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Abstract: Raltegravir (RAL), an antiretrovi-
ral (ARV) used in HIV treatment, has been 
detected in aquatic environments, although 
its ecotoxicological effects are still poorly un-
derstood. The aim of this study was to assess 
the toxicity of the RAL-K (MCR) formulation, 
both alone and in combination with a dolu-
tegravir-containing medication (MCD), on 
the aquatic organisms Microcystis novacekii, 
Chlorella vulgaris, and Artemia salina, as well 
as estimate the associated environmental risk. 
The assays followed ABNT NBR 12648 (2018) 
and NBR 16530 (2021) standards, with expo-
sures ranging from 6 to 102 mg/L. As a result, 
the species M. novacekii exhibited the highest 
sensitivity among the tested organisms, with 
an EC50 of 44.56 ± 1.77 mg/L, being classi-
fied as “slightly toxic” (category 3 – GHS). 
The combination of MCR + MCD intensified 
the effects, reducing the EC50 to 20.96 ± 0.95 
mg/L. In contrast, the microalga C. vulgaris 
exhibited stimulated cell growth, while A. sa-
lina did not experience significant acute ef-
fects (EC50 > 100 mg/L). The ecological risk 
assessment indicated high risk in all simula-
ted scenarios: Brazil (RQ = 11.0), Portugal 
(RQ = 6.06), and South Africa (RQ = 381.51). 
The results suggest that although RAL is clas-
sified as slightly toxic to the tested organisms, 
its environmental concentration could nega-
tively affect aquatic organisms. Additionally, 
its combined presence with other ARVs could 
exacerbate these impacts, highlighting the 
need for environmental monitoring and im-
provements in effluent treatment systems.
Keywords: Environmental health; Pharma-
ceutical contamination; Synergistic effect; En-
vironmental risk; Aquatic organisms.
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INTRODUCTION
According to the Joint United Nations 

Programme on HIV/AIDS (UNAIDS) report, 
in 2023, approximately 39.9 million people 
were living with HIV (PLHIV) worldwide, 
with 30.7 million on antiretroviral therapy 
(ART), representing 77% of cases. The World 
Health Organization (WHO) aims to achie-
ve 95% coverage by 2025 (UNAIDS, 2024). 
Antiretrovirals (ARVs), widely used in HIV 
infection treatment, are essential for reducing 
mortality and improving the quality of life for 
PLHIV (WHO, 2021; Gandhi et al., 2023). 
However, their intensive and continuous use 
has led to the increasing detection of these 
drugs in aquatic environments, where, due to 
their high stability and bioactivity, they can 
cause significant ecotoxicological effects and 
potential risks to human health (Wood et al., 
2015; Omotola et al., 2021; Souza et al., 2022; 
Wallace et al., 2023; Munzhelele et al., 2024).

Among the ARVs used in HIV treatment, 
raltegravir (RAL), the first integrase inhi-
bitor approved for clinical use, stands out. 
Although not the first choice for ART, it is 
used in certain clinical contexts, including 
treatment for adults, children, and pregnant 
women living with HIV (FDA, 2011b; Brazil, 
2017, 2023). RAL is part of the regimens re-
commended by the European AIDS Clinical 
Society (EACS) and is included in the WHO 
Essential Medicines List, highlighting its im-
portance in managing the infection (WHO, 
2017; EACS, 2025). In adults, the medication 
containing RAL (MCR) is administered in 
two 400 mg doses, and after hepatic metabo-
lism, a significant portion of the RAL drug is 
excreted unchanged in feces (51%) and urine 
(9%) (Nakamura et al., 2023; MSD, 2023).

Different ARVs have been detected in wa-
ter bodies around the world, with concen-
trations ranging from ng/L to µg/L in surfa-
ce waters, groundwater, effluents, and water 
treatment plants in Africa, America, and Eu-

rope (Mlunguza et al., 2020; Cid et al., 2021; 
Adeola; Forbes, 2021). Although the aquatic 
toxicity of ARVs such as dolutegravir (DTG) 
(Souza-Silva et al., 2025), Tenofovir disopro-
xil fumarate (TDF) (Silva et al., 2019; Souza-
-Silva et al., 2023), nevirapine (NVP) (Diniz 
et al., 2022; Cid et al., 2021; Nibamurek et al., 
2019), abacavir (ABC) (Minguez et al., 2016), 
efavirenz (EFZ), and lamivudine (3TC) (Al-
meida et al., 2021; De Souza et al., 2025) has 
been investigated, studies on the ecotoxicolo-
gical effects of RAL are still scarce. Predictive 
data indicate its presence in different water 
bodies, with concentrations varying depen-
ding on the region and type of aquatic matrix 
(Almeida et al., 2023;

Marzabal et al., 2022; Abafe et al., 2018), 
underscoring the need for further investiga-
tions into the environmental impacts of this 
drug.

Based on the quantity of MCR distributed 
by the Brazilian Unified Health System (SUS) 
between 2022 and 2024, it is estimated that 
approximately 79,215.38 kg of the medication 
were made available for consumption in Bra-
zil (Brazil, 2025). Considering pharmacoki-
netic parameters (MSD, 2023) and adopting 
a theoretical maximum consumption scena-
rio, about 35,425.43 kg of RAL may have been 
excreted unchanged into the environment 
during this period, suggesting a significant 
environmental load and potential ecotoxico-
logical impacts.

The drug RAL is stable under neutral pH 
conditions (pH 7.0) and ambient temperatu-
re (25°C) (Nakamura et al., 2023). It remains 
stable when exposed to ultraviolet (UV) light 
(254 nm), and its significant degradation by 
hydrolysis occurs only under extreme pH 
conditions (pH < 1 or pH > 13) (Bhavyasri 
et al., 2015), suggesting that in natural water 
bodies, it may not degrade easily, maintaining 
its chemical integrity and stability.
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In addition to RAL, dolutegravir (DTG), 
another integrase inhibitor, is widely used in 
first-line HIV therapy in Brazil, and its incre-
asing incorporation into treatment regimens 
(Chagas dos Santos et al., 2025) may elevate 
its environmental presence, especially in ur-
ban areas (Souza-Silva et al., 2025). In cases of 
resistance to DTG, this drug can be replaced 
by RAL in the ART regimen (Brazil, 2022), hi-
ghlighting the importance of understanding 
the environmental impact of these compou-
nds, both individually and in combination.

Pharmaceutical residues, although detec-
ted in the environment at low concentrations 
(ng/L to µg/L) (Taheran et al., 2018; Morin-
-Crini et al., 2022) and considered to pose no 
direct risk to human health (WHO, 2022), are 
continuously released into water bodies, and 
the effects of prolonged exposure remain po-
orly understood (Adeola et al., 2021). Wallace 
et al. (2023) demonstrated, in a laboratory as-
say with RAL concentrations ranging from 10 
to 100 mg/L, that this drug can induce cross-
-resistance to widely used antibiotics, such as 
clarithromycin and erythromycin, in Esche-
richia coli, suggesting that ARVs in aquatic 
environments may contribute to the develop-
ment of multidrug-resistant microbes.

The emergence of resistant strains is par-
ticularly concerning, as E. coli is a significant 
agent of human infections (Khan; Gupta, 
2020), and the insufficient coverage of basic 
sanitation, which affects approximately 46% 
of the global population and 24% of the Bra-
zilian population, may facilitate the spread 
of these resistant bacteria (UN, 2023; IBGE, 
2022).

Although ARVs have the potential to cau-
se biological changes in organisms, cumula-
tive impacts on ecosystems, and risks to the 
food chain (De Oliveira et al., 2023; Godoy; 
Kummrow, 2017), the lack of specific guide-
lines and the inefficiency of wastewater treat-
ments highlight the need for further studies 

and actions to mitigate the effects of these 
emerging contaminants (Montagner; Vidal; 
Acayaba, 2017; Taheran et al., 2018; Patel et 
al., 2019; Morin-Crini et al., 2022).

Studies on the cyanobacterium Microcystis 
novacekii (Silva et al., 2019) and the microalga 
Chlorella vulgaris (Diniz et al., 2022) indicate 
that both are effective bioindicators of toxici-
ty due to their tolerance to contaminants and 
bioremediation capability, showing rapid res-
ponses to physicochemical changes and ser-
ving as representative organisms in produc-
tion (Campos et al., 2013; Coronado-Reyes 
et al., 2022; OECD, 2011; ABNT, 2023; Xiao 
et al., 2018). Additionally, Artemia salina, a 
primary consumer, is one of the most widely 
used microcrustaceans in ecotoxicity asses-
sments of substances. Its broad distribution, 
filtration capacity, and ability to adapt to ex-
treme habitats make it an effective biomarker 
of environmental quality (Souza et al., 2024).

Given this context, this study aims to 
evaluate the toxicity of RAL on the aquatic 
organisms M. novacekii, C. vulgaris, and A. 
salina, in order to contribute to the unders-
tanding of the ecological and environmental 
impacts of this drug.

MATERIALS AND METHODS

MEDICATIONS
To assess the effects of raltegravir potas-

sium (RAL-K), CAS No. 871038-72-1, the 
medication containing RAL-K (MCR) Isen-
tress®, manufactured by Merck Sharp & Doh-
me, was used in this study. The MCR is in the 
form of pink-coated tablets, oval- shaped, 
with a water solubility of approximately 71 
mg/mL, without buffering, and a final pH of 
7.9. The pKa of RAL-K is 6.3, and its solubility 
increases in slightly alkaline media. The Isen-
tress® formulation contains excipients such as 
microcrystalline cellulose, monohydrate lac-
tose, dibasic calcium phosphate, hypromello-
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se, poloxamer, sodium stearyl fumarate, mag-
nesium stearate, polyvinyl alcohol, titanium 
dioxide, macrogol, talc, red and black iron 
oxides (FDA, 2011).

The medication containing dolutegravir 
sodium (MCD), CAS No. 1051375-19- 9, 
used in this study was manufactured by Blan-
ver Farmoquímica e Farmacêutica SA, with a 
water solubility of approximately 269 mg/L. 
Each coated tablet contains 50 mg of DTG, 
combined with excipients such as micro-
crystalline cellulose, mannitol 25C, povidone 
K30, sodium starch glycolate, and sodium ste-
aryl fumarate. The coating includes Opadry® 
II Yellow, composed of partially hydrolyzed 
polyvinyl alcohol, titanium dioxide, macrogol 
(PEG), talc, and yellow iron oxide.

Thus, a mixture of MCR and MCD was 
prepared to evaluate potential synergistic or 
antagonistic effects on M. novacekii and C. 
vulgaris, considering the physicochemical 
and biological parameters of these drugs. For 
the preparation of solutions, the active ingre-
dient concentration was taken as declared by 
the manufacturer, assuming compliance with 
the quality control standards required for 
marketed pharmaceutical products.

TEST ORGANISM CULTURES
The cultures of M. novacekii and C. vul-

garis used in this study were isolated from 
water samples collected from Lake Dom 
Helvécio (Rio Doce State Park - 42°35′595‖; 
19°46′419‖) and the Córrego da Mina stre-
am, located in the São Francisco River ba-
sin (19°58′748″; 43°49′259″), both in Minas 
Gerais, Southeast Brazil. The cultures were 
maintained in germination chambers at 23 ± 
2°C, with a 12/12-hour light/dark photope-
riod and a light intensity of 45 ± 5 µmol/m/s. 
The culture media used were ASM-1 (pH = 
8.0 ± 0.2) for the cyanobacterium and BG-11 
(pH = 7.5 ± 0.2), with nitrogen (c/N), for the 
microalga. The cultures are maintained in the 

Laboratório de Água (LabÁgua) at the Facul-
ty of Pharmacy (FAFAR), Federal University 
of Minas Gerais (UFMG).

Artemia salina cysts were incubated in a 
3.5% saline solution under constant aeration, 
at a controlled temperature of 25°C, and ex-
posed to light. After 48 hours, the cysts ha-
tched, producing nauplii (the initial stage of 
the crustaceans). The nauplii were collected 
and kept under stable conditions until the 
experiments began. The cyst hatching and 
nauplii maintenance processes followed the 
guidelines established by NBR 16530 of 2021 
(ABNT, 2021). The experiments with A. sali-
na were carried out at the Ecotoxicology La-
boratory, Department of Research and Deve-
lopment, Ezequiel Dias Foundation.

PREPARATION OF TEST 
SOLUTIONS

From MCR, stock solutions were prepared 
in ASM-1 for the M. novacekii assays and in 
BG-11 (c/N) for the C. vulgaris assays. For 
this, the medications were manually pulveri-
zed using a mortar and pestle. The material 
was then transferred to glass beakers and 
homogenized using a magnetic stirrer for 
10 minutes at room temperature (25°C). Af-
ter stirring, the material was filtered through 
qualitative filter paper, and the volume was 
adjusted to obtain a final concentration of 120 
mg/L. From this stock solution, test solutions 
were prepared at concentrations ranging from 
12 to 102 mg/L.

For the stock solution in the A. salina test, 
the MCR was manually pulverized using a 
mortar and pestle. The material was then 
transferred to a glass beaker and suspended 
in a 3.5% saline solution, using a magnetic 
stirrer for 10 minutes at room temperature 
(25°C). After stirring, the material was filte-
red through qualitative filter paper, and the 
volume was adjusted to obtain a final concen-
tration of 100 mg/L. From the stock solution, 
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test solutions were prepared at concentrations 
ranging from 6 to 100 mg/L.

For the preparation of the test solution 
with the mixture of MCR and MCD, the same 
procedure described for M. novacekii and C. 
vulgaris was followed. The volume was adjus-
ted to the final concentration of 120 mg/L (for 
both drugs), from which test solutions were 
prepared at concentrations ranging from 10 
to 102 mg/L.

These test concentrations, based on the 
concentration of the active pharmaceutical 
ingredient (API) in each medication—RAL-
-K for MCR and DTG-Na for DTG—were se-
lected according to the toxicity classification 
of chemical compounds established by the 
Globally Harmonized System of Classifica-
tion and Labeling of Chemicals (GHS, 2023). 
Furthermore, during the preparation, no pH 
adjustment was necessary for the test solu-
tions, as the pH values remained compatible 
with the culture media (± 0.2), except for the 
RAL and DTG mixture, where 0.1M sodium 
hydroxide (NaOH) was used to adjust the pH 
of the test solutions.

CELL GROWTH INHIBITION TEST
Acute (4 d) and chronic (14 d) cell grow-

th inhibition assays with M. novacekii and C. 
vulgaris were conducted based on the ABNT 
NBR 12648 standard of 2018, with methodo-
logical adaptations. For each assay, suspen-
sions containing approximately 10^6 cells per 
milliliter of the test organism were transferred 
to 250 mL glass Erlenmeyer flasks and expo-
sed, in triplicate, to the concentrations of in-
terest of MCR, or to the combination of MCR 
and MCD, previously prepared.

ASM-1 and BG-11 (c/N) culture media 
were used as negative controls for the M. no-
vacekii and C. vulgaris assays, respectively. 
The average growth rates and growth inhi-
bition curves as a function of the concentra-
tions of the test substances were determined 

from the absorbance of the samples measured 
after 4 d and 14 d of exposure. Equations 1 
and 2 were used to convert the absorbances 
of the samples (X), at 680 nm for M. novacekii 
and 695 nm for C. vulgaris, to cells per millili-
ter (y), respectively: 

y = 107 × X – 13,574 (R² = 0.9944)          
(Equation 1)

y = 105 × X – 7,723 (R² = 0.9899)              
(Equation 2)

ACUTE TOXICITY TEST
The acute toxicity test with A. salina was 

conducted according to the ABNT NBR 
16530 standard of 2021 (ABNT, 2021). For-
ty-eight-hour-old nauplii were distributed in 
test tubes containing different concentrations 
of MCR solubilized in a 3.5% saline solution. 
The concentrations used ranged from 6.25 
to 100 mg/L (serial dilution 2x), with test tu-
bes containing only the saline solution used 
as the negative control. Each test tube recei-
ved 10 individuals, ensuring proper exposure 
control. After 48 hours of incubation, the mo-
bility of the nauplii was assessed by counting 
the mobile and immobile organisms at each 
tested concentration. The test was performed 
in quadruplicate (n = 40), ensuring statistical 
rigor in data analysis.

ENVIRONMENTAL RISK 
ASSESSMENT

The environmental risk assessment of RAL 
was conducted using the Risk Quotient (RQ), 
calculated as the ratio between the measured 
environmental concentration (MEC) and the 
Predicted No Effect Concentration (PNEC) 
for the tested aquatic organisms (Equation 3):
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PNEC values were estimated from the 
CE50 data obtained in the experiments con-
ducted in this study and from studies availa-
ble in the literature, applying a division factor 
of 1,000 (PNEC = CE50 / 1,000) (Cid et al., 
2021; Ramos et al., 2025; Souza- Silva et al., 
2025). The ecological risk classification was 
defined as follows:

RQ < 0.01 indicates negligible risk
0.01 ≤ RQ < 0.1 represents low risk
0.1 ≤ RQ < 1 represents medium risk 
RQ ≥ 1 indicates high risk
The MEC values were obtained from avai-

lable literature records, through predictive 
modeling (QSAR), and chemical analyses 
in different aquatic matrices (Almeida et al., 
2023; Marzabal et al., 2022; Abafe et al., 2018).

STATISTICAL ANALYSIS
The data obtained were analyzed using R 

software (v4.4.1). The Shapiro-Wilk test was 
applied to check for normality, and the Wilco-
xon test was used for non- parametric data. Lo-
gistic regression, log-normal, and Weibull mo-
dels were fitted using the - drc|| package (Ritz 
et al., 2015), considering p < 0.05 as significant.

RESULTS AND DISCUSSION

TOXICITY OF THE RAL-K DRUG 
(MCR)
This is the first study to experimentally 

evaluate the ecotoxicological effects of MCR 
on aquatic organisms. The lack of research 
using bioassays hinders a precise assessment 
of the environmental risks associated with 
this drug. Although studies based on ecolo-
gical modeling and predictive methods have 
been conducted (Ramos et al., 2025; Chou-
dhury, Ojha, Ray, 2024), further investiga-
tions with organisms from different levels of 
ecological organization are needed for a more 
comprehensive understanding of its impacts 
on aquatic biota.

The study results demonstrated distinct 
responses between the biological models as-
sessed. The cyanobacterium M. novacekii 
exhibited higher sensitivity to MCR compa-
red to the microalga C. vulgaris. Growth inhi-
bition tests indicated that MCR caused initial 
toxicity to M. novacekii, resulting in a signi-
ficant reduction (p < 0.05) in the cell grow-
th rate during the first four days of exposure, 
with estimated EC10 values of 22.33 ± 1.65 
mg/L, EC50 of 44.56 ± 1.77 mg/L, and EC90 
of 88.90 ± 9.43 mg/L. These results indicate a 
dose-dependent response, with an increased 
inhibition of cell growth as the drug concen-
tration rises.

However, throughout the experiment (14 
days of exposure), partial recovery of cyano-
bacterial growth was observed. In contrast, no 
detectable toxicity was observed in C. vulga-
ris during the tests, with growth maintained 
across all tested concentrations (< 100 mg/L), 
indicating greater tolerance to the drug. Simi-
larly, A. salina also exhibited low sensitivity 
to MCR, with no complete immobilization 
observed at the highest exposure concentra-
tions tested (< 100 mg/L). Figure 1 shows 
the dose-response curve (growth inhibition 
over time) for M. novacekii, which experien-
ced a significant reduction in cell density du-
ring the first days of exposure, followed by 
an adaptation and partial recovery phase in 
subsequent days, possibly associated with the 
activation of metabolic defense mechanisms 
against chemical stress.
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Figure 1 - Dose-response curve of growth inhi-
bition in M. novacekii after 4 d of acute expo-
sure to the RAL-K (MCR) - containing drug, at 
concentrations ranging from 12 to 102 mg/L. 
The negative control group consisted of ASM-1 

culture medium without MCR (0.0 mg/L).

On the other hand, C. vulgaris maintained 
exponential growth at all tested concentra-
tions, indicating that the drug did not affect 
its cell division rate. The divergence in obser-
ved effects may be associated with structural 
differences between the species, such as varia-
tions in cell wall composition and specific de-
toxification mechanisms. A detailed response 
to MCR exposure in the test organisms is des-
cribed in the following sections.

TOXICITY IN M. NOVACEKII
In the growth inhibition assays, M. nova-

cekii exhibited acute toxic responses to MCR in 
a dose-dependent manner. The cell inhibition 
rate (I%) progressively increased with higher 
RAL-K concentrations, indicating a signifi-
cant impact on the cyanobacterium’s viability, 
as shown in Figure 1. Acute exposure (4 d) re-
sulted in an estimated EC50 value of 44.56 ± 
1.77 mg/L (Weibull model), classifying RAL-K 
as Acute Hazard Category 3, according to the 
criteria established by the Globally Harmoni-
zed System of Classification and Labelling of 
Chemicals – GHS (GHS, 2023).

This category corresponds to substances 
considered mildly toxic to aquatic organis-
ms in short-duration exposures (10 < EC50 
≤ 100 mg/L). Additionally, the EC10 and 
EC90 values were determined to be 22.33 ± 
1.65 mg/L and 88.90 ± 9.43 mg/L, respecti-
vely, further reinforcing the dose-respon-
se relationship. Statistical analysis using the 
Wilcoxon test revealed significant differences 
between the groups (p < 0.05), supporting the 
reliability of the obtained data.

At concentrations of 72 and 102 mg/L, 
100% growth inhibition was observed, sug-
gesting that higher concentrations could have 
an algicidal effect on the organisms and su-
ppress metabolic activity. As demonstrated by 
Xian et al. (2025), cyanobacteria may enter a 
dormant state under chemical stress, maintai-
ning cellular viability without active division. 
This hypothesis is supported by the partial 
recovery of growth observed in chronic expo-
sure (14 days).

The cell growth dynamics of M. novacekii 
were monitored over a 14-day exposure to 
MCR, allowing for the evaluation of potential 
recovery mechanisms. Figure 2 illustrates the 
evolution of cell growth at different concen-
trations over the exposure times (0, 4, and 14 
days).

Figure 2 - Cell growth of M. novacekii at different 
concentrations of the RAL-K (MCR)-containing 
drug, ranging from 12 to 102 mg/L, during acute 
(4 days) and chronic (14 days) exposures. The ne-
gative control group consisted of ASM-1 culture 

medium without MCR (0.0 mg/L).
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It is important to note that the toxici-
ty observed in the acute phase may not only 
be related to RAL-K in its original form but 
also to the formation of secondary metaboli-
tes with increased toxic potential, as observed 
by Wroński et al. (2024) in their study, where 
transformation products of RAL were more to-
xic than RAL itself for all organisms evaluated.

As illustrated in Figure 2, the exposure 
time directly influenced the response obser-
ved in M. novacekii, evidenced by the negative 
activity on cell growth during acute exposu-
re (4 d), and a partial recovery from toxicity 
during chronic exposure (14 d), suggesting a 
possible adaptive mechanism to the chemical 
stress caused by MCR. This reduction in toxi-
city may be related to the cyanobacteria’s abi-
lity to activate detoxification pathways (Wang 
et al., 2018; Gomes et al., 2022) and the degra-
dation of the drug in the medium, reducing 
its bioavailability and mitigating impacts on 
cell growth over time.

Although this study did not isolate the ex-
cipients, recent work with ARVs demonstrates 
that they can significantly modulate toxicity 
in aquatic organisms. Souza-Silva et al. (2025) 
observed that excipients such as mannitol and 
povidone may reduce the toxicity of DTG-
-Na via complex formation, while surfactants 
can increase the bioavailability of 3TC. Con-
sidering that the MCR evaluated in this stu-
dycontains both surfactants (poloxamer) and 
potentially complexing agents (lactose, hypro-
mellose), it is plausible that similar interactions 
occurred, emphasizing the need to evaluate 
complete formulations in ecotoxicological stu-
dies (Souza-Silva et al., 2025; Turek et al., 2023; 
Silva et al., 2014; Jacob et al., 2016).

As a viral integrase inhibitor in humans, 
RAL-K does not have a direct molecular tar-
get in cyanobacteria, but it may have indu-
ced oxidative stress, leading to the formation 
of reactive oxygen species (ROS), damaging 
cell membranes and photosynthetic pigments 

such as chlorophyll-A (evidenced by the re-
duction in absorbance at 680 nm), along with 
potential damage caused by osmotic imbalan-
ce. To clarify the specific mechanisms of toxi-
city from the RAL-K-containing drug in M. 
novacekii, future tests with biomarkers such 
as catalase and/or peroxidase are suggested.

The results obtained in this study show si-
milarities to the data reported by Silva et al. 
(2019) for the ARV TDF, a nucleoside reverse 
transcriptase inhibitor (NRTI), which exhibi-
ted an EC50 of 161.01 mg/L for M. novacekii, 
classifying it as practically non-toxic to the 
aquatic environment. Similarly, Souza et al. 
(2025) found that entecavir, an antiviral pres-
cribed for the treatment of hepatitis B, did not 
exhibit toxicity to M. novacekii (EC50 > 100 
mg/L).

However, unlike these compounds, MCR 
demonstrated higher acute toxicity, with 
an EC50 of 44.56 mg/L, indicating a poten-
tially more relevant environmental impact. 
This difference may be related not only to 
the chemical structure of RAL-K (lipophilic 
characteristics and functional groups) that 
could interact with components of the cell 
membrane but also to its pharmaceutical for-
mulation (excipients + active pharmaceutical 
ingredient).

By using the pharmaceutical formulation 
(Isentress®) and not just the isolated active 
pharmaceutical ingredient (API), it is possib-
le to observe the environmental effects caused 
by the combined presence of API + excipients, 
since the excipients are also released into the 
environment and can act in a synergistic or 
additive manner. Some excipients may modu-
late toxicity by increasing cellular permeabili-
ty (Turek et al., 2023) and inducing oxidative 
stress (Shukla & Trivedi, 2018; Wang et al., 
2018) in aquatic organisms. These mechanis-
ms, though documented in other biological 
models, suggest potential pathways for the 
acute effects observed in M. novacekii.
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Souza-Silva et al. (2025) highlighted this 
aspect when comparing the API and the 
MCD, another integrase inhibitor like RAL, 
in different forms. While the formulated drug 
exhibited an EC50 between 19.5 and 27.6 
mg/L (classified as low toxicity), the isolated 
API was considerably more toxic (EC50 < 2 
mg/L). This contrast reinforces the importan-
ce of evaluating not only the API but the drug 
as a whole, including excipients and its com-
mercial presentation.

The combination of DTG, TDF, and 3TC 
demonstrated high acute toxicity, with an es-
timated EC50 of 5.6 ± 0.6 mg/L after four days 
of exposure, categorizing it as toxic. This in-
creased toxicity can be attributed to potential 
synergistic effects between the APIs and exci-
pients, amplifying the negative impacts on M. 
novacekii, as also observed with the MCR in 
this study.

In the present study, the reference drug 
Isentress® 400 mg was used, whose formulation 
may contain excipients with potential toxicity-
-modulating effects, and which, as part of the 
final product, are also released into the envi-
ronment. These differences between the com-
pounds analyzed emphasize the need to consi-
der the individual physicochemical properties 
of drugs when assessing their ecotoxicological 
effects, as toxicity is not only related to the the-
rapeutic class but also to the chemical structu-
re, formulation, environmental behavior, and 
the response of exposed organisms.

In the cyanobacterium M. novacekii, expo-
sure to multiple contaminants can trigger spe-
cific biological responses, resulting in varied 
environmental impacts (Wang et al., 2018; 
Gomes et al., 2022). In the aquatic environ-
ment, drugs coexist with numerous substan-
ces whose interactions can lead to synergistic, 
antagonistic, or additive effects, either ampli-
fying or mitigating ecotoxicological impacts. 
Therefore, it is essential that future studies 
evaluate not only the isolated toxicity of each 

chemical compound but also their combined 
effects and environmental behavior, conside-
ring factors such as exposure time, degrada-
tion in the medium, bioaccumulation, and 
the presence of excipients.

TOXICITY IN C. VULGARIS
In the cell growth inhibition assays with C. 

vulgaris, no acute or chronic toxic effects were 
observed following exposure to MCR at the 
tested concentrations. The negative growth 
inhibition values, or positive values indicating 
stimulation of cell growth (Table 1), demons-
trated a significant effect, with a biomass in-
crease of up to 79% at a concentration of 81 
mg/L after 4 d of exposure. However, chronic 
exposure showed a significant reduction in 
growth stimulation, although it remained po-
sitive after 14 days.

RAL-K (mg/L) C% - 4 d C% - 14 d
0.0 0.0 ± 0.2 0.0 ± 0.5

12.0 5.5 ± 2.3 3.9 ± 4.2
21.0 16.1 ± 3.5 3.0 ± 3.9
42.0 33.4 ± 2.3 8.1 ± 1.9
60.0 54.8 ± 1.2 6.4 ± 2.2
81.0 79.0 ± 9.8 9.1 ± 6.2

102.0 58.5 ± 5.3 4.6 ± 5.0

Table 1: Cell growth stimulation rate (C%) 
of C. vulgaris under exposure to the RAL- K 
- containing drug at different concentrations 
for 4 and 14 days. The negative control group 
consisted of BG-11 culture medium with ni-

trogen and no MCR (0.0 mg/L).

TOXICITY IN C. VULGARIS
As established by ISO 8692:2012 (Water 

quality – Freshwater algal growth inhibition 
test with unicellular green algae), growth va-
riations up to ± 20% compared to the control 
are considered within the normal variability 
of the test system. However, the values obser-
ved in this study (up to 79.0%) exceeded this 
threshold, indicating a biologically relevant ef-
fect.
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Although MCR did not show apparent 
toxicity to C. vulgaris under isolated condi-
tions, the stimulation of algal growth may 
have considerable ecological implications. 
The increase in phytoplankton biomass, for 
example, could promote the occurrence of al-
gal blooms, which reduce dissolved oxygen in 
water and compromise the survival of other 
aquatic organisms. Such imbalances could 
disrupt trophic chains, favor opportunistic 
species, and impact biodiversity.

The reduction in growth stimulation from 
58.5% at 102.0 mg/L to 79.0% at 81 mg/L over 
4 days of exposure may suggest the onset of 
an inhibitory effect at high concentrations of 
RAL-K (> 100 mg/L), possibly related to the sa-
turation of cellular tolerance mechanisms, re-
source depletion, generation of toxic metaboli-
tes, or chemical degradation of the compound 
in the medium. This hypothesis is further su-
pported by the significant reduction in growth 
stimulation during chronic exposure (14 days) 
at all tested concentrations. This behavior may 
represent an inflection point between stimula-
tion and stress, which warrants attention from 
an ecotoxicological perspective.

The resistance of C. vulgaris to MCR may 
be associated with its thick cell wall, which li-
mits the penetration of xenobiotics, and the 
presence of detoxification enzyme systems, 
such as cytochrome P450 and glutathione-S-
-transferases (Expósito et al., 2021; Rajivgan-
dhi et al., 2022; Herath & Ganehenege, 2023). 
This microalga also has a recognized capacity 
for bioremediation, removing heavy metals, 
surfactants, and various pharmaceuticals 
from the aquatic environment (Kosarev et al., 
2022; Coronado-Reyes et al., 2022).

Another potential factor for the observed 
growth could be the use of MCR and/or its 
excipients as supplementary sources of car-
bon or nitrogen. The RAL-K molecule con-
tains functional groups such as amides and 
heterocyclic rings that can be metabolized 

by C. vulgaris. Excipients in the formulation, 
such as lactose and poloxamers, may also have 
contributed as additional energy sources (De 
Jesus Oliveira Santos et al., 2023; Zheng et al., 
2019; Melo et al., 2018; Abreu et al., 2012).

Previous studies support these findings, 
showing that pharmaceutical residues can act 
as metabolic stimuli for microalgae. Procópio 
et al. (2021) observed a 40% increase in grow-
th rate and a 5% increase in photosynthetic 
efficiency of C. vulgaris in the presence of car-
bamazepine. Zhang et al. (2019) reported an 
increase in chlorophyll and lipid production 
in C. pyrenoidosa exposed to low concentra-
tions of diclofenac (2 – 30 mg/L).

Similarly, Ricky, Chiampo, and Shanthaku-
mar (2022) found up to a 46% increase in bio-
mass and a 30% increase in chlorophyll-a in C. 
vulgaris exposed to a concentration of 5 mg/L 
of the antibiotics ciprofloxacin and amoxicillin. 
These data reinforce the hypothesis that phar-
maceutical contaminants, even at low concen-
trations, can modulate microalgal metabolism, 
promoting adaptive responses such as increa-
sed biomass, changes in biochemical compo-
sition, and activation of antioxidant mechanis-
ms, such as increased superoxide dismutase 
and catalase enzymes (Zhang et al., 2019).

The results obtained with MCR differ from 
those reported by Diniz et al. (2022), who ob-
served a significant inhibitory effect of NVP 
on C. vulgaris, with CE50 values of 24.90 
mg/L for the active pharmaceutical ingredient 
(API) and 19.52 mg/L for the pharmaceutical 
formulation containing NVP. These data sug-
gest that, unlike RAL-K, NVP is classified as 
toxic to microalgae. These differences may be 
related to the distinct mechanisms of action: 
while NVP is a reverse transcriptase inhibitor, 
RAL acts on HIV integrase, and their physi-
cochemical properties—such as the log Kow 
of 0.4 for RAL-K and 1.8 for NVP—affect li-
pophilicity and cellular penetration (NCBI, 
2023; Diniz et al., 2022).
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Although the data presented here suggest 
that MCR, analyzed in isolation, does not 
pose a risk to C. vulgaris, it is important to 
consider that environmental exposure often 
occurs through mixtures of pharmaceuticals 
and other chemicals. Studies show that com-
bined toxicity may be greater than the sum 
of individual effects, with synergistic interac-
tions between ARVs (Omotola et al., 2022; 
Gomes et al., 2022; Souza-Silva et al., 2025).

For example, the combination of TDF 
and EFZ resulted in up to a 50% reduction in 
growth and a 40% reduction in photosynthe-
tic efficiency of Raphidocelis subcapitata, with 
toxicity 30% higher than the sum of the in-
dividual effects of the compounds (Gomes et 
al., 2022). These cumulative effects can cause 
changes in the structure and functionality of 
aquatic communities, interfering with com-
petitive dynamics between species and favo-
ring the selection of organisms better adapted 
to environmental stresses (Godoy et al., 2019; 
Galus et al., 2013; Richards et al., 2004). Addi-
tionally, the bioaccumulation of pharmaceu-
tical residues along the food chain can pose 
a risk not only to higher aquatic organisms, 
such as fish, but also potential implications 
for human health (Zenker et al., 2014; Keer-
thanan et al., 2021; Khan et al., 2022).

TOXICITY IN ARTEMIA SALINA
The results obtained in acute toxicity tests 

with A. salina exposed to MCR demonstrated 
that the drug did not induce significant immo-
bilization of the organisms, even at the highest 
tested concentrations (100 mg/L). In none of 
the three assays conducted was it possible to 
determine the CE50, as immobilization did 
not reach 50% of the individuals. The highest 
observed immobilization response was 27.5 
± 1.26% at the highest tested concentration 
(100 mg/L). This pattern suggests that MCR 
exhibits low acute toxicity to A. salina, with a 
CE50 value greater than 100 mg/L, classifying 

it as ―practically non-toxic‖ according to the 
Globally Harmonized System (GHS) criteria 
(CE50 > 100 mg/L) (GHS, 2023).

The experimental data corroborate pre-
vious studies on the toxicity of antivirals in 
A. salina. Silva et al. (2019) also did not ob-
serve complete immobilization of A. salina 
exposed to TDF, recording a CE50 value of 
111.82 mg/L. Minguez et al. (2016) evalua-
ted 48 pharmaceuticals and found that 72% 
of them had a CE50 greater than 100 mg/L. 
Antivirals like acyclovir and abacavir, and 
antibiotics like clarithromycin, clindamycin, 
and azithromycin were classified as having 
low toxicity to

A. salina, highlighting that this crustacean 
has high tolerance to various pharmaceutical 
compounds. De Souza et al. (2025) further 
supported this trend, observing a maximum 
immobilization of approximately 60% at high 
concentrations of entecavir (250 mg/L), wi-
thout estimating the CE50 value.

Increasing exposure to MCR resulted in a 
progressive rise in the immobility of

A. salina, yet without a clear maximum 
response that would allow for the precise de-
termination of the CE50. Nevertheless, sta-
tistical analysis indicated that all tested con-
centrations showed significant differences 
compared to the control (p < 0.05), sugges-
ting the influence of the drug on the organis-
ms. Figure 3 illustrates this trend, showing 
the variation in average immobility across the 
tested concentrations.
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Figure 3: Relationship between the average 
immobility (%) of A. salina and the concen-
tration of the RAL-K containing drug (MCR) 
after 48 hours of exposure to concentrations 
ranging from 6.25 to 100 mg/L. The dashed 
line indicates the trend. The negative control 
group consisted of saline culture (3.5% so-

dium chloride) without MCR (0.0 mg/L).

Despite the absence of significant acute 
toxicity, it is important to consider potential 
sublethal and ecotoxicological effects, as dis-
cussed by Ncube et al. (2018), who emphasize 
the ability of antiviral drugs to trigger indi-
rect impacts in aquatic ecosystems. The pre-
sence of antivirals in the environment could 
promote the selection of resistant microbial 
strains, alter trophic dynamics, and interfere 
with sensitive ecological processes. Further-
more, the interaction of these compounds 
with other contaminants may lead to combi-
ned effects that have not yet been fully inves-
tigated. Therefore, although the results of this 
study suggest that MCR exhibits low acute to-
xicity to A. salina, it is necessary to conduct 
further analysis on the possible environmen-
tal impacts of this drug.

To better understand these effects, it is 
recommended to conduct complementary 
studies, including prolonged exposure tests 
to assess long-term impacts, investigations 
into metabolic and physiological changes in 
exposed organisms, and analyses involving 
other aquatic organisms. These approaches 
could help elucidate the ecotoxicological risks 
of ARVs and provide valuable input for more 
effective monitoring and environmental ma-
nagement policies.

TOXICITY OF THE COMBINATION 
OF RAL AND DTG MEDICATIONS

Exposure to the mixture of MCR and 
MCD did not inhibit the growth of C. vulga-
ris, preventing the estimation of CE50 values 
for both acute and chronic exposure. On the 
contrary, a significant increase in absorban-
ce was observed at all tested concentrations 
compared to the control group (0.0 mg/L), as 
evidenced by ANOVA (p < 0.05) and Tukey’s 
test (Table 2). This behavior suggests a stimu-
latory effect on the growth of the microalga, 
especially after 14 days of exposure. A similar 
phenomenon was observed during exposure 
to RAL alone (Figure 2).

After 4 days of exposure, a reduction in 
absorbance was observed in the samples ex-
posed to the combination of MCR and MCD, 
suggesting that, in the early stages, the combi-
nation of the drugs may have caused a more 
pronounced toxic or stressful effect, leading 
to a temporary inhibition of cell growth com-
pared to RAL alone.

Although the mixture of MCR and MCD 
caused a possible inhibition in the short term, 
C. vulgaris demonstrated the ability to reco-
ver over time. This could be due to adaptive 
or compensatory processes in the microalga, 
which, after the initial stress phase, overcame 
the adverse effects caused by the mixture and 
restored its biomass. Therefore, the potential 
reduction in growth observed during the first 
4 days seems to be transient, as suggested by 
the data from 14 days, which show recovery 
and stimulation in growth.

Additionally, both for the isolated MCR and 
the mixture of MCR and MCD, the highest 
concentrations (72 and 102 mg/L) were the 
ones that stimulated the algal growth the most. 
This effect may be related to C. vulgaris’ abi-
lity to absorb, metabolize, or even biodegrade 
complex organic compounds, a mechanism al-
ready described for other microalgae in phyto-
remediation studies (Kosarev et al., 2022; Co-
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RAL-K (mg/L) ABS (4 d) Mean ± SD p value ABS (14 d) Mean ± SD p value
0.0 0.341 ± 0.03 – 0.911 ± 0.06 –

12.0 0.486 ± 0.04 0.037 1.326 ± 0.12 0.018
21.0 0.522 ± 0.05 0.037 1.358 ± 0.11 0.012
42.0 0.440 ± 0.04 0.152 1.299 ± 0.10 0.018
60.0 0.418 ± 0.06 0.245 1.432 ± 0.12 0.008
72.0 0.414 ± 0.05 0.278 1.572 ± 0.13 0.001

102.0 0.593 ± 0.07 0.009 1.626 ± 0.14 0.001

Table 2: Effect of the combination of RAL-containing medication (MCR) and DTG- containing medica-
tion (MCD) on the growth of Chlorella vulgaris at different exposure times. The absorbance values at 695 
nm (ABS) represent the mean ± standard deviation (SD) of a triplicate. The negative control group consists 

of BG-11 culture medium with nitrogen and no MCR or MCD (0.0 mg/L).

ronado-Reyes et al., 2022; Zhang et al., 2019).
The difference in response observed betwe-

en the acute and chronic exposure to the mi-
xture of MCR and MCD, compared to MCR 
alone, may be related not only to the interac-
tion between the active ingredients but also to 
the excipients in the pharmaceutical formu-
lation. Previous studies have shown that in 
some pharmaceutical formulations, the com-
bination of the active pharmaceutical ingre-
dient (API) and excipients may have synergis-
tic effects on toxicity in aquatic organisms.

For example, Turek et al. (2023) observed 
that the commercial formulation of valsartan 
(valsartan + excipients) had greater toxicity 
for Aliivibrio fischeri than the pure substance. 
Certain excipients can increase the toxicity of 
medications by altering their solubility and 
bioavailability, making them more accessible 
to aquatic organisms. Therefore, it is impor-
tant to consider the excipients in environmen-
tal impact assessments, as their interactions 
may lead to unexpected synergistic effects 
(Turek et al., 2023). Additionally, the toxicity 
values of isolated substances for aquatic or-
ganisms do not always directly correspond to 
the toxicity of complete pharmaceutical for-
mulations (Souza-Silva et al., 2025).

It is important to highlight that, although 
the increase in cell density may initially seem 
like a positive effect, it does not exclude the 
ecotoxicological risk associated with the con-
tinuous presence of these drugs in the aquatic 
environment (Richards et al., 2004; Godoy et 
al., 2019), with potential impacts on more sen-
sitive species (Galus et al., 2013). The accumu-
lation of these substances or their metabolites 
may cause indirect effects, such as unbalanced 
algal blooms (Khan et al., 2022) or the transfer 
of contaminants along the food chain (Zenker 
et al., 2014).

In contrast to the results obtained for C. 
vulgaris, exposure of M. novacekii to the com-
bination of MCR and MCD resulted in signi-
ficant, dose-dependent growth inhibition (p 
< 0.05), compared to the control group (0.0 
mg/L), indicating greater sensitivity of the 
cyanobacteria to the combination of the dru-
gs. Both acute (4 days) and chronic (14 days) 
effects were observed. The estimated CE50 for 
the combination of MCR and MCD was 20.96 
± 0.95 mg/L, indicating toxicity approxima-
tely 2.13 times higher than that observed with 
MCR alone (CE50 44.56 ± 1.77 mg/L) (Table 
3).
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Parameter MCR MCR + MCD
EC50 (4 d) 44.56 ± 1,77 

mg/L
20.96 ± 0.95

Maximum inhi-
bition

100% (72 – 102 
mg/L)

100%
(≥ 35 mg/L)

Recovery (14 d) Partial Limited (≤ 20 
mg/L)

Table 3. Comparison of the effects of the me-
dication containing RAL-K (MCR) alone and 
the combination of MCR with the medication 
containing DTG-Na (MCD) on the cyanobac-
terium Microcystis novacekii, based on acute 
toxicity (4 days of exposure) and recovery (14 

days of exposure) parameters.

In the first 4 days, a marked reduction in 
absorbance was observed, indicating strong 
inhibition of cell growth. The combination 
of MCR and MCD promoted more intense 
acute toxicity, with significant inhibition (p 
< 0.05) starting from 20 mg/L, without com-
plete recovery after 14 days. While MCR alo-
ne allowed partial recovery after 14 days, the 
combination of MCR and MCD maintained 
significant inhibition even after chronic expo-
sure (≥ 20 mg/L), suggesting the overcoming 
of the cyanobacterium’s adaptive capacity. 
This effect may be associated with the genera-
tion of more toxic metabolites or the presence 
of synergistic interactions between the com-
pounds (Godoy et al., 2019; Funke; Prasse; 
Ternes, 2016).

After 14 days, M. novacekii showed slight 
recovery only at the lowest concentrations 
(10–15 mg/L), with absorbance values higher 
than the control. However, at concentrations 
≥ 20 mg/L, growth inhibition remained sig-
nificant (p < 0.001), with biomass reduction 
ranging from 20 to 35% compared to the con-
trol.

These results suggest that synergistic or 
additive effects between the active pharma-
ceutical ingredients and/or their excipients 
intensified the toxicity for M. novacekii. The 
increased growth inhibition could reflect the 
potentiation of oxidative stress, interference 

with photosynthetic processes, and altera-
tions in cellular metabolism (Souza-Silva et 
al., 2025; Coronado-Reyes et al., 2022; Cid 
et al., 2021; Abreu et al., 2012). Additionally, 
surfactants present in the formulations may 
have contributed to increased absorption and 
toxicity in cyanobacteria (Souza-Silva et al., 
2025; Turek et al., 2023).

The additive toxicity dynamics observed in 
this study were similar to those reported  by 
Souza-Silva  et  al.  (2025),  where the  com-
bination  of  the  active pharmaceutical ingre-
dients DTG and TDF increased acute toxici-
ty in M. novacekii by approximately 6 times 
compared to the isolated DTG.

The differential toxicity between M. nova-
cekii and C. vulgaris suggests that the combi-
nation of MCR and MCD may influence the 
composition and structure of phytoplankton 
communities, favoring microalgae over cya-
nobacteria (Bouzas-Monroy et al., 2022; Co-
ronado-Reyes et al., 2022; Cid et al., 2021). 
This imbalance may affect the food chain, as 
cyanobacteria are a food source for zooplank-
ton (Wetzel, 2001). Alterations at this initial 
trophic level can compromise the ecological 
stability of the entire aquatic ecosystem. Ad-
ditional studies are needed to evaluate the 
bioaccumulation of these drugs and their lon-
g-term effects.

In ecotoxicology, it is crucial to consider 
that substances that appear safe when evalua-
ted alone may exhibit significant adverse ef-
fects when combined or released on a large 
scale into the environment. Thus, the results 
of this study reinforce the importance of as-
sessing the combined effects of drugs, contri-
buting to future research on the environmen-
tal impacts of emerging pollutants and the 
definition of safe disposal limits, in addition 
to the development of effective environmen-
tal mitigation strategies.
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TOXICITY OF PHARMACEUTICAL 
EXCIPIENTS

Excipients are substances added to phar-
maceutical formulations to ensure the sta-
bility of the active ingredient, facilitate its 
administration, absorption, and therapeutic 
efficacy. Although traditionally considered 
inert and non-toxic (Bayne et al., 2025), re-
cent studies show that these components can 
modify the physicochemical properties of 
drugs, influencing their dissolution, persis-
tence, and interaction with aquatic organisms 
(Silva et al., 2014; Jacob et al., 2016; Souza-Sil-
va, et al., 2025).

The influence of excipients on the ecoto-
xicity of drugs has been evidenced in some 
studies. Silva et al. (2014) observed that the 
formulated fluoxetine was up to 10 times 
more toxic to C. vulgaris than the isolated ac-
tive ingredient, highlighting the role of exci-
pients in amplifying toxicity. Similarly, Jacob 
et al. (2016) analyzed different commercial 
formulations of nimesulide and found that 
generic versions showed higher toxicity, at-
tributed to the presence of specific excipients, 
as the isolated API has low solubility. These 
findings were reinforced by the same authors 
when evaluating generic formulations of hy-
drochlorothiazide, where only the formula-
tion containing sodium lauryl sulfate, sodium 
amyglycolate, lactose, microcrystalline cellu-
lose, and silicon dioxide showed significant 
toxicity, suggesting that the excipients, not 
the active ingredient, were responsible for the 
adverse effects (Jacob et al., 2016).

Table 4 lists only the water-soluble exci-
pients present in the MCR Isentress® 400 mg 
formulation, highlighting their potential eco-
toxicological impacts on aquatic organisms, 
as evidenced by the literature. Insoluble exci-
pients were not included in this analysis, as 
they were retained during the filtration pro-
cess in the preparation of the test substance.

The scarcity of ecotoxicological data on 
pharmaceutical excipients hinders a com-
prehensive evaluation of their environmental 
impacts. Among the water-soluble excipients 
present in the tested MCR, poloxamer and 
polyvinyl alcohol exhibited the highest toxic 
potential due to their distinct physicoche-
mical properties. Poloxamer, an amphiphi-
lic surfactant widely used in pharmaceutical 
formulations, can cause adverse effects even 
with short-term exposures due to its ability 
to destabilize cell membranes in aquatic or-
ganisms and its environmental persistence. 
These characteristics justify its classification 
as Category 4 in acute toxicity by the Europe-
an Chemicals Agency (ECHA, 2025).

Polyvinyl alcohol, in addition to functio-
ning as a film-forming agent, has polymer 
chains that can interfere with physiological 
processes in higher organisms and form syner-
gistic complexes with other contaminants. 
It is considered potentially hazardous to the 
environment, especially to fish, according to 
the International Labour Organization (ILO) 
and the World Health Organization (WHO) 
(ILO; WHO, 2025). These excipients can alter 
the physicochemical properties of the drug, 
increasing its solubility and facilitating ab-
sorption by cells, which may have contributed 
to the acute toxicity observed in M. novacekii.

Although many excipients are considered 
safe, preservatives, surfactants, and plasti-
cizers can induce adverse effects in aquatic 
organisms when present at environmentally 
relevant concentrations (10 - 100 mg/L) or 
in combination with other compounds. This 
synergistic effect can enhance the toxicity of 
drugs in the aquatic environment, making it 
a critical factor to consider in environmental 
risk assessments (Turek et al., 2023).

The influence of excipients on the toxicity 
of drugs has also been evidenced in studies 
with ARVs. Diniz et al. (2022) observed that 
formulated NVP presented higher toxicity to 
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C. vulgaris (CE50 = 19.52 mg/L) compared to 
the isolated API (CE50 = 24.90 mg/L), sug-
gesting that excipients contributed to the in-
creased toxicity.

Silva-Souza et al. (2025) evaluated the to-
xicity of the ARVs TDF, 3TC, and DTG, as 
well as their excipients in M. novacekii. The 
commercial formulation of 3TC was more to-
xic (CE50 = 60.3 ± 2.7 mg/L in 4 days) than 
the isolated API (CE50 > 400 mg/L), sugges-
ting that excipients such as microcrystalline 
cellulose might increase the absorption and 
toxicity of the drug. On the other hand, the 
formulation of DTG showed lower toxicity 
(CE50 = 27.6 ± 5.4 mg/L in 4 days) compared 
to the isolated API (CE50 = 1.7 ± 0.3 mg/L), 
indicating that excipients like mannitol and 
povidone could reduce the bioavailability and 
consequently the toxicity of DTG. The com-
bination of TDF and 3TC in commercial for-
mulations showed higher toxicity (CE50 = 5.6 
± 0.3 mg/L in 4 days) than the isolated APIs, 
possibly due to the presence of sodium lauryl 
sulfate, an excipient with bacteriostatic pro-
perties that may enhance toxic effects.

These results demonstrated that excipients 
present in commercial formulations play an 
important role in modulating the toxicity of 
these drugs, which can either increase or re-
duce their ecotoxicological effects, highligh-
ting the importance of considering the envi-
ronmental impact of these interactions.

ENVIRONMENTAL RISK 
ASSESSMENT

The concentration of RAL in water bodies 
has been reported in the ng/L range, with esti-
mated or detected values in various countries 
(Table 5). In Brazil, Portugal, and South Afri-
ca, concentrations ranged from 40 to 17,000 
ng/L, obtained through predictive modeling 
or chemical analyses.

From the experimental data obtained for 
M. novacekii in this study (CE₅₀ = 44.56 µg/L), 
the PNEC was calculated at 0.04456 µg/L, 
adopting an assessment factor of 1,000. The 
RQ values ranged from 0.90 (medium risk) to 
381.51 (high risk), depending on the location 
and environmental concentration. These re-
sults indicate significant ecological risk in real 
exposure scenarios, especially in South Africa 
and Brazil.

In addition to the observed toxicity, the 
high excretion of RAL, approximately 83% 
of the administered dose, with 9% excreted 
as unchanged drug in urine, contributes to 
its continuous entry into the environment. In 
2024, based on the distribution of medicines 
by the Brazilian Unified Health System (SUS), 
it is estimated that up to 313 kg of RAL were 
excreted unchanged in urine in Brazil, repre-
senting a significant source of environmental 
contamination.

Although less frequently detected compa-
red to other ARVs (Abafe et al., 2018; Rimayi, 
2018; K’Oreje et al., 2016), RAL presents con-
cerning characteristics, such as high persis-
tence, low biodegradability, and toxicity to 
aquatic organisms (Choudhury et al., 2024), 
which reinforces the need for continuous mo-
nitoring and inclusion of this drug in envi-
ronmental regulatory guidelines. The micro-
alga tolerated the drug more, being the most 
resistant organism.

CONCLUSION
This study investigated the ecotoxicolo-

gical effects of the drug RAL-K on different 
aquatic organisms. The results showed that 
M. novacekii was the most sensitive to expo-
sure to MCR, exhibiting significant inhibition 
of cell growth, especially when combined 
with DTG, which intensified the toxicity. On 
the other hand, C. vulgaris and A. salina did 
not exhibit significant toxic effects, with the 
microalga even showing stimulated growth. 
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Excipient Molecular for-
mula

Molecular 
formula

Aquatic 
Organism Assay Result Toxicity Cate-

gory

Lactose mo-
nohydrate C12H24O12 Diluent Aliivibrio 

fischeri Microtox®
CE50 = 
16,363
mg/L

Virtually non-
-toxic

Hypromellose 
[1] C56H108O30

Coating agent 
and binder - - - - NCBI, 

2025.

Poloxamer [1] C5H10O2
Surfactant and 

solubilizer - - -
Acute Toxicity 

(Acute Tox.
4 (21.3%))[2]

ECHA, 
2025.

Polyvinyl 
alcohol [1] (CH2CHOH)n Film forming 

agent

Potentially ha-
zardous to the 
environment, 
especially fish.

[3]

ILO; 
WHO, 
2025

Macrogol C4H6O2

Solubilizer and 
plasticizer

Daphnia 
magna

Acute 
toxicity

CL50 > 
100.0 
mg/L

Low toxicity Schupp et 
al., 2018

Table 4: Excipients of the commercial drug based on raltegravir potassium (MCR) Isentress® (soluble) and 
their toxicity in aquatic organisms

Legend: [1] = Ecotoxicological data on aquatic organisms not available. [2] = Toxicity category classified 
by the European Chemicals Agency (ECHA). [3] = International Chemical Safety Cards (ICSCs) prepared 

by the International Labour Organization and the World Health Organization.

RAL (ng/L) Quantification Method Place Aquatic Matrix Reference

40.0 PEC1 Alentejo, Portugal Surface water Almeida et al., 2023

130.0 PEC1 Algarve, Portugal Surface water Almeida et al., 2023

190.0 PEC1 Centro, Portugal Surface water Almeida et al., 2023

270.0 PEC1 Lisboa/Vale do Tejo, Portugal Surface water Almeida et al., 2023

210.0 PEC1 Norte, Portugal Surface water Almeida et al., 2023

490.0 PEC1 Cubatão, São Paulo, Brazil STP3 Marzabal et al., 
2022

61 to 17.000 LC-MS/MS2 KwaZulu-Natal, South Africa STPI 4 Abafe et al., 2018

Table 5: Raltegravir concentrations reported in water bodies, obtained from various studies using predic-
tive and analytical methods.

Legend: ¹ PEC: Predicted Environmental Concentration – modeled values; ² LC- MS/MS: Liquid 
Chromatography - Tandem Mass Spectrometry: analytical technique; 3 STP: Sewage Treatment Plant; 4 

STPI: Sewage Treatment Plant Influent. (Almeida et al., 2023; Marzabal et al., 2022; Abafe et al., 2018).
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Despite the more evident acute effects on M. 
novacekii, the study highlighted the potential 
risk for other aquatic organisms in chronic 
exposures, in complex environments, or with 
multiple contaminants.

The combination of MCR and MCD in-
creased toxicity, suggesting synergistic effects, 
making it important to evaluate not only iso-
lated drugs but also theircommercial formu-
lations. Environmental risk assessment indi-
cated a high ecological risk in all the studied 
scenarios (Portugal, Brazil, and South Africa), 
even with RAL concentrations in the environ-
ment at low levels (ng/L).

The chemical stability of RAL and incom-
plete removal in sewage treatment suggest 
that the drug may persist and bioaccumulate 
in aquatic ecosystems. Additionally, the study 
emphasized the importance of considering 
the molecular structure of RAL and the exci-
pients in the pharmaceutical formulation, as 
they can influence the drug’s bioavailability 
and toxicity. The absence of toxicity in some 

organisms does not mean that RAL is safe for 
the aquatic environment. The increasing pre-
sence of ARVs in the environment, combined 
with the lack of basic sanitation, may threaten 
biodiversity and human health.
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