
R E S E A R C H Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, 
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The 
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available 
in this article, unless otherwise stated in a credit line to the data.

Guo et al. BMC Complementary Medicine and Therapies          (2024) 24:212 
https://doi.org/10.1186/s12906-024-04502-5

BMC Complementary 
Medicine and Therapies

†Manli Guo, Dingcheng Guo and Lingzi Liao contributed equally to 
this paper.

*Correspondence:
Guangjie Bao
helenbgj@sina.com
Baoping Zhang
zhangbp@lzu.edu.cn

Full list of author information is available at the end of the article

Abstract
Background  Cervical cancer is one of the most common gynecological malignancies. Previous studies have shown 
that the ethanol extract of Sophora moorcroftiana seeds (EESMS) possesses an antiproliferative effect on several 
tumors in vitro. Therefore, in this study, we assessed the impact of EESMS on human cervical carcinoma (HeLa) cell 
proliferation.

Methods  The proliferation and apoptotic effects of HeLa cells treated with EESMS were evaluated using 
3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide assay, dual acridine orange/ethidium bromide double 
staining, flow cytometry, and western blotting. Single-cell level atomic force microscopy (AFM) was conducted to 
detect the mechanical properties of HeLa cells, and proteomics and bioinformatics methods were used to elucidate 
the molecular mechanisms of EESMS.

Results  EESMS treatment inhibited HeLa cell proliferation by blocking the G0/G1 phase, increasing the expression 
of Caspase-3 and affecting its mechanical properties, and the EESMS indicated no significant inhibitory effect on 
mouse fibroblasts L929 cell line. In total, 218 differentially expressed proteins were identified using two-dimensional 
electrophoresis, and eight differentially expressed proteins were successfully identified using matrix-assisted laser 
desorption/ionization-time-of-flight mass spectrometry. The differentially expressed proteins were involved in various 
cellular and biological processes.

Conclusion  This study provides a perspective on how cells change through biomechanics and a further theoretical 
foundation for the future application of Sophora moorcroftiana as a novel low-toxicity chemotherapy medication for 
treating human cervical cancer.
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Background
Cervical cancer (CC) is the most common gynecological 
malignancy [1]. Globally in 2022, there were an estimated 
661,021 cervical cancer cases and 348,189 deaths, with a 
corresponding age-standardised incidence of 14.1% and 
mortality rate of 7.1% [2]. Human cervical carcinoma 
(HeLa) cells, a cell line derived from human cervical car-
cinoma, have recently been used to explore the molecu-
lar mechanisms underlying human cervical carcinoma. 
For example, Wang et al. found that microRNA-155-5p 
inhibits the migration and invasion of CC cells by inhib-
iting pyruvate dehydrogenase kinase 1 expression [3]. 
However, Fan et al. discovered that long non-coding RNA 
PTEN pseudogene-1 promotes the aggressive behaviors 
of cervical carcinoma by regulating the microRNA-106b 
signaling axis [4]. Therefore, exploring new, low-toxicity, 
and high-efficiency chemotherapeutic drugs for treating 
CC and improving its prognosis is essential.

The ethanol extract of Sophora moorcroftiana seeds 
(EESMS), an endemic shrub in Tibet, China, Bhutan, 
N Burma, and N India, is a type of Leguminous Locust 
found in wide valleys and on semi-arid mountain slopes 
from 2,800 to 4,400 m above sea level along the middle 
reaches of the Yarlung Zangbo River. The seed is the most 
valuable part of the plant, and its active ingredients are 
mainly matrine alkaloids and flavonoids [5, 6], which has 
therapeutic effect on many kinds of tumors, as shown in 
Table S1. Sophora moorcroftiana has antibacterial, immu-
noregulatory, anti-parasitic, anti-aging, and other effects 
[7–10]. The aqueous extract from the seeds of Sophora 
moorcroftiana can inhibit tumor growth and prolong 
the survival time of tumor-bearing mice [11]. Further-
more, flavonoids extracted from Sophora moorcroftiana 
exhibit tumor-specific cytotoxic effects [12]. Additionally, 
EESMS inhibits the proliferation of the human hepatoma 
cell line HepG2 [13], whereas 95% EESMS can inhibit 
proliferation and induce apoptosis in gastric cancer cells 
SGC-7901 [14].

Currently, research on the antitumor effect of Sophora 
moorcroftiana primarily focuses on the functional level 
of Sophora moorcroftiana alkaloids, which inhibit the 
proliferation of carcinoma cells, induce cell apopto-
sis, and cause cell cycle arrest [13]. However, the effect 
of Sophora moorcroftiana alkaloids on human cervi-
cal carcinoma has not been reported, and its antitumor 
mechanism has seldom been investigated. Furthermore, 
Sophora moorcroftiana is typically used as a living fuel 
and animal feed, and its medicinal value remains unclear, 
resulting in significant waste. Therefore, in this study, 
3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium 
bromide (MTT) assay, dual acridine orange/ethidium 

bromide (AO/EB) double staining method, flow cytom-
etry, and single-cell level atomic force microscopy (AFM) 
were used to detect the effect of EESMS on HeLa apop-
tosis, and the anti-tumor mechanism of EESMS was pre-
liminarily explored using proteomics and bioinformatics 
methods. This study presents viewpoints for discovering 
more low-toxicity and effective chemotherapeutic drugs 
for CC. In addition, it can provide an experimental basis 
for developing and using the essential medicinal resource 
of Sophora moorcroftiana.

Materials and methods
Preparation of EESMS
The seeds of Sophora moorcroftiana were collected from 
the middle reaches of the Yarlung Tsangpo River, Tibet, 
and air-dried at room temperature (RT) for 3 weeks. 
Professor Hongyu Li (School of Pharmacy, Lanzhou 
University, Lanzhou, China) identified the seeds. A her-
barium voucher specimen of the seeds (M2001-1005) 
was deposited in the Department of Immunology of Lan-
zhou University. Professor Xingming Ma (School of Basic 
Medicine, Lanzhou University) provided the 95% EESMS, 
and we got written permission to use it by Professor Ma. 
The extraction process was as follows. The 95% EESMS 
was prepared by dissolving the seeds in 4,000 mL of 95% 
ethanol solution and soaked at RT for 5 d before being 
extracted using a reflux method at 80 °C for 4  h three 
times successively, followed by filtration and concentra-
tion in vacuum. The resulting EESMS was then dissolved 
in a cell culture medium at the concentrations (1.0, 2.0, 
and 4.0 µg/µL) required for the experiments.

Source of cell lines
The HeLa cell line was donated by the Center of Bio-
medical Experimental Research at the Medical School, 
Lanzhou University (Lanzhou, China), and identified as 
the HeLa cell using short tandem repeats. The cells were 
cultured in Dulbecco’s modified Eagle’s medium (Gibco, 
Beijing, China) supplemented with 10% fetal bovine 
serum (BioInd, Beit HaEmek, Israel), 100 U/mL penicil-
lin and 100 g/mL streptomycin (Hyclone, Utah, USA) at 
37 ℃ in incubator with a humidified atmosphere of 5% 
CO2 and 95% air. As well, L929 cells obtained from the 
American Type Culture Collection (ATCC, CCL-1, USA) 
were cultured in Eagle’s minimum essential medium 
(Gibco, Beijing, China) containing 10% newborn calf 
serum (NCS) (Bovogen, China) and 5000 U/mL penicil-
lin–streptomycin (Thermo Scientific, USA) in a 5% CO2 
incubator at 37 ℃. Cells in the mid-log phase were used 
in the experiments.
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MTT testing
HeLa cells were inoculated into 96-well plates overnight 
at a concentration of 2 × 103 cells/mL. After the cells 
had attached to the wall, 200 µL of drugs with different 
concentrations were diluted in a complete medium and 
added to the experimental group with an equal volume 
of complete medium. The culture was terminated after 
36 h, and 20 µL MTT (5 mg/mL) solution was added to 
each hole. The samples were then incubated for 4 h with-
out light. The supernatant was discarded, and 150 µL of 
dimethylsulfoxide solution was added to each hole and 
shaken at low speed for 10  min at RT. The optical den-
sity (A) at a wavelength of 570 nm was determined using 
an enzyme-labeling instrument, and the relative and half 
inhibition rates of cell growth were calculated. This pro-
cess was repeated thrice. The half-maximal inhibitory 
concentration (IC50) value was subsequently used to treat 
HeLa cells using flow cytometry and two-dimensional gel 
electrophoresis (2-DE) analysis. The cell growth inhibi-
tion rate was calculated using the following formula: Cell 
growth inhibition rate = (A control group - A test group) 
/ (A control group - A blank group) × 100%.

CCK-8 assay
The effect of EESMS on the activity of mouse fibroblasts 
L929 cell line was tested by CCK-8 cell proliferation-
toxicity kit. L929 cells were seeded in 96-well plates at a 
density of 5000 cells/well and cultured at 37 ℃ for 12 h. 
Then the cells were treated with the ethanolic extracts at 
different concentrations (0, 1, 2, 4 µg/µL), and the culture 
medium was discarded after 1, 2, and 3 days. After wash-
ing with PBS twice, 100 µL of CCK-8 working solution 
was added, and incubated at 37 ℃ for 1 h. Optical density 
of each well was detected by an enzyme-labeling instru-
ment at 450 nm.

AO/EB dyeing and observation
HeLa cells were seeded at a density of 7 × 104/holes into 
12-well plates. After 24  h of incubation, the cells were 
attached, and the original medium was discarded. Differ-
ent drug concentrations were added to the experimental 
group (1.0, 2.0, and 4.0 µg/µL), and the negative control 
group was incubated in a cell incubator with the same 
volume of complete medium. The medium was discarded 
at 36 h, and the cells were washed twice with phosphate-
buffered saline (PBS) to remove the residual medium 
and unadherent cells. Furthermore, 2 mL PBS and 10 
µL AO/EB dye (100  µg/mL) were added to each hole 
for 2 min at RT for staining. The cells were then placed 
under a fluorescence microscope to observe cell mor-
phology and to identify living cells, viable apoptotic cells, 
non-viable apoptotic cells (NVA), and necrotizing cells 
based on morphological characteristics, such as cell size, 

nucleoplasm ratio, nuclear coloration, nuclear shape, and 
apoptotic bodies. The experiment was repeated thrice.

Single-cell level AFM
A biological AFM (BioAFM; NanoWizard III, Bruker, 
Germany) was used for all mechanical performance 
analyses. The uniqprobe™ BioAC series of silicon AFM 
cantilevers with a force constant of 0.06 N/m were used 
(qp-BioAC-CI, NanoSensors, Switzerland). The cells 
attached to the round cover glass were placed in a Bio-
cell (JPK Instruments, Germany), the AFM tip was posi-
tioned in the cell area, and the cells to be imaged were 
selected for a backward scan. The contact mode was 
used, the image resolution was 512 × 512 pixels, and 
the tip scanning rate was 0.25 Hz. The morphology and 
mechanical properties of the sample were measured at 
5 μm/s as the probe touched the cells, generating a force-
distance curve. Six random sites were selected for each 
sample, and each site was measured 15 times. We then 
calculated the mechanical characteristics of Young’s 
modulus and roughness.

Cell cycle analysis
HeLa cells were collected and inoculated into a culture 
bottle at a concentration of 1 × 105 cells/mL overnight. 
Furthermore, different EESMS concentrations were 
added to the experimental group (1.0, 2.0, and 4.0  µg/
µL), whereas the control group was provided the same 
amount of complete culture medium and trained for 
36  h. The cells were digested with ethylenediaminetet-
raacetic acid (EDTA)-free trypsin, washed twice with 
PBS, and centrifuged for 5 min at 1000 r/min. The origi-
nal medium was discarded. Furthermore, 70% cold etha-
nol was added, and the cells were placed overnight in a 
refrigerator at 4 ℃. The cells were digested with RNA 
enzymes and stained with propidium iodide (PI) for 
30  min in the dark. The processed samples were ana-
lyzed using flow cytometry (BD Biosciences, China), 
and the data were statistically analyzed. This process was 
repeated three times.

Apoptosis analysis
The cells were allowed to attach to the wall after differ-
ent EESMS concentrations were added to the experimen-
tal group (1.0, 2.0, and 4.0 µg/µL). However, the control 
group was provided the same amount of complete cul-
ture medium and trained for 36 h. The cells were digested 
with EDTA-free trypsin, and the concentration of cells 
was adjusted to 1 × 106 /mL. Furthermore, 1 mL of cells 
were centrifuged for 10  min at 1000 r/min and 4 ℃. 
The original medium was discarded, and the cells were 
washed thrice with 1 mL of pre-cooled PBS.

Furthermore, the cells were centrifuged again for 
10 min at 1000 r/min and 4 ℃, and the original medium 
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was discarded. The cells were then suspended in 200 µL 
of binding buffer. The cells were blown, mixed, and incu-
bated for 15 min at RT without light after adding 10 µL of 
Annexin V-fluorescein isothiocyanate and 10 µL of PI. In 
addition, 300 µL binding buffer was added and immedi-
ately detected using flow cytometry.

Each group of HeLa cells was treated with different 
EESMS concentrations, followed by the harvest of adher-
ent and floating cells after 36  h. Total cellular proteins 
were extracted by incubating with the radioimmunopre-
cipitation assay buffer (Sigma-Aldrich, MO, USA) for 
15  min and centrifuged at 13, 500  rpm for 30  min at 4 
℃. Furthermore, the bicinchoninic acid assay was used 
to determine the protein concentrations. The 20 µg pro-
tein extracts obtained from each group were transferred 
onto polyvinylidene fluoride membranes (Beijing Solar-
bio Science & Technology Co., Ltd., China) after sepa-
rating them into 10–12% sodium dodecyl sulfate and 
completing the polyacrylamide gel electrophoresis. They 
were then blocked with 5% milk in Tris-buffered saline 
(GTX48883, GeneTex, China) and Tween-20 (Sigma-
Aldrich, St. Louis, MO, USA) for 1  h. Furthermore, the 
membranes were incubated with primary antibod-
ies against Caspase-3 (1:500, Beyotime Biotechnology, 
China) at 4 ℃, followed by incubation with the second-
ary antibody (1:5000; Thermo Fisher Scientific, China) 
for 1  h. The immobilized protein bands were visualized 
using an enhanced chemiluminescence kit (Millipore 
Corporation, Billerica, MA, USA). A BioSpectrum Imag-
ing System (Analytik Jena US LLC, Upland, CA, USA) 
was used to capture band images. The ImageJ software 
1.8.0_172 (National Institutes of Health, USA) was used 
to quantify the relative densitometry of the immunoreac-
tive bands. Glyceraldehyde 3-phosphate dehydrogenase 
was used as a loading control, and the data obtained were 
statistically analyzed.

Extraction of total cell protein
The cells were collected and inoculated in a culture 
bottle at a concentration of 1 × 104 cells/mL overnight. 
An EESMS of 2  µg/µL was added to the experimen-
tal group, whereas the control group was provided the 
same amount of complete culture medium. Cells were 
then trained for 36 h. Trypsin (0.25%) was added to the 
cells and incubated for 1 min, and 2 mL of the complete 
medium was added to stop digestion. The cells were 
centrifuged at 1,000 r/min for 5  min, and the original 
medium was discarded. The cells were washed thrice 
with 1 mL of pre-cooled PBS, blown, and mixed to sus-
pend the cells. The mixture was centrifuged for 5 min at 
1,000 rpm, and the original medium was discarded. The 
cell lysate (200 µL cell lysate per 2 × 106 cells) was added. 
The mixture was allowed to stand still for 30  min at 4 
℃, centrifuged for 1 h at 16,000 r/min and 4 ℃, and the 

original medium was collected and stored in a refrigera-
tor at -80 ℃.

Determination of protein concentration using the Bradford 
method
Bovine serum albumin (BSA) standard solutions of 0, 
1, 2, 3, 4, 5, and 6 µL were added to the second row of 
96-well plates, 1 µL from the experimental and control 
groups were added to the ninth and tenth holes respec-
tively, and the total protein samples to be tested were 
added to PBS and supplemented to 15 µL. Each group 
contained six holes. Furthermore, 285 µL was added to 
each hole and gently blown and mixed. The mixture was 
set still for 5  min. Absorbance values at 595  nm were 
determined using an enzyme-labeling instrument. The 
absorbance values of the unadded BSA group were used 
as blank controls. The standard curve for BSA was made 
in CurvExpert Pro 2.6.5, and the experimental and con-
trol groups were calculated using the obtained formula 
for the protein concentration of group samples.

Isoelectric focusing
A tube of hydrated sample buffer (1 mL in separate, -20 
℃ frozen, free of dithiothreitol and amphoteric electro-
lyte) was obtained and statically dissolved. Dithiothreitol 
(0.01  g) was mixed into the removed tubules, and 5 µL 
of bio-lyte was prepared in advance and frozen. The con-
trol and experimental groups were provided appropriate 
amounts of samples (calculated based on the sample’s 
protein concentration so that the protein sample amount 
was 80 µg), and the hydration sample buffer solution in 
the above tubules was replenished to 300 µL and mixed 
well. The frozen, immobilized pH gradient-preformed 
strips (17 cm, pH 3–10, non-linear) were thawed, and the 
samples were blown, remixed, and added to the focus-
ing plate to ensure the consistency of the sample liquid 
to avoid bubble formation. The plastic protective film on 
the rubber strip was removed, and the rubber strip was 
placed on the sample solution with the rubber surface in 
contact with the sample liquid facing downward and the 
positive electrode of the rubber strip in relative and close 
contact with the positive electrode of the focusing disc. 
Furthermore, 1.5 mL of mineral oil was taken and slowly 
added dropwise from left to right onto the plastic sup-
porting film to avoid the evaporation of the sample liq-
uid. Isoelectric focusing and balancing were performed 
immediately.

Sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis cataphoresis
Two 10% acrylamide gel electrophoreses were prepared. 
The residual mineral oil and excess sample were gen-
tly absorbed from the rubber strip on a thick, wet filter 
paper. The rubber strip was transferred to the sample 
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hydration plate for the first and second balances, and the 
excess balance solution was absorbed with a soaked thick 
filter paper. The filled gel was placed correctly, a dissolved 
agarose sealant solution and 1 × electrophoresis buffer 
were prepared, and the rubber strip was immersed in 1× 
electrophoresis buffer for washing. The adhesive tape was 
placed face up on the long glass plate of the gel, and an 
agarose sealant solution was added dropwise to the gel. 
The tape was gently pushed down with the needle of the 
flat head so that the lower end of the tape was in full con-
tact with the separating glue surface, and all the bubbles 
were discharged. After 10  min, the agarose gel solution 
was completely solidified, and the gel was transferred to 
an electrophoresis tank for sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis. After electrophoresis, the 
gel was removed, and the positive electrode was marked 
with an angle, cut, and stained. The staining was per-
formed using a Fast Silver Dyeing Kit (P0017S, Beyotime 
Biotechnology, China).

Gel scanning
After staining, the gel was placed in a VersaDoc 4000 
imaging system with a high-resolution scanner to capture 
images. Image analysis software (PDQuest Advanced 
8.0.1) was used to scan the gel map (resolution of 300 
PPI) in a greyscale. Analysis software was used to modify 
the gel map, shear, protein point detection optimization, 
background subtraction, and re-matching establishment. 
The gel images were analyzed in combination with man-
ual correction. A statistical data analysis was performed 
if the relative variation of protein points in the map was 
greater than twice the difference in protein points, and 
the t-test was used between groups.

Mass spectrometry identification
The 10 differentially expressed proteins were selected 
from the gels of the control group. After enzymatic 
hydrolysis, an extraction API 4800 tandem time-of-flight 
mass spectrometer (MALDI-TOF; Applied Biosystems) 
was used for enzymatic hydrolysis, extraction, and sam-
ple preparation. The parameter settings were as follows: 
positive ion mode automatically acquired data. The pep-
tide mass fingerprinting mass spectrometry scan range 
was 800–3500 Da, and the 10 peaks with the highest 
intensity were selected for secondary mass spectrom-
etry. GPS 3.6 (Applied Biosystems) was applied after the 
accurate molecular weight determination of the peptide 
fragments, and Mascot 2.1 (Matrix Science) software was 
used to analyze and identify the integrated primary and 
secondary mass spectrometry data.

Bioinformatics analysis
The PDQuest 8.01 software was used to pair and match 
the protein points between the experimental and control 

groups to create a qualitative and quantitative analysis 
dataset, and 218 different protein points were found after 
a comprehensive comparison. From the control group, 10 
differentially expressed protein points (the difference was 
more than twice, and the same in the gel atlas of the three 
groups) were selected for MALDI-TOF mass spectrom-
etry identification, and eight proteins were successfully 
identified.

Statistical analysis
All data were analyzed using IBM SPSS software (ver-
sion 26.0). Data were expressed as mean ± standard devia-
tion, the differences between groups were analyzed using 
a t-test (two groups) and one-way analysis of variance 
(three or more groups). Following, we performed LSD 
analysis for multiple comparisons. Statistical significance 
was set at P < 0.05.

Results
Inhibitory effect of EESMS on HeLa cell proliferation
MTT assay showed that EESMS inhibited the prolifera-
tion of HeLa cells dose-dependently (Fig. 1A). The drug 
dose was sequentially increased in the experimental 
group. The growth-inhibitory rates were 4.12 ± 0.94%, 
6.57 ± 2.49%, 27.69 ± 1.32%, 46.77 ± 2.74%, 57.07 ± 0.69%, 
69.74 ± 1.94%, 82.29 ± 3.37%, and 98.71 ± 0.46%, compared 
with untreated controls, and this was considered to indi-
cate a statistically significant difference (P<0.05). The IC50 
of the ethanolic extracts for HeLa cells was 2.085 µg/µL.

In addition, the effect of ethanolic extracts from 
Sophora Moorcroftiana seeds on the activity of mouse 
fibroblasts L929 cells line was tested by CCK-8 cell pro-
liferation-toxicity kit. The results of CCK-8 assay showed 
that, with the increase of time and concentration, the 
extract of Sophora Moorcroftiana seeds indicated no sig-
nificant inhibitory effect on mouse fibroblasts L929 cell 
line. As shown in Figure S1.

Apoptotic morphology of EESMS-induced HeLa cells
The observation of the cells under a fluorescence micro-
scope revealed no significant apoptotic cells in the con-
trols. In control cells, cell morphology was normal, the 
cytoplasm was plump, and there was no pyknosis in 
the nucleus, which was green with a normal structure. 
Early apoptotic cells were observed in the 1.0 µg/µL dose 
group, and the cell nuclear chromatin was green with 
pyknotic or lumpy shape, lying on one side of the cell. 
The number of early and late apoptotic cells increased 
with increased EESMS dose, and the morphology of the 
NVA changed. The cytoplasm and nucleus were con-
densed, and the nucleocytoplasmic ratio was inverted. 
The cell nucleus chromatin was orange, compact, heav-
ily stained, and inclined toward one side of the cell, 
and apoptotic bodies were observed in some cells. The 
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chromatin of the dead cell nuclei was orange and indis-
tinct. With increased drug concentration, the number of 
apoptotic and necrotic cells increased, and this number 
was positively correlated with the drug concentration 
(Fig. 1B).

Effect of EESMS on HeLa cell cycle
Flow cytometry results indicated that EESMS signifi-
cantly blocked the HeLa cell cycle and blocked cell divi-
sion in the G0/G1 phase. The proportion of cells in the 
S and G2/M phases gradually decreased with increasing 

Fig. 1  The growth-inhibitory effects of EESMS on Hela cell. A: Inhibition of Hela cell proliferation by different concentrations of EESMS. B: Apoptosis of 
Hela cell by AO/EB staining in different dose groups. White arrow was VN; Red arrow was VA; Orange arrow was NVA; Yellow arrow was NVN. C: Cell cycle 
changes of Hela treated with EESMS at different concentrations. D: Apoptosis rate of Hela cells by different concentrations of EESMS. E: AFM imaging 
about the morphology of Hela cells in the control and 2.0 µg/µl group. F: Cell surface roughness in the control and 2.0 µg/µl group. G: Average cell elastic-
ity in the control and 2.0 µg/µL group. H: Western blot results and relative gray level of each group
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drug concentration, whereas the proportion of cells in 
the G0/G1 phase increased significantly. Notably, the 
representation showed an obvious concentration depen-
dence, and the difference between each group was sta-
tistically significant compared with that in the controls 
(P < 0.05) (Table 1; Fig. 1C).

Effect of EESMS on HeLa cell apoptosis
Flow cytometry showed that the early apoptosis rate of 
the experimental group was significantly different com-
pared with that in the control group. The early apop-
tosis rate of cells in the experimental group gradually 
increased with increased EESMS concentrations, show-
ing an obvious concentration correlation. Moreover, 
compared with the control group, the late apoptosis rate 
in the experimental group was also significantly different, 
and the late apoptosis rate showed an obvious concen-
tration dependence (Table  2; Fig.  1D). Western blotting 
results demonstrated that the expression of Caspase-3 
was higher in the experimental groups than that in the 
control and increased with increasing EESMS concentra-
tions (Fig. 1H).

Changes in mechanical characteristics caused by EESMS
The morphology of HeLa cells in the control and experi-
mental groups was investigated using biological AFM 
(Fig. 1E). As shown in Fig. 1E, the two head height mea-
sured pictures showed the 50  μm×50  μm morphologies 
of HeLa cells in the control and experimental groups. 
The two middle pictures show the corresponding deflec-
tions and the last two pictures show the corresponding 
three-dimensional images. HeLa cells grew well with 
clear contours and irregular polygonal structures, and 

there were many whiskers around the cells, showing the 
surface characteristics of tumor cells. Figure  1F shows 
that the average range of cell elasticity was 200–1600 Pa. 
In the control group, higher stiffness was observed than 
in the 2.0 µg/µL group (P < 0.05). It can be inferred that 
HeLa cells were released after the EESMS treatment, 
leading to a decrease in the average cell elasticity of the 
HeLa cells. Figure  1G summarizes the surface rough-
ness values of the experimental and control groups. The 
mean surface roughness of cells in the 2.0  µg/µL group 
was 1.780 ± 0.460 μm, while that in the control group was 
968.5 ± 316.3 nm. Therefore, after EESMS treatment, the 
number of HeLa cells was significantly reduced, with 
rough surfaces and approximate regularity, indicating 
that EESMS inhibited the growth of HeLa cells.

Total protein concentration determined using the Bradford 
method
Total protein was extracted from cells of the experi-
mental and control groups. The Bradford method was 
used to detect the protein concentration, and a standard 
curve was drawn. The total protein concentration in each 
sample was calculated using a standard curve formula 
(Fig. 2A).

Two-dimensional electrophoretic pattern and consistent 
matching results
The total protein content of the samples was sub-
jected to 2-DE, and the experiment was repeated thrice. 
PDQuest8.01 software was used to analyze the obtained 
2-DE gel pattern. The chromatograms obtained from 
three experiments were colored, replaced, and over-
lapped. The better the matching of common protein 
points between the two groups, the higher the degree of 
coincidence. The non-overlapping points represent dif-
ferent protein points between the experimental and con-
trol groups. Furthermore, the most reproducible atlas 
was selected for further analysis (Fig. 2B and C).

Analysis of differential protein points in two-dimensional 
electrophoresis gel pattern
The PDQuest 8.01 software matched the different protein 
points and data between the experimental and control 
groups with the best repeatability. In total, 218 protein 
points were identified. In addition, different protein 
points were compared again through visual observation, 
and 10 different protein points were selected for further 
mass spectrometry identification (Fig. 2D).

Selection of differential protein spectrum identification 
results
The 10 differential protein points in the control group 
with upregulated expression and in the experimen-
tal group with downregulated expression were sent to 

Table 1  The changes of Hela cell cycle after EESMS treatment
Concentration Cell cycle ratio

G0/G1 S G2/M
0 ug/ul 64.23 ± 7.45 24.19 ± 1.93 5.58 ± 0.81
1 ug/ul 76.46 ± 9.79# 15.22 ± 2.06# 7.32 ± 1.03#

2 ug/ul 83.48 ± 10.69# 9.72 ± 1.36# 5.80 ± 0.69#

4 ug/ul 91.67 ± 17.17# 5.71 ± 1.12# 2.62 ± 0.71#

P value 0.014 0.007 0.02
Note#P<0.05 vs. Control (0 ug/ul)

Table 2  The effects of EESMS on apoptosis rate in Hela cells
Concentration Apoptosis rate Necrosis 

rateEarly apoptosis 
rate

Late apopto-
sis rate

0 ug/ul 1.57 ± 0.41 0.28 ± 0.15 0.52 ± 0.29
1 ug/ul 7.11 ± 1.04# 0.64 ± 0.06# 0.32 ± 0.13※

2 ug/ul 22.74 ± 6.69# 2.72 ± 0.88# 2.46 ± 0.59#

4 ug/ul 83.29 ± 11.35# 7.71 ± 2.09# 0.89 ± 0.44※

P value 0.001 0.02 0.06
Note#P<0.05 vs. Control (0 µg/µl), ※P>0.05 vs. Control
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Shanghai Shenggong Company for MALDI-TOF mass 
spectrometry detection, and eight differential protein 
points were successfully identified. They were peptidyl-
prolyl cis-trans isomerase A (PPIA/CypA), receptor of 
activated protein C kinase 1 (RACK1), L-lactate dehy-
drogenase B chain isoform (LDHB), phosphoglycerate 
mutase 1 (PGAM1), chain A, crystal structure of human 
Dj-1 (PARK7), peroxiredoxin-2 (PRDX2), serpin B5 
(SERPINB5), and heterogeneous nuclear ribonucleopro-
tein H-1 (HNRNPH1) (Table 3; Fig. 3).

Bioinformatics analysis of differential proteins
The STRING database (http://string-db.org/) was used to 
analyze the interaction information of the eight differen-
tially expressed proteins. Gene Ontology (http://www.g-
eneontology.org/) analysis of the differentially expressed 
proteins was performed using the DAVID (http://david.
abcc.ncifcrf.gov/) or PANTHER (http://www.pantherdb.
org/) databases. We analyzed the proteins involved in 
biological processes, cellular components, molecular 
functions, protein classes, and other pathways (PP). The 
Kyoto Encyclopedia of Genes and Genomes database 

Table 3  Identification results of MALDI-TOF/TOF-MS
Protein name Gene 

name
Uni-
ProtKB
no.

Cal-
cul-
ated 
PI

Nomi-
nal
mass 
(Mr)

Mas-
cot 
score

Peptidyl-prolylcis-trans 
isomerase A

PPIA P62937 7.68 18,229 497

Receptor of activated 
protein C kinase 1

RACK1 P63244 7.60 35,511 43

L-lactate dehydroge-
nase B chain isoform

LDHB P07195 5.71 36,900 535

Phosphoglycerate 
mutase 1

PGAM1 P18669 6.67 28,888 606

Chain A, Crystal Struc-
ture Of Human Dj-1

PARK7 Q99497 6.33 20,063 59

Peroxiredoxin-2 PRDX2 P32119 5.66 22,049 195
Serpin B5 SERPINB5 P36952 5.72 42,530 39
Heterogeneous nuclear 
ribonucleoprotein H1

HNRNPH1 P31943 5.89 49,484 220

Fig. 2  The 2-DE maps of control and EESMS-treated Hela cell. A: The standard curve of protein concentration by Bradford method. B: Gel pattern by three 
two- dimensional electrophoresis experiments (Note the pictures A1, B1 and C1 were respectively the gel graphs of the control for three times, A2, B2 and 
C2 were respectively the gel graphs of the 2.0 µg/µL EESMS). C: Gel consistency matching map between experimental group and control group (Note: 
Protein points were labeled in red for the control group and in green for the experimental group, and the higher the coincidence degree of two colors of 
the same protein point, the stronger the consistency and matching degree). D: Comparison and analysis of protein maps between experimental group 
and control group (0 µg/µL Control, 2.0 µg/µL EESMS Group) (Note The red marks indicated points that are more than twice as different, called differential 
protein points, 218 in all)

 

http://string-db.org/
http://www.g-eneontology.org/
http://www.g-eneontology.org/
http://david.abcc.ncifcrf.gov/
http://david.abcc.ncifcrf.gov/
http://www.pantherdb.org/
http://www.pantherdb.org/
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Fig. 3  Representative MALDI-TOF/TOF MS maps and database query results. A: PPIA mass spectrometry identification results. B: RACK1 mass spectrom-
etry identification results. C: LDHB mass spectrometry identification results. D: PGAM1 mass spectrometry identification results. E: PARK7 mass spectrom-
etry identification results. F: PRDX2 mass spectrometry identification results. G: SERPIN B5 mass spectrometry identification results. H: HNRNPH1 mass 
spectrometry identification results. (A: Mascot score histogram, B: Amino acid sequence, marked in red as the matching sequence, C: Partial peptide map)
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(http://www.genome.ad.jp/kegg/pathway.html) and other 
databases were used to analyze the signal pathway of dif-
ferential proteins. The results showed that the biologi-
cal processes involved in the differential proteins mainly 
included oxidative stress response, negative regulation 
of gene expression, cell adhesion, negative regulation 
of apoptosis induction, oxidation-reduction (REDOX) 
processes, and positive regulation of protein secretion 
(Table 4; Fig. 4).

Discussion
CC is the most common gynecological malignancy. It 
is characterized by a poor prognosis and a low survival 
rate. HeLa cells are one of the cell lines in human cervical 
carcinoma. Therefore, to develop novel and low-toxicity 

therapeutic strategies for CC, it is essential to understand 
the underlying mechanisms of the growth, invasion, and 
metastasis of HeLa cells.

The cell proliferation assay results showed that EESMS 
could inhibit the proliferation of HeLa cells dose-
dependently, with an IC50 of 2.085  µg/µL. Cell cycle 
analysis showed that the proportion of apoptotic cells 
increased in the early and late stages, and the cell cycle 
was blocked in the G0/G1 phase after EESMS treatment. 
EESMS induced apoptosis in HeLa cells and the num-
ber of apoptotic cells was positively correlated with the 
concentration of EESMS from different perspectives. 
Morphological observations using AO/EB double stain-
ing showed that early apoptotic cells appeared in the low-
concentration EESMS group (1.0 µg/µL). The number of 
late apoptotic cells gradually increased with increased 
drug concentration, and a few necrotic cells were 
observed. Conventional apoptosis was determined using 
western blotting, which revealed that Caspase-3 expres-
sion increased with increasing EESMS concentrations.

The actin cytoskeleton, the key structure of the cell, 
dynamically combines and rearranges to support various 
cellular behaviors, including growth, proliferation, migra-
tion, and death [15, 16]. Notably, some aspects of the 
biomechanical findings have affirmed that elasticity can 
reflect the hardness of malignant cells or tissues, indicat-
ing changes in cancerous tissues [17]. In this study, the 
results of single-cell mechanics suggested that EESMS 
treatment of HeLa cells led to decreased elasticity, which 
could be attributed to increased Caspase-3 activity. This 
increased activity may be responsible for the cleavage of 
cytoskeletal actin and gelsolin, resulting in F-actin depo-
lymerization during apoptosis [18–20]. Furthermore, an 
increasing roughness on the cell surface was observed in 
the 2.0 µg/µL ESSMS group, which may potentially indi-
cate cancer progression. Biomechanical methods can 
provide supplementary means for determining tumor cell 
phenotypes.

Furthermore, 2-DE was utilized to explore the mecha-
nism through the proteomic study of the total proteins 
of HeLa cells in the control and EESMS testing groups, 
and eight kinds of differentially expressed proteins were 
selected. These differentially expressed proteins were 
upregulated in the control group and downregulated in 
the experimental group and were analyzed in detail with 
related literature and bioinformatics analysis. PPIA, 
Cyclophile A (Cyclophilin A, CypA), catalyzes the forma-
tion of active space structures of proteins containing pro-
line and plays a key rate-limiting role in protein folding 
and assembly. Notably, several studies have shown that 
the level of RACK1 expression is positively correlated 
with the proliferation, growth, infiltration, and invasion 
of many kinds of tumor cells. RACK1 can bind to cyclic 
adenosine monophosphate, AKT, Src, stratified proteins, 

Table 4  Gene otology analysis
Category Term Genes
Biological Process positive regulation 

of protein secretion
PPIA

cellular response to 
oxidative stress

PARK7/PRDX2

negative regulation 
of gene expression

PARK7/RACK1

cell-cell adhesion PARK7/RACK1
negative regula-
tion of apoptotic 
process

PARK7/PRDX2

oxidation-reduc-
tion process

LDHB/PRDX2

Cellular 
Component

myelin sheath LDHB/PGAM1
membrane raft LDHB/PARK7
mitochondrion LDHB/PARK7/RACK1
extracellular 
exosome

PPIA/RACK1/LDHB PGAM1/ 
PARK7
PRDX2/ SERPINB5

cytoplasm RACK1/LDHB/PARK7 PGAM1/ 
HNRNPH1
PRDX2/SERPINB5

cytosol PPIA/RACK1/LDHB PGAM1/
PARK7/PRDX2

membrane PPIA/LDHB PGAM1/HNRNPH1
Molecular 
Function

kinase binding LDHB/PARK7
poly(A) RNA 
binding

RACK1/HNRNPH1/PPIA

cadherin binding 
involved
in cell-cell adhesion

RACK1/ PARK7

enzyme binding RACK1/ PARK7
receptor binding RACK1 /PARK7
protein homodi-
merization activity

RACK1/ PARK7

identical protein 
binding

PARK7/LDHB

protein binding PPIA/RACK1/LDHB PGAM1/
PARK7
SERPINB5/HNRNPH1

http://www.genome.ad.jp/kegg/pathway.html
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and other molecules to regulate tumor cell growth, pro-
liferation, migration, and the cell cycle through mul-
tiple signaling pathways. Lactate dehydrogenase is a key 
enzyme in glycolysis. LDHB significantly correlates with 
the occurrence, development, lymph node metastasis, 
and tumor cell proliferation in breast, lung, esophageal, 
bladder, and oral cancers and other malignant tumors 

[21–24]. Phosphoglycerate mutase is located in the mid-
dle reaches of the glycolysis pathway. It is not a rate-limit-
ing enzyme; however, it is crucial in metabolic networks. 
Notably, PGAM1 is highly expressed in many types of 
tumors, such as liver, lung, breast, and colon cancers 
and glioblastoma. The activity of the PGAM1 enzyme in 
these tumors is higher than that in normal cells [25–27]. 

Fig. 4  Bioinformatics analysis. A: BP analysis, B: CC analysis, C: MF analysis, D: PC analysis, E: PP analysis, F: Partial protein KEGG signal pathway, G: String 
toolkit showed the interactions between eight different proteins (Note The blue line represents the co-expression relationship, the purple line represents 
experimental verification, the yellow lines represent evidence of text mining)
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Dj-1 is the third gene associated with familial Parkinson’s 
disease [28]. This gene is a new oncogene with antioxi-
dant, anti-apoptotic, antagonistic tumor suppressor, anti-
tumor properties, and other functions [29–34]. PRDX2 
exists in eukaryotic cells and is widely expressed in vari-
ous tissues. According to the literature, PRDX2 is highly 
expressed in head and neck cancers [35], colon cancer 
[36], anterior adenocarcinoma [37], and osteosarcoma 
[38]. However, it is downregulated in malignant tumors, 
such as gastric cancer [39] and malignant melanoma [40]. 
Serpin B5 is a member of the Serpin family of serine pro-
tease inhibitors, also known as Maspin.

Maspin is a tumor suppressor gene [41–47]. Its expres-
sion is regulated by epigenetic modifications, such as 
methylation and acetylation, and transcription factors, 
such as p53 and p63. However, recent experimental 
results have shown that Maspin is highly expressed in 
some malignant tumors and participates in and promotes 
the occurrence and development of malignant tumors. 
In this study, Serpin B5 expression was upregulated in 
the control group and downregulated in the experimen-
tal group. B5 has been speculated to act as an oncogene. 
HNRNPH1 is a member of the nuclear heterogeneous 
ribonucleoprotein family, which is closely associated with 
the processing of precursor messenger RNA (mRNA), 
participates in mRNA transport and post-transcriptional 
regulation, and is crucial in regulating the proliferation 
and apoptosis of cancer cells. Therefore, the EESMS-
induced apoptosis of HeLa cells may be achieved by 
downregulating the expression of these proteins.

In summary, EESMS induces apoptosis in HeLa cells 
and promotes the periodic arrest of HeLa cells in the G0/
G1 phase. Based on the results of bioinformatics analysis 
of differentially expressed proteins and related literature 
reports, we speculate that this may be associated with 
several biological functions, such as cell oxidative stress, 
negative regulation of gene expression, cell adhesion, 
negative regulation of apoptosis induction, redox pro-
cesses, and positive regulation of protein secretion. The 
differentially expressed proteins identified using 2-DE 
are a preliminary study on the EESMS-induced mecha-
nism of apoptosis in HeLa cells, and the results of the 
eight differentially expressed proteins obtained need to 
be further verified. These consistent experimental results 
are probably the target proteins of the action of EESMS. 
Small interfering RNAs and transfection techniques can 
be used to modulate the expression levels of target pro-
teins and observe the effects of these changes on cancer 
cell apoptosis. This supports the hypothesis that EESMS 
treatment of HeLa cells leads to increased apoptosis.

Conclusions
EESMS significantly inhibited proliferation, induced 
apoptosis of HeLa cell lines, and blocked the cell cycle in 
the G0/G1 phase. The action of EESMS may be mediated 
through several biological functions, such as oxidative 
stress, negative regulation of gene expression, cell adhe-
sion, negative regulation of apoptosis, redox processes, 
and positive regulation of protein secretion. This study 
demonstrated that EESMS positively affects human cer-
vical carcinoma, which provided a further theoretical 
basis for the Tibetan medicine Sophora moorcroftiana as 
a novel low-toxicity, high-efficiency chemotherapeutic 
drug for treating cervical cancer in the future.
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