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Oxidative stress has been shown to be the main cause of protein denaturation and cell death. However, the exact
mechanism of antioxidants against oxidative stress-mediated protein damage and cell cytotoxicity remains
largely unknown. Therefore, in this paper, the protective effects of acteoside against HyO5-inudced hemoglobin
structural changes and cardiomyocyte toxicity as models were determined by different techniques. Fluorescence
quenching as well as molecular docking simulation studies showed that acteoside potentially interacted with
hemoglobin in a one: one binding mode mediated mainly by the involvement of hydrophobic forces. It was also
shown that HyO, caused significant changes in the structure of hemoglobin as well as heme degradation, reversed
by acteoside. Additionally, UV-visible studies exhibited that acteoside decreased the generation of methemo-
globin triggered by H0,, Cellular assays displayed that acteoside could mitigate the cardiomyocyte toxicity
induced by Hy0; through regulation of LDH release, generation of reactive oxygen species (ROS) and 3,4-meth-
ylenedioxyamphetamine (MDA), mitochondrial membrane potential (MMP) collapse, as well as superoxide
dismutase (SOD), catalase (CAT), caspase-9, and caspase-3 activities. In conclusion, acteoside may hold great

promise for the control of protein-related disorders as well as cardiovascular diseases.

1. Introduction

It has been established that oxidative damage to biomolecules and
cells plays a critical role in the stimulation of many human diseases (de
Aratijo, Martins et al. 2016). The imbalance of the oxidants and anti-
oxidant signaling pathways could result in oxidative stress-related dis-
eases (Remigante and Morabito, 2022). We still don’t fully understand
how reactive oxygen species (ROS) can cause oxidative damage at the
biomolecular and cellular levels. For example, oxidative damage of
protein could be a main reason for the stimulation of aging, and several
other diseases (Liguori, Russo et al. 2018). Protein and cell oxidative
damage leads to structural/functional disruption as well as apoptosis,
respectively, which become the most common factors for the onset of
different human diseases.

Hemoglobin as a crucial circulatory plasma protein serves as an ox-
ygen carrier protein. Oxidative stress could directly affect the oxidative
state of hemoglobin which subsequently results in a significant change
in the hemoglobin structure and function (Reeder and Wilson, 2005,

Rasheed, Alharbi et al. 2022). For example, Rashhed et al. reported that
oxidative stress could result in extensive damage to hemoglobin struc-
ture evidenced by tryptophan fluorescence quenching, hydrophobicity,
and carbonylation measurements (Rasheed, Alharbi et al. 2022). How-
ever, the efforts to mitigate the oxidative damage to hemoglobin are still
largely unexplored.

In the heart, although ROS could play a key role in cell homeostasis
mediated by regulating cell growth and differentiation, excessive ROS
might lead to cellular and molecular malfunctions, ultimately causing
cardiac dysfunction. ROS overproduction might stimulate car-
diomyocyte apoptosis, myocardial inflammation and impaired car-
diomyocyte proliferation (Zhang, Li et al., 2018, Wu, Guo et al. 2022a).

Therefore, it may be worthwhile to explore how antioxidant thera-
pies may affect the control of oxidative stress-related cell and protein
damage.

Acteoside (verbascoside or kusagin, CagHszO1s, [p-(3,4-dihydrox-
yphenylethyl)-O-a-; -rhamnopyr-anosyl-(1 — 3)-B-p-(4-O-caffeoyl)-glu-
copyranoside]) as a phenylethanoid glycoside has been highly isolated
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from dicotyledonous plants (Xiao, Ren et al. 2022). Thanks to its poly-
phenolic structure, acteoside shows potential antioxidant properties and
could potentially interact with proteins and cells in the human body.
Therefore, acteoside as a promising bioactive compound with different
pharmacological activities (Xiao, Ren et al. 2022) could receive great
attention in the development of antioxidant agents. Given these facts, we
may hypothesize that acteoside serves as a potential antioxidant against
oxidative stress-induced protein and cell reshaping. To address this
hypothesis, we chose human hemoglobin and cardiomyocyte as studied
models and incubated them with hydrogen peroxide (H3O,) in the
absence or presence of acteoside. The antioxidant potential of acteoside
was analyzed by different spectroscopy, and cellular and molecular as-
says. Our promising data may have crucial implications for the devel-
opment of new therapeutic approaches for ROS-related human
disorders.

2. Materials and methods
2.1. Materials

Human hemoglobin (CAS No.: 9008-02-0), thiazolyl blue tetrazo-
lium bromide (MTT), H30; in a 30 % (w/w) solution, and acteoside
(verbascoside or kusagin, CAS No.: 61276-17-3) were purchased from
Sigma-Aldrich (USA). All other materials were of analytical grade.

2.2. Sample preparation

The human hemoglobin solution was prepared in phosphate buffer
(10 mM, pH = 7.4, 100 mM NaCl) containing 100 mM NaCl, while the
acteoside solution was prepared in ethanol and diluted in phosphate
buffer (10 mM, pH = 7.4, 100 mM NaCl) or cell culture medium.

Also, hemoglobin solutions at a concentration of 80 uM were treated
with Hy0O3 at molar ratios of heme to peroxide of 1:0 and 1:5, while after
1 h HyO, was removed from the samples through buffer exchanging with
equal volumes of phosphate buffer (10 mM, pH = 7.4, 100 mM NaCl),
using 30-kDa cut-off centrifuge tubes as reported previously (Jia,
Buehler et al. 2007). To measure the protective effects of actisomide
against oxidative stress-protein damage, hemoglobin samples were co-
treated with actisomide at molar ratios of protein to actisomide of 1:0
and 1:1, followed by the addition of HyOs.

2.3. Fluorescence quenching studies

The fluorescence spectra were recorded on a spectrofluorometer (F-
4500, Hitachi, Japan). Both excitation and emission slit widths were
fixed at 5 nm. The temperature for the fluorescence quenching studies
was set to 298 K, 308 K and 315 K by a water circulator. A 3.0 mL so-
lution of hemoglobin with a concentration of 4.00 uM was added by
successive titrations of acteoside solution, where acteoside concentra-
tions varied from 4 to 50 uM. Fluorescence spectra were then recorded in
the range of 300-490 nm, while the excitation wavelength was set to
280 nm. Reported data were corrected against the inter-filter effects of
hemoglobin and acteoside, according to the mathematical procedures
reported previously (Basu and Kumar, 2016).

Also, the protective effects of acteoside on Hy05-induced fluores-
cence quenching of hemoglobin were measured by fluorescence spec-
troscopy study. The aliquots of protein samples (80 uM) incubated with
H,0; (molar ratios of heme to peroxide of 1:5) for 1 h in the absence and
presence of acteoside (molar ratios of protein to actisomide of 1:1) were
withdrawn and used for protein quenching study.

2.4. Molecular docking study
The 3D structure of human hemoglobin was obtained from the Pro-

tein Data Bank (PDB: 4ROL). acteoside structure was obtained in sdf
format from PubChem with PubChem CID: 354009. AutoDock Vina was
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used to carry out molecular docking simulations. Cavity-detection
guided blind docking was used to detect potential binding sites. The
grid parameters were 28, 28, 28 centralized at 7, 8, 47 A. The exhaus-
tiveness and grid spacing were set as default. Post-docking analysis was
performed using BIOVIA Discovery Studio Visualizer.

2.5. Circular dichroism (CD) spectroscopy

Changes in the secondary structure and heme microenvironment of
hemoglobin were measured using a CD spectrometer (Jasco J-1500,
Japan) equipped with a 0.2 cm quartz cuvette. The aliquots of protein
samples (80 uM) incubated with H,0, (molar ratios of heme to peroxide
of 1:5) for 1 h without or with acteoside (molar ratios of protein to
actisomide of 1:1) were withdrawn and used for CD study. The CD
spectra were read at ambient temperature in the range of 200-260 nm.
Also, ellipticity changes of hemoglobin were monitored in the Soret
region (420 nm). Each spectrum was corrected against acteoside and
buffer signals.

2.6. UV-Vis spectral measurement

The UV-Vis spectra of aliquots of protein samples (80 uM) incubated
with HyO, (molar ratios of heme to peroxide of 1:5) for 1 h without or
with acteoside (molar ratios of protein to actisomide of 1:1) were
withdrawn and used for detection of methemoglobin on a UV-Vis
spectrophotometer (Cary 100, Varian Co, Australia) at ambient tem-
perature. The amounts of methemoglobin were then determined from
the UV spectra at 579 nm, 560 nm and 540 nm by the method of Benesch
et al. reported previously (Benesch, Benesch et al., 1973).

2.7. Cell culture and treatment

The cardiac muscle cell line H9c2 obtained from Shanghai FuHeng
Cell Center (Shanghai, China) was incubated at 37 C in a 5 % CO3 hu-
midified atmosphere in Dulbecco’s modified Eagle’s medium (DMEM,
Gibco, Rockville, MD, USA) containing 10 % heat-inactivated fetal
bovine serum (FBS, Gibco, Rockville, MD, USA), 100 Units/mL of
penicillin, and 100 pg/mL streptomycin (Gibco, Rockville, MD, USA).
For all assays, the cells were cultured at appropriate densities relevant to
the experimental design. H9c2 cells were pretreated with a fixed con-
centration (10 pM) of acteoside for 12 h followed by washing and
treatment with HyO5 (400 pM) for an additional 2 h (Shi, Geng et al.
2020).

2.8. Analysis of cell viability

Cell viability was determined using MTT assay. Briefly, H9c2 car-
diomyocytes were seeded, pretreated with a fixed concentration (10 pM)
of acteoside 12 h, washed, and treated with 400 uM H»0, for an addi-
tional 2 h. Then, 1 mg/mL MTT solution was added and the cells were
incubated for 4 h at 37 °C. The supernatant was then gently removed and
the cells were added by 150 pL of DMSO. The absorbance of samples was
read at 570 nm on a microplate reader (SpectraFluor, TECAN, Sunrise,
Austria).

2.9. Assessment of LDH, MDA and antioxidant enzyme activities

The cells were seeded and pretreated with a fixed concentration (10
uM) of acteoside for 12 h before the addition of HoO4 (400 pM) for an
additional 2 h. The supernatant and the cardiomyocytes were then
collected for measuring the LDH and MDA levels, as well as CAT and
SOD activity with the corresponding detection kits (Abcam, Cambridge,
MA, USA) according to the manufacturer’s manual.
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2.10. Measurement of intracellular reactive oxygen species (ROS)

To explore the protective effect of acteoside on the formation of
intracellular ROS triggered by H20,, cardiomyocytes were pretreated
with a fixed concentration (10 pM) of acteoside for 12 h before the
addition of HyO5 (400 pM) for an additional 2 h. Then, the levels of
intracellular ROS were measured using a ROS detection kit based on the
manufacturer’s manual (Abcam, Cambridge, MA, USA). Briefly, the cells
were harvested, washed, centrifuged (1000 rpm for 5 min), resuspended
in 500 mL ROS detection solution, incubated for 20 min at 37 °C, and
analyzed by fluorimeter (BIOTEK-FLX800, USA) with excitation at 485
nm and emission at 520 nm.

2.11. Determination of mitochondrial membrane potential (MMP)

The levels of MMP were measured by the 5,59,6,69-tetrachloro-
1,19,3,39-tetraethylbenzimidoazolylcarbocyanino iodide (JC-1) dye
(Gibco, Rockville, MD, USA) quantitatively as the total fluorescence was
assessed with a fluorometric plate reader (BIOTEK-FLX800, USA) at
excitation and emission wavelengths (green, 485 nm and 535 nm) and
(red, 535 nm and 590 nm). The procedure was done based on a previous
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study (Elumalai, Gunadharini et al. 2012). Then, the ratio of red to green
fluorescence was reported compared to control cells.

2.12. Analyzing caspase-3 and caspase-9 activity

Caspase-3 and —9 activities were assessed using the calorimetric
assay kits (Abcam, Cambridge, MA, USA) according to the manufac-
turer’s protocols. The samples were read on a microplate reader (Spec-
traFluor, TECAN, Sunrise, Austria) at 405 nm. The fold-increases
in caspasecaspase-3 and —9 activity were expressed by comparing the
data with the activities of the control samples.

2.13. Statistical analysis
Data were reported as mean + SD. Statistical analyses were done

using one-way ANOVA using SPSS software. P < 0.05 was expressed to
be statistically significant.
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Fig. 1. Fluorescence quenching study of hemoglobin with different concentrations of acteoside at three different temperatures. A 3.0 mL solution of hemoglobin
(4.00 uM) was added by successive titrations of acteoside with different concentrations varied from 4 to 50 uM.
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3. Results and discussion
3.1. Binding characteristics of acteoside to hemoglobin

Fig. 1 displays the fluorescence spectra of hemoglobin with various
concentrations of acteoside. Hemoglobin exhibited a strong fluorescence
emission band around 338 nm, when excited at 280 nm. With the
addition of acteoside to hemoglobin, the emission intensities of hemo-
globin were reduced continuously, indicating that the excited hemo-
globin was mainly quenched by acteoside (Kaur, Singh et al. 2023).

Also, no significant wavelength shift toward red or blue was
observed, referring to a slight change in the micro-region of tryptophan
(Trp) and tyrosine (Tyr) residues (Wang, Zhang et al. 2009b, Patil, Gore
et al. 2014) of human hemoglobin following interaction with acteoside.

The resultant fluorescence quenching data (Fig. 1) were analyzed by
the Stern-Volmer equation (Eq. (1)) (Farid, Youssef et al. 2023):

Fo/F = 1+ Kgy[acteoside] = 1+ k,7y|acteoside] @

where Fy and F are known as the fluorescence intensities of hemo-
globin in the absence and presence of acteoside, respectively, kq and Ksy
are the quenching rate constant and the Stern—Volmer quenching con-
stant, respectively, 7¢ is the average lifetime of protein (1078 s), and
[acteoside] is the concentration of ligand (Kaur, Singh et al. 2023). Fig. 2
demonstrates the plots of Fo/F versus [Q] of acteoside ranging from 4 to
50 uM (Fig. 2) at 298 K, 308, and 315 K. The plots of hemoglobin-
acteoside at three temperatures with good linearity reveal a single
quenching mechanism, either static (complex formation between he-
moglobin and acteoside) or dynamic (a collisional process between he-
moglobin and acteoside) (Quds, Hashmi et al. 2022, Sett, Paul et al.
2022). In other words, a linear Stern—Volmer plot for the interaction of
hemoglobin with acteoside reflects either only one acteoside binding site
presenting in the vicinity of aromatic residues or more than one binding
site on hemoglobin structure with equal accessibility to acteoside (Jin
and Zhang, 2008). Linear fittings of the experimental results to Eq. (1)
afforded the values of Ksy and kq summarized in Table 1.

It was deduced that the values of Kgy decreased with elevating the
temperature, indicating that the fluorescence quenching of hemoglobin
by acteoside occurs via a static quenching mechanism. Also, the values
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Fig. 2. Stern-Volmer plots derived from the fluorescence quenching study of
hemoglobin with different concentrations of acteoside at three temperatures.
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Table 1
Quenching constants for human hemoglobin-acteoside system at different tem-
peratures and pH 7.40.

Protein T(K) Keyx10°M™")  kgx 102 's™h) R*
298 5.72 5.72 0.9840
Hemoglobin 308 3.90 3.90 0.9857
315 1.69 1.69 0.9526

forkqin Table 1 stemmed from Eq. (1), are in the magnitude of
1012L M 's™!, which are 2 orders of magnitude higher than the
maximum diffusion collision quenching rate constant (2.0 x
10'° L mol ™! s71) (Maltas, 2014, Lei, Qin et al. 2022).

Therefore, it was proposed that a static quenching mechanism
resulting from a complex formation might be primarily responsible for
the fluorescence quenching of hemoglobin by acteoside (Farajzadeh-
Dehkordi, Farhadian et al. 2023).

3.2. Analysis of binding equilibria

Based on a static quenching mechanism, ligands could independently
interact with a set of equivalent binding sites on a protein (Jin and
Zhang, 2008). As a result, an equilibrium between unbound and bound
ligands is given by Eq. (2):

logFy — F/F = nloglacteoside] + logK, 2)

where K} and n are the binding constant and number of binding sites,
respectively which could be calculated by a plot of log(Fy — F)/F vs. log
[acteoside]. Plots of log(Fy — F)/F against log[acteoside] (Fig. 2)
afforded the values of Kp and n tabulated in Table 2. It exhibits that the
values of K}, increase with rising temperature, suggesting the formation
of hemoglobin-acteoside complex which its stability is increasing with
rising temperature (Salam, Arif et al. 2023). Furthermore, the values of n
were close to one, inferring that there is probably one type of binding
site on hemoglobin for acteoside binding (Tian, Zhou et al. 2022,
Platani¢ Arizanovi¢, Gligorijevic et al. 2023).

3.3. Determination of the interaction forces

Calculation of thermodynamic parameters following the interaction
of small molecules with proteins can provide useful information for the
determination of binding parameters. If an enthalpy change (AH?) is
almost constant over temperature (T), its value as well as an entropy
change (ASO) can be estimated by the van’t Hoff Eq. (3):

InK, = — AH°/RT +AS"/R 3

where R is the gas constant.
Then, a free energy change (AG®) for a ligand—protein complex can
be determined from Eq. (4):

AG’ = AH® —TAS° (@)

The calculated results based on Fig. 3 are collected in Table 3.Fig 4.
A negative value for AG and a positive value for AH® indicated that
the formation of hemoglobin-acteoside complex occurred spontaneously
through an endothermic process (Maltas and Ozmen, 2015, Chatterjee
and Kumar, 2016, Rajendran and Chandrasekaran, 2023). The positive
values of AH° (75.39 kJ/mol) and AS?(333.57 J mol ! K’l) for

Table 2
Binding parameters for human hemoglobin-acteoside system at different
temperatures.

Protein T (K) logKy n R?
298 4.26 0.89 0.9672
Hemoglobin 308 4.77 1.05 0.9749
315 4.96 1.15 0.9498
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Fig. 3. Modified Stern-Volmer plots derived from fluorescence quenching study
of hemoglobin with different concentrations of acteoside at three temperatures.

Table 3
Thermodynamic parameters for human hemoglobin-acteoside system at
different temperatures and pH 7.40.

Protein T (K) AHC (kJ/mol) AS° (J/mol K) AG® (kJ/mol)
298 —24.36
Hemoglobin 308 75.39 333.57 -27.70
315 —30.03
11.5 -
o,
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Fig. 4. van’t Hoff plot derived from fluorescence quenching study of hemo-
globin with different concentrations of acteoside at three temperatures.

hemoglobin-acteoside ~ complex demonstrated that different
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intermolecular interactions including hydrophobic, hydrogen bonds,
and van der Waals forces are present in this system, while hydrophobic
forces might have a dominant contribution. Therefore, hydrophobic
forces are assumed to play a key role in the binding of acteoside to he-
moglobin (Jiang, Wang et al. 2023).

3.4. Molecular docking study

To investigate possible molecular recognition of hemoglobin-
acteoside complex, the molecular docking simulation was carried out.
Molecular docking analysis provides us with investigating several useful
parameters for protein-ligand interactions including binding site, en-
ergy, and number of binding sites (Salam, Arif et al. 2023). The acteoside
(Fig. 5A) binding site of hemoglobin (Fig. 5B) was surrounded by
different amino acid residues including Phe-36 (hydrophobic), Val-96
(hydrophobic), Leu-100 (hydrophobic), Ala-130 (hydrophobic), Thr-
38 (hydrogen bond), Asp-99 (hydrogen bond), Glu-101 (hydrogen
bond), Arg-104 (hydrogen bond), Asn-108 (hydrogen bond), GIln-131
(hydrogen bond), and Lys-99 (cation-pi) (Fig. 5C).

The molecular docking studies showed that acteoside binds in the
vicinity of the heme group, indicating that this ligand could interfere
with the oxygen-binding site of hemoglobin (Salam, Arif et al. 2023).
Also, both hydrophobic and hydrophilic amino acids contribute to the
binding of acteoside to hemoglobin. Thus, we can conclude that hy-
drophobic forces, hydrogen bonding and van der Waals interactions
could play a key role in the formation of acteoside-hemoglobin complex.
The overall docking energy of acteoside-hemoglobin complex was re-
ported to be — 9.7 kcal/mole (40.58 kJ/mol). Interestingly, our exper-
imental outcomes for binding forces correlate well with the theoretical
docking simulation, while the calculated binding energies are different,
which is a typical discrepancy between theoretical and experimental
studies arising from different characteristics of protein and ligands in
these measurements.

3.5. Protective effect of acteoside on Hy02-induced fluorescence
quenching of hemoglobin

H30, can stimulate the production of oxidative stress, which can lead
to protein structural changes deduced by fluorescence quenching of
aromatic amino acid residues (Kosmachevskaya, Nasybullina et al.
2021). Tyr residues, Tyr-42 and Tyr-24, as well as Trp residues, Trp-158
and Trp-37f, are prone to oxidation (Kosmachevskaya, Nasybullina
et al. 2021). Therefore, oxidative stress can result in fluorescence
quenching of hemoglobin due to the oxidation of aromatic amino acid
residues serving as intrinsic fluorophores (Kosmachevskaya, Nasy-
bullina et al. 2021). As a consequence, it was realized that the addition
of Hy0, to hemoglobin samples results in a significant ¢"P < 0.001)
reduction in the fluorescence intensity of hemoglobin, while incubation
of samples with acteoside led to a significant (**P < 0.01) reduction in
fluorescence quenching of hemoglobin triggered by H2O2 (Fig. 6).

This data indicated that in the hemoglobin sample, fluorescence in-
tensity was reduced upon incubation with Hy0», revealing oxidation of
aromatic residues as well as structural changes of the protein. In the
hemoglobin-acteoside, incubated with HoO», the fluorescence intensity
less decreased relative to that of free hemoglobin (Fig. 6), which can be
due to the antioxidant characteristics of acteoside.

3.6. Structural changes and heme degradation studies

Changes in the secondary and tertiary structure of proteins can be
measured by CD spectroscopy (Jia, Buehler et al. 2007, Salam, Arif et al.
2023). The CD spectrum of hemoglobin and hemoglobin-acteoside
complex in the absence and presence of HyO5 is exhibited in Fig. 7A.
The CD spectrum of native hemoglobin showed two negative minima at
209 nm (n—x* transition) and 222 nm (n-7* transition), corresponding to
the dominance of a-helix structures in protein (Salam, Arif et al. 2023).
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lonic interaction

Fig. 5. (A) Structure of acteoside, (B) structure of hemoglobin, (C) amino acid residues in the binding pocket.

In the presence of acteoside, there were no detectable changes in the
molar ellipticity values of negative bands of hemoglobin, indicating that
the binding of acteoside did not significantly change the secondary
structure of hemoglobin. Also, the shape of the CD spectrum of
hemoglobin-acteoside remained similar to that of free hemoglobin,
revealing the negligible adverse effects of acteoside on hemoglobin
structure (Fig. 7A). However, after adding HO», the molar ellipticity
values of negative bands of hemoglobin were significantly reduced,
suggesting a remarkable change in the secondary structure of hemo-
globin (Fig. 7A). Interestingly, it was seen that acteoside mitigated the
H05-induced secondary structural changes of hemoglobin evidenced by
lower changes of the molar ellipticity values of hemoglobin relative to
those of free hemoglobin.

The percentage of a-helix in hemoglobin was calculated using CONN
software. It was determined that the o-helical content decreased from
53.66 % (hemoglobin alone) to 53.12 %, 40.19 % and 45.14 % for
hemoglobin-acteoside complex, hemoglobin-H,05 and hemoglobin-
acteoside-Hp0,, respectively. The calculated percentage of a-helical
content for free hemoglobin was almost similar to the amount reported
previously (Salam, Arif et al. 2023). The decrease in a-helical structure
reveals the less folded secondary structure of hemoglobin in the pres-
ence of HyOy, which was recovered upon incubation of protein with
acteoside. The CD data indicated that the interaction of acteoside to
hemoglobin leads to the hemoglobin backbone adopting a more folded
structure following exposure to HoO2 which causes less hydrophobic
domain exposure to solvent in comparison to free hemoglobin.
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Fig. 6. Protective effects of acteoside against H,Oo-triggered fluorescence
quenching of hemoglobin. The aliquots of hemoglobin (80 uM) incubated with
H>0, (molar ratios of heme to peroxide of 1:5) for 1 h with acteoside (molar
ratios of protein to actisomide of 1:1) were withdrawn, diluted to 4 uM and used

for protein quenching study. **P < 0.01, ***P < 0.001 relative to untreated
control sample, *#P < 0.01 relative to HyO,-triggered group.

Furthermore, the impacts of HyO, treatment and protective effects of
acteoside on hemoglobin structure were measured at 420 nm to monitor
heme degradation (Jia, Buehler et al. 2007). As depicted in Fig. 7B, the
ellipticity changes at 420 nm, corresponding to the integrity of heme
groups, reduced upon incubation of hemoglobin with H,O,, indicating
that the structure of the heme groups within the a-helices is significantly
changed (Jia, Buehler et al. 2007). However, upon incubation of the
hemoglobin-acteoside complex with H2O», the ellipticity changes at 420
nm was recovered to some extent relative to free hemoglobin, indicating
that oxidation of iron and probable damage to heme groups induced by
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H50, was alleviated by acteoside (Fig. 7B). Therefore, upon performing
the CD experiment in the far-UV region (200-260 nm) and Soret region
(420 nm), the data presented in Fig. 7 might indicated that acteoside
provided a recovery in the loss of a-helical content and heme group
collapse following HyO, exposure to hemoglobin (Jia, Buehler et al.
2007).

3.7. Protective effects of acteoside on H20z-induced methemoglobin
formation

It has been shown that polyphenols are a great candidate in the
regulation of oxidative stress-mediated methemoglobin formation
(Blasa, Candiracci et al. 2007, Kong, Mat-Junit et al. 2014, Remigante,
Spinelli et al. 2022). Fig. 8 displayed that HyO2 was able to induce the
transformation of oxyhemoglobin to methemoglobin. However, acteo-
side was shown to reduce the formation of methemoglobin stimulated by
Hy0,. In fact, the presence of acteoside with promising antioxidant
properties results in the attenuation of HyO»-induced secondary struc-
tural changes and heme degradation of hemoglobin as well as the for-
mation of methemoglobin. Thus, the reduction of methemoglobin
formation was consistent with the antioxidizing capability of acteoside.
In line with our results, Wu et al. reported that plant flavonols could
block the formation of methemoglobin and reduced heme degradation
which likely derived from the antioxidant capability of quercetin (Wu,
Yin et al., 2022b). Furthermore, it has been shown that toxic materials
induce adverse effects in human erythrocytes mediated by increased
generation of ROS and hemoglobin oxidation (Ahmad and Mahmood,
2019).

3.8. Protective effects of acteoside on HyO-induced cardiomyocyte
toxicity

The H9c2 cells were pretreated with a fixed concentration (10 pM) of
acteoside for 12 h followed by washing and treatment with Hy04 (400
uM) for an additional 2 h. As shown in Fig. 9A, acteoside induced no
significant damage to cell viability compared with the control group.
However, the viability of cells treated with HyO5 (400 pM) for 2 h was
reduced significantly (**P < 0.01) in comparison with the control group.
The viability of H9c2 cells pretreated with a fixed concentration (10 pM)
of acteoside for 12 h before exposure to H2O» obviously (#P < 0.05)
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Fig. 7. Protective effects of acteoside against H,O,-triggered (A) secondary structural changes and (B) heme degradation of hemoglobin. The aliquots of hemoglobin
(80 uM) incubated with H,O, (molar ratios of heme to peroxide of 1:5) for 1 h with acteoside (molar ratios of protein to actisomide of 1:1) were withdrawn and used
for CD study. *P < 0.05, **P < 0.01 relative to untreated control sample, **P < 0.01 relative to H,O,-triggered group.
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Fig. 8. Protective effects of acteoside against HoOo-triggered methemoglobin
formation. The aliquots of hemoglobin (80 uM) incubated with HyO, (molar
ratios of heme to peroxide of 1:5) for 1 h with acteoside (molar ratios of protein
to actisomide of 1:1) were withdrawn, diluted to 4 uM and used for methe-
moglobin formation detected by UV-Vis study. **P < 0.01, ***P < 0.001
relative to untreated control sample, *#P < 0.01 relative to H,0,-trig-
gered group.

recovered relative to the model group, suggesting the protective effect of
acteoside on H9c2 cells on HyO,-triggered oxidative stress cytotoxicity
(Fig. 9A).

It was also shown that acteoside could attenuate the LDH release
induced by Hy02 (400 uM) in H9c2 cells (Fig. 9B), revealing that
acteoside could control the membrane damage in cells triggered by
oxidative damage. It was seen that LDH release increased to 291.28 +
25.59 %, upon incubation of cells with HyO4 (400 uM) for 2 h, however,
this amount decreased to 219.31 + 3.73 % (Fig. 9B) in acteoside/H202
treated group.

Xi et al. also showed that acteoside (3 mg/ml) could potentially
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attenuate HyO, (400 pM)-stimulated injury of retinal ganglion cells (Xi,
Ma et al. 2022). Furthermore, several other studies reported that
acteoside shows protective effects against oxidative stress triggered by
different oxidative molecules such as p-amyloids (Wang, Xu et al.,
2009a), free radicals (Chiou, Lin et al. 2004) and tert-butyl hydroper-
oxide (Zhu, Li et al. 2022).

3.9. Antioxidant effects of acteoside on H20O»-induced cardiomyocyte
oxidative stress

The protective effects of acteoside against oxidative stress in H9c2
cells were assessed in this study. Fig. 10 shows the levels of lipid per-
oxidation (MDA), SOD activity, CAT activity, and ROS formation in
HO9c2 cells treated with acteoside alone (10 uM) for 12 h, H,0, alone
(400 pM) and their combination.

It was displayed that exposure to HoO3 led to a significant (***P <
0.001) increase in MDA level in comparison with the control group
(Fig. 10A). The pretreatment of acteoside for 12 h followed by the
addition of HyO, decreased significantly (*P < 0.05) this marker
(Fig. 10A).

SOD activity was remarkably (***P < 0.001) decreased to 47.97 %
+ 13.31 % in HyOo-treated cells. Acteoside pretreatment significantly
(*#P < 0.01) increased SOD activity to 84.16 % =+ 16.41 % (Fig. 10B).
CAT activity was substantially (*P < 0.05) decreased to 70.91 % =+ 6.62
% in Hy0-treated cells., however acteoside pretreatment significantly
(*P < 0.05) increased CAT activity to 88.18 % =+ 14.51 % in car-
diomyocyte (Fig. 10C).

Intracellular ROS levels were substantially (***P < 0.001) elevated
to 347.33 & 57.87 fluorescence units (RFU) in HyO-treated cells.
However, acteoside pretreatment significantly (*##P < 0.001) reduced
the generation of ROS down to 215.00 + 31.48 RFU in acteoside/H204—
treated cells (Fig. 10D).

In agreement with our results, Li et al. (Li, Zhou et al. 2018), Xia et al.
(Xia, Zhang et al., 2018), Zhu et al. (Zhu, Li et al. 2022), and Yang et al.
(Yang, Hua et al. 2023) reported that acteoside protects different cells
against stimulated oxidative stress mediated by regulation of different
associated markers such as MDA, SOD, CAT, and ROS.

3.10. Protective effects of acteoside on H20»-induced mitochondrial
damage and apoptosis

Fig. 11 shows the effects of acteoside on MPP, caspase-9 activity, and
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Fig. 9. Protective effects of acteoside against H,O,-triggered cytotoxicity of H9c2 cardiomyocyte cells detected by (A) MTT and (B) LDH release assays. H9c2 cells
were pretreated with 10 pM of acteoside for 12 h followed by washing and treatment with H,O» (400 pM) for an additional 2 h. Data were presented as mean + SD of
three experiments. *P < 0.05, **P < 0.01, ***P < 0.001 relative to untreated control sample, “P < 0.05 relative to H,O,-triggered group.
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Fig. 10. Antioxidant effects of acteoside against HyO,-triggered oxidative stress in H9c2 cardiomyocyte cells detected by (A) MDA, (B) SOD activity, (C) CAT activity,
and (D) ROS assays. H9c2 cells were pretreated with 10 pM of acteoside for 12 h followed by washing and treatment with HO5 (400 pM) for an additional 2 h. Data
were presented as mean + SD of three experiments. *P < 0.05, **P < 0.01, ***P < 0.001 relative to untreated control sample, #p < 0.05, ¥*P < 0.01, ***P < 0.001

relative to HyO,-triggered group.

caspase-3 activity levels in H9c2 cells treated with HyO alone (400 pM).
The pretreatment of cells with acteoside alone (10 uM) for 12 h main-
tained the MMP (%) (Fig. 11A), caspase-9 activity (Fig. 11B), and
caspase-3 activity (Fig. 11C) almost unchanged to control values.
However, treatment with HoOy alone (400 uM) for 2 h resulted in a
significant (**P < 0.01) reduction in the percentage of MMP as well as
an obvious (***P < 0.001) increase of caspase-9 and caspase-3 activity
in H9c2 cells. Interestingly, it was detected that acteoside pretreatment
prevented these adverse effects observed in H9c2 cells treated with
H50,.

This study assessed the protective effect of acteoside against oxida-
tive stress and apoptosis in H9c2 cells incubated with HyO5. Acteoside
supplementation has been demonstrated to remarkably mitigate
apoptosis in oxidative stress-induced cell models (Lee, Woo et al. 2004,
Zhu, Li et al. 2022). For example, it has been reported that acteoside
could modulate neurotoxin-stimulated neural oxidative stress and
apoptosis mediated by Nrf2-ARE signaling pathway (Li, Zhou et al.
2018). Wu et al. also reported that acteoside shows protective effect-
s against cerebral ischemia/reperfusion damage through regulating

oxidative stress and apoptosis (Wu, Wu et al., 2021). Recently, Cui et al.
reported that acteoside could alleviate asthma by regulating oxidative
stress-responsive NF-kB signaling pathway (Cui, Tang et al. 2023). We
also showed that acteoside could mitigate oxidative stress-induced
cardiomyocyte toxicity through the regulation of mitochondrial-
mediated apoptosis, evidenced by the recovery of MMP and decrease
of caspase-9 and caspase-3 activities.

In general, it should be noted that most antioxidant with phenolic-
based structure could undergo multiple mechanisms (e.g., hydrogen-
atom-transfer or electron-transfer) to exert the antioxidant and protec-
tive action (Ayoubi-Chianeh and Kassaee 2020).

4. Conclusion

The present study aimed to study, for the first time, the interaction of
acteoside with hemoglobin as well as the protective effects of acteoside
on oxidative stress-induced structural changes, heme degradation, and
methemoglobin formation in vitro. Also, the protective effects of acteo-
side on H0s-induced cytotoxicity, oxidative stress, and apoptosis in
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Fig. 11. Antiapoptotic effects of acteoside against H,O»-triggered apoptosis in H9c2 cardiomyocyte cells detected by (A) MMP, (B) caspase-9 activity and (C)
caspase-3 activity assays, H9c2 cells were pretreated with 10 pM of acteoside for 12 h followed by washing and treatment with H,O5 (400 uM) for an additional 2 h.
Data were presented as mean =+ SD of three experiments. *P < 0.05, **P < 0.01, ***P < 0.001 relative to untreated control sample, #Pp < 0.05, ##P < 0.01, relative to

H,0,-triggered group.

H9c2 cardiomyocytes were evaluated. The results presented in this
study could be utilized as the basis to evaluate chemical and confor-
mational changes of hemoglobins upon interaction with oxidants as well
as bioactive antioxidant compounds. Acteoside also could contribute to
the development of potential agents against cytotoxicity, oxidative
stress, and apoptosis in cardiomyocyte.
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