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ABSTRACT

The eco-geno-toxicological impacts of the most widely used antiviral drugs against SARS-CoV2 - ribavirin, ri-
tonavir, nirmatrelvir and tenofovir - were investigated in freshwater organisms. Ribavirin and tenofovir
exhibited the highest acute toxicity in the rotifer Brachionus calyciflorus at concentrations of a few mg/L while
ritonavir and nirmatrelvir showed similar effects at tens of mg/L; acute toxicity of ribavirin was also observed in
the crustacean Ceriodaphnia dubia at similar concentrations. In contrast, the crustacean Thamnocephalus platyurus
showed the lowest sensitivity to the antiviral drugs tested with no sublethal effects. Chronic toxicity tests rev-
elead that these antivirals induced effects in consumers at concentrations of environmental concern (ng-ug/L).
Ribavirin showed the highest toxicity to the alga Raphidocelis subcapitata, while ritonavir showed the highest
toxicity to B. calyciflorus and C. dubia. DNA damage and oxidative stress were observed in C. dubia at 0.001 pg/L
and 0.1 pg/L when exposed to ritonavir and nirmatrelvir respectively, and at 1 pug/L when exposed to ribavirin
and tenofovir. Toxic and genotoxic environmental risks were assessed with risk quotients for ritonavir, tenofovir
and ribavirin exceeding the threshold of 1, indicating significant environmental concern.

1. Introduction

COVID-19 infection has been mainly treated with antiviral drugs
(ATVs) which significantly reduce the severity of the disease in patients
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at the highest risk of severe disease. In recent years, the unprecedented
increase in the consumption of antivirals for the disease control and
prevention has led to a continuous increase of such drugs into aquatic
systems, resulting in environmental pollution and risks for aquatic
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organisms [1-6]. During the pandemic, antivirals as well as antibiotics
and antidepressants, coming from conventional hospital and municipal
wastewaters treatment plants (WWTPs), most of the time inefficient in
removing drugs, have been detected in surface waters at concentrations
in the order of tens/thousands of ng/L, often as pseudo-persistent drugs
[7,8,1,9,2,4,10]. Specifically, it was estimated that the concentration of
ATVs in effluents has increased by more than 70 % [11].

Among the mentioned antiviral drugs, ritonavir (RTV), ribavirin
(RBV), tenofovir (TFV, as its prodrug tenofovir disoproxil fumarate TDF)
and nirmatrelvir (NMV) have been extensively used both in pandemic
and post-pandemic era [12-15,3,16,17]; (www.covidl9treatment
guidelines.nih.gov/; www.nhs.uk/conditions/covid-19/treatments-for-
covid-19/).

Ribavirin principally acts on hepatitis C virus [18] and its mecha-
nism of action is focused on the inhibition of RNA synthesis; tenofovir
acts as an inhibitor of reverse-transcriptase and is used to treat HIV
infection [19] with the simultaneous administration of ritonavir and
lopinavir, since RTV inhibits cytochrome P450 3A4 responsible for the
biotransformation of lopinavir, increasing its half-life and efficacy [18,
20]. Nirmatrelvir is a novel antiviral drug associated to ritonavir which
delays its metabolism through the inhibition of cytochrome P450 3A4
enzyme, maintaining higher concentrations of the main drug in circu-
lation [21]. The combination of NMV and RTV (PAXLOVID™, Pfizer
trade name) has been extensively adopt to treat adult and paediatric
patients (https://www.pfizer.com/).

The concentrations of ATVs has been detected in surface waters all
over the world. Notably, during the pandemic, ribavirin has been
detected at concentration of 52.2 ng/L and ritonavir in the range of
0.1-4.2 ng/L in Chinese surface waters [1,22,23] while tenofovir was in
the order of tenths of ug/L in Brazilian surface waters (0.31 ug/L, [24]).
To our knowledge, the concentrations of nirmatrelvir in the aquatic
environment are not reported in the recent literature, for its recent use
during the COVID-19 pandemic [25]. Furthermore, albeit the publica-
tions of numerous studies on the use of therapeutic drugs for COVID-19,
data on the ecotoxicity and risk quotients of these drugs in freshwater
aquatic organisms are still lacking [26]. Most existing studies depend on
predictions generated by Ecological Structure Activity Relationships
(ECOSAR) rather than on tests performed by exposing in vivo organisms
to the drugs [1,27,24,28,26,29,22,23], highlighting the need to assess
the overall environmental impact of such novel generation pollutants.
To the extent of our understanding, data are lacking in relation to
genotoxic damage and oxidative stress observed in aquatic organisms
following in vivo exposure to the selected drugs.

In light of these considerations, the objectives of the present study
were to acquire understanding of the ecotoxicity of ritonavir, ribavirin,
tenofovir and nirmatrelvir by conducting acute, sub-acute and chronic
toxicity investigations in organisms of freshwater, belonging to two
different trophic levels. Specifically, the alga Raphidocelis subcapitata
was used as a producer, and the rotifer Brachionus calyciflorus, the
anostracan crustacean Thamnocephalus platyurus and the cladoceran
Ceriodaphnia dubia were used as primary consumers. Additionally,
genotoxicity was assessed in the latter organism, by detecting the po-
tential DNA damage and evaluating the ability of the four antivirals to
induce reactive oxygen species and quantify oxidative stress. The final
objective was to estimate toxic and genotoxic risks of the selected
antivirals.

2. Materials and methods
2.1. Test compounds

Ritonavir (CAS: 155213-67-5), ribavirin (CAS: 36791-04-5), teno-
fovir (CAS: 147127-20-6) and nirmatrelvir (CAS: 2628280-40-8) were
purchased from Sigma-Aldrich (Milano, Italy). As regards physical and
chemical properties and mode of action, ribavirin (CgH;2N40s5, molec-
ular weight 244.20 g/mol, logKow = —1.85) is a water-soluble synthetic
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guanosine with a broad spectrum of action on RNA and DNA viruses;
tenofovir (CoH;4N504P, molecular weight 287.21 g/mol, logKow =
—1.6) is an acyclic nucleotide analogue of adenosine 5’ monophosphate;
ritonavir (C37H4gNgO5S2, molecular weight = 720.94 g/mol, logKow =
6.27) is an inhibitor of the protease used for the treatment of HIV
infection. Nirmatrelvir (Cy3H32F3NsO4, molecular weight 499.535 g/
mol, logkow = 1.10), also known with the code PF-07321332, is a
second-generation cysteine protease inhibitor. Both Ritonavir and nir-
matrelvir inhibit the cytochrome P450 3A4 enzyme.

Ritonavir was dissolved in 100 % dimethyl sulfoxide (DMSO, CAS:
67-68-5) to obtain a stock solution of 25 000 mg/L. Nirmatrelvir was
solubilized in 1 % DMSO to obtain a stock solution equal to 500 mg/L.
Ribavirin and tenofovir were prepared by dissolving powders in Milli-Q
water, resulting in stock solutions of 1300 mg/L and 2500 mg/L,
respectively. Each test compound was then diluted starting from the
stock solutions using the respective synthetic medium for each organism
tested. For each antiviral drug, and for each type of experiment, con-
centrations were chosen following appropriate range finding tests.

2.2. Toxicity testing

2.2.1. Acute and sub-acute toxicity tests

The rotifer B. calyciflorus, the anostracan crustacean T. platyurus, and
the cladoceran crustacean C. dubia were used to detect acute toxicity of
the antivirals according to [30,31], and to US EPA-600-4-90 [32],
respectively. T. platyurus was also used to assess sub-acute toxicity
following the same standard guideline of the acute test [31].

Cysts of B. calyciflorus (MicroBioTest Inc, Nazareth, Belgium) were
hatched in synthetic freshwater (pH 7.5 + 0.3; hardness: 80-100 mg/L
CaCOg3) in a Petri dish at 25 + 1 °C, under continuous light at 3000-4000
lux for 16-18 h. Ritonavir and nirmatrelvir were tested from 100 to 0.3
mg/L, while ribavirin and tenofovir were tested from 10 mg/L to 0.009
mg/L using, for each of the four compounds, a dilution factor (DF) of 3.2.
Then, 36-well plates were assembled with 0.3 mL per well of each
dilution and five rotifers were transferred to each well, in six replicates.
Negative control (NC) was prepared using only the synthetic freshwater.
Plates were incubated for 24 h at 25 °C in the dark.

The C. dubia organisms were obtained from an initial culture of
gravid females purchased from Aquatic Research Organisms, Inc.,
Hampton, NH, USA) and mantained in synthetic standard freshwater
(pH 8.0 + 0.3; hardness: 250 + 20 mg/L CaCOg3) at 25 °C with 16 h:8 h
light:dark cycle (600 lux) and fed with the green alga R. subcapitata,
yeast, alfalfa and food fish. When the organisms reached the third or
fourth/fifth generation, 24-well plates were prepared with 1 mL per well
of different concentrations of the antivirals (ribavirin: 200 to 1.56 mg/L;
tenofovir: 100 to 6.25 mg/L; ritonavir: 2 to 0.156 mg/L; nirmatrelvir: 2
to 0.6 mg/L, with DF=2) in three replicates, then ten organisms per well
were distributed. The plates were incubated for 24 h at 25 °C in the dark.
A percentage of DMSO less than 0.01 % was used for the antivirals
solubilized in this solvent.

Cysts of T. platyurus (MicroBioTest Inc, Nazareth, Belgium) were
hatched in the same synthetic medium and light condition of the rotifer
for 20-22 h of incubation at 25 °C under 3000-4000 lux. Ritonavir was
tested from 0.75 to 0.0071 mg/L, nirmatrelvir was tested from 1.5 to
0.0045 mg/L while ribavirin and tenofovir were tested from 100 to 0.95
mg/L with DF of 3.2. Then, 1 mL/well of each dilution was placed in 24-
well plates and ten organisms were added to each well. NC was prepared
using synthetic freshwater only. Plates were incubated for 24 h at 25 °C
in the dark.

For each test, a solvent control (from 0.003 to 0.4 % DMSO) was
prepared, and the endpoint considered was mortality, calculated by
comparing the number of dead rotifers/crustaceans in the test dilutions
to those in the negative control.

Cysts of T. platyurus were let to hatch for a longer time (30-45 h) in
the same synthetic medium mentioned above, at the same light and
temperature conditions to assess sub-acute toxicity. The increased
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incubation time allows the nauplii to molt into II and III stages in which
the mouth and digestive tract are fully formed. The hatched larvae were
exposed to antiviral drugs solutions for 1 h in darkness. Ritonavir, nir-
matrelvir, ribavirin and tenofovir were tested at the highest concentra-
tions used for acute toxicity (0.75, 1.5, 100, and 100 mg/L,
respectively). The negative control was prepared with standard fresh-
water only. Then, red coated polystyrene beads (5 um diameter-
microspheres) were added to samples and control (two replicates per
sample). After a 30 min-incubation at 25 °C, Lugol solution was added in
each tube to immobilize and fix the test organisms. The uptake of
colored particles by the organisms was noted using a stereomicroscope.
The stressed (intoxicated) organisms exhibited no uptake of the coloured
particles. The mean percentage inhibition of particle uptake was
calculated as follows:

(A-B)/Ax100 (€)]

where A is the mean percentage particle uptake in the control, and B
is the mean percentage particle uptake in the sample.

2.2.2. Chronic toxicity tests

The green alga R. subcapitata [33,34], B. calyciflorus [35] and
C. dubia were used [36].

Algal growth inhibition was evaluated by assembling 96-well plates
with 100 pL of 10 cells/well and 200 L of the drugs (from 1-10° pg/L to
24.41 pg/L, with a dilution factor of 2) in six replicates. NC was prepared
with 200 pL/well of synthetic algal medium and 100 pL of 10% cells/
well. The plates were incubated under shaking conditions (450 rpm) and
exposed to continuous light at 6000-10 000 lux at 25 + 1 °C. The
absorbance was read at 450 nm using a microplate reader (Synergy H1,
Biotek, Winooski, USA) at time zero and every 24 h for 72 h. A solvent
control (0.4 % DMSO) was prepared.

The rotifer offspring reduction test was performed on 2h-old or-
ganisms hatched from cysts. One rotifer per well was transferred in 48-
well plates containing 0.9 mL/well of the drugs solutions (from 30 to
0.000078 pg/L for ritonavir and nirmatrelvir, from 30 to 0.0008 ug/L for
ribavirin, and from 30 to 0.0003 pg/L tenofovir, using a dilution factor
of 3.2). Then, 100 uL of 107 cells/mL of R. subcapitata was used to feed
the rotifers and the plates were incubated in the dark at 25 °C for 48 h. A
solvent control (0.0001 % DMSO) was also prepared.

The C. dubia offspring reduction test was performed using organisms
less than 24h-old, generated from at least the third generation, and
exposed to 25 mL of different concentrations of the antivirals (ritonavir:
10 to 8.67-10° pg/L, nirmatrelvir: 100 to 8.88-10* ug/L, tenofovir:
3200 to 2.71-10°* pg/L, ribavirin: 3200 to 0.29 pg/L, with DF of 3.2)
prepared in synthetic freshwater (pH 8.0 & 0.3), over seven days at 25
+ 3 °C with a photoperiod of 16 h of light and 8 h of dark (600 lux), in
ten replicates. A percentage of DMSO less than 0.01 % was used for the
antivirals solubilized in this solvent. Survival was monitored and neo-
nates born to the parent organisms were counted, recorded and then the
solutions were discharged and renewed. Crustaceans were fed with the
green alga R. subcapitata, yeast, alfalfa and food fish daily. Offspring
reduction (%) was calculated relative to a negative control (synthetic
freshwater only).

2.2.3. Genotoxicity

Single Cell Gel Electrophoresis, acknowledged as the Comet assay,
was used to detect genotoxicity in C. dubia after 24 h of exposure to the
four antivirals [37,38]. Comet assay was performed on single cells
deriving from at least 30 whole live organisms which were exposed to
25 mL of different concentrations of the antivirals (ritonavir: 0.0001 to
10 ug/L; ribavirin and tenofovir: 0.1 to 1000 ug/L; nirmatrelvir: 0.01 to
100 pg/L, with DF of 10), in duplicates, in dark conditions at 25 °C.
Specifically, the organisms were transferred post-treatment to 1 mL of
phosphate-buffered saline (20 mM ethylene diamine tetra-acetic acid
(EDTA); 10 % dimethyl sulfoxide) and homogenized to disintegrate the
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exoskeleton and to obtain single cells. Cell pellet was collected after
centrifugation at 5000 rpm, resuspended in 0.7 % low melting point
agarose, and spread onto microscope slides precoated with 1 % normal
melting point agarose. The slides were dipped in 10 mM Tris-HCl, 2.5 M
NaCl, 100 mM EDTA and 1 % Triton X-100 (pH 10) for 1 h to lyse
cellular and nuclear membranes. Then, the slides were dipped in alka-
line solution (1 mM EDTA, 300 mM NaOH; pH > 13) for 20 min at 4 °C
to facilitate the unwinding of the DNA double helix. Electrophoresis was
performed at 400 mA (25V, 1 V/cm) for 20 min at 4 °C. Subsequently,
the slides were dipped in 0.4 M Tris-HCl and dehydrated in 70 %
ethanol. The visualization of damaged DNA was performed by fluores-
cence microscope (400 x256 magnification, Eclipse 50i, Nikon, Kana-
gawa, Tokyo) after staining the slides with 50 pL ethidium bromide (1
mg/L). Damaged DNA appears in the shape of a comet where the head is
represented by intact DNA and the tail is represented by fragmented
DNA. The results were expressed as DNA in tail (%) deriving from 400
nuclei/concentration (two independent experiments).

2.2.4. ROS production

Reactive oxygen species (ROS) were measured in living C. dubia
organisms (less than 24 h old) using the oxidative stress cell-permeant
2’7’ dichlorodihydrofluorescein diacetate (HoDCFDA) in line with
Nugnes and co-workers [39] . Tests were conducted in 24-well plates, set
up with 1 mL of antiviral concentrations (ritonavir: 10 to 0.0001 pg/L;
ribavirin and tenofovir: 1000 to 0.1 pg/L; nirmatrelvir: 100 to 0.01 pg/L,
with DF of 10) and ten organisms per well, in three replicates. After 24 h
of incubation in darkness at 25 °C, the organisms were homogenized in
0.32 mM sucrose, 20 mM HEPES, 1 mM MgCl, and 0.5 mM phenyl-
methylsulfonyl fluoride buffer, the solution was centrifuged at 10,000 g
for 20 min at 4 °C and the ROS amount was measured in superrnatant.
96-well black plates were assembled with 50 uL PBS 1x, 50 uL. HobDCFDA
40 uM, 100 pL supernatant, (nine replicates, three replicates/well from
24-well plates) and incubated for 4 h at 20 °C in darkness. Fluorescence
(hex = 485 nm, Aey, = 520 nm) was measured using a fluorescence
microplate reader (Synergy H1, Biotek, Winooski, VT, USA). The in-
crease in fluorescence intensity, in reference to a negative control,
yielded the ROS amount.

2.3. Data analysis

Three experiments, for acute, sub-acute and chronic assays, were
performed. Statistical analysis was performed using Graphpad Prism 9
software (CA, USA) and the effective concentrations determining x%
effect (L(E)Cx) were calculated by a non-linear regression (log agonist
vs. normalized response-variable slope).

The endpoint of the acute toxicity was the median lethal concen-
tration (LC50, concentration yielding 50 % lethality) and LC20 (con-
centration yielding 20 % lethality). The endpoint of the sub-acute
toxicity was inhibition of red particle uptake, determined as a percent-
age. The endpoint of the chronic toxicity was concentration yielding 50
% (EC50), 20 % (EC20) and 10 % (EC10) inhibition of reproduction of
rotifers, crustaceans and algal growth. The No Observed Effect Con-
centration (NOEC) and the Lowest Observed Effect Concentration
(LOEC) were estimated by ANOVA and Dunnett’s multiple comparison
test. Comet analysis was performed by scoring the DNA in tail (%) of 400
nuclei for each concentration using Comet assay IV image analysis
software (Perceptive Instrument, UK). ROS analysis was performed by
studying fluorescence intensity (%). Then, for both tests, the No
Observed Adverse Effect Concentration (NOAEC) and the Lowest
Observed Adverse Effect Concentration (LOAEC) were estimated by
ANOVA and Dunnett’s multiple comparison test by significance from
negative control (*p < 0.05, **p < 0.001 and ***p < 0.0001). Differ-
ences among test concentrations were analyzed by Tukey’s HSD (p <
0.0001).
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3. Results
3.1. Acute and sub-acute toxicity

Regarding the acute toxicity, the neonates of the rotifer
B. calyciflorus, as well as of the crustaceans T. platyurus and C. dubia were
exposed to the selected antiviral drugs for 24 h. The results, reported as
LC50 with 95 % confidence intervals in brackets, were expressed in mg/
L. When LC50s values were not reached, the results were reported as the
percentage of lethality at the highest tested concentration (mg/L). For
the sub-acute toxicity, T. platyurus larvae at instar II and III stages were
exposed for 1 h to the antiviral drugs. At these stages the mouth and the
digestive tract are fully formed, and the results are reported as the
percentage inhibition of particle uptake, representing a stress condition
(intoxication). These results are presented in Table 1.

Regarding B. calyciflorus, ribavirin and tenofovir were the most
active drugs inducing mortality of 50 % of the exposed organisms at
concentrations in the order of units of mg/L, diversely from ritonavir
and nirmatrelvir showing LC50 in the order of tens of mg/L. Ritonavir
and nirmatrelvir were tested at the highest possible concentration of
100 mg/L, taking into account the maximum percentage of DMSO equal
to 0.4 % not causing lethality. In line with the EU Directive 93/67/EEC
[40] (on risk assessment for new notified substances), substances are
classifiable according to the L(E)C50 values. With EC50 < 1 mg/L, the
compound is considered very toxic to aquatic organisms; from 1 to 10
mg/L is considered toxic; and from 10 to 100 mg/L is considered
harmful to aquatic organisms. Substances with an EC50 > 100 mg/L
result not toxic. Herein, ribavirin and tenofovir, with LC50s in the order
of units of mg/L (Table 1), showed to be toxic; while ritonavir and
nirmatrelvir, with LC50s at tens of mg/L, were considered harmful to
B. calyciflorus.

Furthermore, when C. dubia was exposed to the selected antivirals,
the median lethal concentration was obtained only for ribavirin, with a
value in the order of tens of mg/L hence indicated as harmful [40] to
C. dubia for short-term exposure. In contrast, exposure to 100 mg/L of
tenofovir resulted in only 29.98 % effect, indicating not toxic effect to
this freshwater organism. The highest tested concentration of ritonavir
and nirmatrelvir was 2 mg/L (not exceeding the highest percentage of
solvent DMSO 0.01 % for daphnids, in line with [41]) at which the
percentage of effects obtained were 38.33 % and 31.67 %, respectively.
Regarding T. platyurus, ribavirin and tenofovir showed a non-toxic effect
(13.35 % and 4.98 %, respectively, at 100 mg/L). High concentration
measurements for ritonavir and nirmatrelvir were not feasible due to
DMSO toxicity. Specifically, the highest concentrations tested were 0.75
mg/L for ritonavir and 1.5 mg/L for nirmatrelvir with a mortality of
31.70 % and 31.65 %, respectively. Regarding sub-acute toxicity, the

Table 1

Acute and sub-acute toxicity results obtained exposing rotifers and crustaceans
to the antiviral drugs. The results are expressed as LC50 values (mg/L) with 95 %
confidence intervals in brackets, and as effect percentage (mean + SD, n = 3) at
the highest tested concentration (mg/L).

Antiviral Acute toxicity Sub-acute
drugs toxicity
B. calyciflorus C. dubia T. platyurus T. platyurus
Ritonavir 11.35 mg/L 38.33 + 31.70 + 7.55 +1.20 %
(6.92 —20.18) 2.35% 7.07 % (0.75 mg/L)
(2 mg/L) (0.75 mg/L)
Ribavirin 3.23 mg/L 71.08 mg/L 13.35 + 11.30 + 0.71
(1.68 —6.21) (50.46 4.74 % %
—100.10) (100 mg/L) (100 mg/L)
Tenofovir 2.83 mg/L 29.98 + 4.98 +2.38 5.60 + 0.42 %
(1.91- 4.20) 4.69 % % (100 mg/L)
(100 mg/L) (100 mg/L)
Nirmatrelvir 19.63 mg/L 31.67 + 31.65 + 6.17 £ 0.11 %
(11.38 7.06 % 2.33% (1.5 mg/L)
—39.08) (2 mg/L) (1.5 mg/L)
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inhibition of particle uptake percentage in this crustacean was less than
10 % for all antiviral drugs, except for ribavirin which induced 11.30 %
effect after one hour of exposure.

3.2. Chronic toxicity

To evaluate the chronic ecotoxicity of the four antiviral drugs, three
freshwater organisms, R. subcapitata, B. calyciflorus, and C. dubia, one
producer and two primary consumers, respectively, were exposed for a
prolonged time and at lower concentrations than those used in acute
tests. The results, represented as algal growth inhibition (72h-exposure)
and as rotifer and crustacean offspring reduction (48h-exposure and 7d-
exposure, respectively), are reported in Table 2 as EC50 and expressed in
pg/L.

The most sensitive organisms to the four antiviral drugs during long
term-exposure were the consumers showing EC50 values lower by at
least three orders of magnitude compared to those obtained in the
producer. In detail, regarding the alga R. subcapitata, ribavirin caused
the highest inhibition of cell growth with EC50 at units of thousands of
ng/L, revealing chronic toxic effect according to the EU Directive 93/
67/EEC [40]. For ritonavir, tenofovir and nirmatrelvir EC50s were
found at concentrations in the order of tens of thousands of pg/L, and
resulting harmful during chronic exposure. Ritonavir caused a higher
chronic effect in the rotifer, determining 50 % of inhibition of repro-
duction at concentrations of a few tenths of pg/L, followed by tenofovir,
nirmatrelvir and ribavirin which caused the same effect at a concen-
tration one order of magnitude higher. Similarly, exposing C. dubia to
the antivirals, ritonavir was the most toxic ATV with EC50 values in the
order of tens of ng/L followed by tenofovir and nirmatrelvir (EC50 at
units of pg/L), and by ribavirin (EC50 tens of pg/L). Furthermore,
considering that EC50 values found for both consumers were less than 1
mg/L, these antivirals have been classified as very toxic over extended
periods of exposure.

To facilitate the understanding of the overall acute and chronic re-
sults and to identify both the most sensitive organism and most toxic
antiviral, L(E)C20 values (pg/L) are presented in Fig. 1 and in Table S1.

Fig. 1 clearly shows that, for all organisms and antivirals tested,
acute effects occur at concentrations much higher than those effective
for chronic toxicity. The least sensitive organism was the alga
R. subcapitata, which exhibited chronic effects at concentrations similar
to those causing acute toxicity. The most sensitive organisms were the
crustacean C. dubia and the rotifer B. calyciflorus. Finally, ritonavir was
identified as the most toxic drug.

As the experimental long-term exposure is almost close to the envi-
ronmental conditions, the concentration- effect trends may be useful to
have a comprehensive idea of what happens in a real freshwater envi-
ronment where organisms are extensively exposed to ATV residues. The
results are illustrated in Fig. 2 where the percentages of inhibition of
reproduction and cell growth are a function of the drug concentrations
tested, expressed in pg/L.

For all the drugs, as the concentration tested increased, a gradual
inhibition of algal cell growth and reproduction was recorded (Fig. 2).
From the figure, it is evident that B. calyciflorus and C. dubia exhibited

Table 2
EC50 values (pg/L) with 95 % confidence intervals.
Ritonavir Ribavirin Tenofovir Nirmatrelvir
R. subcapitata  22.93-10° 2.87-10° 48.12:10° 56.59-10°
(72 h) (16.65-10° 1.97-10° (39.63:10° (36.74-10°
-31.57.10%) —-4.17-10%) —58.42:10%) -87.15.10%)
B. calyciflorus  0.20 4.39 1.08 1.58
(48 h) (0.14 —0.29) (3.24 (0.80 —1.45)  (0.93 —2.69)
—5.93)
C. dubia 14.32.1073 22.78 5.74 3.29
7 d) (9.89-1073 (18.16 (3.72 -9.00)  (2.30 —4.82)
—-20.84-107%) —28.51)
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Fig. 1. L(E)C20 values expressed in pug/L coming from acute and chronic toxicity testing.
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Fig. 2. Concentration/chronic effect curves (non-linear regression: log agonist vs. normalized response-variable slope) of the antiviral drugs in R. subcapitata (a),
B. calyciflorus (b) and in C. dubia (c). The effect percentages of inhibition of reproduction (for B. calyciflorus and C. dubia) and algal cell growth (for R. subcapitata)
were reported as title of y-axes, while the concentrations tested (in pg/L) were reported as title of x-axes. Bars indicate standard deviation (n = 3).

the highest sensitivity starting from very low concentrations. Specif-
ically, the entire concentration-response curve for the effect of ritonavir
in C. dubia shifted to the left of the graph showing a greater overall
toxicity to this consumer. Differently, for the same organism, the
concentration-response curve for ribavirin appears to be shifted the
furthest to the right, showing less toxicity compared to the other anti-
virals. The same trend of both drugs just mentioned above was observed
for the rotifer.

NOEC and LOEC values (Table 3), respectively the highest no-effect
concentration and the lowest observed effect concentration, were ob-
tained by One-way Anova statistical analysis, Dunnett’s multiple com-
parison test (p < 0.05).

Although the algae are more resistant than the rotifers to antiviral
drugs, for both organisms the first effective concentrations (LOECs) are
of environmental concern with values at tens of pg/L for the producers
and from tenths of ng/L to units of ug/L for the consumers.

Table 3
NOEC and LOEC values (pg/L) calculated using Dunnett’s test.

Ritonavir Ribavirin Tenofovir Nirmatrelvir
R. subcapitata ~ NOEGC 24.41 24.41 24.41 24.41
(72 h) LOEC 48.83 48.83 48.83 48.83
B. calyciflorus NOEC  0.08-10° 273107  2.73.107% 0.85.1073
(48 h) LOEC 02710 873103 8731073 2.731073
C. dubia NOEC  0.28-10°° 0.93 8.88.10°3 29.10-102
7 d) LOEC 0911073 2.98 28.42:107° 93.13.107°

3.3. DNA damage

Comet assay results, obtained exposing C. dubia neonates in vivo to
the antiviral drugs for 24 h, were expressed as Tail Intensity (T.IL.),
representing the percentage of DNA damaged present in the tail
(Table 4, Fig. 3).

In Table 4, results from two independent experiments are expressed
as mean values with the standard deviations. For none of the antivirals
tested, the T.I values reached 20 %, indicating that these ATVs induced a
moderate damage to the genetic material of the crustaceans. However,
ritonavir caused 15.38 % genotoxic damage at 10 pg/L, followed by

Table 4
Effects of antiviral drugs (ug/L) on induction of DNA damage in C. dubia single
cells. Results are expressed as Tail Intensity (T.I., % DNA in tail), mean + SD
(n=2).

Ritonavir Ribavirin Tenofovir Nirmatrelvir
0 (NC) 1.17 + 0.51 0.95 + 0.46 1.23 + 0.57 1.25 + 0.57
0.0001 1.36 £+ 0.66 - - -
0.001 2.02 + 0.60 - - -
0.01 3.69 + 1.27 - - 1.50 + 0.66
0.1 8.20 +1.51 1.19 £+ 0.52 1.63 + 0.59 3.48 £1.18
1 10.92 + 1.46 2.17 +0.85 5.31 +0.91 7.49 + 0.85
10 15.38 £ 1.09 4.30 £1.19 9.87 £1.18 9.11 £1.09
100 - 9.38 + 0.93 11.36 + 1.80 14.31 +1.36
1000 - 12.65 + 1.34 16.63 + 2.04 -

- no tested concentration
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Fig. 3. DNA damage observed in C. dubia after in vivo 24h-exposure to antiviral drugs. Results, expressed as Tail intensity (% DNA in tail) of antivirals (in pg/L), are
from two independent experiments (400 nuclei for each concentration). A significant difference from the control was determined by Dunnett’s test (***p < 0.0001)
and a significant difference among concentrations (p < 0.05; different letters) was determined by Tukey’s HSD multiple comparison test.

nirmatrelvir with 14.31 % effect at 100 ug/L, and tenofovir with
16.63 % effect at 1000 pg/L. The lowest genotoxic effect was observed
in C. dubia exposed to ribavirin (12.65 % at 1000 pg/L). Data distribu-
tion of the T.I. values, obtained from 400 data points (nuclei), is visu-
alized by box-plots in Fig. 3.

In Fig. 3, the concentrations of the antivirals, expressed in ug/L, are
on the x-axis, while the percentages of Tail Intensity, T.I (DNA in the
tail) are on the y-axis. All the ATVs induced a statistically significant
fragmentation of the DNA in the exposed organisms. The T.I. values
increased as the concentration tested increased, showing a distinct
concentration-effect trend (Tukey’s test HSD multiple comparison,
p < 0.5).

In addition, by statistically comparing T.I. values, relating to each
concentration with those relating to the negative control using Dun-
nett’s multiple comparison test, both the highest no-effect concentration
(NOAEC), and the lowest effect concentration (LOAEC), were deter-
mined (Table 5).

Table 5
NOAEC and LOAEC values (pg/L) calculated using Dunnett’s test.
Ritonavir Ribavirin Tenofovir Nirmatrelvir
NOAEC 0.0001 0.1 0.1 0.01
LOAEC 0.001 1 1 0.1

3.4. ROS production

C. dubia neonates were exposed to the antiviral drugs for 24 h to
determine the production of reactive oxygen species (ROS) and the re-
sults, derived from two independent experiments, are expressed as a
percentage of fluorescence (Fig. 4, Table S2).

The concentration of the antivirals, expressed in ug/L, is shown on
the x-axis while the fluorescence intensity, expressed as percentage, is
reported on the y-axis. None of the selected antivirals induced fluores-
cence that reached 20 %. Ritonavir caused 13.29 % oxidative damage at
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Fig. 4. ROS production in C. dubia after exposure to the antiviral drugs for 24 h. Data are presented as mean + SD (n = 3). A significant difference from control was
determined with Dunnett’s test (** p < 0.001; *** p < 0.0001) and different letters intend significant differences for p < 0.05 among concentrations (Tukey’s HSD
multiple comparison test). A significant increase in fluorescence, proportional to the production of ROS was evident as the concentration increased. The statistical
analysis (Dunnett’s multiple comparison test; p ** < 0.001; *** p < 0.0001) showed that the fluorescence intensity significantly increased compared to the negative
control starting from 0.001 pg/L for ritonavir, 0.1 ug/L for the nirmatrelvir, and 1 pg/L for ribavirin and tenofovir, resulting in LOAEC values that overlap with

concentrations causing DNA damage (Table 5).

10 pg/L, followed by nirmatrelvir with 12.04 % effect at 100 pg/L, and
tenofovir and ribavirin 11.84 and 11.06 respectively, at 1000 pg/L,
inducing the lowest effect.

4. Discussion

To the best of our knowledge, data regarding the toxicity of these
drugs in aquatic freshwater organisms are scarce. Nonetheless, Souza
etal., [42] investigated the acute toxicity of ritonavir in three freshwater
organisms, the two crustaceans Daphnia magna and Hyalella azteca
(primary consumers) and the fish Lepomis macrochirus (secondary con-
sumer) reporting LC50 values higher than units of mg/L, comparable to
those found for the rotifer herein. The acute toxicity of ritonavir in fish,
was estimated by the Ecological Structure Activity Relationships
(ECOSAR) predictive model at concentrations in the order of tenths of
mg/L [27], in contrast to our findings in which the LC50 of ritonavir was
in the order of tens of mg/L in rotifers, and higher than tenths/units of
mg/L in crustaceans.

Silva et al., [43], evaluated the acute toxicity of tenofovir in the
seawater crustacean Artemia salina, reporting LC50 values in the order of
tens of mg/L, as well as in A. fischeri at units of mg/L, effect concen-
trations that were similar to our findings for the rotifer.

Furthermore, in Mahaye and Musee [44], exposing D. magna to
tenofovir, observed a concentration- and time-dependent immobiliza-
tion at 0.25-1 mg/L after 48 h, effect concentrations lower than those
found in the daphnid analyzed herein. As regards ribavirin, due to the
scarcity in the literature of experimental studies on the toxicity of this
drug in aquatic organisms, Kumari and Kumar [45] assessed predictive
studies reporting data from the US EPA’s EcoTox database 2020 (https
://comptox.epa.gov/dashboard/). For this drug, toxic effect concen-
trations in reference organisms such as daphnia and fish were estimated
in the order of thousands of mg/L, far higher than those obtained for the
rotifer and cladocera crustacean in this study and from those acquired in
the above-mentioned literature. Recently, Guo and collaborators [28],
on studying the effect of ribavirin in the bacterium Photobacterium
phosphoreum after 6 h of exposure, observed a significant inhibition of
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bioluminescence (49 %) at tens of mg/L, in line with our results in
C. dubia. At concentrations in the same order of magnitude, 50 % mor-
tality was determined in Danio rerio embryos at the gastrula stage
exposed to the drug nirmatrelvir [46]. As suggested by Mahaye and
Musee [44], acute effects of antiviral drugs in aquatic organisms may be
related to an increased production of ROS which induces changes in
catalase and glutathione S-transferase activities, as important antioxi-
dant response systems in non-target invertebrate species to avoid dele-
terious consequences at the cellular and organismal level. Regarding
long term exposure, the effect concentrations were very low in con-
sumers. Ritonavir was effective at units (for the rotifers) or tenths (for
the crustaceans) of ng/L, and of all the other antiviral drugs in the order
of units or tens of ng/L for both consumers, with great environmental
concern considering that in surface waters the selected antiviral drugs
occur from tenths to tens of ng/L [1,24,22,23]. Souza et al., [42] studied
the chronic toxicity of tenofovir in the algae R. subcapitata, the crusta-
cean D. magna and in the fish Pimephales promelas. In line with our re-
sults, the organism that showed less sensitivity to the antiretroviral
appears to be the alga, with an EC50 value in the order of thousands of
pg/L. The same authors, analyzing the toxicity of darunavir, an HIV-1
protease inhibitor with a similar mode of action to ritonavir, observed
algal growth inhibition at concentrations in the same order of magnitude
as those found in this experimental study. In addition, when the analysis
of the chronic toxicity of some antiviral drugs was conducted consid-
ering the ecotoxicological data reported in ECOSAR in daphnia, fish and
algae, ritonavir was among the most toxic antivirals [2].

Wu et al., [47] stated that after 7 days of exposure of Danio rerio
larvae to ribavirin, significant developmental anomalies were found at
concentrations that were several orders of magnitude higher (tens of
mg/L) compared to those causing inhibition of reproduction of crusta-
ceans and rotifers herein investigated, conceivably due to the increase of
complexity of organisms moving up the food chain. A similar study on
the toxicity of nirmatrelvir was conducted by Zizioli et al., [46] exposing
Danio rerio larvae 120 h after fertilization and demonstrating significant
sublethal effects such as reduction in length and weight, eye diameter
and heartbeats at tens of mg/L. Abacavir, a drug used to treat HIV,
induced the growth inhibition of the alga R. subcapitata with an EC50
value equal to 57 mg/L [48], in line with the chronic toxicity caused by
the antiretroviral drugs ritonavir and tenofovir, used in this research.
Harmful effects in Oreochromis mossambicus fish were demonstrated by
Robson et al., [49] following exposure to the antiretroviral drug efa-
virenz at 10.3 ng/L, a concentration of the same order of magnitude
which caused 20 % inhibition of reproduction in rotifers and crusta-
ceans that had been exposed to the antiretroviral tenofovir.

To further contribute to scientific knowledge, we performed tests on
genotoxicity and ROS production in the daphnid C. dubia in line with
Nugnes et al. [39,50]. In detail, by exposing C. dubia neonates in vivo for
24 h to the antiviral drugs, we observed that ritonavir was the most
genotoxic drug, inducing the lowest nuclear fragmentation already at
concentrations (LOAEC) in the order of magnitude of units of ng/L,
followed by nirmatrelvir at hundreds of ng/L and subsequently by both
ribavirin and tenofovir with effects starting from units of ug/L, similar or
few order of magnitude higher than those occurring in the freshwater
environment [1,24,22,23]. Therefore, in the light of our outcomes, ri-
tonavir was the antiviral that most caused genotoxicity at environ-
mentally relevant concentrations, raising the most concern. The
genotoxicity of ritonavir could be attributable to its mode of action
related to the inhibition of the human CYP3A4 liver enzyme. Lee et al.,
[51] highlighted that even D. magna, and more broadly daphnids, albeit
non-target organisms, possess cytochrome structures similar to those of
interest which could be affected by the inhibition exerted by ritonavir
and could thus be prone to alterations that similarly occur in human
counterparts. As regards tenofovir, as reported by Bakare et al., [52],
this drug could alter DNA by generating primary and/or secondary DNA
damage, either caused by the formation of acentric chromosomal frag-
ments or by chromosomal loss. The genotoxicity of tenofovir may be due
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to an imbalance of the intracellular nucleotide pool by nucleoside/nu-
cleotide reverse transcriptase inhibitors (NRTIs), which could cause
mutations, thus increasing the risk of DNA damage, reported besides by
Vivanti et al., [53] and de Moraes Filho et al., [54]. To date, due to the
scarcity of data, it is difficult to compare the results obtained in this
research with those available in scientific literature. Nevertheless, it is
possible to compare the results obtained with the data published by the
same research group, Nugnes and collaborators [38], in which the
genotoxic effect of the antiviral drug acyclovir, an acyclic guanosine
analogue active against Herpes simplex virus (HSV), was evaluated by
C. dubia for 24h-exposure. Specifically, Nugnes and collaborators [38]
discovered that acyclovir induces nuclear fragmentation in C. dubia
cells, already at concentrations in the order of hundreds of pg/L, com-
parable to results obtained in the present study. Considering genotoxic
effects of the selected antiviral drugs in non-aquatic organisms, it is
noteworthy to mention Bakare et al., [52] who investigated the geno-
toxic potential damage of tenofovir in the insect Drosophila melanogaster
using the Comet assay and found the greatest percentage of Tail In-
tensity at 10 mg/mL, which is a concentration far higher than those of
effect obtained when C. dubia was exposed to the same antiviral drug
herein.

An increase in DNA strand breaks may be the result of ROS genera-
tion due to oxidative stress produced by xenobiotics in aquatic organ-
isms, because such reactive oxygen species can react with DNA causing
chemical changes to the nitrogenous bases or chain breaks nucleotide
[55]. Interestingly, Mahaye and Musee [44] studied the effect of teno-
fovir on biochemical markers in Daphnia magna and observed an alter-
ation in the catalase and glutathione s-transferase activity when
tenofovir concentrations increased (62.5-1000 pg/L). These findings
demonstrated that tenofovir determined an increase in the production of
intracellular ROS resulting in oxidative stress and suppression of the
antioxidant system. Further effects of tenofovir on oxidative stress were
reported by Gomes et al., [24], conducted a study on the freshwater
cyanobacterium Synechococcus elongatus and the algae Chlorococcum
infusionum. Unlike what happens in D. magna and C. dubia, tenofovir had
no significant effects on oxidative stress but showed synergy with the
antiviral drug efavirenz in both species. Furthermore, Magdy et al., [56],
investigated oxidative stress induced by ribavirin in Wistar rats,
revealing that exposure to ribavirin, during the gestation period,
induced a significant increase in oxidative stress in rats resulting in
apoptosis and necrosis of placental tissues. Ribavirin was found to be
teratogenic, considering that excessive production of reactive oxygen
species causes damage to fetus DNA.

To understand if aquatic organisms and the entire aquatic environ-
ment could be negatively affected by the selected antiviral drugs, we
assessed the environmental risk following standard guidelines [57,58]
considering algae and daphnids. Therefore, the chronic risk quotient
(cRQ, Table 6) was calculated as the ratio between the measured envi-
ronmental concentrations (MECs) and the predicted no-effect concen-
trations (PNECs). The PNECs were determined by dividing the NOECs by
an assessment factor (AF) which is based on the number of trophic levels
and taxonomic groups. In detail, to the best of our knowledge, the most
recent concentrations detected in freshwater were considered as MECs,
(Table 6). Between the alga R. subcapitata and the daphnid C. dubia, the

Table 6

Chronic Risk Quotient (cRQ) calculated by measured environmental concen-
trations (MECs, ng/L), No Observed Effect Concentration (C. dubia NOECs, ng/
L). and Predicted No Effective Concentration (PNEC, ng/L).

[ng/L] Ritonavir Ribavirin Tenofovir Nirmatrelvir
MEC 1 52.2 310 -
Zhao et al. [23] Chen et al. [1] Gomes et al. [24]
NOEC 0.28 930 8.88 29.10
PNEC 0.0056 18.60 0.1776 0.582
cRQ 178.57 2.81 1745.49 -
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lowest NOECs were obtained for the daphnid C. dubia and were
expressed as ng/L. The AF value was 50 due to two levels of the trophic
chain (producers and consumers) considered in the experimental design.
Only for nirmatrelvir, no RQ was determined since to the best of our
knowledge, no MECs are reported in scientific literature.

We can conclude that the three antiviral drugs may represent a risk
(tenofovir > ritonavir > ribavirin) for the aquatic organisms during
chronic exposure, with environmental concern.

Although the standard guidelines outlined above do not take into
account calculating RQ based on genotoxicity data, Misik et al. [59],
Nugnes et al. [39,50] as well as Russo et al. [34] have proposed per-
forming it to assess the environmental genotoxic risk posed by xenobi-
otics to freshwater ecosystems based on the same calculation utilized for
the toxic risk. Thus, the MECs are reported in Table 6; the NOAECs
obtained from genotoxicity assays exposing C. dubia to antiviral drugs
were 0.1 ng/L for ritonavir and 100 ng/L for both ribavirin and teno-
fovir and the AF value was equal to 100 (one trophic level only). Thus,
PNECs were equal to 0.001 ng/L for ritonavir and 1 ng/L for both
ribavirin and tenofovir.

The genotoxic Risk Quotient (gRQ) for the three antivirals were
equal to 1000, 310, and 52.2 respectively for ritonavir, tenofovir and
ribavirin indicating a potential genotoxic risk, generating environ-
mental concern.

5. Conclusions

The outcomes of this study indicate that while antiviral concentra-
tions causing acute and sub-acute toxicity exceed levels of environ-
mental concern, those associated with chronic toxicity, genotoxicity as
well as ROS production are of concern for C. dubia, with chronic and
genotoxic risk quotients exceeding the threshold value of 1. However,
these results should be considered preliminary and additional testing is
necessary to confirm the environmental risks identified here. Although
recent literature is expanding, further studies are needed to fully un-
derstand the environmental impact of antivirals and their potential
unforeseen effects along the aquatic food chains.

Environmental Implications

Limited information is available regarding chronic toxicity of the
most widely used antiviral drugs: ritonavir, ribavirin, tenofovir and
nirmatrelvir, with no indications concerning genotoxic effects and
oxidative stress in freshwater organisms (producers and primary con-
sumers). We observed effect concentrations of chronic toxicity, geno-
toxicity and oxidative damage in the order of sub-ng-ug/L
(concentrations occurring in surface waters). We assessed ecotoxic as
well as genotoxic environmental risks, the latter being calculated for the
first time for the selected molecules, and observed risk quotients
exceeding the threshold of 1 with a significant environmental relevance.
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