down interactions in oxidative stress and geno-
toxicity markers, revealed combined effects that were lower than
anticipated from individual exposures. Altogether, these outcomes
highlight the critical role of environmental context, particularly pH, in
shaping mixture toxicity, as chemical interactions can amplify or
dampen biological responses in a parameter-specific and non-linear
manner.

Thus, the results indicate that the mixture of SMX and TRIM
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significantly disrupts antioxidant and detoxification mechanisms (e.g.,
CAT, GRed, and GSTs activities), leading to lipid peroxidation and DNA
damage, across all the pH values tested (Fig. 7). Both acidic and alkaline
conditions can induce pH stress (Fig. 7), stimulating intracellular ROS
production and impacting antioxidant defenses, immune responses, and
physiological indicators such as hematological parameters (Kim et al.,
2021; Qu et al., 2014). Although no specific data exists on toxicity of
SMX and TRIM mixture across pH variations, several studies report the
influence of pH on the toxicity of pharmaceutical mixtures. For example,
Liu et al. (2014) found that SMX combined with norfloxacin at pH 7.0
increased DNA damage in the gonads of Carassius auratus after a 7-day
exposure. Li et al. (2012) observed increased GST activity in C. auratus
exposed to SMX concentrations above 16 ng/L and SMX-caffeine mix-
tures under neutral pH. Similarly, Yang et al. (2019) showed that a
mixture of SMX, ofloxacin, and ibuprofen caused significant alterations
in SOD activity, while Ramesh et al. (2018) found that antioxidant de-
fenses (SOD, CAT, and GPx) in Cirrhinus mrigala were disrupted by sul-
famethazine exposure at neutral pH. Yan et al. (2016) reported similar
oxidative responses in D. rerio exposed to a SMX-norfloxacin mixture.
Zhou et al. (2009) suggest that cytoplasmic pH changes in aquatic ani-
mals due to environmental pH modification can act as a critical signal
for cytokine and chemokine synthesis and release, subsequently pro-
moting ROS generation. Qu et al. (2014) further indicate that oxidative
effects induced by pH may vary across different tissues based on their
sensitivity to oxidative stress. Certain tissues (e.g., gills and liver) are
more vulnerable to oxidative damage due to their direct exposure to
environmental stressors and their crucial roles in detoxification and
metabolism. These tissue-specific variations highlight the complexity of
oxidative stress responses under different pH conditions and underscore
the need to consider multiple biomarkers when assessing environmental
toxicity. The physiological disruptions weaken the organism’s ability to
withstand additional stressors, reducing overall fitness and potentially
affecting population dynamics (Moiseenko, 2005). Over time, such
changes can ripple through the ecosystem, decreasing biodiversity,
altering species distribution, and impacting key ecological processes
critical to ecosystem stability (Cornwall et al., 2023).

Different authors reported that pH can affect the energetic meta-
bolism of different organisms exposed to pharmaceuticals (e.g., Almeida
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et al., 2022; Costa et al., 2020; Yildiz and Altunay, 2011). Exposure of
D. rerio to MIX resulted in the same trend observed with SMX, with
metabolic alterations indicating an imbalance between energy demand
and availability (Figs. 5 and 7). The reduction in CEA and decreased LDH
activity at acidic pH suggests a lower reliance on anaerobic pathways
(Fig. 1). This could be due to an increased dependence on aerobic
metabolism, as oxidative stress and cellular damage at low pH may
require more efficient ATP production through mitochondrial respira-
tion. The reduced LDH activity implies a decreased conversion of py-
ruvate to lactate, a key step in anaerobic glycolysis, potentially
reflecting an adaptive response to maintain cellular homeostasis under
acidic conditions. However, this shift may also indicate an energy
imbalance, where the organism struggles to meet its energetic demands,
ultimately affecting physiological functions and overall fitness. Similar
metabolic adjustments have been reported in other aquatic organisms,
where exposure to acidic pH levels led to a shift toward anaerobic
metabolism. This response is often characterized by increased LDH ac-
tivity and a reduction in key aerobic enzymes, suggesting a compensa-
tory mechanism to maintain energy production under environmental
stress (e.g., Pimentel et al., 2019; Cao et al., 2018 — see section 4.1). At
neutral pH, the increase in LDH indicates a possible shift toward
anaerobic metabolism (Fig. 2), reinforcing the combined impact of the
MIX and pH variations on the organism’s energy homeostasis (Figs. 2
and 7). Yildiz and Altunay (2011) reported that the SMX and TRIM
mixture (40 pg/L; ratio 5:1) triggers a metabolic stress response in
Dicentrarchus labrax and Sparus aurata at a pH of 7.5. These authors
observed that levels of cortisol, glucose, and plasma ions increased in
these species, functioning as adaptive mechanisms to maintain homeo-
stasis. This response resulted in the hypersecretion of catecholamines
and corticosteroids, which subsequently led to elevated blood glucose
levels in both species (Yildiz and Altunay, 2011). This rise in glucose,
driven by glycogenolysis and sustained by gluconeogenesis, is a typical
reaction to metabolic stress. Enhanced glucose production is an adap-
tation that helps tissues meet the higher energy demands associated with
stressful conditions (Yildiz and Altunay, 2011). Under alkaline pH, a
similar pattern has been observed in other species, where decreased
energy reserves and increased Na*/K*-ATPase activity suggest a meta-
bolic shift prioritizing ion regulation over other physiological processes
(Bolner et al., 2014).

Changes in pH can alter the enzyme’s structure and function,
including AChE, thereby affecting its activity (Marinho et al., 2019).
Such pH fluctuations can disrupt neuronal excitability, synaptic
communication, neurotransmitter transport, and intercellular signaling,
emphasizing the critical importance of pH homeostasis in maintaining
nervous system function and overall organismal health (Serova et al.,
2020). A significant decrease in AChE activity was observed under acidic
pH, after MIX exposure, which aligns with the results obtained in SMX
and TRIM individually (Figs. 1 and 7). Diogo et al. (2025b) provided a
comprehensive summary of the mechanisms affected by SMX and TRIM
exposure in aquatic species, highlighting that species, concentrations,
and exposure times can influence the response of AChE activity, shaping
how this enzyme is affected across different exposure conditions. As
mentioned before (see sections 4.1 and 4.2), at acidic pH, the protonation
of histidine residues within the active site of AChE is thought to interfere
with its substrate binding, reducing enzyme activity (Marinho et al.,
2019). This mechanism was observed in D. rerio following exposure to
both individual antibiotics (SMX and TRIM) and their mixture (Fig. 1).
Similar pH-induced changes in AChE activity were observed, indicating
that altered pH conditions similarly disrupt enzyme function. Following
the pattern of TRIM exposure, at higher pH levels (7.5 and 9.0), a sig-
nificant increase in AChE activity was observed after exposure to MIX
(Figs. 2 and 3). Such increases in AChE activity may represent a
compensatory mechanism in response to induced neurotoxicity,
reflecting an adaptive attempt by D. rerio to maintain neurophysiolog-
ical function. Similar findings have been reported by other studies,
highlighting that environmental changes, including pH shifts, can
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exacerbate the neurotoxic effects of antibiotics to aquatic species,
further threatening their survival and overall health (Turhan, 2021).
Specifically, other authors have shown that the AChE activity of
zebrafish increased significantly after exposure to environmentally
relevant concentrations of antibiotics (e.g., ciprofloxacin, enrofloxacin)
and elevated pH levels (> 7.0), suggesting that both factors contribute to
neurotoxic stress in these species (e.g., Turhan, 2021).

5. Ecotoxicity assessment and biological health status in Danio
rerio: The combined effects of pH and antibiotics

The simultaneous occurrence of pH fluctuations and antibiotic
contamination is particularly concerning, as these factors may interact
and amplify their harmful effects on the aquatic environment (Bethke
et al., 2023). The results of this study demonstrate that environmentally
relevant concentrations of SMX, TRIM, and MIX, combined with pH
fluctuations, significantly impact the health and well-being of juvenile
D. rerio (Figs. 5, 6 and 7). These findings indicate that under fluctuating
environmental conditions, antibiotic combinations can severely
compromise aquatic organisms’ health, leading to increased oxidative
stress and cellular damage that disrupt essential functions, such as
growth and reproduction.

SMX was revealed to be marginally toxic to D. rerio in all tested pH
conditions (Table 3). However, its impact on health status varied with
pH, causing more severe alterations under acidic conditions, while
leading to major and moderate alterations at neutral and alkaline pH,
respectively (Table 3). At acidic pH, as a weak acid, SMX remains in its
non-ionized (neutral) form, enhancing its ability to cross cell mem-
branes (Fig. 5), leading to greater absorption and toxicity in D. rerio
(Montone et al., 2024), as evidenced by severe alterations observed (e.
g., oxidative stress and DNA damage; Figs. 1 and 4). In contrast, the
toxicity of TRIM increased with alkaline pH (Table 3). This antibiotic is
slightly toxic at acidic pH and causes major alterations (e.g., oxidative
stress; Fig. 1) in D. rerio (Table 3). However, at neutral and alkaline pH,
toxicity increases, leading to more severe alterations (e.g., lipid perox-
idation, neurotoxicity; Figs. 2 and 3 and Table 3). As a weak base, TRIM
remains in a non-ionized form, which enhances its permeability across
cell membranes (Fig. 6), resulting in increased absorption and toxicity
for D. rerio (AlRabiah et al., 2018). Regarding MIX, the results suggested
that toxicity also varies with pH (Fig. 7), causing negative effects on
D. rerio health (e.g., oxidative stress, lipid peroxidation, DNA damage,
and neurotoxicity; Figs. 1 and 2). MIX was marginally toxic at acidic and
alkaline pH conditions and moderately toxic at neutral pH (Table 3). At
acidic pH, only major alterations, such as oxidative stress and lipid
peroxidation, were observed (Fig. 1). In contrast, more severe alter-
ations occurred at neutral and alkaline pH (Figs. 2 and 3). This increased
toxicity suggests that the combination of SMX and TRIM becomes more
harmful under these conditions, possibly due to greater absorption or
cellular reactivity at these pH levels.

6. Conclusions and future perspectives

This study demonstrates that the toxicity of the antibiotics, both
individually and in mixtures, is significantly influenced by pH fluctua-
tions. These variations create distinct toxicity profiles that can
compromise aquatic organisms’ health and threaten ecosystem stability
(Almeida et al., 2022; Zhang et al., 2023), ultimately amplifying the
risks of biological and ecological disruption (Alsop and Wilson, 2019;
Bethke et al., 2023). The observed physiological and metabolic distur-
bances highlight how antibiotic mixtures, under varying pH conditions,
can escalate oxidative stress and cellular damage, impairing critical
functions such as immune response, locomotion, and reproduction. The
cumulative impact of these disruptions, intensified by pH variations,
weakens individual resilience, alters population dynamics, and de-
stabilizes aquatic ecosystems by affecting biodiversity and trophic in-
teractions (Alsop and Wilson, 2019; Cornwall et al., 2023). These
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findings emphasize the urgent need to study the combined effects of
multiple environmental pressures, including chemical contamination
and abiotic stressors driven by climate change (e.g., temperature fluc-
tuations and pH shifts), as they often co-occur in natural ecosystems.
Understanding how these stressors interact is essential for assessing their
risks to biodiversity and ecosystem functioning, highlighting the
importance of integrative approaches in environmental risk
assessments.

Future research should expand this knowledge by exploring long-
term exposures, different life stages, and multi- and transgenerational
effects of contaminants under environmentally relevant scenarios.
Additionally, it is crucial to investigate mixture toxicity involving other
classes of pharmaceuticals and emerging contaminants under variable
environmental conditions. Such insights are essential to inform envi-
ronmental policies better, improve ecological risk assessment frame-
works, and guide water management strategies in a changing climate.

CRediT authorship contribution statement

Barbara S. Diogo: Writing — review & editing, Writing — original
draft, Methodology, Formal analysis, Data curation, Conceptualization.
Oksana Golovko: Writing — review & editing, Methodology. Sara
Rodrigues: Writing — review & editing, Writing — original draft, Su-
pervision, Conceptualization. Sara C. Antunes: Writing — review &
editing, Writing — original draft, Supervision, Resources, Funding
acquisition, Conceptualization.

Consent to participate

Not applicable.

Consent for publication

The paper is submitted with the mutual consent of the authors for
publication.

Ethical approval

Not applicable.

Funding

The research conducted on this topic was funded by the Foundation
for Science and Technology and by the Strategic Program UIDB/04423/
2020 and UIDP/04423/2020. Sara Rodrigues is hired through the
Regulamento do Emprego Cientifico e Tecnolégico—RJEC from the FCT
program (doi: 10.54499/2020.00464.CEECIND/CP1599/CT0002).
Barbara S. Diogo was supported by a FCT Ph.D. grant (ref. 2022.10505.
BD).

Declaration of Competing Interest
The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influence
the work reported in this paper.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.etap.2025.104774.

Data availability

All data are present in the manuscript

Environmental Toxicology and Pharmacology 118 (2025) 104774
References

Aebi, H., 1984. Catalase in Vitro. Methods Enzym. 6, 105-121. https://doi.org/10.1016/
S0076-6879(84)05016-3.

Almeida, A., Calisto, V., Esteves, V.L, Schneider, R.J., Soares, A.M.V.M., Freitas, R.,
2022. Responses of Ruditapes philippinarum to contamination by pharmaceutical
drugs under ocean acidification scenario. Sci. Total Environ. 824, 153591. https://
doi.org/10.1016/j.scitotenv.2022.153591.

AlRabiah, H., Allwood, J.W., Correa, E., Xu, Y., Goodacre, R., 2018. pH plays a role in the
mode of action of trimethoprim on Escherichia coli. PLoS One 13, €0200272. https://
doi.org/10.1371/journal.pone.0200272.

Alsop, D., Wilson, J.Y., 2019. Waterborne pharmaceutical uptake and toxicity is modified
by pH and dissolved organic carbon in zebrafish. Aquat. Toxicol. 210, 11-18.
https://doi.org/10.1016/j.aquatox.2019.02.008.

Anskjar, G.G., Rendal, C., Kusk, K.O., 2013. Effect of pH on the toxicity and
bioconcentration of sulfadiazine on Daphnia magna. Chemosphere 91, 1183-1188.
https://doi.org/10.1016/j.chemosphere.2013.01.029.

Azqueta, A., Collins, A.R., 2011. The comet assay: a sensitive and quantitative method for
analysis of DNA damage. Encyclopedia of Analytical Chemistry. https://doi.org/
10.1002/9780470027318.a9192.

Bethke, K., Kropidtowska, K., Stepnowski, P., Caban, M., 2023. Review of warming and
acidification effects to the ecotoxicity of pharmaceuticals on aquatic organisms in
the era of climate change. Sci. Total Environ. 877, 162829. https://doi.org/10.1016/
j-scitotenv.2023.162829.

Birchenough, S., Williamson, P., Turley, C., 2017. Future of the sea: Ocean acidification.
Government Office for Science, London. https://assets.publishing.service.gov.
uk/media/5a81c2cde5274a2e4cb46cdl/Future_of_the_sea_-_Ocean_Acidification_
final.pdf.

Bolner, K.C.S., Copatti, C.E., Rosso, F.L., Loro, V.L., Baldisserotto, B., 2014. Water pH and
metabolic parameters in silver catfish (Rhamdia quelen). Biochem Syst. Ecol. 56,
202-208. https://doi.org/10.1016/j.bse.2014.06.006.

Bradford, M.M., 1976. A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Anal. Biochem.
72, 248-254. https://doi.org/10.1016/0003-2697(76)90527-3.

Buege, J.A., Aust, S.D., 1978. Microsomal lipid peroxidation. Methods Enzym. 52,
302-310. https://doi.org/10.1016/S0076-6879(78)52032-6.

Cao, R, Liu, Y., Wang, Q., Yang, D., Liu, H., Ran, W., Qu, Y., Zhao, J., 2018. Seawater
acidification reduced the resistance of Crassostrea gigas to Vibrio splendidus challenge:
an energy metabolism perspective. Front. Physiol. 9. https://doi.org/10.3389/
fphys.2018.00880.

Carlberg, 1., Mannervik, B., 1985. Glutathione reductase. Methods Enzymol. 113,
484-490. https://doi.org/10.1016/S0076-6879(85)13062-4.

Carvalho, I., Santos, L., 2016. Antibiotics in the aquatic environments: a review of the
European scenario. Environ. Int. 94, 736-757. https://doi.org/10.1016/j.
envint.2016.06.025.

Ceylan, H., Erdogan, O., 2017. Cloning, expression, and characterization of human brain
acetylcholinesterase in Escherichia coli using a SUMO fusion tag. TURKISH J. Biol.
41, 77-87. https://doi.org/10.3906/biy-1602-83.

Cornwall, C., Comeau, S., Harvey, B., 2023. Physiological and ecological tipping points
caused by ocean acidification. Earth Syst. Dyn. Discuss. 1 (21). https://doi.org/
10.5194/esd-2023-24.

Cortes, L., Marinov, D., Sanseverino, 1., Cuenca, A., Niegowska, M., Rodriguez, E.,
Lettieri, T., 2020. Selection of substances for the 3™ Watch List under the Water
Framework Directive. https://doi.org/10.2760/194067.

Cortes, L.G., Marinov, D., Sanseverino, 1., Cuenca, A.N., Niegowska, M., Rodriguez, E.P.,
Lettieri, T., 2022. Selection of substances for the 4th watch List under the water
framework directive. Comissao Eur. Cent. Comum De. Invest. cao.

Costa, S., Coppola, F., Pretti, C., Intorre, L., Meucci, V., Soares, A.M.V.M., Solé, M.,
Freitas, R., 2020. Biochemical and physiological responses of two clam species to
triclosan combined with climate change scenario. Sci. Total Environ. 724, 138143.
https://doi.org/10.1016/j.scitotenv.2020.138143.

Crain, C.M., Kroeker, K., Halpern, B.S., 2008. Interactive and cumulative effects of
multiple human stressors in marine systems. Ecol Lett 11, 1304-1315. https://doi.
org/10.1111/j.1461-0248.2008.01253.x.

Crivello, N.A., Blusztajn, J.K., Joseph, J.A., Shukitt-Hale, B., Smith, D.E., 2010. Short-
term nutritional folate deficiency in rats has a greater effect on choline and
acetylcholine metabolism in the peripheral nervous system than in the brain, and
this effect escalates with age. Nutr. Res. 30, 722-730. https://doi.org/10.1016/j.
nutres.2010.09.008.

Daeseleire, E., Van Pamel, E., Van Poucke, C., Croubels, S., 2017. Veterinary drug
residues in foods. In: Schrenk, D., Cartus, A. (Eds.), Chemical Contaminants and
Residues in Food, Second ed. Woodhead Publishing, pp. 117-153. https://doi.org/
10.1016/B978-0-08-100674-0.00006-0.

De Coen, W.M., Janseen, C.R., 1997. The use of biomarkers in Daphnia magna toxicity
testing. IV. Cellular energy allocation: a new methodology to assess the energy
budget of toxicant-stressed Daphnia populations. J. Aquat. Ecossystem Stress
Recovery 6, 43-55.

de la Torre, F.R., Ferrari, L., Salibian, A., 2002. Freshwater pollution biomarker: response
of brain acetylcholinesterase activity in two fish species. Comp. Biochem. Physiol.
Toxicol. Pharmacol. 131, 271-280. https://doi.org/10.1016/51532-0456(02)
00014-5.

Decreto-Lei n.o 113/2013, de 7 de agosto. Ministério da Agricultura, do Mar do
Ambiente e do Ordenamento do Territério 2013.

Diogo, B.S., Rebelo, D., Antunes, S.C., Rodrigues, S., 2025a. Metabolic costs of emerging
contaminants: cellular energy allocation in zebrafish embryos. J. Xenobiot. 15, 99.
https://doi.org/10.3390/jox15040099.


https://doi.org/10.1016/j.etap.2025.104774
https://doi.org/10.1016/S0076-6879(84)05016-3
https://doi.org/10.1016/S0076-6879(84)05016-3
https://doi.org/10.1016/j.scitotenv.2022.153591
https://doi.org/10.1016/j.scitotenv.2022.153591
https://doi.org/10.1371/journal.pone.0200272
https://doi.org/10.1371/journal.pone.0200272
https://doi.org/10.1016/j.aquatox.2019.02.008
https://doi.org/10.1016/j.chemosphere.2013.01.029
https://doi.org/10.1002/9780470027318.a9192
https://doi.org/10.1002/9780470027318.a9192
https://doi.org/10.1016/j.scitotenv.2023.162829
https://doi.org/10.1016/j.scitotenv.2023.162829
https://assets.publishing.service.gov.uk/media/5a81c2cde5274a2e4cb46cd1/Future_of_the_sea_-_Ocean_Acidification_final.pdf
https://assets.publishing.service.gov.uk/media/5a81c2cde5274a2e4cb46cd1/Future_of_the_sea_-_Ocean_Acidification_final.pdf
https://assets.publishing.service.gov.uk/media/5a81c2cde5274a2e4cb46cd1/Future_of_the_sea_-_Ocean_Acidification_final.pdf
https://doi.org/10.1016/j.bse.2014.06.006
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1016/S0076-6879(78)52032-6
https://doi.org/10.3389/fphys.2018.00880
https://doi.org/10.3389/fphys.2018.00880
https://doi.org/10.1016/S0076-6879(85)13062-4
https://doi.org/10.1016/j.envint.2016.06.025
https://doi.org/10.1016/j.envint.2016.06.025
https://doi.org/10.3906/biy-1602-83
https://doi.org/10.5194/esd-2023-24
https://doi.org/10.5194/esd-2023-24
https://doi.org/10.2760/194067
http://refhub.elsevier.com/S1382-6689(25)00149-8/sbref18
http://refhub.elsevier.com/S1382-6689(25)00149-8/sbref18
http://refhub.elsevier.com/S1382-6689(25)00149-8/sbref18
https://doi.org/10.1016/j.scitotenv.2020.138143
https://doi.org/10.1111/j.1461-0248.2008.01253.x
https://doi.org/10.1111/j.1461-0248.2008.01253.x
https://doi.org/10.1016/j.nutres.2010.09.008
https://doi.org/10.1016/j.nutres.2010.09.008
https://doi.org/10.1016/B978-0-08-100674-0.00006-0
https://doi.org/10.1016/B978-0-08-100674-0.00006-0
http://refhub.elsevier.com/S1382-6689(25)00149-8/sbref23
http://refhub.elsevier.com/S1382-6689(25)00149-8/sbref23
http://refhub.elsevier.com/S1382-6689(25)00149-8/sbref23
http://refhub.elsevier.com/S1382-6689(25)00149-8/sbref23
https://doi.org/10.1016/S1532-0456(02)00014-5
https://doi.org/10.1016/S1532-0456(02)00014-5
https://doi.org/10.3390/jox15040099

B.S. Diogo et al.

Diogo, B.S., Rodrigues, S., Antunes, S.C., 2025b. Mixture matters: exploring the
overlooked toxicity of sulfamethoxazole and trimethoprim in aquatic environments.
Environ. Toxicol. https://doi.org/10.1002/tox.24528.

Diogo, B.S., Rodrigues, S., Golovko, O., Antunes, S.C., 2024. From bacteria to fish:
ecotoxicological insights into sulfamethoxazole and trimethoprim. Environ. Sci.
Pollut. Res. https://doi.org/10.1007/s11356-024-34659-y.

Dionisio, R., Daniel, D., Alkimin, G.D., de, Nunes, B., 2020. Multi-parametric analysis of
ciprofloxacin toxicity at ecologically relevant levels: Short- and long-term effects on
Daphnia magna. Environ. Toxicol. Pharm. 74, 103295. https://doi.org/10.1016/j.
etap.2019.103295.

Duan, W., Cui, H., Jia, X., Huang, X., 2022. Occurrence and ecotoxicity of sulfonamides
in the aquatic environment: a review. Sci. Total Environ. 820. https://doi.org/
10.1016/j.scitotenv.2022.153178.

Ellman, G.L., Courtney, K.D., Andres, V., Featherstone, R.M., 1961. A new and rapid
colorimetric determination of acetylcholinesterase activity. Biochem. Pharm. 7,
88-95. https://doi.org/10.1016/0006-2952(61)90145-9.

Farhana, A., Lappin, S.L., 2024. Biochem. Lact. dehydrogenase. StatPearls. https://www.
ncbinlm.nih.gov/books/NBK557536/ (Accessed 08.12.24).

Flohé, L., Giinzler, W.A., 1984. Assays of glutathione peroxidase. Methods Enzym. 105,
114-120. https://doi.org/10.1016/50076-6879(84)05015-1.

Flohé, L., otting, F., 1984. Superoxide dismutase assays. Methods Enzym. 105, 93-104.
https://doi.org/10.1016/S0076-6879(84)05013-8.

Folch, J., Lees, M., Sloane, S., 1957. A simple method for the isolation and purification of
total lipids from animal tissues. J. Biol. Chem. 226, 497-509.

Giorgi, F., 2024. Climate modeling of the anthropocene. Quant. Sustain. Springe Int.
Publ. Cham. 69-76. https://doi.org/10.1007,/978-3-031-39311-2 5.

Habig, W.H., Pabst, M.J., Jakoby, W.B., 1974. Glutathione S transferases. The first
enzymatic step in mercapturic acid formation. J. Biol. Chem. 249, 7130-7139.
https://doi.org/10.1016/50021-9258(19)42083-8.

Hagger, J.A., Jones, M.B., Lowe, D., Leonard, D.R.P., Owen, R., Galloway, T.S., 2008.
Application of biomarkers for improving risk assessments of chemicals under the
water framework directive: a case study. Mar. Pollut. Bull. 56, 1111-1118. https://
doi.org/10.1016/j.marpolbul.2008.03.040.

Huo, W.-B,, Jia, P.-P., Li, W.-G., Xie, X.-Y., Yang, G., Pei, D.-S., 2023. Sulfonamides (SAs)
exposure causes neurobehavioral toxicity at environmentally relevant
concentrations (ERCs) in early development of zebrafish. Aquat. Toxicol. 261,
106614. https://doi.org/10.1016/j.aquatox.2023.106614.

INAG, LP., 2011a. Modelacdo Matematica da Qualidade da Agua em Albufeiras com
Planos de Ordenamento — VII — Albufeira de Crestuma-Lever.

INAG, LP., 2011b. Modelacao Matematica da Qualidade da Agua em Albufeiras com
Planos de Ordenamento — IV — Albufeira de Santa Clara.

INAG, LP., 2011c. Modelagao Matematica da Qualidade da Agua em Albufeiras com
Planos de Ordenamento — III — Albufeira da Aguieira.

INAG, LP., 2011d. Modelacao Matematica da Qualidade da Agua em Albufeiras com
Planos de Ordenamento — VI — Albufeira do Alto Rabagao.

IPCC, 2023. Climate change 2023 - terrestrial and freshwater ecosystems and their
services. Climate Change 2022 — Impacts, Adaptation and Vulnerability. Cambridge
University Press. https://doi.org/10.1017/9781009325844.004.

Jesus, T.F., Rosa, I.C., Repolho, T., Lopes, A.R., Pimentel, M.S., Almeida-Val, V.M.F.,
Coelho, M.M,, Rosa, R., 2018. Different ecophysiological responses of freshwater fish
to warming and acidification. Comp. Biochem. Physiol. A Mol. Integr. Physiol. 216,
34-41. https://doi.org/10.1016/j.cbpa.2017.11.007.

Kairigo, P., Ngumba, E., Sundberg, L.-R., Gachanja, A., Tuhkanen, T., 2020.
Contamination of surface water and river sediments by antibiotic and antiretroviral
drug cocktails in low and middle-income countries: occurrence, risk and mitigation
strategies. Water 12, 1376. https://doi.org/10.3390/w12051376.

Kaushal, S.S., Likens, G.E., Pace, M.L., Utz, R.M., Haq, S., Gorman, J., Grese, M., 2018.
Freshwater salinization syndrome on a continental scale. Proc. Natl. Acad. Sci. 115.
https://doi.org/10.1073/pnas.1711234115.

Kaushal, S.S., Likens, G.E., Utz, R.M., Pace, M.L., Grese, M., Yepsen, M., 2013. Increased
river alkalinization in the Eastern U.S. Environ. Sci. Technol. https://doi.org/
10.1021/es401046s.

Khan, G.A., Berglund, B., Khan, K.M., Lindgren, P.-E., Fick, J., 2013. Occurrence and
abundance of antibiotics and resistance genes in rivers, canal and near drug
formulation facilities — a study in pakistan. PLoS One 8, €62712. https://doi.org/
10.1371/journal.pone.0062712.

Kim, J.-H., Kim, S.-R., Kim, S.K., Kang, H.W., 2021. Effects of pH changes on blood
physiology, antioxidant responses and Ig M of juvenile olive flounder, Paralichthys
olivaceus. Aquac. Rep. 21, 100790. https://doi.org/10.1016/j.aqrep.2021.100790.

Kim, J., Park, J., Kim, P.-G., Lee, C., Choi, Kyunghee, Choi, Kyungho, 2010. Implication
of global environmental changes on chemical toxicity-effect of water temperature,
pH, and ultraviolet B irradiation on acute toxicity of several pharmaceuticals in
Daphnia magna. Ecotoxicology 19, 662-669. https://doi.org/10.1007/s10646-009-
0440-0.

Lee, ML.S., Bonner, J.R., Bernard, D.J., Sanchez, E.L., Sause, E.T., Prentice, R.R.,
Burgess, S.M., Brody, L.C., 2012. Disruption of the folate pathway in zebrafish causes
developmental defects. BMC Dev. Biol. 12, 12. https://doi.org/10.1186,/1471-213X-
12-12.

Li, Z., Lu, G., Yang, X., Wang, C., 2012. Single and combined effects of selected
pharmaceuticals at sublethal concentrations on multiple biomarkers in Carassius
auratus. Ecotoxicology 21, 353-361. https://doi.org/10.1007/510646-011-0796-9.

Li, X., Wang, M., Chen, W., Jiang, R., 2019. Evaluation of combined toxicity of Siduron
and cadmium on earthworm (Eisenia fetida) using Biomarker Response Index. Sci.
Total Environ. 646, 893-901. https://doi.org/10.1016/j.scitotenv.2018.07.380.

Liu, J., Lu, G., Wu, D., Yan, Z., 2014. A multi-biomarker assessment of single and
combined effects of norfloxacin and sulfamethoxazole on male goldfish (Carassius

15

Environmental Toxicology and Pharmacology 118 (2025) 104774

auratus). Ecotoxicol. Environ. Saf. 102, 12-17. https://doi.org/10.1016/J.
ECOENV.2014.01.014.

Manallack, D.T., 2007. The pK(a) distribution of drugs: application to drug discovery.
Perspect. Med. Chem. 1, 25-38.

Marinho, C.S., Matias, M.V.F., Brandao, I.G.F., Santos, E.L., Machado, S.S., Zanta, C.L.P.
S., 2019. Characterization and kinetic study of the brain and muscle
acetylcholinesterase from Danio rerio. Comp. Biochem. Physiol. Part C Toxicol.
Pharmacol. 222, 11-18. https://doi.org/10.1016/j.cbpc.2019.04.005.

Masters, P.A., O’'bryan, T.A., Zurlo, J., Miller, D.Q., Joshi, N., 2003. Trimethoprim-
Sulfamethoxazole revisited. Arch. Intern. Med. 163 (4), 402-410. (https://jaman
etwork.com/).

Mikes, O., Trapp, S., 2010. Acute toxicity of the dissociating veterinary antibiotics
trimethoprim to willow trees at varying pH. Bull. Environ. Contam. Toxicol. 85,
556-561. https://doi.org/10.1007/500128-010-0150-6.

Miranda, T., Vieira, L.R., Guilhermino, L., 2019. Neurotoxicity, behavior, and lethal
effects of cadmium, microplastics, and their mixtures on Pomatoschistus microps
juveniles from two wild populations exposed under laboratory
conditions—Implications to environmental and human risk assessment. Int J.
Environ. Res. Public Health 16, 2857. https://doi.org/10.3390/ijerph16162857.

Moiseenko, T.I., 2005. Effects of acidification on aquatic ecosystems. Russ. J. Ecol. 36,
93-102. https://doi.org/10.1007/5s11184-005-0017-y.

Montone, C.M., Giannelli Moneta, B., Lagana, A., Piovesana, S., Taglioni, E.,

Cavaliere, C., 2024. Transformation products of antibacterial drugs in environmental
water: Identification approaches based on liquid chromatography-high resolution
mass spectrometry. J. Pharm. Biomed. Anal. 238, 115818. https://doi.org/10.1016/
j.jpba.2023.115818.

Munari, M., Matozzo, V., Gagné, F., Chemello, G., Riedl, V., Finos, L., Pastore, P.,
Badocco, D., Marin, M.G., 2018. Does exposure to reduced pH and diclofenac induce
oxidative stress in marine bivalves? A comparative study with the mussel Mytilus
galloprovincialis and the clam Ruditapes philippinarum. Environ. Pollut. 240, 925-937.
https://doi.org/10.1016/j.envpol.2018.05.005.

Nakamura, Y., Yamamoto, H., Sekizawa, J., Kondo, T., Hirai, N., Tatarazako, N., 2008.
The effects of pH on fluoxetine in Japanese medaka (Oryzias latipes): acute toxicity in
fish larvae and bioaccumulation in juvenile fish. Chemosphere 70, 865-873. https://
doi.org/10.1016/j.chemosphere.2007.06.089.

OECD, 2000. Test No. 215. Fish. Juv. Growth Test. https://doi.org/10.1787/20745761.

Ozhan Turhan, D., 2021. Evaluation of teratogenic and toxic effects of enrofloxacin-
based antibiotic on zebrafish (Danio rerio) larvae with biochemical and
developmental markers. Chem. Ecol. 37, 704-714. https://doi.org/10.1080/
02757540.2021.1974007.

Park, S., Choi, K., 2008. Hazard assessment of commonly used agricultural antibiotics on
aquatic ecosystems. Ecotoxicology 17, 526-538. https://doi.org/10.1007/510646-
008-0209-X.

Paul, T., Kumar, S., Shukla, S.P., Pal, P., Kumar, K., Poojary, N., Biswal, A., Mishra, A.,
2020. A multi-biomarker approach using integrated biomarker response to assess the
effect of pH on triclosan toxicity in Pangasianodon hypophthalmus (Sauvage, 1878).
Environ. Pollut. 260, 114001. https://doi.org/10.1016/j.envpol.2020.114001.

Piggott, J.J., Townsend, C.R., Matthaei, C.D., 2015. Reconceptualizing synergism and
antagonism among multiple stressors. Ecol. Evol. 5 (7), 1538-1547. https://doi.org/
10.1002/ece3.1465.

Pimentel, M.S., Faleiro, F., Machado, J., Pousao-Ferreira, P., Rosa, R., 2019. Seabream
larval physiology under ocean warming and acidification. Fishes 5 (1). https://doi.
org/10.3390/fishes5010001.

Pinto, 1., Azevedo, L., Antunes, S.C., 2025. Changes in regional practices and their effects
on the water quality of portuguese reservoirs. Earth 6, 29. https://doi.org/10.3390/
earth6020029.

Piva, F., Ciaprini, F., Onorati, F., Benedetti, M., Fattorini, D., Ausili, A., Regoli, F., 2011.
Assessing sediment hazard through a weight of evidence approach with bioindicator
organisms: A practical model to elaborate data from sediment chemistry,
bioavailability, biomarkers and ecotoxicological bioassays. Chemosphere 83,
475-485. https://doi.org/10.1016/j.chemosphere.2010.12.064.

Qu, R., Feng, M., Wang, X., Qin, L., Wang, C., Wang, Z., Wang, L., 2014. Metal
accumulation and oxidative stress biomarkers in liver of freshwater fish Carassius
auratus following in vivo exposure to waterborne zinc under different pH values.
Aquat. Toxicol. 150, 9-16. https://doi.org/10.1016/j.aquatox.2014.02.008.

Ramesh, M., Thilagavathi, T., Rathika, R., Poopal, R.K., 2018. Antioxidant status,
biochemical, and hematological responses in a cultivable fish Cirrhinus mrigala
exposed to an aquaculture antibiotic sulfamethazine. Aquaculture 491, 10-19.
https://doi.org/10.1016/j.aquaculture.2018.02.046.

Rodrigues, S., Antunes, S.C., Correia, A.T., Nunes, B., 2016. Acute and chronic effects of
erythromycin exposure on oxidative stress and genotoxicity parameters of
Oncorhynchus mykiss. Sci. Total Environ. 591-600. https://doi.org/10.1016/J.
SCITOTENV.2015.10.138.

Rodrigues, S., Pinto, 1., Nogueira, S., C. Antunes, S., 2022. Perspective Chapter: Daphnia
magna as a Potential Indicator of Reservoir Water Quality - Current Status and
Perspectives Focused in Ecotoxicological Classes Regarding the Risk Prediction.
https://doi.org/10.5772/INTECHOPEN.105768.

Sabine, C.L., Feely, R.A., Gruber, N., Key, R.M., Lee, K., Bullister, J.L., Wanninkhof, R.,
Wong, C.S., Wallace, D.W.R., Tilbrook, B., Millero, F.J., Peng, T.-H., Kozyr, A.,
Ono, T., Rios, A.F., 2004. The oceanic sink for anthropogenic CO2. Science 305
(1979), 367-371. https://doi.org/10.1126/science.1097403.

Serova, O.V., Gantsova, E.A., Deyev, LE., Petrenko, A.G., 2020. The value of pH sensors
in maintaining homeostasis of the nervous system. Russ. J. Bioorg. Chem. 46,
506-519. https://doi.org/10.1134/51068162020040196.

Shang, Y., Wang, X., Shi, Y., Huang, W., Sokolova, I., Chang, X., Chen, D., Wei, S.,
Khan, F.U., Hu, M., Wang, Y., 2023. Ocean acidification affects the bioenergetics of


https://doi.org/10.1002/tox.24528
https://doi.org/10.1007/s11356-024-34659-y
https://doi.org/10.1016/j.etap.2019.103295
https://doi.org/10.1016/j.etap.2019.103295
https://doi.org/10.1016/j.scitotenv.2022.153178
https://doi.org/10.1016/j.scitotenv.2022.153178
https://doi.org/10.1016/0006-2952(61)90145-9
https://www.ncbi.nlm.nih.gov/books/NBK557536/
https://www.ncbi.nlm.nih.gov/books/NBK557536/
https://doi.org/10.1016/S0076-6879(84)05015-1
https://doi.org/10.1016/S0076-6879(84)05013-8
http://refhub.elsevier.com/S1382-6689(25)00149-8/sbref33
http://refhub.elsevier.com/S1382-6689(25)00149-8/sbref33
https://doi.org/10.1007/978-3-031-39311-2_5
https://doi.org/10.1016/S0021-9258(19)42083-8
https://doi.org/10.1016/j.marpolbul.2008.03.040
https://doi.org/10.1016/j.marpolbul.2008.03.040
https://doi.org/10.1016/j.aquatox.2023.106614
https://doi.org/10.1017/9781009325844.004
https://doi.org/10.1016/j.cbpa.2017.11.007
https://doi.org/10.3390/w12051376
https://doi.org/10.1073/pnas.1711234115
https://doi.org/10.1021/es401046s
https://doi.org/10.1021/es401046s
https://doi.org/10.1371/journal.pone.0062712
https://doi.org/10.1371/journal.pone.0062712
https://doi.org/10.1016/j.aqrep.2021.100790
https://doi.org/10.1007/s10646-009-0440-0
https://doi.org/10.1007/s10646-009-0440-0
https://doi.org/10.1186/1471-213X-12-12
https://doi.org/10.1186/1471-213X-12-12
https://doi.org/10.1007/S10646-011-0796-9
https://doi.org/10.1016/j.scitotenv.2018.07.380
https://doi.org/10.1016/J.ECOENV.2014.01.014
https://doi.org/10.1016/J.ECOENV.2014.01.014
http://refhub.elsevier.com/S1382-6689(25)00149-8/sbref50
http://refhub.elsevier.com/S1382-6689(25)00149-8/sbref50
https://doi.org/10.1016/j.cbpc.2019.04.005
https://jamanetwork.com/
https://jamanetwork.com/
https://doi.org/10.1007/s00128-010-0150-6
https://doi.org/10.3390/ijerph16162857
https://doi.org/10.1007/s11184-005-0017-y
https://doi.org/10.1016/j.jpba.2023.115818
https://doi.org/10.1016/j.jpba.2023.115818
https://doi.org/10.1016/j.envpol.2018.05.005
https://doi.org/10.1016/j.chemosphere.2007.06.089
https://doi.org/10.1016/j.chemosphere.2007.06.089
https://doi.org/10.1787/20745761
https://doi.org/10.1080/02757540.2021.1974007
https://doi.org/10.1080/02757540.2021.1974007
https://doi.org/10.1007/S10646-008-0209-X
https://doi.org/10.1007/S10646-008-0209-X
https://doi.org/10.1016/j.envpol.2020.114001
https://doi.org/10.1002/ece3.1465
https://doi.org/10.1002/ece3.1465
https://doi.org/10.3390/fishes5010001
https://doi.org/10.3390/fishes5010001
https://doi.org/10.3390/earth6020029
https://doi.org/10.3390/earth6020029
https://doi.org/10.1016/j.chemosphere.2010.12.064
https://doi.org/10.1016/j.aquatox.2014.02.008
https://doi.org/10.1016/j.aquaculture.2018.02.046
https://doi.org/10.1016/J.SCITOTENV.2015.10.138
https://doi.org/10.1016/J.SCITOTENV.2015.10.138
https://doi.org/10.5772/INTECHOPEN.105768
https://doi.org/10.1126/science.1097403
https://doi.org/10.1134/S1068162020040196

B.S. Diogo et al.

marine mussels as revealed by high-coverage quantitative metabolomics. Sci. Total
Environ. 858, 160090. https://doi.org/10.1016/j.scitotenv.2022.160090.

Shaposhnikov, S., Azqueta, A., Henriksson, S., Meier, S., Gaivao, 1., Huskisson, N.H.,
Smart, A., Brunborg, G., Nilsson, M., Collins, A.R., 2010. Twelve-gel slide format
optimised for comet assay and fluorescent in situ hybridisation. Toxicol. Lett. 195,
31-34. https://doi.org/10.1016/j.toxlet.2010.02.017.

SNIRH, 2024. SNIRH: Sistema Nacional de Informacao de Recursos Hidricos. (https://
snirh.apambiente.pt/index.php?idMain). (Accessed 10.24.24).

Soares, C., Pereira, R., Spormann, S., Fidalgo, F., 2019. Is soil contamination by a
glyphosate commercial formulation truly harmless to non-target plants? - Evaluation
of oxidative damage and antioxidant responses in tomato. Environ. Pollut. 247,
256-265. https://doi.org/10.1016/J.ENVPOL.2019.01.063.

Straub, J., 2013. An environmental risk assessment for human-use trimethoprim in
European surface waters. Antibiotics 2, 115-162. https://doi.org/10.3390/
antibiotics2010115.

Sun, M., Duker, R.Q., Gillissen, F., Van den Brink, P.J., Focks, A., Rico, A., 2020.
Influence of pH on the toxicity of ionisable pharmaceuticals and personal care
products to freshwater invertebrates. Ecotoxicol. Environ. Saf. 191, 110172. https://
doi.org/10.1016/j.ecoenv.2020.110172.

Suter, G., Cormier, S., Schofield, K., Gilliam, J., Barbour, K., 2023. pH - Checklist of
Sources, Site Evidence and Biological Effects. https://www.epa.gov/caddis/ph
#lowbiological (Accessed 8.29.24).

Thomas, A., Ramkumar, A., Shanmugam, A., 2022. CO; acidification and its differential
responses on aquatic biota — a review. Environ. Adv. 8, 100219. https://doi.org/
10.1016/j.envadv.2022.100219.

Tian, D., Zhang, W., Lu, L., Yu, Yihan, Yu, Yingying, Zhang, X., Li, W., Shi, W., Liu, G.,
2024. Enrofloxacin exposure undermines gut health and disrupts neurotransmitters
along the microbiota-gut-brain axis in zebrafish. Chemosphere 356, 141971. https://
doi.org/10.1016/j.chemosphere.2024.141971.

Valenti, T.W., Perez-Hurtado, P., Chambliss, C.K., Brooks, B.W., 2009. Aquatic toxicity of
sertraline to Pimephales promelas at environmentally relevant surface water pH.
Environ. Toxicol. Chem. 28, 2685-2694. https://doi.org/10.1897/08-546.1.

16

Environmental Toxicology and Pharmacology 118 (2025) 104774

Vargas, C.A., Lagos, N.A., Lardies, M.A., Duarte, C., Manriquez, P.H., Aguilera, V.M.,
Broitman, B., Widdicombe, S., Dupont, S., 2017. Species-specific responses to ocean
acidification should account for local adaptation and adaptive plasticity. Nat. Ecol.
Evol. 1, 0084. https://doi.org/10.1038/541559-017-0084.

Vassault, A., 1983. Lactate dehydrogenase, UV-method with pyruvate and NADH.
Methods Enzym. Anal. III, 118-126.

Weiss, L.C., Potter, L., Steiger, A., Kruppert, S., Frost, U., Tollrian, R., 2018. Rising pCO2
in freshwater ecosystems has the potential to negatively affect predator-induced
defenses in Daphnia. Curr. Biol. 28, 327-332. https://doi.org/10.1016/j.
cub.2017.12.022.

Wilson, J., Bunte, R., Carty, A., 2009. Evaluation of rapid cooling and tricaine
methanesulfonate (MS222) as methods of euthanasia in zebrafish (Danio rerio).

J. Am. Assoc. Lab. Anim. Sci. 48, 785-789.

Yan, Z., Lu, G., Ye, Q., Liu, J., 2016. Long-term effects of antibiotics, norfloxacin, and
sulfamethoxazole, in a partial life-cycle study with zebrafish (Danio rerio): effects on
growth, development, and reproduction. Environ. Sci. Pollut. Res. 23, 18222-18228.
https://doi.org/10.1007/s11356-016-7018-1.

Yang, X., Xu, X., Wei, X., Wan, J., Zhang, Y., 2019. Biomarker effects in Carassius auratus
exposure to ofloxacin, sulfamethoxazole and ibuprofen. Int J. Environ. Res. Public
Health 16, 1628. https://doi.org/10.3390/ijerph16091628.

Yildiz, H.Y., Altunay, S., 2011. Physiological stress and innate immune response in
gilthead sea bream (Sparus aurata) and sea bass (Dicentrarchus labrax) exposed to
combination of trimethoprim and sulfamethoxazole (TMP-SMX). Fish. Physiol.
Biochem. 37, 401-409. https://doi.org/10.1007/s10695-010-9440-5.

Zhang, Q., Demeestere, K., De Schamphelaere, K.A.C., 2023. The influence of pH and
dissolved organic carbon on the ecotoxicity of ampicillin and clarithromycin. Sci.
Total Environ. 904, 166781. https://doi.org/10.1016/j.scitotenv.2023.166781.

Zhou, J., Wang, W.-N., Wang, A.-L., He, W.-Y., Zhou, Q.-T., Liu, Y., Xu, J., 2009.
Glutathione S-transferase in the white shrimp Litopenaeus vannamei: Characterization
and regulation under pH stress. Comp. Biochem. Physiol. Toxicol. Pharmacol. 150,
224-230. https://doi.org/10.1016/j.cbpc.2009.04.012.


https://doi.org/10.1016/j.scitotenv.2022.160090
https://doi.org/10.1016/j.toxlet.2010.02.017
http://refhub.elsevier.com/S1382-6689(25)00149-8/sbref75
http://refhub.elsevier.com/S1382-6689(25)00149-8/sbref75
https://doi.org/10.1016/J.ENVPOL.2019.01.063
https://doi.org/10.3390/antibiotics2010115
https://doi.org/10.3390/antibiotics2010115
https://doi.org/10.1016/j.ecoenv.2020.110172
https://doi.org/10.1016/j.ecoenv.2020.110172
https://www.epa.gov/caddis/ph#lowbiological
https://www.epa.gov/caddis/ph#lowbiological
https://doi.org/10.1016/j.envadv.2022.100219
https://doi.org/10.1016/j.envadv.2022.100219
https://doi.org/10.1016/j.chemosphere.2024.141971
https://doi.org/10.1016/j.chemosphere.2024.141971
https://doi.org/10.1897/08-546.1
https://doi.org/10.1038/s41559-017-0084
http://refhub.elsevier.com/S1382-6689(25)00149-8/sbref84
http://refhub.elsevier.com/S1382-6689(25)00149-8/sbref84
https://doi.org/10.1016/j.cub.2017.12.022
https://doi.org/10.1016/j.cub.2017.12.022
http://refhub.elsevier.com/S1382-6689(25)00149-8/sbref86
http://refhub.elsevier.com/S1382-6689(25)00149-8/sbref86
http://refhub.elsevier.com/S1382-6689(25)00149-8/sbref86
https://doi.org/10.1007/s11356-016-7018-1
https://doi.org/10.3390/ijerph16091628
https://doi.org/10.1007/s10695-010-9440-5
https://doi.org/10.1016/j.scitotenv.2023.166781
https://doi.org/10.1016/j.cbpc.2009.04.012

	Dual environmental stressors: How pH modulates antibiotic toxicity in Danio rerio?
	1 Introduction
	2 Material and methods
	2.1 Study organism - Danio rerio
	2.2 Chemicals and experimental procedures
	2.3 Antibiotics quantifications
	2.4 Sacrifice, biological samples collection, and biochemical markers
	2.5 Genotoxicity: DNA damage
	2.6 Data analysis
	2.6.1 Ecotoxicological assessment
	2.6.2 IA model: SMX and TRIM potential interaction
	2.6.3 Biological health status of Danio rerio


	3 Results
	3.1 Water quality
	3.2 Biochemical markers and genotoxicity results
	3.2.1 IPCC predictions of freshwater acidification: pH 6.5
	3.2.2 Neutral conditions: pH 7.5
	3.2.3 Alkaline freshwater projections: pH 9.0

	3.3 Ecotoxicological assessment and Danio rerio biological health status

	4 Discussion
	4.1 Toxicity of sulfamethoxazole under pH variations
	4.2 Toxicity of trimethoprim under pH variations
	4.3 Toxicity of mixture under pH variations

	5 Ecotoxicity assessment and biological health status in Danio rerio: The combined effects of pH and antibiotics
	6 Conclusions and future perspectives
	CRediT authorship contribution statement
	Consent to participate
	Consent for publication
	Ethical approval
	Funding
	Declaration of Competing Interest
	Appendix A Supporting information
	Data availability
	References


