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Abstract: The COVID-19 pandemic has intensified the development of new antiviral agents specif-
ically intended for the SARS-CoV-2 virus, but has also increased the use of some already known
antiviral agents originally intended for other viruses. Although the pandemic has ended, the SARS-
CoV-2 virus is expected to be present in the human population forever, as is the case with the
influenza virus, for example. Such a scenario guarantees the continued use of SARS-CoV-2 antivirals
and, accordingly, their continued release into the environment. Unfortunately, there is little or no
information on the adverse potential of most of these antiviral agents. In this study, the acute toxicity
of six antiviral agents used in the treatment of SARS-CoV-2 infections was determined. These are
atazanavir, ribavirin, emtricitabine, nirmatrelvir, sofosbuvir and oseltamivir, sorted according to their
toxicity, starting with the most toxic agent. Toxicity was determined using the marine bacterium
Aliivibrio fischeri according to the ISO 11348-1:2007 standard. In addition to the toxicities of the
individual antiviral solutions, the toxicities of binary antiviral mixtures were also determined. By
comparing the experimentally determined toxicities of the mixtures with the values estimated by the
concentration addition model and the independent action model, we analyzed the mode of joint toxic
activity of these antiviral agents. Additive behavior was observed for most binary combinations. The
combination of nirmatrelvir and sofosbuvir led to an antagonistic deviation from the concentration
addition model, while a synergistic deviation was observed for the combinations of emtricitabine
with atazanavir and with nirmatrelvir, as well as for the combinations of ribavirin with atazanavir,
oseltamivir and sofosbuvir. All tested binary combinations showed a synergistic deviation from the
independent action model.

Keywords: SARS-CoV-2; antivirals; toxicity; mixtures; concentration addition model; independent
action model

1. Introduction

Antimicrobial agents are substances that can kill microorganisms or at least inhibit
their growth [1]. Depending on which microorganisms they are intended for, antimicrobials
can be classified as antibiotics (bacteria), antifungals (fungi), antiparasitics (parasites) and
antivirals (viruses) [2]. In the beginning, people sought and used antimicrobial agents that
were available in nature. Over time, however, the discovery of new antimicrobial agents no
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longer focused solely on natural sources, but also on the synthesis of new agents which are
generally much more selective than the natural ones. Due to the constant need to solve the
problems caused by pathogenic microorganisms that are resistant to existing drugs, the
pharmaceutical industry is constantly developing new antimicrobial agents [3].

In contrast to antibiotics, which have been developed very intensively and for which
there are now numerous drugs to treat a variety of bacterial diseases [4], the development of
antifungals, antiparasitics and antivirals has not been as intensive [5-8]. The development
of antiviral drugs is a particular challenge [7]. Compared to other pathogens, viruses do
not have the usual characteristics of living organisms. They have neither a metabolism nor
the ability to self-reproduce. Instead, it is the infected cells that produce new virus individ-
uals. Viruses therefore do not have many proteins or enzymes that could be targeted for
treatment [9]. In addition, despite the impossibility of self-reproduction, the reproduction
rate of viruses is extremely high, which leads to very rapid mutations [8]. Drugs with
a certain degree of effectiveness have already been developed for HIV, herpes, hepatitis,
Ebola and various other dangerous viruses [10]. Currently, one of the global priorities is
the development of drugs to treat coronavirus infection (COVID-19), an infectious disease
caused by the SARS-CoV-2 virus. Although the COVID-19 pandemic (2020-2023) is behind
us, humanity has not managed to fully solve the problem of the SARS-CoV-2 virus. It is
very likely that people will continue to live with this virus, similar to the coexistence with
some other viruses, e.g., the influenza virus.

Scientists are still mainly focused on understanding the mechanisms by which the
SARS-CoV-2 virus affects humans and finding new substances that can prevent or at least
alleviate the symptoms of the disease. However, there are other aspects related to COVID-
19 that also need to be researched in depth. These include the impact of SARS-CoV-2
antiviral agents and their degradation products on the environment [11], as it is known
that a certain amount of these substances enters the environment [12]. The human body
generally metabolizes 60-70% of active pharmaceutical ingredients, while the remaining
unmetabolized substances and metabolites are excreted from the body and thus end
up in wastewater [13]. Other possible sources of antivirals in wastewater are hospital
waste, wastewater from the pharmaceutical industry and the improper disposal of unused
drugs [14]. Unfortunately, it is known that conventional wastewater treatment plants do not
remove most pharmaceuticals efficiently [15-17], so they end up in natural receiving waters.

At the beginning of the COVID-19 pandemic, there were neither vaccines nor specific
therapeutics for the treatment of COVID-19 infections, so patients were treated with existing
drugs intended for infections caused by SARS-CoV-2-like viruses [18]. In the meantime,
several new drugs have been developed and put into use [19,20]. However, the analysis
of the available literature shows a serious lack of information on the presence, fate and
behavior of SARS-CoV-2 antiviral drugs in the environment, whether they are newly
developed SARS-CoV-2 drugs or reused drugs originally intended for other viruses, and
this information is important to adequately assess the actual risk to the environment.

In this study, we focused on six antiviral substances used to treat COVID-19 infection.
These were: atazanavir, emtricitabine, nirmatrelvir, oseltamivir, ribavirin and sofosbuvir.
The structures of the selected antivirals are shown in Figure 1 and some basic data are listed
in Table 1.

Studies on the environmental concentrations of the six antivirals selected are very
rare. Takamami et al. [21] reported a concentration of oseltamivir phosphate of 165.9 ng/L
detected in surface water in Japan. Boulard et al. [22] reported an emtricitabine concen-
tration of 0.13 pg/L in effluent of a wastewater treatment plant (WWTP) somewhere in
Germany and 0.045 pg/L in nearby surface water. A similar concentration of emtricitabine
(0.22 png/L) was reported by Mlunguza et al. [23] for surface water in the immediate vicinity
of the effluent of a WWTP in South Africa. Mhuka et al. [24] analyzed the composition of
the effluent of another WWTP in South Africa and found an atazanavir concentration of
75.20 ng/L. All these four reports refer to the time before the COVID-19 pandemic, so it
can be assumed that the emergence of the SARS-CoV-2 virus caused an increase in con-
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centrations of the aforementioned antiviral agents in aquatic ecosystems. Sometime at the
beginning of the COVID-19 pandemic, Chen et al. [25] reported a ribavirin concentration of
52.2 ng/L for rivers in Wuhan Province (China). For the post-pandemic period, we found
only two reports: an atazanavir concentration of 0.039 pg/L was detected in water in urban
areas of India [26] and an emtricitabine concentration of 358.4 + 250.8 ng/L was found in
drinking water in South Africa [27].
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Figure 1. Chemical structures of: (A) atazanavir, (B) emtricitabine, (C) nirmatrelvir, (D) oseltamivir,
(E) ribavirin and (F) sofosbuvir.

Table 1. Some basic information on the antiviral agents tested. The logP data were taken from the
DrugBank Online database [28].

Antiviral Substance Molecular Formula  Molar Mass/g mol 1 logP
Atazanavir C38H52N6O7 704.86 45%
Emtricitabine CgH;19FN303S 247.25 —0.43*
Nirmatrelvir C23H32F3N504 499.53 2,12 **
Oseltamivir C16H28N204 312.40 1*
Ribavirin CgH1pN4Os5 244.20 —1.85*
Sofosbuvir C22H29FN309P 529.45 1.62%

Note(s): * Data categorized as experimentally determined; ** data estimated by mathematical model.

Another very important piece of information for environmental risk assessment is
information on the toxicity of the substances in question. In this study, the acute toxicity of
six selected SARS-CoV-2 antiviral agents was investigated. Acute toxicity was tested on the
luminescent marine bacterium Aliivibrio fischeri. The toxicity of solutions of pure antiviral
substances and of binary antiviral mixtures was analyzed. By applying the concentration
addition model and the independent action model, we analyzed the possible synergistic
and antagonistic toxic behavior in the antiviral mixtures.
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2. Assessment of Toxicity

The term acute toxicity refers to the short-term exposure of organisms to a substance.
Acute toxicity is expressed as the effective dose (or effective concentration, EC) of a sub-
stance, i.e., the dose that causes a certain degree of harm in a tested population of organisms.
The toxicity value is assessed mathematically using the so-called dose-response curve, i.e.,
the relationship between the dose of a substance and the portion of the population affected
by that dose. The original sigmoidal form of the dose-response curve is usually linearized
by relating the logarithm of the so-called y-value and the logarithm of the substance dose.
The y-value is defined as the ratio between the affected and the unaffected portion of the
tested population. If the percentage of luminescence inhibition (INH) is used as an indicator
for the affected and unaffected portion of the population, the y-value can be calculated
according to Equation (1):

_INH 1
100 — INH (

In most cases, 50% of an adverse effect is used as the threshold for the definition of
toxicity. However, in situations where extrapolation is required to determine the dose that
produces 50% of the effect in the population, it is better to express toxicity in terms of a
lower level of harm (10 or 20%) that allows assessment by interpolation [29].

Various mathematical models have been developed to describe the toxicity of systems
containing multiple toxic substances, i.e., toxic mixtures. By comparing the experimentally
determined toxicity of the mixture with the toxicity predicted by a mathematical model,
possible deviations from the predicted behavior can be identified, be it synergism (the
toxicity of the mixture is more pronounced than predicted) or antagonism (the toxicity of
the mixture is weaker than predicted).

The concentration addition model [30,31], more simply referred to as the additive
model, is the most commonly used model for risk assessment of chemical mixtures [32].
This model is based on the assumption that all toxic substances in the mixture have a
common or similar mode of action [33,34]. In its most common form, the additive model
uses the so-called toxicity unit (TU), which is defined by Equation (2). The numerator of the
equation contains the molar concentration (c) of a toxic substance of interest (i) in a mixture
that causes the specified level of harm (p) in the population of the test organism. The term
in the denominator refers to the toxicity of substance i, expressed as a concentration that
causes the same specified level of harm in the tested population [35].

Y

:
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The independent action model [36] is used much less frequently and, in contrast to the
additive model, is based on the assumption that toxic substances in a mixture have different
mechanisms of action and therefore have independent toxic effects on the test organism.

3. Materials and Methods
3.1. Reagents and Solutions

Ultrapure water (Millipore) was used for all experiments. Atazanavir sulfate (CAS No.
229975-97-7), emtricitabine (CAS No. 143491-57-0), oseltamivir phosphate (CAS No. 204255-
11-8) and ribavirin (CAS No. 36791-04-5), all four manufactured by Supelco (Bellefonte,
PA, USA), and nirmatrelvir (CAS No. 2628280-40-8) and sofosbuvir (CAS No. 1190307-
88-0), both manufactured by Biosynth (Staad, Switzerland), were used as standards, all
in solid form. For each antiviral, a certain amount of the corresponding solid standard
was dissolved in water to prepare the stock solution. To improve dissolution, each stock
solution was treated with ultrasound. When selecting the values for the stock solutions,
we did not rely on data on the concentrations of the tested antiviral drugs in the aquatic
environment, as we found that there are almost no studies with such information, especially
if we focus on the pandemic and post-pandemic period. All stock solutions were prepared
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at a total antiviral concentration of 1.0000 mM, except for the atazanavir solution, which
was prepared at a concentration of 0.0030 mM due to the very low solubility of atazanavir
sulfate in water. The concentration of the prepared stock solutions was checked by LC
analysis. The working solutions of the binary antiviral mixtures were prepared by mixing
the solutions of the individual antivirals in the volume ratios 75:25 (MIX 1), 50:50 (MIX 2)
and 75:25 (MIX 3).

3.2. Toxicity Experiments

The determination of acute toxicity was carried out on the Gram-negative bacterium
Aliivibrio fischeri in accordance with ISO 11348-1:2007 [37]. A LUMIStherm thermostat
was used to thermostatize the solutions, while the luminescence of the test population of
bacteria was measured with a LUMIStox 300 luminometer (both devices are manufactured
by Dr. Lange GmbH, Hannover, Germany). The linear sequence of sample dilution was
used and the test duration was 30 min.

The bacterial culture used for the toxicity tests was subcultured 24 h before the test
on a medium specifically designed to support the growth of Aliivibrio fischeri. This step
ensured optimal bacterial viability and consistent starting conditions. Prior to testing, the
initial luminescence of the bacterial culture was measured and confirmed to be around
3000 relative light units across all tests to ensure comparability of results.

In the toxicity experiments, a 2% NaCl solution in water was used as a control solution.
The ratio between the initial and final (30 min) luminescence of the bacteria in the control
solutions represented the factor (f) used to correct the initial value of bacterial luminescence
in the test solutions (Lg). After measuring the 30 min luminescence of the test solution (L3p),
the percentage of luminescence inhibition (INH) was calculated according to Equation (3).

Lo-f—Ls
Lo-f

Given the short test duration, all toxicity tests for a specific antiviral compound were
performed on the same day. Three technical replicates were performed for each compound
to ensure precision and repeatability of measurements; the mean values were used to
calculate toxicity. Biological replicates were not included in this study due to the controlled
and standardized nature of the experimental conditions and the consistent preparation of
the bacterial culture.

INH = 100 3)

3.3. Data Analysis

Experimental data were processed in Excel 2016 software (Microsoft Corporation,
Redmond, WA, USA), while toxicity modeling was performed using the MATLAB R2010b
software package (The MathWorks Inc., Natick, MA, USA).

4. Results

The first step in this study was to determine the toxicity of the individual antiviral
agents. The corresponding dose-response curves are shown in Figure S1. The toxic-
ity values determined are listed in Table 2 together with the parameters of the linear
dose-response relationship. The dose-response relationship was linearized to reduce the
influence of random errors and to simplify the calculation of EC values. Table 2 shows two
toxicity values for each antiviral agent: the one related to 20% inhibition of luminescence
(ECyp) and the one related to 50% inhibition of luminescence (ECsp) in the tested population
of Aliivibrio fischeri. It should be noted that the toxicity analysis in this study is based on the
ECy values, as these values were determined by data interpolation. The 50% inhibition for
ribavirin was within the range of experimentally determined inhibitions, but for five other
antiviral agents the 50% inhibition was above this range and therefore the corresponding
ECsp values were estimated by data extrapolation, making the estimated values less reliable.
The reason we decided to list these ECs( values in Table 2 was that we wanted to have some
data to compare with the ECs) values that might be found in the literature.
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Table 2. Experimentally determined toxicity values according to Aliivibrio fischeri test.
. Dose-Response Line
Antiviral (log v = alog ¢ + b) ECyy/ ECs/
Substance mM (mg L) mM (mg L)
a b R?

Atazanavir 1.880 4.267 0.9895 0.0026 (1.83) 0.0054 (3.81) *
Emtricitabine 1.654 —0.029 0.9975 0.4504 (111.36) 1.0415 (257.51) *
Nirmatrelvir 2.057 —0.100 0.9968 0.5699 (284.68) 1.1180 (558.47) *
Oseltamivir 2.469 —0.419 0.9980 0.8431 (263.38) 1.4783 (461.82) *
Ribavirin 1.619 0.248 0.9930 0.2986 (72.92) 0.7031 (171.70)
Sofosbuvir 2.317 -0.131 0.9946 0.6260 (331.44) 1.1388 (602.94) *

Note(s): * The value was calculated by data extrapolation.

The next step in this study was to determine the toxicity of antiviral binary mixtures
and to analyze their joint toxic activity. The total molar concentration of the antivirals in the
binary mixtures tested was 1.0000 mM in most cases; it is easier to compare the mixtures
with the same total concentration of antivirals. An exception was the binary mixtures with
atazanavir, which were prepared at much lower concentrations due to the poor solubility
of atazanavir sulfate (see crorar, in Table 3).

Table 3. Regression analysis of dose-response correlation for binary mixtures and the corresponding
ECyg values. The abbreviations ATA, FTC, NMYV, OST, RIB and SOF stand for atazanavir, emtricitabine,
nirmatrelvir, oseltamivir, ribavirin and sofosbuvir, respectively.

Binary Combinations Dose-Response Line

(log vy =alogc +b) ECyp/mM
No. Combination Mixture Ratio cToTAL/mMM a b R?
I ATV-FTC MIX 1 75:25 0.2522 1.778 0.921 0.9948 0.1392
MIX 2 50:50 0.5015 1.588 0.390 0.9944 0.2374
MIX 3 25:75 0.7508 1.736 0.217 0.9937 0.3374
I ATV-NMV  MIX 1 75:25 0.2522 2.016 0.974 0.9891 0.1652
MIX 2 50:50 0.5015 1.730 0.276 0.9926 0.3107
MIX 3 25:75 0.7508 1.962 0.162 0.9879 0.4078
I ATV-OST MIX 1 75:25 0.2522 1.998 0.721 0.9945 0.2176
MIX 2 50:50 0.5015 2.135 0.234 0.9957 0.4061
MIX 3 25:75 0.7508 2.453 —0.100 0.9894 0.6242
v ATV-RIB MIX 1 75:25 0.2522 1.661 1.030 0.9894 0.1040
MIX 2 50:50 0.5015 1.672 0.557 0.9939 0.2027
MIX 3 25:75 0.7508 1.554 0.257 0.9932 0.2802
\Y% ATV-SOF MIX 1 75:25 0.2522 1.673 0.673 0.9884 0.1730
MIX 2 50:50 0.5015 1.847 0.261 0.9914 0.3410
MIX 3 25:75 0.7508 1.938 0.038 0.9911 0.4674
VI FTC-NMV  MIX 1 75:25 1.0000 1.807 0.131 0.9963 0.3927
MIX 2 50:50 1.0000 1.844 0.145 0.9981 0.3935
MIX 3 25:75 1.0000 1.746 —0.046 0.9929 0.4806
VII FTC-OST MIX 1 75:25 1.0000 1.768 —0.038 0.9967 0.4796
MIX 2 50:50 1.0000 1.704 —0.091 0.9914 0.5012
MIX 3 25:75 1.0000 2.071 —0.145 0.9939 0.6017
VIII FTC-RIB MIX 1 75:25 1.0000 1.720 0.220 0.9960 0.3327
MIX 2 50:50 1.0000 1.756 0.149 0.9960 0.3733
MIX 3 25:75 1.0000 1.657 0.115 0.9944 0.3690
X FTC-SOF MIX 1 75:25 1.0000 1.577 —0.061 0.9958 0.4536
MIX 2 50:50 1.0000 2.250 0.004 0.9967 0.5379

MIX 3 25:75 1.0000 2272 —0.044 0.9932 0.5680
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Table 3. Cont.
Binary Combinations Dose-Response Line
(log vy =alogc +b) ECy/mM
No. Combination Mixture Ratio cToTAL/MM a b R?
X NMV-OST MIX1 75:25 1.0000 2.078 —-0.212 0.9918 0.6489
MIX 2 50:50 1.0000 2.185 —-0.271 0.9959 0.7056
MIX 3 25:75 1.0000 2.211 —0.324 0.9905 0.7487
XI NMV-RIB MIX 1 75:25 1.0000 1.519 0.000 0.9919 0.4015
MIX 2 50:50 1.0000 1.637 0.061 0.9912 0.3935
MIX 3 25:75 1.0000 1.718 0.253 0.9932 0.3180
XII NMV-SOF MIX1 75:25 1.0000 2.533 -0.177 0.9941 0.6795
MIX 2 50:50 1.0000 2.614 —0.231 0.9917 0.7212
MIX 3 25:75 1.0000 2.504 —-0.214 0.9936 0.7000
XIII OST-RIB MIX 1 75:25 1.0000 2.039 0.096 0.9908 0.4547
MIX 2 50:50 1.0000 1.694 0.170 0.9948 0.3501
MIX 3 25:75 1.0000 1.657 0.248 0.9974 0.3069
X1V OST-SOF MIX 1 75:25 1.0000 2.108 —0.428 0.9859 0.8265
MIX 2 50:50 1.0000 2.282 —0.322 0.9844 0.7534
MIX 3 25:75 1.0000 2.355 —0.234 0.9889 0.6976
XV RIB-SOF MIX 1 75:25 1.0000 1.624 0.272 0.9919 0.2894
MIX 2 50:50 1.0000 1.637 0.218 0.9912 0.3154
MIX 3 25:75 1.0000 1.925 0.211 0.9926 0.3780

A regression analysis of the linearized form of the relationship between the antiviral
dose (log c) and the response (log ) was performed for all 45 binary mixtures and relatively
high correlations were found (R% > 0.9879; Table 3). The ECy values of the mixtures were
calculated by applying the developed regression models. These values and the toxicity
values for the individual antivirals were used to calculate the TU values according to
Equation (2). The isobologram approach, shown in Figure 2, was used to illustrate the
deviation from additive behavior. The straight line connecting the points (1, 0) and (0, 1)
represents the isobole of the additive behavior of two antiviral agents or simply: the
additive isobole. (The isobole is a curve connecting all dose combinations that are expected
to produce the same desired response.) TU points below the additive isobole indicate
possible synergistic behavior of the antiviral agents in their mixture, while TU points above
this isobole indicate possible antagonism in the antiviral mixture. However, since the
determination of toxicity is subject to a certain random error, a prediction band in the range
of 0.8-1.2 was defined (the area within the dashed lines).

The results of toxicity prediction by an independent action model are presented for
the mixtures of nirmatrelvir and sofosbuvir as well as oseltamivir and sofosbuvir. The
results are presented graphically as a comparison between the experimentally determined
toxicity values and the values predicted by the model (Figure 3). For comparison purposes,
we have also supplemented this graphical presentation with the values predicted by the
additive model.
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Figure 2. Isobolograms of binary mixtures of antivirals. Comparison of experimentally determined
joint toxicity (circles) and additive behavior (solid lines). Different colors represent different binary
mixtures, i.e., the mixtures containing different ratios of the individual antiviral solutions: MIX 1
(75:25; blue circle), MIX 2 (50:50, red circle) and MIX 3 (25:75, green circle).
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Figure 3. Comparison between the predicted and experimentally determined toxicity values for the
mixtures of (A) nirmatrelvir and sofosbuvir, and (B) oseltamivir and sofosbuvir. The cases correspond
to the concentration addition model (red color) and the independent action model (blue color). The
straight line is the y = x line, which represents the ideal scenario where the predicted values agree
with the experimentally obtained values.

5. Discussion

The aim of our study was to reveal the adverse potential of selected antiviral agents
and their mixtures in the aquatic environment. For this purpose, we performed the Aliivib-
rio fischeri bioluminescence inhibition assay. Performing bioassays with different types of
organisms (plants, algae, daphnids, fish and crustaceans) can provide additional informa-
tion, as different organisms may respond to different antiviral concentrations. However,
bioassays with multicellular organisms are associated with high costs and a long test
duration, which is not the case for bioassays based on bacterial cells such as the applied
Aliivibrio fischeri assay. In addition, the Aliivibrio fischeri assay is mostly more sensitive than
conventional bioassays based on plants, algae, daphnids, fish and crustaceans and has a
relatively high reliability and reproducibility [38].

In reviewing the literature, we found some studies in which bioassays were performed
with the same or similar organisms, but not for all six of the antivirals we tested. Wherever
possible, we have discussed this information in the context of our results. We have not
discussed the toxicity results obtained by assays with significantly different organisms,
such as eukaryotes, as we recognize that the sensitivity of such organisms is likely to be
significantly different from that of Aliivibrio fischeri.

Our results of the Aliivibrio fischeri assay show that atazanavir is by far the most
toxic of the antivirals tested (Table 2): it is two orders of magnitude more toxic than the
others. Atazanavir is followed by ribavirin, emtricitabine, nirmatrelvir, sofosbuvir and
the least toxic oseltamivir. The mechanisms of action of the tested antiviral agents on
Aliivibrio fischeri were not examined in this study, only the extent of the effect. Therefore, the
reason for this order of toxicity can only be speculated, considering that the toxicity of each
substance depends on its molecular structure. For example, many aromatic hydrocarbons
are considered to be a considerable hazard to living organisms [39,40]. So, if the main cause
of toxicity of these two antiviral agents is their aromatic nature, then it is not surprising
that atazanavir, which contains three aryl groups, is much more toxic than sofosbuvir,
which contains only one aryl group. Emtricitabine, the next in the series of selected
antiviral agents, is a derivative of 1,3-oxathiolane and these derivatives are known for their
antimicrobial properties [41]. The structure of nirmatrelvir contains a nitrile group, which
in principle does not pose a serious toxic risk as long as this group is incorporated into
the organic structure. However, it is very likely that highly toxic cyanide ions or HCN are
formed during the degradation of nirmatrelvir, which can definitely increase the toxicity
of the antiviral solution. In the case of oseltamivir, we cannot identify a specific group in
the molecular structure that we suspect as a possible cause of the toxicity of this antiviral
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agent. However, oseltamivir is a so-called prodrug [42], i.e., a substance that has little or no
pharmacological activity until it is metabolized to more active compounds [43]. We found
two literature reports on the toxicity of oseltamivir to Aliivibrio fischeri. In the first report,
Escher at al. [44] give an ECsg value of 10 mM, which is about 10 times higher than the value
we calculated by data extrapolation. The study by van Beek [45] provides less comparable
information, as the author performed a 5 min toxicity experiment exposing Aliivibrio fischeri
to a1 pM solution of oseltamivir; accordingly, he did not report an ECs, value, but only
that the applied oseltamivir concentration did not cause luminescence inhibition. Ribavirin
contains a 1,2,4-triazole ring in its structure, which can impair lipid metabolism and energy
production [46]. In addition, ribavirin is a derivative of furan, which is known to be
a very toxic substance: the ECy5 value for furan according to the Aliivibrio fischeri test
(15 min exposure) was reported to be 0.05794 mM [47]. Unfortunately, we could not find
comparable toxicity data for ribavirin in the literature. Guo et al. [48] tested the toxicity of
ribavirin on the bacterium Photobacterium phosphoreum, which, like Aliivibrio fischeri, is a
luminescent Gram-negative marine bacterium. They found no inhibition of luminescence
during a 15 min exposure to a 0.1 mM ribavirin solution. Finally, Kalyaev et al. [49] tested
the toxicity of some other furan derivatives and reported their antimicrobial activity against
fungi and bacteria. Sofosbuvir, the latest in a series of antiviral drugs selected in this study,
is by nature a phosphonate, namely a phosphoramidate. Many phosphoramidates are
used as insecticides [50], which means that they have biocidal potential. Like oseltamivir,
sofosbuvir is designed as a prodrug and should therefore become more active during
metabolic transformation within the bacterial cell. It is assumed that the enzymes esterase,
hydrolase and phosphoramidase are required for the activation of sofosbuvir [51]. Aliivibrio
fischeri is known to be able to produce all of these enzymes [52,53], which opens up the
possibility of enhancing the toxic effect of sofosbuvir through metabolic activation.
Considering the physicochemical properties of the tested antivirals, we decided to
relate the obtained toxicities (Table 2) to the hydrophobicity of the tested antivirals, in
particular to the logarithmic value of the octanol-water partition coefficient (logP; Table 1),
since there are reports [54,55] that the acute toxicity of some organic molecules to Aliivibrio
fischeri correlates linearly with the logP value. Here, we encountered the problem that there
was a lack of reliable literature data on the logP values of selected antiviral agents. We did
not find any scientific reports in which these logP values were determined experimentally.
LogP values can be found in various databases accessible via the Internet, most of which
offer values estimated using mathematical models. For the logP values listed in these
databases as experimentally determined, the references from which they were taken are
often not given or they do not provide clear evidence that the values given were actually
experimentally determined. We decided to use the logP data from the DrugBank Online [28]
database (https://go.drugbank.com (accessed on 9 October 2024), version 5.1.12). In
addition to the experimentally determined logP values (which also suffer from the above-
mentioned unreliability of the data source), the DrugBank Online database also provides
values predicted by the ALOGPS software 2.1 [56]. The database contains experimental
values for all tested antivirals except nirmatrelvir. However, since a relative agreement
between the experimental logP values and the values estimated by the software was
observed for the other five antivirals, we assume that the estimated value for nirmatrelvir
should also not differ significantly from the actual value. The typical range of logP values
of organic substances ranges from -3 for very hydrophilic to 10 for extremely hydrophobic
substances [57], with positive logP values indicating a certain hydrophobic character
of the substance [58]. It can therefore be seen (Table 1) that four of the selected antiviral
substances, namely atazanavir, nirmatrelvir, oseltamivir and sofosbuvir, have a pronounced
hydrophobic character to a certain degree, while emtricitabine and ribavirin can be regarded
as highly hydrophilic. The regression analysis between the toxicity and the logP value
of the six tested antivirals showed no linear correlation (R? value was 0.0815). However,
when two highly hydrophilic antivirals, emtricitabine and ribavirin, were excluded from
the analysis, a high linear correlation (R? of 0.9921) was observed (Figure 4A). This suggests
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a possible similarity in the nature of the toxic action of atazanavir, nirmatrelvir, sofosbuvir
and oseltamivir. Accordingly, it also implies that the mode of action of emtricitabine and
ribavirin probably differs substantially from that of the other four antivirals.
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Figure 4. Correlation between toxicity and (A) the logP value, and (B) molar mass, for atazanavir, nir-
matrelvir, oseltamivir and sofosbuvir (blue circles). The orange circles represent the highly hydrophilic
antiviral agents emtricitabine and ribavirin, which were excluded from the regression analysis.

The cell membrane is constructed as a phospholipid bilayer, with the hydrophilic head
of each phospholipid facing outwards, while the hydrophobic tails of the phospholipids
are contained within the membrane [59]. In this way, the outer part of the cell membrane
is hydrophilic, while the inner part is hydrophobic. Some scientists are of the opinion
that with such a construction of the cell membrane, substances with high logP values
can accumulate in the cell membrane due to the preferential interaction with the inner
hydrophobic part of the membrane and thus have an adverse effect [54]. It is clear that with
this type of toxic action, the increase in molecule size leads to higher toxicity. We therefore
correlated the molar mass of the antivirals, which we took as a measure of the size of the
molecule, with the toxicity values (Figure 4B) and again found a relatively high linearity
(R? of 0.8902); of course, this did not apply to emtricitabine and ribavirin.

An important part of this study was the analysis of the joint toxic activity of selected
antiviral agents, of course taking into account the results of toxic activity against the
bacterial culture Alifvibrio fischeri. After a thorough analysis of the literature, we found
no studies addressing the joint ecotoxicological activity of selected antiviral agents. Of
course, it is possible to find some information on the joint activity against viruses, but this
information is not too comparable with the antibacterial activity investigated in this study,
considering that viruses do not have the usual characteristics of living organisms and that
a significant difference in the mechanisms of action is to be expected.

The isobolographic analysis for most of the binary combinations showed that the
joint toxic effect of the antiviral agents follows an additive behavior (Figure 2, cases II,
I, V, VII-X, XII and XIV). A synergistic deviation from additivity was observed in some
combinations containing emtricitabine or ribavirin, which supports our earlier observation
coming form Figure 4 that emtricitabine and ribavirin may have different toxic modes of
action compared to the other four antivirals. Thus, the combination of emtricitabine and
atazanavir (Figure 2, case I) clearly shows a synergistic effect at higher concentrations of
atazanavir, while the TU point of the mixture with the lowest concentration of atazanavir
is in the additivity range. The behavior in which the TU point of a mixture approaches
the additive isobole as the composition of the mixture approaches the composition of
a single-antiviral solution is logical, since the influence of a high concentration of one
antiviral masks the influence of the other antiviral. The combination of emtricitabine and
nirmatrelvir (Figure 2, case VI) shows a similar trend in behavior, but only the TU point
related to MIX 2 (red circle) is below the additivity prediction band, while the other two TU
points are within the band. The combination of emtricitabine and oseltamivir (Figure 2, case
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VII) also tends towards synergism, but none of the three TU points lie outside the additivity
prediction band, so we cannot be sure whether it is synergism or whether the position of the
TU points was actually influenced by random error. An interesting situation was observed
with the combination of emtricitabine and ribavirin (Figure 2, case VIII). Although all three
TU points are within the additivity prediction band, indicating an additive behavior of the
antiviral agents, the distribution of the points is very interesting. In the mixture with a high
portion of emtricitabine (MIX 1), the TU point is close to the lower edge of the additivity
prediction band. In mixtures with equal portions of emtricitabine and ribavirin (MIX 2), the
TU point lies along the additivity line, whereas with high portions of ribavirin (MIX 3) it lies
closer to the upper edge of the additivity prediction band. This type of behavior suggests
that the mask of additivity maybe conceal a dose-dependent switch between synergism
and antagonism that was not fully expressed in the selected experiments. It should be
noted that the alternation between synergistic and antagonistic effects depending on the
dose of the respective antiviral is not uncommon for SAR-CoV-2 designated antivirals [60].
In binary mixtures containing ribavirin, synergism is observed when ribavirin is combined
with atazanavir (Figure 2, case IV), oseltamivir (Figure 2, case XIII) and sofosbuvir (Figure 2,
case XV). In the case of the combination with atazanavir (Figure 2, case 1V), the mixture
with 75% of the atazanavir solution (MIX 1) clearly shows a synergistic behavior; however,
the behavior becomes additive with lower portions of atazanavir (MIX 2 and MIX 3). When
ribavirin is combined with oseltamivir (Figure 2, case XIII), synergism is slightly masked at
low ribavirin concentrations. A similar masking of synergism is observed at high ribavirin
concentrations when ribavirin is combined with sofosbuvir (Figure 2, case XV).

The combination of nirmatrelvir and sofosbuvir (Figure 2, case XII) and that of os-
eltamivir and sofosbivir (Figure 2, case IV) were the only combinations that resulted in TU
points that deviated antagonistically from the additive isobole. However, the combination
of nirmatrelvir and sofosbuvir is the only combination that we can truly associate with
antagonism, as all three TU points lie near the upper edge of the additivity prediction band,
with the point relating to MIX 2 lying outside the additivity prediction band. In the case
of the combination of oseltamivir and sofosbuvir, all TU points are within the additivity
prediction band. Moreover, they are relatively close to the additive isobole, indicating that
the nature of the joint toxic activity of these two antivirals is indeed additive.

It is known that the independent action model always predicts a lower toxicity of
a mixture (i.e., higher EC values) than the concentration addition model [29]. Therefore,
independence in the toxic action of two antivirals can only be expected for binary combina-
tions that exhibit antagonistic deviation from the additive isobole. Accordingly, we applied
the independent action model to only two of the previously discussed combinations: the
combination of nirmatrelvir and sofosbuvir (Figure 2, case XII) and that of oseltamivir and
sofosbivir (Figure 2, case XIV). The toxicity values predicted by the independent action
model were compared with the experimentally obtained values (Figure 3). We also supple-
mented Figure 3 with data predicted by the concentration addition model to see whether or
not the independent mode of action dominates over the additive behavior of the antivirals.

Figure 3A, which presents the data for the combination of nirmatrelvir and sofosbuvir,
shows a very similar extent of deviation of the data points from the y = x line for both
toxicity models, with a visible antagonistic deviation from the additivity model and a
synergistic deviation from the independent action model. The root mean squared error
(RMSE) value of 0.0960 mM indicates a relatively high degree of independence in the
toxic action of these two antivirals. Although this value is slightly lower than the RMSE
value obtained for the additive model, which speaks for the better applicability of the
independent action model, the fact that the determination of toxicity is subject to some
random error should not be forgotten. Therefore, it does not seem justified to consider
a difference of only 0.0085 mM as conclusive evidence that the joint toxic effect of these
two antivirals is primarily due to independence of action. A more realistic scenario seems
to be that the toxicity of these two antivirals results from multiple mechanisms of action,
some of which contribute to additivity and some of which are independent. Figure 3B,
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corresponding to the combination of oseltamivir and sofosbuvir, confirms that the observed
slight antagonistic deviation from the additive isobole is not due to the independence of
the toxic action of these antivirals, as the RMSE value for the additive model is significantly
lower than that for the independent action model. This supports our earlier observation
that the joint toxic action of oseltamivir and sofosbuvir is indeed additive.

6. Conclusions

This study investigated the acute toxicity of six SARS-CoV-2 antivirals and their
binary mixtures. The bacterium Aliivibrio fischeri was used as the test organism. To avoid
toxicity assessment by extrapolation of the experimental data, we chose a 20% inhibition of
luminescence of the tested bacterial population as the threshold for the definition of toxicity.

Among the tested antivirals, atazanavir proved to be by far the most toxic (two orders
of magnitude more toxic than the others), followed by ribavirin, emtricitabine, nirmatrelvir,
sofosbuvir and oseltamivir. Although the mechanisms of toxic action were not investigated
in this study, we found that the toxicity of the antivirals with a pronounced hydrophobic
character (atazanavir, nirmatrelvir, oseltamivir and sofosbuvir) is strongly dependent on the
logP value and the size of the molecule. This could be a good starting point for determining
the mechanisms of their toxic action on Aliivibrio fischeri and other non-viral organisms.

The analysis of the toxicity of binary combinations of antivirals was performed with the
aim of confirming the mode of joint toxic action of the selected antivirals, using the additive
model and the independent action model. Most of the binary combinations studied showed
additive behavior. In some of the binary combinations containing emtricitabine or ribavirin,
a synergistic deviation from the additive model and thus also from the independent
action model was observed. These were combinations of emtricitabine with atazanavir
and nirmatrelvir as well as combinations of ribavirin with atazanavir, oseltamivir and
sofosbuvir. The combination of nirmatrelvir and sofosbuvir was the only combination that
showed an antagonistic deviation from the additive model. The use of the independent
action model for this combination resulted in a better agreement with the experimentally
determined toxicities compared to those obtained with the additive model. Nevertheless,
the superiority of the prediction does not appear to be sufficiently better to claim that
the joint toxic effect of these two antiviral agents is dominated by the independent mode
of action.

Given the study conducted, it is evident that SARS-CoV-2 antivirals and their mixtures
have a pronounced adverse potential that should not be ignored. It would therefore be
desirable to carry out additional studies that include toxicity analyzes on other organisms
(plants, algae, daphnids, fish and crustaceans), but also to determine the actual concentra-
tions of these antivirals in the environment. In addition, the fate of these antivirals in the
environment must be investigated, taking into account that the degradation (by)products
are often more toxic than the original substances. On this basis, it would be possible to
carry out a comprehensive assessment of the environmental risk.
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/ /www.mdpi.com/article/10.3390/w16243607/s1, Figure S1: Dose-response curves to determine
the acute toxicity of: (A) atazanavir, (B) emtricitabine, (C) nirmatrelvir, (D) oseltamivir, (E) ribavirin,
and (F) sofosbuvir, against the bacterium Aliivibrio fischeri. The cases marked with the numbers 1 and
2 indicate the non-linearized and linearized form of the dose-response relationship, respectively.
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