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ARTICLE INFO ABSTRACT

Keywords: In several physiopathological processes, phosphatidylserine (PS), normally sequestered to the inner leaflet of the
Antioxidant plasma membrane, becomes exposed to the cell surface. In erythrocytes (RBC), PS externalization is a crucial
ATPH? event for the removal of aged/damaged cells but can also be associated with increased prothrombotic activity.
Glutathione Structurally related olive oil antioxidants, including hydroxytyrosol (HT), are able to significantly reduce the
Hydroxytyrosol

Mercury chloride percentage of PS-exposing RBC, when cells are exposed to toxic compounds such as the heavy metal mercury

Molecular docking
Olive oil phenols
Oxidative stress
Phosphatidylserine
PLSCR1

(Hg). The aim of the present study was to identify the molecular mechanisms underlying the protective effect,
with a focus on two different phospholipid translocases, the ATP-dependent flippase ATP11C and the calcium-
dependent scramblase PLSCR1, which are responsible for PS internalization and exposure, respectively. In
addition to HT, its monophenol analogue, tyrosol, and its in vivo metabolite, homovanillic alcohol, were also
tested. Our investigation revealed that exposure of human intact RBC to HgCl, induced a decrease in flippase
activity and an increase in scramblase activity, and that all the selected phenols restored the control activity,
regardless of their different scavenging properties. Interestingly, all phenols restored the ATP level of control
cells, which were significantly reduced by HgCl, treatment. Conversely, no variation in intracellular calcium was
observed under our experimental conditions. Additionally, all phenols restored the glutathione levels, signifi-
cantly reduced in the presence of HgCl,. In line with the data on the enzymatic activity, Western blotting analysis
indicated changes in the membrane expression of the two enzymes, alterations prevented by antioxidant pre-
treatment. Finally, molecular docking analysis suggests that the tested antioxidants may be able to directly
interact with ATP11C. Our findings provide an experimental basis for the use of olive oil bioactive compounds in
nutritional/nutraceutical strategies for the prevention of Hg-related toxicity, particularly in relation to the
cardiovascular tissues.
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(continued)
PC Phosphatidylcholine
PLSCR1 Phospholipid scramblase
PS Phosphatidylserine
RBC Erythrocytes
TYR Tyrosol

1. Introduction

Phosphatidylserine (PS) is a crucial component of the plasma
membrane that plays a key role in red blood cells (RBC) physiopathology
[1]. The two layers of the cell membrane, the outer and the inner, differ
not only in their protein content but also in their lipid composition. This
marked asymmetry reflects the distinct functions of the two layers, with
the majority of PS typically located on the cytoplasmic side of the cell
membrane under normal physiological conditions [2]. The loss of
membrane asymmetry in ageing cells has significant physiological im-
plications, leading to increased exposure of PS on the cell surface. This
exposure of PS serves as a critical mechanism regulating the half-life of
RBC. Indeed, phagocytosis of RBC by macrophages is triggered by PS
exposure, which acts as an ‘eat me’ signal [3,4]. In addition, PS-related
alteration in membrane asymmetry, may play a pivotal role in cardio-
vascular disease (CVD) [5]. Elevated PS exposure, is considered a critical
event in enhancing of prothrombotic activity of RBC, affecting hemo-
stasis and coagulation processes [6]. Under physiological conditions,
RBC interact minimally with endothelial cells. However, increased PS
exposure promotes RBC adhesion to endothelial cells, contributing to
thrombus formation and subsequent microvascular occlusion [7].
Moreover, the presence of PS on the outer surface of the RBC membrane
provides a binding site for the assembly of the prothrombinase complex,
which in turn triggers the generation of thrombin, thereby stimulating
the coagulation cascade [8].

The movement of lipids across the plasma membrane is primarily
regulated by two types of enzymes: flippase and scramblase [9].
Scramblase facilitate the random diffusion of phospholipids, including
PS and phosphatidylcholine (PC), in both directions across the plasma
membrane. Notably, the Ca2*-dependent phospholipid scramblase
(PLSCR1) family plays a key role in this process [10].

The distribution of PS in the inner leaflet of the membrane, achieved
by displacing it from the outer leaflet of the cell membrane, is mediated
by flippase, which belong to the type IV P family of ATPases (P4-
ATPases) [11]. In human RBC, the major enzyme responsible for the PS
‘flipping’ process is the class VI type 11C ATPase (ATP11C) [12].

Various substances, including heavy metals like mercury (Hg), can
trigger an increase in PS exposure [13]. Hg, an environmental pollutant
found in the atmosphere, soil and water, poses serious threats to both
ecosystems and human health, causing harmful short- and long-term
effects [14]. Recently, significant attention has been paid towards on
the direct effect of Hg on cardiovascular tissues, including endothelial
cells, which increases the risk of CVD [15]. The molecular mechanisms
underlying Hg-induced cytotoxicity are complex; however, it is known
that Hg can rapidly react to the sulfhydryl group (SH) present in various
molecules, including proteins and low molecular weight molecules such
as glutathione (GSH), thereby interfering with key metabolic processes
and the antioxidant defense system [16]. Interestingly, Hg has also been
found to alter the activity of both flippase and scramblase, leading to
increased PS exposure on the outer surface of the cell membrane [17].

In recent years, there has been a growing interest in exploring the
potential of natural compounds to reduce heavy metal toxicity. In this
regard, our group has demonstrated that structurally related phenolic
antioxidants present in olive oil can reduce PS exposure in HgCl,-treated
RBC. Specifically, hydroxytyrosol (HT), exhibits significant protective
properties against HgCly-induced damage in RBC, including oxidative
stress, metabolism and morphology [13,18].

43

Free Radical Biology and Medicine 227 (2025) 42-51

Based on these findings, the present study aimed to identify the
molecular mechanism underlying the protective effect of antioxidant
olive oil phenols on PS exposure in human RBC treated with HgCl,. Also,
we compared the protective effect of cell pre-treatment with HT and its
natural monophenol analogue tyrosol (TYR) and its in vivo metabolite
homovanillic alcohol (HA), endowed with different scavenging capac-
ities, on the enzyme activity and expression levels of ATP11C and
PLSCR1. Furthermore, since ATP11C is an ATP-dependent enzyme and
PLSCRI1 is a Ca®*-dependent enzyme, intracellular ATP and Ca®" levels
were also assessed in HgCl,-treated and HT, TYR and HA-pre-treated
RBC. In order to assess whether the antioxidant function of the phe-
nols plays a key role in the molecular mechanism under our conditions,
intracellular GSH levels were assessed. Finally, molecular docking
studies were conducted to identify the possible binding interactions
between these compounds and the flippase target.

2. Materials and methods
2.1. Chemicals and solutions

Phosphate-buffered saline (PBS), bovine serum albumin (BSA),
DTNB (5,5-dithiobis (2-nitrobenzoic acid), HgCl,, HT, TYR and HA were
from Sigma Chemical Co. Nitrobenzoxadiazole-labelled PS (NBD-PS)
and Nitrobenzoxadiazole-labelled PC (NBD-PC) were from Avanti Polar
Lipids. Bradford reagent and Tris-Glycine gradient gels were from
Thermo Fisher Scientific (Waltham, MA, USA). Coomassie Brilliant Blue
R250 was from Fluka Chemie (Buchs, Switzerland). Tween-20 was
bought from Roche- Diagnostic (Mannheim, Germany). Rabbit anti-
ATP11C antibody was from ThermoFisher. Rabbit anti-PLSCR1 anti-
body, rabbit anti-GAPDH antibody, mouse anti-rabbit HRP polyclonal
immunoglobulin and goat anti-rabbit HRP polyclonal immunoglobulin
were from ElabScience. Fluo-3/AM was from Immunotools (Friesoythe,
Germany). ATP Assay kit was from Cayman Chemical.

HgCl, was prepared in distilled water and diluted from 100 mM stock
Solution. HT, TYR and HA were prepared in dimethyl sulfoxide (DMSO)
and diluted from 100 mM stock Solution.

2.2. Preparation of RBC and treatment with HgCl,

Whole blood was obtained with informed consent from healthy
volunteers at the University of Campania ‘Luigi Vanvitelli’ (Naples,
Italy). It was collected in tubes with heparin and centrifuged at 2000xg
for 10 min at 4 °C. After removal of the buffy coat, the RBC fraction was
washed three times with isotonic saline solution (0.9 % NaCl) and
resuspended in Krebs solution containing (mM) NaCl 125, KCl 4, MgSO4
1, Hepes 32, CaCly 1, glucose 5; pH 7.4 to obtain a different hematocrit
as required (0.4-2-10 %). RBC were incubated for 1 h at 37 °C with
HgCly (5 pM) and different concentrations of the selected phenolic
compounds HT, HA and TYR (5-10 pM). Incubation of control RBC only
with phenols does not modify any of the markers utilized [Supplemen-
tary materials (SM)].

2.3. Measurement of flippase and scramblase activities

We measured phospholipid translocation according to the method
described by Seki et al. [19]. After the respective treatments, RBC
washed at 2 % hematocrit were preincubated in 0.5 mL PBSG (PBS
containing 20 mM glucose) at 37 °C. Subsequently, 0.5 pL of NBD-PS for
the flippase activity assay or NBD-PC for the scramblase activity assay
were added and incubated at 37 °C for 20 min. Aliquots of the cell
suspension (20 pL) were then mixed with PBS in the presence or absence
of 1 % BSA to remove residual NBD-PS/PC in the outer leaflet. In this
way it is possible to show that the remaining fluorescence associated
with the cells represents the PS/PC that has translocated to the inner
leaflet [12].

The amount of internalized probe was calculated by dividing the
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fluorescence intensity associated with the RBC before and after back-
extraction with BSA. Samples were analyzed on the FACScalibur flow
cytometer and evaluated using FlowJo V10 software. For all samples,
100,000 cells were analyzed.

2.4. Intracellular ATP levels measurement

The intracellular ATP level was measured with the ATP Assay kit
using the manufacturer’s instructions. Briefly, after the respective in-
cubation conditions, RBC (0.4 % hematocrit) were washed with cold PBS
and lysed with cold ATP 1X Sample buffer. 1 pL of each sample and
standards were placed in a 96-well plate added to 100 pL of freshly
prepared reaction mixture (1X ATP Detection Assay Buffer, D-Luciferin
and Luciferase) and the plate was incubated at room temperature (RT)
for 20 min, protected from light. The intensity of luminescence was
detected by the Spark 10 M multimodal microplate reader (TECAN) and
the ATP concentration was calculated according to the manufacturer’s
instructions.

2.5. Intracellular Ca®>" measurement

Measurement of intracellular calcium levels was obtained using the
Fluo-3 probe as reported in Officioso et al. [20]. After incubation under
the respective conditions, 100 pl of RBC suspension (2 % hematocrit)
was washed in Krebs solution and then loaded with Fluo-3/AM in Krebs
solution containing 5 pM Fluo-3/AM. Subsequently, the cells were
incubated at 37 °C for 30 min and washed in Krebs solution containing 5
mM CaCl,. RBC loaded with Fluo-3/AM were resuspended in 200 pl
Krebs solution. Fluorescence intensity was measured with an excitation
wavelength of 488 nm and an emission wavelength of 530 nm on a FACS
Calibur.

2.6. Preparation of RBC membranes and protein extraction

Membrane protein extraction was performed according to Notariale
et al. [21] After treatment with HgCly, RBC (10 % hematocrit) were
washed twice with isotonic saline solution (0.9 % NaCl) and centrifuged
at 2000 g for 10 min at 4 °C. The samples are incubated for 1 h at 4 °C
with a hypotonic 0.1x PBS solution under agitation to achieve cell lysis.
Membranes were separated from intracellular contents by ultracentri-
fugation at 21,500 g, 75 min, 4 °C. We separated the supernatant, which
contains the cytosolic fraction, from the lower part containing the
membranes. Subsequently, the membranes were washed eight times by
centrifugation at 21,500 g, 30 min, 4 °C to remove as much hemoglobin
as possible from the membranes. Total membrane proteins were then
extracted from the pelleted membranes under native conditions using
DC buffer: 1 % DC in 50 mM Tris-HCI, 150 mM NacCl, pH 8.1. A final
centrifugation was performed at 21,500 g, 30 min, 4 °C. Protein con-
centrations were measured by absorbance with the Bradford reagent and
the ThermoFisher Elios spectrophotometer.

2.7. SDS-page analysis

Total membrane protein extracts were analyzed by SDS-PAGE. 40 ug
of protein from each sample and 10 pL of 1X Laemmli buffer were boiled
at 100 °C for 10 min and then loaded onto 1.0 mm 4-8% Tris-Glycine
gradient gels. The electrophoretic run was performed in Tris Glycine
2X run buffer at 150 V for approximately 2 h.

After separation, the proteins were stained with Coomassie Brilliant
Blue R250 and acquired with a GelDoc system using the ImageLab 6.0.1
software programme (BioRad, Hercules, CA, USA).

2.8. Western Blotting

Western Blotting analyses were performed on nitrocellulose mem-
branes (1 h transfer at 10 V in Tris-glycine buffer in a Mini Trans-Blot
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electrophoretic transfer cell). The membranes were rinsed three times
for 10 min in TBS-T (1x TBS, 0.1 % Tween-20) and blocked with 5 %
skim milk in TBS-T for 1 h at RT under agitation. They were then
incubated separately with the following primary monoclonal antibodies
in TBS-T: rabbit anti-ATP11C antibody (1:500), rabbit anti-PLSCR1
antibody (1:1000) and rabbit anti-GAPDH antibody (1:4000). After
one night, the membranes were again rinsed three times for 10 min in
TBS-T. The membranes were then incubated with secondary antibodies
(mouse anti-rabbit HRP polyclonal immunoglobulin) (goat anti-rabbit
HRP polyclonal immunoglobulin) diluted to January 2000 and 1/4000
respectively in 3 % skimmed-milk buffer in TBS-T for 2 h at RT with
agitation. Finally, the membranes were washed three times in TBS-T at
RT. The HRP reaction was detected using a chemiluminescence kit (ECL
Western Blotting Substrate, Pierce, Waltham, MA, USA) and images
were acquired using the ChemiDoc system (Bio-Rad, Hercules, CA,
USA). The immunopositive signal corresponding to the enzymes was
quantified by densitometric analysis using Image Lab 6.0.1 software.
The levels of ATP11C and PLSCR1 were compared with the intensity of
GAPDH.

2.9. Reduced glutathione assay

The intracellular GSH content was assessed according to Tortora et al.
[22]. After incubation under the respective conditions (10 % hemato-
crit), the samples (0.25 mL) were centrifuged for 5 min at 800xg and
then the supernatant was removed. The RBC were lysed with 0.6 mL of
cold water and the proteins were precipitated by the addition of 0.6 mL
of a cold solution of metaphosphoric acid (1.67 g metaphosphoric acid,
0.2 g EDTA and 30 g NaCl in 100 mL water). The samples were placed at
4 °C for 10 min, and a subsequent centrifugation at 18,000 xg for 10 min
removed the precipitated proteins. Finally, 0.45 mL of supernatant was
mixed with an equal volume of 0.3 M NayHPO4. To determine the
reduced GSH, 0.1 mL of a DNTB solution (20 mg DTNB plus 1 % sodium
citrate in 100 mL water) was added to the solution. After 10 min of
incubation at RT, the absorbance of the samples was measured at a
wavelength of 412 nm.

2.10. Molecular modeling

We employed a multi-step approach to perform a blind docking of HT
against the flippase protein using SiteMap and Glide 5.5 program within
the Schrodinger package. Maestro v. 12.7.156 (Maestro, Schrodinger,
LLC, New York, NY, 2021) was employed as the graphical user interface,
and Fig. 8 representing the most probable binding mode of HT was
rendered by the Chimera software package [23]. Docking calculations
were also performed for HA and TYR.

Ligand and Protein Setup. As for the HT, HA and TYR structure: the
molecules were built and prepared through the LigPrep (LigPrep,
Schrodinger, LLC, New York, NY, 2021) module of Maestro, employing
the OPLS2005 force field. Epik (Epik, Schrodinger, LLC, New York, NY,
2021) is used to evaluate the ligands’ pKa at neutral pH and so to
properly describe their protonation state. Then, the obtained ligands are
optimized at molecular mechanics level through the MacroModel
(MacroModel, Schrodinger, LLC, New York, NY, 2021) program
included in the Schrodinger suite of programs.

The target protein (PDB code: 7BSU) [24] was prepared using the
protein preparation wizard in Maestro 9.0.211. Water molecules were
removed, hydrogen atoms were added, and minimization was per-
formed until the rmsd of all heavy atoms was within 0.3 A of the crys-
tallographic positions.

Ligand Pocket finding and docking setup. A SiteMap (Schrodinger
Release 2024-1: SiteMap, Schrodinger, LLC, New York, NY, 2024) run
was conducted using the Schrodinger software suite to identify potential
binding pockets within the protein structure. This analysis identified
five distinct binding sites. Subsequently, grid maps were generated for
each identified binding pocket to define the spatial and energetic
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properties of the binding sites. The grid maps were then utilized as input
for the Glide docking software, which employs a flexible docking algo-
rithm to predict the binding modes and affinities of small molecules
within the defined binding pockets. Notably, each grid map was pro-
cessed concurrently, enabling high-throughput virtual screening across
multiple binding sites simultaneously thanks to the virtual screening
workflow.

At the end, a specific docking calculation only into the pocket nearby
the metal ion Mg?* was performed. All molecular docking calculations
were performed with the aid of Glide 5.5 in SP mode [25,26], using
Glidescore for ligand ranking, letting all the other parameters as default.
The receptor was kept fixed, the ligand was treated as flexible, and no
other constraints were added.

2.11. Statistical analyses

Data evaluations were expressed as means + S.D. of 3 independent
experiments performed in triplicate with RBC from different donors. The
significance of differences was determined by one-way ANOVA followed
by a post Tukey’s multiple comparisons test. GraphPad Prism 10 was
utilized for statistical analysis.

3. Results
3.1. Measurement of flippase and scramblase activity

In order to unveil any possible protective effects of the selected
phenolic compounds on RBC upon heavy metal treatment, we firstly
measured any changes in flippase activity following treatment of the
RBC with 5 uM of HgCl, with or without phenolic compounds. The “flip-
flop” activity of the enzyme was measured by flow cytometry, moni-
toring the internalization of NBD-PS. The fluorescent probe was loaded
onto the membranes of control RBC, HgCl-treated RBC and cells pre-
treated with HT, TYR and HA. In control samples (Fig. 1), the percent-
age of NBD-PS present in the inner leaflet exceeds 90 %, indicating
normal flippase activity. In contrast, in samples treated with HgCl,, the
amount of NBD-PS present in the inner leaflet is significantly lower,
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Fig. 1. Effect of HT and its analogues on HgCl,-induced alteration in flippase
activity. Cells were treated with HgCl, in the presence of increasing concen-
trations of HT, TYR and HA and flippase activity was analyzed using NBD-PS.
(a) Original histograms of NBD-PS primary fluorescence data derived from
flow cytometry. Data from samples processed in the absence (top) and presence
(bottom) of BSA. (b) Histogram of the effect of phenols on HgCl, treatment.
Data are expressed as mean + SD (n = 9). Statistical analysis was performed
with one-way ANOVA followed by Tukey’s test. ### (p < 0.001) indicates a
significant difference from CTR. *** (p < 0.001) and ** (p < 0.01) indicates a
significant difference from HgCl, treatment.
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indicating a decrease in the enzyme activity. Interestingly, samples pre-
treated with the three phenolic compounds show an almost complete
recovery of the enzyme activity, and this effect is concentration
dependent. In particular, HT and HA show similar effect, with almost
complete recovery at a concentration of 10 pM, but with a protective
effect already observed at 5 pM. TYR also appears protective against
HgCly-induced alteration of flippase activity, although to a lesser extent,
with a significant value at 10 pM.

As previously reported, PS transport is mediated by both flippase and
scramblase. Therefore, scramblase activity has also been assessed. To
discriminate the activity of these two enzymes, the fluorescent analogue
of PC, namely NBD-PC, was used, as this phospholipid is solely trans-
ported by scramblase. Changes in enzyme activity were then determined
in samples treated with HgCl, and pre-treated with HT, TYR and HA. In
Fig. 2 as expected, since this enzyme translocate PC randomly, the
control samples showed that the percentage of NBD-PC found in the
inner leaflet is approximately 50 %, indicating normal scramblase ac-
tivity. Conversely, in samples treated with HgCl,, the amount of NBD-PC
present in the inner leaflet is significantly higher, indicating a significant
alteration in the activity of this enzyme. Again, all three selected
phenolic compounds demonstrate a concentration-dependent protective
effect.

3.2. Measurement of intracellular ATP and calcium levels

As aforementioned, ATP11C is an ATP-dependent enzyme while
PLSCR1 is a Ca?-dependent enzyme, thus, intracellular ATP and Ca*
levels were assessed, to determine the possible mechanisms of action for
effects described above. Precisely, possible changes in intracellular ATP
levels under our conditions were investigated. As depicted in Fig. 3,
treatment with HgCl, induced a slight depletion of ATP levels even after
only 1 h of treatment. Furthermore, it is noteworthy to note that the
presence of the selected phenols led to a total restoration of ATP levels
even at low concentrations (5 pM).

HgCl, treatment is known to induce an increase in intracellular
calcium concentrations in RBC [17]. However, as shown in Fig. 4, no
significant increase in intracellular calcium was observed under the
same experimental conditions with 5 pM of HgCly. The figure also
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Fig. 2. Effect of HT and its analogues on HgCl,-induced alteration in scram-
blase activity. Cells were treated with HgCl, in the presence of increasing
concentrations of HT, TYR and HA and scramblase activity was analyzed using
NBD-PC. (a) Original histograms of NBD-PC primary fluorescence data derived
from flow cytometry. Data from samples processed in the absence (top) and
presence (bottom) of BSA. (b) Histogram of the effect of phenols on HgCl,
treatment. Data are expressed as mean + SD (n = 9). Statistical analysis was
performed with one-way ANOVA followed by Tukey’s test. ### (p < 0.001)
indicates a significant difference from CTR. *** (p < 0.001), ** (p < 0.01) and *
(p < 0.05) indicates a significant difference from HgCl, treatment.
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means + SD (n = 9). Statistical analysis was performed with one-way ANOVA
followed by Tukey’s test. ## (p < 0.01) indicates a significant difference from
CTR. *** (p < 0.001) indicates a significant difference from HgCl, treatment.
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demonstrates the effect of the ionophore A23187 on intracellular cal-
cium concentration, which was used as a positive control.

3.3. Western Blotting analysis

As we aimed to discern the mechanism of action underlying the
observed effects, the significant alterations in enzyme activity prompted
further investigation. Hence, we employed Western blotting to examine
the expression levels of ATP11C and PLSCR1 on the RBC membrane
under different conditions.

As shown in Fig. 5, treatment of the samples with HgCl, induces a
significant reduction in the expression level of ATP11C. On the other
hand, pre-treatment with HT, TYR and HA resulted in an almost com-
plete restoration of the control condition. Interestingly, a concentration-
dependent behavior is evident. Across all three cases, the use of a con-
centration of 10 pM shows a more pronounced effect, although pre-
treatment with a phenol concentration of 5 pM also demonstrates a
significant effect on the ATP11C expression level.

In addition, as illustrated in Fig. 6, treatment with HgCl, signifi-
cantly increases the expression level of PLSCR1. Conversely, pre-
treatment with HT at 10 pM restores levels akin to observed in un-
treated samples. Furthermore, comparable effects were observed with
pre-treatment using HA and TYR at 10 pM. In both cases, a statistically
significant protective effect on PLSCR1 expression level was observed
compared to HgCl, treatment, with HT and HA exhibiting a slightly
superior effect over TYR. Interestingly, no effect was observed with pre-
treatment using the three selected phenolic compounds at 5 pM.

3.4. Reduced glutathione measurement

Considering the pivotal role GSH depletion in HgCly-induced
toxicity, resulting in the impairment of the antioxidant defense system,
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Fig. 4. Effect of HgCl, on intracellular Ca%* levels. Cells were treated with HgCl, and Ionophore A23187 and intracellular Ca®* levels were analyzed using the
fluorescent probe Fluo-3 AM. (a) Original histograms of Fluo-3 AM primary fluorescence data derived from flow cytometry. (b) Histogram of the effect of HgCl,

treatment. Data are expressed as mean + SD (n = 9). Statistical analysis was performed with one-way ANOVA followed by Tukey’s test. *

* (p < 0.001) indicates a

significant difference from CTR and ns (p > 0.05) indicates no significant difference from CTR.

46



P. Perrone et al. Free Radical Biology and Medicine 227 (2025) 42-51

(a) (b)

ook
i
sk TR ook T kb

ATP11C/IGAPDH
(Normalized to CTR)

T T
SR R
& LA

+HgCl, 5uM

+ HgCl, 5uM

CTR HgCl,5uM HT5uM HT10uM HA5uM HA104M TYR5uM TYR104M

ATPTIC ‘ .—M
GAPDH
- e —————

Fig. 5. Western blot analysis of ATP11C from human RBC. Cells were treated with HgCl, in the presence of increasing concentrations of HT, TYR and HA. (a)
Densitometric analysis expressed as mean + SD (n = 9). (b) Representative analysis of an experiment of nine replicates. Statistical analysis was performed with one-
way ANOVA followed by Tukey’s test. ### (p < 0.001) indicates a significant difference from CTR. *** (p < 0.001) indicates a significant difference from

HgCl, treatment.
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Fig. 6. Western blot analysis of PLSCR1 from human RBC. Cells were treated with HgCl, in the presence of increasing concentrations of HT, TYR and HA. (a)
Densitometric analysis expressed as mean + SD (n = 9). (b) Representative analysis of an experiment of nine replicates. Statistical analysis was performed with one-
way ANOVA followed by Tukey’s test. ### (p < 0.001) indicates a significant difference from CTR. *** (p < 0.001), ** (p < 0.01) and * (p < 0.05) indicates a
significant difference from HgCl, treatment. Ns (p > 0.05) indicates no significant difference from HgCl, treatment.

we investigated the potential protective effects of HT and its analogues
against this specific HgClp-induced metabolic alteration. As shown in
Fig. 7, following 1 h of exposure of RBC to the heavy metal, a severe
depletion of GSH was observed. Interestingly, all the selected phenols
were able to partially restore the cellular GSH content, with a dose-
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Fig. 7. Effect of HT and its analogues on HgCly-induced GSH decrease in RBC.
Cells were treated with HgCl, in the presence of HT, TYR and HA. Data are the
means + SD (n = 9). Statistical analysis was performed with one-way ANOVA
followed by Tukey’s test. ## (p < 0.01) indicates a significant difference from
CTR. *** (p < 0.001), ** (p < 0.01) and * (p < 0.05) indicates a significant
difference from HgCl, treatment.
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dependent trend.

3.5. Molecular modeling

Considering the biological activity observed with HT, we hypothe-
sized a potential direct interaction between this phenol compound and
the flippase protein. To elucidate the binding mechanism of HT to the
flippase protein at the atomic level, molecular docking studies were
conducted utilizing the ATP11C X-ray structure (PDB code: 7BSU).
Additionally, we speculated that a plausible allosteric interaction could
underlie the observed restoration of protein activity.

Firstly, we conducted a SiteMap analysis using the Schrodinger
package to delineate potential binding sites within the proteins. This
analysis revealed the presence, besides the main catalytic pocket, of
other five putative binding pockets (Fig. 8A). Then, grids were generated
at these identified sites, and HT was docked into each using the Virtual
Screening Workflow, that allows to perform an ensemble docking to
multiple grids in a single job. Notably, this automated procedure
resulted in HT preferentially localizing in the pocket nearby the Mg?*
ion. Further docking simulations were performed using Glide software
solely within this pocket, yielding multiple HT poses that were struc-
turally superimposable. These poses revealed HT’s proximity not only to
the metal ion but also to the side chains of T250, T174, A176, S177,
E837, and K252 residues (Fig. 8B). Particularly, H-bonds are found be-
tween the catecholic oxygens and the K252 protonated group and T174
and between the HT hydroxyl group and the E837. Interestingly, similar
results were obtained with the docking of HA and TYR, whose binding
position is closely aligned with that of HT (data not shown).

Additionally, we conducted a comprehensive analysis of cysteine
residues within ATP11C. A total of 23 cysteines were identified, 6 of
which are bound together by disulfide bridges. Using Chimera software,
all cysteines were visualized, revealing that most are inward-oriented,
with two key exceptions: C914, located near but outside the catalytic
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Fig. 8. A) Representation of the five putative binding pockets, which are shown as light blue, yellow, red, violet and green meshes, respectively. The co-crystalized
ligand is also present to indicate the location of the main binding site. b) Best binding pose of HT into the pocket nearby the Mg?" ion. ATP11C is represented as gray
cartoon, HT in magenta sticks, while the protein interacting residues in slate sticks. H-bonds are shown as black dashed lines.

pocket, and C184, situated in the pocket near the Mg?* ion in a really
solvent-accessible area (see Fig. 16 in SM). Interestingly, C184 is in
proximity of the site where HT preferentially binds (distance (C184-S,
T174-Cy) = 4.26 A; distance (C184-S, K252-Cb) = 4.28 A). This suggests
that Cys184 may be a critical site for the interaction between Hg?* and
ATP11C, potentially affecting Mg?* binding. A detailed image of the
cysteine mapping is provided in the SM, and in Fig. 8B, HT can be
observed bound in the pocket, near the Mg?* ion and a hypothetical Hg?*
ion bound to Cys184.

4. Discussion

Recent studies highlight the effectiveness of natural products,
including olive oil phenolic compounds, in combatting diseases like
heavy metal poisoning [27]. HT, found in olive oil, exhibits
anti-inflammatory, anti-proliferative, and antimicrobial properties
[28-30]. It shows promise in protecting against various cancers and
neurodegenerative diseases like Parkinson’s [31-36]. HT plays a vital
role in cardiovascular health by reducing risk factors such as high LDL
cholesterol levels [37]. More recent findings also indicate that HT in-
duces a reduction in NF-kB activation by downregulating mRNA levels
of cytokines, chemokines and adhesion molecules [38]. Clinical studies
support its efficacy in lowering LDL cholesterol, Apo B, and plasma
Reactive C Protein levels [39].

More recently data from our group have shown that structurally
related antioxidant are able to counteract the increased PS exposure
induced in human RBC by different stressors, such as HgCl, and elevated
Ca®t concentration [13]. However, the mechanisms underlying this
protective effect are not fully understood. In this paper we report new
insights on the potential molecular mechanisms that could explain the
observed effect focusing on the activities of phospholipid translocases.

Our data show that treatment with HgCl, induced a decrease in PS
transport on the inner leaflet of the RBC plasma membrane, while PC
levels found on the outer leaflet were significantly higher. It is clear,
therefore, that HgCl, induces an alteration in both enzymatic activities,
according to Lim et al. [17] reporting that flippase activity was inhibited
by HgCly, while scramblase was activated in a concentration-dependent
manner. Interestingly, a similar effect was found when RBC were treated
with a different heavy metal such as lead [40]. It should be emphasized
that living systems interact in the environment not only with a single
heavy metal, but more often with a cocktail of compounds that can have
synergistic adverse effects on the organism [41].
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Here we report that pre-treatment with olive oil phenolic compounds
restored the control enzymatic activity in a dose-dependent manner,
being HT the more effective one; its in vivo metabolite HA still retains the
biological activity of its dietary precursor. Significant protection is also
exerted by TYR despite its weak scavenging activity, indicating that
additional mechanisms are involved in the protective effect [42].

As described previously, ATP11C is an ATP-dependent enzyme,
while PLSCR1 is Ca®*-dependent enzyme. Consequently, we tried to
explore whether alteration in Ca?* and ATP intracellular levels could be
partially responsible for the reported changes in the enzymatic activ-
ities. In our experimental conditions, intracellular Ca2* levels did not
vary, according to our previous report indicating that the selected
phenols mainly act on Ca2+—independent mechanisms [13]. Conversely,
a significant decrease in intracellular ATP occurs in HgCl,-treated RBC.
All the tested phenols were able to fully restore ATP levels at a con-
centration as low as 5 pM. Therefore, this could represent a key mech-
anism of the mechanisms underlying both the change in flippase activity
following HgCl,-treatment as well as the protective effect observed. It
has been demonstrated that Hg?" can significantly influence the activity
of several enzymes involved in glycolysis, including hexokinase and
phosphofructokinase [43]. Additionally, it has been reported that HT
can induce an increase in glycolytic flux in several model systems [44,
45].

The data obtained from Western blotting analysis allow us to indicate
a further mechanism. In this respect, we report that HgCl, treatment
induced a decrease in the intensity of the band related to ATP11C, while
an increase in intensity was detected for PLSCR1. These data are in line
with those obtained for the variation of enzymatic activity. In this case
too, treatment with all phenolic compounds showed protective effect. It
should be underlined that while phenols pre-treatment results in an
almost complete recovery of the intensity of ATP11C band the protective
effect exerted on PLSCR1 appears less effective.

It is well known that Hg?* treatment induces the stirring of the cell
membrane leading to the contraction of RBC and consequently micro-
vesicle (MV) generation [46]. Interestingly, using spin-labelled or
radioisotope-labelled phospholipids, ATP-dependent enzymes were
identified in RBC-derived MV [9]. Furthermore, Seki et al. [19] showed
the presence of ATP11C on artificially produced MV. This could be a
mechanism to explain the reduction in the intensity of the
ATP11C-associated band under our conditions. In this respect, in a
previous work we showed how olive oil phenols were able to determine
a notable reduction of HgCly-induced MV generation [13]. Therefore, it
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is conceivable that the protective effect could also be related to the
reduction in the number of MV produced.

Regarding the scramblase PLSCRI1, it has been reported that this
enzyme is found in so-called lipid rafts and that its anchoring to the
membrane is regulated by palmitoylation [47-50]. In addition, previous
studies have shown that other RBC membrane proteins present in lipid
rafts, such as flotillin and ankyrin, are altered after treatment with HgCl,
[21], with an increase in membrane expression levels. The presence of
the metal, by interacting with thiol groups, could alter the association of
these proteins with the membrane and their mutual interactions, leading
to significant changes in the lateral organization of the plasma mem-
brane. In addition, it is noteworthy that HgCl, has been reported to
induce conformational changes in this enzyme, associated with protein
self-aggregation [51]. These observations suggest that the presence of
HgCl; could influence various processes, resulting in increased exposure
of PLSCR1 on the cell membrane.

Another hypothesis is based on the identification of specific pro-
cesses in which the activities of flippase and scramblase are closely
linked. In this respect, Nagata et al. [9] demonstrated that under certain
circumstances, a decrease in flippase activity leads to the subsequent
activation of scramblase. This might suggest that also under conditions
of high stress, such as the one induced by HgClo-treatment, a similar
mechanism could occur in which the enzymatic activity of scramblase is
influenced by flippase inhibition. The mechanism behind the protective
effect, however, remains to be understood.

Additionally, an interesting finding is that all tested compounds are
able to maintain cellular thiols homeostasis, counteracting GSH deple-
tion in HgClz-exposed RBC. Our team previously demonstrated that
olive oil phenols were able to reduce GSH depletion induced by HgCl,-
treatment [13]. Remarkably, we have now observed that this protective
effect manifests within just 1 h of treatment and at low concentrations.
The rapidity of this process prompts us to propose it as one of the mo-
lecular mechanisms underpinning the observed protection. The scav-
enging activity enable polyphenols to neutralize free radicals and reduce
oxidative stress thus reducing the demand for GSH, allowing its intra-
cellular levels to be maintained. In addition, these compounds can act as
electron donors in redox processes, helping to convert glutathione
radical back into its reduced form. This proposed regeneration cycle
could allow for maintaining of high GSH levels in cells. Finally, the effect
of these compounds on increasing the activity of enzymes involved in
restoring reduced GSH levels, such as GSH reductase, could not be ruled
out similarly to what is reported for different antioxidants [52].

It is established that while elevated GSH levels can shield RBC from
Hg toxicity, prolonged exposure may compromise RBC viability and
trigger prothrombotic activity, which could also impact CVD. In fact,
there is a great deal of evidence supporting the role of GSH depletion in
atherosclerotic progression [53]. Indeed, GSH has been found to be
directly linked to the prevention of thrombosis and thrombotic events
through numerous mechanisms [54]. In particular, it protects against
the damaging effects of free radicals that can damage endothelial cells,
contributing to vasodilation and preventing platelets, modulating their
aggregation, and leucocytes from adhering to the vascular wall [55,56].
GSH is also involved in modulating inflammation and immune response
[571.

Finally, results obtained from molecular modeling provided further
insights into the potential mechanism of action of HT on flippase ac-
tivity. It is well-established that Mg?* ions regulate flippase activity by
coordinating the a- and p-phosphates of ADP, thereby compensating for
the negative electrostatics of the phosphate groups and catalyzing
phosphoryl transfer.

Hg?* is known to disrupt protein function through binding to cysteine
residues, often impacting various enzymatic activities. In our study, we
analyzed the ATP11C protein sequence to identify cysteine residues with
high solvent accessibility that could serve as Hg?* binding sites. Our
results highlight C184, a cysteine situated in a solvent-accessible area
near the Mg?* pocket, as a notable candidate. The strategic positioning of
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C184 suggests that Hg* binding here may interfere with Mg? in-
teractions, potentially impacting flippase activity.

HT has been shown to possess chelating properties for iron [58],
suggesting that the protective effect of HT and other phenols studied
may partly involve metal chelation, thereby hindering Hg?* interference.
Furthermore, molecular modeling studies suggested direct binding of
HT with the Mg?* pocket within the protein, where the C184 is also
found. The binding pose observed resembles a protective layer over the
pocket, potentially shielding C184 from Hg2+ interference. Thus, HT
could potentially shield Mg?* functioning in two ways: first, by physi-
cally binding within the Mg pocket, thus protecting C184 from Hg?*
binding, and second, by chelating the metal ion, which might indirectly
reduce Hg?*’s ability to disrupt Mg?* function. These findings point to a
dual mechanism through which HT could exert a protective effect,
though experimental validation is needed to confirm these interactions
and their impact on flippase activity.

The movement of lipids across the plasma membrane is an extremely
complex process, that regulates the physiological lipidic asymmetry of
cell membrane, crucial for many aspects of cell biology, including cell
signaling, cell adhesion and response to environmental stresses [59]. In
RBC the externalization of PS to the outer leaflet of the cell membrane is
a key event associated with the programmed cell death of these cells,
also called eryptosis. This process plays a key role in the removal of aged
and/or damaged cells, contributing to the overall health of the body [60,
61]. Eryptosis also prevents intravascular hemolysis of RBC, allowing
them to be eliminated without causing membrane rupture and subse-
quent inflammation due to the release of intracellular contents [27].
Alteration in this process, however, may contribute to pathological
conditions such as endothelial dysfunction and thrombotic events [62].
The possibility that these compounds could prevent alterations in the
physiological membrane asymmetry induced by different stressor
and/or pathological situations deserve further investigation.

5. Conclusion

Previous studies from our group have sustained the protective
property of structurally related olive oil phenols in preventing PS
externalization in RBC membrane induced by different stressor,
including Hg. In the present study we aimed to elucidate the possible
mechanisms underlying the protective effect. Based on the presented
data we conclude that preincubation of human RBC with olive oil
antioxidant phenols affect phospholipid translocase activities, acting in
multifactorial ways, being the protective effect more effective for
ATP11C. Performing in vivo studies in animal models, such as mice
exposed to Hg, would indeed be the next step to confirm and expand
upon our ex vivo findings.

Altogether, finding presented in this paper and previous reports
provide experimental evidence that plant-derived compounds, normally
present in our diet, especially the Mediterranean Diet, have the potential
to mitigate heavy metal-induced RBC dysfunction, therefore represent-
ing ideal candidates for nutritional/nutraceutical strategies to coun-
teract the clinical outcomes of chronic Hg exposure in humans,
particularly related to prevention of CVD.
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