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Abstract: Neuroblastoma is the most common extracranial solid tumor in childhood. The different
treatments available for neuroblastoma are challenged by high rates of resistance, recurrence,
and progression, most notably in advanced cases and highly malignant tumors. Therefore,
the development of more targeted therapies, which are biocompatible and without undesired
side effects, is highly desirable. The mechanisms of actions of platinum nanoparticles (PtNPs)
and retinoic acid (RA) in neuroblastoma have remained unclear. In this study, the anticancer
effects of PtNPs and RA on neuroblastoma were assessed. We demonstrated that treatment of
SH-SY5Y cells with the combination of PtNPs and RA resulted in improved anticancer effects.
The anticancer effects of the two compounds were mediated by cytotoxicity, oxidative stress (OS),
mitochondrial dysfunction, endoplasmic reticulum stress (ERS), and apoptosis-associated networks.
Cytotoxicity was confirmed by leakage of lactate dehydrogenase (LDH) and intracellular protease,
and oxidative stress increased the level of reactive oxygen species (ROS), 4-hydroxynonenal (HNE),
malondialdehyde (MDA), and nitric oxide (NO), and protein carbonyl content (PCC). The combination
of PtNPs and RA caused mitochondrial dysfunction by decreasing the mitochondrial membrane
potential (MMP), adenosine triphosphate (ATP) content, number of mitochondria, and expression
of peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α). Endoplasmic
reticulum-mediated stress and apoptosis were confirmed by upregulation of protein kinase RNA-like
endoplasmic reticulum kinase (PERK), inositol-requiring enzyme 1 (IRE1), activating transcription
factor 6 (ATF6), activating transcription factor 4 (ATF4), p53, Bax, and caspase-3 and down regulation
of B-cell lymphoma 2 (BCl-2). PtNPs and RA induced apoptosis, and oxidative DNA damage was
evident by the accumulation of 8-hydroxy-2-deoxyguanosine (8-OHdG) and 8-hydroxyguanosine
(8-OHG). Finally, PtNPs and RA increased the differentiation and expression of differentiation markers.
Differentiated SH-SY5Y cells pre-treated with PtNPs or RA or the combination of both were more
sensitive to the cytotoxic effect of cisplatin than undifferentiated cells. To our knowledge, this is the
first study to demonstrate the effect of the combination of PtNPs and RA in neuroblastoma cells.
PtNPs may be a potential preconditioning or adjuvant compound in chemotherapeutic treatment.
The results of this study provide a rationale for clinical evaluation of the combination of PtNPs and
RA for the treatment of children suffering from high-risk neuroblastoma.
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1. Introduction

Brain and central nervous system (CNS) cancers are associated with substantial morbidity and
mortality worldwide. Primary brain and CNS cancers affect both children and adults, with more than
90% of the damage occurring in the brain and the remainder occurring in the meninges, spinal cord,
and cranial nerves. The damage induced in brain and CNS cancers can ultimately lead to death [1,2].
The most common type of CNS cancer is glioma. In 2016, there were 330,000 cases of CNS cancer
and 227,000 deaths globally, and age-standardized incidence rates of CNS cancer increased globally
by 17.3% between 1990 and 2016. The highest incidence of CNS cancer for both sexes is in East Asia
followed by Western Europe and South Asia. China, USA, and India have the highest number of cases
of CNS cancer, and exposure to radiation is more prone to risk factors for CNS cancer is exposure
to radiation.

The unique features of metallic nanoparticles can be explored in cancer therapy for diagnosis and
surgery. For instance, irradiated gold nanoshells (AuNSs) and gold nanospheres have the potential to
reduce the size of tumors in living animals [3–6]. Recently, a lot of effort has been directed towards
the development of NIR resonant plasmonic nanoparticles with sizes of approximately 50 nm for
systemic administration due to enhanced permeability and retention effect [7,8]. Although several
nanogold materials have been used as NIR resonant nanoparticles, these particles have some limitations.
Therefore, alternative plasmonic nanoparticles such as platinum nanoparticles (PtNPs) are very suitable
for medical applications because of their thermal stability, photothermal efficiency, optical trapping,
and enhanced spectroscopic signals [9–11]. Therefore, PtNPs are promising alternative candidates for
NIR-based bioengineering purposes and thermoplasmonic applications [10].

Currently, cancer therapy is mostly based on the combinations of cytotoxic drugs with
other therapeutic agents shows attractive and effective alternative therapeutic agents [12–14].
The combination of two or more therapeutic agents or strategies presents unique advantages,
including the inhibition of different signaling pathways, target-specific actions, improved drug
efficacy, and reduced off-target toxicity [15,16]. Retinoic acid (RA) plays important roles in cell
development, differentiation, and cancer treatment particularly neuroblastoma, which is a solid tumor
that occurs in children [17–19]. Currently, neuroblastoma is treated with a differentiating agent, RA,
at the completion of cytotoxic therapy. Although RA improves survival rate by 35% in children,
the 5-year event-free survival rate remains below 50% [20,21]. However, reversion has remained
common, suggesting that minimal residual disease is an important cause of recurrence [22]. It has
been reported that all-trans retinoic acid (ATRA) inhibits proliferation and induces differentiation in
leukemia and glioblastoma cells [23]. The combination of ATRA and cisplatin exhibited enhanced
cytotoxicity against squamous, head and neck, and ovarian cancer cells [24]. Similarly, in animal
models, other retinoids are also involved in growth inhibition, differentiation, and proapoptotic
effects in tumors of various organs, including the mouth, skin, bladder, lung, prostate, and breast [25].
ATRA regulates the phosphorylation and inactivation of the antiapoptotic protein Bcl-2 [26]. RA
suppresses tumor growth by inducing cell differentiation, inhibiting cell proliferation, and exerting
anti-migration and invasion effects on tumor cells [27]. ATRA suppressed the growth of human breast
cancer cells (MCF-7) and hepatocellular carcinoma [28]. Several studies have reported the synergistic
therapeutic effects of ATRA and its derivatives in combination with various anticancer drugs, including
doxorubicin, CDDP, and paclitaxel, which were facilitated by the induction of receptor-mediated
cytotoxicity and inhibition of cell growth factors [29–31]. In addition, it has been reported that ATRA
(tretinoin) and 13-cis-retinoic acid (isotretinoin) decreased proliferation and induced differentiation
in neuroblastoma cells [32]. Therefore, the use of RA in combination with chemotherapeutic agents
enhances the therapeutic efficacy with reduced side effects.

Combination therapy is more attractive, more efficient, and has fewer side effects than single
chemotherapy. Particularly, the combination of chemotherapeutic agents with biologically synthesized
nanoparticles potentially induces apoptosis in various types of cancer cells [33,34]. The combination
of retinoic acid and histone deacetylase inhibitors exhibited enhanced inhibitory effect against the
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growth of human neuroblastoma SH-SY5Y cells [35]. Similarly, the combination of HDAC inhibitor,
LAQ 824, and 13-cis-retinoic acid exhibited stronger anticancer activity against melanoma tumors [36].
Intracranial tumors in ND2:SmoA1 mice treated with retinoid acid, SAHA, and cisplatin exhibited
enhanced caspase-dependent apoptosis through the activation of caspase 3, reduced colony formation,
cell migration in vitro, and tumorigenicity in vivo [37]. ATRA regulates the progression of cell cycle
and increases the sensitivity of cells to anti-cancer agents in some type of cancers [29,38]. ATRA can
reduce the proliferation of MCF-7 breast carcinoma cells and induce apoptosis, and its combination with
omega-3 fatty acids can significantly reduce the progression of cancer cells. Nanotechnology-based
combination therapy has significant advantages against cancer due to the stability and the ability
to prolong drug exposure in blood circulation, improve pharmacokinetic parameters, and enhance
tumor accumulation and cellular uptake of drugs [16,39–42]. Nanomedicine improves the efficiency of
cancer treatment and overcomes limitations such as drug resistance, off target effects, and metastasis
through targeted and multimode efficacy [43–46]. It is imperative to develop effective therapeutic
strategies against cancer to improve long-term survival of patients. Therefore, effective non-surgical
strategies and identification of the associated molecular mechanisms are crucial for the control of
growth and apoptosis in neuroblastoma. In this study, we determined, for the first time, the effects of the
combination of PtNPs and RA against neuroblastoma cancer cells, with regard to cytotoxicity, oxidative
stress, mitochondrial dysfunction, endoplasmic reticulum stress (ERS), apoptosis, and differentiation.

2. Results and Discussion

2.1. Synthesis and Characterization of PtNPs Using Beta Carotene

We developed an approach to synthesize PtNPs using beta carotene as templates. In a typical
synthesis, 10 mL of 1 mg/mL beta carotene was added to 90 mL of 1 mM H2PtCl6. 6H2O solution and
stirred for 30 min at 100 ◦C. During the reaction, a dark brownish color was formed, which suggested
the formation of PtNPs. Further characterization of PtNPs was performed by ultraviolet-visible
spectroscopy. PtNPs showed a typical characteristic peak at 290 nm, which confirmed the complete
reduction of Pt (IV) ions to PtNPs (Figure 1A). In this study, the synthesis of PtNPs using a biological
template was non-toxic, environmentally friendly, and non-hazardous, which was consistent with
the reports of previous studies that had used various biomolecules such as Quercus glauca extracts,
apigenin, tangeretin, and Saudi’s date extract, to synthesize PtNPs [47–50].

Next, we examined the crystalline structure and phase purity of as-prepared PtNPs with X-ray
diffraction (XRD) analysis. Figure 1B depicts the XRD pattern of PtNPs synthesized using beta
carotene. The three distinct and sharp diffraction peaks in the two theta degree range at 39.4, 45.7,
and 66.1, correspond to (111), (200), and (220), respectively. The crystallographic plane of platinum
is face-centered cubic (fcc) (JCPDS #87-0644). There were no other impurities, and conspicuous
peaks were detected, demonstrating that as-prepared PtNPs had a highly crystalline nature [48–50].
Beta carotene-mediated reduction of Pt (IV) ions to PtNPs was further confirmed by Fourier-transform
infrared (FTIR) spectroscopy. As shown in Figure 1C, FTIR spectra of PtNPs show the bands at 3400,
1720, 1340, 1230, and 1030 cm−1. The broad bands at around 3100–3500 cm−1 are attributed to the
-OH groups of phenolic compounds (flavonoids), tannins, and –NH stretching of proteins [48–50].
The peaks at 1720 cm−1 represent the C=O stretching of carboxylic acids. The bands at 1340 cm−1

correspond to the C-H bending vibrations of CH2, whereas the bands at 1230 and 1030 cm−1 correspond
to C-N stretching of aliphatic amine and C-O-C stretching of ether or glycoside groups, respectively [51].
The results from this study suggest that functional groups such as flavonoids, tannins, carboxyl, amino,
and glycosides or ether groups are mainly responsible for the reduction and stabilization of Pt ions
to PtNPs.

Furthermore, we determined the size of the nanoparticles, which is an essential parameter in
the toxicity analysis of any prepared nanoparticles, by using dynamic light scattering. The results
showed that the average particle size was 20–110 nm (Figure 1D). Using the dried powder of PtNPs,
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we further confirmed the size, shape, and morphology of PtNPs with transmission electron microscopy
(TEM). The TEM micrograph image provided the shape, size, and morphology of the synthesized
PtNPs. Interestingly, the particles showed various morphologies such as spherical, triangle, cubic,
oval, hexagonal, and rod shapes (Figure 1E). The histogram from TEM image clearly indicates that
the size of the PtNPs is between 10 and 50 nm with an average of 25 nm (Figure 1F), which is smaller
than that determined by TEM. Nanoparticles with average size between 25 and 40 nm can penetrate
and be internalized into tissues and cells very easily and rapidly, regardless of the core composition
or surface charge of the nanoparticles [52]. The variety of shapes of nanoparticles plays critical roles
in nanomedicine, including in therapeutic delivery processes such as particle adhesion, distribution,
and cell internalization.

Figure 1. Synthesis and characterization of platinum nanoparticles (PtNPs) using β-carotene.
Absorption spectra of beta carotene-mediated synthesis of PtNPs (A). X-ray diffraction patterns
of PtNPs (B). FTIR spectra of PtNPs (C). Size distribution analysis of PtNPs using DLS (D). TEM images
of PtNPs (E). Histograms showing particle size distribution (F). At least three independent experiments
were performed for each sample and reproducible results were obtained. The data represent the results
of a representative experiment. PtNPs, platinum nanoparticles; FTIR, Fourier-transform infrared; DLS,
dynamic light scattering; TEM, transmission electron microscopy.

2.2. Effect of PtNPs and RA on the Viability of Various Types of Cancer Cells

To identify the synergistic efficacy of PtNPs and RA and their sensitivity to cancer cells, we selected
four different types of cancer cells, which included human adenocarcinoma cells (A549), human breast
cancer cells (MDA-MB-231), human prostate cancer cells (LNCaP), and human neuroblastoma cancer
cells (SH-SY5Y). Next, we examined the effects of PtNPs and RA on cell viability by treating the
cells with various concentrations of PtNPs (0, 20, 40, 60, 80, and 100 µg/mL) or RA (0, 10, 20, 30, 40,
and 50 µM) for 24 h. A dose-dependent loss of cell viability was observed in the cancer cells treated
with PtNPs or RA for 24 h, whereas there was no significant difference in the viability of untreated cells.
The results suggest that all the cancer cells showed similar trend of loss of cell viability with PtNP
(Figure 2A–D) and RA (Figure 2E–H) treatment. However, SH-SY5Y cells showed more sensitivity
against PtNPs and RA, followed by LNCaP, MD-MBA-231, and A549 cells. Therefore, to study the effect
of the combination of PtNPs and RA, we determined the IC50 and IC25 as well as the dose-dependent
effects of PtNPs, RA, PtNPs, and RA, and cisplatin on the viability of SH-SY5Y cells.
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Figure 2. Determination of sensitivity of various type of cancer cells to PtNPs and retinoic acid (RA).
Cell viability was determined in various types of cancer cells, including human adenocarcinoma cells
(A,E), human breast cancer cells (B,F), human prostate cancer cells (C,G), and human neuroblastoma
cells (D,H) treated with various concentrations of PtNPs (20–100 µg/mL) (A–D) or RA (10–50 µM) (E–H)
for 24 h. The results are expressed as mean ± standard deviation of three independent experiments.
The treated groups showed statistically significant differences from the control group per the Student’s
t-test; * p < 0.05 was considered significant, PtNPs, platinum nanoparticles; RA, retinoic acid.

2.3. Dose-Dependent Effects of PtNPs, RA, and Cisplatin on the Viability and Proliferation of SH-SY5Y Cells

In order to determine the efficacy of the combination of PtNPs and RA, we first determined the
dose-dependent effects of PtNPs, RA, and cisplatin individually on the viability and proliferation of
the treated cells. SH-SY5Y cells were treated with various concentrations of PtNPs (10–100 µg/mL) for
24 h. We observed significant concentration-dependent cytotoxicity after treatment with PtNPs for 24 h
(Figure 3A). Similarly, the cells treated with PtNPs showed significantly lower proliferation than normal
cells (Figure 3B). We found that the IC25 and IC50 values of PtNPs against SH-SY5Y cells were 25 ± 1.50
and 50 ± 1.70 µg/mL, respectively. With an increase in the concentration of PtNPs, we observed an
increase in cell death and a decrease in the rate of proliferation of cancer cells, which confirms that
the concentration of PtNPs has a significant role in controlling the number of cancer cells. Based
on these results, we selected 25 µg/mL as the concentration of PtNPs to be used in combination
with RA. Platinum-based materials show significant toxicity towards cancer cells. For instance, Pt
quantum dots showed dose- and time-dependent cytotoxic effects in C2C12 myoblast cancer cells [52].
Bendale et al. [53] reported the cytotoxic effects of ptNPs in various human lung adenocarcinoma (A549),
ovarian teratocarcinoma (PA-1), pancreatic cancer (Mia-Pa-Ca-2) cells, and normal peripheral blood
mononucleocyte (PBMC) cells. U87 glioma cells treated with PtNPs exhibited altered morphology,
loss of viability, increased mortality rate, and genotoxicity [54]. Almeer et al. [55] reported the
dose- and time-dependent toxicity of biologically prepared PtNPs in HEK293 cells, using various
concentrations from 20 to 360 µg/mL, noting that significant toxicity occurred at higher concentrations.
In this study, our findings revealed that the effect of 25.0 µg/mL PtNPs was significant, which may
be attributed to the size of the particles. Graphene oxide-platinum nanoparticle nanocomposites
showed significant toxicity through increased cell death and reduced cell proliferation in prostate
cancer cells [56]. Apigenin-functionalized ultra-small PtNPs induced cytotoxicity in a dose-dependent
manner by reducing cell viability and proliferation in human monocytic THP-1 cells [48]. Similarly,
zinc oxide nanoparticles induced cell death in dose- and time-dependent manners in SH-SY5Y cells [57],
and tangeretin-assisted PtNPs showed dose-dependent cytotoxicity against human bone OS epithelial
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cells [49]. Altogether, beta carotene-functionalized PtNPs have significant cytotoxic effects against
human neuroblastoma cells, which are mediated by the reduction in cell viability and cell proliferation.

Figure 3. Dose-dependent effect of PtNPs, RA, and cisplatin on cell viability and proliferation of
SH-SY5Y cells. The viability of SH-SY5Y cells was determined after 24-h exposure to different
concentrations of PtNPs (20–100 µg/mL) (A). Proliferation of SH-SY5Y cells was determined using the
BrdU assay after 24-h exposure to different concentrations of PtNPs (20–100 µg/mL) (B). Viability of
SH-SY5Y cells was determined after 24-h exposure to different concentrations of RA (10–50 µM) (C).
Proliferation of SH-SY5Y cells was determined using the BrdU assay after 24-h exposure to different
concentrations of PtNPs (10–50 µM) (D). Viability of SH-SY5Y cells was determined after 24-h exposure
to different concentrations of cisplatin (5–25 µM) (E). Proliferation of SH-SY5Y cells was determined
using the BrdU assay after 24-h exposure to different concentrations of cisplatin (5–25 µg/mL) (F).
The results are expressed as mean ± standard deviation of three independent experiments. The treated
groups showed statistically significant differences from the control group per the Student’s t-test; *
p < 0.05 was considered significant. PtNPs, platinum nanoparticles; RA, retinoic acid.
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Next, we evaluated the effects of RA on cell growth in SH-SY5Y cells. As shown in Figure 3C,
cell viability was reduced, as detected with the cell counting kit-8 assay, in a dose-dependent manner.
At 24 h, we found that the IC25 and IC50 values of RA against SH-SY5Y cells were 12.5 ± 1.00 and 25.
0 ± 1.60 µM, respectively, which indicates a possibility that the SH-SY5Y cells were more sensitive to
the inhibitory effects of RA. We further determined the effect of RA on cell proliferation and observed
that RA exhibited a strong inhibitory effect on the proliferation of SH-SY5Y cells (Figure 3D). In fact,
25 µM RA caused 50% reduction in cell viability and proliferation, which indicates that RA inhibition
of SH-SY5Y cell growth is concentration-dependent. For each group, the difference was statistically
significant (p < 0.05), in comparison with the control group. These results were consistent with the
report of a study where ATRA inhibited cell growth and caused cell death dose-dependently in different
type of breast cancer cells such as 4T1, EMT6, and MDA-MB-231 cells [58].

Cisplatin is an effective drug for the treatment of neuroblastoma and other cancers, and hence,
we selected this drug as a positive control for all the experiments. In addition, to determine the effect
of cisplatin on PtNPs and RA-differentiated cells, we determined the inhibitory effect of cisplatin on
the viability and proliferation of SH-SY5Y cells. The cells were exposed to various concentrations
of cisplatin, and cell viability and proliferation were determined using the CCK-8 and BrdU assays,
respectively. We found that the IC25 and IC50 values of cisplatin against SH-SY5Y cells were 6.5 ± 1.00
and 12. 5. ± 1.20 µM, respectively. The cell viability and proliferation rate of cisplatin-treated cultures
were inhibited by ~50% using a concentration of 12.50 ± 1.20 µM cisplatin (Figure 3E). The number of
proliferating cells significantly decreased with increasing concentrations of cisplatin, as observed from
the results of the cell viability and BrdU assays (Figure 3F). The percentages of cell death also increased
with increasing concentrations of cisplatin. These results indicate that cisplatin inhibited the viability
and proliferation of SH-SY5Y cells in a dose-dependent manner, which is consistent with the report of
Sun et al. [59].

2.4. Effect of the Combination of PtNPs and RA on the Viability, Proliferation, and Morphology of
SH-SY5Y Cells

The selection of dose is very crucial for combination studies. After establishing the IC25 and
IC50 of PtNPs and RA, the effects of their combination were tested. The IC25 values of PtNPs, RA,
and cisplatin were used in all the experiments, which were 25 µg/mL, 12.5 µM, and 6.5 µM, respectively,
unless otherwise specified. The present study aimed to elucidate the combined effects of PtNPs and
RA on the suppression of viability and proliferation of SH-SY5Y cells. We selected IC25 for PtNPs
(25 µg/mL) and RA (12.5 µM) to avoid high lethality to the cells and reduce drug resistance in cancer
cells by chemosensitization through additive or synergistic effects. The cells were treated with PtNPs
(25 µg/mL) and RA (12.5 µM) or cisplatin as positive control for 24 h. Cisplatin exhibited moderate
effect, in comparison with the combination of PtNPs and RA. As depicted in Figure 4A,B, the cytotoxic
effect of PtNPs in combination with RA was enhanced, compared with that of PtNPs alone. The results
revealed that treatment with the combination of PtNPs and RA had an enhanced effect on SH-SY5Y cells
compared with that of control, and the differences were found to be significant (p < 0.01), indicating
synergistic effects. It has been reported that the combination of RA and histone deacetylase inhibitors
potentially inhibited the growth of neuroblastoma SH-SY5Y cells, compared with the individual
compounds [35]. Similarly, Hong et al. [60] reported that the combination of paclitaxel and ATRA (10 +

10 µg/mL) delivered by nanoparticles showed a synergistic antiproliferative effect against CT26 cells.
Zhu et al. [58] reported that pluronic-ATRA synergistically enhanced the cytotoxic effects of cisplatin
and effectively suppressed breast tumor growth in vivo.
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Figure 4. Combination of PtNPs and RA induces loss of cell viability, reduces proliferation, and alters
cell morphology in SH-SY5Y cells. SH-SY5Y cells were incubated with PtNPs (25 µg/mL), RA (12.5 µM),
combination of PtNPs (25 µg/mL) and RA (12.5 µM), or cisplatin (6.5 µM) for 24 h. Cell viability (A),
cell proliferation (B), were determined. The results are expressed as mean ± standard deviation of three
independent experiments. The treated groups showed statistically significant differences from the
control group per the Student’s t-test; * p < 0.05 was considered significant, ** p < 0.01 was considered
highly significant. PtNPs, platinum nanoparticles; RA, retinoic acid. Cell morphology control (1),
PtNPs (2), RA (3), combination of PtNPs and RA (4), or cisplatin (5) for 24 h (C). Scale bar-200 µm

Morphological changes are the hall mark of cell death. Using morphological analysis, cell death
was determined in SH-SY5Y cells treated with PtNPs, RA, or PtNPs and RA. SH-SY5Y cells were treated
with PtNPs, RA, or PtNPs and RA for 24 h, and the changes in cell morphology were observed after 24 h.
Bright field images clearly demonstrated that treated SH-SY5Y cells displayed morphological alterations
typically associated with apoptotic cell death. All the treated cells showed cell shrinkage, membrane
bleb formation, aggregation, and detachment from the cell surface (Figure 4C). Morphological
changes became visible, and numerous vacuoles were observed in the cytosol. Cell morphology
was markedly altered, an effect that was clearly similar to that of the apoptosis-inducing agent,
cisplatin, which suggested that a combination of PtNPs and RA induced cell death in the cancer cells.
The results suggest that PtNPs and RA reduced cell proliferation and induced marked changes in
cell morphology, including the appearance of long cytoplasmic protrusions and a general neuron-like
phenotype. Cells treated with the combination of PtNPs and RA were morphologically distinct from
untreated cells. Santos et al. [35] observed that SH-SY5Y cells treated with RA exhibited morphologic
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differentiation with neurite extension. However, the combination of HDACi, SAHA, and RA induced
cell death, with neurite shortening. The combination of PtNPs and RA significantly compromised
cellular integrity and led to more cell death, compared with either PtNPs or RA individually. In a
similar study, treatment with the combination of ATRA and LOX/COX inhibitors increased cell death
by inhibiting cell proliferation and inducing noticeable changes in cell morphology, which comprised
long cytoplasmic protrusions and a general neuron-like phenotype [61].

2.5. Combination of PtNPs and RA Induces Lactate Dehydrogenase (LDH) Leakage and Intracellular Protease

Cells treated with cytotoxic compounds, such as PtNPs, are killed through swelling and the
loss of membrane integrity, after which they shut down and release their intracellular contents into
the surrounding environment. When the cell membranes are compromised, lactate dehydrogenase
(LDH), a soluble, stable enzyme and a typical marker of cell death, is released into the surrounding
extracellular space. To determine the effect of PtNP and RA combination, SH-SY5Y cells were treated
with PtNPs, RA, or PtNPs and RA for 24 h, and the LDH level was measured. The results showed that
the effect of PtNP and RA combination was significantly stronger than that of PtNPs or RA, and LDH
level was 3-fold higher than that with individual treatment (Figure 5A). Cisplatin showed moderate
effect compared with the control. These findings clearly suggest that the cell membrane integrity was
severely compromised by PtNPs and RA. For example, when T47D cells were exposed to tamoxifen
and simvastatin combination, the leakage of LDH was significantly higher than that observed with
the control treatment [62]. We have previously reported that treatment with the combination of silver
nanoparticles and histone deacetylase inhibitors significantly increases the leakage of LDH, compared
with that on individual treatment of human alveolar basal epithelial cells [63]. Collectively, the release
of LDH suggests that necrosis as well as necroptosis could be involved in PtNP- and RA-induced
SH-SY5Y cell death.

Figure 5. Combination of PtNPs and RA induces cytotoxicity in SH-SY5Y cells. SH-SY5Y cells were
incubated with PtNPs (25 µg/mL), RA (12.5 µM), combination of PtNPs (25 µg/mL) and RA (12.5 µM),
or cisplatin (6.5 µM) for 24 h. Leakage of lactate dehydrogenase (LDH) was measured at 490 nm
using the LDH cytotoxicity kit (A), and the level of dead-cell protease was determined by CytoTox-Glo
cytotoxicity assay (B). The results are expressed as mean ± standard deviation of three independent
experiments. The treated groups showed statistically significant differences from the control group per
the Student’s t-test; * p < 0.05 was considered significant, ** p < 0.01 was considered highly significant.
PtNPs, platinum nanoparticles; RA, retinoic acid.

Determination of intracellular protease is an alternative method for the determination of cell
viability and cytotoxicity. Measurement of protease level provides quantitative data on the number of
live or dead cells in a sample. SH-SY5Y cells were treated with PtNPs, RA, or PtNPs and RA for 24 h,
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and the intracellular protease was measured. The results showed that the combined effect of PtNPs
and RA was significantly higher, and the protease level was 3-fold higher than that on treatment with
PtNPs or RA (Figure 5B). However, PtNPs, RA, and cisplatin showed moderate effect compared with
the control. The findings of this study clearly suggest that the integrity of the cell membrane was
severely compromised by PtNPs and RA. In a previous study, the combination of silver nanoparticles
and gemcitabine had shown enhanced cytotoxicity potential against human ovarian cancer cells by
increasing the level of protease [64]. Similarly, the combination of silver nanoparticles and HDAC
inhibitor increased the leakage of protease in human alveolar basal epithelial cells [63]. In addition,
the combination of graphene oxide-silver nanoparticles and trichostatin A enhanced the leakage of
intracellular protease in human ovarian cancer cells [65], and RA increased the leakage of LDH in F9
teratocarcinoma stem cells [66]. In this study, the rate of intracellular protease leakage into the cell
medium was directly proportional to the cytotoxicity of PtNPs and RA against SH-SY5Y cells.

2.6. PtNPs and RA Enhance the Production of Reactive Oxygen Species (ROS), 4-hydroxynonenal (4-HNE),
Malondialdehyde (MDA), Nitric Oxide (NO), and Protein Carbonyl Content (PCC)

Mitochondria generated ROS can induce an intracellular state of oxidative stress, leading to
permanent cell damage. Thus, the intracellular accumulation of ROS not only disrupts the functions of
organelles but also leads to cytotoxicity. Fluorescence microscopy was used to visualize ROS staining
and the involvement of mitochondrial oxidative stress. To determine the level of ROS induced by
treatment with PtNPs and RA, we used a fluorescent probe, dichloro-dihydro-fluorescein diacetate
(DCFH-DA), to investigate the extent of oxidative stress. The fluorescence intensity of DCF can directly
reflect the level of reactive oxygen species (ROS) in the cell. SH-SY5Y cells were treated with PtNPs,
RA, or PtNPs and RA for 24 h. The cells were stained with DCFH-DA, and the production of ROS
was determined by measuring the cell population that was positive for DCF-derived fluorescence
after the treatment. Treatment with PtNPs and RA induced ROS generation as shown in Figure 6A.
The intensity of ROS signal generated in the cells treated with PtNPs and RA was significantly higher
than that in the control (p < 0.001), and the bright green fluorescence was distributed in a granular
manner within the cytoplasm. The intensity of ROS in the cells treated with PtNPs, RA, and cisplatin
was higher than that in the untreated cells and lower than that in the cells treated with the combination
of PtNPs and RA. To further confirm the generation of ROS, we measured ROS by spectrophotometric
analysis after the cells were exposed to PtNPs and RA for 24 h, and the amount of intracellular ROS
detected was 3-fold higher than that in the PtNPs- or RA-treated group and 9-fold higher than that in
the control group (Figure 6B). This indicates that PtNPs accelerated the production of intracellular
ROS. Interestingly, the results demonstrated a significant difference in the production of ROS in cells
treated with PtNPs and RA, compared with those treated with either PtNPs or RA. Both PtNPs and RA
have been shown to exhibit cytotoxic and anticancer activities through the induction of oxidative stress
by generating ROS in various types of cells including human embryonic kidney cells [55], A549 lung
carcinoma cells [67], human monocytic THP-1 cells [48], and OS epithelial cells [49].
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Figure 6. PtNPs and RA increase the generation of ROS, lipid peroxidation, nitric oxide (NO) level,
and protein carbonylation. SH-SY5Y cells were incubated with PtNPs (25 µg/mL), RA (12.5 µM),
combination of PtNPs (25 µg/mL) and RA (12.5 µM), or cisplatin (6.5 µM) for 24 h. Treated
SH-SY5Y cells were subjected to 2′,7′-dichlorodihydrofluorescein diacetate-fluorescein isothiocyanate
(DCFH-DA-FITC) analysis (A) (Scale bar-100 µm). Spectrophotometric analysis of ROS using
2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) (B). 4-HNE level was determined using
enzyme-linked immunosorbent assay (ELISA) (C). MDA concentration was measured using a
thiobarbituric acid-reactive substances assay and was expressed as nanomoles per gram of protein
(D). NO production was quantified spectrophotometrically using the Griess reagent and expressed
as µM per g of protein (E). Protein carbonylation content was determined and expressed as µM per g of
protein (F). The results are expressed as mean ± standard deviation of three independent experiments.
The treated groups showed statistically significant differences from the control group per the Student’s
t-test; * p < 0.05 was considered significant, ** p < 0.01 was considered highly significant. PtNPs,
platinum nanoparticles; RA, retinoic acid; DCFH-DA-FITC, dichloro-dihydro-fluorescein diacetate;
4-HNE, 4-hydroxynonenal; ELISA, enzyme-linked immunosorbent assay; MDA, malondialdehyde.

Recently, different studies have focused on lipid peroxidation (LPO) products and intracellular
signaling mechanisms that determine the fate of cells [68,69]. Generally, LPO arises from the oxidation



Int. J. Mol. Sci. 2020, 21, 6792 12 of 32

of fatty acids induced by oxidants. However, there is little evidence that nanoparticles induce the
production of LPO. In this study, we were interested in determining the effect of the combination of
PtNPs and RA on the levels of 4-hydroxynonenal (4-HNE), malondialdehyde (MDA), nitric oxide (NO),
and protein carbonyl content (PCC). Oxidative stress is a common feature of NPs, and to examine the
hypothesis that oxidative stress mediates the induction of the accumulation of 4-HNE, SH-SY5Y cells
were treated with PtNPs, RA, or PtNPs and RA for 24 h, and the level of 4-HNE was measured using
enzyme-linked immunosorbent assay (ELISA). The accumulation rate of 4-HNE (600 µg/100 µg lysate)
in the group of cells treated with PtNPs and RA was significantly higher than that in cells treated with
either PtNPs (100 µg/100 µg lysate) or RA (200 µg/100 µg lysate) (Figure 6C). The accumulation rate of
4-HNE in the cisplatin-treated group was 300 µg/100 µg lysate. Furthermore, another LPO marker,
MDA, was used to confirm the lipid peroxidation state in the presence of PtNPs and RA. Results
showed that the level of MDA was significantly higher (15 nM/mg of protein) with PtNP and RA
treatment than with either PtNP (4 nM/mg of protein) or RA (4 nM/mg of protein) treatment (Figure 6D).
In addition, the level of MDA in the cisplatin-treated cells was 10 nM/mg of protein. The production of
LPO-derived aldehydes in cancer cells depends on the presence of ROS. The increased level of ROS
can increase the formation of LPO products and eventually increase oxidative damage to DNA [70].
Exogenous application of 4-HNE inhibits cancer growth by inhibiting proliferation and inducing the
apoptosis of cancer cells. 4-HNE inhibited the proliferation of human colon tumor cells, through
regulation of the MAP kinases pathway [71], PPAR gamma pathway [72], and the activation of p53 in
cancer cells [73].

NO is a key regulator of redox signaling and homeostasis, and reactive nitrogen species elicit
various modifications of macromolecules to produce nitrative or nitro-OS. However, abnormal increased
production of NO causes cellular damage [74]. Therefore, we investigated the impact of PtNPs, RA,
and the combination of PtNPs and RA on nitro-OS-induced NO production. SH-SY5Y cells were
treated with of PtNPs, RA, or PtNPs and RA for 24 h. We found that the combination of PtNPs and
RA enhanced the production of NO in SH-SY5Y cells. As shown in Figure 6E, incubation of cells
with PtNPs, RA, or PtNPs and RA for 24 h resulted in a significant increase in NO levels (p < 0.005).
Several studies have suggested that NO induces neurotoxicity in neuronal cells via cytochrome c
release into the cytosol and caspase activation in SH-SY5Y cells [75]. Increased level of NO causes
mitochondrial damage via alteration of membrane potential and inhibition of mitochondrial respiratory
chain [76,77]. Clementi et al. reported that NO created a sequence of events in the cells, which included
ROS production, the loss of mitochondrial membrane potential, cytochrome c release into the cytosol,
caspase activation, DNA fragmentation, and eventually apoptosis. Recent studies have suggested that
PtNPs or RA induces NO production and ultimately causes cell death in various types of cancer cells,
including SH-SY5Y cells [78], human monocytic THP-1 [48], and OS epithelial cells [49]. Altogether,
these findings suggest that the combination of PtNPs and RA can potentially induce NO and that
elevated NO could cause cell death in SH-SY5Y cells.

One of the crucial and important markers of oxidative stress is protein carbonylation, which is
measured by estimation of the protein carbonyl groups. Protein carbonylation is a type of protein
oxidation that can be promoted by ROS [79,80]. A significant increase (p < 0.005) in the levels of PCC
was observed in TSH-SY5Y cells treated with PtNPs, RA, or the combination of PtNPs and RA for 24 h
(6, 4, 12, and 7 µM/g of protein, respectively), compared with the untreated cells (Figure 6F). MRC-5
cells exposed to silica nanoparticles displayed loss of cell viability, which was associated with the
induction of cellular oxidative stress, increased levels of carbonyl groups and advanced oxidation
protein products, and the decreased concentration of glutathione (GSH) and protein sulfhydryl
groups [81]. Similarly, the combination of PtNPs and doxorubicin enhanced protein oxidation in
osteosarcoma cells [49]. Carbonylation is irreversible and ROS-induced protein oxidation causes loss
of protein function, which is often associated with protein unfolding and aggregation as well as signal
transduction [82,83]. It has also been reported that increased protein carbonylation causes various
types of diseases such as metabolic diseases [84], neurodegenerative diseases [83], as well as aging and
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age-related diseases [85,86]. Collectively, all these findings suggest that oxidative stress is associated
with the toxicity of PtNPs and RA in SH-SY5Y cells through increased levels of ROS, MDA, NO,
and protein carbonylation.

2.7. PtNPs and RA Decrease Antioxidants Levels

Alteration of the balance of antioxidants/oxidants has a significant role in the pathogenesis of
different kinds of tumors [87]. Enzymatic antioxidants play critical roles against oxidative stress.
To evaluate the impact of PtNPs and RA on various antioxidant levels, SH-SY5Y cells were treated
with PtNPs, RA, PtNPs and RA, or cisplatin for 24 h. All the tested antioxidants such as glutathione
(GSH), thioredoxin (TRX), catalase (CAT), superoxide dismutase (SOD), glutathione peroxidase (GPx),
and glutathione S-transferase (GST) were clearly downregulated in the treated cells, particularly,
the combination of PtNPs and RA significantly and strongly downregulated the antioxidants by up to
3-fold compared with single PtNPs, RA, or cisplatin treatment. As shown in Figure 7, GSH levels in
SH-SY5Y cells treated with PtNPs, RA, and cisplatin for 24 h were 40, 60, and 50 µM GSH, respectively,
whereas exposure of the cells to the combination of PtNPs and RA for 24 h resulted in significant
reduction in GSH level (30 µM). The same trend was observed for the TRX contents, which were 25, 50,
60, and 40 µM in the cells treated with PtNPs and RA, PtNPs, RA, and cisplatin for 24 h, respectively.
In addition, antioxidants levels of CAT and SOD declined; the levels of CAT in SH-SY5Y cells exposed
to the combination of PtNPs and RA, PtNPs, RA, and cisplatin for 24 h were 20, 40, 50, and 20 µM,
respectively. Similarly, the SOD contents were 6, 10, 12, and 8 µM in cells treated with PtNPs and RA,
PtNPs, RA, and cisplatin for 24 h, respectively (Figure 7).

TRX and GSH are the two major thiol-dependent antioxidants involved in the maintenance
of cell homeostasis as well as DNA synthesis and repair [88,89]. Several animal model studies
have demonstrated that the downregulated expression of TRX and GSH proteins causes aging and
the overexpression of these two systems improves aging [90]. A previous study reported that
phenethyl isothiocyanates killed malignant cancer cells by disabling GSH antioxidant system and
disrupting redox-sensitive survival pathways [91]. Similarly, in this study, PtNPs and RA significantly
decreased the levels of CAT and SOD, compared with PtNPs, RA, or cisplatin alone. We observed
that decreasing CAT activity had a significant effect on the rate constant of H2O2 removal. Manganese
superoxide dismutase (MnSOD) is involved in ROS homeostasis and exhibits tumor-suppressive and
cancer-promoting functions [92]. ROS was reported to be majorly responsible for the downregulation
of CAT via activation of PI3K/Akt signaling to reduce the activity of forkhead box protein O1 (FoxO1)
in mesangial cells [93]. The reduced MnSOD activity in A431-P and A431-III cells promoted the
metastatic ability of cancer cells [94]. As shown in Figure 7, the levels of GPx in SH-SY5Y cells exposed
to PtNPs, RA, and cisplatin for 24 h were 5, 6, and 4 µM, respectively, whereas PtNP and RA treatment
resulted in significant reduction in GPx level (3 µM). The same trend was observed for the GST contents,
which were 15, 20, 25, and 20 µM for PtNPs and RA, PtNPs, RA, and cisplatin after 24 h of treatment,
respectively. The significant decrease in the levels of all the antioxidants suggests that the antioxidative
system adaptation was not enough to prevent damage induced by high-level oxidative stress produced
by PtNPs and RA. This could affect the structure of DNA bases, proteins, and carbohydrates and
eventually the proliferation of cancer cells. Like other metallic nanoparticles, PtNPs could decrease
the levels of various antioxidants in various types of cancer cells, including SH-SY5Y cells, human
monocytic THP-1, and OS epithelial cells. Collectively, our results indicate that increased production
of ROS and decreased levels of antioxidants can initiate apoptosis in cancer cells.
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Figure 7. Effect of the combination of PtNPs and RA on antioxidant markers. SH-SY5Y cells were
incubated with PtNPs (25 µg/mL), RA (12.5 µM), combination of PtNPs (25 µg/mL) and RA (12.5 µM),
or cisplatin (6.5 µM) for 24 h. After incubation, the cells were harvested and washed twice with ice-cold
phosphate-buffered saline solution. The cells were collected and disrupted by ultrasonication for 5 min
on ice. Glutathione (GSH) concentration was expressed as µM per mg of protein (A). Thioredoxin
(TRX) concentration was expressed as µM per mg of protein (B). Catalase (CAT) was expressed as
unit per mg of protein (C). Superoxide dismutase (SOD) was expressed as unit per mg of protein (D).
Glutathione peroxidase (GPx) concentration was expressed as µM per mg of protein (E). Glutathione
S-transferase (GST) concentration was expressed as µM per mg of protein (F). Results are expressed
as mean ± standard deviation of three independent experiments. There was a significant difference
between treated and untreated cells per Student’s t-test (* p < 0.05). The treated groups showed
statistically significant differences from the control group per the Student’s t-test; * p < 0.05 was
considered significant, ** p < 0.01 was considered highly significant. PtNPs, platinum nanoparticles;
RA, retinoic acid; GSH, glutathione; TRX, thioredoxin; CAT, catalase; SOD, superoxide dismutase; GPX,
glutathione peroxidase; GST, glutathione-S-transferase.

2.8. PtNPs and RA Induce Mitochondrial Dysfunction

Mitochondria not only provide energy for the cell but are also a source of ROS. They regulate various
other cellular functions, including calcium signaling, membrane potential regulation, cell proliferation,
and apoptosis. The production of ROS is tightly regulated by the antioxidant system, and imbalance
between prooxidants and antioxidants causes mitochondrial dysfunction. Therefore, we decided to
measure mitochondrial membrane potential in SH-SY5Y cells exposed to PtNPs, RA, PtNPs and RA,
and cisplatin for 24 h. Mitochondrial membrane potential (MMP) is a key indicator of membrane
integrity, and changes in MMP lead to apoptosis. Therefore, the effect of PtNPs, RA, PtNPs and RA,
and cisplatin on the MMP of SH-SY5Y cells was evaluated using fluorescence microscopy. As shown
in Figure 8A, JC-1 dye exhibited potential-dependent accumulation of mitochondria, indicated by
a fluorescence emission shift from green to red. In the cells treated with PtNPs, RA, PtNPs and
RA, or cisplatin, mitochondrial depolarization occurred as demonstrated by the decreased red/green
fluorescence intensity ratio. Moreover, the color shift from red to green or loss of red fluorescent
J-aggregates indicated disruption caused by PtNPs, RA, PtNPs and RA, and cisplatin. Particularly,
the cells treated with PtNPs and RA showed significant loss of membrane integrity, compared with the
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control. Furthermore, to gain insight into the effect of the combination of PtNPs and RA in SH-SY5Y
cells, we examined fluorescence intensity by determining aggregate/monomer ratios, which were
compared with the control value (100%). Treatment of SH-SY5Y cells with PtNPs and RA caused
significant loss of MMP through the reduction of aggregates by 60 ± 4.0%, compared with the control.
However, the cells treated with PtNPs, RA, or cisplatin lost MMP through the reduction of aggregates by
30, 20, and 45± 4.5%, respectively (Figure 8B). Significant difference was observed in all treated samples,
compared with the control group. These results demonstrate that mitochondrial depolarization was
induced by PtNPs and RA. Kusaczuk et al. reported that compared with the control cells, LN229
cells treated with SiNPs exhibited a significant decrease in ∆Ψm, as approximately 58% of the cells
independently showed decreased ∆Ψm. PtNPs decreased the level of MMP in various types of cancer
cells, including SH-SY5Y [78], human monocytic THP-1 [48], and OS epithelial cells [49]. In addition,
to confirm mitochondrial toxicity, the rate of ATP synthesis was measured in the cells. The results
showed that SH-SY5Y cells treated with the combination of PtNPs and RA showed significantly
lower ATP generation than those treated singly with PtNPs, RA, or cisplatin (Figure 8C). Importantly,
after 24 h of incubation with PtNPs and RA, ATP generation was significantly attenuated, compared
with that in the single treatment groups or untreated group.

Figure 8. PtNPs and RA alter mitochondrial membrane potential (MMP), ATP content, mitochondrial
copy number, and PGC1α expression. SH-SY5Y cells were incubated with PtNPs (25 µg/mL),
RA (12.5 µM), combination of PtNPs (25 µg/mL) and RA (12.5 µM), or cisplatin (6.5 µM) for 24 h.
Fluorescence microscopic images of the SH-SY5Y cells stained with JC-1 dye for detecting the changes
in mitochondrial membrane potential (A) scale bar-100 µm. MMP was determined using the cationic
fluorescent indicator JC-1 (B). SH-SY5Y cells were treated with PtNPs, RA, PtNPs and RA, or cisplatin
for 24 h, and the intracellular ATP content was determined according to the manufacturer’s instructions
(Sigma-Aldrich, St. Louis, MO, USA; Catalog Number MAK135) (C). Mitochondrial copy number
(D) and the expression of PGC1α were determined by reverse transcription-quantitative polymerase
chain reaction (RT-qPCR) analysis (E). The results are expressed as the mean ± standard deviation
of three independent experiments. The treated groups showed statistically significant differences
from the control group per the Student’s t-test; * p < 0.05 was considered significant, ** p < 0.01
was considered highly significant. PtNPs, platinum nanoparticles; RA, retinoic acid; RT-qPCR,
reverse transcription-quantitative polymerase chain reaction; PGC1α, peroxisome proliferator-activated
receptor gamma coactivator 1-alpha.
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Mitochondria play significant roles in the metabolic activity of the cells, and impairment
of mitochondrial functions lead to age-related neurodegenerative diseases. The impairment of
mitochondrial function leads to reduced number of mitochondria, impaired mitochondrial biogenesis,
and reduced capacity for oxidative phosphorylation [95]. Therefore, to evaluate the impact of PtNPs
and RA on the number of mitochondria, we performed reverse transcription-quantitative polymerase
chain reaction (RT-qPCR) for quantitatively analyzing the number of mitochondria. The results showed
that the combination of PtNPs and RA significantly decreased the number of mitochondria by up to
5 folds, compared with the control. Moreover, SH-SY5Y cells treated with PtNPs, RA, or cisplatin
exhibited 1-fold decrease in the number of mitochondria, compared with the untreated cells (Figure 8D).
SH-SY5Y cells treated with AgNPs showed increased size and decreased number of mitochondria [96].
The combination of AgNPs and HDAC inhibitors showed reduced mitochondrial level in human
alveolar basal epithelial cells [63].

Mitochondrial biogenesis is crucial to the maintenance of the number and size of mitochondria,
involving both the nuclear and the mitochondrial genomes, and it is regulated by various transcription
factors. Particularly, peroxisome proliferator-activated receptor (PPAR)-γ coactivator-1α (PGC-1α)
is a co-transcriptional regulation factor that regulates the process of mitochondrial biogenesis by
interacting with many transcription factors [97]. Therefore, to determine the effect of the combination
of PtNPs and RA on PGC-1α expression, we treated SH-SY5Y cells with PtNPs, RA, PtNPs and RA,
or cisplatin for 24 h, and measured the expression of PGC-1α by using RT-qPCR. The results showed
that the combination of PtNPs and RA significantly decreased the expression of PGC-1α by up to 8
folds, compared with the control, whereas PtNPs, RA, and cisplatin decreased the expression by 4, 2,
and 6 folds, respectively, compared with the untreated cells (Figure 8E). Collectively, the results suggest
that the combination of PtNPs and RA potentially induced mitochondrial dysfunction by altering
MMP, inhibiting the synthesis of ATP, and reducing the number of mitochondria and biogenesis.

2.9. PtNPs and RA Induce ERS and Apoptosis

Endoplasmic reticulum stress (ERS) may initiate the unfolded protein response (UPR) to restore
cellular homeostasis or induce apoptosis [98]. UPR is regulated by various transmembrane proteins such
as protein kinase-like ER kinase (PERK), inositol-requiring enzyme 1 (IRE1), activating transcription
factor (ATF6), and ATF4, which are involved in the maintenance of homoeostasis. Therefore, to determine
whether the administration of PtNPs and RA caused ERS, the mRNA expression of genes associated
with ERS, which included PERK, IRE1, ATF6, and ATF4, were analyzed by RT-qPCR. Our results
demonstrated that the mRNA expression levels of PERK, IRE1, ATF6, and ATF4 in SH-SY5Y cells treated
with PtNPs and RA for 24 h were significantly higher by 2–4 fold than those in the control (Figure 9).
Similarly, SH-SY5Y cells treated with PtNPs, RA, and cisplatin exhibited significantly higher expression
of the genes than the untreated cells; however, the expression levels were lower than those observed
with the combination of PtNPs and RA. ZnONPs increased the phosphorylation of RNA-dependent
PERK, and eukaryotic initiation factor 2α decreased the protein translation and synthesis [99]. Previous
studies have suggested that ERS can be induced by various types of nanoparticles. These findings
suggest that PtNPs induce apoptosis through the induction of ERS. The activation of PERK, IRE1, ATF6,
and ATF4 in SH-SY5Y cells by PtNPs was consistent with the results of previous studies performed
using various nanoparticles, such as those of titanium dioxide [100], zinc oxide [99], silver [101],
and silica [102].
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Figure 9. PtNPs and RA enhance the expression of endoplasmic reticulum stress (ERS) and apoptotic
genes. SH-SY5Y cells were incubated with PtNPs (25 µg/mL), RA (12.5 µM), combination of PtNPs
(25 µg/mL) and RA (12.5 µM), or cisplatin (6.5 µM) for 24 h. The mRNA expression of ERS-related genes,
IRE1 (A), PERK (B), ATF6 (C), and ATF4 (D) was analyzed using quantitative reverse-transcription
polymerase chain reaction. mRNA expression of apoptotic genes, p53 (E), Bax (F), caspase-3 (G),
and Bcl-2 (H). The fold change in the expression was determined relative to GAPDH expression.
The results are expressed as mean fold change± standard deviation from three independent experiments.
There was a significant difference between treated cells and untreated cells per Student’s t-test (* p < 0.05).
The treated groups showed statistically significant differences from the control group per the Student’s
t-test; * p < 0.05 was considered significant, ** p < 0.01 was considered highly significant. PtNPs,
platinum nanoparticles; RA, retinoic acid; IRE1, inositol-requiring enzyme 1; PERK, protein kinase-like
ER kinase; ATF6, activating transcription factor 6; ATF4, activating transcription factor 4.

Furthermore, we investigated whether ERS is involved in PtNP and RA-induced apoptosis of
SH-SY5Y cells by measuring the expression levels of apoptotic-related genes, including p53, Bax,
caspase-3, and Bcl-2. Our results showed that the mRNA expression levels of pro-apoptotic genes,
p53, Bax, and caspase-3 were significantly higher than those in the control (Figure 9). PtNP and
RA treatment resulted in significant decrease in the mRNA expression of the anti-apoptotic gene,
Bcl-2, in SH-SY5Y cells, and although PtNP, RA, and cisplatin treatment induced the expression
of pro-apoptotic genes, the induction level was lower than that with the combination treatment.
CHOP/GADD153, a proapoptotic protein, is involved in the promotion of apoptosis through the
PERK/ATF4 and ATF6 pathways [103]. Under ERS, IRE1 induces apoptosis by increasing the expression
levels of ER chaperons (grp78, grp94, and pdi-3) and activating JNK [104]. CHP134 and NB-39-nu
cells treated with RA showed significant downregulation of Bcl-2, which was associated with the
significant activation of caspase-9 and caspase-3 as well as cytoplasmic release of cytochrome c
from the mitochondria in a p53-independent manner [105]. Giorgi et al. demonstrated that p53 at
the endoplasmic reticulum and the mitochondria-associated membranes, interacting with sarco/ER
Ca2+-ATPase pumps, modulates ER–mitochondria cross-talk and Ca2+-dependent apoptosis [106].
RA activates p53 and Bax, which is required for initiation of mitochondrial-mediated apoptosis pathway
in human pluripotent stem cells (Setoguchi et al., 2016). Human umbilical vascular endothelial cells
exposed to thapsigargin treatment showed increased levels of cyt c, caspase-3, caspase-4, caspase-9,
caspase-12, and PARP through the activation of ATF6. Furthermore, the over-expression of ATF6
increases the expression of CHOP, and JNK/NF-κB was also involved in ERS-induced cell apoptosis,
which supports that ERS activates mitochondrion-mediated apoptosis [107]. RA was also reported to
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significantly activate the mRNA expression of p53, p21, Bax, Bak, caspase-3, and caspase-9, and decrease
the expression of Bcl-2 and Bcl-Xl in F9 teratocarcinoma stem cells [66]. In this study, the combination
of the two agents resulted in a more effective and efficient induction of programmed cell death in
SH-SY5Y cells. Altogether, these findings indicate that the combination of PtNPs and RA induces
ERS-mediated cell apoptosis.

2.10. PtNPs and RA Induce Apoptosis and Oxidative DNA Damage

To confirm that apoptosis was induced by PtNPs and RA, SH-SY5Y cells were analyzed in the
presence of acridine orange/ethidium bromide (AO/EB) stain. The different group of cells, including the
control cells, were cultured in DMEM and stained with AO/EB. Cells treated with PtNPs, RA, PtNPs and
RA, and cisplatin exhibited significant apoptosis; however, the combination of PtNPs and RA induced
more pronounced effect than the single treatments (Figure 10A). Green-stained cells represented viable
cells, whereas yellow-stained cells represented early apoptotic cells, and red- or orange-stained cells
represented late apoptotic cells. SH-SY5Y cells treated with PtNPs and RA showed significant changes
in cellular morphology, including chromatin condensation, membrane blebbing, and fragmented nuclei,
which indicates that PtNPs and RA potentially induced early and late apoptosis. Similar features were
also observed in cells treated with PtNPs, RA, and cisplatin. In addition, the combination treatment
caused severe damage and late-stage apoptosis with the presence of apoptotic bodies. Cells treated
with PtNPs, RA, PtNPs and RA, and cisplatin were more prone to chromatin condensation, nuclear
fragmentation, and apoptosis, compared with the control. Several studies have reported that metallic
nanoparticles such as silver, palladium, and platinum can potentially induce apoptosis via DNA
chromatin condensation and fragmentation in various type of cancer cells, including human breast
cancer cells [108], ovarian cancer cells [109], human neuroblastoma cancer cells, [110] and human bone
OS epithelial cells [49].

Oxidative stress-induced DNA and RNA damage include oxidized DNA bases as well as DNA
single strand and double strand breaks. Guanine is the most susceptible to oxidation by ROS, resulting
in the generation of 8-oxoguanine [111]. Thus, we examined the levels of 8-hydroxy-2-deoxyguanosine
(8-OHdG) and 8-hydroxyguanosine (8-OHG) in SH-SY5Y cells exposed to PtNPs, RA, PtNPs and RA,
and cisplatin for 24 h, and the results revealed that the accumulation rate of 8-OHdG (1100 ng/mL)
was significantly higher, compared with that of either PtNPs (200 ng/mL) or RA treatment alone
(300 ng/mL). However, the accumulation of 8-OHdG was remarkably higher (1700 ng/mL) in cells
treated with PtNPs and RA than in those treated singly with either PtNPs (300 ng/mL) or RA (500 ng/mL)
(Figure 10B,C). For example, DNA damage was induced in BALB/c 3T3 fibroblasts exposed to gold
nanoparticles through an indirect mechanism triggered by oxidative stress [112], and severe oxidative
damage to DNA and accumulation of 8-OHdG and 8-OHG SH-SY5Y were observed in cells exposed
to silver nanoparticles [49]. It has also been reported that TiO2NP induced ROS-mediated oxidative
stress, the activation of p53, Bax, and caspase- 3, and oxidative DNA damage in HEK-293 cells [113].
Similarly, human hepatocytes and embryonic kidney cells exposed to zinc oxide nanoparticles exhibited
altered cellular morphology, mitochondrial dysfunction, increased levels of oxidative stress markers,
and oxidative DNA damage [114]. HaCaT cells treated with silicon dioxide NPs exhibited increased level
of ROS, DNA damage, and apoptosis in size- and concentration-dependent manners [115]. Similarly
to other metallic NPs, PtNPs induced oxidative DNA damage in human cancer cells, including human
monocytic THP-1 cells [48]. The combination of PtNPs and doxorubicin caused significant oxidative
DNA damage and induced the accumulation of 8-OHdG and 8-OHG in osteosarcoma cancer cells [49].
Altogether, these results clearly support that the combination of PtNPs and RA can potentially induce
DNA damage.
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Figure 10. PtNPs and RA induce apoptosis and accumulation of 8-OHdG and 8-OHG.SH-SY5Y cells
were incubated with PtNPs (25 µg/mL), RA (12.5 µM), combination of PtNPs (25 µg/mL) and RA
(12.5 µM), or cisplatin (6.5 µM) for 24 h. Morphologic observation with acridine orange/ethidium
bromide (AO/EB) staining (A). SH-SY5Y cells were treated without (1), with PtNPs (2), RA (3), PtNPs
and RA (4), or cisplatin (5) for 24 h. White color arrow indicates viable cells, blue color indicates early
apoptotic cells, and red color indicates late apoptotic cells. Each experiment was performed in triplicate
(n = 3). Original magnification was 200 µm. The level of 8-OHdG was measured by ELISA after 24 h of
exposure (B). The level of 8-OHG was measured by ELISA after 24 h of exposure (C). The results are
expressed as mean ± standard deviation from three independent experiments. There was a significant
difference between treated cells and untreated cells per Student’s t-test (* p < 0.05). The treated groups
showed statistically significant differences from the control group per the Student’s t-test; * p < 0.05 was
considered significant, ** p < 0.01 was considered highly significant. PtNPs, platinum nanoparticles; RA,
retinoic acid; ELISA, enzyme-linked immunosorbent assay; 8-OHdG, 8-hydroxy-2-deoxyguanosine;
8-OHG, 8-hydroxyguanosine.

2.11. Combination of PtNPs and RA Increases Differentiation and the Expression of Differentiation Markers in
SH-SY5Y Cells

To investigate the potential ability of PtNPs and RA to induce differentiation of SH-SY5Y cells,
the cells were treated with 1% FBS for 24 h, and the medium was removed afterwards. Next, the cells
were incubated with fresh medium containing PtNPs, RA, PtNPs and RA, or cisplatin for another 24 h.
Differentiation was assessed by phase contrast microscopy. As shown in Figure 11, the phase contrast
images of SH-SY5Y in the untreated and cisplatin-treated cultures showed no neurite outgrowth,
and the cells had a round shape and protrusion, whereas PtNPs- or RA-treated cells showed significant
number of long neurites (black arrows). Similarly, cells treated with the combination of PtNPs and RA
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had significantly larger number of, more clustered, and branched longer neuritis, compared with the
untreated cells. However, the untreated cells were more numerous, more clustered, longer, and with
more detectable network formation than the PtNPs- or RA-induced neurites. The morphology of
SH-SY5Y cells treated with PtNPs and RA was relatively polar, and the cells grew faster and significantly
longer than cells treated with PtNPs or RA. These findings corroborated with those of a recent study
on SH-SY5Y cells, which used various differentiating agents, including RA [116] and a combination of
RA and brain-derived neurotrophic factor (BDNF) [117].

Figure 11. (A). PtNPs and RA enhance the differentiation and expression of differentiation markers
of SH-SY5Y cells. SH-SY5Y cells were incubated with PtNPs (25 µg/mL), RA (12.5 µM), combination
of PtNPs (25 µg/mL) and RA (12.5 µM), or cisplatin (6.5 µM) for 24 h. Phase contrast microscopy
images showing the morphological changes in SH-SY5Y cells after treatment without (A) and with
PtNPs (B), RA (C), PtNPs and RA (D), and cisplatin (E) in 1% serum-supplemented medium. The black
arrows indicate significant, lengthy neurite outgrowth. At least three independent experiments were
performed for each sample. Scale bar is 100 µm.

SH-SY5Y cells treated with estradiol, RA, and cholesterol showed different ranges of branching of
shorter and longer neurites and detectable network formation [118]. RA is a well-known inducer of
differentiation and proliferation in normal stem cells. Similarly, metallic nanoparticles, such as silver,
induce differentiation in SH-SY5Y cells [119] and F9 teratocarcinoma stem cells [120]. Treatment of breast
cancer stem-like cells, MCF7/C6, with ATRA caused cell differentiation, reduced invasion and migration,
and increased sensitivity to anticancer treatment [121]. In a recent study, graphene induced significant
differentiation in human neural stem cells [122] and SH-SY5Y cells [78]. AgNPs-induced oxidative
stress triggered neuronal differentiation through the modulation of phosphatases and the kinase
signaling pathways in SH-SY5Y cells [119]. Similarly, in this study, PtNPs and RA induced oxidative
stress through the production of ROS and consequently induced differentiation in SH-SY5Y cells.

2.12. Effect of Cisplatin on Undifferentiated and Differentiated SH-SY5Y Cells

Differentiation is one of the best approaches that can be used to eliminate cancer stem cells [123].
Therefore, development of new approaches targeting at the differentiation process is essential in
anticancer therapy. As differentiated cells exhibit better responsiveness to drugs than undifferentiated
cells, we evaluated the sensitivity of SH-SY5Y cells to cisplatin. We used PtNPs, RA, and cisplatin
at their IC 25 to avoid major cytotoxic effects. To determine the effect of cisplatin on undifferentiated
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and differentiated SH-SY5Y cells, both forms of cells were pretreated with PtNPs and RA and
subsequently treated with cisplatin for 24 h. Results showed that the treatment of differentiated
SH-SY5Y cells with both PtNPs and RA in the presence of cisplatin or with PtNPs or RA in the
presence of cisplatin, resulted in stronger cytotoxic effects than those in the absence of cisplatin in
either the undifferentiated or differentiated cells. Moreover, the combination of PtNPs and RA in the
presence of cisplatin exerted a more remarkable effect than either PtNPs or RA in the presence of
cisplatin (Figure 12A,B). This result suggests that combination therapy with differentiated cells might
be valuable for improving the outcome of patients with high-risk neuroblastoma. In addition, our
results support the potential benefits of combination therapy using PtNPs and RA in neuroblastoma
cancer. ATRA effectively induced the differentiation of tumor-initiating cells, which potentiated the
cytotoxic effects of cisplatin. The combinatorial treatment with ATRA acid and cisplatin reduced
protein kinase B (Thr308) phosphorylation and promoted the apoptosis of hepatocellular carcinoma
cells more significantly than treatment with cisplatin alone [124]. Similarly, we have reported significant
effect of cisplatin on silver nanoparticles-differentiated F9 cells. Cisplatin significantly inhibited the
proliferation of differentiated F9 cells after 24-h treatment with AgNPs [123]. Our findings suggest that
PtNPs potentiated the effect of cisplatin on the viability of SH-SY5Y cells, indicating that PtNPs have
the capacity to re-sensitize cells to cisplatin cytotoxicity by directly/indirectly targeting cancer stem
cells. Hence, the data revealed that the combination of PtNPs and RA in the presence of cisplatin could
increase the efficacy against cancer stem-like cells.

Figure 12. Effect of cisplatin on undifferentiated and differentiated SH-SY5Y cells. SH-SY5Y cells were
pre-incubated with PtNPs (25 µg/mL), RA (12.5 µM), or the combination of PtNPs (25 µg/mL) and RA
(12.5 µM) for 24 h. After preincubation, cisplatin (6.5 µM) was added to the cells. Cell viability was
determined in undifferentiated SH-SY5Y cells (A) and differentiated SH-SY5Y cells (B). Determination
of ROS using DCFH-DA in undifferentiated SH-SY5Y cells (C) and differentiated SH-SY5Y cells (D).
The results are expressed as mean ± standard deviation from three independent experiments. There
was a significant difference between treated cells and untreated cells per Student’s t-test (* p < 0.05).
The treated groups showed statistically significant differences from the control group per the Student’s
t-test; * p < 0.05 was considered significant, ** p < 0.01 was considered highly significant, and ***
p < 0.001 was considered very highly significant. PtNPs, platinum nanoparticles; RA, retinoic acid;
DCFH-DA, dichloro-dihydro-fluorescein diacetate.
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Excessive production of ROS leads to damage to various macromolecules such as DNA, proteins,
and lipids, which in turn leads to progressive cell dysfunction and apoptosis. The differentiated
neuronal cells are highly susceptible to oxidant-mediated damage due to differences arising in the
relative activities of essential antioxidant enzymes and the limited ability to generate or recycle
GSH [125]. To investigate the influence of cisplatin on SH-SY5Y cells differentiated with PtNPs and RA,
both the differentiated and undifferentiated cells were challenged with cisplatin for 24 h. Intracellular
levels of ROS were detected by DCFA-DA, and our results showed that differentiated cells exhibited
significant elevation of ROS, compared with the control and undifferentiated cells. The level of ROS
production was several folds higher in cells treated with PtNPs and RA in the presence of cisplatin
(Figure 12C,D). These results indicate that the oxidative properties of PtNPs, RA, and cisplatin induce
the production of intracellular ROS during neuronal differentiation. This may be due to the apoptotic
effect of PtNPs, RA, and cisplatin in neuronal cells, whereby they significantly induce ROS-medicated
cellular toxicity and oxidative stress in differentiated cells compared with undifferentiated cells or
untreated cells. Previous studies have suggested that excessive production of ROS in differentiated cells
induces apoptosis, increases lactate production, and leads to an uncoupling of electron transport chain
flux from ATP production in embryonic stem cells. This is associated with immature mitochondrial
morphology and reduced redox environment [126,127]. Furthermore, forced activation of oxidative
phosphorylation leads to loss of stem cell properties and increased differentiation or apoptosis [127].
Collectively, our findings suggest that treatment with the combination of PtNPs and RA in the presence
of cisplatin causes excessive production of ROS, which could modulate various intracellular signaling
pathways in differentiated cells.

Given that RA can influence differentiation, we determined whether its combination with PtNPs
could enhance the differentiation of neuronal markers. We examined the expression of various
neuronal markers of differentiation, including microtubule-associated protein 2 (MAP2), beta-tubulin
III, neurogenin, growth associated protein 43 (GAP-43), dopamine receptors type 2 (DRD2), neurofascin
(NFASC), neuropilin 1 (NRP1), and gamma neuronal (NSE) in SH-SY5Y cells exposed for 24 h.
The relative expression levels of all the genes were increased by 4–8 folds after treatment with PtNPs
and RA. Moreover, the combination of PtNPs and RA upregulated all the genes more effectively than
PtNPs or RA. This suggests that PtNPs could promote neuronal differentiation response to RA in
SH-SY5Y cells. Interestingly, all the test genes were upregulated by 4–8 folds in the presence of PtNPs
and RA (Figure 13). This demonstrates that PtNPs has the capacity to enhance RA-induced neuronal
gene expression. It has been reported that other nanomaterials such as silver and graphene oxide
have the ability to induce the expression of various neuronal differentiation markers in SH-SY5Y
cells [78,119]. Moreover, the combination of PtNPs and RA upregulated all the genes more effectively
than PtNPs or RA. This suggests that PtNPs could promote neuronal differentiation response to RA
in SH-SY5Y cells. Interestingly, all the test genes were upregulated by 4–8 folds in the presence of
PtNPs and RA (Figure 13). This demonstrates that PtNPs has the capacity to enhance RA-induced
neuronal gene expression. It has been reported that other nanomaterials such as silver and graphene
oxide have the ability to induce the expression of various neuronal differentiation markers in SH-SY5Y
cells [78,119].
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Figure 13. Effect of cisplatin on undifferentiated and differentiated SH-SY5Y cells. SH-SY5Y cells were
pre-incubated with PtNPs (25 µg/mL), RA (12.5 µM), or the combination of PtNPs (25 µg/mL) and RA
(12.5 µM) for 24 h. After preincubation, cisplatin (6.5 µM) was added to the cells. We examined the
expression of various neuronal markers of differentiation, including MAP2 (A), beta-tubulin III (B),
neurogenin (C), GAP-43 (D), DRD2 (E), neurofascin (F), neuropilin 1 (G), and gamma neuronal (H)
in SH-SY5Y cells exposed for 24 h. The relative expression levels of all the genes were increased by
4–8 folds after treatment with PtNPs and RA. The results are expressed as mean ± standard deviation
from three independent experiments. There was a significant difference between treated cells and
untreated cells per Student’s t-test (* p < 0.05). The treated groups showed statistically significant
differences from the control group per the Student’s t-test; * p < 0.05 was considered significant,
** p < 0.01 was considered highly significant.

3. Materials and Methods

3.1. Synthesis and Characterization of PtNPs

PtNPs synthesis and characterization was performed as described earlier [48]. PtNPs were
synthesized through the reduction of PtCl6 2- ions into PtNPs by mixing 10 mL of 1 mg/mL beta
carotene with 90 mL of 1 mM aqueous H2PtCl6.6H2O (Sigma-Aldrich, St.Loius, MO, USA). The mixture
was maintained at 100 ◦C (on a hotplate) in a sealed flask to avoid evaporation for 1 h, as temperature
catalyzes the reduction process.

3.2. Cell Viability and Cell Proliferation Assay

SH-SY5Y human neuroblastoma cells were obtained from the American Type Culture Collection.
Cell viability was measured using a cell counting kit-8 (CCK-8; CK04-01, Dojindo Laboratories,
Kumamoto, Japan). Briefly, the cells were plated in 96-well flat-bottom culture plates containing
various concentrations of PtNPs (20–100 µg/mL), RA (10–50 µg/mL) and cisplatin (5–25 µg/mL).
After 24-h culture at 37 ◦C in a humidified 5% CO2 incubator, CCK-8 solution (10 µL) was added to
each well, and the plate was incubated for another 2 h at 37 ◦C. Absorbance was measured at 450
nm using a microplate reader (Multiskan FC, Thermo Fisher Scientific Inc., Waltham, MA, USA). Cell
proliferation was determined according to the manufacturer’s instructions (Roche, Belmont, CA, USA).

3.3. Cell Morphology Analysis

SH-SY5Y cells were plated in 6-well plates (2 × 105 cells per well) and incubated with IC25 of
PtNPs (25 µg/mL), RA (12.5 µM), PtNPs and RA (25 µg/mL + 12.5 µM), or cisplatin (6.5 µM) for 24 h.
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Untreated cells and cisplatin-treated cells were used as the controls. The morphology of the cells was
examined with an OLYMPUS IX71 microscope (Tokyo, Japan) using the appropriate filter sets.

3.4. Cytotoxicity Assays

The membrane integrity of SH-SY5Y cells was evaluated using a LDH cytotoxicity detection kit
(Sigma-Aldrich, St.Loius, MO, USA). A dead-cell protease activity assay was performed according to
the method described earlier [34].

3.5. Determination of the Levels of Reactive Oxygen Species (ROS), Malondialdehyde (MDA), Nitric Oxide
(NO), and Protein Carbonyl Content (PCC)

ROS, MDA, NO, and PCC was estimated as described previously [48]. Oxidative stress markers
detections kits were obtained from Sigma-Aldrich, St. Louis, MO, USA. SH-SY5Y cells were treated
with IC25 concentrations of PtNPs (25 µg/mL), RA (12.5 µM), PtNPs and RA (25 µg/mL + 12.5 µM),
or cisplatin (6.5 µM) for 24 h. Detailed methodology given as Supplementary File.

3.6. ELISA

Levels of 4-hydroxynonenal (4-HNE), 8-hydroxy-2′-deoxyguanosine (8-OHdG), and 8-hydroxy
guanosine (8-OHG) in SH-SY5Y cells exposed to PtNPs (25 µg/mL), RA (12.5 µM), PtNPs and RA
(25 µg/mL + 12.5 µM), or cisplatin (6.5 µM) for 24 h were measured according to a previously described
method [128]. An ELISA kit was used to measure the concentrations of 4-HNE, 8-OHdG, and 8-OHG
according to the manufacturers’ instructions. ELISA kits were used to measure concentrations of
4-hydroxynonenal (4-HNE, Cusabio Biotech Co. Ltd., Wilmington, Del., USA), 8-OHdG and 8-OHG
ELISA kit purchased from Trevigen, Gaithersburg, MD, USA).

3.7. Measurement of the Levels of Anti-Oxidative Markers

The expression levels of oxidative and anti-oxidative stress markers were determined as previously
described [48]. Antioxidants kits were purchased from Sigma, St.Louis, MO, USA.

3.8. Determination of Mitochondrial Dysfunctions

Mitochondrial membrane potential (MMP) was measured according to the manufacturer’s
instructions (Molecular Probes, Eugene, OR, USA) using the cationic fluorescent indicator, JC-1
(Molecular Probes). SH-SY5Y cells were pretreated with or without PtNPs (25 µg/mL), RA (12.5 µM),
combination of PtNPs and RA (25µg/mL + 12.5µM), or cisplatin (6.5µM) for 24 h, followed by incubation
with 10 µM JC-1 at 37 ◦C for 15 min, washing with PBS, re-suspension in PBS, and measurement
of the fluorescence intensity. MMP is expressed as the ratio of the fluorescence intensity of the JC-1
aggregates to that of the monomers.

The ATP level was measured according to the manufacturer’s instructions (Catalog Number
MAK135, (Sigma-Aldrich, St. Louis, MO, USA). Decreased ATP levels indicated increased cytotoxicity
to the treated cells.

Mitochondrial dysfunction analysis was carried out by assessing the mitochondria copy number
using RT-qPCR analysis [96].

3.9. Determination of Apoptosis Using AO/EB Staining

For detection of apoptotic cells, SH-SY5Y cells were treated with or without PtNPs (25 µg/mL),
RA (12.5 µM), PtNPs and RA (25 µg/mL + 12.5 µM), or cisplatin (6.5 µM) for 24 h. Approximately 1 µL
of a dye mixture containing AO and EtBr was mixed with 9 mL of cell suspension (1 × 105 cells per ml)
on clean microscope cover slips. The cells were collected, washed with PBS (pH 7.2), and stained with
1 mL of AO/EtBr. After incubation for 2 min, the cells were washed twice with PBS (5 min each) and
visualized under a fluorescence microscope at 400×magnification with an excitation filter at 480 nm.
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3.10. RT-qPCR

RT-qPCR was performed according to a previously described method [129]. The sequences of the
RT-qPCR primers are shown in Supplementary Tables S1 and S2.

3.11. Statistical Analysis

Independent experiments were repeated at least thrice, and all data are presented as
mean ± standard deviation for all triplicates within an individual experiment. If a single concentration
of a drug was assessed, the Student’s t-test was used to identify drugs that exhibited a significant
effect, compared with the vehicle control group. If multiple concentrations of a drug were assessed,
ANOVA was first used to assess whether there were any differences in the mean among the various
concentrations of each compound, if a significant difference was determined (p < 0.05), Dunnett’s test,
which is appropriate for multiple pair-wise comparisons against a control, was then performed.

4. Conclusions

Neuroblastoma is the most common extracranial solid tumor that preferentially occurs in childhood.
Although the introduction of several antitumor agents and treatments has improved the survival
of neuroblastoma patients, the disease is still associated with high mortality. Moreover, long term
treatment leads to short- and long-term undesired toxicities. Nanoparticle-mediated combination
therapy is an alternative therapeutic approach that can be used to overcome some of the common
limitations of conventional chemotherapy. However, the therapeutic effects of the combination of
platinum nanoparticles and RA in neuroblastoma have remained elusive. Thus, we investigated the
effect of the combination of PtNPs and RA on growth inhibition, cell morphology, cytotoxicity, oxidative
stress, mitochondrial dysfunction, ERS, apoptosis, oxidative DNA damage, and differentiation in
human neuroblastoma cancer cells (SH-SY5Y). PtNPs acted synergistically with RA to induce cell death,
which was associated with growth inhibition, loss of cell viability, loss of mitochondrial membrane
potential, activation of ERS genes, pro-apoptotic genes, and caspase-3, and eventually DNA damage.
In the present study, we demonstrated that treatment of differentiated SH-SY5Y cells with PtNPs
and RA in the presence of cisplatin exhibited significant and better cytotoxic effects than that of
undifferentiated cells. Therefore, PtNPs and RA could work together to exert enhanced therapeutic
efficacy and minimal cytotoxic side-effects. The present study provided experimental evidence of the
potential benefit of the combination of PtNPs and RA in the prevention and treatment of neuroblastoma.
Furthermore, these findings suggest that PtNPs and RA acted synergistically to induce apoptosis
and may have potential for combination biotherapy in the treatment of malignant diseases such as
neuroblastoma. However, further studies with animal models are warranted to decipher the molecular
mechanisms associated with the synergistic actions of PtNPs and RA.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/18/
6792/s1.

Author Contributions: S.G. proposed the idea for this study and was involved in the experimental design,
data analysis, synthesis of palladium nanoparticles, cellular assays, and writing of the manuscript. M.J. performed
cell culture, cell morphology assays, and DNA damage assay. M.-H.K. reviewed the figures and arranged the
references. J.-H.K. provided the facilities for the study, as well as supervised, validated and acquired funding for
the study. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by a grant from the Science Research Center (2015R1A5A1009701) of the
National Research Foundation of Korea.

Acknowledgments: This study was supported by the KU-Research Professor Program of Konkuk University.

Conflicts of Interest: The authors declare no conflict of interest.

http://www.mdpi.com/1422-0067/21/18/6792/s1
http://www.mdpi.com/1422-0067/21/18/6792/s1


Int. J. Mol. Sci. 2020, 21, 6792 26 of 32

References

1. Fitzmaurice, C.; Allen, C.; Barber, R.M.; Barregard, L.; Bhutta, Z.A.; Brenner, H.; Dicker, D.J.; Chimed-Orchir, O.;
Dandona, R.; Dandona, L.; et al. Global, Regional, and National Cancer Incidence, Mortality, Years of Life
Lost, Years Lived With Disability, and Disability-Adjusted Life-years for 32 Cancer Groups, 1990 to 2015:
A Systematic Analysis for the Global Burden of Disease Study. JAMA Oncol. 2017, 3, 524–548. [CrossRef]
[PubMed]

2. International Agency for Research on Cancer, Cancer Fact Sheets. Available online: http://globocan.iarc.fr/
Pages/fact_sheets_cancer.aspx (accessed on 1 September 2019).

3. Loo, C.; Lowery, A.; Halas, N.; West, J.; Drezek, R. Immunotargeted nanoshells for integrated cancer imaging
and therapy. Nano Lett. 2005, 5, 709–711. [PubMed]

4. Lal, S.; Clare, S.E.; Halas, N.J. Nanoshell-enabled photothermal cancer therapy: Impending clinical impact.
Acc. Chem. Res. 2008, 41, 1842–1851. [CrossRef] [PubMed]

5. Bardhan, R.; Chen, W.; Perez-Torres, C.; Bartels, M.; Huschka, R.M.; Zhao, L.L.; Morosan, E.; Pautler, R.G.;
Joshi, A.; Halas, N.J. Nanoshells with Targeted Simultaneous Enhancement of Magnetic and Optical Imaging
and Photothermal Therapeutic Response. Adv. Funct. Mater. 2009, 19, 3901–3909. [CrossRef]

6. Jørgensen, J.T.; Norregaard, K.; Tian, P.; Bendix, P.M.; Kjaer, A.; Oddershede, L.B. Single Particle and
PET-based Platform for Identifying Optimal Plasmonic Nano-Heaters for Photothermal Cancer Therapy.
Sci. Rep. 2016, 6, 30076. [PubMed]

7. Maeda, H.; Wu, J.; Sawa, T.; Matsumura, Y.; Hori, K. Tumor vascular permeability and the EPR effect in
macromolecular therapeutics: A review. J. Control. Release 2000, 65, 271–284. [CrossRef]

8. Jaque, D.; Martinez Maestro, L.; del Rosal, B.; Haro-Gonzalez, P.; Benayas, A.; Plaza, J.L.; Martin Rodriguez, E.;
Garcia Sole, J. Nanoparticles for photothermal therapies. Nanoscale 2014, 6, 9494–9530. [CrossRef]

9. Svoboda, K.; Block, S.M. Optical trapping of metallic Rayleigh particles. Opt. Lett. 1994, 19, 930–932.
[CrossRef]

10. Samadi, A.; Klingberg, H.; Jauffred, L.; Kjær, A.; Bendix, P.M.; Oddershede, L.B. Platinum nanoparticles:
A non-toxic, effective and thermally stable alternative plasmonic material for cancer therapy and
bioengineering. Nanoscale 2018, 10, 9097–9107. [CrossRef]

11. Linic, S.; Aslam, U.; Boerigter, C.; Morabito, M. Photochemical transformations on plasmonic metal
nanoparticles. Nat. Mater. 2015, 14, 567–576. [CrossRef]

12. Li, D.; Ma, Y.; Du, J.; Tao, W.; Du, X.; Yang, X.; Wang, J. Tumor Acidity/NIR Controlled Interaction of
Transformable Nanoparticle with Biological Systems for Cancer Therapy. Nano Lett. 2017, 17, 2871–2878.
[CrossRef] [PubMed]

13. Chen, J.; Ding, J.; Wang, Y.; Cheng, J.; Ji, S.; Zhuang, X.; Chen, X. Sequentially Responsive Shell-Stacked
Nanoparticles for Deep Penetration into Solid Tumors. Adv. Mater. (Deerfield BeachFla.) 2017, 29. [CrossRef]
[PubMed]

14. Zhang, Y.; Zhang, J.; Xu, W.; Xiao, G.; Ding, J.; Chen, X. Tumor microenvironment-labile polymer-doxorubicin
conjugate thermogel combined with docetaxel for in situ synergistic chemotherapy of hepatoma. Acta Biomater.
2018, 77, 63–73. [CrossRef] [PubMed]

15. Bang, Y.J.; Van Cutsem, E.; Feyereislova, A.; Chung, H.C.; Shen, L.; Sawaki, A.; Lordick, F.; Ohtsu, A.;
Omuro, Y.; Satoh, T.; et al. Trastuzumab in combination with chemotherapy versus chemotherapy alone
for treatment of HER2-positive advanced gastric or gastro-oesophageal junction cancer (ToGA): A phase 3,
open-label, randomised controlled trial. Lancet (Lond. Engl.) 2010, 376, 687–697. [CrossRef]

16. Gurunathan, S.; Kang, M.H.; Qasim, M.; Kim, J.H. Nanoparticle-Mediated Combination Therapy: Two-in-One
Approach for Cancer. Int. J. Mol. Sci. 2018, 19, 3264. [CrossRef]

17. Cheung, N.K.; Kushner, B.H.; LaQuaglia, M.P.; Kramer, K.; Ambros, P.; Ambros, I.; Ladanyi, M.; Eddy, J.;
Bonilla, M.A.; Gerald, W. Survival from non-stage 4 neuroblastoma without cytotoxic therapy: An analysis
of clinical and biological markers. Eur. J. Cancer (Oxf. Engl. 1990) 1997, 33, 2117–2120. [CrossRef]

18. London, W.B.; Castel, V.; Monclair, T.; Ambros, P.F.; Pearson, A.D.; Cohn, S.L.; Berthold, F.; Nakagawara, A.;
Ladenstein, R.L.; Iehara, T. Clinical and biologic features predictive of survival after relapse of neuroblastoma:
A report from the International Neuroblastoma Risk Group project. J. Clin. Oncol. 2011, 29, 3286. [CrossRef]

19. Cheung, N.-K.V.; Dyer, M.A. Neuroblastoma: Developmental biology, cancer genomics and immunotherapy.
Nat. Rev. Cancer. 2013, 13, 397–411. [CrossRef]

http://dx.doi.org/10.1001/jamaoncol.2016.5688
http://www.ncbi.nlm.nih.gov/pubmed/27918777
http://globocan.iarc.fr/Pages/fact_sheets_cancer.aspx
http://globocan.iarc.fr/Pages/fact_sheets_cancer.aspx
http://www.ncbi.nlm.nih.gov/pubmed/15826113
http://dx.doi.org/10.1021/ar800150g
http://www.ncbi.nlm.nih.gov/pubmed/19053240
http://dx.doi.org/10.1002/adfm.200901235
http://www.ncbi.nlm.nih.gov/pubmed/27481537
http://dx.doi.org/10.1016/s0168-3659(99)00248-5
http://dx.doi.org/10.1039/c4nr00708e
http://dx.doi.org/10.1364/ol.19.000930
http://dx.doi.org/10.1039/C8NR02275E
http://dx.doi.org/10.1038/nmat4281
http://dx.doi.org/10.1021/acs.nanolett.6b05396
http://www.ncbi.nlm.nih.gov/pubmed/28375632
http://dx.doi.org/10.1002/adma.201701170
http://www.ncbi.nlm.nih.gov/pubmed/28632302
http://dx.doi.org/10.1016/j.actbio.2018.07.021
http://www.ncbi.nlm.nih.gov/pubmed/30006312
http://dx.doi.org/10.1016/S0140-6736(10)61121-X
http://dx.doi.org/10.3390/ijms19103264
http://dx.doi.org/10.1016/S0959-8049(97)00281-5
http://dx.doi.org/10.1200/JCO.2010.34.3392
http://dx.doi.org/10.1038/nrc3526


Int. J. Mol. Sci. 2020, 21, 6792 27 of 32

20. Maris, J.M.; Hogarty, M.D.; Bagatell, R.; Cohn, S.L. Neuroblastoma. Lancet 2007, 369, 2106–2120. [CrossRef]
21. Matthay, K.K.; Villablanca, J.G.; Seeger, R.C.; Stram, D.O.; Harris, R.E.; Ramsay, N.K.; Swift, P.; Shimada, H.;

Black, C.T.; Brodeur, G.M.; et al. Treatment of high-risk neuroblastoma with intensive chemotherapy,
radiotherapy, autologous bone marrow transplantation, and 13-cis-retinoic acid. Children’s Cancer Group.
N. Engl. J. Med. 1999, 341, 1165–1173. [CrossRef]

22. Matthay, K.K.; Atkinson, J.B.; Stram, D.O.; Selch, M.; Reynolds, C.P.; Seeger, R.C. Patterns of relapse after
autologous purged bone marrow transplantation for neuroblastoma: A Childrens Cancer Group pilot study.
J. Clin. Oncol. 1993, 11, 2226–2233. [CrossRef] [PubMed]

23. Xia, L.; Wurmbach, E.; Waxman, S.; Jing, Y. Upregulation of Bfl-1/A1 in leukemia cells undergoing
differentiation by all-trans retinoic acid treatment attenuates chemotherapeutic agent-induced apoptosis.
Leukemia 2006, 20, 1009. [CrossRef] [PubMed]

24. Nehme, A.; Varadarajan, P.; Sellakumar, G.; Gerhold, M.; Niedner, H.; Zhang, Q.; Lin, X.; Christen, R.
Modulation of docetaxel-induced apoptosis and cell cycle arrest by all-trans retinoic acid in prostate cancer
cells. Br. J. Cancer 2001, 84, 1571. [CrossRef]

25. Merino, R.; Hurlé, J.M. The molecular basis of retinoid action in tumors. Trends Mol. Med. 2003, 9, 509–511.
[CrossRef] [PubMed]

26. Hu, Z.-B.; Minden, M.; McCulloch, E. Phosphorylation of BCL-2 after exposure of human leukemic cells to
retinoic acid. Blood 1998, 92, 1768–1775. [CrossRef]

27. Siddikuzzaman, G.C.; Berlin Grace, V. All trans retinoic acid and cancer. Immunopharmacol. Immunotoxicol.
2011, 33, 241–249. [CrossRef]

28. Zhu, W.Y.; Jones, C.S.; Kiss, A.; Matsukuma, K.; Amin, S.; De Luca, L.M. Retinoic acid inhibition of cell cycle
progression in MCF-7 human breast cancer cells. Exp. Cell Res. 1997, 234, 293–299. [CrossRef]

29. Liu, H.-W.; Hu, S.-H.; Chen, Y.-W.; Chen, S.-Y. Characterization and drug release behavior of highly responsive
chip-like electrically modulated reduced graphene oxide–poly (vinyl alcohol) membranes. J. Mater. Chem.
2012, 22, 17311–17320. [CrossRef]

30. Yao, J.; Zhang, L.; Zhou, J.; Liu, H.; Zhang, Q. Efficient simultaneous tumor targeting delivery of all-trans
retinoid acid and Paclitaxel based on hyaluronic acid-based multifunctional nanocarrier. Mol. Pharm. 2013,
10, 1080–1091. [CrossRef]

31. Sun, R.; Liu, Y.; Li, S.Y.; Shen, S.; Du, X.J.; Xu, C.F.; Cao, Z.T.; Bao, Y.; Zhu, Y.H.; Li, Y.P.; et al. Co-delivery of
all-trans-retinoic acid and doxorubicin for cancer therapy with synergistic inhibition of cancer stem cells.
Biomaterials 2015, 37, 405–414. [CrossRef]

32. Melino, G.; Bernassola, F.; Knight, R.A.; Corasaniti, M.T.; Nistic, G.; Finazzi-Agr, A. S-nitrosylation regulates
apoptosis. Nature 1997, 388, 432–433. [CrossRef] [PubMed]

33. Zhang, X.F.; Gurunathan, S. Combination of salinomycin and silver nanoparticles enhances apoptosis and
autophagy in human ovarian cancer cells: An effective anticancer therapy. Int. J. Nanomed. 2016, 11,
3655–3675. [CrossRef]

34. Yuan, Y.G.; Peng, Q.L.; Gurunathan, S. Combination of palladium nanoparticles and tubastatin-A potentiates
apoptosis in human breast cancer cells: A novel therapeutic approach for cancer. Int. J. Nanomed. 2017, 12,
6503–6520. [CrossRef] [PubMed]

35. De los Santos, M.; Zambrano, A.; Aranda, A. Combined effects of retinoic acid and histone deacetylase
inhibitors on human neuroblastoma SH-SY5Y cells. Mol. Cancer Ther. 2007, 6, 1425–1432. [PubMed]

36. Kato, Y.; Salumbides, B.C.; Wang, X.-F.; Qian, D.Z.; Williams, S.; Wei, Y.; Sanni, T.B.; Atadja, P.; Pili, R.
Antitumor effect of the histone deacetylase inhibitor LAQ824 in combination with 13-cis-retinoic acid in
human malignant melanoma. Mol. Cancer Ther. 2007, 6, 70–81. [PubMed]

37. Spiller, S.E.; Ditzler, S.H.; Pullar, B.J.; Olson, J.M. Response of preclinical medulloblastoma models to
combination therapy with 13-cis retinoic acid and suberoylanilide hydroxamic acid (SAHA). J. Neuro-Oncol.
2008, 87, 133–141. [CrossRef]

38. Witcher, M.; Ross, D.T.; Rousseau, C.; Deluca, L.; Miller, W.H. Synergy between all-trans retinoic acid and
tumor necrosis factor pathways in acute leukemia cells. Blood 2003, 102, 237–245.

39. Peer, D.; Karp, J.M.; Hong, S.; Farokhzad, O.C.; Margalit, R.; Langer, R. Nanocarriers as an emerging platform
for cancer therapy. Nat. Nanotechnol. 2007, 2, 751–760. [CrossRef]

40. Davis, M.E.; Chen, Z.G.; Shin, D.M. Nanoparticle therapeutics: An emerging treatment modality for cancer.
Nat. Rev. Drug Discov. 2008, 7, 771–782. [CrossRef]

http://dx.doi.org/10.1016/S0140-6736(07)60983-0
http://dx.doi.org/10.1056/NEJM199910143411601
http://dx.doi.org/10.1200/JCO.1993.11.11.2226
http://www.ncbi.nlm.nih.gov/pubmed/8229138
http://dx.doi.org/10.1038/sj.leu.2404198
http://www.ncbi.nlm.nih.gov/pubmed/16572199
http://dx.doi.org/10.1054/bjoc.2001.1818
http://dx.doi.org/10.1016/j.molmed.2003.10.003
http://www.ncbi.nlm.nih.gov/pubmed/14659462
http://dx.doi.org/10.1182/blood.V92.5.1768
http://dx.doi.org/10.3109/08923973.2010.521507
http://dx.doi.org/10.1006/excr.1997.3589
http://dx.doi.org/10.1039/c2jm32772d
http://dx.doi.org/10.1021/mp3005808
http://dx.doi.org/10.1016/j.biomaterials.2014.10.018
http://dx.doi.org/10.1038/41237
http://www.ncbi.nlm.nih.gov/pubmed/9242400
http://dx.doi.org/10.2147/ijn.S111279
http://dx.doi.org/10.2147/IJN.S136142
http://www.ncbi.nlm.nih.gov/pubmed/28919751
http://www.ncbi.nlm.nih.gov/pubmed/17431121
http://www.ncbi.nlm.nih.gov/pubmed/17237267
http://dx.doi.org/10.1007/s11060-007-9505-1
http://dx.doi.org/10.1038/nnano.2007.387
http://dx.doi.org/10.1038/nrd2614


Int. J. Mol. Sci. 2020, 21, 6792 28 of 32

41. Doane, T.L.; Burda, C. The unique role of nanoparticles in nanomedicine: Imaging, drug delivery and therapy.
Chem. Soc. Rev. 2012, 41, 2885–2911. [CrossRef]

42. Yuan, Y.Y.; Mao, C.Q.; Du, X.J.; Du, J.Z.; Wang, F.; Wang, J. Surface charge switchable nanoparticles based
on zwitterionic polymer for enhanced drug delivery to tumor. Adv. Mater. (Deerfield BeachFla.) 2012, 24,
5476–5480. [CrossRef] [PubMed]

43. Davis, M.E.; Zuckerman, J.E.; Choi, C.H.; Seligson, D.; Tolcher, A.; Alabi, C.A.; Yen, Y.; Heidel, J.D.; Ribas, A.
Evidence of RNAi in humans from systemically administered siRNA via targeted nanoparticles. Nature 2010,
464, 1067–1070. [CrossRef] [PubMed]

44. Meng, H.; Liong, M.; Xia, T.; Li, Z.; Ji, Z.; Zink, J.I.; Nel, A.E. Engineered design of mesoporous silica
nanoparticles to deliver doxorubicin and P-glycoprotein siRNA to overcome drug resistance in a cancer cell
line. ACS Nano 2010, 4, 4539–4550. [CrossRef]

45. Sarfati, G.; Dvir, T.; Elkabets, M.; Apte, R.N.; Cohen, S. Targeting of polymeric nanoparticles to lung
metastases by surface-attachment of YIGSR peptide from laminin. Biomaterials 2011, 32, 152–161. [CrossRef]
[PubMed]

46. Yang, X.Z.; Du, X.J.; Liu, Y.; Zhu, Y.H.; Liu, Y.Z.; Li, Y.P.; Wang, J. Rational design of polyion complex
nanoparticles to overcome cisplatin resistance in cancer therapy. Adv. Mater. (Deerfield BeachFla.) 2014, 26,
931–936. [CrossRef] [PubMed]

47. Al-Radadi, N.S. Green synthesis of platinum nanoparticles using Saudi’s Dates extract and their usage on
the cancer cell treatment. Arab. J. Chem. 2019, 12, 330–349. [CrossRef]

48. Gurunathan, S.; Jeyaraj, M.; Kang, M.H.; Kim, J.H. The Effects of Apigenin-Biosynthesized Ultra-Small
Platinum Nanoparticles on the Human Monocytic THP-1 Cell Line. Cells 2019, 8, 444. [CrossRef]

49. Gurunathan, S.; Jeyaraj, M.; Kang, M.H.; Kim, J.H. Tangeretin-Assisted Platinum Nanoparticles Enhance the
Apoptotic Properties of Doxorubicin: Combination Therapy for Osteosarcoma Treatment. Nanomaterials
2019, 9, 1089. [CrossRef]

50. Karthik, R.; Sasikumar, R.; Chen, S.-M.; Govindasamy, M.; Kumar, J.V.; Muthuraj, V. Green synthesis of
platinum nanoparticles using quercus glauca extract and its electrochemical oxidation of hydrazine in water
samples. Int. J. Electrochem. Sci. 2016, 11, 8245–8255. [CrossRef]

51. Huang, X.; Wu, H.; Liao, X.; Shi, B. One-step, size-controlled synthesis of gold nanoparticles at room
temperature using plant tannin. Green Chem. 2010, 12, 395–399. [CrossRef]

52. Hoshyar, N.; Gray, S.; Han, H.; Bao, G. The effect of nanoparticle size on in vivo pharmacokinetics and
cellular interaction. Nanomedicine 2016, 11, 673–692.

53. Bendale, Y.; Bendale, V.; Paul, S. Evaluation of cytotoxic activity of platinum nanoparticles against normal
and cancer cells and its anticancer potential through induction of apoptosis. Integr. Med. Res. 2017, 6,
141–148.

54. Kutwin, M.; Sawosz, E.; Jaworski, S.; Hinzmann, M.; Wierzbicki, M.; Hotowy, A.; Grodzik, M.; Winnicka, A.;
Chwalibog, A. Investigation of platinum nanoparticle properties against U87 glioblastoma multiforme. Arch.
Med. Sci. 2017, 13, 1322. [PubMed]

55. Almeer, R.S.; Ali, D.; Alarifi, S.; Alkahtani, S.; Almansour, M. Green Platinum Nanoparticles Interaction With
HEK293 Cells: Cellular Toxicity, Apoptosis, and Genetic Damage. Dose-Response 2018, 16, 1559325818807382.
[CrossRef] [PubMed]

56. Gurunathan, S.; Jeyaraj, M.; Kang, M.H.; Kim, J.H. Graphene Oxide(-)Platinum Nanoparticle Nanocomposites:
A Suitable Biocompatible Therapeutic Agent for Prostate Cancer. Polymers 2019, 11, 733. [CrossRef]

57. Liu, J.; Kang, Y.; Yin, S.; Song, B.; Wei, L.; Chen, L.; Shao, L. Zinc oxide nanoparticles induce toxic responses
in human neuroblastoma SHSY5Y cells in a size-dependent manner. Int. J. Nanomed. 2017, 12, 8085–8099.
[CrossRef]

58. Zhu, Y.-H.; Ye, N.; Tang, X.-F.; Khan, M.I.; Liu, H.-L.; Shi, N.; Hang, L.-F. Synergistic Effect of Retinoic Acid
Polymeric Micelles and Prodrug for the Pharmacodynamic Evaluation of Tumor Suppression. Front Pharm.
2019, 10, 447. [CrossRef]

59. Sun, X.J.; Zhang, P.; Li, H.H.; Jiang, Z.W.; Jiang, C.C.; Liu, H. Cisplatin combined with metformin inhibits
migration and invasion of human nasopharyngeal carcinoma cells by regulating E-cadherin and MMP-9.
Asian Pac. J. Cancer Prev. Apjcp 2014, 15, 4019–4023. [CrossRef]

http://dx.doi.org/10.1039/c2cs15260f
http://dx.doi.org/10.1002/adma.201202296
http://www.ncbi.nlm.nih.gov/pubmed/22886872
http://dx.doi.org/10.1038/nature08956
http://www.ncbi.nlm.nih.gov/pubmed/20305636
http://dx.doi.org/10.1021/nn100690m
http://dx.doi.org/10.1016/j.biomaterials.2010.09.014
http://www.ncbi.nlm.nih.gov/pubmed/20889205
http://dx.doi.org/10.1002/adma.201303360
http://www.ncbi.nlm.nih.gov/pubmed/24338636
http://dx.doi.org/10.1016/j.arabjc.2018.05.008
http://dx.doi.org/10.3390/cells8050444
http://dx.doi.org/10.3390/nano9081089
http://dx.doi.org/10.20964/2016.10.62
http://dx.doi.org/10.1039/B918176H
http://www.ncbi.nlm.nih.gov/pubmed/29181062
http://dx.doi.org/10.1177/1559325818807382
http://www.ncbi.nlm.nih.gov/pubmed/30479585
http://dx.doi.org/10.3390/polym11040733
http://dx.doi.org/10.2147/IJN.S149070
http://dx.doi.org/10.3389/fphar.2019.00447
http://dx.doi.org/10.7314/apjcp.2014.15.9.4019


Int. J. Mol. Sci. 2020, 21, 6792 29 of 32

60. Hong, G.-Y.; Jeong, Y.-I.; Lee, S.J.; Lee, E.; Oh, J.S.; Lee, H.C. Combination of paclitaxel-and retinoic
acid-incorporated nanoparticles for the treatment of CT-26 colon carcinoma. Arch. Pharmacal Res. 2011, 34,
407–417.

61. Redova, M.; Chlapek, P.; Loja, T.; Zitterbart, K.; Hermanova, M.; Sterba, J.; Veselska, R. Influence of LOX/COX
inhibitors on cell differentiation induced by all-trans retinoic acid in neuroblastoma cell lines. Int. J. Mol. Med.
2010, 25, 271–280.

62. Ibrahim, A.B.; Zaki, H.F.; Ibrahim, W.W.; Omran, M.M.; Shouman, S.A. Evaluation of tamoxifen and
simvastatin as the combination therapy for the treatment of hormonal dependent breast cancer cells.
Toxicol. Rep. 2019, 6, 1114–1126. [CrossRef] [PubMed]

63. Gurunathan, S.; Kang, M.H.; Kim, J.H. Combination Effect of Silver Nanoparticles and Histone Deacetylases
Inhibitor in Human Alveolar Basal Epithelial Cells. Molecules 2018, 23, 2046. [CrossRef]

64. Yuan, Y.G.; Peng, Q.L.; Gurunathan, S. Silver nanoparticles enhance the apoptotic potential of gemcitabine in
human ovarian cancer cells: Combination therapy for effective cancer treatment. Int. J. Nanomed. 2017, 12,
6487–6502. [CrossRef] [PubMed]

65. Zhang, X.-F.; Huang, F.-H.; Zhang, G.-L.; Bai, D.-P.; Massimo, D.F.; Huang, Y.-F.; Gurunathan, S. Novel
biomolecule lycopene-reduced graphene oxide-silver nanoparticle enhances apoptotic potential of trichostatin
A in human ovarian cancer cells (SKOV3). Int. J. Nanomed. 2017, 12, 7551–7575. [CrossRef] [PubMed]

66. Gurunathan, S.; Kim, J.-H. Biocompatible Gold Nanoparticles Ameliorate Retinoic Acid-Induced Cell Death
and Induce Differentiation in F9 Teratocarcinoma Stem Cells. Nanomaterials 2018, 8, 396. [CrossRef] [PubMed]

67. Shiny, P.; Mukherjee, A.; Chandrasekaran, N. DNA damage and mitochondria-mediated apoptosis of A549
lung carcinoma cells induced by biosynthesised silver and platinum nanoparticles. RSC Adv. 2016, 6,
27775–27787.

68. Forman, H.J. Redox signaling: An evolution from free radicals to aging. Free Radic. Biol. Med. 2016, 97,
398–407. [CrossRef] [PubMed]

69. Gentile, F.; Arcaro, A.; Pizzimenti, S.; Daga, M.; Cetrangolo, G.P.; Dianzani, C.; Lepore, A.; Graf, M.;
Ames, P.R.; Barrera, G. DNA damage by lipid peroxidation products: Implications in cancer, inflammation
and autoimmunity. AIMS Genet. 2017, 4, 103. [CrossRef]

70. Fruehauf, J.P.; Meyskens, F.L., Jr. Reactive oxygen species: A breath of life or death? Clin. Cancer Res. Off. J.
Am. Assoc. Cancer Res. 2007, 13, 789–794. [CrossRef]

71. Zanetti, D.; Poli, G.; Vizio, B.; Zingaro, B.; Chiarpotto, E.; Biasi, F. 4-hydroxynonenal and transforming
growth factor-beta1 expression in colon cancer. Mol. Asp. Med. 2003, 24, 273–280. [CrossRef]

72. Cerbone, A.; Toaldo, C.; Laurora, S.; Briatore, F.; Pizzimenti, S.; Dianzani, M.U.; Ferretti, C.; Barrera, G.
4-Hydroxynonenal and PPARγ ligands affect proliferation, differentiation, and apoptosis in colon cancer
cells. Free Radic. Biol. Med. 2007, 42, 1661–1670. [CrossRef] [PubMed]

73. Albright, C.D.; Klem, E.; Shah, A.A.; Gallagher, P. Breast cancer cell-targeted oxidative stress: Enhancement
of cancer cell uptake of conjugated linoleic acid, activation of p53, and inhibition of proliferation. Exp. Mol.
Pathol. 2005, 79, 118–125. [CrossRef] [PubMed]

74. Corbalan, J.J.; Medina, C.; Jacoby, A.; Malinski, T.; Radomski, M.W. Amorphous silica nanoparticles trigger
nitric oxide/peroxynitrite imbalance in human endothelial cells: Inflammatory and cytotoxic effects. Int. J.
Nanomed. 2011, 6, 2821.

75. Uehara, T.; Kikuchi, Y.; Nomura, Y. Caspase activation accompanying cytochrome c release from mitochondria
is possibly involved in nitric oxide-induced neuronal apoptosis in SH-SY5Y cells. J. Neurochem. 1999, 72,
196–205. [CrossRef]

76. Bolaños, J.P.; Almeida, A.; Stewart, V.; Peuchen, S.; Land, J.M.; Clark, J.B.; Heales, S.J. Nitric oxide-mediated
mitochondrial damage in the brain: Mechanisms and implications for neurodegenerative diseases.
J. Neurochem. 1997, 68, 2227–2240. [CrossRef]

77. Clementi, E.; Brown, G.C.; Feelisch, M.; Moncada, S. Persistent inhibition of cell respiration by nitric oxide:
Crucial role of S-nitrosylation of mitochondrial complex I and protective action of glutathione. Proc. Natl.
Acad. Sci. USA 1998, 95, 7631–7636. [CrossRef]

78. Gurunathan, S.; Kim, J.-H. Graphene Oxide-Silver Nanoparticles Nanocomposite Stimulates Differentiation
in Human Neuroblastoma Cancer Cells (SH-SY5Y). Int. J. Mol. Sci. 2017, 18, 2549. [CrossRef]

79. Suzuki, Y.J.; Carini, M.; Butterfield, D.A. Protein carbonylation. Antioxid. Redox Signal. 2010, 12, 323–325.
[CrossRef]

http://dx.doi.org/10.1016/j.toxrep.2019.10.016
http://www.ncbi.nlm.nih.gov/pubmed/31788433
http://dx.doi.org/10.3390/molecules23082046
http://dx.doi.org/10.2147/IJN.S135482
http://www.ncbi.nlm.nih.gov/pubmed/28919750
http://dx.doi.org/10.2147/IJN.S144161
http://www.ncbi.nlm.nih.gov/pubmed/29075115
http://dx.doi.org/10.3390/nano8060396
http://www.ncbi.nlm.nih.gov/pubmed/29865197
http://dx.doi.org/10.1016/j.freeradbiomed.2016.07.003
http://www.ncbi.nlm.nih.gov/pubmed/27393004
http://dx.doi.org/10.3934/genet.2017.2.103
http://dx.doi.org/10.1158/1078-0432.CCR-06-2082
http://dx.doi.org/10.1016/S0098-2997(03)00022-0
http://dx.doi.org/10.1016/j.freeradbiomed.2007.02.009
http://www.ncbi.nlm.nih.gov/pubmed/17462534
http://dx.doi.org/10.1016/j.yexmp.2005.05.005
http://www.ncbi.nlm.nih.gov/pubmed/15992797
http://dx.doi.org/10.1046/j.1471-4159.1999.0720196.x
http://dx.doi.org/10.1046/j.1471-4159.1997.68062227.x
http://dx.doi.org/10.1073/pnas.95.13.7631
http://dx.doi.org/10.3390/ijms18122549
http://dx.doi.org/10.1089/ars.2009.2887


Int. J. Mol. Sci. 2020, 21, 6792 30 of 32

80. Thanan, R.; Oikawa, S.; Hiraku, Y.; Ohnishi, S.; Ma, N.; Pinlaor, S.; Yongvanit, P.; Kawanishi, S.; Murata, M.
Oxidative stress and its significant roles in neurodegenerative diseases and cancer. Int. J. Mol. Sci. 2015, 16,
193–217. [CrossRef]

81. Petrache Voicu, S.; Dinu, D.; Sima, C.; Hermenean, A.; Ardelean, A.; Codrici, E.; Stan, M.; Zărnescu, O.;
Dinischiotu, A. Silica nanoparticles induce oxidative stress and autophagy but not apoptosis in the MRC-5
cell line. Int. J. Mol. Sci. 2015, 16, 29398–29416. [CrossRef]

82. Driessen, M.D.; Mues, S.; Vennemann, A.; Hellack, B.; Bannuscher, A.; Vimalakanthan, V.; Riebeling, C.;
Ossig, R.; Wiemann, M.; Schnekenburger, J. Proteomic analysis of protein carbonylation: A useful tool to
unravel nanoparticle toxicity mechanisms. Part. Fibre Toxicol. 2015, 12, 36.

83. Butterfield, D.A.; Perluigi, M.; Reed, T.; Muharib, T.; Hughes, C.P.; Robinson, R.A.; Sultana, R. Redox
proteomics in selected neurodegenerative disorders: From its infancy to future applications. Antioxid. Redox
Signal. 2012, 17, 1610–1655. [PubMed]

84. Dalle-Donne, I.; Aldini, G.; Carini, M.; Colombo, R.; Rossi, R.; Milzani, A. Protein carbonylation, cellular
dysfunction, and disease progression. J. Cell. Mol. Med. 2006, 10, 389–406. [PubMed]

85. Ergin, V.; Hariry, R.E.; Karasu, Ç. Carbonyl stress in aging process: Role of vitamins and phytochemicals as
redox regulators. Aging Dis. 2013, 4, 276. [PubMed]

86. Cabiscol, E.; Tamarit, J.; Ros, J. Protein carbonylation: Proteomics, specificity and relevance to aging. Mass
Spectrom. Rev. 2014, 33, 21–48. [PubMed]

87. Pham-Huy, L.A.; He, H.; Pham-Huy, C. Free radicals, antioxidants in disease and health. Int. J. Biomed.
Sci. Ijbs 2008, 4, 89–96.

88. Ren, X.; Zou, L.; Zhang, X.; Branco, V.; Wang, J.; Carvalho, C.; Holmgren, A.; Lu, J. Redox signaling mediated
by thioredoxin and glutathione systems in the central nervous system. Antioxid. Redox Signal. 2017, 27,
989–1010. [PubMed]

89. Holmgren, A.; Sengupta, R. The use of thiols by ribonucleotide reductase. Free Radic. Biol. Med. 2010, 49,
1617–1628. [CrossRef]

90. Mitsui, A.; Hamuro, J.; Nakamura, H.; Kondo, N.; Hirabayashi, Y.; Ishizaki-Koizumi, S.; Hirakawa, T.;
Inoue, T.; Yodoi, J. Overexpression of human thioredoxin in transgenic mice controls oxidative stress and life
span. Antioxid. Redox Signal. 2002, 4, 693–696. [CrossRef]

91. Trachootham, D.; Zhou, Y.; Zhang, H.; Demizu, Y.; Chen, Z.; Pelicano, H.; Chiao, P.J.; Achanta, G.;
Arlinghaus, R.B.; Liu, J.; et al. Selective killing of oncogenically transformed cells through a ROS-mediated
mechanism by beta-phenylethyl isothiocyanate. Cancer Cell 2006, 10, 241–252. [CrossRef]

92. Kim, Y.S.; Gupta Vallur, P.; Phaeton, R.; Mythreye, K.; Hempel, N. Insights into the Dichotomous Regulation
of SOD2 in Cancer. Antioxidants 2017, 6, 86. [CrossRef] [PubMed]

93. Venkatesan, B.; Mahimainathan, L.; Das, F.; Ghosh-Choudhury, N.; Ghosh Choudhury, G. Downregulation
of catalase by reactive oxygen species via PI 3 kinase/Akt signaling in mesangial cells. J. Cell. Physiol. 2007,
211, 457–467. [CrossRef]

94. Fan, J.J.; Hsu, W.H.; Hung, H.H.; Zhang, W.J.; Lee, Y.L.A.; Chen, K.C.; Chu, C.Y.; Ko, T.P.; Lee, M.T.; Lin, C.W.
Reduction in MnSOD promotes the migration and invasion of squamous carcinoma cells. Int. J. Oncol. 2019,
54, 1639–1650. [CrossRef]

95. Roy, K.; Wu, Y.; Meitzler, J.L.; Juhasz, A.; Liu, H.; Jiang, G.; Lu, J.; Antony, S.; Doroshow, J.H. NADPH
oxidases and cancer. Clin. Sci. 2015, 128, 863–875. [CrossRef] [PubMed]

96. Park, J.H.; Gurunathan, S.; Choi, Y.-J.; Han, J.W.; Song, H.; Kim, J.-H. Silver nanoparticles suppresses
brain-derived neurotrophic factor-induced cell survival in the human neuroblastoma cell line SH-SY5Y. J. Ind.
Eng. Chem. 2017, 47, 62–73. [CrossRef]

97. Ventura-Clapier, R.; Garnier, A.; Veksler, V. Transcriptional control of mitochondrial biogenesis: The central
role of PGC-1α. Cardiovasc. Res. 2008, 79, 208–217. [CrossRef] [PubMed]

98. Roussel, B.D.; Kruppa, A.J.; Miranda, E.; Crowther, D.C.; Lomas, D.A.; Marciniak, S.J. Endoplasmic reticulum
dysfunction in neurological disease. Lancet Neurol. 2013, 12, 105–118. [CrossRef]

99. Yang, X.; Shao, H.; Liu, W.; Gu, W.; Shu, X.; Mo, Y.; Chen, X.; Zhang, Q.; Jiang, M. Endoplasmic reticulum
stress and oxidative stress are involved in ZnO nanoparticle-induced hepatotoxicity. Toxicol. Lett. 2015, 234,
40–49. [CrossRef]

http://dx.doi.org/10.3390/ijms16010193
http://dx.doi.org/10.3390/ijms161226171
http://www.ncbi.nlm.nih.gov/pubmed/22115501
http://www.ncbi.nlm.nih.gov/pubmed/16796807
http://www.ncbi.nlm.nih.gov/pubmed/24124633
http://www.ncbi.nlm.nih.gov/pubmed/24114980
http://www.ncbi.nlm.nih.gov/pubmed/28443683
http://dx.doi.org/10.1016/j.freeradbiomed.2010.09.005
http://dx.doi.org/10.1089/15230860260220201
http://dx.doi.org/10.1016/j.ccr.2006.08.009
http://dx.doi.org/10.3390/antiox6040086
http://www.ncbi.nlm.nih.gov/pubmed/29099803
http://dx.doi.org/10.1002/jcp.20953
http://dx.doi.org/10.3892/ijo.2019.4750
http://dx.doi.org/10.1042/CS20140542
http://www.ncbi.nlm.nih.gov/pubmed/25818486
http://dx.doi.org/10.1016/j.jiec.2016.11.015
http://dx.doi.org/10.1093/cvr/cvn098
http://www.ncbi.nlm.nih.gov/pubmed/18430751
http://dx.doi.org/10.1016/S1474-4422(12)70238-7
http://dx.doi.org/10.1016/j.toxlet.2015.02.004


Int. J. Mol. Sci. 2020, 21, 6792 31 of 32

100. Yu, K.-N.; Chang, S.-H.; Park, S.J.; Lim, J.; Lee, J.; Yoon, T.-J.; Kim, J.-S.; Cho, M.-H. Titanium dioxide
nanoparticles induce endoplasmic reticulum stress-mediated autophagic cell death via mitochondria-
associated endoplasmic reticulum membrane disruption in normal lung cells. PLoS ONE 2015, 10, e0131208.
[CrossRef]

101. Simard, J.-C.; Durocher, I.; Girard, D. Silver nanoparticles induce irremediable endoplasmic reticulum
stress leading to unfolded protein response dependent apoptosis in breast cancer cells. Apoptosis 2016, 21,
1279–1290. [CrossRef]

102. Christen, V.; Fent, K. Silica nanoparticles induce endoplasmic reticulum stress response and activate mitogen
activated kinase (MAPK) signalling. Toxicol. Rep. 2016, 3, 832–840. [CrossRef] [PubMed]

103. Shen, S.; Zhang, Y.; Wang, Z.; Liu, R.; Gong, X. Bufalin induces the interplay between apoptosis and autophagy
in glioma cells through endoplasmic reticulum stress. Int. J. Biol. Sci. 2014, 10, 212–224. [CrossRef] [PubMed]

104. Szegezdi, E.; Logue, S.E.; Gorman, A.M.; Samali, A. Mediators of endoplasmic reticulum stress-induced
apoptosis. EMBO Rep. 2006, 7, 880–885. [CrossRef] [PubMed]

105. Niizuma, H.; Nakamura, Y.; Ozaki, T.; Nakanishi, H.; Ohira, M.; Isogai, E.; Kageyama, H.; Imaizumi, M.;
Nakagawara, A. Bcl-2 is a key regulator for the retinoic acid-induced apoptotic cell death in neuroblastoma.
Oncogene 2006, 25, 5046. [CrossRef]

106. Giorgi, C.; Bonora, M.; Sorrentino, G.; Missiroli, S.; Poletti, F.; Suski, J.M.; Ramirez, F.G.; Rizzuto, R.;
Di Virgilio, F.; Zito, E. p53 at the endoplasmic reticulum regulates apoptosis in a Ca2+-dependent manner.
Proc. Natl. Acad. Sci. USA 2015, 112, 1779–1784. [CrossRef]

107. Huang, J.; Wan, L.; Lu, H.; Li, X. High expression of active ATF6 aggravates endoplasmic reticulum
stress-induced vascular endothelial cell apoptosis through the mitochondrial apoptotic pathway. Mol. Med.
Rep. 2018, 17, 6483–6489. [CrossRef]

108. Gurunathan, S.; Han, J.W.; Eppakayala, V.; Jeyaraj, M.; Kim, J.H. Cytotoxicity of biologically synthesized
silver nanoparticles in MDA-MB-231 human breast cancer cells. Biomed. Res. Int. 2013, 2013, 535796.
[CrossRef]

109. Gurunathan, S.; Han, J.W.; Park, J.H.; Kim, E.; Choi, Y.J.; Kwon, D.N.; Kim, J.H. Reduced graphene oxide-silver
nanoparticle nanocomposite: A potential anticancer nanotherapy. Int. J. Nanomed. 2015, 10, 6257–6276.
[CrossRef]

110. Yuan, Y.-G.; Wang, Y.-H.; Xing, H.-H.; Gurunathan, S. Quercetin-mediated synthesis of graphene oxide-silver
nanoparticle nanocomposites: A suitable alternative nanotherapy for neuroblastoma. Int. J. Nanomed. 2017,
12, 5819–5839. [CrossRef]

111. Nakabeppu, Y. Cellular levels of 8-oxoguanine in either DNA or the nucleotide pool play pivotal roles in
carcinogenesis and survival of cancer cells. Int. J. Mol. Sci. 2014, 15, 12543–12557. [CrossRef]

112. Guglielmo, C.D.; Lapuente, J.D.; Porredon, C.; Ramos-López, D.; Sendra, J.; Borràs, M. In vitro safety
toxicology data for evaluation of gold nanoparticles–chronic cytotoxicity, genotoxicity and uptake. J. Nanosci.
Nanotechnol. 2012, 12, 6185–6191. [CrossRef] [PubMed]

113. Meena, R.; Rani, M.; Pal, R.; Rajamani, P. Nano-TiO 2-induced apoptosis by oxidative stress-mediated DNA
damage and activation of p53 in human embryonic kidney cells. Appl. Biochem. Biotechnol. 2012, 167, 791–808.
[CrossRef] [PubMed]

114. Guan, R.; Kang, T.; Lu, F.; Zhang, Z.; Shen, H.; Liu, M. Cytotoxicity, oxidative stress, and genotoxicity in
human hepatocyte and embryonic kidney cells exposed to ZnO nanoparticles. Nanoscale Res. Lett. 2012, 7,
602. [CrossRef] [PubMed]

115. Gong, C.; Tao, G.; Yang, L.; Liu, J.; He, H.; Zhuang, Z. The role of reactive oxygen species in silicon dioxide
nanoparticle-induced cytotoxicity and DNA damage in HaCaT cells. Mol. Biol. Rep. 2012, 39, 4915–4925.
[CrossRef] [PubMed]

116. Ammer, H.; Schulz, R. Retinoic acid-induced differentiation of human neuroblastoma SH-SY5Y cells is
associated with changes in the abundance of G proteins. J. Neurochem. 1994, 62, 1310–1318. [CrossRef]

117. Encinas, M.; Iglesias, M.; Liu, Y.; Wang, H.; Muhaisen, A.; Cena, V.; Gallego, C.; Comella, J.X. Sequential
treatment of SH-SY5Y cells with retinoic acid and brain-derived neurotrophic factor gives rise to fully
differentiated, neurotrophic factor-dependent, human neuron-like cells. J. Neurochem. 2000, 75, 991–1003.
[CrossRef]

http://dx.doi.org/10.1371/journal.pone.0131208
http://dx.doi.org/10.1007/s10495-016-1285-7
http://dx.doi.org/10.1016/j.toxrep.2016.10.009
http://www.ncbi.nlm.nih.gov/pubmed/28959611
http://dx.doi.org/10.7150/ijbs.8056
http://www.ncbi.nlm.nih.gov/pubmed/24550689
http://dx.doi.org/10.1038/sj.embor.7400779
http://www.ncbi.nlm.nih.gov/pubmed/16953201
http://dx.doi.org/10.1038/sj.onc.1209515
http://dx.doi.org/10.1073/pnas.1410723112
http://dx.doi.org/10.3892/mmr.2018.8658
http://dx.doi.org/10.1155/2013/535796
http://dx.doi.org/10.2147/IJN.S92449
http://dx.doi.org/10.2147/IJN.S140605
http://dx.doi.org/10.3390/ijms150712543
http://dx.doi.org/10.1166/jnn.2012.6430
http://www.ncbi.nlm.nih.gov/pubmed/22962725
http://dx.doi.org/10.1007/s12010-012-9699-3
http://www.ncbi.nlm.nih.gov/pubmed/22614867
http://dx.doi.org/10.1186/1556-276X-7-602
http://www.ncbi.nlm.nih.gov/pubmed/23110934
http://dx.doi.org/10.1007/s11033-011-1287-z
http://www.ncbi.nlm.nih.gov/pubmed/22179747
http://dx.doi.org/10.1046/j.1471-4159.1994.62041310.x
http://dx.doi.org/10.1046/j.1471-4159.2000.0750991.x


Int. J. Mol. Sci. 2020, 21, 6792 32 of 32

118. Teppola, H.; Sarkanen, J.-R.; Jalonen, T.O.; Linne, M.-L. Morphological differentiation towards neuronal
phenotype of SH-SY5Y neuroblastoma cells by estradiol, retinoic acid and cholesterol. Neurochem. Res. 2016,
41, 731–747.

119. Dayem, A.A.; Kim, B.; Gurunathan, S.; Choi, H.Y.; Yang, G.; Saha, S.K.; Han, D.; Han, J.; Kim, K.; Kim, J.H.; et al.
Biologically synthesized silver nanoparticles induce neuronal differentiation of SH-SY5Y cells via modulation
of reactive oxygen species, phosphatases, and kinase signaling pathways. Biotechnol. J. 2014, 9, 934–943.
[CrossRef]

120. Han, J.W.; Gurunathan, S.; Jeong, J.-K.; Choi, Y.-J.; Kwon, D.-N.; Park, J.-K.; Kim, J.-H. Oxidative
stress mediated cytotoxicity of biologically synthesized silver nanoparticles in human lung epithelial
adenocarcinoma cell line. Nanoscale Res. Lett. 2014, 9, 459. [CrossRef]

121. Yan, Y.; Li, Z.; Xu, X.; Chen, C.; Wei, W.; Fan, M.; Chen, X.; Li, J.J.; Wang, Y.; Huang, J. All-trans retinoic acids
induce differentiation and sensitize a radioresistant breast cancer cells to chemotherapy. BMC Complementary
Altern. Med. 2016, 16, 113. [CrossRef]

122. Park, S.Y.; Park, J.; Sim, S.H.; Sung, M.G.; Kim, K.S.; Hong, B.H.; Hong, S. Enhanced differentiation of human
neural stem cells into neurons on graphene. Adv. Mater. (Deerfield BeachFla.) 2011, 23, H263–H267. [CrossRef]

123. Han, J.W.; Gurunathan, S.; Choi, Y.-J.; Kim, J.-H. Dual functions of silver nanoparticles in F9 teratocarcinoma
stem cells, a suitable model for evaluating cytotoxicity- and differentiation-mediated cancer therapy. Int. J.
Nanomed. 2017, 12, 7529–7549. [CrossRef] [PubMed]

124. Zhang, Y.; Guan, D.X.; Shi, J.; Gao, H.; Li, J.J.; Zhao, J.S.; Qiu, L.; Liu, J.; Li, N.; Guo, W.X.; et al. All-trans
retinoic acid potentiates the chemotherapeutic effect of cisplatin by inducing differentiation of tumor initiating
cells in liver cancer. J. Hepatol. 2013, 59, 1255–1263. [CrossRef]

125. Erlejman, A.G.; Oteiza, P.I. The oxidant defense system in human neuroblastoma IMR-32 cells
predifferentiation and postdifferentiation to neuronal phenotypes. Neurochem. Res. 2002, 27, 1499–1506.
[CrossRef] [PubMed]

126. Yanes, O.; Clark, J.; Wong, D.M.; Patti, G.J.; Sanchez-Ruiz, A.; Benton, H.P.; Trauger, S.A.; Desponts, C.;
Ding, S.; Siuzdak, G. Metabolic oxidation regulates embryonic stem cell differentiation. Nat. Chem. Biol.
2010, 6, 411–417. [CrossRef]

127. Zhang, J.; Khvorostov, I.; Hong, J.S.; Oktay, Y.; Vergnes, L.; Nuebel, E.; Wahjudi, P.N.; Setoguchi, K.; Wang, G.;
Do, A.; et al. UCP2 regulates energy metabolism and differentiation potential of human pluripotent stem
cells. EMBO J. 2011, 30, 4860–4873. [CrossRef]

128. Fujiwara, M.; Miyoshi, M.; Sakai, S.; Nishiokada, A.; Aoyama-Ishikawa, M.; Maeshige, N.; Usami, Y.;
Hamada, Y.; Takahashi, M.; Usami, M. Lard-based high-fat diet increases secretory leukocyte protease
inhibitor expression and attenuates the inflammatory response of acute lung injury in endotoxemic rats.
Clin. Nutr. 2015, 34, 997–1009. [CrossRef]

129. Choi, Y.J.; Gurunathan, S.; Kim, J.H. Graphene Oxide-Silver Nanocomposite Enhances Cytotoxic and
Apoptotic Potential of Salinomycin in Human Ovarian Cancer Stem Cells (OvCSCs): A Novel Approach for
Cancer Therapy. Int. J. Mol. Sci. 2018, 19, 710. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/biot.201300555
http://dx.doi.org/10.1186/1556-276X-9-459
http://dx.doi.org/10.1186/s12906-016-1088-y
http://dx.doi.org/10.1002/adma.201101503
http://dx.doi.org/10.2147/IJN.S145147
http://www.ncbi.nlm.nih.gov/pubmed/29066898
http://dx.doi.org/10.1016/j.jhep.2013.07.009
http://dx.doi.org/10.1023/A:1021600522299
http://www.ncbi.nlm.nih.gov/pubmed/12512954
http://dx.doi.org/10.1038/nchembio.364
http://dx.doi.org/10.1038/emboj.2011.401
http://dx.doi.org/10.1016/j.clnu.2014.11.001
http://dx.doi.org/10.3390/ijms19030710
http://www.ncbi.nlm.nih.gov/pubmed/29494563
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Synthesis and Characterization of PtNPs Using Beta Carotene 
	Effect of PtNPs and RA on the Viability of Various Types of Cancer Cells 
	Dose-Dependent Effects of PtNPs, RA, and Cisplatin on the Viability and Proliferation of SH-SY5Y Cells 
	Effect of the Combination of PtNPs and RA on the Viability, Proliferation, and Morphology of SH-SY5Y Cells 
	Combination of PtNPs and RA Induces Lactate Dehydrogenase (LDH) Leakage and Intracellular Protease 
	PtNPs and RA Enhance the Production of Reactive Oxygen Species (ROS), 4-hydroxynonenal (4-HNE), Malondialdehyde (MDA), Nitric Oxide (NO), and Protein Carbonyl Content (PCC) 
	PtNPs and RA Decrease Antioxidants Levels 
	PtNPs and RA Induce Mitochondrial Dysfunction 
	PtNPs and RA Induce ERS and Apoptosis 
	PtNPs and RA Induce Apoptosis and Oxidative DNA Damage 
	Combination of PtNPs and RA Increases Differentiation and the Expression of Differentiation Markers in SH-SY5Y Cells 
	Effect of Cisplatin on Undifferentiated and Differentiated SH-SY5Y Cells 

	Materials and Methods 
	Synthesis and Characterization of PtNPs 
	Cell Viability and Cell Proliferation Assay 
	Cell Morphology Analysis 
	Cytotoxicity Assays 
	Determination of the Levels of Reactive Oxygen Species (ROS), Malondialdehyde (MDA), Nitric Oxide (NO), and Protein Carbonyl Content (PCC) 
	ELISA 
	Measurement of the Levels of Anti-Oxidative Markers 
	Determination of Mitochondrial Dysfunctions 
	Determination of Apoptosis Using AO/EB Staining 
	RT-qPCR 
	Statistical Analysis 

	Conclusions 
	References

