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ABSTRACT

The current study aimed to quantify the antimicrobials amoxicillin (AMX), cefazolin (CFZ), chloramphenicol (CHL), metroni-
dazole (MTZ), and sulfamethoxazole (SX) in effluents and surface water of an important Cerrado river, calculate their half-lives,
and analyze their ecotoxicity following single and combined exposures. Four sampling surveys were carried out to identify the
antimicrobials employing HPLC-MS/MS. Surface water was collected from the river's spring to the mouth, and effluent samples
were taken at a sewage treatment plant (STP). The pySiRC tool was used to predict the half-life of antimicrobials in aqueous
media under «OH-attack. Ecotoxicity was assessed using a zebrafish embryo-larval toxicity assay at environmentally relevant
concentrations of the detected antimicrobials. Just MTZ (0.1 to 45.5ngL™!) and SX (0.1 to 502.7ngL™!) were detected in this
study. The persistence of MTZ and SX in the aqueous environment was estimated at 14 to 139 days and 9 to 88 days, respectively.
The single exposure to MTZ induced cardiotoxicity and changes in the swim bladder and tail curvature. MTZ and SX induced
sensory and physiological morphometric changes compared to the control. MTZ, alone or combined with SX, affected the larvae's
behavior. Our findings contribute to the understanding of the presence, persistence, and ecotoxicity of antimicrobials in aquatic
environments.

1 | Introduction

Contaminants of emerging concern (CECs) are synthetic or
naturally occurring chemicals that pose concerns for the en-
vironment and human health. The presence and impacts of
CECs were only recently recognized; their concentrations
are increasing in environmental systems, and they are not

yet adequately regulated or monitored [1-3]. CECs cover ac-
tive pharmaceutical ingredients, including antimicrobials [4].
Estimated antimicrobial consumption in 67 countries studied
increased 16.3% from 2016 to 2023, from 29.5 to 34.3 billion
defined daily doses (DDDs). The increases were most pro-
nounced in upper-middle-income and lower-middle-income
countries. By 2030, without reductions in developing nations,
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such as investments to improve infrastructure, especially
water and sanitation, along with improved access to vaccina-
tion, global antibiotic consumption is projected to increase by
52.3%, reaching 75.1 billion DDDs [5].

Since 2010, antimicrobials have been sold with a medical pre-
scription in Brazil. However, excessive and often inappropriate
antimicrobial prescription and self-medication are still com-
mon practices in the country [6]. Data from the World Health
Organization (WHO) showed that Brazil consumed 22.75 DDD
of antimicrobials per 1000 inhabitants per day in 2016, equiva-
lent to 2225.47 metric tons, making it the country with the high-
est consumption in tons among the 65 countries analyzed [7]. In
2021, consumption increased by 26% in hospital environments
[8]. From January 2014 to July 2021, approximately 800 million
packages containing antimicrobials were sold in pharmacies
and drugstores in Brazil [9].

The contamination of aquatic environment with antimicrobi-
als can occur by (i) sewage treatment plants, since they are not
entirely removed in wastewater treatment, after improper med-
ication disposal, human excretion, or pharmaceutical manufac-
turing; (ii) untreated effluent improperly disposed of directly in
rivers; (iii) water runoff, since antimicrobials are used in live-
stock, aquaculture, and crop production to promote growth or
treat diseases [10-12]. The presence of antimicrobials in envi-
ronmental matrices has been studied worldwide, including in
the United States [13], Europe [14], and Asia [15]. However, in
Latin America, data on antimicrobials in water remain scarce
[4, 16-18]. In Brazil, antimicrobials have already been detected
in the aquatic environment in the states of Maranhio [19],
Minas Gerais [20, 21], Rio Grande do Sul [22-25], Rio de Janeiro
[26], Sdo Paulo [27, 28], and Goids [29]. These compounds have
typically been found in aquatic environments at concentrations
ranging from ngL~! to ug L~ [30].

Residues, metabolites, and degradation products of antimi-
crobials can cause environmental health risks [31], includ-
ing ecotoxic effects to fish [32, 33], microcrustaceans [34],
algae, and plants [35-37], even at low concentrations [38, 39].
Antimicrobials in aqueous environments can alter develop-
mental, cardiovascular, metabolic, antioxidant, and immu-
nological responses across various organisms [33, 40]. Most
pharmaceutical products are partially degraded in the en-
vironment, and their half-lives remain unclear [41], under-
scoring the need to predict their persistence. Computational
modeling can be a useful tool for understanding the degra-
dation kinetics of antimicrobials in the aquatic environments
[42, 43].

An important river in the Cerrado biome has been a target of
the discharge of emerging pollutants [44]. The Meia Ponte River
Basin is located in the south-central region of the Goias State,
encompassing 39 municipalities. Although it concentrates only
4.2% of the State's territory, approximately 40% of Goids' popu-
lation lives on the Meia Ponte river's bank, including Goidnia
(the State's capital) and several important municipalities, indus-
trial and agro-industrial hubs (around 3356708 inhabitants).
As a result, 82% of Goids municipalities discharge their sewage
and wastewater into the Meia Ponte River, thereby increas-
ing the risk of antimicrobial presence [45, 46]. The problem is

exacerbated because the same river that collects treated sewage
is also used for various anthropogenic activities, including pub-
lic water supply, industrial use, irrigation, fishing, leisure, and
tourism [46].

The presence of antimicrobials, namely sulfamethoxazole (SX;
>1ng/L), metronidazole (MTZ; <0.5ng/L), and chlorampheni-
col (CHL; < 5ng/L), has been reported in another Cerrado river
[29]. Nevertheless, the ecotoxicity of antibiotics at environmen-
tally relevant concentrations on aquatic organisms is poorly
understood. Thus, the present study aimed to quantify five
antimicrobials, namely amoxicillin (AMX), cefazolin (CFZ),
CHL, MTZ, and SX, in effluents and surface water of the Meia
Ponte River in the Brazilian Midwest, calculate their half-lives
under «OH-attack, and analyze their ecotoxicity on developing
zebrafish after single and combined exposure. Therefore, the
hypothesis that the antimicrobials are dispersed and persistent
in the Meia Ponte River and that the environmentally relevant
concentrations of the antimicrobials are toxic for zebrafish was
assessed.

2 | Material and Methods
2.1 | Study Area and Sampling

Sewage and surface water samples were collected at a sewage
treatment plant in Goidnia (STP Dr. Hélio Seixo de Britto) and
along the Meia Ponte River in Goids State, Brazil, totalizing
303.7km (Figure 1). Eight collection points were defined from
the spring (P1) to the river's mouth (P8), with sewage samples
defined as P4 and P5 (Figure 1 and Table S1). Four collections
were carried out in 2022 during the two well-defined seasons
in the Brazilian Midwest, namely the rainy and dry seasons, in
the following months: February (rainy), May (dry), August (dry),
and November (rainy). The methodology of Fagundes et al. [47]
and Bolivar-Subirats et al. [48] was applied for sample collec-
tion and storage. Two liters of surface water and effluents were
collected using a stainless-steel bucket with a capacity of 5L,
attached to a rope approximately eight meters long, at a depth
of about 25 to 45cm. The samples were stored in sterile amber
glass bottles and transported under refrigerated conditions
at 4°C. The map was created and analyzed in QGIS (version
3.34.3), an open-source geoprocessing software, which included
the political and ecosystem limits provided by the Brazilian
Institute of Geography and Statistics IBGE) and the Goids State
Geoinformation System (SIEG).

2.2 | Quantification of Antimicrobials

The sample preparation for HPLC-MS/MS was conducted ac-
cording to Dos Santos et al. [29] with some modifications. Briefly,
samples were filtered through 0.45um Nitrocellulose membrane
filters with 47mm diameter (GVS North America, Stanford,
USA). Approximately 150mL of each sample was stored at
—80°C for a maximum of 24h after collection to maintain sta-
bility, and then the material was lyophilized. The powder res-
idue was resuspended in methanol three times, each time with
0.5mL added with homogenization, totaling 1.5mL. This sus-
pension was transferred to a clean microtube and vacuum-dried
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in the SpeedVac. After drying, the sample was resuspended in
100 L of mobile phase, followed by vortexing for 5min. It was
then centrifuged at 18800 X% g for 10 min at 8°C. Finally, 60 uL of
the supernatant was transferred to the insert and injected into
the chromatographic system.

The antimicrobials to be identified were selected based on a
fast-screening procedure proposed by [49]. The analyses were
performed on an ExionLCTM HPLC system (Sciex) coupled
to the triple quadrupole mass spectrometer (MS/MS) QTRAP
4500 (Sciex). Chromatographic separation was performed using
a Kinetex C8 reversed-phase column (150 X4.6mm, 5um par-
ticle size) equipped with a Phenomenex pre-column (4 X 3 mm)
in a column oven at 35°C. The mobile phase used was a mix-
ture of 10mM ammonium formate with 0.2% formic acid:meth-
anol:acetonitrile (80:15:5, v/v/v), at a flow rate of 0.8 mLmin,
with a total chromatographic run time of 20 min and an injec-
tion volume of 20 uL.

An electrospray ionization (ESI) source was used. The ions
were monitored in positive and negative ionization modes
depending on the analyte. Two transitions were selected for
each antimicrobial, one for quantification and the other for
confirmation. Data acquisition parameters, such as ion-pair
monitoring, declustering potential (DP), collision energy (CE),
entry potential (EP), and collision cell exit potential (CXP),
were optimized for each antimicrobial, as presented in the
Table S2.

Linearity was determined through calibration curves constructed
from chromatographic peak areas versus standard concentra-
tions, with adequate precision, accuracy, and excellent correlation
coefficients (r>0.99) for all target antimicrobials, as depicted in
Tables S3 and S4. Selectivity was assessed by analyzing a blank
sample without antibiotics. There was no interference at the reten-
tion times of the target antibiotics (Figure S1). In addition, limits of
detection (LOD) and quantification (LOQ) were calculated using
the standard deviation and slope of the curve obtained during the
linearity test, as outlined in Equations (1 and 2).

LOD =3.36/S @
LOQ=106/S @)

where o is the standard deviation of intercept and S is the slope
average of the curve.

2.3 | Molecular and Kinetic Modeling of Studied
Antimicrobials

The electronic structure properties of the antimicrobi-
als were calculated at the M062X/6-31G+(d) level with the
solvation model density (SMD). The local minimum sta-
tionary points were characterized by analytical harmonic
frequency calculations. To evaluate the main sites of reac-
tivity, the Fukui functions (f) of nucleophilic, electrophilic,

and oxidative attack were calculated according to the equa-
i ~ HOMO _ 2 - .~ ,LUMO _ 2

tions  fl®oNgo = ZilCilomorfaso # Pamo = ZilCil oo
and £, ~ (fizo+fuso ) /2 Tespectively. The Multiwfn pack-
age program [50] was used to study the topological and Fukui

functions, where the contributions of the atomic orbitals of the
frontier molecular orbital are weighted by the ¢; coefficients of
HOMO and LUMO orbitals. Quantum chemical calculations
were carried out by Gaussian 16 package [51].

Reactivity indices allow for the direction of the calcula-
tion of the degradation mechanism of organic compounds.
However, the computational cost involved is still Herculean
for obtaining the kinetic parameters of this process [52]. To
accelerate the process of obtaining these parameters, artifi-
cial intelligence procedures have become important allies:
the persistence and potential environmental impact of anti-
microbials can be approaching estimated computing the half-
life from pySiRC machine-learning platform with the formula
tij2 =12/ (ke X [« OH]), where the Kkinetics parameters
ka1 TEpPresents the total reaction rate constant and [OH] de-
notes the concentration of hydroxyl radicals in aqueous media.
The half-life of the reaction was examined at a temperature
of 298.15K, with [ « OH] ranging from 107! to 10~ mol L,
a range that typically corresponds to the values observed in
surface waters [53, 54]. The hydroxyl radical—an archetypal
system of degradation reactions—was selected to mimic the
oxidation effect promoted by the oxygenation process in an
aqueous environment.

2.4 | Ecotoxicity Assessment
2.4.1 | Zebrafish Embryo-Larval Toxicity Test (ZELT)

Adult Danio rerio (zebrafish) reproduction was induced at
a 1:1 male-to-female ratio using an AB strain and placed in
three separate spawning tanks to obtain the embryos. Five
treatments were used for the zebrafish embryo exposure: met-
ronidazole (MTZ, 15ngL!), sulfamethoxazole (SX, 15ng L),
metronidazole + sulfamethoxazole (MIX, 15ngL~! each), neg-
ative control (NC, reconstituted water), and positive control
(PC, 4.0ngL~! 3,4-dichloroaniline) (Figure 2). The antimicro-
bial concentrations were defined based on the quantification
data obtained from this study with that collected at the Meia
Ponte River (P6, Table 1). The embryos were transferred to
Petri dishes with reconstituted water [55] and assessed for
viability within 4h post-fertilization (hpf) using a stereomi-
croscope. Viable embryos were selected and distributed into
microplates for each treatment. The tests were conducted in
triplicate for 144 h, with 30 embryos per condition. They were
incubated in a controlled environment (BOD incubator), with
constant temperature (26°C £0.5°C), pH (7.2), and photope-
riod (14:10h light/dark cycles). The test was validated when
the fertilization and survival rates of the negative control ex-
ceeded 90%.

During the exposure period (144h), mortality rate, hatching
rate, and morphological changes were monitored daily using
an Axiolab microscope (Zeiss) coupled to an Axiocam 105
color camera and Software ZEN 2.6 blue edition (Figure 2).
Spontaneous contractions per minute were recorded after 24h
post-exposure (hpe) to identify neurotoxicity, while heartbeats
per minute were analyzed after 48 hpe to assess cardiotoxicity.
The experiment followed the OECD 236 guidelines [56] and was
performed as described by Pereira et al. [57].
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FIGURE 2 | Illustrative scheme of the experimental design of the zebrafish embryo-larval toxicity test (ZELT). The zebrafish embryos were ex-

posed to environmentally relevant concentrations (15ng L=!) of metronidazole and sulfamethoxazole, isolated or in a mixture, and multiple biomark-

er responses were analyzed along 144 h post-exposure (hpe). NC, negative control; PC, positive control; MTZ, metronidazole; SX, sulfamethoxazole;
MIX, metronidazole and sulfamethoxazole; AB/F3, Indicates that the zebrafish belong to the AB lineage and are in the third generation of laboratory

breeding.

2.4.2 | Behavioral Analysis

At the end of the exposure period (144 hpe), zebrafish larvae
were placed in a 12-well microplate with 4mL of reconstituted
water to be analyzed for 60s using a chamber system, as previ-
ously reported by Santos et al. [58]. The environment was care-
fully controlled to ensure reliable results, including maintaining
silence, a stable temperature, and optimal lighting. The analy-
sis and capture chamber has high resolution and is positioned
inside a box to assist with capturing images. The illumination
was manually controlled to ensure a shadow- and reflection-free
image, preventing interference with the analysis. The larvae
were filmed for 60s using the MatLab software. The behavior of
all surviving larvae of the experiment was filmed, and data from
15 larvae were used in the analyses. Data extraction was carried
out using the information generated by MatLab, including total
distance traveled (mmy/s), time spent in the periphery (mm/s),
average speed (mm/s), and maximum speed (mm/s).

2.4.3 | Morphometric Analysis

After the behavior test, the larvae were euthanized by hypo-
thermia, fixed by immersion in 4% paraformaldehyde, washed
with 0.2M phosphate-buffered saline (PBS) solution at pH
7.2 for 4h, and stored in 70% ethanol at 4°C for morphomet-
ric analyses. Subsequently, the larvae were photographed
using a Stemi 508 photomicroscope coupled with an image
capture system (ZEISS—Axiocam 105 color) and ZEN 2.6
software. The photographs were taken in dorsal and lateral

views. Morphometric analyses were conducted with five lar-
vae per replicate (n=15 per experimental group). The larvae
were measured using ImagelJ software (Figure S2). Individual
measurements for each larva were normalized to their total
length (from the head tip to the final portion of the noto-
chord). Additionally, morphometric alterations were classi-
fied and analyzed according to three categories: (i) sensory
measurements—eye area, minimum interocular distance,
and maximum interocular distance; (ii) physiological mea-
surements—swim bladder area and yolk sac/liver area; and
(iii) skeletal/muscular measurements—mouth-to-anus dis-
tance, head length, head width, head height, and total length
(Figure S2) [59].

2.5 | Statistical Analysis

Initially, the data were submitted to the Shapiro-Wilk and
Levene tests to verify normality and homoscedasticity, respec-
tively. When violating the normality assumption, Kruskal-
Wallis was performed with Dunn's post-test. ANOVA was
performed with Tukey's post-test for survival and hatch-
ing parameters, then compared using the Log Rank test.
Descriptive analysis and the Kruskal-Wallis test with Dwass—
Steel-Critchlow-Fligner multiple comparisons were used to
evaluate the behavior analysis results. Results were consid-
ered significant when p <0.05. Graphs were obtained using
GraphPad Prism software, while statistical analyses were per-
formed using RStudio software (version 3.5.2) and PCA with
significant variables.
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3 | Results
3.1 | Antimicrobial Detection

Two (MTZ and SX) of the five evaluated antimicrobials were
detected in the STP and along the Meia Ponte River sur-
face water (Table 1). MTZ and SX were detected at all collec-
tion points, with values ranging from 0.1 to 45.5ngL~! and
0.1 to 502.7ngL7L, respectively. Their highest values were
found at P4 (MTZ: 45.5ngL"!; SX: 502.7ngL™!) and P5 (MTZ:
43.9ngL~1; SX: 316.8ngL~1) at STP Dr. Hélio Seixo de Britto.
Quantification of antimicrobials in P4 and P5 was similar, and
in P6 (MTZ: 14.5ngL~1; SX: 36.3ngL~!) was higher than in P3
(MTZ: 0.3ngL71; SX: 0.7ng L"), indicating that the removal of
antimicrobials in primary treatment is inefficient, and they are
dumped into the water bodies of the Meia Ponte River. However,
the values detected in P8 are low, suggesting a dilutional effect.

3.2 | Molecular and Kinetic Modeling of Studied
Antimicrobials

To assess the degradation process of the antimicrobials under study,
Fukui indices were computed. These functions are pivotal in eluci-
dating the reactivity within chemical systems subjected to radical
attacks. According to Fukui's formulation, higher values of fy, pa-
rameter are indicative of an increased likelihood of radical attacks.
Figure 3 shows significant values of 2, indices for the selected

NBO
atoms across the five antimicrobials investigated in this study.

The f3,, values for the atoms S1, C22, C23, C24, and C21 in the
AMX molecule, 02, 03, C11, N6, and C9 in the MTZ molecule,
S2, 06, C23, C20, and C19 in the CFZ molecule, C13, N7, C14,
C10, and C9 in the SX molecule, and O7, 06, C18, C14, and N9
in the CHL molecule are presented (Figure 3). These results sug-
gest that regions with high aromaticity (benzene, carbonyl, and
alkenes) and electronegativity (O, N, and S atoms) are the most
susceptible to radical attacks, thereby indicating potential sites
of reactivity within the molecular structure of the antimicrobi-
als under investigation.

PySIRC, a machine learning computational platform, simulated the
half-life times for - « OH-mediated oxidation. This calculation just
provides an indicative of environmental persistence under assumed
+OH exposure scenarios, thus guiding the accuracy of its quantifi-
cation. Table 2 presents the half-life values for all the antimicrobials
investigated in this study, ranging from 7 to 140days. For the anti-
microbials MTZ and SX, the observed half-life values ranged from
14 to 139days and from 9 to 88days, respectively (Table 2).

3.3 | Ecotoxicity Assessment Using Developing
Zebrafish

No significant differences in the survival, hatching rate, and spon-
taneous contraction were found in the exposed groups (MTZ, SX,
and MIX) when compared to the NC (p>0.05; Figure 4A-C).
However, zebrafish embryos exposed to single MTZ showed an
increased heart rate compared with NC (p <0.0001; Figure 4D),
whereas a mixture of MTZ and SX attenuated the cardiotoxic ef-
fect compared with MTZ alone (p <0.0001). For the PC group, all
embryos died within 24 hpe; therefore, these data are not shown in
the graphs presented in this section.

3.4 | Morphological Changes

Larvae treated with environmentally relevant concentrations of
MTZ presented significant morphological alterations, such as
the uninflated swim bladder and deformities in the curvature of
the tail, compared to the NC (Figure 5A). These alterations were
more pronounced with increasing exposure time to the antimi-
crobial. The first changes were observed after 72 hpe, intensify-
ing up to 144 hpe (Figure 5B).

3.5 | Morphometric Parameters
Zebrafish larvae exposed to environmentally relevant concen-

trations of the antimicrobials MTZ or SX for 144h presented
morphometric changes compared to NC, mainly sensory and

TABLE1 | Quantification (ngL™') of Metronidazole (MTZ) and Sulfamethoxazole (SX) using HPLC system (Sciex) coupled to the triple quadrupole
mass spectrometer (MS/MS) from the collection points of surface water and effluents of the Meia Ponte River collected in 2022, in Goias State,

Brazilian Midwest.

February (rainy) May (dry) August (dry) November (rainy)
Collection points MTZ SX MTZ SX MTZ SX MTZ SX
P1 nd nd nd 0.2 nd nd 0.2 nd
p2 0.1 0.2 nd 0.2 0.1 0.2 0.3 0.2
P3 nd 0.2 0.1 0.7 nd 0.2 0.3 0.1
P4 45.5 156.0 18.2 177.0 43.0 502.7 32.5 300.2
P5 439 140.9 31.9 142.4 34.4 316.8 20.8 151.9
P6 12.7 23.5 10.9 8.6 14.5 14.7 11.5 36.3
p7 4.6 2.9 3.7 6.2 5.5 2.2 1.3 4.5
P8 1.0 5.9 nd 0.4 nd 0.1 0.4 nd

Abbreviation: nd, not detected.

Environmental Toxicology, 2026

351801 SUOWILLIOD) SAIIER.D) 3]0 ddke 8L A PUeA0B 312 31 O 188N JO S3|NJ 10j Azl 2UIIUO AB]IM UO (SUO 1IPUOD-PUE-SULBIWIOD"AB| 1M ARG UIIUO//'ScL) SUONIPLIOD PUE SWLS 13U 385 *[9202/90/9T] U AReiqi auliuo A|im ‘saded Ag 00TOL X0)Z00T OT/I0Pp/LI0Y A3 1M ARe.q1pul uo//SdIY WOJ) PBPeOjUMOQ ‘0 ‘8/2.22ST



0.30 0.30 0.30
o B C
|
0.25 1 0.25 1 AN A 0.251 AN
HO o 8 \“?\ \«‘ Ny
3 \ / N Ay
Ya — \ f —_ /
< 0.20 1 o <€ 0.20 s/ = < 0.20 1 ‘ \
5 5 s § " . P
@ ° HO o ] ¢ W
E 0.15 4 E 0.15 E 0.15 1 e
o < o \
o a a %
S 0.10 4 S 0.10 4 S 0.10 4 Aty
fre fr e
0.05 A 0.05 4 0.05 4
0.00 - 0.
S(1) C(22) C(23) C(24) C(21) 0(2) 0(3) C(11) N(6) C(9) S(2) 0(6) C(23) C(20) C(19)
Atoms in Amoxicillin molecule Atoms in Metronidazole molecule Atoms in Cefazolin molecule
0.30 0.30
D ‘ : E
~ O‘
0.25 - " o 0.25 1 A P,
N ; s T L
u,/ - & 3 ‘
- (. \ = . . |
<0.20 [l & 1\ \ £ 0.20 1 HO_ /‘J\ /K/) -
O 1 p & - 4 b 4
3 N, ¢ ‘ N 3 i T
9 0 = v OH
E 0.15 1 E 0.15 '
o o
a o
2 )
> 0.101 > 0.10 1
'S .
0.05 4 0.05
0.00 - 00 -
C(13) N(7) C(14) C(10) Cc(9) o(7) o(6) C(18) C(14) N(9)

Atoms in Sulfamethoxazole molecule

Atoms in Chloramphenicol molecule
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TABLE 2 | Half-life time under ‘OH oxidation predicted, in days,
mimicking the degradation of antimicrobials amoxicillin (AMX),
cefazolin (CFZ), chloramphenicol (CHL), metronidazole (MTZ), and
sulfamethoxazole (SX) relative to the concentration of the OH radical at
a temperature of 298.15K, with[OH] ranging from 1076 to 10~mol L1

3.6 | Behavior Test

The exposure of zebrafish larvae to antimicrobials showed no sig-
nificant difference for average speed (Figure 6A), maximum speed
(Figure 6B), and the total distance moved (Figure 6C). On the
other hand, the exposure of zebrafish larvae to MTZ, both alone

Halflife (days) or in a mixture with SX, reduced the time spent in the periphery in
log([OH]) AMX CFZ CHL MTZ SX comparison with the negative control group (p <0.05; Figure 6D).
-17.0 107 68 140 139 88
-16.5 34 21 44 44 28 4 | Discussion
-16.0 11 7 14 14 9

physiological alterations (Table 3). Larvae exposed to single
MTZ or SX showed increased maximum interocular distance
compared to those from the NC. Furthermore, larvae exposed
to single SX showed an increase in the swim bladder area com-
pared to NC, indicating a possible morphological alteration.
Larvae exposed to SX showed an increased minimum intero-
cular distance compared to those treated with MIX. Similarly,
larvae exposed to MTZ or SX showed an increase in head width
compared to those exposed to MIX (p <0.05; Table 3), indicating
that the mixture MTZ + SX can induce differential morphomet-
ric changes in zebrafish larvae in comparison with isolated ex-
posure to MTZ or SX.

The widespread use of antimicrobials has led to their increas-
ing release and presence in freshwater ecosystems, posing risks
to the Cerrado biome, the most diverse tropical savanna in
the world. This study detected MTZ and SX at a Cerrado river
spring, as recently observed in a low-order stream spring in
the Brazilian Midwest [29]. This situation is concerning since
springs are a pivotally important conservation target [60]. The
highest values of MTZ and SX were observed in the STP (P4
and P5), with similar values in rainy or dry seasons. The pri-
mary treatment (P4) could not remove the antimicrobials (P5)
that are dumped into the river (P6), indicating that urbaniza-
tion contributes to the presence of the antimicrobials in the
Meia Ponte River. These antimicrobials could be reintroduced
into the population through the public water supply, as this river
supplies water to 50% of Goidnia's population [46]. Moreover, the
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presence of antimicrobials in natural environments is a major The antimicrobial MTZ, detected in the STP and along the
driver of antimicrobial resistance [61]. Another concern is the Meia Ponte River surface water (0.1-45.5ngL™"), belongs to
ecotoxicological risk of antimicrobials in surface water, which the nitroimidazole group, widely used in human and veteri-
was investigated in this work. nary medicine to treat anaerobic bacteria and protozoa [62].

8 Environmental Toxicology, 2026

85U9017 SUOLLLLIOD A1 9|qedt|dde sy} Aq pausenof a1e S ILe VO 8N JO S3|NJ 104 Akl aUIUO AB]1 UO (SUOIIPUOD-PU-SLLLR}/L0D AS | 1M Ae.q 1o [UO//:S1L) SUORIPUOD PUe SLd | U1 835 *[9202/90/9T] uo Ariqiauliuo A|Im ‘soded Aq 00TOL X0H200T OT/I0p/wod Ao |im Ateiq1fpuluo//Sdny oy papeoiumod ‘0 ‘8.2.225T



TABLE 3 | Morphometric parameters of zebrafish larvae from the negative control group (NC) and after exposure to environmentally relevant

concentrations of the antimicrobials metronidazole (MTZ) and sulfamethoxazole (SX), alone or in a mixture (MIX) for 144 h post-exposure.

Ratings Morphological changes NC MTZ SX MIX
Sensory Eye area 0.095+0.564a 1.359+0.252a 1.424+0.099a 1.266+0.232a
measurements Minimum interocular 0.009+0.007a  0.008+0.00la  0.026+0.005a,b  0.006+0.001a,c
distance
Maximum interocular 0.015+0.007a  0.028+0.005b 0.026+0.004b  0.022+0.002a,b
distance
Physiological Vitelline sac/liver area 3.253+1.124a 4.381+1.011a 4.324+0.401a 4.340+0.811a
measurements Swimming bladderarea ~ 0.791+0.80la  1.312+0.288ab  1778+0.242b  1.472+0.811ab
Skeletal/muscle Head height 0.018 £0.002a 0.021+0.003a 0.021+0.001a 0.020£0.001a
measurements Head width 0.017+£0.007a  0.024+0.002a,b  0.024+0.002a,b  0.021+0.002a,c
Head length 0.074+0.100a  0.032+0.006a 0.032+0.006a 0.032+0.001a

Distance from
mouth to anus

Total length

0.087+£0.009a

0.146 +0.015a

0.100+0.013a

0.168 +0.024a

0.100+0.013a

0.168 £0.024a

0.095+0.001a

0.162+0.008a

Note: The results are expressed as mean +standard deviation. Statistical differences are indicated by different letters (p <0.05).

Although MTZ was recently detected in a low-order stream
spring (< 0.5ngL™!) in Brazil [29], this study is the pioneer in
detecting MTZ in an important Brazilian river (~15ngL™).
The highest concentration of MTZ found in a river was in
Bangladesh (~40000ng L) [4].

MTZ is poorly soluble in water but is hydrolytic and photo-
stable [63]. It is considered recalcitrant to biodegradation [64],
accumulating in the aquatic environment [65]. In this study, the
predicted MTZ half-life in an aquatic environment under ' « OH
oxidation was 14 to 139days. This range aligns with values re-
ported in the literature, which range from 14 to 227days [66].
This high stability enabled detection of MTZ along the Meia
Ponte River. Also, it made it listed as one of the seven pharma-
ceutical pollutants with the highest concentrations detected in
the world's rivers, along with SX (also detected in this study),
paracetamol, caffeine, metformin, fexofenadine, and gabapen-
tin [4].

The impact of the MTZ on aquatic organisms is poorly known,
but it was detected in fish (rainbow trout) muscle tissue
(1.5ngg™) collected in a northern Polish River [62]. Although
the exposure of zebrafish embryos to environmentally relevant
concentrations of MTZ and SX, either alone or in a mixture, did
not induce changes in the survival, hatching rate, and sponta-
neous contraction, this study showed that the single exposure
to MTZ promoted cardiotoxic effects (increased heart rate) on
zebrafish embryos. This cardiotoxicity may be associated with
increased reactive oxygen species (ROS), which can cause oxi-
dative damage in cardiac tissue, as demonstrated in albino mice
[67]. MTZ metabolites promote DNA fragmentation properties,
as the original nitroimidazole ring is retained [68]. Moreover,
substantial evidence indicates a hormetic response in the heart
rates of fish embryos to contaminants, particularly antibiotics,
microplastics, and herbicides. Low doses of these contaminants
often promote tachycardia, while high doses induce bradycar-
dia [69].

Regarding morphological changes, this study demonstrated
that MTZ impaired swim bladder inflation and promoted tail
curvature, which may affect the overall development, behav-
ior, and survival of zebrafish larvae. MTZ can cause effects on
the thyroid, increasing hypothyroidism [70, 71]. Thyroid dam-
age has been involved with swim bladder inflation impair-
ment in zebrafish [72-74]. The lack of swim bladder inflation
can result in adverse changes in swimming behavior, as its
buoyancy and stability will be impaired. Thus, this morpho-
logical change can cause irreversible damage, affecting the
larvae's ability to swim in their habitat, search for food, and
avoid predators [75, 76]. Likewise, the tail is a vital structure
for fish, particularly in locomotion and efficient behavioral
responses to their environment. Changes in tail curvature
interfere with environmental exploration, predator escape,
and other vital activities [75]. These findings align with other
studies indicating that antimicrobials can impair the normal
development of vital organs in fish [77, 78]. Furthermore, the
increase in morphological changes with prolonged exposure
highlights the risks associated with environmental contami-
nation by MTZ, which was predicted to persist between 14 to
139days in water. This persistence may lead to increasingly
severe and frequent abnormalities in zebrafish development.
As a result, these deformities can lead to exclusion and re-
duced reproductive success in adults, as well as hinder repro-
duction and long-term adaptation [78, 79].

SX, also detected in this study, is a sulfonamide antimicrobial
used to treat bacterial infections, including urinary tract in-
fections, bronchitis, and prostatitis, in humans, and is active
against both Gram-negative and Gram-positive bacteria. It is
also used in livestock and in the aquaculture industry to cure
bacterial infections [80]. SX was detected in the Meia Ponte River
and presented higher values in sewage (P4 and P5), exceeding
500ngL~!. In Brazil, SX was quantified in effluents and rivers
of Maranhdo (22-120ngL™") [19]; Sdo Paulo (0.78-106ngL™")
[27, 81]; Rio Grande do Sul (<300ngL™) [22, 23, 25]; Parana,

Environmental Toxicology, 2026

85U9017 SUOLLLLIOD A1 9|qedt|dde sy} Aq pausenof a1e S ILe VO 8N JO S3|NJ 104 Akl aUIUO AB]1 UO (SUOIIPUOD-PU-SLLLR}/L0D AS | 1M Ae.q 1o [UO//:S1L) SUORIPUOD PUe SLd | U1 835 *[9202/90/9T] uo Ariqiauliuo A|Im ‘soded Aq 00TOL X0H200T OT/I0p/wod Ao |im Ateiq1fpuluo//Sdny oy papeoiumod ‘0 ‘8.2.225T



>

0.8
a
= 0.6
g
<
2 0.4- a
&
2 0.2_ AlA
0.0+——"
NC MTZ SX MIX
Groups
40 a
5 30-
§ a a
2 20-
= a
£ 10~
=
0O— 7
NC MTZ SX MIX
Groups

oe

4_
o a
§ 31
=
3
& 2
g
g
= 1 a a a
% 1
=
0O— ' r
NC MTZ SX MIX
Groups
D
100 a
@ 80
© a b
£ 60
=
5 40+
B
5
L 207
0— .........................................
I | [ I
NC MTZ SX MIX
Groups
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(<1.80ngL") [82]; Rio de Janeiro (< 2420ng L) [26]; and Goias
(>1ngL™) [29]. The SX quantification in the Meia Ponte River
is among the highest reported for Brazilian rivers (~36 ngL™).
Globally, SX was highly detected in a Congo river at concentra-
tions of ~17000ng L' [4].

In this study, the predicted SX half-life in an aquatic environ-
ment under "« OH attack was 9 to 88days. These values are
similar to those reported in a previous study, which deter-
mined the SX half-life to be 51.7 days in water [83]. These data
confirmed that SX can be classified as a persistent pollutant
[84]. This persistence could be toxic to aquatic organisms. In
this work, morphometric parameters of zebrafish larvae, such
as maximal interocular distance and swim bladder area, in-
creased in the presence of environmentally relevant concen-
trations of SX, indicating embryo-larval toxicity. Irregular
cranial and ocular development can affect fish's visual and
behavioral capacities, especially in foraging spaces, making
it difficult for them to escape from predators [85-87]. SX at
higher concentrations (150 or 200 ug/L) impacted even more
the zebrafish development, decreasing the hatching rate and

causing neurotoxicity, oxidative stress, and morphological ab-
normalities [40, 88—89]. SX also inhibited acetylcholinesterase
(AChE) activity in the brain (> 200 ug/L), decreased zebrafish
spontaneous swimming (>1ug/L), and increased the heart
rate (>10ug/L) [90].

Notably, the ecological risks to organisms exposed to complex
pollutant mixtures in aquatic systems may be greater than those
predicted for a single pollutant due to toxicological interactions
among pollutants [4]. In this sense, the mixture of antibiotics
MTZ and SX was investigated in this study (MIX group). It was
observed that the MIX attenuated the cardiotoxic effect of iso-
lated MTZ, indicating an interaction between these two antimi-
crobials. Moreover, the MIX induced differential morphometric
changes in zebrafish larvae compared to isolated exposure to
MTZ or SX. The potential interactions between MTZ and SX
warrant further investigation.

Regarding behavioral aspects, the results showed that MTZ alone
or in combination with SX (MIX) reduced time spent in the periph-
ery, which is a risk for larvae because they are more susceptible
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to predation [91]. These results are consistent with the literature,
which indicates that MTZ alters nervous system function [92-94],
potentially influencing motor behavior and spatial perception in
organisms. The mechanisms of metronidazole's neurotoxicity are
unknown. However, the suggested mechanisms include oxidative
stress to nerve tissue [95, 96], modulation of gamma-aminobutyric
acid (GABA) in the cerebellum [97], or inhibition of neuronal pro-
tein synthesis [98]. No significant results were observed in other
behavioral parameters, such as average speed, maximum speed,
and total distance traveled, suggesting that the adverse effects ob-
served are not related to a general decrease in activity or the lar-
vae's inability to move, but rather to a specific change in locomotor
behavior. Finally, these results support the hypothesis that MTZ
alone and in combination with SX can induce behavioral changes
in zebrafish larvae. Early-life behavioral alterations may compro-
mise survival, growth, or later developmental stages of zebraf-
ish [99].

The quantification of SX and MTZ, but not AMX, CFZ, or
CHL, in surface water samples can be explained by the insta-
bility of certain functional groups and the formation of highly
polar transformation products that are not detectable by typi-
cal monitoring methods. In particular, 5-lactams such as AMX
undergo fast hydrolysis g-lactam ring opening in water, yield-
ing penicilloic-acid derivatives that can further evolve into
numerous secondary products, which plausibly decreases the
measurable parent even when oxidative persistence is inferred
from simplified scenarios [100]. In parallel, CHL exhibits pro-
nounced photochemical reactivity, where UV-driven pathways
generate para-nitrobenzaldehyde and subsequent oxidized acids
(p-nitrobenzoic and p-nitrosobenzoic acids), consistent with
relatively rapid depletion of the parent under irradiation and
reactive-oxygen conditions [101]. By contrast, although SX is re-
active, its transformation under oxidative/photochemical stress
frequently proceeds through aromatic hydroxylation, amino-
group oxidation, and S—N bond cleavage, generating identifiable
intermediates while still allowing some residual parent to per-
sist long enough for detection, depending on exposure time and
oxidant regime [102, 103]. MTZ under «OH-mediated oxidation
can transform via radical adduct formation at the nitroimidaz-
ole ring and oxidation of the hydroxyethyl side chain toward car-
bonylated/carboxylated products, yet direct photodegradation of
nitroimidazoles can exhibit low quantum yields, supporting a
scenario in which MTZ may remain detectable in the field de-
spite ongoing transformation [104-106].

Finally, because large-scale river monitoring indicates that
pharmaceutical detection patterns are strongly modulated by
local emissions, hydrology, and analytical coverage [4], the
present interpretation should be viewed as chemically plausible
but not definitive, and it motivates future work explicitly track-
ing key transformation products and degradation kinetics to
discriminate true absence from rapid conversion as dominant
explanation.

5 | Conclusion
As observed globally, the Meia Ponte River in the Cerrado

biome has also been affected by antimicrobial discharge. MTZ
and SX, two of the five antimicrobials (AMX, MTZ, CFZ, SX,

and CHL) evaluated here, were detected in the STP (even after
the primary treatment) and in samples along the Meia Ponte
River, including the spring. This study is a pioneer in detecting
MTZ in an important Brazilian river, and the SX quantification
is one of the highest in Brazil. Molecular and kinetic modeling
indicated sites of oxidative reactivity and predicted the half-
life values under ' « OH oxidation for the antimicrobials inves-
tigated here, ranging from 7 to 140days. The persistence of
antimicrobials underscores the importance of monitoring their
presence in aquatic environments and sediments. The results
of this study provide strong evidence that environmentally
relevant concentrations of the antimicrobials SX and MTZ,
alone or in combination, induce significant changes in zebraf-
ish embryos and larvae that could interfere with survival and
behavior, potentially with ecological implications. Given the
predicted persistence of MTZ and SX under «OH-mediated ox-
idation, longer-term exposures may be environmentally rele-
vant and should be addressed in future studies using chronic
and multigenerational endpoints.
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