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Highlights

NSAIDs induce isoform-specific SOD response in Chlamydomonas
reinhardtii.

MSD3 may serve as a potential biomarker of NSAiD-induced stress.

APX dominates chloroplast H202 scavenging under FFA and NBT exposure.
CAT mediates peroxisomal defense under IBU and NPX exposure.

IBR decreases with increasing NSAID toxicity.

Abstract

The chemically diverse group of nonsteroidal anti-inflammatory drugs
(NSAIDs) is a significant source of aquatic pollution, inducing oxidative stress
in algae. The aim of this study was to evaluate the antioxidant response of
Chlamydomonas reinhardtii exposed to four NSAIDs differing in toxicity and
structure: flufenamic acid (FFA), nabumetone (NBT), ibuprofen (IBU), and
naproxen (NPX). This study demonstrated that all pharmaceuticals
significantly increased H202 production, confirming redox imbalance in cells.
The antioxidant defense also showed compartment- and compound-specific
signatures depending on the NSAID toxicity level. Less toxic IBU and NPX
induced coordinated SOD isoforms and catalase activation, while more toxic
FFA and NBT triggered chloroplast-targeted H20: scavenging via APX
pathways. Notably, MSD3 transcript levels increased in all treatments,

indicating its potential as an NSAID stress biomarker. IBR analysis



demonstrated that antioxidant efficiency decreased with increasing NSAID
toxicity. These findings demonstrate that NSAID toxicity shapes
compartment- and isoform-specific antioxidant strategies in C. reinhardtii.
We believe that future studies with a broader range of NSAIDs would enable
us to investigate subcellular redox dynamics using compartment-specific ROS
reporters and to identify NSAID-sensitive biomarkers for aquatic
ecotoxicology monitoring.
Keywords
microalgae, oxidative stress, nonsteroidal anti-inflammatory drugs,
Chlamydomonas reinhardtii, gene expression, antioxidative enzymes.

1. Introduction
Pharmaceuticals are one of the most important components of modern
healthcare. The effectiveness of their active compounds in the treatment of
various diseases and their widespread availability contribute to their
increasing consumption. However, the uncontrolled release of
pharmaceuticals residues and their metabolic derivatives into the
environment through sewage, improper disposal, and the absence of
appropriate treatment methods, as well as the insufficient legal regulations
governing their remediation, poses a major challenge for worldwide
ecosystems [1].
Nonsteroidal anti-inflammatory drugs (NSAIDs), and their metabolites have
been detected in the aquatic environment for many years. The range of their
environmental concentrations varies depending on country-specific
consumption patterns and ranges from ng/L to even several dozen pg/L in
analyzed samples [2,3]. Because NSAIDs occur in aquatic environments as
diverse mixtures of parent compounds and their derivatives, their toxic
effects on non-target organisms are often difficult to determine [4]. Most
studies focus on animal organisms, and knowledge about the effects of
NSAIDs on plant organisms, such as green microalgae, is still insufficient
[3,5].



The need for comprehensive studies on microalgae is related to their
important role in aquatic ecosystems and their ability to remove many
pharmaceuticals from polluted environment [6]. Therefore, to assess the
potential impact of NSAIDs on microalgae communities in water bodies and
to select the suitable organisms for phycoremediation, it is necessary to
determine the sensitivity and resistance of green microalgae, such as
Chlamydomonas reinhardtii to NSAIDs with diverse chemical structures and
properties, such as ibuprofen (IBU), naproxen (NPX), nabumetone (NBT), or
flufenamic acid (FFA) [2].

One of the most extensively studied eukaryotic microalgal platform for
phycoremediation is the unicellular green alga C. reinhardtii, and it is also
recognized as a valuable biotechnological platform with applications in
biofuel production, and the synthesis of high-value bioproducts due to its high
proliferation rate, ease of cultivation, broad environmental adaptability, and
ease of genetic and physiological manipulation | 7,8]. Furthermore, its simple
cellular structure is an attractive cell factory for bioenergy production. A
recent study demonstrated that bicarbonate enhancement can improve
bioenergy generation frorn C reinhardtii and acetate assimilation was
identified as a promising strategy to support sustainable biofuel production.
Therefore, C. reindnardtii has established itself as a model organism for
biofuel research, including bioethanol, biodiesel, and photobiological
hydrogen [8,9]. C. reinhardtii has also emerged as a platform for high-value
bioproduct synthesis, such as the production of therapeutic antibodies,
vaccines, antimicrobial peptides, and industrial enzymes [10].

In addition to its well-established biotechnological applications, C. reinhardtii
also serves as a valuable model organism for ecotoxicological studies,
particularly in assessing the impact of emerging contaminants. The toxicity
of chemicals, including NSAIDs, is typically determined based on their
effective concentrations, most commonly EC50 values, which refer to the
inhibition of population growth [11,12]. In our previous study on C.
reinhardtii, NBT exhibited more than sixfold higher toxicity than FFA, with



EC50 values of 5.75 mg/L and 35.47 mg/L, respectively [13]. On the other
hand, ibuprofen (IBU) demonstrated relatively low toxicity to C. reinhardtii,
with an EC50/24 of 250 mg/L [14]. Another NSAID, naproxen (NPX),
exhibited a clear toxic effect on green algae, with a EC50/24 value of 29.2
mg/L for Scenedesmus quadricauda, and 0.7 mg/L for Cymbelila sp. [15]. At
the cellular level, these compounds induce a range of physiological
disruptions that additionally explain their inhibitory effects on algal growth.
Further, many cellular-level disorders were detected in microalgae cells
treated with NSAIDs. For instance, NPX caused changes in photosynthetic
pigments content in the algal cells [15], IBU depolarized mitochondrial and
cytoplasmic membranes [14], NBT and FFA disrupted photosynthesis [13].
However, the toxicity of NSAIDs depends on multiple factors, including the
structure of the compound, exposure time, as well as tlie activity of oxidative
enzymes, and the cell wall architecture, which varies among the microalgae
species [13,16].

Moreover, numerous studies have reported that pharmaceuticals induce
oxidative stress in microalgal cells by enhancing ROS production
[12,14,17,18]. ROS are standard byproducts of aerobic metabolism which are
formed in almost all cellular compartments, with chloroplasts, mitochondria,
and peroxisomes as primary sources. At low concentrations, ROS act as
signaling molecules, however when overproduced due to biotic and abiotic
stressors, they cause redox imbalance in cells [19,20]. One of the most stable
forms among ROS is hydrogen peroxide, which is highly mobile, and can be
synthesized in multiple cellular compartments [21] leading to disturbances in
metabolic pathways [22]. The majority of H,O; in algal cells is produced by
superoxide dismutase (SOD) while decomposing superoxide radical. In C.
reinhartdii, the iron isoform (Fe-SOD) resides in the chloroplast, whereas the
manganese isoform (Mn-SOD) is distributed in the chloroplast and
mitochondria [23]. Removal of excess hydrogen peroxide generated by SOD
is carried out by antioxidant enzymes such as catalase (CAT) and ascorbate

peroxidase (APX) [24]. The antioxidant system not only protects cells against



stress, but is also recognized as a key element responsible for cellular
adaptation and increased resistance of plant organisms to environmental
pollutants. Investigating the antioxidant response enables comparison of
microalgal tolerance to the tested pharmaceuticals, which may have potential
applications in the biodegradation of these compounds. Moreover,
considering the activity of individual enzymes and their cellular location, it is
possible to indicate cellular compartments that are particularly sensitive to
the applied stress factor.

In light of this, despite the growing awareness of the environmental risks
associated with NSAIDs, significant gaps in current knowledge still persist.
In many cases, findings obtained for individual compounds are generalized to
the entire class of NSAIDs, despite the substantial structural and
physicochemical diversity within this group. Therefore, comparative analyses
of selected NSAIDs differing in chemical structure are essential for a more
comprehensive understanding of their ecotoxicological effects. Moreover,
although numerous studies report the induction of oxidative stress by
NSAIDs, relatively few have addressed the intracellular sources of reactive
oxygen species (ROS) or their detoxification at the molecular level.
Importantly, comparative studies at this level, particularly those examining
NSAIDs with distiuct chemical properties, remain scarce.

Therefore, the present study aimed to compare the antioxidant response of
C. reinhardtiito selected NSAIDs, such as flufenamic acid (FFA), nabumetone
(NBT), ibuprofen (IBU) and naproxen (NPX), differing in their structure and
properties. The research hypothesis assumed that each of the selected
NSAIDs would cause oxidative stress in C. reinhardtii cells, but the
mechanisms involved in minimizing its negative effects would differ. The
transcriptional responses were studied in genes related to antioxidant
defense, enzymatic biomarkers such as SOD, CAT, and APX were analyzed,

and hydrogen peroxide produced by microalgae was determined.



2. Results
2.1 Population density and hydrogen peroxide production by the
cells

The pharmaceuticals used in the study inhibited the growth of C. reinhardtii
population, compared to the control, where the cell number was about 12.4
x 106 cells/mL. Population density for FFA-, NBT-, IBU-, and NPX-treatment
reached 44, 49, 57, and 58% of the control, respectively, and was statistically
significantly lower than the control group, with no differences observed
among the treated cultures (Fig. la). Consistently, the growth rate was
significantly reduced in all treated groups from 3.13 + 0.12 day! in the
control to 2.38-2.66 day ! following exposure to the tested NSAID (Tab. S2).
In the control cultures, the concentration of H20: released by the cells was
0.034 nmol/million cells (Fig. 1 and 5). All NSAIDs caused a significant
increase in H;O, production by microalgae, except for FFA, where this
increase did not reach statistical significance compared to the control (Fig.
1b, Fig. 5). The amount of H,O; released by C. reinhardtii treated with NPX,
IBU, and NBT reached 180, 252, and 290% of the control, respectively (Fig.
5).
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Fig. 1. Effect of flufenamic acid (FFA), nabumetone (NBT), ibuprofen (IBU),
and naproxen (NPX), applied at EC50 concentrations on population density
(a), and hydrogen peroxide production by C. reinhardtii cells (b). Data are
presented as averages = SE. Different letters indicate significant differences
(p = 0.05) between groups (a- ANOVA followed by the Tukey's HSD test, b-
Kruskal-Wallis followed by the Dunn’s test).
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Fig. 2. Effect of flufenamic acid (FFA), nabumetone (NBT), ibuprofen (IBU),
and naproxen (NPX), applied at EC50 concentrations on activity of
superoxide dismutase (SOD, a), and relative level of SOD genes
transcription in C. reinhardtii cells (b). Data are presented as averages *
SE. Different letters indicate significant differences (p < 0.05) between
groups (ANOVA followed by the Tukey's HSD test). #SD1: gene encoding for
Fe-SOD, MSD5, MSD3: genes encoding for Mn-50Ds.

2.2 SOD activity and gene expression
Considering the high stimulation of hydrogen peroxide production by C.
reinhardtii treated with NSAIDs, our focus was on determining the activity of
superoxide dismutase, which is one of the main sources of H,O,. During PAGE
analysis, two isoforms of superoxide dismutase were detected, such as Fe-
SOD, known to be located in chloroplast, and Mn-SOD, which is present in
the chloroplast and mitochondria (Fig. S3) [23,25]. The activity of both SOD
isoforms, and total SOD activity did not differ from the control in cells treated
with FFA and NBT (Fig. 2a, Fig. 5). A significant increase in total SOD activity
was observed upon exposure to IBU and NPX, reaching 15.8 U/mg and 18.7
U/mg, respectively, while the untreated cells exhibited an activity of 9.7 U/mg
(Fig. 2a, Fig. 5). In cells treated with NBT, IBU, and NPX, Fe-SOD activity
was enhanced, achieving 117%, 159%, and 155% of the control, respectively
(Fig. 2a, Fig. 5). However, no statistically significant differences were
observed. Exposure to NPX resulted in a pronounced 223% increase in Mn-

SOD activity, compared to the control group. The activity of these isoforms



for other NSAIDs was not statistically significant, and reached 104% for FFA,
86% for NBT, and 165% for IBU (Fig. 2a, Fig. 5). To identify the
transcriptional regulation of enzyme expression, we performed a more
detailed analysis of the abundance of transcripts encoding superoxide
dismutase. The presence of MSD4 was not detected in any of the tested
variants (data not shown). FSD transcript abundance was significantly
increased only in FFA- and NPX-treated microalgae (132%, and 282% of
control, respectively). These values for NBT and, IBU were 95% and 47% of
the level determined in the control (Fig. 2b). Similarly, FFA and NPX showed
a similar trend for MSDb5 transcript, where the relative gene expression was
168% and 140%, respectively, compared to the control (Fig. 2b, Fig. 5). The
increase observed for cells treated with NBT and IBU was not statistically
significant. In contrast to other genes, the relative expression of the MSD3
gene significantly increased in response to all tested NSAIDs (Fig. 2b, Fig.
5). Additionally, Pearson correlation analyses showed a strong positive and
significant correlation between tota! SOD activity, and H202 production in all
tested NSAIDs (Fig. 6 a-d). Mn-SOD activity demonstrated positive and
significant correlations with H202 and total SOD activity for FFA and IBU,
with Fe-SOD for NBT, IBU, and NPX, and also with FSDI for NPX (Fig. 6 a-
d). A similar relationship was found between MSD5 and FSD1 transcripts in
the case of FFA, NBT, and NPX (Fig. 6a, 6b, 6d). Negative correlations were
observed only for IBU between MSD3 and H202, Fe-SOD, Mn-SOD, and total
SOD activity, although only the correlation with Fe-SOD activity reached
statistical significance.
2.3 APX activity and gene expression

We also examined ascorbate peroxidase activity, a key enzyme involved in the
decomposition of hydrogen peroxide produced in chloroplasts [26]. APX
activity in untreated C. reinhardtii cells was about 0.13 U/mln cells (Fig. 3a).
The activity of APX was the lowest in IBU-treated cells, where it accounted
for 81% of the control and was not statistically different (Fig. 3a, Fig. 5). All

other pharmaceuticals tested increased APX activity in C. reinhardtii cells.



The increase in APX activity was the least pronounced for NPX, reaching a
140% of the control cells (Fig. 3a, Fig. 5). Meanwhile, the highest significant
activity levels were recorded for FFA and NBT, achieving 212%, and 195% of
the activity observed in untreated cells (Fig. 3a, Fig. 5). The expression of
gene encoding ascorbate peroxidase was also analyzed. All NSAIDs used in
the study increased the relative transcript abundance of the APX7 gene (Fig.
3b). The obtained values were 144% (NBT), 169% (FFA), 231% (NPX), and
351% (IBU) of the control (Fig. 3b, Fig. 5). Significant positive correlations
were observed only for APX7 with MSD5 for IBU and with MSD3 for NBT
(Fig. 6 b, ¢). Compared with APX1, APX2 and APX4 showed more variable
expression profiles and did not allow clear interpretation of treatment-related
changes. Therefore, further interpretation focused on APX].
2.4 CAT activity and gene expression

The activity of catalase, which is involved in the decomposition of H,O; into
O; and H,O outside chloroplasts, was increased in C. reinhardtii cells treated
with each of the tested NSAIDs. In Fi'A- and NBT-treated cells, CAT activity
reached 191%, and 259% of the control, respectively (Fig. 4a, Fig. 5).
Treatment with IBU, and NPX resulted in a significant increase in the activity
of this enzyme, reaching 432%, and 311% of the level observed in untreated
cells, respectively (Fig. 4a, Fig. 5). Analysis of CAT7 transcript abundance
encoding catalase demonstrated the opposite effect to the activity of CAT
observed in C. reinhardtii cells. All tested NSAIDs caused a significant
decrease in the relative transcript levels of CA77 (Fig. 4b, Fig. 5). This value
ranged from 9% to 46% of the level obtained in the control group (Fig. 4b,
Fig. 5). Interestingly, all tested substances exhibited a significant and very
strong positive correlation between CAT activity and Mn-SOD activity.
Moderate, strong, and very strong correlations were also observed between
CAT activity and H202 production, total SOD, and Fe-SOD activity in the cells
exposed to the tested NSAIDs, although not all were statistically significant
(Fig. 6 a-d). We also detected a very strong positive correlation between CAT1
and FSD1 and MSD3 levels in cells treated with FFA. A strong correlation



between CAT1 and MSDJ3 transcript was also observed after NBT treatment
(Fig. 6 a, b).
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Fig. 3. Effect of flufenamic acid (FFA), nabumetone (NBT), ibuprofen (IBU),
and naproxen (NPX), applied at EC50 concentrations on the activity of
ascorbate peroxidase (APX, a), and relative gene transcription level of APX1
(b) in C. reinhardtii cells. Data are presented as averages = SE. Different
letters indicate significant differences (p = 0.05) between groups (ANOVA
followed by the Tukey's HSD test).
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(CAT, a), and relative gene transcription level of CAT7 (b) in C. reinhardtii
cells. Data are presented as averages = SE. Different letters indicate

significant differences (p = 0.05) between groups (ANOVA followed by the
Tukey's HSD test).
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correlation coefficient; white stars indicate statistically significant
correlations (p = 0.05). Grey squares indicate no linear relationship among

the analyzed parameters.
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Fig. 7. Biomarker star plots (a-e) and integrated biomarker response (IBR)
index (f) of C. reinhardtii cells exposed to FFA, NBT, IBU, and NPX, applied
at EC50 concentrations. H202- hydrogen peroxide production, SOD- total
SOD activity, Fe-SOD- iron superoxide dismutase activity, Mn-SOD-
manganese superoxide dismutase activity, APX- ascorbate peroxidase
activity, CAT- catalase activity.

2.5 Integrated Biomarkers Response (IBR)
The IBR analysis allowed for a comprehensive evaluation of the antioxidant
system activity of C. reinhardtii cells treated with the tested NSAIDs (Fig. 7).
We observed that with increasing NSAID toxicity (EC50), the IBR index value
decreased (Fig.7a). Among the tested biomarkers, APX and CAT showed the
highest biological effects in cells treated with FFA (Fig. 7b). In the case of
NBT, the production of H202 and APX activity played the most important role
in IBR (Fig. 7c). The most sensitive biomarkers in cells treated with IBU were
CAT and Fe-SOD (Fig. 7d). Interestingly, the highest S-values observed for
the activity of SOD and its isoforms indicate that these biomarkers were most

involved in the response of C. reinhardtii cells to NPX (Fig. 7e).



3. Discussion
Abiotic stress caused by the exposure of living organisms to toxic substances
is a major factor triggering the release of reactive oxygen species (ROS),
potentially leading to oxidative stress when scavenging mechanisms are
insufficient [27]. This research compared the antioxidant response of C.
reinhardtii to selected NSAIDs, such as FFA, NBT, IBU, and NPX, and proved
that each of the selected NSAIDs caused oxidative stress in C. reinhardtii
cells, but the mechanisms involved in minimizing their negative effects differ.
Firstly, all tested NSAIDs increased H,O; production in C. reinhardtii cells,
confirming the induction of redox imbalance, growth inhibition, and reduced
photosynthesis efficiency. This result is in line with our previous work
focusing on the toxicity of diclofenac (DCF) to C. reinhardtii, where the
amount of H,O; produced by these microalgae was 200% of the control [12].
In this work, we observed that FFA, NBT, NPX, and IBU caused a similar or
even greater overproduction of H,O,. This underscores the potential for these
common NSAIDs to induce significant oxidative stress in aquatic
photoautotrophs. Moreover, our observations align with the results of other
research teams focusing on the effects of pharmaceuticals on ROS levels in
algal cells, including increased superoxide anion production in C. reinhardtii
cells treated with ibuprofen and the antibiotic oxytetracycline [14]. Chlorella
sp. and Desmodesmus spinosus are other freshwater microalgae in which
increased levels of ROS (hydrogen peroxide) have been observed after
treating cells with amoxicillin, ciprofloxacin, tetracycline, paracetamol,
ketoprofen, and diclofenac [28]. This strongly suggests that ROS
overproduction is a common response of green algal cells to pharmaceutical-
induced stress. Therefore, investigating cells” capacity to scavenge ROS
seemed to be a sensible choice for the research. The chemical properties of
many NSAIDs, particularly their ability to perturb mitochondrial oxidative
phosphorylation or interfere with photosynthetic electron flow [6,17,29],
suggest that multiple compartments (chloroplasts, mitochondria,

peroxisomes) can serve as ROS sources during NSAIDs exposure. This



compartment-specific ROS generation indicates that C. reinhardtii must
activate a coordinated antioxidant response spanning several organelles to
maintain redox homeostasis.

Secondly, the observed increases in H20:2 were accompanied by strong
activation of the superoxide dismutases (SODs), which are often described as
the first-line of defense in stressed cells. Total SOD activity increased
significantly in IBU- and NPX-treated cells (Fig. 2a) and was strongly
positively correlated with H20:2 production under all treatments. This
confirms that SOD activity is tightly coupled to ROS accumulation; it was also
shown using Pearson correlation matrices (Fig. 6), and is in line with the
literature [30,31].

The part of our study examining the expression of SOD-encoding genes, and
the activity of SOD isoforms was particularly notewortliy, as studies analyzing
SOD in NSAID-treated algae cells are scarce, and usually report only a total
SOD activity. Such limited SOD-level analyses were reported, for example, in
Desmodesmus obliqguus exposed to ibuprofen, aspirin, and ketoprofen, where
oxidative stress markers were measured, but isoenzyme-specific SOD
responses were not assessed [G]. Similarly, studies on NSAIDs toxicity to
Chlorella and Desmodesmus species have focused mainly on cellular stress
biomarkers and total antioxidant enzyme activities, without resolving
individual SOD isoforms [28].

In this research, we found that the SOD response was highly isoform-specific
at the isoenzyme level. Mn-SOD activity increased markedly after NPX
exposure (~223% of control), indicating a strong involvement of
mitochondria, and possibly peroxisomes in ROS detoxification. In contrast,
Fe-SOD, localized mainly in chloroplasts, showed moderate, non-significant
increases in NBT-, IBU-, and NPX-treated cells (Fig. 2a; Tab. S4; Tab. S5).
These findings highlight that NSAIDs induce compartment-dependent ROS
production/detoxification, with NPX in  particular  stimulating
mitochondrial/peroxisomal antioxidant defenses. This organelle-specific ROS

formation agrees with observations that several NSAIDs disrupt



photosynthetic processes and stimulate ROS production, as shown for DCF
in C. reinhardtii and ibuprofen/ketoprofen in Scenedesmus obliguus[6,17].
At the transcriptional level, the expression of FSDI, encoding the
chloroplast-located iron superoxide dismutase (cnFe-SOD) [32], increased
significantly after FFA and NPX treatment. A comparable effect on FSDI
expression was observed previously in C. reinhardtii treated with DCF, which
enhanced expression of photosynthesis-, and redox-related genes, including
FSDI1, in response to oxidative stress [17]. In the present study, in
NPX-treated cells, we found a positive correlation between FSDI expression
and chlFe-SOD activity (Fig. 2b, Fig. 6d). Moreover, chlFe-SOD activity was
very strongly positively correlated with the activity of Mn-SOD (predicted to
localize to the secretory pathway; spMn-SOD) [32], and strongly but not
statistically significantly correlated with expression of its genes (MSDJ3,
MSD5, FSDI) (Fig. 6a-d). Importantly, AMS5D5 expression increased
significantly in all NSAID-treated cultures, making it a promising molecular
biomarker of NSAID-induced oxidative stress in C. reinhardtii. Similar
NSAID-induced oxidative stress signaling has been documented for DCF in
algae and other aquatic organisms, where oxidative stress responses and
DNA damage are consistently reported under chronic NSAID exposure [33-
35]. Moreover, correlations between FSDI expression and Mn-SOD activity,
as well as between MSD5 expression and Mn-SOD activity, indicate
coordinated regulation of chloroplast and extrachloroplast SOD isoenzymes
under NPX stress. Overall, these results demonstrate that C. reinhardtii
activates a compartmentalized, isoform-specific SOD response, essential for
early adaptation to NSAID-induced oxidative stress.

Thirdly, although SOD is considered the first line of defense because it
converts superoxide into hydrogen peroxide, the subsequent hydrogen
peroxide detoxification in C. reinhardtii primarily depends on two enzymes,
namely chloroplast-localized ascorbate peroxidase (APX), and catalase (CAT),
which function in peroxisomes, the endoplasmic reticulum, and the cytoplasm

[36,37]. Our results indicated that APX activity increased in all treatments



except IBU, with the strongest induction observed for FFA and NBT (Fig. 3a).
NPX induced a moderate increase (to ~140% of control), whereas in IBU-
treated cells, APX activity was comparable to the control. Despite these
differences, APXI transcript levels increased significantly under all
treatments, especially in IBU and NPX-treated cells. This highlights that APX
is consistently upregulated at the transcriptional level, suggesting that
chloroplasts are an early and sensitive target of NSAID-induced redox
perturbation. This interpretation is further supported by the chlorophyll a
fluorescence data and pigment analyses, which revealed clear, compound-
specific alterations in PSII performance, electron transport, and content of
chlorophylls and carotenoids (Tab. S6) [13]. Taken together, these changes
may reflect a partial acclimatory adjustment of photosynthetic apparatus,
potentially contributing to stress mitigation. On the other hand, discrepancies
between transcript level and enzyme activity indicate post-transcriptional
regulation of APX activity. Such transcript-activity mismatches are well
documented for APX. For instance, l.ouvez et al.,[38] reported that salt stress
in Raphanus sativus caused an increase in APX activity without a proportional
rise in APX mRNA levels. Various reasons for such discrepancies have been
suggested in the literature. First, post-translational modifications (PTMs)
regulate APX activity in vivo [39,40]. In higher plants and some green algae,
cysteine S-nitrosylation enhances, whereas tyrosine nitration diminishes APX
activity. These changes occur independently of transcript levels and integrate
redox signals from ROS, RNS, and thiol-disulfide interchange [39,40]. An
additional recognized control mechanism involves isoform diversity and
processing, including alternative splicing of genes [40]. Furthermore, APX
activity depends on cofactors/substrates (such as ascorbate availability) and
on compartment-specific oxidative environment [41]. Given the highest H,0»
levels in NSAID-exposed cells, the self-inactivation of APX through its
product-catalyzed reaction provides a mechanistic explanation for the
observed divergence [42]. The above-mentioned reports may explain the

observed discrepancy between APX transcript levels and enzyme activity in



NSAIDs-treated algal cells, especially pronounced in the case of IBU
treatment (Fig. 3 a-b).

While considering the role of APX in the cell, it should be noted that beyond
ROS detoxification, this enzyme plays several important functions. It is
distributed across various cellular compartments, such as chloroplasts,
cytosol, mitochondria, peroxisomes, and even the apoplast in plant and algal
cells [40,43,44], and participates in redox signaling that coordinates stress
responses and cell development. The second important enzymatic component
of stress signaling and mitigation machinery is catalase. In contrast to APX,
CAT activity increased in all NSAID-treated cells, with the highest values
observed for IBU and NPX treatments. Surprisingly, CAT7 transcript levels
decreased in all treatments (to 9-46% of control). This striking divergence
between transcriptional suppression and enzymatic aciivity remains difficult
to interpret due to the limited availability of literature data, and thus further
study is needed. Some reports have suggested that a decrease in the
expression of certain nucleus-encoded genes, including CAT, may be caused
by a retrograde signal originating from the chloroplast [45]. While the
enzymatic activity of CAT couid be regulated post-transcriptionally through
enzyme stabilization, activation, or post-translational modifications [46-48].
In our opinion, strong, positive and significant correlations between Mn-SOD
and CAT activity in all NSAIDs treatment (Fig. 6a-b) indicate a functional
coupling between mitochondrial/peroxisomal superoxide detoxification
(Mn-SOD) and downstream H20:2 removal (CAT). This supports a model in
which NSAIDs enhance mitochondrial/peroxisomal ROS production,
triggering compensatory activation of CAT despite transcriptional
downregulation.

Analysis of our results directs our attention to structurally similar drugs,
namely NPX and NBT. Although NBT and NPX share similar chemical
structures (methoxynaphthalene derivatives) [49], their biological effects
differed considerably. Despite both substances causing H202 overproduction

(Fig. 1b), the antioxidative system response was different. NPX strongly



activated both Fe-SOD and Mn-SOD (gene expression and activity), and
greatly increased CAT activity (Fig. 2a-b; Fig. 4a), indicating a
multi-compartment antioxidant response. NBT, despite generating high H20:2
levels, did not significantly increase SOD activity and instead triggered a
stronger APX response (Fig. la; Fig. 2a; Fig. 3a), highlighting chloroplast-
centered reaction. Data reporting direct comparisons of the phytotoxic
effects of NBT and NPX are scarce, but those that are available indicate
higher toxicity of NPX than NBT [50]. In our opinion, this observation may be
explained by the higher reactivity of NPX and its greater photosensitizing
potential due to the electron-donating effect of the additional methyl group
present in NPX. ROS are expected to be formed at different steps during the
photodegradation pathways of both drugs, which give rise to their effects on
biomolecules, such as lipid peroxidation [51].

Given the complex and not yet fully undersiocod of NSAIDs" effects, we
decided to analyse IBR, which provides @ comprehensive evaluation of the
integrated antioxidant system activity. The IBR analysis (Fig. 7) revealed that
the IBR index decreased with increasing NSAID toxicity (EC50), indicating
that highly toxic compounds reduce the overall efficiency of antioxidant
adaptation in C. reinhardtii. Particularly, for FFA, APX, and CAT exhibited the
highest contributionis to the stress response, whereas for NBT, H20:
production and APX activity had the largest biological effects. For IBU, CAT,
and Fe-SOD were most responsive, and for NPX, SOD isoenzymes had the
strongest influence (highest S-values). Thus, these results suggest that the
most successful adaptive strategy, characteristic of less toxic compounds
such as IBU and NPX, involves simultaneous activation of SOD isoenzymes
and strong CAT activity, supporting efficient removal of both superoxide and
hydrogen peroxide. Treatments with more toxic compounds (NBT, FFA) were
mainly characterized by APX activation, which indicates a strong shift to
chloroplast detoxification pathways, probably reflecting stronger
chloroplast-targeted stress. To our knowledge, no published studies have

reported NSAID-specific antioxidant-response patterns that could explain the



differential activation of SOD/CAT versus APX pathways observed here. Thus,
our findings provide a novel and unique insight into how chemically diverse
NSAIDs shape compartment-specific redox strategies.

4. Conclusions and perspectives
In conclusion, this study offers a comprehensive analysis of the antioxidant
response in C. reinhardtii cells exposed to selected NSAIDs, which form a
significant group of aquatic contaminants. Our findings also highlight the
need for monitoring NSAID-induced oxidative stress in microalgae and their
potential as indicators of pharmaceutical pollution. It is also proved that each
of the selected NSAIDs caused oxidative stress in C. reinhardtii cells, but the
mechanisms involved in minimizing their negative effects differ. Therefore,
the key outcomes include: (i) identification of MSD3 transcript level as a
universal molecular biomarker of NSAID stress; (ii) evidence for
compartment-specific adaptation, with APX serving as the primary
chloroplast-localized H:20: scavenger, particularly under FFA and NBT
exposure, and with CAT playing a dominant role in extra chloroplast
compartments, especially under IBU and NPX exposure; and (iii) recognition
that NSAIDs induce compound-specific antioxidant signatures, reflecting
their chemical properties. We also recommend that future studies should
investigate subcellular redox dynamics using compartment-specific ROS
reporters. Proteomic analysis is also recommended to reveal post-
translational modifications of APX, CAT, and SOD proteins. Additionally,
examining a wider range of pharmaceuticals and environmental mixtures to
map chemotype-specific adaptation strategies would be highly valuable.

5. Materials and methods

5.1 Tested compounds
In this study four substances belonging to the group of non-steroidal anti-
inflammatory drugs (NSAIDs) were examined, namely ibuprofen (IBU, 4-
Isobutyl-a-methylphenylacetic acid, 99% purity, CAS number 15687-27-1),
flufenamic acid (FFA, N-(3-[Trifluoromethyl]phenyl) anthranilic acid, 97%
purity, CAS number 530-78-9), nabumetone (NBT, 4-(6-Methoxy-2-naphthyl)-



2-butanone; 97% purity, CAS number 42924-53-8), and naproxen (NPX, (S)-
6-Methoxy-a-methyl-2-naphthaleneacetic acid sodium salt, 98% purity, CAS
number: 26159-32-2). All substances were purchased from Alfa Aesar (Ward
Hill, Massachusetts, USA). Ibuprofen and naproxen were dissolved in ddH,O
to obtain the stock solutions of 100 mg/mL. For preparing stock solutions of
FFA (70 mg/mL) and NBT (100 mg/mL), DMSO (dimethyl sulfoxide, analytical
grade, BioShop, Canada) was used as the carrier solvent. In the experiments,
where FFA and NBT were used, the final DMSO concentration did not exceed
0.1% (v/v). This DMSO concentration has been verified in our laboratory and
previous studies have shown that DMSO at this level does not affect the vital
parameters of the green alga C. reinhardtii[12,52-54]. NSAID solutions were
added to the HSM medium to obtain the desired concentrations (see 5.2).
5.2 Algae cultures and treatment

C. reinhardtii (CC-1690, WT) was purchased from the Chlamydomonas
Resource Center (University of Minnesota, Minnesota, USA). The algae were
transferred to a liquid HSM medium from slants used for long-term storage
[55] and pre-cultured for several days at 30 = 1 °C, with continuous bubbling
with sterilized air (bacteriological filter 0.2 mm PTFE; Sartorius, Germany),
enriched with 2.5% CO;, (v/v), and at white fluorescent light (125+5 pmol
photons/m?2 x s) [53]. The pre-cultures which were at the logarithmic growth
phase were used to establish experimental sets for acute toxicity testing. The
appropriate volume of cell suspension taken from pre-culture was mixed with
HSM to achieve an initial algal population density of 0.5 x 106 cells/mL, and
divided into several culture vessels (200 mL volume each) [25,53]. The
cultures were treated for 24 h with FFA, NBT, IBU, and NPX at 35.47, 5.75,
87.04, or 137.44 mg/L, respectively. The concentrations used represent
nominal EC50 values that were determined from population growth inhibition
curves, for FFA and NBT [13], for IBU and NPX the equations are provided
in the Supplement (see Text S1, Fig. S1, and Tab. S1). Cultures without the

tested chemicals were used as controls. At the beginning of the experiment



(0 h) and after 24 h of cultivation the algae cells were collected for analysis,
as described below.
To unify the results to comparable units, the population density was
determined in each experimental variant. The number of cells was counted
using a particle counter Z2 (Beckman Coulter, USA), run by dedicated
software. Additional measurements of chlorophyll a fluorescence in vivo and
photosynthetic pigments content were analyzed, as described in the
supplementary materials (Text S2).

5.3 Hydrogen peroxide production by cells
The amount of hydrogen peroxide produced by microalgae cells was
determined using the Amplex UltraRed® fluorochrome (Molecular Probes,
USA), according to the established protocol [56]. Briefly, the algae cells
suspension was centrifuged at 291 RCF for 5 min., at room temperature, the
cells’ pellet was discarded, and supernatant was used for H,O, estimation.
50 pL of the supernatant was placed in a 96-well black plate, and mixed with
a 50 pL reaction mixture comprising 10 mM Amplex UltraRed, and 10 U/mL
horseradish peroxidase in 0.1 M potassium phosphate buffer (pH 7.0). For
the preparation of fortified samples, a freshly prepared H,O; solution
(stabilized, analytical grade, Sigma, USA) of a concentration of 3 nmol/mL
was used. Fortified samples were prepared by introducing hydrogen peroxide
of known concentration into the supernatant obtained as described above,
followed by the addition of the reaction mixture. The samples were incubated
in the darkness for 25 min. at 25 °C, the fluorescence was measured at Aex =
560 nm and Aey = 585 nm using a Varioskan Flash-Spectral Scanning
Multimode Microplate Reader (ThermoFisher Scientific, USA). The
concentration of H,O;, was expressed as the amount of compound produced
by millions of cells and calculated using equation:

C H,0, = [ST x Fscorr]/ [(Fsscorr - Fscorr) X Sv] [nmol/ul],

where:
ST - the amount of H,0, spiked in the well (nmol); Fscorr - corrected sample

fluorescence reading (unspiked well); Fsscorr - corrected spiked sample



fluorescence reading (spiked well); Sv - sample volume (pL) added into the
well.

5.4 The activity of antioxidative enzymes
All chemicals used for the enzymes’ activity analyses were of analytical grade
purity (Sigma-Aldrich, Missouri, USA). To analyze the activity of antioxidative
enzymes, 100 mL of algae suspension was collected by centrifugation (5 min.,
3 000 x g), and the sedimented material was re-suspended in 1 mL of
appropriate extraction buffer. For superoxide dismutase (SOD) and catalase
(CAT), 0.05 M potassium phosphate buffer (pH 7.0) was used, while for
ascorbic peroxidase (APX), 0.05 M phosphate buffer (pH 7.6), containing 0.86
mM AsA (ascorbic acid), 2.4 mM EDTA (ethylenediaminetetraacetic acid),
20% sorbitol and 2% PVP (polyvinylpyrrolidone) was used. Briefly, the pellet
was homogenized with glass beads (30 sec, 4.5 RPS) in 1 mL of the
appropriate buffer using FastPrep®-24 (MP Bioinedicals, USA), after which
the samples were centrifuged (20 min., 20.000 x g, at 4 °C). The obtained
supernatants were used to determine protein concentration and enzyme
activities.
Protein concentration was examined according to the method of Bradford
[57]. Briefly, 300 uL of Bradford reagent was added to 10 pL of sample or
bovine albumin standard and incubated for 10 min. in room temperature.
Measurements were made at a wavelength of 595 nm using a Varioskan
Flash-Spectral Scanning Multimode Microplate Reader (ThermoFisher
Scientific, USA). The protein concentration in the analyzed supernatant
samples was calculated using the equation derived from the standard curve.
The results were used for enzyme activity calculations.
The method involving the reduction of nitroblue tetrazolium (NBT) was used
to determine the activity of SOD isoforms [58,59]. Briefly, non-denaturing
polyacrylamide gel electrophoresis (PAGE) was performed, and the resulting
gels were immersed in a 2.45 mM NBT solution for 20 min., followed by
immersion in a solution containing 28 mM TEMED and 2.8 X 10-6 M riboflavin

in 36 mM potassium phosphate buffer at pH 7.8 for 15 min.. The gels were



exposed to illumination until a uniform blue color was obtained, with areas
containing SOD remaining colorless. SOD isoforms were resolved on the gels
[60]. The activity of individual SOD isoform bands was determined by
comparing the relative band intensity in mm? to that of the Cu/Zn-SOD
reference pattern with a defined activity of 4.4 U/mg protein (Sigma-Aldrich,
Missouri, USA). Densitometric analysis was performed using ImagelLab 6.0
(Bio-Rad Laboratories, Inc., California, USA).
APX activity was determined according to the method Nakano and Asada
[61], as described in Aksmann et al.,[54] with a slight modification. A reaction
mixture containing 50 mM phosphate buffer (pH 7.0), 18 mM pyrogallol, and
0.1 mM H;0O, was prepared. To 50 pL of enzyme extract, 150 pL of the
reaction mixture was added, and the decrease in absorbance at 430 nm
corresponding to pyrogallol oxidation was monitored for 1 min at 25 °C (by
Hitachi U-2900 spectrophotometer, Japan). Erizyme activity was quantified
using the molar extinction coefficient for pvrogallol (e=2.47 mM-! cm!), and
the results were expressed as U per 100 million cells.
CAT activity was determined spectrophotometrically (Hitachi U-2900, Japan),
as described in Aksmann et al., [54]. Briefly, after adding the reaction mixture
(50 mM sodium phosphaie buffer pH=7.0, 10 mM H,0;) to the enzyme
extract, the decrease in absorbance (A=240 nm) was monitored [62]. Results
were expressed as U per 100 million cells.

5.5 RNA extraction and RT-qPCR
Transcript levels of selected genes related to oxidative stress in NSAIDs-
treated cells were determined, as described by Aksmann et al., and Pokora et
al., [54,63,64]. Total RNA was isolated using the Total RNA Mini Kit (A&A
Biotechnology, Poland) according to the manufacturer’s instructions, after
centrifugation of algal cells (5 min, 3000 X g). Reverse transcription (RT) was
carried out using an iScript™ cDNA Synthesis Kit 170-8891 (Bio-Rad
Laboratories, Inc.) from 200 ng of total RNA with oligohexamer (dT) primers.
Real-time PCR was performed using DNA-binding dye SYBR Green I (iTaq™

Universal SYBR® Green Supermix, Bio-Rad Laboratories, Inc.), following the



manufacturer’s protocol. Gene-specific primer pairs of FSD1 (iron superoxide
dismutase Fe-SOD), MSD3, MSD4, MSD5 (isoforms of manganese superoxide
dismutase Mn-SOD), CATI (catalase, CAT), and APX1, APX2, APX4 (isoforms
of ascorbate peroxidase, APX) are listed in Table S3. The 78S transcript was
used to standardize the results as an internal quantifying control. The levels
of relative gene expression were calculated using Pfaffl method [65]. All PCR
reactions and data analysis were performed on the CFX96 Touch™ Real-Time
PCR Detection System using CFX Maestro™ Software (Bio-Rad Laboratories,
Inc., California, USA).

5.6 In silico prediction of enzymes’ subcellular localization
Computational predictions of the subcellular localization of CAT1, APXI,
APX2, APX4, FSD1, MSD3, MSD4, and MSD5 gene products were performed
using web-based interfaces provided by each prediction program. The
sequences of the nucleotide, or protein from algae, were retrieved in the
FASTA format from the NCBI (https://www.ncbi.nlm.nih.gov/). Subcellular
localizations were predicted using online tools such as UniPort [66],
deeploc2.1 [67], and PredAlgo [68].

5.7 Statistical analysis
The presented data were prepared in at least three independent experiments,
each including a minimum of three biological replicates per treatment and
two technical replicates. Microsoft Excel (Microsoft, 2023, USA), Origin Pro
9.6 (OriginLab Corp., USA), and Statistica 9.0 (StatSoft Europe, Germany)
were used for experimental data processing, statistical analysis and graphics
preparation. The data were expressed as the means + SE. Data were analyzed
by one-way ANOVA or Kruskal-Wallis test, followed by the Tukey or Dunn's
post-tests. Statistical analyses were performed at a probability value of < p
0.05, where the differences are marked using letters. The same software was
used to calculate the Pearson correlation matrix to determine the relationship
between H:20: production, the activity of antioxidant enzymes, and the
expression of the analyzed genes. The integrated biological response index

(IBR) was also calculated for the control group and algae treated with



NSAIDs, following the method [69]. The H,O, production, and activity of
SODs isoforms, CAT, and APX were selected as the biomarkers to analyze the

antioxidant response of C. reinhardtii cells.
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Fig. 1. Effect of flufenamic acid (FFA), nabumetone (NBT), ibuprofen (IBU),
and naproxen (NPX), applied at EC50 concentrations on population density
(a), and hydrogen peroxide production by C. reinhardtii cells (b). Data are
presented as averages = SE. Different letters indicate significant differences
(p = 0.05) between groups (a- ANOVA followed by the Tukey's HSD test, b-
Kruskal-Wallis followed by the Dunn's test).

Fig. 2. Effect of flufenamic acid (FFA), nabumetone (NBT), ibuprofen (IBU),
and naproxen (NPX), applied at EC50 concentrations on activity of
superoxide dismutase (SOD, a), and relative level of SOD genes
transcription in C. reinhardtii cells (b). Data are presented as averages *
SE. Different letters indicate significant differences (p = 0.05) between
groups (ANOVA followed by the Tukey's HSD test). FSDI1.gene encoding for
Fe-SOD, MSD5, MSD3: genes encoding for Mn-SODs.

Fig. 3. Effect of flufenamic acid (FFA), nabumetone (NBT), ibuprofen (IBU),
and naproxen (NPX), applied at EC50 concentrations on the activity of

ascorbate peroxidase (APX, a), and relative gene transcription level of APX7



(b) in C. reinhardtii cells. Data are presented as averages *+ SE. Different
letters indicate significant differences (p = 0.05) between groups (ANOVA
followed by the Tukey's HSD test).

Fig. 4. Effect of flufenamic acid (FFA), nabumetone (NBT), ibuprofen (IBU),
and naproxen (NPX), applied at EC50 concentrations on activity of catalase
(CAT, a), and relative gene transcription level of CAT7 (b) in C. reinhardtii
cells. Data are presented as averages = SE. Different letters indicate
significant differences (p = 0.05) between groups (ANOVA followed by the
Tukey's HSD test).

Fig 5. Overview of NSAIDs effect on analyzed parameters, relative to
control values.

Fig. 6. Pearson correlation matrices between H,0O, production, antioxidant
enzyme activity, and gene expression in C. reinhardtii cells treated with
FFA (a), NBT (b), IBU (c), and NPX (d). Positive correlations are shown in
blue and negative correlations in red; color intensity is proportional to the
correlation coefficient; white stars indicate statistically significant
correlations (p = 0.05). Grey squares indicate no linear relationship among
the analyzed parameters.

Fig. 7. Biomarker star plots (a-e) and integrated biomarker response (IBR)
index (f) of C. reinliardtii cells exposed to FFA, NBT, IBU, and NPX, applied
at EC50 concentrations. H202- hydrogen peroxide production, SOD- total
SOD activity, Fe-SOD- iron superoxide dismutase activity, Mn-SOD-
manganese superoxide dismutase activity, APX- ascorbate peroxidase
activity, CAT- catalase activity.
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