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Abstract: Ivermectin (IVM) is a pharmaceutical antiparasitic agent with a broad range of medicinal
properties that are comparable in impact to those of penicillin and aspirin. The molecule’s structural
composition includes functional groups that indicate the potential for photoreactivity. However,
there is a paucity of information regarding its photostability, particularly in tropical regions where
parasitic diseases and intense solar radiation intersect. It would be beneficial to investigate the
chemical transformation of this compound in a variety of natural aqueous environments under dif-
ferent irradiation sources. This knowledge gap motivated this study. Therefore, the chemical alter-
ations of IVM were investigated in various natural aqueous media when exposed to solar radiation
(UVA-Vis). In particular, an evaluation of its photostability was conducted at wavelengths of 350
and 254.5 nm. It is noteworthy that photodegradation occurred primarily at 350 nm. Additionally,
IVM demonstrated photohemolytic effects on human erythrocytes, indicating phototoxicity. This
suggests the presence of photoinduced mechanisms by this drug for the generation of free radicals,
including singlet oxygen ('O, type II mechanism), superoxide anion, and hydroxyl radical (O2 and
‘OH, type I mechanism). The latter would also entail the interaction of the IVM molecule with the
membrane of human red blood cells, which would signify a considerable biological impact. Fur-
thermore, through computational calculations, potential photoproducts formed during IVM irradi-
ation were deduced, simulating experimental conditions. Our findings contribute to an enhanced
comprehension of IVM’s behavior under solar exposure, particularly in tropical contexts. Addi-
tional research is imperative to address its emerging biological activity status and potential impli-
cations for biomedical applications
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1. Introduction

Ivermectin (IVM) is an anti-parasitic pharmaceutical product with antiviral, antibac-
terial and antitumor properties, which earned its discoverers, Omura and Campbell, the
2015 Nobel Prize in Medicine. Its origin dates back to 1974 in Japan, where Satoshi Omura
isolated organisms with biocidal properties from soils, extracting avermectins, which
were later modified to obtain ivermectin [1,2].

The applications of IVM were initially veterinary, but over time it proved to be useful
in human medicine, combating numerous diseases, such as onchocerciasis, intestinal par-
asitosis, lice, among others, which afflict millions of inhabitants in rural or densely popu-
lated areas [3-5].

Recent studies show encouraging results in the use of IVM for the treatment of dis-
eases, such as malaria, Chagas, leishmaniasis, trichinosis, allergic asthma and neurologi-
cal disorders. In addition, during the pandemic it was approved to treat COVID-19, with
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doses of 150-200 ug/kg twice daily. Although its effectiveness has not been proven, toxi-
cological evaluations concluded that it is a safe drug with moderate side effects [6,7].

IVM has a high degree of lipophilicity and insolubility in water. However, it is solu-
ble in methanol and 95% ethanol. The excipients employed in its preparation include mi-
crocrystalline cellulose, corn starch, butylated hydroxyanisole, and others. The maximum
dose of IVM administered to humans does not exceed 200 ug/kg, although it varies ac-
cording to the patient’s individual characteristics. Following administration, the com-
pound is rapidly absorbed and distributed throughout the body. Elimination occurs via
the excretory system, with a half-life of approximately 24 to 60 h [8].

IVM (Figure 1a) consists of an 80:20 ratio of the avermectins Bla (C4sH74O14) and B1b
(Ce7H72014), both derived from the lactone produced by the actinobacterium Streptomyces
avermitilis [7,8]. The presence of a carbonyl group, forming an ester, as well as conjugated
double bonds, alcohols and ethers, point to the possible photoreactivity of IVM. However,
information on its photostability is scarce, although some reports indicate that it is not
stable when exposed to light during storage [9,10].
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Figure 1. (a) Molecular structure of the avermectins (80% B1a/20% B1b).; (b) Optimized IVMB1la
molecule.

In this study, the photostability of IVM was evaluated by UV-Vis spectrophotometry.
UVA and UVC lamps were used as irradiation sources. Furthermore, the photodegrada-
tion of IVM in ordinary seawater and a sample from the Orinoco River (Venezuela) was
also compared. Computational calculations were also performed with the aim of propos-
ing a mechanistic insight for the photodegradation of this drug. Additionally, the photo-
toxic activity of IVM in human erythrocytes was assessed.

2. Materials and Methods
2.1. Materials and Equipment

Commercial Ivermectin (IVM) Remeny®, Perkin Elmer Lambda 35 UV-VIS Spectropho-
tometer, Luzchem L2C-4V photoreactor, ethanol, PBS buffer, UV-C and UV-A lamps.
These materials and equipment were obtained from Sigma Aldrich and Perkin Elmer.

2.2. Methods
2.2.1. Sample Preparation
IVM was extracted from two 6 mg tablets of the active ingredient, Remeny®, by dis-

solution in 25 mL of 95% ethanol of IVM and subsequent separation of the excipients by
filtration of the suspended solids.

2.2.2. Evaluation of Photostability by UV-Visible Spectrometry

An IVM solution was prepared at a concentration of approximately 6.85 x 10° mM
in ultrapure water. The solution was subjected to ultraviolet (UV) radiation in two sepa-
rate experiments. In the initial experiment, the solution was subjected to ultraviolet (UV)
radiation for a period of 270 min utilizing a set of Hitachi FLSBL-B lamps. Secondly, the
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solution was irradiated with a combination of UVA and UVC light for a period of 10 min.
The irradiation power and wavelength of the lamps differed between the two experi-
ments. The absorbance spectrum of the solution was measured using a Perkin Elmer
Lambda 35 UV-Visible spectrophotometer.

2.2.3. Phototoxicity on Human Erythrocytes

Solutions of the isolated human erythrocytes were prepared in PBS buffer (pH 7.4),
and amounts of the IVM sample (0.091 and 0.182 mM) were added. Mixtures of human
erythrocytes with IVM were irradiated at 350 nm, and compared with non-irradiated mix-
tures to compare the level of photoinduced damage. Photohemolysis was followed by
UV-VIS spectrophotometry, tracking the decrease in absorbance at 650 nm for 1 h.

2.2.4. Computational Calculations

DFT calculations were conducted for the IVMB1la molecule. B3LYP methods, de-
signed by [11], were employed in conjunction with the 6-311+G(d,p) basis set [12], utiliz-
ing the Gaussian 09 software packages [13]. The optimized structure was validated
through a frequency analysis. Additionally, Natural Bond Orbital (NBO) charge and Wi-
berg bond index (WBI) analysis were performed. The effect of water as a solvent was taken
into consideration in the calculations, using the Polarized Continuum Model, in particular
the IEFPCM variant [14].

3. Discussion and Results
3.1. Photostability of IVM
During UVA irradiation of IVM in distilled water (Figure 2a), the inflection of the

absorption curve at 224 nm in addition to the decrease in the absorbance value for the
peak of maximum (246 nm) is seen, suggesting the alteration of avermectins.
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Figure 2. (a) Alteration of IVM in distilled water, exposed to UVA radiation (A =350 + 50); (b) Alter-
ation of IVM in distilled water, exposed to UVA + UVC radiation A = 350 + 254.5).

Figure 2b evidences further alteration with additional inflection at 265 nm, especially
for the most altered samples, corresponding to the longest irradiation time (10 min), which
may be due to the modification of specific bonds or the formation of degradation prod-
ucts. The inflection in the absorbance at 224 nm suggests changes in the conformation of
the avermectins. Diminished absorbance at 246 nm could indicate the breaking of bonds
or the formation of new functional groups [15].

It should be noted that UVA and UVC irradiation could have induced changes in the
avermectins, generating molecular fragments, as well as free radicals which may interact
with the structure of the avermectins. It is also necessary to consider that the functional
groups may have changed position due to radiation-induced isomerization. These
changes in molecular structure could affect the pharmacological activity of avermectins
[9,15].

Figure 3a,b. show the effect of irradiation on IVM in seawater and Orinoco river wa-
ter, respectively. A greater effect of irradiation on the IVM dissolved in common seawater
is highlighted. This implies that the photodegradation of IVM is affected by the species
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present in the water, being favored in seawater, although it is inhibited in Orinoco water.
Therefore, the composition of the water must be considered in its degradation.

\
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Figure 3. (a) Irradiation of IVM in seawater.; (b) MVI irradiation in Orinoco River water.

In this regard, it is important to consider that seawater contains a high concentration
of salts, which may act as sensitizing agents, increasing the efficiency of photodegrada-
tion. The ions present can interact with IVM and facilitate bond breaking. In addition, the
presence of trace metals in seawater (e.g., copper, iron) may catalyze photochemical reac-
tions. These metals could accelerate the degradation of IVM [16].

On the other hand, Orinoco river water may contain dissolved organic matter, such
as humic and fulvic acids. These compounds may compete with IVM for light absorption,
reducing the efficiency of photodegradation. Likewise, the presence of organic matter can
also absorb some of the UV radiation, decreasing the amount of light available to trigger
IVM photodegradation [17,18]. Plus, the turbidity of the Orinoco River water could gen-
erate “shadow zones” where the IVM is less exposed to direct sunlight, which could in-
hibit its degradation, which could be a determining factor in the differences shown in the
results of this study [16].

3.2. Photohemolytic Effects of IVM.

Figure 4 shows the photoinduced effect of IVM on human blood cells and its com-
parison with non-irradiated samples. The concentration of erythrocytes decreases for the
sample irradiated at 350 nm compared to the one kept in the dark. These results suggest
the presence of free-radicals photogeneration from IVM, such as singlet oxygen ('O, type
II mechanism), superoxide anion and hydroxyl radical (O: and -OH, type I mechanism)
[18,19].
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Figure 4. Phototoxicity of IVM on human erythrocytes.

3.3. Computational Calculations

The NBO analysis of IVMB1a shows that the bonds a, p and y are polarized, while
the carbon of the C=0O group of the lactone has a large positive charge (+0.860). The WBI
indicate that the bonds a,  and vy have a bond order less than 0.90 (see Supplementary
material S2 and S3). The polarization of the o and 3 bonds makes them susceptible to
photoinduced dissociation and attack by -OH free radicals, which corresponds to the
bonds that are broken in the degradation pathways of ivermectin [20]. Moreover, the WBI
of these bonds indicate that they are labile.

On the other hand, the y bond obtained the highest polarization and the lowest WBI,
indicating a higher lability and propensity to photoinduced cleavage. This also provides
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an explanation for the monohydroxylated fragments derived from lactone oxidation [20].
Therefore, it can be assumed that the photodegradation of ivermectin is attributable to the
lability of the bonds depicted in Figure 1b.

4. Conclusions

The study on the photostability of ivermectin has revealed that exposure to UVA and
UVC radiation causes significant alterations in its chemical structure, as evidenced by
changes in absorption spectra. The results demonstrates that ivermectin is susceptible to
degradation in different aquatic environments, with seawater proving a particularly chal-
lenging medium. This suggests that the composition of the medium in which it is used
influences its stability. Furthermore, the computational results provide additional insight
by suggesting potential photodegradation products, which helps to elucidate the degra-
dation mechanisms. These findings are crucial for understanding the efficacy and safety
of ivermectin use in treatments, especially in tropical regions where sun exposure is in-
tense.
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