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ABSTRACT

Background: Bisphenol A is a widely used chemical in various industries and has cytotoxic and genotoxic
effects. Nicorandil is a drug for the treatment of ischemic heart disease with useful antioxidant and tissue-
protective properties. In the present study, nicorandil nanoliposomes coated with tocopheryl polyethylene
glycol succinate-1000 were developed to enhance its antioxidant properties, and their protective effects
were evaluated against bisphenol A-induced cytotoxicity.
Methods: Nanoliposomes were prepared by the film hydration method, and the characteristics of the
particles, loading efficiency, and release profile were assessed. Human umbilical vein endothelial cells
* Corresponding author: i (HUVEC) were exposed to bisphenol A (450 uM) after 24-hr pretreatment with nicorandil or nicorandil-
Leila  Safacian, Department of | nanoliposomes (1-100 uM). Cell viability (MTT assay), intracellular reactive oxygen species (ROS) levels,
Pharmacology ~ and  Toxicology, | total antioxidant capacity (TAC), and glutathione content were evaluated.
Pharmaceutical ~ Sciences Research | Results: Nanoliposomes were obtained with proper particle characteristics and a loading efficiency of 76%.
Center, School of Pharmacy and ! The ICs, of bisphenol A was calculated as about 450 puM. Pretreatment of cells with nicorandil and
Pharmaceutical ~ Sciences, Isfahan | nicorandil-nanoliposomes significantly reduced intracellular ROS levels and increased TAC but could not
University of Medical =~ Sciences, | elevate cellular glutathione content. Nicorandil-nanoliposomes led to a greater decrease in ROS and increase
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Introduction
Bisphenol A (BPA) is a chemical widely used across studies [7, 8].

industries, especially in the production of plastics and resins, Nicorandil (NIC) is a nicotinamide ester and a
and in products such as plastic containers, water bottles, vasodilator drug that is effective in the prevention and
toys, and medical supplies [1]. Human exposure to BPA can treatment of ischemic heart diseases by releasing nitric
occur through exposure to food and beverages, as well as oxide (NO) [9]. This drug is chemically unstable and
through inhalation and skin contact. Bisphenol A has been sensitive to moisture, heat, and mechanical stress during
found in amniotic fluid, blood, milk, sweat, and urine of manufacturing. Moreover, NIC has antioxidant and anti-
people [2]. The association between exposure to BPA and apoptotic properties and has been shown to protect
various diseases, such as fetal damage and malformations, myocardial tissue from oxidative stress-induced damage
impaired fertility, complications in the central nervous [10, 11]. Studies have shown that NIC has beneficial and
system, cardiovascular toxicity, neuroendocrine disorders, protective effects against tissue damage caused by toxic
and cytotoxic, genotoxic, and carcinogenic effects, has been compounds and drugs. The protective effects of NIC
confirmed in various papers [3, 6]. Induction of cytotoxicity against acetaminophen-induced liver damage have been
due to inflammation and oxidative stress, and increased demonstrated through maintaining NO balance,
levels of reactive oxygen species (ROS) following exposure antioxidant and anti-inflammatory effects, and reducing
to BPA, have been reported in many in vitro and in vivo apoptotic responses [12]. In another study, the effect of
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long-term use of NIC was investigated on endothelial
function, systemic inflammatory markers, and oxidative
stress in patients with coronary artery disease, and the results
demonstrated that treatment with NIC was associated with
improvement in endothelial function and reduction in
oxidative damage and systemic inflammation [13]. Given
the reported antioxidant and tissue-protective effects of NIC,
this study investigated the effect of NIC nanoliposomes
(NIC-NL) in protecting vascular endothelial cells against
BPA-induced toxicity.

Nanoliposomes have received great attention as novel
drug delivery systems in modern drug delivery. These
biocompatible nanostructures can act as effective drug
carriers, directing drugs to targeted tissues and reducing their
side effects. These nanostructures can help address problems
such as low solubility and insufficient stability of drugs, and
can increase the duration of drug persistence in the body
[14,15]. Tocopheryl polyethylene glycol succinate (TPGS),
a water-soluble derivative of vitamin E, is considered a novel
compound for the production of nanoparticles with high drug
entrapment efficiency and desirable physicochemical and
pharmaceutical properties. TPGS is a well-known surfactant
in nano-carrier science and is approved as a safe supplement
and drug solubilizer. In addition, TPGS has antioxidant
properties that can protect cells from damage caused by
oxidative stress [17, 16]. Considering the protective effects
of NIC, the present study aimed to prepare nanoliposomes
containing this drug and coat them with TPGS in order to
increase the stability and half-life of the drug and enhance its
antioxidant effects, and to investigate the protective effects
of NIC-NL on BPA-induced cell toxicity in an endothelial
cell culture model.

Materials and Methods
Preparation of NIC-NL

The film hydration method was used to prepare
nanoliposomes [18]. For this purpose, 30 mg of phosphatidyl
choline, 6 mg of cholesterol, and 2 mg of NIC were dissolved
in a mixture of chloroform-methanol (1:2) using sonication.
Then, 7.8 molar% TPGS (relative to the weight of
phosphatidylcholine) was added to the previous mixture and
stirred until a clear solution was obtained. Then, methanol
and chloroform were removed using a rotary evaporator,
leaving a thin, uniform film. In the next step, the resulting
film was hydrated with 5 mL of phosphate buffer (pH 7.4) at
60°C for 2 h, and the particle size was reduced using a
sonicator probe to obtain nanoparticulate liposomes.

Physical Characterization of NIC-NL

Using a Malvern Zeta Sizer, the average particle size,
particle size distribution, zeta potential, and polydispersity
index (PDI) of the nanoparticles were evaluated [19]. In
addition, the saturation solubility of NIC and NIC-NL was
calculated by adding the excess amounts of the drugs in
phosphate buffer containing 0.5% tween until they no longer
dissolved. After separating the supernatant, the absorbance
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was spectrophotometrically detected at 261 nm [20].
Entrapment Efficiency

To check the amount of drug loaded in
nanoliposomes, 1 mL of the hydrated solution in
phosphate buffer of drug-free nanoliposomes and drug-
loaded nanoliposomes was centrifuged, the absorbance of
the supernatant was read at 261 nm, and the loading
efficiency was calculated based on the difference between
the total and free drug concentrations.

In vitro Drug Release Profile of NIC-NL

The release rate of NIC from liposomes was
determined using the dialysis technique in phosphate
buffer (pH 7.4) medium containing Tween (0.5%). The
dialysis bags were filled with a suspension of NPs and
placed in beakers containing release medium. Drug
release was investigated at 37+0.5°C for 48 h, and 1 mL
of sample was collected at each time interval (0.5, 1, 2, 3,
6, 12, 24, and 48 h), and the medium was replaced with
fresh medium. After centrifugation, the absorbance of the
samples was recorded by a UV spectrophotometer at 261
nm, and the studies were repeated three times [21].

Cell Culture

Human umbilical vein endothelial cells (HUVEC)
obtained from the Pasteur Institute of Iran were cultured
in RPMI medium containing nutrient F-12, 10% fetal
bovine serum, streptomycin (100 pg/mL), and penicillin
(100 units/mL) in a 37°C incubator with humidified
atmosphere containing 5% CO, and 95% O,.

MTT Assay

A suspension of 5x10* cells was plated in a 96-well
plate. After 24 h of growth at 37°C, HUVECs were again
incubated for 24 h with different concentrations (1- 200
puM) of each of the NIC alone, NIC-NL, and drug-free
nanoliposomes for assessment of their possible cytotoxic
effect, or with BPA (10-1500 uM) for estimation of its
ICso value [6]. After 24 h of incubation, the cells were
incubated with MTT reagent for 3 h. Then, dimethyl
sulfoxide (DMSO) was added, and absorbance was
assessed at 540 nm by a  microplate
reader/spectrophotometer. The safe concentrations of
NIC alone and NIC-NL (without inhibitory effect on cell
viability), as well as an appropriate concentration of BPA
that caused at least a 50% reduction in cell survival, were
selected for further experiments.

To evaluate the protective effects of NIC-NL against
BPA-induced toxicity and compare it with NIC, HUVECs
were pretreated with 1-100 uM concentrations of NIC-NL
or NIC for 24 h. Then, the cells were again exposed to
BPA (450 uM) for 24 h, and finally, cell survival was
examined using the MTT method. Cells that were not
exposed to any treatment and were only supplemented
with an equivalent volume of phosphate buffer were
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considered as controls. The experiments were repeated 3
times for each sample.

Total Antioxidant Capacity (TAC) Assay

To evaluate TAC, a special kit (Danesh Pajouh Co.,
Iran) and the Ferric Reducing Antioxidant Power (FRAP)
method were used. This method is based on the reduction
of ferric to ferrous ions in the presence of tripyridyl-
triazine (TPTZ), also known as 2,4,6-tripyridyl-s-triazine.
The absorbance of the Fe*?*-TPTZ complex was read by a
spectrophotometer at 570 nm, and the concentrations were
calculated in terms of ferrous sulfate based on the
corresponding standard curve [22].

Intracellular ROS Assay

For this purpose, a commercial kit (Kiazist Co., Iran) was
used. In this assay, 2,7-dichlorofluorescein diacetate
(DCFDA) was used to detect intracellular ROS levels by the
fluorimetric method. This substance penetrates living cells,
is hydrolyzed by intracellular esterase enzymes, and is then
trapped inside the cell. It then exhibits fluorescence upon
oxidation by ROS [22].

Glutathione Assay

Intracellular glutathione content was determined using a
standard kit (Kiazist Co., Iran) and based on the reaction of
free thiol groups with Ellman's solution, which produces a
yellow color. The procedure was performed according to the
manufacturer's instructions, and the absorbance of the
complex resulting from the reaction of the reagent with

Table 1. Physicochemical characteristics of nanoparticles

reduced sulfhydryl was measured at 405 nm [22].
Statistical Analysis

For statistical analysis, the mean and standard
deviation (SD) or standard error of the mean (SEM) were
calculated. The differences between the results in the
experiments were analyzed statistically by one-way
ANOVA and Tukey's supplementary test using the SPSS
(version 25) software, and the results were considered
significant with P<0.05.

Results

The results of the size and zeta potential of
nanoliposome samples without drug before and after
coating with TPGS, as well as nanoliposome samples
containing NIC coated with TPGS, are given in Table 1.
The average saturation concentration of free NIC was
70.42+159 pg/mL, and the average saturation
concentration of the NIC-loaded liposome sample was
226.38+18.54 pg/mL. The loading efficiency of NIC in
nanoliposomes was calculated to be 76%.

The results of the study of the release behavior of NIC
from nanoliposomes over 48 h are presented in Figure 1,
which indicates a drug release of 49%, and the majority
of the release occurred in the first 12 h.

In cell culture experiments, the effect of different
concentrations of BPA on the viability of HUVEC was
first investigated using the MTT method. After 24 h of
incubation, BPA at concentrations of 10 to 1000 uM
induced cell death, with an IC50 0f 453.08 uM (Figure 2).

Z-average Size Zeta Potential PDI
NL 191.24+4.52 nm 16.60+1.35 mv 0.544+0.027
NL-TPGS 111.51£3.73 nm 8.30+0.13 mv 0.330+0.034
NIC-NL-TPGS 87.32+2.85 nm 5.21+0.11 mv 0.249+0.041

Values are expressed as mean+SD.
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Figure 1. In vitro release profile of NIC nanoliposomes in phosphate buffer medium containing tween (0.5%) at 37°C and a pH of 7.4 (n=3).
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Figure 2. Viability percentage of HUVEC evaluated by MTT assay after 24 h incubation with different concentrations of bisphenol A. Data represent

mean+SEM (n=3).

Therefore, in subsequent experiments, a concentration of

450 uM BPA was used to induce toxicity in HUVEC.

The possible toxicity of NIC, drug-free nanoliposomes,
and NIC-NL toward HUVEC cells was also evaluated based
on the MTT assay. As indicated in Figure 3, there was no
inhibitory impact on the survival rate of cells after 24-hour
exposure to the concentrations of 1-100 pM of the
aforementioned compounds. Only NIC and NIC-NL at a
concentration of 200 uM caused a significant decrease in

HUVEC cell viability (P<0.05). Therefore, the
concentrations of 1 to 100 uM were used in other
experiments.

Figure 4 shows the cytoprotective effects of different
concentrations of NIC and NIC-NL on HUVECs exposed
to 450 uM BPA for 24 h, as assessed by the MTT method.
Pretreatment of cells with NIC at 25-100 uM and NIC-NL
at 5-100 puM significantly reduced BPA-induced
cytotoxicity and maintained HUVEC cell survival.
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Figure 3. Viability percentage of HUVEC evaluated by MTT assay after 24 h incubation with different concentrations of nicorandil (NIC), drug-free
nanoliposomes (NL), and nicorandil nanoliposomes (NIC-NL). Data represent mean+SEM (n=3). “P<0.001 versus control (untreated cells).
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Figure 4. Viability percentage of HUVEC evaluated by MTT assay after 24 h pretreatment with nicorandil (NIC) or nicorandil nanoliposomes (NIC-NL) in
bisphenol A-induced toxicity. Data represent mean+SEM (n=3). **P<0.001 versus control (untreated cells); "P<0.05, “P<0.01 and **p<0.001versus BPA.

Figure 5 indicates the Impact of NIC and NIC-NL on
TAC in HUVEC under BPA-induced toxicity conditions.
Incubation of cells with BPA significantly decreased TAC
compared to control cells (P<0.001). The results indicated
that pretreatment of cells with NIC at concentrations of 25-
100 pM and pretreatment with NIC-NL at 5-100 uM
significantly  increased TAC under BPA-induced
cytotoxicity. Moreover, NIC-NL at a concentration of 100
puM increased TAC more effectively compared to 100 uM of
NIC (P<0.05).

The effect of NIC and NIC-NL on the amount of ROS
produced in HUVEC during a 24-h exposure to BPA (450
puM) is demonstrated in Figure 5. Exposure to BPA increased
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intracellular ROS levels by approximately 2-fold
compared to the control group (p<0.001). Pretreatment
with NIC and NIC-NL at 1-100 pM significantly reduced
intracellular ROS levels, bringing them close to normal
levels. In addition, NIC-NL at a concentration of 100 uM
was more effective in reducing ROS levels compared to
100 uM of NIC (P<0.05).

Figure 6 indicates the effect of different
concentrations of NIC and NIC-NL on the glutathione
content of HUVEC under BPA-induced cytotoxicity.
Accordingly, none of the drugs were able to prevent the
decrease in glutathione levels caused by BPA in the cells.

= NIC-NL

10 25 50 100

NIC or NIC-NL (uM)
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Figure 5. Total antioxidant capacity in HUVEC evaluated as FRAP value after 24 h pretreatment with nicorandil (NIC) or nicorandil nanoliposomes (NIC-

NL) in bisphenol A-induced toxicity. Data represent mean=SEM (n=3). *#P<0.001 versus control (untreated cells); “P<0.05, “P<0.01 and

BPA; ¥P<0.05 versus NIC.
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Discussion

In the present study, BPA at 453.08 pM caused a 50%
decrease in HUVEC survival. Many studies have shown that
BPA can cause toxicity in various cells. In a study conducted
by Russo et al., the ICso of BPA in HUVEC, as assessed by
the MTT assay, was reported to be 300 uM [6]. Cinar et al.
exposed neuronal cells to 100 uM of BPA to induce
cytotoxicity and observed that cell viability was reduced by
approximately 60% in the MTT assay [23]. Various
mechanisms have been proposed for BPA-induced
cytotoxicity. Data have indicated that BPA can cause cell
death by causing oxidative stress and inducing apoptosis. By
activating the TRPV4 (Transient receptor potential vanilloid
4) signaling pathway, BPA leads to the accumulation of
calcium and zinc ions in mitochondria, which subsequently
results in the disruption of the mitochondrial membrane
potential, ROS production, and lipid peroxidation. These
changes also stimulate apoptosis through the activation of
various caspase enzymes and affect the expression of genes
involved in apoptosis, such as p53, Bax, and Bcl-2 [6, 23].

In addition, it has been reported that BPA activates
inflammatory pathways in vascular cells and leads to an
increase in inflammatory cytokines such as interleukins
(IL)1-beta and IL-8, monocyte chemoattractant protein-1
(MCP-1), and intercellular adhesion molecules, such as
ICAM (intercellular adhesion molecule), VCAM (vascular
cell adhesion molecule), and selectin [6].

The present investigation showed that NIC and NIC-NL
at concentrations of 1 to 100 uM had no inhibitory effect on
HUVEC cell survival. Asensio-Lopez et al. examined the
effect of NIC on cardiomyocyte cell viability and found that
NIC at concentrations of 10-100 uM had no inhibitory effect
on normal cell growth [24]. In another study, Wei et al.
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exposed lymphocytes to 1 nM, 1 pM, and 1 mM
concentrations of NIC and reported that 1 pM
concentration of NIC could induce cytotoxic effects in
lymphocytes but lower concentrations were safe [25]. In
another study, NIC at a concentration of 100 uM had no
inhibitory effects on the survival of pulmonary artery
endothelial cells [26].

The findings of the present study indicated that NIC at
concentrations of 25 to 100 pM and NIC-NL at
concentrations of 5 to 100 uM significantly inhibited BPA-
induced cytotoxicity in HUVEC. In a study by Wang et al.,
pretreatment of pulmonary artery endothelial cells with
NIC (100 uM) protected the cells under hypoxic conditions
by increasing endothelial nitric oxide synthase (eNOS)
expression and decreasing nuclear factor kB (NF-«xB)
expression. In addition, NIC inhibited the expression of
caspase enzymes and increased the expression of Bcl-2
relative to Bax, subsequently reducing apoptosis in
endothelial cells [26]. The anti-apoptotic effects of NIC
have been reported to protect cardiac cells in
cardiomyopathy conditions by activating the PI3K/Akt
(Phosphatidylinositol 3-kinase/Akt) pathway [27]. In
addition, the anti-inflammatory effects of NIC have been
reported, and it has been able to reduce the secretion of
tumor necrosis factor (TNF) from lymphocytes through the
production of NO and affecting the potassium channels
[25]. It was also shown that NIC protects cells by inhibiting
oxidative stress. In a study of Asensio-Lopez et al., NIC at
concentrations of 10 to 100 uM protected cardiomyocytes
against doxorubicin-induced toxicity [24].

The present research revealed that NIC-NL enhanced
the protective effects of NIC in PBA-induced toxicity,
such that NIC-NL increased cell viability in HUVEC at
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lower concentrations compared to NIC. In a similar study on
nitroglycerin, which acts similarly to NIC, nitroglycerin
nanoliposomes were readily taken up by endothelial cells
and demonstrated 70 times greater therapeutic and anti-
inflammatory efficacy than nitroglycerin [28]. In another
study, chitosan nanoparticles loaded with nitroglycerin
showed stronger renal protective effects than free
nitroglycerin in ischemia-reperfusion injury [29].

In this study, exposure of endothelial cells to BPA resulted
in a significant increase in intracellular ROS levels, a severe
decrease in TAC, and a decrease in glutathione content in
HUVEC. Oxidative stress has been proposed as a key
mechanism in BPA-induced cytotoxicity. In the study of
Ebrahimi et al., exposure of normal gingival cells to BPA (100
uM) increased intracellular ROS levels by about 4-fold, lipid
peroxides by about 2-fold, and decreased glutathione content
by about 5-fold [30]. BPA can reduce TAC in cells and tissues
by reducing antioxidant compounds, such as glutathione, and
antioxidant enzymes, including superoxide dismutase,
catalase, and glutathione peroxidase [31, 32].

The results of the present study demonstrated that
pretreatment of HUVEC cells with NIC and NIC-NL
significantly reduced intracellular ROS levels and increased
TAC levels, but failed to increase cellular glutathione
content. The antioxidant effects of NIC have been reported
in several studies. The NIC at concentrations of 10 to 100
puM dose-dependently protected cardiomyocyte cells against
doxorubicin-induced toxicity by counteracting oxidative
stress through reducing ROS levels and lipid peroxidation in
the study of Asensio-Lopez et al. They indicated that
activation of ATP-sensitive potassium channels by NIC
causes mitochondrial depolarization and subsequent
inhibition of the mitochondrial NADPH oxidase enzyme,
which plays a major role in ROS production [24]. NIC can
also play a role in inhibiting oxidative stress by inhibiting
the NF-«B signaling pathway [26].

In our study, NIC and NIC-NL failed to provide a
beneficial effect in increasing cellular glutathione content. It
is important to note that following high plasma concentrations
of nitroglycerin, contradictory effects have been reported,
such as increased mitochondrial oxidative stress through the
production of superoxide and peroxynitrite radicals, as well as
depletion of sulfhydryl stores, which are among the
mechanisms proposed in the development of tolerance to
nitrites. Nitroglycerin non-selectively reacts with thiol-
containing compounds to produce dinitrate metabolites. It
directly oxidizes sulfhydryl groups on several cellular
proteins, including aldehyde dehydrogenase and glutathione
transferase, and tolerance to this drug subsequently develops
by reducing redox signaling [33].

In addition, the results of the present study indicated that
NIC-NL were more effective in reducing ROS and
increasing TAC compared to free NIC. In a recent study, it
was found that chitosan nanoparticles loaded with
nitroglycerin had significantly stronger effects on reducing
total oxidative status and increasing TAC in kidney tissue of
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rats with ischemia/reperfusion-induced renal injury
compared with free nitroglycerin [29]. In a study
conducted by Ardakani et al., nanoliposomes containing
0.07 uM nitroglycerin produced an efficacy equivalent to
that of nitroglycerin at a dose of 5 pM, meaning that the
efficiency of nanoliposomes in producing NO, anti-
inflammatory effects, and preventing mitochondrial
superoxide radical formation was 70 times greater than
that of free nitroglycerin [28]. In the present work, NIC-
NL coated with TPGS was used. The liposomal
nanoparticle form of NIC can both improve drug stability
and reduce the need for repeated doses by slowly
releasing the drug. The preparation of TPGS-coated NIC-
NL allows for the use of lower doses of this drug, thereby
helping reduce its side effects. In addition, by enhancing
the antioxidant effects of NIC, it protects cells against
damage caused by oxidative stress [34].

Conclusions

The findings of the present study indicated that TPGS-
coated NIC-NL has cytoprotective and antioxidant effects
in endothelial cells, increasing cell survival and TAC and
reducing intracellular ROS production under BPA-
induced toxicity. Further studies are needed to reveal the
precise molecular mechanisms of the beneficial effects of
this drug and its nanoliposomes.
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