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Hepatitis C, a liver inflammation caused by the hepatitis C virus (HCV), is treated with antiviral drugs. In this
context, simeprevir (SIM) is an NS3/4A protease inhibitor used in HCV genotypes 1 and 4. It is orally admin-
istered and achieves high virological cure rates. Among adverse reactions associated with SIM treatment,
photosensitivity reactions have been reported. In the present work, it is clearly shown that SIM is markedly
phototoxic, according to the in vitro NRU assay using BALB/c 3T3 mouse fibroblast. This result sheds light on the
nature of the photosensitivity reactions induced by SIM in HCV patients, suggesting that porphyrin elevation in
patients treated with SIM may not be the only mechanism responsible for SIM-associated photosensitivity.
Moreover, lipid photoperoxidation and protein photooxidation assays, using human skin fibroblasts (FSK) and
human serum albumin (HSA), respectively, reveal the capability of this drug to promote photodamage to cellular
membranes. Also, DNA photo lesions induced by SIM are noticed through comet assay in FSK cells. Photo-
chemical and photobiological studies on the mechanism of SIM-mediated photodamage to biomolecules indicate
that the key transient species generated upon SIM irradiation is the triplet excited state. This species is efficiently
quenched by oxygen giving rise to singlet oxygen, which is responsible for the oxidation of lipids and DNA (Type
II mechanism). In the presence of HSA, the photobehavior is dominated by binding to site 3 of the protein, to give
a stable SIM@HSA complex. Inside the complex, quenching of the triplet excited state is less efficient, which
results in a longer triplet lifetime and in a decreased singlet oxygen formation. Hence, SIM-mediated photoox-
idation of the protein is better explained through a radical (Type I) mechanism.

cure rates. Moreover, it has a favorable tolerability profile when used in
combination with peginterferon-alfa plus ribavirin or with sofosbuvir
[5-8].

1. Introduction

Hepatitis C virus (HCV) infection is a health service problem of the

first magnitude in Europe and especially in the Mediterranean countries,
where prevalence rates are in the range 1-3% [1-3]. Moreover, hepatitis
C can lead to liver cirrhosis and liver cancer, being a leading cause of
liver transplantation [4].

Simeprevir (SIM) is an NS3/4A protease inhibitor for use in HCV
genotypes 1 and 4. It is orally administered and achieves high virological

Recently, it has been reported that SIM is an especially promising
drug for treating COVID-19 because it potently reduces SARS-CoV-2
viral load by multiple orders of magnitude [9,10]. In this context, the
viral protease inhibitors nelfinavir and simeprevir revealed good plasma
exposures and based on their described mode of action, they may inhibit
SARS-CoV-2 directly [11]. Therefore, SIM could prevent coronavirus
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Fig. 1. Absorption spectrum of SIM in PBS. Inset: Chemical structure of SIM.

from replicating and might help in Covid-19 treatment.

The most commonly occurring adverse events associated with SIM
treatment are rash, itching, sun sensitivity, muscle pain, shortness of
breath, and nausea [5,12-14]. In particular, photosensitivity reactions
have been reported in phase III studies [15]. Moreover, dermatological
side-effects could be a problem in the management of SIM administra-
tion, and pharmacokinetic analysis is a valuable tool in a “real-life”
clinical setting. In a previous study, it has been evaluated a possible
relationship between plasma levels and the onset of skin complaints.
With regard to this, SIM plasma concentrations were significantly
related to dermatological side effects at early time points and the best
predictive factor for skin symptoms was simeprevir concentrations at
one week. Photosensitive condition (grade-1 sunburn) was found after
the first month [16].

In this context, SIM is associated with phototoxicity, but there is no
clear evidence for an increased risk of keratinocyte carcinoma [17].
Thus, SIM would act as a light-activated photosensitizer triggering a
cascade of chemical events that may finally result in important biolog-
ical disorders. This damage would occur by direct modification of bio-
molecules (isomerization, bond breaking, oxidation, etc.) or through the
involvement of free radical intermediates, including singlet oxygen. As a
result, cell constituents such as unsaturated lipids, proteins, or bases of
nucleic acids can be altered. In this situation, if the repair mechanisms
are not efficient, there can be irreversible lesions.

Given the above, a better understanding of the photodermatologic
adverse reactions of SIM, based on a thorough photochemical and
photobiological mechanistic study is necessary.

With this background, the aim of the present work is to investigate
the direct photodamage to cells induced by SIM itself, using a method-
ology previously set up in our group to study photosensitivity reactions
[18-21]. This makes sense since SIM displays a significant absorption
band in the UVA region, which is an active fraction of solar light able to
produce photosensitivity disorders. As shown in Fig. 1, the spectrum has
two maxima centered at 288 nm and 332 nm that correspond to the
thiazole-quinoline chromophore (Fig. 1). After light absorption by SIM,
highly reactive intermediates could be formed including organic radi-
cals and reactive oxygen species (ROS). Short-lived transients of these
types could be in the origin of the clinically observed photosensitivity
reactions.

2. Material and methods
2.1. General

Experimental descriptions such as chemicals and reagents, irradia-
tion equipment, spectroscopic measurements, cell culture conditions,
data analysis and statistics are provided in the supplementary material.

2.2. Laser flash photolysis

Laser flash photolysis (LFP) measurements were performed using a
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pulsed Nd:YAG L52137 V LOTIS TII laser at 355 nm as the excitation
wavelength (Sp Lotis Tii, Minsk, Belarus). The LFP equipment consisted
of a pulsed laser, a 77 250 Oriel monochromator, and an oscilloscope
DP04054 Tektronix. The single pulses were ~10 ns of duration, and the
energy was ~12 mJ/pulse. For processing, the output signal from the
oscilloscope was transferred to a personal computer. The measurements
were recorded under aerated atmosphere, or in the case of triplet excited
state decays, the solutions were deaerated by bubbling nitrogen (15
min). The absorbance of the samples was adjusted at ~0.30 at 355 nm
and the rate constant of triplet excited state quenching by oxygen (kq)
was determined using the Stern—Volmer equation (eq. (1)).

1 1
-=—+k, |O
T To+ q[ 2]

eq.1l
Where 1 and 7 are the lifetime of transient species with and without
quencher (Oy), respectively.

For the rate constant of triplet excited state quenching by 2-methyl-
cyclohexa-2,5-dienecarboxyl acid (MBA), the following Stern-Volmer
equation (eq. (2)) was used:

1 1
-=—+k, [MBA .2
P +k [ ] €q

Where 1 and 7 are the lifetime of transient species in the presence and
absence of MBA, respectively. Concentrations between 0.1 and 3 mM
were used for MBA.

The rate constant of triplet excited state quenching by lapatinib
(LAP) was calculated using the next Stern-Volmer equation (eq. (3)):

1 1
ey +k, [LAP] eq.3

Tq

Where 7 and 74 are the lifetime of transient species in the presence and
absence of LAP, respectively. Concentrations up to 3 mM were used for
the quencher.

Singlet oxygen (104, 'Ag) species was detected by NIR emission upon
excitation with the Nd:YAG L52137 V LOTIS TII laser at 355 nm in
aerated atmosphere. The absorbance of samples was adjusted at ~0.55
at 355 nm and decay traces were recorded at 1274 nm. Tetramethyl-p-
benzoquinone (DQ) was used as a standard with a !0, quantum yield
(®,) in MeCN, ca. 0.89 [22]. The @, of SIM was calculated following
equation (4).

pQ _ Astv _ Imecn

SIM __
D" =D, XADQ I

eq.4

Where tﬁEQ is the quantum yield of the standard (DQ), Asiv and Apg are
the absorbances of SIM and DQ, Iyecny and I; the refractive index of
acetonitrile and the sample solvent, respectively.

All transient absorption experiments were performed in PBS, MeOH
or MeCN at room temperature.

2.3. Invitro 3T3 neutral red uptake (NRU) phototoxicity test

The in vitro 3T3 NRU phototoxicity assay was basically performed
according to the OECD Guideline 432 [23] as described in Garcia-Lainez
et al. [19]. As positive and negative control were selected chlorproma-
zine (CPZ) and sodium dodecyl sulphate (SDS), respectively. In brief,
two 96-well plates were seeded at a density of 2.5 x 10* cells/well.
Then, serial dilutions of the drug ranging from 100 pM to 0.25 pM were
added to each plate. After 1 h incubation at 37 °C in dark conditions, one
plate was irradiated with a non-cytotoxic UVA light dose of 5 J/cm?
whereas the other one was kept in the dark. Once UVA irradiation
finished, culture medium was replaced, and plates were incubated
overnight. Next day, 50 pg/mL neutral red solution was added into each
well and incubated for 2 h at 37 °C. Cells were then washed once with
PBS. In order to extract neutral red from lysosomes, 100 pL of desorption
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solution (50% distilled water, 49.5% absolute ethanol and 0.5% acetic
acid) was added per well. Absorbance was measured at 550 nm on a
Synergy H1 microplate reader. Dose-response curves were established
for each compound to determine the concentration producing a 50%
decrease in the neutral red uptake (IC50) in dark and UVA light condi-
tions by non-lineal regression methods using the Graph Pad 5.0 soft-
ware. Finally, photoirritant factor (PIF) values were calculated
according to equation (5).

IC50 DARK

PIF=———————————
IC50 UVA LIGHT

eq.5

As stated in the OECD Guideline 432, a compound is labeled as “non-
phototoxic” when PIF is < 2, “probably phototoxic” if PIF is between 2
and 5 and “phototoxic” if PIF is > 5.

2.4. Photoinduced lipid peroxidation assay

The compound 4,4-difluoro-5-(4-phenyl-1,3-butadienyl)-4-bora-
3a,4a-diaza-s-indacene-3-undecanoic acid, also known as C11-Bodipy
581/591 is a molecular probe to assess lipid peroxidation in living
cells that shifts its fluorescence from red to green when the molecule is
oxidized [24,25]. To this end, human skin fibroblast cells (FSK) were
seeded in two 12-well-plates at a density of 6.0 x 10 cells/well. Next
day, the cells were treated with 5 pM of SIM solutions and incubated for
30 min in dark conditions. After incubation, one plate was irradiated
(2.5 J/cm?) and the other one was kept in dark conditions as negative
control. Cells were labeled with the lipid peroxidation sensor C11
Bodipy 581/591 (10 pM) for 30 min at 37 °C. Finally, the cultures were
visualized using a Leica DMI 4000B fluorescence microscope in
sequential mode to detect both the non-oxidized (red fluorescence, Aexc
535 nm) and the oxidized (green fluorescence, Aexc 490 nm) forms of the
probe. To determine the extent of lipid peroxidation in each condition,
the fluorescence intensity ratio (FIR) was calculated following equation
(6) using the Image-J software image analyzer (NIH).

I red fluorescence 6
= eq.
I green fluorescence 4

2.5. Protein photooxidation assay

Protein oxidation photoinduced by SIM, using human serum albumin
(HSA) as model, was evaluated as previously described [26] with minor
modifications. In brief, HSA solutions in PBS were prepared (5 mg/mL, 1
mg/sample) and incubated with increasing concentrations of SIM (1 pM,
2.5 pM and 5 pM) at room temperature for 1 h. Then, mixtures were
irradiated with a UVA dose of 10 J/cm? or maintained in dark conditions
as control of the assay. Immediately after irradiation, the extent of HSA
oxidation was measured in all experimental conditions spectrophoto-
metrically by derivatization with 2,4-dinitrophenylhydrazine (DNPH).
Thus, 200 pL of DNPH (10 mM) was added and incubated at room
temperature for 1 h to form stable dinitrophenyl hydrazone adducts.
Proteins were then precipitated with a 20% (v/v) trichloroacetic (TCA)
solution and incubated on ice for 15 min. Afterwards, pellets were
washed twice with ethanol/ethyl acetate 1:1 (v/v) containing 20% TCA
to remove the unbound DNPH and dried at 60 °C. The adducts were
resolubilized in 100 pL of 6 M guanidine-hydrochloride at 4 °C by
overnight incubation. Finally, absorbance at 375 nm was recorded using
the Synergy H1 microplate reader and the HSA oxidation degree was
expressed as nmol of carbonyl moiety per mg protein.

2.6. Assessment of DNA photodamage

2.6.1. Plasmid DNA photosensitized damage

Samples containing 250 ng of supercoiled circular DNA (pBR322,
4361 base pairs) in the presence or absence of SIM (100 pM) in PBS
supplemented with 1 mg/mL HSA were prepared. Mixtures were
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irradiated as described above using a UVA light dose of 15 J/cm? (30
min). Immediately, loading buffer (0.25% bromophenol blue and 30%
glycerol, in water) was added to each sample. Moreover, to characterize
chemical modifications towards DNA bases promoted by the drug,
samples were digested after irradiation with an excess of Endo V, Endo
III or FPG (0.5 U) at 37 °C for 1 h and then, loading buffer was added as
detailed above. Afterwards, all samples were loaded on a 0.8% agarose
gel containing SYBR® Safe as nucleic acid stain. Electrophoresis run was
carried out in TAE Buffer (0.04 M Tris-acetate, 1 mM EDTA) at 100 V for
2 h. DNA bands were visualized with the Gel Logic 200 Imaging System
(Kodak) and densitometry was quantified with the Image-J software.
Thus, the relative percentage of the nicked relaxed form (Form II) of the
pBR322 plasmid was calculated for each condition.

2.6.2. 8-Oxo-dG quantitation assay as a biomarker of oxidative DNA
damage

FSK cells were seeded in two 24-well plates at a density of 7.5 x 10°
cells/well. Next day, they were treated with 2.5 pM SIM solutions for 30
min at 4 °C in dark conditions. After incubation, one plate was irradiated
(2.5 J/cm?) and the other one was kept in darkness. Afterwards, cells
were harvested from the plates and then genomic DNA extraction was
performed in all samples according to the manufacturer’s protocol. DNA
samples were quantified using a Nanodrop 2000c (Thermo Scientific).
Later, samples containing 2 pg DNA (100 ng/mL) were digested with
DNase I (1 U) at 37 °C for 1 h, followed by alkaline phosphatase incu-
bation (1 U) at 37 °C for 1 h. Lastly, 8-0x0-dG concentration was
determined in all samples by a competitive Elisa assay following the
manufacturer’s instructions. Data were expressed in nanomoles of 8-
ox0-dG formed by interpolating the sample concentrations from the
standard curve.

2.6.3. Nuclear DNA photodamage by comet assay

Single cell gel electrophoresis assay (comet assay) was carried out as
previously described [20] in order to detect strand breaks and alkaline
labile sites on nuclear DNA. Briefly, FSK cells were trypsinized, resus-
pended in cold PBS and allowed to stand for 2 h at 4 °C for repairing the
damage generated after detachment with trypsin. Then, two 24-well
plates were seeded at a density of 1.0 x 10° cells/well and treated
with 2.5 pM SIM solution for 30 min at 4 °C in dark conditions. In this
assay, CPZ (10 pM) was selected as the photogenotoxic reference com-
pound. After incubation, one plate was placed in the photoreactor to
irradiate the cells (2.5 J/cm?) and the other one was kept in dark con-
ditions as negative control. Immediately, irradiated and non-irradiated
cells were harvested from the plates. Then, 100 pL of each sample was
homogenized with 100 pL of 1% low melting point agarose solution and
mixtures were placed forming drops (2.0 x 10* cell/gel) onto Trevigen®
treated slides, allowing their jellification. Next, slides were immediately
immersed in a container filled with lysis buffer (2.5 M NaCl, 0.1 M
NaoEDTA, 0.01 M Tris, 1% Triton X-100) and incubated overnight at
4 °C. In DNA recovery experiments to promote intrinsic cellular
DNA-repair mechanisms, slides were maintained in DMEM medium at
37 °C for 20 h, and then lysed as stated above. Next day, all slides were
transferred to a Trevigen® comet assay electrophoresis tank and covered
with cold alkaline buffer (0.2 M NaOH, 1 mM EDTA, pH > 13) and let
during 40 min for DNA unwinding at 4 °C. Afterwards, the electropho-
resis was carried out at 21 V (1 V/cm) for 30 min at 4 °C. Once the
electrophoresis finished, the slides were washed twice in PBS for 5 min.
DNA was fixed by two subsequent incubations with 70% and 100%
ethanol solutions. Then, DNA was stained with SYBR Gold® (1:10.000
dilution in TE buffer — Tris-HCI 10 mM pH 7.5, EDTA 1 mM) for 30 min
at 4 °C in darkness. Finally, the slides were air-dried and kept in dark
conditions. Comet nucleoids and tails were visualized using a Leica DMI
4000B fluorescence microscope (lexc 490 nm). At least 100 cells/sample
were analyzed to determine DNA damage. The percentage of DNA
damage of each sample was calculated with the visual scoring of at least
100 DNA comets using the subsequent formula [27]: [(Nclass O comets
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Fig. 2. 3T3 NRU phototoxicity assay. Dose-response curves for cell viability of
BALB/c 3T3 mouse fibroblast cells treated with SIM in Dark (lll) and UVA light
conditions (5 J/cmz, [D. Data are the mean + SD from four independent
experiments.

x 0) + (Nclass 1 comets x 1) 4+ (Nclass 2 comets x 2) 4 (Nclass 3 comets
x 3) + [(Nclass 4 comets x 4) 4+ (Nclass 5 comets x 5) + (Nclass 6
comets x 6)]/6, where class O comets indicate comets with no DNA
damage and class 6 comets indicate comets with maximum DNA
damage.

2.7. Molecular docking

These studies were carried out using our previously reported proto-
col for lapatinib against HSA [28,29]. The protein coordinates obtained
in the crystal structure of HSA in complex with hemin and myristic acid
(PDB entry 109X) [30] and the docking program GOLD version
2020.2.0 [31] were used.

2.8. Molecular dynamics simulation studies

The highest score solution obtained by docking was subjected to 100

ho
ROS

attack
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ns of dynamic simulation, which was performed as previously described
by us for trifusal [32]. The cpptraj module in AMBER 17 was used to
analyze the trajectories and to calculate the rmsd of the protein and the
ligand during the simulation [33]. The molecular graphics program
PyMOL (DeLano) was employed for visualization and depicting enzyme
structures.

3. Results and discussion
3.1. Phototoxicity of simeprevir

Sunlight activated drug can trigger a cascade of chemical events that
finally result in important biological disorders including phototoxicity.
This process can be evaluated through in vitro 3T3 NRU phototoxicity
test following the OECD Guideline 432 [23].

3.1.1. Invitro 3T3 neutral red uptake (NRU) phototoxicity assay
Assessment of the phototoxicity of simeprevir (SIM) was performed
according to the in vitro 3T3 NRU phototoxicity test [23]. To achieve this
goal, BALB/c 3T3 mouse fibroblast cells were treated with increasing
concentrations of SIM and cell viability was analyzed by neutral red as
vital stain. From dose-response curves, half maximal inhibitory con-
centrations (IC50) under dark or UVA light conditions were estimated.
As shown in Fig. 2, SIM displayed a cytotoxic profile in dark conditions
with an IC50 in the micromolar range (68 pM). It is noteworthy that its
toxicity was enhanced in combination with UVA light (IC50 = 1.7 pM).
Consequently, phototoxicity was determined by the calculation of the
photoirritant factor value (PIF), defined as the ratio between the IC50
under dark and light conditions. The PIF obtained was around 40, which
is 8-fold higher than the cut-off value for a phototoxic compound as
stated by the OECD guide [23]. Remarkably, this result sheds light on
the nature of the photosensitivity reactions induced by SIM in HCV
patients. So, it confirms that porphyrin elevation in patients treated with
SIM may not be the only mechanism responsible for SIM-associated
photosensitivity. Thus, phototoxic mechanisms usually comprise the
generation of cellular oxidative stress that promotes damage to bio-
molecules such as lipids, proteins and DNA, leading ultimately to cell

PUFAS

. ¢

‘exc/em’

iy .

‘exc/em-

Non-oxidized C11-Bodipy
535/590 nm

Oxidized products of
C11-Bodipy

490/510 nm

Scheme 1. Lipid photoperoxidation detection in human skin fibroblast cells (FSK) by C11-BODIPY (581/591) probe.
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2.5 5
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Fig. 3. Protein photooxidation promoted by SIM in human serum albumin
(HSA) model. HSA was irradiated (10 J/cm?) in the presence of SIM and the
carbonyl content was evaluated spectrophotometrically by monitoring its
carbonyl moiety after derivatization with 2,4-dinitrophenylhydrazine (1 = 375
nm). Non-irradiated solutions were analyzed as control (). Data are the mean
+ SD of three independent experiments. Asterisks show significant differences
by the Student’s t-test compared to dark conditions (***p < 0.001, ns:
non-significant).

death [34].

3.1.2. Lipid and protein photooxidation

As SIM displays highly lipophilic properties, membrane components
(lipids and proteins) could be the targets for its phototoxicity. To
confirm this hypothesis, first, lipid photoperoxidation was investigated
using the fluorescent reporter C11-Bodipy 581/591, which consists of a
boron dipyrromethene difluoride core attached to a fatty acid tail and a
phenyl moiety connected by a diene bond (Scheme 1). This assay is
based on the capability of this molecular probe to penetrate the plas-
matic membrane and to shift the fluorescence emission upon its oxida-
tion from red (Aexc 535 nm), which corresponds to the native structure of
the probe, to green (dexc 490 nm), attributed to its oxidation products. As
it is described in the literature, the Bodipy is exclusively sensitive to free
radical species generated from hydroperoxides, but not to hydroperox-
ides per se [35,36]. With this aim, FSK cells were treated with SIM (5 pM)
and subsequently irradiated (2.5 J/cm?) or maintained in darkness as
control. Then, cells were stained with the C11-Bodipy 581/591 after
irradiation to rule out direct photochemical reactions between the drug
and the probe, and finally, they were visualized under the fluorescent
microscope. The images shown in Scheme 1 and Fig. S1 revealed an
increase in the green fluorescence intensity (oxidized product) in UVA
light conditions in comparison with non-irradiated treated cells, indi-
cating a high degree of lipid peroxidation. By contrast, lipid peroxida-
tion in non-treated cells was negligible. Accordingly, the quantitative
analysis showed a significant reduction of the red to green fluorescence
intensity ratio (Fig. S1). These results support that lipid membrane is
indeed a potential target for SIM phototoxicity.

Moreover, protein photooxidation was investigated using the human
serum albumin (HSA) as protein model. Thus, solutions of HSA con-
taining SIM were UVA irradiated with a dose of 10 J/cm? and after-
wards, the carbonyl moiety, as a biomarker of protein oxidation, was
quantified by the derivatization method using 2,4-dinitropheynlhydra-
zine (DNPH). According to Fig. 3, irradiated HSA without treatment
showed similar concentration of carbonyl moiety as non-irradiated HSA,
indicating the suitability of the dose selected. Interestingly, for SIM, a
dose-dependent enhancement of the carbonyl content of HSA was
observed after irradiation in comparison with non-irradiated mixtures,
reaching ca. 3-fold increase at 5 pM. This assay confirmed the capability
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Fig. 4. Cellular photogenotoxicity. (A) 8-oxo-dG formation in human skin fi-
broblasts cells (FSK) upon SIM treatment. FSK cells alone (FSK) or treated with
SIM (2.5 pM) were kept in Dark (M) or irradiated with a 2.5 J/em? UVA dose
(CD. Then, genomic DNA was isolated and the oxidative biomarker 8-oxo-dG
was quantified by means of colorimetric antibody Elisa assay. Asterisks indi-
cate significant differences relative to the FSK cells in dark conditions by the
Student’s t-test (**p < 0.01; ns: non-significant). (B) Fluorescence microscopy
images of SIM alkaline comet assay experiments. FSK cells alone (FSK) or
treated with SIM (2.5 pM) or CPZ (10 pM) as the reference photogenotoxic
compound were kept on dark conditions (Dark), irradiated with 2.5 J/ cm? UVA
dose (UVA Light) or irradiated with 2.5 J/cm® UVA dose followed by 20 h of
cell recover (UVA Light + 20 h recovery time). Images are representative of
three independent experiments.

of SIM to promote photooxidation in cellular membranes. According to
our previous work on photosensitizing drugs [20,371], this type of HSA
modification could involve a type I (radicals) or type II (singlet oxygen)
photooxidation of the redox-active amino acid residues.

3.1.3. Photogenotoxicity

In order to evaluate whether DNA, another biomolecule target of
oxidative damage, could also be involved in the SIM phototoxicity
mechanism, a screening was performed using plasmid DNA alone or in
combination with different repair enzymes (Endo V, Endo III and FPG).
Actually, the electrophoresis agarose gel shown in Fig. S2 highlighted
that SIM can indeed promote DNA photodamage mainly through purine
base oxidation, as revealed using the FPG repair enzyme. Among all the
oxidatively generated lesions into the cellular DNA by UVA light, one of
the most frequent is the guanine residue oxidation at C8 to generate 8-
0x0-7,8-dihydro-2'-deoxyguanosine (8-0xo-dG) [38]. This lesion can
result highly mutagenic if it is not efficiently repaired, since this
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a visual score system of 6 different categories [27]. Moreover, chlor-
promazine (CPZ), a well-known drug with photogenotoxic properties

= 1.2 1.2 was used as positive control [18]. The results shown in Fig. 4B and
=] 1 1 g Fig. S3 indicated that SIM generated significant DNA damage to cellular
= 0+ - 1.0 > DNA (around 40%), to a lesser extent than CPZ. Additionally, another
= 0.8 0.8 Z set of experiments were performed to investigate the capability of FSK
a 07 0.5 £ cells to repair that DNA photodamage generated. For this purpose, cells
= 0.6 0.6 ) upon treatment were incubated for different time periods up to 20 h and
g . : g the remaining DNA damage was determined in the same way described
N 0.4 0.4 N above. As shown in Fig. 4B, in contrast to CPZ, it is noteworthy that
= * R photosensitized DNA was not repaired within 20 h of recovery. This is in
<

g 0.2- 0.2 E agreement with the possibility of SIM to generate mutations in the DNA
s * C e and ultimately, these could lead to photocarcinogenesis.

Z 0.0 0.0

300 400 500 600
A (nm)

Fig. 5. Normalized fluorescence emission spectrum recorded at Aeyc = 332 nm . . . . .. R
8 . pect Lo biomolecules involving ROS or radicals arising from excited states [40].
(solid red) and normalized fluorescence excitation spectrum registered at Amax

= 447 nm (dashed red) of SIM in PBS solution. (For interpretation of the ref- Here, in order to gain insight into the phototoxicity of SIM, in a further

erences to color in this figure legend, the reader is referred to the Web version step, photophysical studies combining fluorescence, transient absorp-
of this article.) tion and time-resolved near-infrared luminescence spectroscopy were
carried out.

3.2. Photophysical studies

Drug photosensitizing potential can be associated with damage to

modified base can pair in the double helix not only with cytosine but

also with adenine. Having established the ability of SIM to induce purine 3.2.1. Emission spectra ) )

oxidation in a cell-free system, in a further step, this process was also The steady.-state fluorescence spectrum of SI_M in PBS solution
assessed in a cellular environment. Hence, the photogeneration of this ~ showed a maximum centered at Amax = 447 nm (Fig. 5). The SIM fluo-
biomarker in FSK cells DNA by SIM was studied. To achieve this goal, rescence quantum yield (®p) was determined using anthracene in
FSK were incubated with SIM and then, exposed to a UVA dose of 2.5 €thanol as standard (r = 0.27) and it resulted to be ca. 0.05 [41]
J/em?. After irradiation, genomic DNA was isolated and quantified by (Fig. 54). Similar results were obtained using MeCN and MeOH, as
UV spectroscopy (1=260 nm). Then, a competitive Elisa assay was car- model solvent, mimicking lipophilic environment present in the cellular
ried out to detect the presence of 8-0xo0-dG in samples. Thus, as shown in milieu (Table S1). In addition, singlet excited state energy (E;) was

calculated from the intersection between the normalized excitation and

Emission

Normalized AA
Normalized AA

300 400 500 600 700
Wavelength / nm

0 50 100 150 200 250
t (us)

Fig. 6. Laser Flash Photolysis experiments. (A) Normalized transient absorption spectra (from 1 to 14 ps) for simeprevir in aerated PBS solution after the 355 nm
laser excitation. (B) Normalized decay traces of the triplet generated in PBS solution of SIM monitored at 410 nm in deaerated (black), aerated (red) and oxygen
saturated atmosphere (blue). Inset: normalized decay trace of SIM in deaerated PBS solution on a longer time-scale. (C) Kinetic traces for 10, signals after laser pulse
(Zexe = 355 nm) for SIM in deuterated water (black). Tetramethyl-p-benzoquinone (DQ) in MeCN (magenta) was the reference of the study (®, ca. 0.89). (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 4A, the 8-0x0-dG in SIM-treated cells was found to be twice higher emission spectra (Fig. 5) and it was found to be 73.3 kcal/mol.
than in non-treated cells. This agrees with the important role of guanine

base oxidation in the photogenotoxicity of SIM. 3.2.2. Laser flash photolysis

In an attempt to describe in detail other types of DNA photolesions To detect reactive species generated by the excitation of SIM living in
induced by SIM, comet assay experiments were subsequently carried the microsecond time-scale, laser flash photolysis (LFP) technique was
out. This assay identifies combined DNA damage consisting of single- employed. Thus, upon excitation of the drug at 355 nm in aerated PBS
strand breaks, double-strand breaks, and alkali-labile sites on individ- solution, the transient absorption spectrum exhibited a band with a
ual cells [39]. In this assay, after treatment with the drug and UVA maximum centered at 410 nm (Fig. 6A). In addition, from decay traces
irradiation, FSK cells were embedded in agarose mini-gels on slides and analysis at 410 nm it was determined the lifetime (1) that was ca. 44 ps
subjected to lysis. Afterwards, electrophoresis was run to allow damaged (Fig. 6B), and the triplet energy (Et) obtained from phosphorescence
DNA fragments migrating out of the cell nucleus, forming a comet tail. measurements was approximately 59.6 kcal//mol (Fig. S5). Moreover,
Upon SYBR® Gold staining, comets and tail were examined under the to characterize this transient species, oxygen quenching experiments
fluorescence microscope and nuclear DNA damage was calculated using were carried out in PBS solutions of the drug. As shown in Fig. 6B, this
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species was efficiently quenched by molecular oxygen with a quenching
rate constant (kq) of 1.71 x 10° M~! s7! calculated by a mono-
exponential decay function (Fig. S6). This indicates that the transient
species peaking at 400 nm corresponds to a triplet excited state. For
MeOH and MeCN solvents, comparable results were obtained (Fig. S7
and Table S1). Significant triplet production is indicative of potential
photobiological damage since this excited state has a biradical character
and is the precursor of the reactive species, including free radicals and
ROS.

It is well known that a drug triplet excited state is usually regarded as
the key precursor that sensitizes molecular singlet oxygen (105 or 'Ag)
formation through an electronic energy transfer process in Type II
oxidative mechanism reactions [42]. Furthermore, 102 can promote
extensive oxidative damage to biomolecules inside cells, including lipid
peroxidation through hydroperoxide formation [24,25], protein oxida-
tion [43], and DNA nucleosides (such as guanine) oxidation to obtain
the final oxidized base (8-0x0-dG) [44]. Bearing in mind from cellular
experiments that SIM promoted lipid photoperoxidation, protein
photooxidation and 8-0xo-dG formation in DNA, the photogeneration of
10, by this drug should be expected. To confirm this hypothesis, it is
interesting to perform time-resolved near-infrared emission studies
upon 355 nm excitation of SIM. Thus, formation of this species was
detected by time-resolved measurements of the luminescence at 1270
nm in deuterated aqueous solution (Fig. 6C). To determine the SIM
singlet oxygen quantum yield (®,), tetramethyl-p-benzoquinone (DQ),
was employed as reference (@, ca. 0.89 in MeCN) [22]. As expected,
SIM displayed ability to generate 10, with a ®, = 0.56. The SIM @, in
organic solvents was also measured and they were found to be ca. 0.82
and 1 for MeOH and MeCN, respectively (Fig. S8 and Table S1). As
regards the singlet oxygen lifetime (t,) in deuterated aqueous solution,
it was measured using DQ as standard and was 65 ps. Likewise, the
lifetime obtained for SIM was ca. 40 ps (Fig. 6C).

3.3. Molecular basis of simeprevir interaction with biomolecules

The photophysical studies of SIM are in good agreement with the
cellular photodamage pointed out for this drug. This could be the origin
of the oxidative stress to biomolecules, thus leading to undesired effects
of phototoxicity and photogenotoxicity. Therefore, in view of the
capability of SIM to form triplet excited species, it was considered
convenient to perform additional experiments regarding SIM interaction
with biomolecules, such as lipids, proteins and DNA. Thus, drug-lipid
interaction studies were carried out by quenching experiments using
2-methylcyclohexa-2,5-dienecarboxylic acid (MBA) as a lipid model,
which contains double allylic hydrogens and is an appropriate probe for
studying the reactivity of lipids with photosensitizing drugs [43]. As a
result, triplet decay traces were obtained in deaerated acetonitrile so-
lutions of SIM after the addition of increasing amounts of MBA. As
shown in Fig. 7, the SIM triplet species was quenched by MBA with a kq
of only 1.68 x 10 M1 57! (Fig. 7, inset). Moreover, SIM-HSA (1:1)
interaction did indeed occur, and the complex displayed a higher triplet
lifetime (vt = 17 ps) than the free drug in solution (vt = 1.7 ps) under
aerated atmosphere (Fig. S9 and Table S2). By contrast, T of SIM in the
presence of calf thymus DNA (ctDNA) remained unchanged; hence the
complexation of SIM with DNA was not supported experimentally
(Fig. S9 and Table S2).

Overall, the above data indicate that triplet quenching by oxygen,
leading to singlet oxygen, is the predominating process in the presence
of lipids and DNA; hence, photosensitized oxidation of these bio-
molecules occurs by a Type Il mechanism. Conversely, in the presence of
protein a complex is formed where the triplet state is protected from
quenching by oxygen, and the formation of singlet oxygen is much less
efficient (Table S2). Accordingly, under these conditions, oxidation of
the proteins must proceed via a Type I mechanism. In view of the
importance of SIM complexation to proteins, a detailed docking and
molecular dynamics simulation study was performed on the binding
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Fig. 7. Triplet decays at 410 nm for SIM alone (black) or in the presence of
increasing amount of MBA (0-3 mM) (gray). Inset: Stern-Volmer plot for 3SIM*
quenching by MBA.

process.

3.3.1. Binding of simeprevir to human serum albumin

To understand the underlying molecular basis of the interaction of
SIM with the HSA protein, as well as its photophysical properties
experimentally observed upon binding, docking and molecular dy-
namics (MD) simulation studies were performed.

In this context, HSA is a carrier protein with a large capacity for
transporting a wide variety of endo and exogenous ligands structurally
very diverse. It has three main recognition binding sites, namely do-
mains I-1II, each one divided into two sub-domains A and B, with a very
different recognition pattern. Hence our first efforts were directed at
identifying the SIM recognition domain of HSA, which was achieved by
competition studies using three compounds whose protein binding sites
are known, specifically ibuprofen (IBP) (site 1, sub-domain IIA),
warfarin (WAF) (site 2, sub-domain IITA) and lapatinib (LAP) (site 3,
sub-domain IB) [45,33]. Thus, increasing amounts of the ligand were
added to aerated solutions of 10 pM SIM-HSA (1:1), and transient decays
were monitored at 410 nm. Under these conditions, a decrease of the
transient species lifetime was only observed in parallel with the addition
of LAP concomitantly with an increase of the free SIM fraction (kq of ca.
5.1 x 10° M~Is™1), ergo, this can be correlated with the complexation of
SIM to the binding site 3 of HSA (Fig. 8A and Fig. S10). Thus, to
determine the binding constant of SIM to HSA, the decays monitored at
410 nm were fitted using a two-phase exponential function. Then, using
the preexponential factors values, both the percentage of free and bound
SIM were calculated (Fig. S10). The half-maximal effective concentra-
tion (EC50) for lapatinib was obtained by interpolation from competi-
tion displacement curve and it resulted to be 7 pM (Fig. 8B). Moreover,
the binding constant of lapatinib to HSA (Kp) was taken from the liter-
ature and it was 1.24 x 10° M~ ! (at 303 K) [46]. As the SIM concen-
tration used was 10 pM, the relationship between the binding constants
was found to be 0.7 and therefore the Kg of SIM resulted to be 0.87 10°
ML

Based on the results obtained with the afore-mentioned competition
studies, through which site 3 (sub-domain IB) was identified as the SIM
binding pocket, the three-dimensional structure of HSA in complex with
myristic acid and hemin (PDB ID 109X) was selected for docking.
Among the variety of HSA crystal structures available, this PDB was
chosen because hemin, as well as LAP, binds to sub-domain IB. It is
important to note that this protein undergoes significant conformational
changes, especially in domains I and III, both located at the vertices of its
general V-shaped structure, to maximize its interaction with ligands
[47]. Hence, choosing a PDB with a ligand already arranged in the same
pocket becomes relevant for achieving optimal docking results. In
addition, performing MD simulation studies on the proposed
ligand@HSA binary complex, through which the intrinsic plasticity of
the protein is considered, is also relevant for achieving reliable and
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Fig. 8. A) Decays at 410 nm for SIM (black), SIM-HSA alone (blue) or in the presence of increasing amounts of LAP (gray). B) Percentage of unbound SIM fraction at
1:1 SIM-HSA ratio in the presence of increasing amounts of LAP. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)

A B Fig. 9. SIM binding mode against HSA protein ob-
tained by MD simulation studies. (A) General and
close views of the SIM@HSA binary complex. Snap-
shot taken after 80 ns of simulation. The domains
(I-III) and sub-domains (A, B) of the protein are
shown in blue, orange, and purple colors, respec-
tively, and labeled. Note how SIM (spheres) is deeply
buried in sub-domain IB (site 3) of the protein. (B)
Superposition of several snapshots taken during the
whole simulation. Note how the ligand is very stable
within the pocket as no relevant changes are identi-
fied. (C) RMSD plots for the protein backbone (Ca, C,
O and N atoms), SIM and its quinoline core (average
values of 1.8 A, 2.7 A and 1.2 A, respectively). (D)
Main contacts of SIM with the protein. Relevant
hydrogen bonding interactions (black dashed lines)
and protein residues are shown and labeled. (E) Sta-
bility of the hydrogen bonding interactions. Variation
of the relative distances between the NH amide group
of the ligand and the main carbonyl group of L115
(d1) and the oxygen atom of the sulfonamide group of
the ligand and the guanidinium group of R186 (d2).
(F) Stability of the n-n stacking interactions. Variation
of the relative distances between the center of mass of
quinoline ring of SIM and residues Y138 (d3, average
distance of 4.2 A) and Y161 (d4, average distance of
4.6 A) during the whole simulation. For calculating
average distances, only the last 80 ns of simulation
ik —d ke @ are considered. (For interpretation of the references
10 “ 10 e to color in this figure legend, the reader is referred to
the Web version of this article.)
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realistic results. To this end, the highest score solution obtained by conformation of the ligand or that of the SIM@HSA binary complex,

docking and the protein were immersed in a truncated octahedron of during the whole simulation (Fig. 9B). Thus, the analysis of the root-
water molecules obtained with the molecular mechanics force field mean-square deviation (rmsd) of the protein backbone (Ca, C, O and
Amber and subjected to 100 ns of simulation. N atoms), the ligand and its quinoline group afforded low average values

Our simulation studies revealed that SIM would be buried in sub- of 1.8 [o\, 2.7 A and 1.2 [o\, respectively, for the whole simulation
domain IB of the protein through its quinoline group allocating its (Fig. 9C). SIM would be anchored to sub-domain IB through two
macrocyclic moiety pointing towards the interface between domains I hydrogen bonding interactions, one between the amide NH group in the
and III (Fig. 9A). The ligand proved to be very stable in the pocket, since SIM’s macrocycle moiety and the main carbonyl group of L115, and the
no significant changes were observed, either in the binding second between its sulfonamide group and the guanidinium group of
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R186 (Fig. 9D). The latter interactions proved to be very stable, showing
average distances during the last 80 ns of simulation of 3.0 Aand 3,54,
respectively (Fig. 9E). Additional hydrogen bonds are also established
by the ligand through both faces of its macrocycle moiety with the side
chains of residues H146 and Y161 via a network of water molecules. The
arrangement of the ligand is further stabilized within the pocket by a
strong sandwich-like n-1 stacking interaction with residues Y138 and
Y161 that trap the quinoline moiety between them. The latter interac-
tion revealed to be strong as no significant variation of the relative
distances between the center of mass of the quinoline ring and the
phenol groups in Y138 and Y161 was observed during the whole
simulation (Fig. 9F). Finally, the ligand is further stabilized in sub-
domain IB thanks to a set of hydrophobic interactions with the
nonpolar residues of the pocket, specifically L115, V116, P118, V122,
F134, L135, L139, 1142, A158 and 1513.

4. Conclusions

Comprehensive photochemical and photobiological studies reveal
SIM-mediated photodamage to biomolecules, leading ultimately to cell
death. This drug displays a significant absorption band in the active
region of solar light, so it may trigger photosensitivity reactions. The key
transient species generated upon SIM irradiation is the triplet excited
state, characterized by its absorption band at 400 nm. This species is
efficiently quenched by oxygen giving rise to singlet oxygen, which is
responsible for the oxidation of lipids and DNA (Type II mechanism). In
the presence of HSA, the photobehavior is dominated by binding to site 3
of the protein, to give a stable SIM@HSA complex. Inside the complex,
quenching of the triplet excited state is less efficient, which results in a
longer triplet lifetime and in a deceased singlet oxygen formation.
Hence, SIM-mediated photooxidation of the protein occurs through a
radical (Type I) mechanism.

In summary, the obtained results confirm that porphyrin elevation in
patients treated with SIM may not be the only mechanism responsible
for SIM-associated clinical photosensitivity. Instead, photochemical
mechanisms may operate leading to the generation of cellular oxidative
stress associated with damage to lipids, proteins and DNA, ultimately
resulting in cellular photo(geno)toxicity. These considerations have to
be taken into account by the doctors to have a better knowledge of the
SIM photoinduced adverse effects before prescribing to patients and,
thus, give them photoprotection guidelines such as the employment of
sunscreens.
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