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The petroleum ether extract of Brassica rapa L.
induces apoptosis of lung adenocarcinoma cells
via the mitochondria-dependent pathway+
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Brassica rapa L. is one of the most popular traditional foods with a variety of biological activities. In this
study, the petroleum ether extract of B. rapa was separated by silica gel column chromatography, and
named BRPS, which was identified by LC-MS. The effects and pharmacological mechanisms of BRPS on the
treatment of lung cancer were investigated both in vitro and in vivo. The results showed that BRPS signifi-
cantly inhibited the proliferation of both human lung cancer A549 and mouse lung cancer LLC cells, while
its toxicity to normal cells was lower than that of cancer cells. BRPS induced cell cycle arrest at the G2/M
phase and significantly reduced the levels of CDK1 and CyclinB1 in A549 cells. Moreover, BRPS induced
apoptosis in a dose-dependent manner, and increased the Bax/Bcl-2 ratio, while it decreased mitochondrial
membrane potential, promoted the release of cytochrome c, activated caspase 9 and 3, and enhanced the
degradation of PARP in A549 cells. Furthermore, the levels of reactive oxygen species (ROS) were also upre-
gulated by BRPS and ROS inhibitor reversed BRPS-induced apoptosis. Importantly, BRPS significantly sup-
pressed the growth of LLC cells in vivo without any obvious side effect on body weight and organs of mice,
and increased the proportion of B cells, CD4" T cells, CD8" T cells and CD44*CD8" T cells in the spleen.
These results revealed that BRPS inhibited the growth of lung cancer cells through inducing cell cycle arrest,
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1 Introduction

Globally, lung cancer is the most common cause of cancer-
related death for both men and women, with an estimated
2.2 million new cancer cases and 1.8 million deaths in 2020,
accounting for 18.0% of all cancer deaths. In most countries,
the survival rate for patients with lung cancer within five years
after diagnosis is only 10% to 20%." Environmental exposure
including air pollution, radiation, asbestos and other sub-
stance exposure is the main cause of lung cancer, especially
tobacco exposure, which is the most important environmental
factor.>” In addition, genetic factors also play an important
role in the occurrence and development of lung cancer.
Although the diagnosis and treatment strategies of lung cancer
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tumor functional food and promising agent for the treatment of lung cancer.

have made great progress in recent years, lung cancer is still
one of the malignant tumors with poor prognosis due to its
complicated etiology and unknown pathogenesis.*”

The treatment of lung cancer mainly includes surgery,
chemotherapy, radiotherapy, immunotherapy or their combi-
nation, depending on the type of cancer, the degree of cancer pro-
gression and the general health status of the patient. The cancer
is usually removed surgically at the early stage.® However, radio-
therapy might serve as a more appropriate option rather than
surgery if the health condition is not optimistic.” Recently, tar-
geted therapy has been playing an increasingly important role in
advanced lung cancer because the signaling transduction
pathway plays a crucial role in the occurrence and development
of lung cancer. The main obstacle of lung cancer targeted therapy
and chemotherapy is drug resistance.* The effect of traditional
Chinese medicine (TCM) is often the result of multi-component
and multi-target action, which has played an important role in
anticancer therapy. TCM has more abundant structures and bio-
logical activities than conventional drugs, and has become a
huge source for the development of anticancer drugs."®

Brassica rapa L. is a biennial herb of the Brassica genus in
Cruciferae and widely distributes in Xinjiang, China, and can
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be used as both food and medicine."" Multiple bioactive components
in B. rapa, such as glucosinolates, isothiocyanate, phenolic com-
pounds, flavonoids, organic acids, and polysaccharides were
identified.">™* The bioactivity studies on B. rapa revealed its anti-
cancer, immunomodulatory, anti-hypoxia and anti-oxidation
activity.">™® Our previous study found that the n-butanol subfraction
of B. rapa showed potential anti-lung cancer activity."” The study
about anti-tumor activity proves that B. rapa polysaccharides have
anti-lung cancer activity and induce apoptosis in A549 cells through
mitochondria-mediated apoptosis."* Although B. rapa is a very impor-
tant crop with edible and medicinal values, only a few studies consist-
ently characterize its chemical characteristics and biological activities.

In this study, the petroleum ether extract of B. rapa was pre-
pared and separated by silica gel chromatography, which was
named BRPS. The antitumor effect and underlying mechanism
of BRPS on lung cancer were investigated both in vitro and in vivo.
We found that BRPS significantly inhibited the proliferation of
lung cancer cells, and induced cell cycle arrest and apoptosis by
activating the mitochondria-mediated apoptosis pathway in vitro.
Moreover, BRPS significantly suppressed the growth of LLC cells
in vivo. In addition, BRPS showed an immunostimulatory effect
without obvious toxicity in mice. These results suggested that
BRPS might be a potential anti-tumor functional food and agent
in the treatment of lung cancer.

2 Materials and methods
2.1 Cell lines and cell culture

The human lung adenocarcinoma cell A549, normal bronchial
epithelium cell BEAS-2B and murine lung carcinoma LLC cells
were obtained from iCell Bioscience Inc (Shanghai, China) and
cultured in DMEM medium (Gibco) supplemented with 10%
heat-inactivated fetal bovine serum (MRC), 100 U ml™" penicil-
lin and 100 pg mL™" streptomycin at 37 °C in a humidified
atmosphere of 5% CO,.

2.2 Isolation of active components of B. rapa

B. rapa was collected from Urumgqi in Xinjiang, China. The dry
powder of B. rapa was dissolved in petroleum ether at a ratio of
1:10, and ultrasonicated at 50 °C for 20 min, then extracted at 60 °C
for 2 h. The supernatant was collected and condensed by rotary
evaporation, then dried at room temperature (RT). The dry extract
was dissolved in petroleum ether and separated by silica gel chrom-
atography. The eluted components were dissolved in DMSO at the
concentration of 100 mg mL ™" and filtered with a 0.22 pum filter.

2.3 MTT assay

Cells were seeded into 96-well plates at a density of 5 x 10°
cells per well and incubated for 24 h before treatment with
different concentrations of BRPS. Cisplatin (40 pg mL™") was
used as a positive control. After treatment for 24, 48 and 72 h,
500 pg mL~" MTT solution was added into each well and incu-
bated for 3.5 h at 37 °C. The formazan products were dissolved
in DMSO, and the absorbance was measured at 490 nm. The
data were presented as a percentage of the control group.
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2.4 Liquid chromatography-mass spectrometry (LC-MS) analysis

The samples were mixed with prechilled 80% methanol and
0.1% formic acid, and incubated on ice for 5 min, then centri-
fuged at 15000g, 4 °C for 20 min. The supernatant was col-
lected and diluted with LC-MS grade water to a final concen-
tration of 53% methanol. After centrifugation at 15 000g, 4 °C
for 20 min, the supernatant was collected and analyzed by
LC-MS/MS using a Vanquish UHPLC system (Thermo Fisher,
Germany) coupled with an Orbitrap Q ExactiveTMHF-X mass
spectrometer (Thermo Fisher, Germany) in Novogene Co., Ltd
(Beijing, China). Samples were injected into a Hypesil Gold
column (100 x 2.1 mm, 1.9 pm) using a 17 min linear gradient
at a flow rate of 0.2 ml min™'. A Q Exactive TMHF-X mass
spectrometer was operated in positive/negative polarity mode
with a spray voltage of 3.2 kV, capillary temperature of 320 °C,
sheath gas flow rate of 40 arb and aux gas flow rate of 10 arb.
Compound Discoverer 3.1 (CD3.1, Thermo Fisher) was used
to process the raw data generated by UHPLC-MS/MS for peak
alignment, peak picking, and quantitation of each metabolite,
then peak intensities were normalized to the total spectral
intensity. The normalized data were used to predict the mole-
cular formula based on additive ions, molecular ion peaks and
fragment ions. The peaks were matched with mzCloud (https:/
www.mzcloud.org/), mzVault and MassListdatabase to obtain
the accurate qualitative and relative quantitative information.

2.5 Analysis of apoptosis and cell cycle

A549 cells were treated with BRPS for 24 h and stained using an
AnnexinV-FITC/propidium iodide (PI) apoptosis detection kit
(YEASEN, Shanghai, China) according to the manufacturer’s
instructions. Briefly, cells were resuspended with 1x binding
buffer and Annexin V-FITC and PI were added. After incubation
for 20 min in the dark at RT, stained cells were diluted with 1x
binding buffer and immediately analyzed by flow cytometry.

In order to analyze the distribution of the cell cycle, cells
were harvested after BRPS treatment for 24 h and fixed in cold
70% ethanol at 4 °C for 30 min. Then, cells were stained with
PI (Thermo Fisher Scientific, America) for 30 min at RT. All
samples were analyzed by flow cytometry.

2.6 Determination of the mitochondrial membrane potential
(AYm)

AY,, was determined by membrane-permeable JC-1 dye (Solarbio,
China). Briefly, A549 cells were treated with BRPS for 24 h, washed
with PBS and stained with the JC-1 fluorescent probe according to
the manufacturer’s instruction for 20 min at RT. Samples were ana-
lyzed by flow cytometry and using an inverted fluorescence micro-
scope (Nikon Eclipse Ti-E, Tokyo, Japan).

2.7 Detection of intracellular reactive oxygen species (ROS)

A549 cells were treated with BRPS for 3, 6, 12 and 24 h. After
washing with PBS, the cells were stained with 10 mM fluo-
rescent probe DCFH-DA (Solarbio, China) for 30 min at 37 °C.
Samples were analyzed by flow cytometry. In some experi-
ments, the cells were pre-treated with 5, 10 and 20 mM

This journal is © The Royal Society of Chemistry 2021
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N-acetyl-L-cysteine (NAC) for 1 h before the BRPS treatment to

detect ROS generation.

2.8 Western blot

Proteins were extracted from the A549 cells treated with
different concentrations of BRPS for 24 h and analyzed by
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western blot according to a previously described method.*

Primary antibodies against GAPDH (cat. no. AG019-1), Bax (cat.
no. AF1270), Bcl-2 (cat. no. AF0060), cytochrome ¢ (cat. no.
AC909-1), and cyclin B1 (cat. no. AF1606), CDK1 (cat. no.

Table 1 Analysis of the antitumor constituents of BRPS by HPLC-MS (ESI+)

AF1516) were bought from Beyotime (China). Active caspase 3
(cat. no. E-AB-22115), cleaved PARP (cat. no. E-AB-22074), and

Molecular RT
Formula weight [min] mlz Name Tumor types Anti-tumor activity Ref.
C1,H160, 192.11572 12.815 193.123 Senkyunolide A HT-29 colon cancer Inhibited the growth of tumor cell 23
C15H,,0 256.18346 12.288 257.1908  Bakuchiol A549 lung cancer cell S phase arrest, caspase 9/3 activation, 24
p53 and Bax up-regulation, Bel-2 down-
regulation
CyoH60,  330.18201 11.046  353.17117 Carnosol SGC7901 gastric cancer  Cell cycle arrest and apoptosis through 25
cells the activation of caspases 9 and 7 and
inhibition of Bel-xL expression
C,6H3406 442.23702 13.379  443.24429 Cinobufagin U266 multiple myeloma ROS-mediated activation of ERK, JNK 26
cell and p38 MAPK, caspase-3 in U266 cells
C30H440- 516.3098 12.841 517.31708 Ganoderic acid PC-3 prostate cancer STAT3 pathway 27
A
C36He,Og  622.4453 12.914  623.45258 (20R) MCF-7, MDA-MB-231 Cell cycle arrest 28
Ginsenoside breast cancer cells
Rh2
Cy0H,406  360.15654 10.355 361.16382 Triptolide CNE nasopharyngeal Induced Bax protein expression and 29
carcinoma cells inhibited phosph-NF-kB p65, Bcl-2 and
VEGF proteins
C,,H3;NO;  357.23592 11.966  358.24319 Bullatine G SKOV3 and A2780 Anticancer effect through the GSK3p/ 30
epithelial ovarian p-catenin and Bcl-2/Bax signaling
cancer pathways
C,oH 4404 520.30474 14.218 521.31201 Cyasterone A549 lung cancer cell EGFR and its downstream signaling 31
HCT1 16 colon cancer pathways
cell
C3,H,604 558.3192 11.816  559.32648 Cucurbitacin B A549 lung cancer cell Induced DNA damage mediated by 32
MCF-7 breast cancer cell increasing intracellular ROS formation
Table 2 Analysis of the antitumor constituents of BRPS by HPLC-MS (ESI-)
Molecular RT
Formula weight [min] m/z Name Tumor types Anti-tumor activity Ref.
C1gH300, 278.22462 13.993 277.21735 «-Linolenic HT-29 colorectal cancer cell Induced apoptosis 33
acid
Cy7H,4405 416.32924 16.657 415.32196 Calcitriol HeLa S3 cervical cancer cell Inhibited HeLa S3 cell 34
proliferation, decreased
HCCR-1 and increased p21
expression
C1,H,3NO,(S;  437.04872 1.432  436.04144 Glucoraphanin  HepG2 hepatoma carcinoma cell Inhibited the growth of 35
tumor cell
C17H,6053 278.18855 12.15 277.18127 6-Paradol KB oral epidermoid carcinoma cell Induced apoptosis througha 36
caspase-3-dependent
mechanism
Cy7H, 405 416.32945 13.794 415.32217 Sarsasapogenin HeLa cervical cancer ROS-mediated mitochondrial 37
dysfunction and ER stress
cell death
C14H,60, 226.19364 13.582  225.18637 Myristoleic LNCaP prostate carcinoma cell Induced apoptosis 38
acid
C35H560g 604.39747 11.59 603.3902  Ziyuglycoside I  MDA-MB-231 breast cancer cells Cell cycle arrest and cell 39
apoptosis via the ROS-
dependent JNK activation
pathway
C36Hg209 638.43977 11.168 637.4325  Ginsenoside F1  B16BL6 melanoma cell Inhibited the growth of 40
tumor cells
C11HgO5 188.04774 7.303  187.04047 Plumbagin RWPE-1 prostate cancer Inhibited cell invasion and 41
selectively induced apoptosis
C,4H;3,06 416.21858 10.518 415.2113  Arenobufagin HepG2/ADM multidrug-resistant, PI3K/Akt/mTOR pathway 42

This journal is © The Royal Society of Chemistry 2021
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caspase 9 (cat. no. E-AB-22035) were purchased from
Elabscience (China). The HRP-conjugated secondary anti-
bodies and ECL substrate reagents were obtained from
Beyotime (China). The blots were assessed by Image J.

2.9 Library preparation for transcriptome sequencing and
differential expression analysis

RNA extraction was performed with the total RNA extraction
reagent (Sangon Biotech, China). RNA integrity was assessed
using the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100
system (Agilent Technologies, CA, USA). mRNA was purified
from total RNA using poly-T oligo-attached magnetic beads for
cDNA synthesis. cDNA fragments were selected and purified
with the AMPure XP system (Beckman Coulter, Beverly, USA).
After cluster generation, the library preparations were
sequenced on an Illumina Novaseq platform and 150 bp
paired-end reads were generated. Differential expression ana-
lysis of two groups was performed using the DESeq2 R
package (1.20.0). Genes with an adjusted P value <0.05 found
by DESeq2 were assigned a differential expression.>"

2.10 Gene ontology (GO) and Kyoto encyclopedia of genes
and genomes (KEGG) enrichment analysis of differentially
expressed genes (DEGSs)

GO terms with corrected P value <0.05 were considered as sig-
nificant enrichment by DEGs. GO enrichment analysis and
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KEGG enrichment analysis of the DEGs were performed using
the cluster Profiler R package.*!

2.11 In vivo animal study

The right sides of female C57BL/6 mice were inoculated with
100 pL of LLC cell suspension (5 x 10° per Mouse) to establish a
lung cancer mouse model. After 7 days, all mice with 15-30 mm?®
tumor were randomly divided into 6 groups (5 mice per group),
which were control, DMSO, cisplatin, 100 mg kg™~" BRPS, 200 mg
kg™" BRPS and 400 mg kg " BRPS. BRPS was given every other
day for 10 times and cisplatin (5 mg kg™") was injected introperi-
toneally every 5 days for 4 times.

Tumor sizes were measured using calipers and tumor
volumes were calculated according to the following formula:
tumor volume (mm?) = (length x width?)/2.

2.12 Biochemical assays

On day 28, sera were collected and the levels of aspartate amino-
transferase (AST), alanine aminotransferase (ALT), urea nitrogen
(BUN) and creatinine (SCR) were detected using the corres-
ponding detection kits according to the manufacturer’s protocols,
respectively (Jiancheng Bioengineering Institute, China).

2.13 Analysis of immune cells in spleens of mice

On day 28, the splenocytes were separated and stained with
CD3-APC/CD19-PE/CD49b-FITC, CD11b-PE/GR-1-APC, and
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Fig. 1 Cytotoxic effect of BRPS on lung cancer cells. (A) Viability of A549, LLC and BEAS-2B cells was assessed by MTT assays. (B) BRPS inhibited
the proliferation of A549 and LLC cells in a time-dependent manner. * p < 0.05 and *** p < 0.001 vs. control group.
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CD8-APC/CDA4-FITC/CD44-PE (Elabscience), and then detected
by flow cytometry as previously reported.>*

2.14 Statistical analysis

Statistical analysis was performed by one-way analysis of var-
iance (ANOVA). The two-tailed paired ¢ test was used in the
inhibitors’ experiments. P < 0.05 was considered to be statisti-
cally significant.
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3 Results
3.1 Purification and identification of BRPS

On the basis of the previous studies,'® we further optimized
the extraction and separation procedure of the active com-
ponents from B. rapa. Petroleum ether was selected to be
extracted from B. rapa, and then the anti-lung cancer active
components were separated by silica gel column chromato-
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Fig. 2 Transcriptomics analysis of BRPS on A549 cells. (A) Volcano plot of BRPS versus control DEGs. (B) KEGG enrichment plot of BRPS versus

control DEGs. (C) GO enrichment plot of BRPS versus control DEGs.
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Fig. 3 Effect of BRPS on the cell cycle in A549 and LLC cells. (A) Cells were treated with different concentrations of BRPS for 24 h. After Pl staining,
cell cycle distribution was analyzed by flow cytometry. (B) Heat map of DEGs after treatment with BRPS for 24 h in A549 cells. (C) A549 cells were
treated with different concentrations of BRPS for 24 h, and then the proteins were isolated to detect the levels of CDK1 and cyclin B1 by western
blot. * p < 0.05, ** p < 0.01 and *** p < 0.001 vs. control group.
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graphy and named BRPS (Fig. S17). The components of BRPS
were analyzed by LC-MS (Fig. S2t). The results show that BRPS

contains lipids, lipid-like molecules, benzenoids,

organic acids

and derivatives, organoheterocyclic compounds and polyke-
tides. The potential antitumor constituents of BRPS are shown

in the Tables 1 and 2.

Control DMSO
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3.2 BRPS inhibited the proliferation of lung cancer cells

The antitumor activity of BRPS on A549 and LLC cells was
detected by MTT assay. BRPS significantly inhibited the pro-
liferation of A549 and LLC cells in a concentration-dependent
and time-dependent manner (Fig. 1A). The IC5, values of BRPS
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for A549 and LLC cells were 125.1 pg mL~" and 203.3 pg mL ™",
respectively. BEAS-2B cells were used as a normal cell control
and the ICs, value was 263.9 pg mL ™" (Fig. 1B). These results
suggested that BRPS might be a relatively safe drug for the
treatment of lung cancer.

3.3 Potential anti-lung cancer mechanisms of BRPS

In order to clarify the anti-tumor mechanism of BRPS on A549
cells, transcriptome sequencing was performed after being
treated with 150 pg mL™" BRPS for 24 h. We performed differ-
ential gene analysis and screened the differentially expressed
genes. Thus, a total of 6277 differentially expressed genes were
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detected, which were expression differential multiple Log FC*
> 1 with P < 0.05. Thus, a total of 6277 differentially expressed
genes were detected. As shown in Fig. 2A, the differences
between the BRPS treatment and the control group were visual-
ized by volcano map analysis.

All differentially expressed genes (DEGs) of A549 cells were
functionally analyzed using GO and KEGG databases. Based
on the GO database, DEGs were mainly concentrated and dis-
tributed in molecular functions, biological processes and cel-
lular components. In terms of molecular function, the effects
of BRPS were mainly related to the structural flow line of ribo-
some, electron transfer activity, damaged DNA binding, etc. In
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Fig. 5 Effects of BRPS on A¥,, and the caspase pathway in A549 cells. (A) A549 cells were treated with different concentrations of BRPS. After 24 h,
cells were stained with JC-1 and the fluorescence changes were analyzed by flow cytometry. (B) Proteins were isolated and the levels of Bax, Bcl-2,
cytochrome c, cleaved-caspases and -PARP were detected by western blot. Grayscale scanning data were obtained by Image J. * p < 0.05, ** p <

0.01 and *** p < 0.001 vs. control group.
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the biological process, its effects were closely associated with
DNA replication, chromosome segregation, cell cycle transition
and so on. In terms of cell composition, its effects were mainly
related to the chromosomal region, mitochondrial protein
complex, condensed chromosome, etc. (Fig. 2B). The KEGG
database was used to analyze the relevant anti-lung cancer
pathways of BRPS. Compared with the control, the top 20 path-
ways including cell cycle, DNA replication and oxidative phos-
phorylation have been significantly changed by BRPS treat-
ment (Fig. 2C).

3.4 BRPS induced cell cycle arrest and apoptosis in lung
cancer cells

A549 and LLC cells were stained with PI after treatment with
BRPS for 24 h and the cell cycle distribution was analyzed by
flow cytometry. The results showed that BRPS could signifi-
cantly induce cell cycle arrest at the G2/M phase in A549 cell
and S phase in LLC cells (Fig. 3A). According to the KEGG
enrichment analysis of 79 cell cycle-related DEGs, in which the
expression of G2/M-related genes CDK1 and CyclinB1 was
down-regulated (Fig. 3B). The CyclinB1 and CDK1 protein

Control

FMK
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levels were also significantly downregulated by BRPS treatment
in A549 cells (Fig. 3C).

In order to investigate whether the antitumor effect of BRPS
on lung cancer cells was related to the induction of apoptosis,
A549, LLC and BEAS-2B cells were treated with different con-
centrations of BRPS for 24 h. After staining with Annexin V/PI,
samples were detected by flow cytometry. The results showed
that BRPS significantly induced apoptosis in A549 and LLC
cells, but had no effect on the apoptosis of BEAS-2B cells,
suggesting that BRPS selectively induced the apoptosis of lung
cancer cells in a certain range of concentration (Fig. 4).

3.5 BRPS decreased AY,, and activated the caspase pathway
in A549 cells

Reduction of A¥,, is a marker of cell apoptosis,** so the effect
of BRPS on AY,, of A549 cells was detected using JC-1 probe.
The results showed that BRPS significantly reduced the A%, of
A549 cells (Fig. 5A). Bel-2 family proteins regulate the stability
of the mitochondrial structure and function.** As shown in
Fig. 5B, BRPS significantly increased the protein level of pro-
apoptotic factor Bax and decreased the protein level of anti-
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Fig. 6 Effects of caspase inhibitors on the BRPS-induced apoptosis of A549 cells. * p < 0.05 and *** p < 0.001 vs. control group, ### p < 0.001 vs.

BRPS treatment group.

This journal is © The Royal Society of Chemistry 2021

Food Funct., 2021,12,10023-10039 | 10031


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1fo01547h

Open Access Article. Published on 13 August 2021. Downloaded on 12/9/2025 6:48:21 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

apoptotic factor Bcl-2. The increased ratio of Bax/Bcl-2 caused
the reduction of A¥,,, which could promote the release of cyto-
chrome c.*> Western blot results showed that BRPS signifi-
cantly increased the release of cytochrome c in A549 cells. The
release of cytochrome c activates the caspase cascade pathway
and induces apoptosis.’® Subsequently, the levels of activated
caspase 9 and caspase 3 were up-regulated by BRPS treatment
after 24 h, which led to the cleavage of PARP.

To further confirm the role of the caspase pathway in BRPS-
induced apoptosis, A549 cells were pretreated with caspase
inhibitor Z-VAD-FMK (FMK) and caspase 3 inhibitor Ac-
DEVD-CHO (CHO) for 2 h, and then treated with 150 pg mL™"
BRPS for 24 h to detect A549 cell apoptosis by flow cytometry.

View Article Online
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The results showed that FMK and CHO significantly inhibited
the BRPS-induced apoptosis of A549 cells (Fig. 6). These
results suggested that BRPS induced A549 cell apoptosis
through the mitochondria-dependent pathway.

3.6 BRPS increased ROS in A549 cells

ROS play an important role in cell apoptosis.?” A549 cells were
treated with different concentrations of BRPS for 3, 6, 12 and
24 h. After staining with DCFH-DA, samples were analyzed by
flow cytometry. As shown in Fig. 7A, BRPS significantly
increased the levels of ROS in A549 cells in a dose-and time-
dependent manner. ROS inhibitor NAC (N-acetyl-L-cysteine)
pretreatment significantly inhibited ROS and apoptosis in
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Fig. 7 Effects of BRPS on ROS in A549 cells. (A) A549 cells were treated with different concentrations of BRPS for 3, 6, 12 and 24 h, respectively.
After staining with DCFH-DA, cells were analyzed by flow cytometry. A549 cells were subjected to BRPS treatment after being pretreated with NAC
for 1 h, (B) the levels of ROS were detected, (C) and the apoptosis of A549 cells was analyzed by flow cytometry. *** p < 0.001 vs. control group, ##

p < 0.01 and ### p < 0.001 vs. BRPS treatment group.
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vs. control group.

A549 cells induced by BRPS (Fig. 7B and C). These results indi-
cated that the inhibitory effect of BRPS on A549 cells might
depend on the production of ROS.

3.7 BRPS suppressed lung cancer cell growth in vivo

In order to verify whether BRPS can suppress the growth of
lung cancer cells in vivo, we established a LLC tumor mouse
model. From the 8™ day, ten BRPS and three cisplatin treat-
ments were injected intraperitoneally. Compared to the
control group, BRPS and cisplatin groups significantly sup-
pressed tumor cell growth (Fig. 8A). Notably, there was no
change in body weight in the BRPS groups, but a significant
decrease of body weight was observed in the cisplatin group
(Fig. 8B).

On day 28, the mice were sacrificed, and the tumor tissues
and organs were isolated and weighed, and the photograph of
tumors was taken and is shown in Fig. 8C. The tumor weight
was significantly decreased in the cisplatin and high-dose
BRPS groups. The organ indexes were calculated and there was
no significant change in organ indexes among all groups
except the spleen indexes, which were significantly decreased
in the cisplatin group compared with the control group, indi-
cating that cisplatin had severe side effects on mice (Fig. 9A).
Next, HE staining was performed on tumor, liver and kidney
tissues. As shown in Fig. 9B, compared with the control group,
the tumor tissues of the BRPS treated group had significantly

This journal is © The Royal Society of Chemistry 2021

fewer nuclei and appeared to have necrotic areas and there
were no pathological changes in liver and kidney tissues
among all groups. Blood biochemical examination was
further carried out to evaluate the function of liver and
kidneys, which included alanine aminotransferase (ALT),
aspartate aminotransferase (AST), urea nitrogen (BUN) and
creatinine (Cr). We observed that BRPS reduced the levels of
ALT and BUN in blood, indicating a certain protective effect
(Fig. 9C). The results suggested that BRPS significantly inhib-
ited the growth of lung cancer cells in vivo without side
effects.

3.8 BRPS enhanced the immunity of tumor-bearing mice

To investigate whether the antitumor effect of BRPS in vivo is
related to immunity, the proportions of immune cells in
spleens of tumor-bearing mice was detected by flow cytome-
try. Compared with the control group, the proportions of B
cells, CD4" T cells, CD8" T cells and activated CD8" T cells
(CD44") were significantly increased in the BRPS group
(Fig. 10A, C and D), while the proportions of NK cells and
activated CD4" T cells (CD44") were not significantly changed
(Fig. 10B). Moreover, the proportions of myeloid-derived sup-
pressor cells (CD11b'Gr-1") in the high-dose BRPS group
were decreased to some extent (Fig. 10E). These results
suggested that BRPS enhanced the immunity of tumor-
bearing mice.
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4 Discussion

The occurrence and development of lung cancer are related to
multiple genes and signaling pathways. Lung cancer is
difficult to cure with a high mortality rate.*® Screening anti-
tumor drugs from natural products has become a research
hotspot.*®

10034 | Food Funct, 2021,12,10023-10039

In this study, we found that BRPS significantly inhibited
the growth of A549 and LLC cells through induction of cell
cycle arrest and apoptosis. The key of carcinogenesis is the
uncontrolled proliferation of tumor cells due to the disorder of
cell cycle regulation. The induction of cell cycle arrest and
apoptosis may be the main strategies for the prevention and
treatment of cancer.>® Our transcriptome analysis showed that
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DEGs induced by BRPS were enriched in the cell cycle and
DNA replication. The binding of CDK1 and its regulatory
subunit cyclin B1 can activate the cyclin B1/CDK1 complex,
which is responsible for the transition from the G2 to M
phase.”® In this study, the levels of cyclin B1 and CDK1 were
greatly decreased by BRPS treatment in a dose-dependent
manner. This is consistent with the cell cycle arrest at the G2/

This journal is © The Royal Society of Chemistry 2021

M phase induced by BRPS. These results suggested that the
inhibitory effect of BRPS on the growth of A549 cells was
related to the induction of cell cycle arrest.

Apoptosis is a process of programmed cell death character-
ized by a variety of biochemical and morphological changes
including cell shrinkage, chromatin condensation, and DNA
fragmentation.>® Apoptosis and cell cycle disorder are closely
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related events, and the disruption of cell cycle process
may eventually lead to apoptosis or necrosis.”® Here, we
observed that BRPS dose-dependently induced apoptosis in
A549 cells.

Apoptosis can be initiated by either the death receptor
pathway or mitochondria-dependent pathway. The Bcl-2
family proteins are known as key regulators of apoptosis
including anti-apoptotic members (Bcl-2 and BclxL) and pro-
apoptotic members (Bax and Bad). An elevated Bax/Bcl-2
ratio causes a release of cytochrome c from mitochondria to
the cytosol where it activates caspase-9. Subsequently, the
active caspase-9 can activate caspase-3, which cleaves PARP
at the onset of apoptosis.>® In this study, BRPS greatly
increased the Bax/Bcl-2 ratio that caused the decrease of
AY,, in A549 cells, then the release of cytochrome ¢ was up-
regulated, following the activation of caspase 9 and caspase
3. Finally, PARP was cleaved by active caspase 3. Moreover,
the BRPS-induced apoptosis could be partially attenuated by
the caspase 3 inhibitor Ac-DEVD-CHO and the -caspase
inhibitor Z-VAD-FMK. These results suggested that BRPS
induced lung cancer cell apoptosis by activating the mito-
chondrial apoptosis pathway.

ROS, as a second messenger in a variety of signaling path-
ways, plays an important role in apoptosis by regulating the
activity of certain enzymes in cell death pathways.>*° In this
study, we found that BRPS treatment significantly increased
ROS levels in A549 cells. NAC pretreatment partially reduced
the generation of ROS of A549 cells induced by BRPS.
Interestingly, ziyuglycoside II, a compound in BRPS, induced
apoptosis in breast cancer cells by regulating ROS and JNK sig-
naling pathways.*®

In a lung cancer mouse model, BRPS significantly inhibited
the growth of LLC cells without liver and kidney damage and
obvious side effects. Cisplatin also significantly inhibited
tumor growth, but the body weight and spleen indexes of mice
in this group decreased significantly, which might be related
to its side effects. Chinese herbal medicine plays an antitumor
role by inhibiting tumor progression and improving the body’s
immune system. More and more pieces of evidence show that
many TCMs have good immunomodulatory effects.”””*® Our
study showed that BRPS treatment increased the proportions
of B cells, CD4" T cells, CD8" T cells, and activated CD8" T
cells in the spleens of tumor-bearing mice. These results
suggest that BRPS have certain immune-enhancing activities.

TCM can be used as adjuvant therapy and is currently
applied in clinical practice in combination with chemotherapy
for the treatment of lung cancer, thus reducing the toxic side
effects of chemotherapy for lung cancer patients, improving
the quality of life of patients and increasing the survival rate of
lung cancer patients.’*®' B. rapa is widely distributed in
Xinjiang, China, and BRPS obtained by isolation from B. rapa
has the characteristics of a simple preparation method and
easy access. In this study, BRPS not only inhibited the growth
of lung cancer cells in vivo but also enhanced the immunity of
mice and is expected to be a combination therapy drug for
lung cancer.
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5 Conclusion

In conclusion, BRPS inhibited the growth of lung cancer cells
in vitro by inducing cell cycle arrest and mitochondria-depen-
dent apoptosis and suppressed lung cancer growth in vivo
through a direct antitumor effect and indirect immune-enhan-
cing activities. BRPS might be used as a potential candidate
for the treatment of lung cancer.
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