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Abstract

The non-small cell lung cancer (NSCLC) accounts for about 85% of all lung cancers. It is
usually diagnosed at an advanced stage with poor prognosis. Nimbolide (NB), a terpenoid
limonoid isolated from the flowers and leaves of neem tree, possesses anticancer properties
in various cancer cell lines. However, the underlying mechanism of its anticancer effect on
human NSCLC cells remains unclear. In the present study, we investigated the effect of NB on
A549 human NSCLC cells. We found that NB treatment inhibits A549 cells colony formation
in a dose-dependent manner. Mechanistically, NB treatment increases cellular reactive oxygen
species (ROS) level, leading to endoplasmic reticulum (ER) stress, DNA damage, and eventu-
ally induction of apoptosis in NSCLC cells. Furthermore, all these effects of NB were blocked
by pretreatment with antioxidant glutathione (GSH), the specific ROS inhibitor. We further
knockdown CHOP protein by siRNA markedly reduced NB-induced apoptosis in A549 cells.
Taken together, our findings reveal that NB is an inducer of ER stress and ROS; these findings
may contribute to increasing the therapeutic efficiency of NSCLC.
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Abbreviations

53BP1 Tumor protein p53 binding protein 1

ATF4 Activating transcription factor 4

Bax Bcl2-associated protein x

Bcl2 B-cell lymphoma 2

DCFH-DA  2',7'-Dichlorodihydrofluorescein diacetate

DSB Double-strand break

EGFR Epidermal growth factor receptor

ER Endoplasmic reticulum

FITC Fluorescein isothiocyanate

GSH Glutathione

HRP Horseradish peroxidase

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
NB Nimbolide

NSCLC Non-small cell lung cancer

PI Propidium iodide

ROS Reactive oxygen species

STAT3 Signal transducer and activator of transcription 3
Introduction

Lung cancer has become the most frequent cause of cancer-related death worldwide
[1]. Clinically, malignant lung tumors can be classified as small or non-small cell lung
carcinomas (SCLCs and NSCLCs). In particular, 85% of lung cancer diagnoses are
caused by non-small cell lung cancer (NSCLC) [2, 3]. The majority of NSCLC patients
are diagnosed at advanced stages of the disease, at which stage the disease is largely
incurable. Although the conventional treatment modalities such as surgery, chemother-
apy, and radiotherapy have reached a great breakthrough, the 5-year survival rate for
NSCLC patients remains dissatisfactory [4, 5]. In the last several years, targeted cancer
therapies have showed significant clinical effects especially in NSCLC patients. NSCLC
patients with epidermal growth factor receptor (EGFR) mutations have successfully been
treated with EGFR tyrosine kinase inhibitors, such as erlotinib, gefitinib, and osimertinib
[6-9]. However, most patients who initially responded distinctly to treatment eventually
acquired resistance after about 9—14 months of treatment [10—12], which caused serious
clinical problems. Thus, new therapeutic agents are urgently needed to treat and improve
the NSCLC patient outcome.

Reactive oxygen species (ROS) are a family of molecules. It is formed with incomplete
reduction of oxygen, including hydrogen peroxide (H,0,), superoxide anion (O**7), and
hydroxyl radicals (éOH) [13]. A moderate increase of ROS levels promotes cell prolifera-
tion under normal physiological conditions [14]. However, a high level of ROS can cause
permanent damage to cells, resulting in apoptosis and cell cycle arrest [15]. Hence, agents
manipulating ROS levels in cancer cells may be a promising strategy to target cancer cells
while minimizing toxicity to normal cells.

Over the years, natural products have played a crucial role in the development of
anticancer drugs [16]. Nimbolide (NB), an extractive produced from Azadirachta
indica, consists of a terpenoid limonoid skeleton with a d-lactone ring and an o,f-
unsaturated ketone system. Previous studies have demonstrated that NB exhibit strong
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pharmacological function such as anti-inflammatory [17], anti-tumor [18, 19], and anti-
bacterial [20]. NB dose-dependently suppressed invasion and metastasis via manipula-
tion of ERK1/2 signaling and DUSP4 expression in NSCLC cells [21]. Additionally,
anticancer effect of NB has been reported in various tumor types such as breast cancer,
colorectal cancer, prostate cancer, and liver cancer [19, 22-24]. Through increasing ROS
levels and inhibiting signal transducer and activator of transcription 3 (STAT3) activa-
tion cascade, NB can effectively inhibit prostate cancer growth [19]. Furthermore, NB
also can kill the autophagy-mediated apoptotic cell to inhibit cell proliferation thus influ-
ence breast cancer progress [25]. It also has function to reduce CD44 positive cell popu-
lation and to induce mitochondrial apoptosis in pancreatic cancer cells [26]. Besides, NB
also plays a crucial role in triggering endoplasmic reticulum (ER) stress to inhibit the
development of specific cancer [27].

In our present study, the anticancer effects and the underlying mechanism of NB on
human NSCLC cells were investigated. It was demonstrated that NB induces apoptosis in
a dose-dependent manner, which is regulated by the ER stress activation through a ROS-
dependent mechanism. Furthermore, NB dose-dependently increased DNA damage. Fur-
thermore, blocking ROS production using glutathione (GSH) could totally reverse the anti-
cancer effects of NB. Taken together, our results show that NB is an effective therapeutic
candidate for NSCLC patient treatment and discover a novel mechanism of NB in antican-
cer activities.

Materials and Methods
Cell Culture

Human NSCLC cell lines A549 and H1650 and normal human liver cell LO2 were obtained
from Shanghai Institute of Biosciences and Cell Resources Center (Chinese Academy of
Sciences, Shanghai, People’s Republic of China). All the cells were cultured in Roswell
Park Memorial Institute-1640 (RPMI-1640) medium (Thermo Fisher Scientific, Waltham,
MA, USA) with 10% fetal bovine serum (FBS) and 1% antibiotic (penicillin/streptomycin)
solution (Thermo Fisher Scientific). Cells were cultured in a humidified cell incubator with
an atmosphere of 5% CO, at 37 °C.

Reagents

Nimbolide (NB) was obtained from TargetMol (Boston, USA). The compound NB was dis-
solved in DMSO. Antibodies including anti-Bcl-2, anti-Bax, anti-GAPDH, and horseradish
peroxidase (HRP)-conjugated secondary antibodies were purchased from Santa Cruz Bio-
technology (Santa Cruz, CA). Antibodies including ATF4, EIF2a, p-EIF2a, CHOP, cleaved
PARP, and cleaved caspase-3 were obtained from Cell Signaling Technology (Danvers,
MA). Glutathione (GSH), dimethylsulfoxide (DMSO), and methyl thiazolyl tetrazolium
(MTT) were purchased from Sigma-Aldrich (St. Louis, MO). Fluorescein isothiocyanate
(FITC) Annexin V Apoptosis Detection Kit and propidium iodide (PI) were purchased from
BD Pharmingen (Franklin Lakes, NJ). Reactive oxygen species probe 2',7-dichlorodihy-
dro fluorescein diacetate (DCFH-DA) was purchased from Thermo Fisher (Carlsbad, CA,
USA). A protease phosphatase inhibitor mixture was obtained from Applygen Technologies
(Beijing, People’s Republic of China).
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Cell Viability Assay

To measure viability of cells following NB treatment, cells (6x 10* cells/well) were
plated in 96-well plates and allowed to attach overnight in complete growth medium.
NB was dissolved in DMSO and diluted with RPMI-1640 medium to obtain final con-
centrations of 0.5, 1, 2.5, 5, 10, and 20 pM. The NSCLC cells and normal cells were
incubated with NB for 24 h or 48 h before performing the MTT assay.

Colony Formation Assay

To determine long-term effects, the cells were cultured at 500 cells/well in six-well
plate with RPMI-1640 medium and allowed to attach overnight. The cells were then
exposed to NB for 24 h. Following NB treatment, medium was routinely changed to
fresh medium and cells were allowed to grow for 12 days until the colonies were vis-
ible. Then, colonies were fixed and stained with 2% crystal violet in ethanol. A colony is
defined as a cluster of at least 50 cells that can often only be determined microscopically.

Cell Apoptosis Analysis

Cell apoptosis analysis was performed as described previously [28]. Briefly, cells were
plated in six-well plates, allowed at attach overnight, and then treated with indicated
concentrations of NB for 24 h in the presence or absence of 5 mM GSH pretreatment
for 2 h. Cells were harvested and washed with ice-cold PBS (twice). The washed cell
samples were resuspended in 500 pL binding buffer, and double stained with Annexin
V-FITC and propidium iodide (PI) for 10 min. Apoptosis was analyzed by using Accuri
C6 plus flow cytometer (BD Biosciences, CA, USA).

Measurement of Reactive Oxygen Species Generation

Intracellular ROS contents were assessed by flow cytometry using DCFH-DA probe.
Briefly, cells were plated in six-well plates and allowed to attach overnight. Cells were
then treated with indicated concentrations of NB for 3 h in presence and absence of
5 mM GSH pretreatment for 2 h. After treatment, cells were harvested and incubated
with 10 pM DCFH-DA for 20 min at 37 °C in the dark. Then, the cells were washed
with PBS (twice) and analyzed the mean fluorescence intensity immediately using
Accuri C6 plus flow cytometry (BD Biosciences, CA, USA).

Immunofluorescence (IF) Assay

The cells were grown on a coverslip and were treated with NB (1, 2.5, 5 pM) for 20 h with
or without 5 mM GSH pretreatment for 2 h. After being fixed in 4% paraformaldehyde for
10 min, cells were incubated in a permeabilization solution at room temperature for 20 min.
After three times of washing with PBS, the coverslips were incubated with blocking solu-
tion for 1 h. 53BP1 (1:500 in blocking solution) was added; then, cells were incubated over-
night at 4 °C. Cells were washed with blocking solution and then incubated with blocking
solution including DyLight 488-conjugated secondary antibody (1:2000) for 1 h at 37 °C.
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Finally, the coverslip was washed with PBST for three times and mounted with DAPI stain.
Cell fluorescence was detected and imaged using Leica fluorescence microscope.

Comet Assay

DNA damage response was detected by a comet assay [29]. Briefly, cells were plated in
6-well plates and allowed to attach overnight. Cells were treated with indicated concentra-
tions of NB for 20 h in the presence or absence of 5 mM GSH pretreatment for 2 h. After
treatment, cells were harvested and washed twice with ice-cold PBS. Cells were mixed with
0.5% low-melting-temperature agarose and then transferred to slides that were coated with
1.5% normal agarose. To perform the alkaline assay, the slides were lysed in 1% Triton
X-100, 10 mmol L™ Tris (pH 10.0), 100 mmol L™ EDTA, 2.5 M NaCl overnight at 4 °C,
followed by electrophoresis in 300 mM NaOH, and 1 mmol L' EDTA at 2 V/cm for 15 min.
The slides washed with water, dried with ethanol, and mounted with PI solution (20 pg/mL).
Finally, the slides were captured using a fluorescence microscope (Nikon Japan). The % tail
DNA and tail intensity were evaluated by CASP software.

Western Blot Analysis

Proteins from the mitochondrial, nuclear, and cytosolic fraction were prepared using lysis
buffer. Protein concentrations were determined using Bradford reagent (Bio-Rad Laborato-
ries Inc., Hercules, CA, USA) and aliquots normalized to equal quantities before loading.
Protein samples were separated by SDS-PAGE. After electrophoresis, proteins were elec-
tro-transferred to poly-vinylidene difluoride (PVDF) membranes (Bio-Rad) overnight at
30V, 4 °C. The membranes were blocked with blocking buffer (10 mM Tris—HCI, 150 mM
NaCl, 0.1% Tween-20) containing 5% milk for 1 h and then incubated with respective
primary antibodies for 24 h at 4 °C. Primary antibodies include anti-Bcl-2 (1:200), anti-
Bax (1:200), anti-GAPDH (1:200), anti-ATF4 (1:1000), anti-EIF2a (1:1000), anti-p-
EIF2a (1:1000), anti-CHOP (1:1000), anti-pro-caspase-3 (1:1000), anti-cleaved-caspase-3
(1:1000), and anti-yH2AX (1:1000). Following three washes with TBST, the blots were
incubated with HRP-conjugated secondary antibodies (1:10,000) for 1 h. After additional
washing with TBST, protein bands were detected by using enhanced chemiluminescence
reagent (ECL kit, Amersham Biosciences). The density of the immunoreactive bands was
analyzed using ImageJ software (National Institute of Health, MD).

Quantitative RT-PCR

RT-PCR assay was performed as described previously [30]. Cells were treated with NB for
3 h or 8 h; Isol-RNA Lysis Reagent (5 PRIME) was used to extract total RNA. A Bio-Rad
iScript cDNA synthesis kit (500 ng total RNA) was used to generate first-strand cDNA. We
used a Human Unfolded Protein Response RT2 Profiler PCR Array System (PAHS-089Z;
SABiosciences) to perform real-time quantitative PCR. Real-time PCR was performed
using iCycler iQ (Bio-Rad). Analysis of the data was carried out using online tools accord-
ing to the manufacturer. Gene-specific primer pairs were used as follows:

CHOP-F: ATGGCAGCTGAGTCATTGCCTTTC
CHOP-R: AGAAGCAGGGTCAAGAGTGGTGAA
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ATF4-F: CAGCAGCACCAGGCTCT
ATF4-R: TCGAAGGTGTCTTTGTCGGT
GAPDH-F: ACCACAGTCCATGCCATCAC
GAPDH-R: TCCACCACCCTGTTGCTGTA

Analyses were performed using a comparative threshold cycle method based on
GAPDH as a housekeeping gene.

Transient Transfection of Small Interfering RNA (siRNA)

To knockdown CHOP expression, A549 cells were seeded in six-well plates and cultured
for 24 h. siRNA duplexes against human CHOP (100 nM) or non-targeting control were
transfected using Lipofectamine 3000 (Invitrogen, CA, USA) according to the manufactur-
er’s instructions. After 6-8 h, the medium was replaced with fresh medium and cells were
cultured for an additional 36 h. Then, cells were treated with NB for 8 h and used for subse-
quent experiments. CHOP (5'-GCCUGGUAUGAGGACCUGC-3') and control siRNA (5'-
GCGCGCUUUGUAGGAUUCG-3") were used in this study purchased from GenePharma
(Shanghai, China).

In VivoXenograft Model

All animal experiments complied with the Taizhou University’s Policy on the Care and Use
of Laboratory Animals. Animal studies conducted are in compliance with the ARRIVE
guidelines [31]. Nude mice (nu/nu, male, 68 weeks old) were purchased from SLAC Labo-
ratories (Shanghai, China). Throughout the experiment, mice were kept in a constant room
temperature with a 12/12 h light/dark cycle and fed a standard rodent diet with unlimited
access to water. Then, mice were randomly divided into two experimental groups (n=>5).
A549 cells were injected subcutaneously into the right flank of all mice at 5x 10° cells in
100-pL PBS. After tumor volumes reached 100 mm®, mice were treated once every 2 days
for 18 days with intraperitoneal (i.p.) injections of 5 mg/kg nimbolide (in PBS containing
6% castor oil). A control group of mice received vehicle alone. The tumor volumes were
acquired by measuring length (/) and width (w) and calculating volume (V= 0.5%Ixw?)
during each of the indicated time points. Mice were sacrificed and tumor specimens were
harvested and weighed. The samples were then processed for Western blot and histological
analysis.

Tissue Staining

We used 10% formalin to fix harvested tumor tissues and embedded in paraffin. Specimens
were sectioned at 5-pm thickness. Tumor sections were stained using routine immunohisto-
chemical techniques with primarily antibodies against cleaved caspase-3 (1:150), p-EIF2«
(1:150), y-H2AX (1:200), or ki-67 (1:200). HRP-conjugated secondary antibodies and
diaminobenzidine (DAB) were used for detection.

Heart, liver, and kidney tissues from mice were stained with hematoxylin and eosin
(H&E).
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Frozen tissue sections were used for immunofluorescence detection of ROS. Sections
were incubated with DCFH-DA. Slides were counterstained with DAPI and images were
captured.

Statistical Analysis

All experiments were repeated at least three times. Data are reported as mean+ SEM.
Statistical analysis was performed with GraphPad Prism 6.0 software (GraphPad, San
Diego, CA, USA). Student’s t-test and two-way analysis of variance were employed to
analyze the differences between groups. A p value of <0.05 was considered statistically
significant.

Results
Nimbolide Effectively Suppresses Cell Viability in NSCLC Cells

In order to investigate the effects of NB on cell viability, MTT assays were performed
on A549 and H1650 exposed to NB for different durations and concentrations. There
was a significant decrease in the viability of both A549 and H1650 cells after NB treat-
ment (Fig. 1A). The ICs, values of H1650 and A549 cells were at 2.6 pM (24 h), 2.9 pM
(24 h) and 1.9 pM (48 h), 2.4 pM (48 h), respectively. Obviously, ICs, of both A549
and H1650 cells were decreased over time. Furthermore, we chose human normal cells
L02, to analyze the cytotoxic effect of NB with MTT assay. As shown in Supplementary
Figure 1, NB is low toxicity on normal cells compared with cancer cells. The antican-
cer activities of NB were then detected with the colony formation assay. We exposed
H1650 and A549 cells with NB in different doses (0.5, 1, and 2 pM) (Fig. 1B), and these
results suggested that NB significantly inhibits the growth in a dose-dependent manner in
NSCLC cells (Fig. 1C).

Nimbolide Induces Cell Apoptosis in NSCLC Cells

To explore whether NB induces apoptosis in NSCLC cells, we evaluated the cellular apop-
tosis using cell apoptosis detection kit. A549 and H460 cells were treated with 1, 2.5, and
5 uM NB. With 1 pM dose of NB treatment, apoptotic cells increased from 5.81 to 13.96%.
Similar results also occurred when NB treatment was added from 2.5 to 5 pM (Fig. 2A, B).
Therefore, NB treatment (1, 2.5, and 5 pM) on A549 and H460 cells resulted in a rise of
apoptotic cells. Moreover, A549 and H460 cells treated with NB significantly downregu-
lated the expression of Bcl-2 and upregulated the expression level of Bax (Fig. 2C-F). All
these data showed that treatment of NB induces cell apoptosis in NSCLC cells.

Nimbolide Induces ROS-Dependent Apoptosis in NSCLC Cells

ROS generation has been reported to play a vital role in apoptosis progress induced by
NB in some cancer cell lines [19, 27, 32]. Thus, we detected the ROS level in NB-treated
cells through flow cytometry. As shown in Fig. 3A and B, NB treatment increased ROS
levels in A549 cells in a dose-dependent manner. However, when GSH was added, ROS
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Fig. 1 Nimbolide (NB) inhibits proliferation of NSCLC cells. A Cell viability was analyzed by MTT assay.
A549 and H1650 cells were treated with different concentrations of NB (0, 0.5, 1, 2.5, 5, 10, 20 pM) for 24 h
or 48 h. ICy, values for NB were calculated. B Colony formation assay. A549 and H1650 cells were incubated
with NB (0.5, 1, 2 pM) for a week and stained with crystal violet. Then, the number of colonies was counted.
C The colony formation ability of each group was shown in bar chart. All data are shown as mean+SEM
(n=3) (*p<0.05, **p <0.01, ***p <0.001; #p <0.05, ##p < 0.01, ###p <0.001; all versus DMSO group)

content was decreased (Fig. 3C, D). To investigate whether GSH have inhibitory effect to
NB-induced apoptosis, we evaluated the cellular apoptosis by using cell apoptosis analysis.
After treated with 5 pM NB, the apoptotic cells remarkedly increased (P <0.05). Interest-
ingly, when pretreatment with GSH (the ROS scavenger), the apoptosis effects induced by
NB was significantly reversed (Fig. 3E, F). Moreover, NB treatment downregulated the
expression of anti-apoptotic proteins Bcl-2 and upregulated the expression of pro-apoptotic
proteins Bax. Pre-incubation of GSH, all these effects were almost attenuated (Fig. 3G, H).
All these results suggested that NB induces ROS-mediated cell apoptosis.

Nimbolide Causes ER Stress Activation in NSCLC Cells

Next, we investigated whether NB caused ER stress activation in A549 cells; we used
Western blot analysis to measure the protein expression of P-EIF2a, EIF2a, ATF4, and
CHOP. All those proteins above were interrelated to ER stress. As shown in Fig. 4A-B,
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Fig.2 NB treatment induces apoptosis in NSCLC cells. A A549 cells and H1650 cells were exposed to
NB at the indicated concentrations (1, 2.5, 5 uM) for 24 h. Percentage of cell apoptosis was determined by
Annexin V/PI staining and flow cytometry. Similar results were obtained in three independent experiments.
B The percentage of apoptotic cells in the treatment groups was quantified. C, E Expression of apoptosis-
related proteins Bcl-2, Bax, pro-caspase-3, and cleaved caspase-3 was determined by Western blot after
treatment with NB (1, 2.5, 5 pM) for 20 h in A549 cells and H1650 cells. GAPDH was used as internal
control. D, F Quantification of data presented in (C) and (E). All data are shown as mean+SEM (n=3)
(*p<0.05, **p<0.01, and ***p <0.001 compared with DMSO)
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Fig. 3 NB induces ROS accumulation and ROS-dependent apoptosis in NSCLS cells. A Intracellular ROS
generation dose-dependently induced by NB was measured in A549 cells by staining with DCFH-DA
(10 pM) and flow cytometry analysis. A549 cells were treated with NB at the indicated concentrations (1,
2.5, 5 uM) for 3 h. Then, intracellular ROS generation was measured by flow cytometry. B Quantification of
data presented in (A). C Effect of GSH pretreatment of 2 h on ROS levels. Relative fluorescence intensity
was assayed by flow cytometer. D Quantification of data presented in (C). E A549 cells were pre-incubated
with or without 5 mM GSH for 2 h before exposure to NB (5 pM) for 24 h. Percentage of cell apoptosis
was determined by Annexin V/PI staining and flow cytometry. F The percentage of apoptotic cells in the
treatment groups was quantified. G Expression of apoptosis-related proteins Bcl-2, Bax, pro-caspase-3, and
cleaved caspase-3 was determined by Western blot after treatment with NB (5 pM) or NB (5 pM) + GSH
(5 mM) pretreated or GSH (5 mM) for 20 h in A549 cells. GAPDH was used as internal control. H Quan-
tification of data presented in (G). All data are shown as mean+SEM (n=3) (*p<0.05, **p<0.01, and
**%p <0.001)

AS549 cells were treated with NB (1, 2.5, 5 pM) for 3 h; the expression level of P-EIF2«a
and ATF4 was upregulated. Besides, the expression of CHOP was also upregulated with
NB treatment for 8 h (Fig. 4C). Furthermore, while the dose of NB was increased, rel-
ative mRNA intensity of ATF4 and CHOP positively was increased (Fig. 4D). These
results demonstrated that NB has an influence to ER-related proteins that causes ER
stress activation in A549 cells.
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Fig.4 NB treatment activates ER stress pathway in NSCLS cells. A Western blot analysis of ER stress
pathway-associated proteins in A549 cells exposed to various concentrations of NB (1, 25, 5 pM) for 3 h
(ATF-4 and p-EIF2a). EIF2a and GAPDH served as controls. B Quantification of data presented in (A). C
A549 cells were treated with various concentrations of NB (1, 25, 5 pM) for 8 h (CHOP). GAPDH served
as controls. D Quantification of data presented in (C). E A549 cells were treated with NB (1, 25, 5 pM) for
3 h or 8 h. The mRNA expression of AFT4 and CHOP was analyzed by qRT-PCR. All data are shown as
mean +SEM (n=3) (*p <0.05, **p <0.01, and ***p <0.001 compared with DMSO group)

Induction of ER Stress by Nimbolide Is Dependent on ROS Generation in NSCLC Cells

Previous research has indicated that ROS generation plays an important role in cell
apoptosis and can be used as anticancer agents [33-36]. Thus, we examined whether
ROS generation is necessary for NB-induced ER stress in A549 cells. The ER stress
relative protein expression of P-EIF2a, ATF4, and CHOP was highly increased when
treated with 5 pM NB. Interestingly, pretreatment of GSH almost reversed the above
effect induced by NB (Fig. 5A-D). Furthermore, we found that NB treatment contrib-
uted to a remarkably increasing in the mRNA levels of ATF4 and CHOP (Fig. SE, F).
Our further study investigated whether ER stress induced by NB was involved in the
cell apoptosis process. Thus, the effect of siRNA-mediated CHOP knockdown was fur-
ther observed in A549 cells. As was described in Fig. 5G-I, protein levels and relative
mRNA intensity significantly decreased via 5 pM NB treatment combined with trans-
fection of CHOP siRNA. We therefore assumed that if ER stress was involved in cell
death after NB treatment, the apoptosis effect would be reversed after knockdown of
CHOP. As shown in Fig. 5J, CHOP knockdown significantly decreased cell apoptosis
after NB treatment. These results indicated that NB induced ER stress via ROS genera-
tion, eventually leading to cell apoptosis in A549 cells.
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Fig.5 NB induces apoptosis through ROS-dependent ER stress pathway in NSCLS cells. A Effect of GSH
pretreatment on NB-induced ER stress pathway proteins. GSH was used at 5 mM for 2 h before exposure to
NB (ATF-4 and p-EIF2a). EIF20 and GAPDH were served as internal controls. B Histogram data indicates
densitometric quantification of (A). C A549 cells were treated with various concentrations of NB (1, 25,
5 pM) for 8 h (CHOP) before GSH pretreatment. GAPDH was served as internal controls. D Quantification
of data presented in (C). E, F A549 cells were treated with NB (1, 25, 5 pM) for 3 h or 8 h before GSH pre-
treatment. The mRNA expression of AFT4 and CHOP was analyzed by qRT-PCR. G A549 cells transfected
with CHOP siRNA or control siRNA were treated with NB (5 pM) for 8 h; the protein level of CHOP was
determined by Western blot. H Quantification of data presented in (G). I A549 cells were infected with
CHOP siRNA or control siRNA; the mRNA expression of CHOP was analyzed by qRT-PCR after treat-
ment with NB (5 pM) for 8 h. J A549 cells transfected with CHOP siRNA or control siRNA were treated
with NB (5 pM) for 24 h; percentage of cell apoptosis was determined by Annexin V/PI staining and flow
cytometry. All data are shown as mean+SEM (n=3) (*p <0.05, **p <0.01, and ***p <0.001)

Nimbolide Triggers ROS-Mediated DNA Damage and DNA Damage Response
in NSCLC Cells

It is shown that the accumulation of unrepaired DNA damage may lead to apoptosis [37].
Moreover, several natural products selectively kill cancer cells via causing oxidative DNA
damage. In our study, we detected the effect of NB treatment (20 h) on DNA integrity
using the comet assay in A549 cells. As expect, the alkaline comet assays revealed that
NB treatment (1.25-5 pM) triggered massive DNA damage, which caused DNA frag-
ments exiting from the genome and formed “tails” with the cell nuclei (Fig. 6A). The
abundance of DNA damage-induced fragments was quantified by the percentage of tail
DNA (Fig. 6B). Immunofluorescence (IF) analysis showed that the number of nuclear
53BP1 foci was obviously increased after NB treatment in A549 cells (Fig. 6C). Besides,
NB treatment significantly increased y-H2AX expression level, a marker of DNA double-
strand break (Fig. 6D, E). ROS is a DNA damage factor [38]. Therefore, we validated
that DNA damage caused by NB is associated with ROS production. Results showed that
GSH significantly reduced the accumulation of tail DNA by inhibiting ROS production
(Fig. 6F, G). Moreover, pretreatment of GSH significantly attenuated the formation of
53BP1 nuclear foci in A549 cells (Fig. 6H). The results were consistent with the Western
blot analysis, which showed that ROS inhibition observably reduced the expression of
y-H2AX (Fig. 6l, J). Together, all data revealed that NB induced cell apoptosis via trig-
gering massive DNA damage as well as strong DNA damage responses.

Nimbolide Inhibits A549 Xenograft Tumor Growth In Vivo

We next investigated the anti-tumor effect of nimbolide in vivo; we subcutaneously
implanted A549 cells into immunodeficient mice and orally treated the mice with NB.
Treatment of mice with NB (5 mg/kg) reduced NSCLC growth, as evidenced by lower
tumor volumes and reduced weights (Fig. 7A—C). Besides, mice treated with NB were seen
without any changes to body weight measurements compared to vehicle group (Fig. 7D).
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Fig.6 NB triggered DNA damage and DNA damage response in NSCLC cells. A The alkaline comet
assay was carried out to assess DNA damage in A549 cells. Scale bar, 10 pm. B Quantification of the
results shown in A. Data are shown as mean+SEM (n=3) (*p<0.05, **p<0.01, ***p <0.001 compared
with DMSO group). C The accumulation of 53BP1 (green) nuclear foci as a marker of the DNA dam-
age response was evaluated by immunofluorescence (IF). Nuclei were stained with DAPI (blue). Scale bar,
10 pm. D, E A549 cells were exposed to NB for 20 h, and the protein level of y-H2AX, a DNA damage
response marker, was determined by Western blot analysis. GAPDH was used as a loading control. Quanti-
fication of the results shown in (E). F-H A549 cells were pretreated with 5 mM GSH for 2 h before expo-
sure to NB for 20 h. The alkaline comet assay was performed to detect DNA damage in (F). Quantification
of tail DNA was shown in (G). The nuclear foci formation of 53BPI was detected by immunofluorescence
staining in (H). Scale bar, 10 pm. I, J A549 cells were pretreated with 5 mM GSH for 2 h before exposure
to NB for 20 h. The protein level of y-H2AX was determined by Western blot analysis. GAPDH was used
as a loading control. Quantification of the results shown in (J). All data are shown as mean +SEM (n=3).
(*p<0.05, **p <0.01, and ***p <0.001)
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Furthermore, Hematoxylin and Eosin (H&E) staining showed that NB treatment did not
induce noticeable histological changes in liver, kidney and heart tissues compared to vehi-
cle group (Fig. 7E). Additionally, we stained tissue sections with DCFH-DA probe to
assess ROS levels in tumor specimens. Our data showed that NB treatment increases DCF
fluorescence in tumor specimens, indicating increased ROS levels (Fig. 7F). Western blot
analysis revealed that treatment with NB significantly increased the expression level of Bax
and decreased the expression of Bcl-2 in resected tumor specimens (Fig. 7G). In the xeno-
graft tumors, IHC staining assay was employed to assess the protein expression of repre-
sentative tumor progression, ER stress, DNA damage, and apoptosis markers. The results
showed that Ki-67 expression was decreased after NB-treated group compared to vehicle
group, while the p-EIF2a, y-H2AX, and cleaved caspase-3 expression were increased
(Fig. 7H). Taken together, our in vivo findings indicate that NB inhibits tumor growth via
triggering ROS production, ER stress, DNA damage, and apoptosis.

Discussion

The aim of our study is to clarify the anticancer molecular mechanisms of NB in NSCLC
cells. There is sufficient evidence that NB inhibits cell growth and leads to apoptosis of
NSCLC cells. Furthermore, NB treatment caused an increase in ROS production in A549
cells, which leads to the activation of ER stress and DNA damage. Moreover, pretreat-
ment of GSH (a selective inhibitor of ROS) notably reversed NB-induced ER stress and
DNA damage, which eventually inhibiting cell apoptosis. Importantly, knockdown of the
key protein CHOP in ER stress process by siRNA almost attenuated the apoptosis effect
induced by NB. This anti-tumor activity in vivo was also mediated by enhancing ROS lev-
els. Our study shows a novel mechanism of the NSCLC cells apoptosis-inducing activity
of NB (summarized in Fig. 8).

Due to the advancements in diagnostics, the 10-year survival rate for NSCLC has
increased over the past three decades [5, 39, 40]. However, effective interventions such as
surgery and chemotherapy do not guarantee a cure for NSCLC patients, especially those
who resist to accept therapeutic regimen. Besides, treatment options for NSCLC currently
are presently unsatisfactory, since hormonal resistance is virtually inevitability, and is the
leading cause of death [41]. Thus, it is urgent to search for natural compounds with prop-
erties of less toxic and anticancer to treat tumor diseases.

There is a complex relationship between ROS and cancer. ROS including hydro-
gen peroxide (H202), super anions (O27), and hydroxyl radical (-:OH) are produced as
byproducts of cellular metabolism and are in a cellular redox balance with biochemical
antioxidants [42]. Unfortunately, in many cancers such as lung cancer, the disruption of
this important balance leads to oxidative stress, leading to the formation of ROS, which
can damage DNA, RNA, and some proteins and cause some human diseases such as some
malignant tumor and insulin-resistant diabetes mellitus [43]. When DNA is damaged, the
double-strand break (DSB) can lead to rapid phosphorylation of H2AX (y-H2AX) which
forms foci around the site to keep chromatin open and to provide a platform for the fol-
low-up response to DNA damage. Tumor protein p53 binding protein 1 (53BP1), which
is also indicative of DNA double-strand breaks, is upregulated by ATM and ATR [44].
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Fig.7 NB inhibits the growth of A549 xenografts by inducing oxidative stress. A A549 cells were
implanted in nude mice. Mice were then treated with NB for 18 days. Photographs of resected tumor tis-
sues from mice. B Weights of tumor tissues resected from nude mice at the end of the treatment period
(**p<0.01 compared to Ctrl group). C Measurement of tumor volumes at indicated time points follow-
ing NB treatment (**p <0.01 compared to Ctrl group). D Body weights of nude mice receiving NB treat-
ment at various intervals. E HE staining of the major organs including the liver, kidney, and heart (scale
bar=50 pm). F Staining of tumor tissue sections for DCFH-DA (green). Tissues were counterstained with
DAPI (blue). Increased fluorescence intensity is indicative of increased ROS levels (scale bar=100 pm).
G Western blot analysis of Bcl-2 and BAX levels in resected tumor tissues. GAPDH was used as loading
control (**p <0.01 compared to Ctrl group). H Immunohistochemistry staining was performed to detect the
expression of Ki-67, p-EIF2a, y-H2AX, and cleaved caspase-3 after treatment with NB (scale bar =50 pm)

In the present study, NB significantly increased y-H2AX and 53BP1 in a dose-dependent
manner. Pretreatment of GSH markedly inhibits NB-induced DNA damage marker. Based
on our results, we conclude that treatment of NB resulted in a classic DNA damage. These
findings provide evidence for the use of NB, a ROS modulator and DNA damage inducer,
in the treatment of NSCLC.

ER stress is essential organelle in protein folding secretion and modification [45]. It has
recently been shown that many natural products, such as licochalcone A, chaetocin, and
emodin, could induce ER stress-mediated apoptosis in lung cancer cells [46, 47]. When
ER stress occurred, unfolding proteins such as ATF4 and p-EIF2a accumulated which
triggered the unfolded proteins response. As previously mentioned, cancer cells treated
with NB exhibited an increase in ER stress-related protein expression. Western blot data
showed that NB treatment observably increased the expression of the ATF4, CHOP, and
p-EIF2a in a dose-dependent manner. Research also showed that ROS plays an essential
role in IBC-induced ER stress pathway in PC-3 cells [33]. Consistent with above studies,
pretreatment with GSH obviously inhibited NB-induced ER stress relative protein over-
expression. We also found that NB treatment led to a great increasing of relative mRNA
level of CHOP and ATF4. All these results indicated that NB selectively activates ER
stress which can be influenced by ROS and exhibited excellent anticancer activities in
A549 cells. Besides, our results demonstrated that the ROS generation has a substantial
influence to apoptosis and it can serve as anticancer strategy and inhibit the development
of some tumor diseases.

Conclusion

In summary, our present study showed that NB inhibits cancer cell growth and apoptosis
via ROS-mediated ER stress and DNA damage in vitro and in vivo. It provides a poten-
tial therapeutic agent (NB) for treating NSCLC. Besides, our results also indicate that
targeting ROS-mediated ER stress and DNA damage is a key step in developing anti-
NSCLC drugs.
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Fig.8 Schematic illustration of the ROS-ER stress/DNA damage signaling axis in nimbolide-induced apop-
tosis in NSCLC cells
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