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Background: The synergistic effect of nanomaterials and chemotherapeutics provides
a novel strategy for the treatment of tumors. Silver nanotriangles (AgNTs) exhibited some
unique properties in nanomedicine. Studies on the synergy of silver-based nanomaterials and
anti-tumor drugs against gliomas are rare.

Materials and Methods: Chitosan-coated AgNTs were prepared, followed by character-
ization using transmission electron microscopy, ultraviolet-visible spectroscopy and X-ray
diffraction. The anti-glioma effect of cyclophosphamide (CTX), S-fluorouracil (5-FU), oxa-
liplatin (OXA), doxorubicin (DOX) or gemcitabine (GEM) combined with AgNTs in differ-
ent glioma cell lines (U87, U251 and C6) was assessed by the MTT assay to screen out
a drug with the most broad-spectrum and strongest synergistic anti-glioma activity. The
intracellular reactive oxygen species (ROS) level, mitochondrial membrane potential (MMP)
and cell apoptosis were detected by flow cytometry. The possible underlying mechanisms of
the synergy were further investigated with ROS scavenger and specific inhibitors of C-jun
N-terminal kinase (JNK), p38 and extracellular signal-regulated kinase 1/2 pathways.
Results: The synthesized AgNTs were mainly triangular and truncated triangular with an
average edge length of 125 nm. A synergistic anti-glioma effect of AgNTs combined with
CTX was not observed, and the synergism between AgNTs and 5-FU was cell type-specific.
AgNTs combined with OXA, DOX or GEM displayed synergistic effects in various glioma
cell lines, and the combination of AgNTs and GEM showed the strongest synergistic activity.
A decrease in cell viability, loss of the MMP and an increase in apoptosis rate induced by this
synergy could be significantly attenuated by the ROS scavenger N-acetylcysteine and JNK
inhibitor SP600125.

Conclusion: Our results suggested that the combination of AgNTs and GEM possessed
broad-spectrum and potent synergistic anti-glioma activity, resulting from cell apoptosis
mediated by a ROS-dependent mitochondrial pathway in which JNK might be involved.
Keywords: silver nanotriangles, chemotherapeutics, synergy, glioma

Introduction

Malignant gliomas are one of the most common and most serious types of intra-
cranial tumors with high rates of recurrence and mortality." The standard treatment
for gliomas usually includes surgery, radiotherapy and chemotherapy. However, due
to the extensive infiltration of glioma cells, complete resection is virtually impos-
sible. Moreover, the effects of radiotherapy and chemotherapy are often limited by
the resistance of highly malignant glioma cells.” Despite decades of efforts, the
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prognosis of glioma patients remains poor and the median
overall survival time of glioblastoma patients after diag-
nosis is less than 15 months.* Thus, innovative methods
are urgently needed to improve the treatment outcome.

Nanomaterials, with unique chemical, physical and
optical properties, possess wide application potential in
the current medical field. According to some previous
reports, the combination of nanomaterials and chemother-
apeutics could be a novel strategy to yield a greater
therapeutic effect than that obtained by single-agent treat-
ment. For example, the activity of cyclophosphamide
against acute myeloid leukemia cells (CTX) was reported
to be enhanced in the presence of silver nanoparticles
(AgNPs).” Besides, 5-fluorouracil (5-FU) and AgNPs
were observed to exhibit a synergistic anti-tumor effect
in breast and lung cancer cells.® Similarly, the combina-
tion of oxaliplatin (OXA) and gold nanoparticles
(AuNPs) displayed synergistic anti-tumor activity in
human colonic adenocarcinoma cells.” It was also
reported that doxorubicin (DOX) combined with AgNPs
induced more apoptosis in breast cancer cells than AgNPs
alone or DOX alone.® Moreover, AgNPs were confirmed
to be able to enhance the pro-apoptotic ability of gemci-
tabine (GEM) in human ovarian cancer cells.” However,
studies focused on the synergistic anti-tumor effects of
metal nanomaterials and chemotherapy drugs in glioma
cells are rare.

Because of their unusual anti-bacterial, anti-fungal,
anti-viral and anti-cancer characteristics, silver-based

nanomaterials have garnered considerable attention
among various nanomaterials. Shapes play a crucial role
in the properties of metal nanomaterials, and silver nano-
triangles (AgNTs) were proved to have several obvious
advantages over silver-based nanomaterials of other
shapes. For instance, AgNTs possess superior anti-
bacterial activity over spherical and rod-shaped AgNPs.'”
Apart from that, AgNTs with anisotropic shapes can be
used as surface-enhanced Raman scattering nanotags for
imaging of tumor cells.'' Surface modification also affects
the behavior of nanomaterials. The stability and biocom-
patibility of nanoparticles are improved if they are coated
by the natural polymer chitosan.'? Due to its special struc-
ture, chitosan can load chemotherapy drugs by diffusion
and electrostatic interaction, which has been widely used
in drug delivery system.'’ Furthermore, the chemical
groups in chitosan can be conjugated with functional

molecules for tumor-targeted diagnosis and therapy.'*'

According to the works mentioned above, CTX, 5-FU,
OXA, DOX and GEM were separately reported to elicit
anti-tumor synergy with AgNPs or AuNPs. Therefore, we
were inspired to study the anti-tumor effects of these five
drugs combined with chitosan-coated AgNTs in a variety
of glioma cell lines and to investigate whether there was
a drug with broad-spectrum and potent anti-glioma
synergy when wused in combination with AgNTs.
Furthermore, the possible underlying mechanisms of such
synergy were investigated. All findings obtained from our
work might provide a theoretical basis for the development
of highly efficacious therapy of gliomas.

Materials and Methods

Materials
Trisodium citrate, silver nitrate, sodium borohydride, chit-
osan, ascorbic acid, N-acetylcysteine (NAC),

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT), reactive oxygen species (ROS) assay kit,
JC-1 assay kit, and annexin V-fluorescein isothiocyanate
(FITC)/propidium iodide (PI) apoptosis detection kit were
ordered from Sigma—Aldrich (St. Louis, MO, USA).
SP600125, SB203580 and U0126 were purchased from
Abcam (Cambridge, UK). CTX, 5-FU, OXA, DOX and
GEM were bought from Aladdin (Shanghai, China). U87,
U251 and C6 glioma cell lines were obtained from the
Type Culture Collection of the Chinese Academy of
Sciences (Shanghai, China). All cell culture reagents
were acquired from Gibco (Carlsbad, CA, USA).

Preparation of AgNTs

As described by Potara and colleagues, a seed-based
growth method was applied to prepare AgNTs coated by
chitosan, which served as a stabilizer and protective
agent.'" Briefly, 10 mL of trisodium citrate (2.5x107* M)
and 10 mL of silver nitrate (2.9x10* M) were mixed and
cooled in an ice-bath under vigorous stirring. To this
mixture, 600 pL of sodium borohydride (0.1 M) was
added dropwise, which resulted in a bright-yellow solution
of seed particles. This seed solution was stored in darkness
for 2-3 h at room temperature to allow excess sodium
borohydride to react with water. Then, 10 mL of chitosan
solution (2 mg/mL in 1% acetic acid), 50 pL of ascorbic
acid (0.1 M), 400 pL of trisodium citrate (35 mM) and 200
pL of seed solution were mixed under continuous stirring
at 35 £ 2°C, and 300 pL of silver nitrate (0.01 M) was
subsequently dropped into the mixture within 1 min. The
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growth of AgNTs was complete after approximately
5 min.

Characterization of AgNTs

The morphology of synthesized AgNTs was examined by
transmission electron microscopy (TEM) using a JEM-
2000EX system (Jeol, Tokyo, Japan). For TEM detection,
the colloidal solution of AgNTs was dropped onto copper
grids coated by carbon film and evaporated at room tem-
perature for about 30 min. The edge length distribution
was analyzed by measurement of 200 nanotriangles from
random TEM images. The X-ray diffraction (XRD) pattern
was collected by a D8 Discover X-ray diffractometer
(Bruker,
0.1 second per step at an operating voltage of 40 kV and

Karlsruhe, Germany) at a scan rate of
current of 30 mA. An ultraviolet—visible (UV-vis) absorp-
tion spectrum was obtained using a UV-3600 spectrophot-
ometer (Shimadzu, Tokyo, Japan). The zeta potential was
determined by a Zetasizer Nano ZS (Malvern Instruments,
Malvern, UK) through dynamic light scattering. The con-
centration of silver in the AgNTs solution was measured
using inductively coupled plasma-mass

(PerkinElmer, Waltham, MA USA).

spectrometry

Cell Cultures

Cells were grown as a monolayer at 37°C in a humid
atmosphere with 5% CO, in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine
serum and 1% penicillin—streptomycin.

Measurement of Cell Viability

The MTT assay was conducted to determine the cell via-
bility. In brief, 5x10° glioma cells per well were seeded in
96-well plates and cultured for 24 h before exposure to
various concentrations of AgNTs, anti-tumor drugs (CTX,
5-FU, OXA, DOX or GEM) or their combinations. AgNTs
and drugs were separately added into cell culture media
for combination treatments. After 24 h of treatments,
media were replaced by fresh media containing 0.5 mg/
mL of MTT, followed by 4 h of incubation at 37°C in
a cell incubator. After that, the formazan crystals formed
were dissolved in dimethyl sulfoxide and a SpectraMax
MS5 microplate reader (Molecular Devices, Sunnyvale,
CA, USA) was utilized to measure the absorbance at 570
nm. In each group, three independent biological repeats

were performed.

Analysis of the Combined Effect

The combined effects of AgNTs and chemotherapeutics
were assessed by the MTT assay. Cells were seeded in 96-
well plates for 1 day before incubation with increasing
concentrations of AgNTs alone or drugs alone (CTX,
5-FU, OXA, DOX or GEM) or with their combinations
in various AgNTs-to-drug concentration ratios for
24 h. Then, a series of MTT assays were performed to
determine the cell viability as described above. The
Combination Index (CI) values were calculated using
CompuSyn v1.0 (ComboSyn Inc., Paramus, NJ, USA)
based on Chou and Talalay method.'® CI values less
than, equal to, and more than 1 indicated the effect of

synergy, addition, and antagonism, respectively.

Measurement of Intracellular ROS

A ROS assay kit was applied to measure the intracellular
ROS level after incubation with AgNTs, anti-tumor drug
or their combination. Briefly, 1x10° U87 cells per well
were seeded in 24-well plates and continuously cultured
for 24 h. Then, after pretreatment with or without the ROS
scavenger NAC (5 mM), fresh media containing AgNTs (4
pg/mL), GEM (0.1 pg/mL) or their combination were
added,
24 h. Subsequently, cells were washed with phosphate-

and incubation was conducted for another
buffered saline (PBS), trypsinized, collected and loaded
with 10 pM of the probe  2',7'-
Dichlorodihydrofluorescein  diacetate (DCFH-DA) in
DMEM and incubation continued for 30 min in the dark
at 37°C. A FACSCalibur flow cytometer (BD Biosciences,

Franklin Lakes, NJ, USA) was used to measure the mean

fluorescent

fluorescence intensity (MFI) with excitation at 488 nm and
emission at 525 nm. For each sample, the intracellular
ROS level was presented by determining the MFI of
10,000 cells.

Mitochondrial Membrane Potential
(MMP) Measurement

The MMP was measured using the fluorescent probe JC-1.
As a lipophilic cationic dye, JC-1 possesses a property of
potential-dependent accumulation in mitochondria. In gen-
eral, JC-1 dye enters mitochondria readily, accumulates,
and emits red fluorescence. If the MMP decreases, the dye
reagent will no longer aggregate in mitochondria and emit
green fluorescence. In brief, U87 cells were pretreated
with NAC (5 mM), the C-jun N-terminal kinase (JNK)
inhibitor SP600125 (10 mM), the p38 inhibitor SB203580
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(10 mM) or the extracellular signal-regulated kinase 1/2
(ERK1/2) inhibitor U0126 (10 mM) before treatment with
AgNTs (4 pug/mL), GEM (0.1 pg/mL) or their combination
for 24 h. Then, after 20 min of incubation with JC-1 at
37°C, cells were washed, harvested, resuspended in PBS,
and flow cytometry was subsequently utilized to measure
the fluorescence intensity of stained cells. The MMP was
expressed as the ratio of red (aggregates) to green (mono-
mers) fluorescence intensity.

Apoptosis Detection Assay

The annexin V-FITC/PI apoptosis detection kit was
applied to investigate the cell apoptosis induced by
AgNTs, GEM and their combination. Briefly, U87 cells
were treated as mentioned above for 24 h. Then, cells were
harvested and resuspended in 195 pL of binding buffer. To
this buffer mixture, 5 uL of annexin V-FITC and 10 pL of
PI were added consecutively, and the mixture was placed
in darkness for 20 min at room temperature. Finally, cell
apoptosis was analyzed using a flow cytometer.

Statistical Analysis

All data were obtained from at least three independent
experiments and presented in the format of mean + stan-
dard deviation (SD). SPSS v19.0 (IBM, Armonk, NY,
USA) was applied to analyze differences between groups
using one-way ANOVA with a post hoc test. A P-value of
less than 0.05 was considered statistically significant.

Results and Discussion

Preparation and Characterization of
AgNTs

Physical and chemical methods have been reported to be
good choices for the controllable synthesis of metal
nanoparticles.'” In the current study, the method of
AgNTs synthesis was a seed-based thermal synthetic pro-
cedure, which produced AgNTs in a rapid and reproduci-
ble manner.'® As a commonly utilized nontoxic stabilizer
and protective agent, chitosan was applied to stabilize the
edges of the triangular particles and protect the particles
against aggregation.'® In addition, the biocompatibility of
nanoparticles could be enhanced upon encapsulation by
chitosan.'?

The TEM characterization confirmed triangular and
truncated triangular shapes of synthesized AgNTs (Figure
1A) and the average edge length was about 125 nm
(Figure 1B). Two dipolar resonances at 783 nm (in-plane)

and 400 nm (out-of-plane), and two quadrupolar reso-
nances at 493 nm (in-plane) and 336 nm (out-of-plane)
in the UV—vis absorption spectrum of the prepared solu-
tion (Figure 1C) were characteristics of AgNTs, according
to a previous work.'” Five distinct diffraction peaks was
observed in the XRD pattern at 20 values of 38.16°,
44.32°, 64.49°, 77.43° and 81.46°, which corresponded
to the {111}, {200}, {220}, {311} and {222} planes of
Ag (Figure 1D), revealing that the synthesized AgNTs had
The zeta-
potential of the prepared AgNTs was approximately 35

a face-centered-cubic crystal structure.'®

mV due to the existence of chitosan with positive ionic

charge. Conjugation of AgNTs to chitosan was proved by

Fourier transform infrared spectroscopy in our previous
21

work.

Combined Anti-Glioma Effects of AgNTs

and Chemotherapeutics

In order to ascertain whether there was a drug with broad-
spectrum and strong synergistic anti-glioma activity when
combined with AgNTs, we detected the effects of AgNTs
alone, drugs alone (CTX, 5-FU, OXA, DOX or GEM) and
their combinations on the viability of three glioma cell lines
(U87, U251 and C6) by the MTT assay. The inhibitory
effects of AgNTs alone and anti-tumor drugs alone on the
viability of glioma cells were observed to be dose-
dependent (Figures 2—4). The CI values were calculated
based on the concentrations and anti-glioma effects of
AgNTs, drugs and their combinations to evaluate the com-
bined effect (Table S1-3). In general, CI values more than,
equal to and less than 1 mean antagonistic, additional and
synergistic effects, respectively, and the smaller the CI
value, the stronger the synergism.”* The smallest CI values
of the combined treatment of AgNTs plus different che-
motherapeutics in the three cell lines and the corresponding
concentration ratios were screened out from Table S1-3 and
summarized in Table 1.

According to a previous work, the anti-tumor effect of
CTX combined with AgNPs was synergistic in an acute
myeloid leukemia cell line.” However, in the present study,
a synergistic effect of CTX and AgNTs was not observed
in glioma cells. The reason for this difference was possibly
due to different cell lines or different shapes of silver
nanomaterials. Besides, AgNTs displayed a synergistic
effect with 5-FU only in C6 cell line but not in all cell
lines tested, suggesting that the anti-glioma synergy
between AgNTs and 5-FU might be cell type-specific.
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Notes: (A) TEM characterization and (B) edge length distribution histogram of AgNTs. The edge length distribution analysis was performed by measuring 200
nanotriangles. The mean edge length was about 125 nm. (C) UV-vis absorption spectrum and (D) XRD pattern of AgNTs.
Abbreviations: AgNTs, silver nanotriangles; TEM, transmission electron microscopy; UV-vis, ultraviolet—visible; XRD, X-ray diffraction.

The synergistic anti-tumor effect of OXA, DOX or GEM
combined with AgNPs or AuNPs in colon, breast or ovar-
ian cancer cells has been reported.”””** In the current
study, these three drugs exerted broad-spectrum anti-
glioma synergism with AgNTs, and the synergy between
GEM and AgNTs was the strongest.

Chitosan on the surface of AgNTs enables loading
chemotherapeutics by  diffusion electrostatic
interaction.'” According to the obtained optimal concen-

and

tration ratio, drug-loaded silver nanocomposites with
a synergistic anti-glioma effect can be prepared. The sus-
tained release properties of chitosan can be applied to
reduce the systemic toxicity of chemotherapy drug.
Moreover, surface modification can promote the accumu-
lation of nanocomposites in the brain and increase the
ability to target glioma cells, thereby increasing the killing

of tumor cells and reducing damage to normal tissues and
organs.”* The therapeutic effect and possible side effects
of this strategy, as well as the elimination of AgNTs from
the brain, need to be further studied in animal experiments.

Relationship Between ROS and the
Anti-Tumor Synergy of AgNTs and GEM

Some literature reported that the production of ROS was
a key mechanism of AgNPs toxicity,”> and cell death
induced by GEM was ROS
production.’® To investigate the relationship between
ROS and the anti-glioma synergy of AgNTs and GEM,
the effects of AgNTs, GEM or their combination on intra-
cellular ROS levels in U87 cells were detected using the
fluorescent probe, DCFH-DA. As shown in Figure 5A and

related to excess
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Figure 2 Effect of AgNTs, chemotherapeutics or their combinations on U87 cells viability.
Notes: The cell viability of U87 cells treated with various concentrations of AgNTs, CTX, 5-FU, OXA, DOX or GEM, or AgNTs plus one of these drugs in different AgNTs-
to-drug concentration ratios for 24 h was evaluated by the MTT assay. The corresponding cell viability is shown in (A—E). Data are expressed as the mean * SD determined
from three independent experiments. When compared with the corresponding single AgNTs group, *P < 0.05, **P < 0.01, ***P < 0.001. When compared with the
corresponding single drug group, *P < 0.05, *P < 0.01, ¥#p < 0.001.

Abbreviations: AgNTs, silver nanotriangles; CTX, cyclophosphamide; 5-FU, 5-fluorouracil; OXA, oxaliplatin; DOX, doxorubicin; GEM, gemcitabine; MTT,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; SD, standard deviation.

Figure S1, AgNTs, GEM and their combination treatment  the pretreatment with NAC was able to greatly reverse the
significantly increased ROS levels relative to control treat-  increase of ROS levels induced by AgNTs, GEM and the
ment, and the ROS level in the combination group was combination. Further, the effect of ROS production on cell
much higher than that in single-agent groups. Interestingly,  viability was evaluated by the MTT assay. The cell
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Figure 3 Effect of AgNTs, chemotherapeutics or their combinations on U251 cells viability.
Notes: The cell viability of U251 cells treated with various concentrations of AgNTs, CTX, 5-FU, OXA, DOX or GEM, or AgNTs plus one of these drugs in different
AgNTs-to-drug concentration ratios for 24 h was assessed by the MTT assay. The corresponding cell viability is shown in (A-E). Data are shown as the mean + SD
summarized from three independent experiments. When compared with the corresponding single AgNTs group, *P < 0.05, **P < 0.01, ***P < 0.001. When compared with
the corresponding single drug group, *P < 0.05, *P < 0.01, *#p < 0.001.

Abbreviations: AgNTs, silver nanotriangles; CTX, cyclophosphamide; 5-FU, 5-fluorouracil; OXA, oxaliplatin, DOX, doxorubicin; GEM, gemcitabine; MTT,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; SD, standard deviation.

viability decreased upon treatment with AgNTs, GEM and  with GEM against glioma cells was closely related to ROS
their combination, while the reduced cell viability could be  production.

significantly rescued by NAC pretreatment (Figure 5B), As we all know, mitochondria are the major source of
suggesting that the synergistic effect of AgNTs combined intracellular ROS. Overproduction of ROS is able to cause
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Figure 4 Effect of AgNTs, chemotherapeutics or their combinations on Cé cells viability.
Notes: The cell viability of Cé cells treated with various concentrations of AgNTs, CTX, 5-FU, OXA, DOX or GEM, or AgNTs plus one of these drugs in different AgNTs-
to-drug concentration ratios for 24 h was determined by the MTT assay. The corresponding cell viability is shown in (A-E). Data are represented as the mean * SD obtained
from three independent experiments. When compared with the corresponding single AgNTs group, *P < 0.05, **P < 0.01, ***P < 0.001. When compared with the
corresponding single drug group, *P < 0.05, *P < 0.01, *#p < 0.001.

Abbreviations: AgNTs, silver nanotriangles; CTX, cyclophosphamide; 5-FU, 5-fluorouracil; OXA, oxaliplatin; DOX, doxorubicin; GEM, gemcitabine; MTT,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; SD, standard deviation.

mitochondrial membrane dysfunction and dissipation of the  cells were incubated with AgNTs, GEM or their combination,
MMP, ultimately leading to cell apoptosis.”’*® Therefore, we  after which the MMP was determined using the JC-1 assay.
next studied whether excess ROS production induced by single  The results revealed that the MMP of cells exposed to AgNTs
and combined treatments could result in MMP changes. U87  alone or GEM alone significantly decreased relative to that of
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Table | Optimal Concentration

Treatments of Glioma Cells

Ratios of AgNTs and Chemotherapeutics and the Corresponding Cl Values in the Combined

us7 uU2sI Cé
AgNTs (ng/mL) Drugs Cl AgNTs Drugs Cl AgNTs Drugs Cl
(ng/mL) (ng/mL) (ng/mL) (ng/mL) (ng/mlL)

CTX 4 2 I.10 4 2 1.09 4 2 1.06
5-FU 4 2 1.30 5 | 1.08 4 2 0.62
OXA 4 | 0.75 3 2 0.65 4 1.5 0.68
DOX 5 0.1 0.60 5 0.05 0.79 5 0.1 0.63
GEM 4 0.1 0.53 4 0.1 0.59 4 0.15 0.56

Notes: The Cl values were calculated based on the concentrations and anti-tumor effects of AgNTs, chemotherapeutics and their combinations in U87, U251 and Cé cells
and summarized in supplementary material (Table S1-3). A Cl value more than, equal to and less than | denote antagonistic, additional and synergistic effect, respectively.
The smallest ClI values and the corresponding concentration ratios were screened out from Table SI-3.

Abbreviations: AgNTs, silver nanotriangles; Cl, combination index; CTX, cyclophosphamide; 5-FU, 5-fluorouracil; OXA, oxaliplatin; DOX, doxorubicin; GEM, gemcitabine.

untreated control cells, and the combined treatment resulted in =~ MMP in U251 glioma cells and lead to cell apoptosis by
a greater loss of the MMP than that observed upon single-agent
treatments (Figure 6A). Besides, changes in the MMP could be
reduced when cells were pretreated with NAC. Further, the
apoptosis rate of U87 cells treated with AgNTs, GEM or their
combination was detected by flow cytometry. AgNTs com-
bined with GEM were able to induce remarkable cell apoptosis

and the apoptosis percentage was much higher compared with

enhancing ROS production.’ A similar phenomenon induced
by GEM was also observed in human ovarian cancer cells.” In
the present study, AgNTs alone or GEM alone could reduce the
MMP and promote cell apoptosis by inducing ROS production
in U87 cells. Moreover, we found that the anti-glioma synergy
between AgNTs and GEM was resulting from ROS-mediated
mitochondrial dysfunction and cell apoptosis.

that in single-agent groups (Figure 6B). Meanwhile, these pro-
apoptotic effects of AgNTs, GEM and their combination were
dramatically attenuated upon NAC pretreatment. These find-
ings indicated that the combination of AgNTs and GEM could
synergistically cause dissipation of the MMP and cell apopto-

JNK, P38 and ERK1/2 Signaling Pathways
and the Synergistic Anti-Glioma Effect of
AgNTs and GEM

sis, which were closely coupled with the overproduction of =~ The mitogen-activated protein kinase (MAPK) signaling

ROS. A previous study reported that AgNPs could decreasethe  pathway exerts crucial functions in a variety of cellular
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Figure 5 Effect of AgNTs, GEM or their combination on intracellular ROS production and viability of U87 cells pretreated with or without NAC.

Notes: U87 cells were exposed to AgNTs (4 ug/mL), GEM (0.1 pg/mL) or their combination for 24 h after pretreatment with or without NAC (5 mM). After that, cells
were loaded with the ROS probe DCFH-DA and the MFI was quantified using flow cytometry. The cell viability was measured by the MTT assay. The intracellular ROS level
and cell viability are shown in (A) and (B), respectively. The cell viability is expressed as the mean * SD summarized from three independent experiments. When compared
with the corresponding No NAC group, *P < 0.05, **P < 0.01, **P < 0.001.

Abbreviations: AgNTs, silver nanotriangles; GEM, gemcitabine; ROS, reactive oxygen species; NAC, N-acetylcysteine; DCFH-DA, 2’,7'-dichlorofluorescein diacetate; MFI,
mean fluorescence intensity; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; SD, standard deviation.

submit your manuscript 7799

International Journal of Nanomedicine 2020:15
Dove


http://www.dovepress.com/get_supplementary_file.php?f=267120.doc
http://www.dovepress.com/get_supplementary_file.php?f=267120.doc
http://www.dovepress.com/get_supplementary_file.php?f=267120.doc
http://www.dovepress.com/get_supplementary_file.php?f=267120.doc
http://www.dovepress.com
http://www.dovepress.com

Yang et al Dove

A B

= [ INo NAC EEINAC Pretreated GEM AgNTs+GEM

= 1204 0.30% | 4.71%| [0.16% [10.05%

L * * o z
8 =100 — — A wy 5
o= = - ; >
@ 8 801 . R ©
84 89.89%| 5.10%| |70.47%/19.32%

€ 60 o

5<

£ Zo 0.41% | 2.66%| [0.15% | 6.51%| £
Tz 401 o~ 1O
T O 3] ' =
& 20 10 g
5§ 10%] . 4 o
£ 0-—— . 1 . 10'195.02%| 2.5 41%| 4.31%| |92.79%| 4.14% 02%, 9.32%| @
= Control AgNTs GEM AgNTs 10" 10% 10° 10* 10°10" 10% 10° 10" 10°10" 10% 10° 10* 10°10" 10 10° 10* 10°

+GEM Annexin V-FITC

Figure 6 Effect of AgNTs, GEM or their combination on MMP and apoptosis of U87 cells pretreated with or without NAC.

Notes: After pretreatment with or without NAC (5 mM), U87 cells were incubated with AgNTs (4 ug/mL), GEM (0.1 pg/mL) or their combination for 24 h. (A) The MMP
examined by the JC-I assay. (B) Apoptosis rate determined by the annexin V-FITC/PI assay. The MMP is shown in the format of the mean + SD obtained from three
independent experiments. When compared with the corresponding No NAC group, *P < 0.05, **P < 0.001.

Abbreviations: AgNTs, silver nanotriangles; GEM, gemcitabine; MMP, mitochondrial membrane potential; NAC, N-acetylcysteine; FITC, fluorescein isothiocyanate; PI,

propidium iodide; SD, standard deviation.

responses.’’*' INK, p38 and ERK 1/2, important members
of the MAPK family, have been proved to play vital roles
in the formation, development and therapeutic response of
tumors.>*>* JNK and p38 MAPKs are generally asso-
ciated with stress responses, cell differentiation and cell
death.>>3® Activation of ERK1/2 usually promotes cell
survival, while ERK1/2 also has pro-apoptotic functions
under certain conditions.’” According to some previous
works, these signaling pathways were involved in ROS-
mediated cell apoptosis.®®*°

In the present study, in order to elucidate the roles of
INK, p38 and ERK1/2 MAPK signaling pathways in the
synergistic anti-glioma effect of AgNTs and GEM, we
detected the effect of inhibition of these three pathways
on the synergy by the MTT assay. For this purpose, U87
cells were pretreated with SP600125, SB203580 or U0126
before the treatment of AgNTs combined with GEM. As
shown in Figure 7A, the reduction of cell viability was
significantly rescued by SP600125, but not SB203580 or
U0126. Next, the JC-1 assay and annexin V-FITC/PI
apoptosis detection assay were, respectively, applied to
further ascertain if the MMP and apoptosis level of cells
treated with AgNTs plus GEM could be altered by these
three inhibitors. We found that SP600125 could largely
reduce the loss of the MMP induced by the combined
treatment, whereas the effects of SB203580 and U0126
were not significant (Figure 7B). Similarly, the increased
cell apoptosis rate caused by the combination was reversed
only by SP600125 (Figure 7C). These results suggested

the important role of the JNK signaling pathway in the
synergistic anti-tumor effect of the combined treatment in
glioma cells.

JNK, also known as stress-activated protein kinase, is
responsive to many environmental stimuli, and plays pivo-
tal roles in the cellular responses to environmental stress.*!
Studies have shown that JNK can be activated by ROS and
serve as an important modulator in the process of ROS-
induced cell death.*** Active INK is able to cause mito-
chondrial dysfunctions including loss of the MMP, perme-
transition and release of

ability cytochrome c,

subsequently  activating downstream  pro-apoptotic
caspases.** In the present study, overproduction of ROS,
loss of the MMP and increased apoptosis rate were
observed in U87 cells treated with the combined treatment
of AgNTs and GEM. In addition, changes in the MMP and
apoptosis level were reversed by NAC and SP600125,
indicating that AgNTs combined with GEM could syner-
gistically induce cell apoptosis via a ROS-dependent mito-
chondrial pathway and JNK might be involved in this

process.

Conclusion

In the current study, the combined anti-glioma effects of
AgNTs with five anti-tumor drugs (CTX, 5-FU, OXA,
DOX and GEM) were evaluated. A synergistic effect of
AgNTs combined with CTX was not observed, while the
synergism of AgNTs and 5-FU was found to be cell type-
specific. Besides, AgNTs combined with OXA, DOX or
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Figure 7 Effect of combined treatment of AgNTs and GEM on cell viability, MMP and cell apoptosis in the presence or absence of inhibitors of [NK, p38 and ERK1/2 MAPK
signaling pathways.

Notes: U87 cells were pretreated with or without SP600125 (10 mM), SB203580 (10 mM) or U0126 (10 mM) before treatment with AgNTs (4 pg/mL), GEM (0.1 pg/mL) or
their combination for 24 h. (A) The cell viability evaluated by the MTT assay. (B) The MMP detected by the JC-1 assay. (C) Apoptosis rate assessed by the annexin V-FITC/PI
assay. The cell viability and MMP are represented as the mean # SD obtained from three independent experiments. When compared with the corresponding No NAC group,
P < 0.01, ¥**P < 0.001.

Abbreviations: AgNTs, silver nanotriangles; GEM, gemcitabine; MMP, mitochondrial membrane potential; MAPK, mitogen-activated protein kinase; MTT,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; FITC, fluorescein isothiocyanate; Pl, propidium iodide; SD, standard deviation.

GEM exhibited a synergistic anti-tumor effect in all might be exploited for new efficient combination strategies
glioma cell lines tested, and the synergy between AgNTs in glioma therapy.

and GEM was the strongest. Moreover, this synergistic
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