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Abstract

Antifungal drugs such as ketoconazole (KTZ) are increasingly detected in aquatic environments, raising concerns about
their potential ecotoxicological effects on non-target organisms. In this study, we evaluated the physiological, biochemical,
and morphological responses of the freshwater microalga Raphidocelis subcapitata exposed to environmentally relevant
concentrations of KTZ. Initially, based on chronic exposure analyses, toxicity was observed at concentrations>1.9 pg/L,
and the ICy, value was 7.2 pg/L after 120 h of exposure. Subsequently, assays using sub-inhibitory concentrations (2.8
and 5.6 pg L) were conducted for 96 h and 192 h to evaluate selected endpoints, including changes in growth rate,
photosynthetic pigments, cell morphology, lipid production, and oxidative stress, with exposure duration influencing these
responses. These findings revealed a dual nature of KTZ toxicity: while low concentrations may stimulate photosynthetic
activity, higher levels trigger oxidative stress. In addition, exposure time also influenced the effects observed in R. sub-
capitata. Our results underscore the importance of multivariate approaches in ecotoxicology and contribute to a deeper
understanding of the environmental risks associated with pharmaceutical contaminants in freshwater ecosystems.
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Introduction
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ccaprado@unifesp.br; caioachiles@gmail.com The largest class of synthetic antifungal agents, the azole

compounds, has been detected in aquatic environments
worldwide. Over recent decades, there has been a notice-
able rise in the use and demand for these molecules, with
the United States alone producing an average of around
300,000 tons per year (Bhagat et al. 2021). Recent studies
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have provided comprehensive summaries on the prevalence
and environmental fate of azole compounds in aquatic eco-
systems, as well as their potential ecological risks to biota
(Assress et al. 2020; Wronski et al. 2024; Tancu et al. 2024).
An example of an azole contaminant is ketoconazole (KTZ),
which is an imidazole antifungal with broad spectrum and
systemic action, launched in 1981 by the Belgian com-
pany Janssen Pharmaceuticals (Shafiei et al. 2020). This
drug exerts its antifungal activity by inhibiting lanosterol
14a-demethylase, thereby disrupting ergosterol biosynthe-
sis and directly compromising fungal cell membrane integ-
rity, viability, and growth (Sadozai et al. 2020).
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KTZ has been detected across various aquatic environ-
mental matrices. In sewage treatment plants (STPs), azole
compound concentrations have been reported to range from
6.7 ng/L to 1.1 pg/L in effluent (Assress et al. 2020; Maraqa
et al. 2020; Wattanayon et al. 2023),, and 0.37 pg/L to
143 pg/L in influent samples (Maraqa et al. 2020; Skalska-
Tuomi et al. 2025). Additionally, KTZ has been identified in
multiple environmental compartments, with concentrations
in surface water ranging from 0.6 ng/L to 1.3 pg/L(Bhagat et
al. 2021; Dehm et al. 2021; Wronski et al. 2024) and in sedi-
ment from 5 ng/g to 5.2 ng/g (Peng et al. 2012; Chaves et al.
2020; Bhagat et al. 2021; Wronski et al. 2024). In the study
byStyszko et al. (2025), even after primary and secondary
treatments, the residual concentration of KTZ in stabilized
sludge samples exceeding 100 mg/kg indicates the persis-
tence of this compound in the environment. The relatively
low concentrations of ketoconazole detected in surface
waters may be partially explained by its physicochemi-
cal properties. The low pKa values of KTZ (2.9 and 6.5)
indicate that it is a weakly basic compound, a diprotic base
that can protonate both the imidazole ring and the pipera-
zine moiety under acidic conditions (Hussain et al. 2021).
Thus, KTZ exhibits pH-dependent solubility, and acid—base
behavior enhances its affinity for hydrophobic matrices,
thereby promoting adsorption to sediments (Styszko et al.
2025) and interactions with biological membranes (Hussain
et al. 2021).

From an environmental perspective, the presence of these
compounds in the environment may pose risks to aquatic
environments, especially for non-target organisms (Batucan
et al. 2022). In previous studies carried out with macroin-
vertebrates, it was observed that exposure to KTZ for 48 h
promoted toxic effects on Daphnia similis (EC5,=4.3 pug/L)
and Chironomus sancticaroli (LC5,=9.9 ng/L). In addition,
changes in oxidative stress biomarkers were also observed
by Prado et al. (2023, 2021). KTZ not only inhibits CYP
enzymes but may also impact the endocrine functions of
organisms, as observed in daphnids (Hannas et al. 2011;
Prado et al. 2021).

However, few studies have reported chronic and/or sub-
lethal effects of KTZ on photosynthetic organisms such as
green microalgae (Chen and Ying 2015; Yousefi-Ahmadi-
pour et al. 2016; Villain et al. 2016; Yamagishi et al. 2017).
In particular, no published studies have investigated pro-
longed exposures to KTZ using environmentally relevant
concentrations. Consequently, impacts that affect the base
of the food chain, including periphyton, phytoplankton, and
zooplankton, have the potential to cause significant harm to
aquatic communities, compromising both their stability and
ecological functions (Guo et al. 2020; Bhagat et al. 2021;
Qin et al. 2024; Yang et al. 2025). Therefore, further studies
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are needed to understand how KTZ affects the base of the
freshwater food chain.

Many studies have used the species Raphidocelis sub-
capitata (synonym of Pseudokirchneriella subcapitata) as
an indicator organism of environmental quality, which is
widely used in ecotoxicological tests of xenobiotics (OECD
2011; ABNT 2018). The literature demonstrates that the
inhibition of ergosterol biosynthesis caused by KTZ can
directly impact the functioning of R. subcapitata (Villain et
al. 2016; Yamagishi et al. 2017). In addition, studies show
that contact with azole compounds can cause changes in bio-
chemical responses in chlorophyte algae, triggering changes
in photosynthetic capacity and redox response (Nong et al.
2021).

The absence of information on KTZ’s impacts on these
species underscores a significant knowledge gap about how
the chronic effects of this antifungal drug influence biologi-
cal mechanisms. Furthermore, the few studies available in
the literature have focused solely on the active compound,
with no investigations addressing commercial formula-
tions, which may significantly influence the toxicological
responses of non-target organisms. In this context, the pres-
ent study aimed to expand knowledge on the effects of envi-
ronmental concentrations of a commercial KTZ formulation
on aquatic ecosystems by investigating the multiple effects
of this antifungal drug on the growth, chlorophyll content,
lipid storage, oxidative stress, and morphological develop-
ment of R. subcapitata.

Materials and methods
Chemical

In the present study, a commercial ketoconazole KTZ)
formulation was selected to assess the effects of both the
active ingredient and the excipients present in the pharma-
ceutical product. Therefore, the commercial formulation of
KTZ used in the present study was acquired locally (Neo
Quimica, 10 tablets, 200 mg). KTZ calibration curve was
constructed using the pharmaceutical secondary standards
for application in quality control (Sigma-Aldrich, certified
reference material CAS number: 65277-42-1). HCI (99.9%,
HPLC grade, Sigma-Aldrich) was used to dilute the cali-
bration curve. Methanol (99.9%, HPLC grade, J.T. Baker,
Fisher Scientific) was used as the solvent for KTZ com-
mercial formulation, yielding a theoretical concentration of
4 g/L.
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KTZ curve calibration

To confirm the stock solution concentration, the KTZ was
quantified by ultraviolet absorption spectrophotometry
(A=223 nm) following the methodology of Rubim et al.
(2012). The standard curve for analytical drug quantifica-
tion was performed, requiring a correlation coefficient (,) of
at least 0.999 to validate the quantification. A stock solution
was prepared by dissolving 25 mg of commercial KTZ in
250 mL of methanol. After homogenization, 2 mL of the
solution was filtered (7.5 um porosity) and diluted to 50
mL with 0.1 M HCI to obtain a 4.0 pg/mL solution. Cali-
bration was performed using KTZ solutions at 0, 100, 200,
300, 400, 500, and 600 pg/mL. Absorbance was measured
at 223 nm with 0.1 M HCI as the blank (Figure S1).

Cultivation and maintenance of organisms

Algae were cultured in LC Oligo medium at 25+2 °C, with
a light intensity of 4500 Ix, in a shaker incubator with con-
tinuous agitation at 150 rpm, following the protocol pro-
posed by ABNT NBR 12,648/18 (ABNT 2018), similar to
the OECD guideline 201 (OECD 2011). The cultivation and
toxicity testing conditions for R. subcapitata described in
ABNT NBR 12,648 are largely consistent with those estab-
lished by OECD guideline 201, differing mainly in minor
operational aspects and regulatory scope, while maintaining
equivalent endpoints, environmental conditions, and valida-
tion criteria. The inoculum was transferred during the expo-
nential growth phase, between 96 and 120 h, at an initial
concentration of approximately 10° cells/mL in 100 mL of
culture medium. Cell counts were performed in a Neubauer
chamber under optical microscopy, and the experiment was
performed in triplicate. Periodically, sensitivity analyses
were performed using zinc sulfate (ZnSO,.7H,0) as a refer-
ence substance. The sensitivity ranges were determined by
calculating the effective concentration that inhibited 50% of
the algal biomass (ICs,) after 120 h of exposure, under the
same laboratory conditions (Figure S2).

Growth inhibition rate

The algae in the exponential growth phase (103 cells/mL)
were used for exposure to the KTZ drug. The tests were
performed exposing the algae to different KTZ concentra-
tions (0.0, 1.9, 3.9, 7.8, 15.6, 31.2, 62.5, 125, 250, 500, and
1000 pg/L) for 120 h at 25+2 °C, 4500 Ix, and 150 rpm.
Assays were performed in triplicate, using 250 mL Erlen-
meyer flasks containing 100 mL of test solution. At the end
of the exposure period, 1 mL of lugol solution was added
to inhibit algal growth, and then the count was performed.
The results were validated when, at the end of the test, the

algal density of the control treatment was at least 100 times
higher than the initial density, with a coefficient of variation
less than or equal to 20%. The growth inhibition rate in per-
centage (ICs,) for each KTZ concentration evaluated was
calculated compared to the control. Growth inhibition tests
were performed based on established methodology (ABNT
2018).

Subinhibitory effects

For investigation of subinhibitory effects, two effect con-
centrations (below I1Cs,,) were selected for exposure of 192 h
(IC5=5.6 ng/L and IC,;;,=2.8 pg/L). The selected concen-
trations are environmentally relevant, considering recent
studies that detected KTZ in wastewaters and aquatic sys-
tems in concentrations varying from 1 to 143 pg/L (Maraqa
et al. 2020; Wronski et al. 2024). The conditions for the
growth inhibition test were identical to those for the algal
culture. The microalgal suspension was collected at regu-
lar time points (0, 96, and 192 h) to measure cell density.
Sampling points were selected based on the growth kinet-
ics curve, with sampling conducted at the initial stage (0 h),
during the logarithmic growth phase (96 h), and at the final
stage (192 h) (Figure S3). Additionally, the pH of the cul-
tures was measured at each aliquot sampling.

Photosynthetic pigments

Aliquots of 3 mL of microalgal suspension were withdrawn
from each flask every 48 h and stored at -20 °C under refrig-
eration until analysis was carried out. The stored samples
were filtered through glass membrane filters (1.2 um). Then,
the filter was placed in a 15 mL conical tube with 3 mL
of 90% acetone, slightly homogenized, macerated with a
glass stick, and stored under refrigeration (-20 °C) for 24 h.
Subsequently, the tubes were centrifuged at 4000 rpm for
15 min at 20 °C. The resulting supernatant was analyzed by
a spectrophotometer at 470, 653, 664, and 666 nm. For the
reading blank, 90% acetone was used. The levels of photo-
synthetic pigments, chlorophyll a, b, and total carotenoids,
were determined as demonstrated by Guo et al. (2020) and
expressed in mg/L.

Total lipids (Bligh-Dyer method)

After 120 h, 30 mL of microalgal suspension was with-
drawn from each flask, placed in 50 mL centrifuge tubes,
and centrifuged at 4000 g for 15 min. For extraction, each
100 mg of algal biomass was mixed with: 500 pL of metha-
nol (shaken for 2 min), 125 pL of chloroform (shaken for
5 min), 125 pL of chloroform (shaken for 2 min), 200 pL
of distilled H,O (shaken for 5 min), and centrifuged at

@ Springer



77 Page 4of 13

C. C. A. do Prado et al.

4000 g for 10 min at 20 °C. Subsequently, the biomass was
resuspended in 200 pL of chloroform, stirred for 5 min, and
centrifuged at 4000 g for 10 min at 20 °C. The supernatant
was collected and stored; this was repeated three times. In
the end, all collected supernatant was pooled, added to an
already tared container, and dried in an oven at 105 °C until
stabilization (Jesus et al. 2019). The analysis was performed
in triplicate. The lipid content was calculated by dividing
the initial weight by the final weight after drying. The algal
biomass wet weight was used to normalize the results. Addi-
tionally, cells were imaged by fluorescence microscopy to
analyze lipid storage, as proposed by Priyanka et al. (2020).
Nile Red dye (0.3 mg/mL, diluted in acetone) was added
to the cell suspension at a ratio of 1:1.5 and incubated at
40 °C for 1 h. Subsequently, slides were prepared in tripli-
cate, and a drop of algal suspension was added, followed by
a coverslip. The slides were evaluated using fluorescence
microscopy, with an Olympus BX53 model equipped with
an X-CITE 120 LED source, a U-FGW filter, and an exci-
tation wavelength of 530-550 nm and an emission wave-
length of 575 nm. The images were captured, measured, and
processed using CellSens 8.0 Software. The exposure time
was standardized to 40 ms for all treatments. For each slide,
100 cell units were counted, and then cell volume (um?) and
cell length (um) were evaluated.

Oxidative stress biomarkers

Aliquots (10 mL) were taken out after subinhibitory expo-
sure to KTZ for 0, 96, and 192 h. Then, the sample was
centrifuged at 4000 rpm for 10 min and stored at -20 °C.
The exact process was carried out with the inoculum to start
the test and obtain the initial time values. Frozen biomass
samples (-80 °C) were processed using 1 mL of potassium
phosphate buffer (100 mM, pH 7.4) and manually macer-
ated with a quartz mortar and pestle for 3 min. The entire
process was carried out in an ice bath to ensure the sample
integrity. Then, the homogenate was centrifuged at 4000 g
for 30 min at 4 °C. The resulting supernatant was used to
analyze oxidative stress biomarkers. The results were nor-
malized to the homogenate’s protein content.

Lipid peroxidation (LPO) LPO was evaluated by thiobarbi-
turic acid reactive substances (TBARS) assay, which mea-
sures malondialdehyde (MDA) production as described
by Prado et al. (2023) with modifications. The assay was
performed using 0.4% thiobarbituric acid (TBA) in 100
mM potassium phosphate buffer (pH 2.5). In 2 mL micro-
tubes, 500 pL of homogenate and 1 mL of TBA solution
were added, and the mixture was thoroughly homogenized.
The reaction mixtures were incubated in a water bath at
95+2 °C for 45 min and then immediately cooled in an ice
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bath to terminate the reaction. After cooling, samples were
centrifuged at 3,000 rpm for 5 min at 25 °C, and the absor-
bance of the supernatant was measured at 532 nm. Blank
samples consisted of 500 uL of potassium phosphate buffer
(100 mM, pH 7.4) mixed with 1000 pL of 0.4% TBA. Stan-
dard controls were prepared following the same procedure,
replacing the buffer with 4.5 mM 1,1,3,3-tetracthoxypro-
pane (TEP) LPO was expressed by nmol MDA/mL.

Catalase (CAT) CAT activity was determined as described
by (Prado et al., 2021). The assays were conducted in 100
mM potassium phosphate buffer (pH 7.0) containing 20.0
mM hydrogen peroxide (H=0:) at a 1:1 (v/v) ratio, using
20.0 pL of homogenate. Enzyme activity was monitored
by measuring the decrease in absorbance at 240 nm over
a 3 min period, corresponding to H20. consumption. CAT
activity was defined as the amount of enzyme required to
decompose 1 pmol of H,O,/min/mg protein.

Superoxide dismutase (SOD) SOD activity was determined
as described by Prado et al. (2023). In 2 mL microtubes,
1.3 mL of tris-EDTA buffer (5 mM, pH 8.0), 60 pL of the
sample, and 75 pL of pyrogallic acid solution (15 mM) were
added, and the mixture was homogenized. Assays were
incubated for 30 min in the dark at 25 °C. After incuba-
tion, the oxidation reaction was stopped by adding 65 uL
of 1 N HCI. The same preparation was performed for the
blank, using 60 puL of 100 mM potassium phosphate buf-
fer (pH 7.4). SOD activity was determined by the ability
to inhibit the oxidation of 50% pyrogallol and expressed as
pmol SOD/min/mg protein.

Glutathione S-transferase (GST) GST activity was deter-
mined as described by Prado et al. (2023). The assays were
carried out in triplicate, with 490 pL of 100 mM potassium
phosphate buffer (pH 6.5) added, 490 pL of the mix solution
(9.5 mM reduced glutathione (GSH) /1-chloro-2,4-Dinitro-
benzene (CDNB) 1.0 mM, diluted in 100 mM potassium
phosphate buffer (pH 6.5) and methanol, respectively) and
20 pl of homogenate. The same solution was prepared for
the blank, using the buffer. GST activity was monitored by
measuring the increase in absorbance at 340 nm for 5 min
after forming the S- (2,4-dinitrophenyl) conjugate of gluta-
thione and expressed as pmol CDNB-GSH/min/mg protein.

Ascorbate peroxidase (APx) APX activity was measured
by Prado et al. (2021). Assays were conducted using potas-
sium phosphate buffer 100 mM (pH 7.5), ascorbic acid 0.5
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mM, hydrogen peroxide 0.1 mM, and 20.0 pL of the sample
solution. The activity was determined by measuring the
decrease in absorbance at 290 nm due to the consumption of
ascorbate (AsA) over 2 min. APX activity is defined as the
consumption of 1 pmol of ASC/min/mg protein.

Protein Protein concentration was determined according to
the Bradford (1976) method. A standard protein curve was
prepared using bovine serum albumin (BSA) at 100 mg/mL
in 100 mM potassium phosphate buffer, pH 7.5. Serial dilu-
tions were then performed to obtain concentrations ranging
from 0 to 62.5 pg mL-1 in a volume of 20 pL.

Statistical analysis

Data were reported as mean +standard deviations (SD). Pro-
bit analysis was used to estimate the concentration-response
relationship for the toxicity of KTZ exposure. All data were
subjected to Shapiro-Wilk normality tests and homogeneity
of variance (Levene test) with a significance level of 95%
(»<0.05). Toxicological parameters (inhibition, growth,
biochemical) were analyzed for statistical differences using
one-way ANOVA, followed by Fisher’s LSD and Dunnett’s
test. Principal component analysis (PCA) is used to analyze
the interactions among the observed variables. The analyses
were processed using OriginPro® 2025 and GraphPad Prism
8.0 for graph construction and statistical analysis. All analy-
ses were conducted with a significance level 0=0.05.
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Fig. 1 Chronic toxicological parameter of KTZ in R. subcapitata after
120 h. The inhibition rate was normalized to 100% in the control group
(without KTZ). The dashed line represents the median inhibitory con-
centration (ICs,). The letters represent the averages of the treatments;
equal letters indicate equal averages, whereas different letters denote
differences between them

Results and discussion
Growth inhibition

Assays with R. subcapitata demonstrated inhibition of
algal growth at high concentrations of KTZ, with inhibition
exceeding 80% at 125 pg/L of KTZ (Fig. 1). Additionally,
the ICy, was determined to be 7.2 pg/L (6.6-7.7 pg/L). After
120 h of exposure, all testes KTZ concentrations showed
a significant difference compared to the control group
(»<0.05). No toxic effects were observed in the methano-
lic control, even at the highest concentrations tested (Table
S1), indicating that the progressive inhibition observed in
the assays was attributable to increasing KTZ levels rather
than to methanol.

Studies already demonstrate the toxicological potential
of KTZ on R. subcapitata. Yamagishi et al. (2017) observed
growth inhibition in R. subcapitata after 72 h of exposure,
showing toxicity from 0.28 mg/L and an ICs, of 1.72 mg/L
(values calculated from molarity). Likewise, Chen and Ying
(2015) identified KTZ toxicity after 96 h of exposure (ICs,
4.3 mg/L), and showed chronic toxicity from 1.8 mg/L.
Villain et al. (2016) and Yousefi-Ahmadipour et al. (2016)
observed toxicity (ECs,) for R. subcapitata after 72 h, of
2.8 mg/L and 0.3 mg/L of KTZ, respectively. Using a com-
mercial KTZ, we observed higher toxicity than reported in
the literature. Studies suggest that the toxicity of commer-
cial compounds may be attributed to the presence of excipi-
ents, increasing the degree of their toxicity (Grycova et al.
2015; Prado et al. 2021, 2023).

In addition to KTZ, other azole compounds have also been
shown to be toxic to chlorophyll algae. Chen et al. (2014)
observed toxicity of fluconazole (a triazole fungicide) in R.
subcapitata at 4.5 mg/L. Pan et al. (2018) observed the inhi-
bition of algal growth of Scenedesmus obliquus with 2 mg/L
of climbazole (triazole fungicide). Studies performed with
metronidazole (an imidazole antibiotic and antiprotozoal)
showed ICs, for Chlorella sp. and R. subcapitata at 12.5
and 40.4 mg/L, respectively (Fu et al. 2017). However, the
same compound (metronidazole) showed greater toxicity to
Desmodesmus and Scenedesmus species, with 1C, ranging
from 7.8 to 125 pg/L (Miazek and Brozek-Pluska 2019).
Morais et al. (2014) reported an ICs, value of 98 pg/L for
clotrimazole (an imidazole fungicide) in R. subcapitata.
However, Gongalves et al. (2021) determined higher toxic-
ity for clotrimazole, with an ICs, of 0.15 mg/L. Del Puerto
et al. (2022) observed the toxicity of tebuconazole (tri-
azole fungicide) at 12.2 mg/L. Furthermore, we observed
that imidazole compounds, as the literature has shown,
are more toxic to Chlorophyceae microalgae than triazole
compounds.
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Subinhibitory effects of KTZ on R. subcapitata
Growth, morphology, and lipid production

Several parameters can be used to evaluate toxic effects
on microalgae. The growth kinetics of R. subcapitata
showed inhibition of 12% and 25% after 192 h of expo-
sure to KTZ at concentrations of 2.8 and 5.6 ug/L, respec-
tively (Table 1). The present study observed that microalgae
exposed to KTZ underwent significant changes in size and
biochemical responses after 192 h (Table 1) only at the high-
est concentration.

A decrease of 1.9 pum?® in cell volume and 0.9 pm in
cell length was observed for the 5.6 pg/L compared with
the control treatment (Table 1). Additionally, protein levels
were affected by KTZ, with mean reductions of 4% and 30%
at concentrations of 2.8 pg/L and 5.6 pg/L, respectively
(Table 1). Thus, the most sensitive responses were observed
for the lipid and protein content endpoints, even at the low-
est concentration tested. We believe that this response is
associated with prolonged exposure, even at low concentra-
tions, which is sufficient to affect organism physiology. This
effect is possibly related to increased oxidative damage to
cellular structures, as previously reported in studies evaluat-
ing azole compounds in R. subcapitata (Huang et al. 2025).

Nong et al. (2021) observed a decrease in protein lev-
els in Chlorella pyrenoidosa after exposure to three azole
compounds, myclobutanil (<20 mg/L), propiconazole
(£2 mg/L), and tebuconazole (<1 mg/L) for 96 h. A similar
response was reported by Qin et al. (2024), when exposing
Auxenochlorella pyrenoidosa to cyproconazole (1.53 mg/L,
a triazole fungicide), imazalil (3.98 mg/L, an imidazole fun-
gicide), and prochloraz (0.78 mg/L, an imidazole fungicide)
for 96 h. It is essential to note that protein content is closely
linked to cell density and, consequently, to cell growth, as
shown in Table 1. The reduction in lipid production in R.
subcapitata was approximately 53% and 68% at 2.8 pg/L
and 5.6 pg/L, respectively (Table 1). Using fluorescence

Table 1 Biochemical and morphological parameters of R. subcapitata
after exposure to commercial KTZ (192 h)

Parameters KTZ (ug/L)

0 2.8 5.6
Lipid (mg/100 mg) 72405 33+02° 23+0.5°
Protein (pg/mL) 39.2+0.5* 37.6+0.2° 27.3+0.1°
Algal growth (n° cell , 10°/mL) 4.7+0.4% 4.1+0.4* 3.5+0.2°
Cell volume (um?®) 20.5+3.8* 21.0+4.3* 18.6+3.0°

Cell length (um) 9.8+1.8* 10.0£2.0° 8.9+1.4°
Statistics analyzed by Fisher’s test are presented as mean+SD
(p<0.05). The letters represent the treatment averages; equal letters
indicate equal averages, whereas different letters denote differences
between them. mg/100 mg: lipid for every 100 mg of algal biomass
wet weight
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microscopy, we observed a decrease in lipid content in R.
subcapitata (Fig.2).

Many algae have as an energy reserve the storage of
carbohydrates and lipids in their cells, such as R. subcapi-
tata (Liu et al. 2019). As is already known, imidazole com-
pounds such as KTZ directly inhibits ergosterol production
in microalgae (Yamagishi et al. 2017). It is widely under-
stood that green algae produce ergosterol as a component
of their cell membranes and biological activities (Volkman
2003; Yamagishi et al. 2017). Voshall et al. (2021) observed
inhibition of ergosterol biosynthesis of 47-57% for Chlo-
rella sorokiniana and 38-44% for Chlorella variabilis after
exposure to clotrimazole and KTZ, respectively. A 64%
reduction in total sterol production was observed by Pors-
bring et al. (2009) in marine algal communities exposed to
0.172 pg/L (values calculated from molarity) of clotrima-
zole after 96 h. Thus, we hypothesize that the reduction
in lipid levels in R. subcapitata may be attributable to the
inhibitory effects of KTZ, which may indirectly affect the
organism’s growth rate.

Photosynthetic pigments content

Photosynthetic pigment kinetics indicated a significant
increase in chlorophyll a, b, and total carotenoids levels in
R. subcapitata in all treatments along the exposure period
(192 h) (Fig. 3). However, the photosynthetic pigment
content was higher at 2.8 pg/L compared with the control
group and the highest concentration (5.6 pg/L). Available
evidence suggests that exposure to azole compounds may
lead to increased chlorophyll levels, potentially as a com-
pensatory mechanism in response to reactive oxygen spe-
cies (ROS) formation during energy metabolism (Guo et al.,
2020).

Pan et al. (2018) observed an increase in chlorophyll
content in S. obliquus after exposure for 192 h to the imid-
azole fungicide climbazole at concentrations ranging from
0.25 to 2 mg/L. Liu et al. (2019) similar results of increased
chlorophyll were observed after exposing C. vulgaris to
low concentrations of paclobutrazol enantiomers (1 mg/L).
A reduction in the levels of photosynthetic pigments (chlo-
rophyll a, chlorophyll b, and carotenoids) was identified
by Qin et al. (2024) in A. pyrenoidosa exposed to cypro-
conazole, imazalil, and prochloraz after 96 h. In this study,
the authors report that chlorophyll content inhibition was
positively correlated with growth reduction, likely induced
by azole fungicides, resulting in decreased photosynthetic
efficiency and algal growth inhibition.

Although it is well established that chlorophyll a is more
abundant in photosynthetic organisms, in the present study,
the accessory pigments (chlorophyll b and carotenoids)
showed the greatest increase. In addition, higher levels
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Fig. 2 Microscopic depiction of lipid
content in R. subcapitata after 192 h (a) s
exposure to KTZ. The A-C images e

show the cell morphology in the o S
background, using the BF method ;
in grayscale with 40x magnification. 4 N
At the same time, the images of D-F
fluorescence microscopy of the lipid -
content were stained with Nile red dye
(0.3 mg/mL) by the UFGW method

(50ms), with a magnification of 40x. \

Grayscale control (a), cells exposed (b)
to 2.8 ug/L of KTZ on grayscale (b),
cells exposed to 5.6 pg/L of KTZ on
grayscale (c), fluorescence micros-
copy of control cells (d), fluorescence
microscopy of cells exposed to 2.8
ng/L of KTZ (e), fluorescence micros-
copy of cells exposed to 5.6 pg/L of
KTZ ()

of chlorophyll b than chlorophyll a were observed, with
values ranging from 0.25 to 0.24 mg/L at 96 h and from
0.60 to 0.50 mg/L at 192 h, respectively. At the end of the
test (192 h), chlorophyll b levels were significantly higher
than chlorophyll a in all treatments (p<0.01). We believe
that this is due to possible damage induced by the KTZ,
where the oxidation of chlorophyll a (primary photosyn-
thetic pigment) occurs, transforming it into chlorophyll b,
a mechanism already observed by Filova et al. (2021) in
R. subcapitata. Moreover, another important factor is the
reduction in cell density in organisms exposed to 5.6 pg/L,
which directly affects chlorophyll concentration and pig-
ment analysis relative values, as observed in Table S2.

In addition, natural compounds such as carotenoids have
high antioxidant activity by capturing reactive species, also
known as non-enzymatic or exogenous antioxidants (Igho-
daro and Akinloye 2018). Studies indicate that carotenoids
can react with reactive radicals harmful to the physiologi-
cal system, such as peroxyl radicals (ROO"), "OH and O,
(Madkour 2020). As shown in Table 1, the highest KTZ
concentration (5.6 pg/L) significantly reduced organism
density, which may account for the decrease in photosyn-
thetic pigment content. In contrast, the lower concentration
(2.8 ng/L) appears to have a greater capacity to reverse the
effects induced by KTZ.

KTZ-induced oxidative stress

Significant changes (p<0.01) were observed in all bio-
chemical responses induced by KTZ (Fig. 4) compared to
the control group. SOD activity (Fig. 4a) exhibited a signifi-
cant increase at 96 h (3.8-4.0-fold), followed by a decrease
at 192 h (1.1-1.6-fold) for 2.8 and 5.6 pg/L, respectively.
LPO levels (Fig. 4b) showed changes only at 192 h, with an
average increase of 2.2-fold. In contrast, GST (Fig. 4c) and
APx (Fig. 4d) only increased activity at 96 h, with 2.2 and
3.6-fold increases for 2.8 and 5.6 ng/L of KTZ, respectively.
Similar to SOD, CAT (Fig. 4e) showed higher activity at
96 h, followed by a reduction in its levels at 192 h, approxi-
mately 4.2 and 3.5-fold at 2.8 and 5.6 pg/L, respectively.
The exposure to toxic substances disrupts the homeo-
stasis of living organisms, like the metabolic processes of
animals, plants, and photosynthetic organisms, which pres-
ent phase I and II transformation and detoxification mecha-
nisms (Guo et al. 2020). Phase I represents the action of
reductive enzymes, including the CYP complex (mono-
oxygenase enzymes), making toxic molecules more polar
(Tacopetta et al. 2023). Phase II involves the action of cata-
lytic enzymes, such as glutathione S-transferase (GST) and
N-acetyltransferase (NAT) (Konstandi and Johnson 2023).
Studies using fuberidazole (an imidazole fungicide) in
R. subcapitata after 96 h exhibited changes in biomarker
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Fig. 3 Analysis of photosynthetic pigment content in R. subcapitata
over 192 h of exposure to KTZ. Determination of chlorophyll a (a),
chlorophyll b (b), and total carotenoids (c). Equal letters indicate no
significant difference and different letters indicate a significant differ-
ence between the groups (Fisher’s LSD test). Lowercase letters repre-
sent the responses between different concentrations at the same time
point. Capital letters indicate the same treatment over different expo-
sure time points. Data are presented as mean values+SD (p<0.05)

responses, consistent with oxidative stress-induced damage
(Huang et al. 2025). Liu et al. (2019) observed an increase
in LPO levels and enzymatic activity (SOD, APx, CAT,
and GPx) in Chlorella vulgaris after 96 h of exposure to
paclobutrazol (a triazole fungicide), similar to the findings
in the present study (Fig. 4).

The defense strategies come into play for systemic main-
tenance, such as first line enzymes, SOD, CAT, APx and
GPx (Kaur et al. 2023), which act to neutralize the super-
oxide radical (O,"), which is highly reactive and harm-
ful to the physiological system. Thus, its conversion into

@ Springer

hydrogen peroxide (H,0,), followed by its decomposition
into water (H,0O) and molecular oxygen (O,), can regularize
the functioning between radicals/redox (Garcia-Caparros et
al. 2021).

The increase in SOD, GST, and APx activities at 96 h is
consistent with an enhanced oxidative challenge and activa-
tion of antioxidant and detoxification pathways following
KTZ exposure (Fig. 4). Despite these responses, the con-
comitant elevation in LPO levels indicates the occurrence
of oxidative damage, suggesting that reactive species pro-
duction may have partially exceeded the antioxidant capac-
ity (Fig. 4b). CAT exhibited a less consistent pattern, which
may reflect enzyme inhibition at higher exposure levels or a
functional shift toward APx-mediated H.O: removal. Previ-
ous studies report that CAT activity is often associated with
elevated H20: levels in a dose-dependent manner (Ighod-
aro and Akinloye 2018), whereas APx has a higher affin-
ity for H20O: and contributes to its reduction to water using
ascorbate as an electron donor across different subcellular
compartments (Li 2023). Overall, the concentration- and
time-dependent responses indicate a progressive, sublethal
oxidative imbalance and potential disruption of cellular
redox homeostasis at environmentally relevant KTZ levels.

According to Liu et al. (2019), an increase in ROS pro-
duction was observed, possibly leading to increased activity
of line I markers, as observed in the present study (Fig. 4).
Additionally, while CAT functions in the cytoplasm, APx
is capable of removing H,O, in chloroplasts and cytoplasm
through the ascorbate—glutathione cycle (ASC-GSH) (Liu et
al. 2019; Wang et al. 2023). Studies suggest that the increase
in APx in microalgae may be linked to the mechanisms of
regulation and elimination of ROS produced during the
photoreduction process that occurs in photosynthesis (Ortiz-
Espin et al. 2018; Madkour 2020; Ugya et al. 2020; Wang et
al. 2023; Zhang et al. 2024). This strategy supports both the
protection of the photosynthetic apparatus and the fine reg-
ulation of redox signaling (Li 2023). Consistent with this,
such a response pattern has been widely reported in plants
and green algae (Ortiz-Espin et al. 2018; Li 2023; Lindor
et al. 2025). Consistent with these findings, the higher APx
activity observed in the present study (Fig. 4d and e) indi-
cates a more pronounced protective role than that of CAT,
corroborating trends reported in previous studies.

In addition to antioxidant activity, GST detoxifies xeno-
biotic molecules, participating in the phase II detoxifica-
tion pathway (lacopetta et al.,2023). Its function directly
increases the solubility of xenobiotic molecules, simplify-
ing the conjugation process and their eventual excretion
(Esteves et al. 2021). Furthermore, high levels of LPO were
observed in both KTZ, suggesting possible damage from
free radical action on R. subcapitata cells (Fig. 4B).
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biomarkers after 0, 96, and 192 h exposure to KTZ. Lowercase let-
ters indicate responses across different concentrations at the same time

Comparing the production of photosynthetic pigments
and antioxidant activity, it is possible to observe an inversely
proportional response, in which the treatment with the low-
est concentration of KTZ (2.8 pg/L) showed the highest
production of pigments (Fig. 3) while showing low enzy-
matic activity (Fig. 4). However, it was observed that the
treatment and higher concentration (5.6 pg/L) demanded
more significant enzymatic activity, which may be related
to the reduction in pigment production since they also func-
tion as non-enzymatic antioxidants.
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point. Capital letters indicate the same treatment over different expo-
sure time points. p-value considered significant, p<0.01. The inocu-
lum treatment was used as an internal control for the assays (0 h). Data
are presented as mean values+SEM (standard error of the mean)

Multivariate analysis

Principal component analysis (PCA) provided a compre-
hensive overview of the multivariate response of R. sub-
capitata to KTZ exposure, explaining 78.62% of the total
variance through the first two components (PC1=48.37%,
PC2=30.25%) (Fig. 5) (Table S3). The distribution of treat-
ment groups and the orientation of the vectors represent-
ing biological and physiological variables revealed distinct
response patterns, indicating time-dependent toxicological
effects.
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The control groups (0 h, 96 h, and 192 h) clustered
together on the right side of the biplot (red ellipse), strongly
associated with variables such as cell length, cell volume,
lipid, and protein content. These variables are typically
associated with normal physiological status, suggesting that
the absence of the contaminant enabled the algae to main-
tain cellular integrity and metabolic stability throughout the
experiment. In contrast, exposure to KTZ at 96 h resulted
in a markedly different profile (blue ellipse), characterized
by increased activity of antioxidant enzymes, including
SOD, CAT, APx, and GST. This grouping reflects a clear
oxidative stress response, indicating that higher concentra-
tions of KTZ induce cellular damage and activate defense
mechanisms that neutralize reactive oxygen species (ROS).
After 192 h exposure, the variables associated with photo-
synthetic activity, including chlorophyll a, chlorophyll b,
carotenoids, and algal growth rate, were more representa-
tive (yellow ellipse).

SOD and APx exhibited the highest activity in response
to KTZ. The decrease in lipid levels may be related to the
increase in lipid peroxidation observed (Fig. 4b). Likewise,
the increase in photosynthetic pigment content may be
related to the rise in APx activity at the highest KTZ con-
centration (Figs. 3 and 4d). Thus, we believe that the mecha-
nisms related to the redox balance for R. subcapitata are
related not only to the induction of the endogenous antioxi-
dant system but also to the biosynthesis of protective pig-
ments, as already observed in several studies (Ortiz-Espin
et al. 2018; Pan et al. 2018; Liu et al. 2019; Guo et al. 2020;
Xiang et al. 2023; Zhang et al. 2024; Qin et al. 2024).

Overall, the PCA demonstrates a time-dependent bifur-
cation in the algal response. While longer exposure times
may enhance photosynthetic performance, shorter exposure
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times may temporarily activate stress-response pathways
and compromise cellular function. These temporal varia-
tions underscore the importance of considering both stim-
ulatory effects, such as the transient enhancement of
photosynthetic-related parameters, and inhibitory effects,
particularly during the early activation of stress-response
pathways at shorter exposure times, when evaluating the
risks of environmentally relevant concentrations of KTZ in
aquatic environments. Indeed, we acknowledge that estab-
lishing a robust mechanistic understanding of KTZ toxicity
based on only three sampling points (0, 96, and 192 h) may
limit the ability to fully interpret these responses. Never-
theless, given the current lack of information regarding the
effects of KTZ on photosynthetic organisms, the results pre-
sented here may provide valuable baseline data and serve as
a relevant reference for future studies.

Conclusion

This study demonstrates the sensitivity of the freshwater
microalgae R. subcapitata to environmentally relevant con-
centrations of the commercial KTZ formulation. The ICy,
was determined at 7.2 pg/L. Additionally, KTZ exhibits
concentration- and time-dependent effects on the alga. Low
concentrations (2.8 ug/L) were associated with increased
photosynthetic pigment content and growth, suggesting a
transient stimulation of photosynthetic pigments. However,
higher concentrations (5.6 pg/L) result in oxidative stress,
as evidenced by the activation of antioxidant enzymes
(SOD, CAT, APx, and GST), indicating a disruption of cel-
lular homeostasis. The high concentration also reduced lipid
storage and morphological variables, such as cell volume
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and length. Overall, our findings underscore the ecological
risk associated with subinhibitory exposure to commercial
KTZ formulations, which can significantly alter algal physi-
ology. In this context, our results highlight the importance
of incorporating time-dependent, ecotoxicologically rel-
evant suborganismic biomarkers, together with biochemical
and morphological endpoints, alongside traditional apical
endpoints in environmental risk assessment. Accounting
for these early, mechanistically informative responses can
improve the detection of subtle but ecologically meaningful
effects of pharmaceutical contaminants, thereby strengthen-
ing monitoring strategies and supporting more protective
regulatory frameworks for aquatic ecosystems.
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supplementary material available at https://doi.org/10.1007/s10646-0
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