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ABSTRACT

Context: Cholangiocarcinoma with highly heterogeneous, aggressive, and multidrug resistance has a poor
prognosis. Although babaodan (BBD) combined with cisplatin improved non-small cell lung cancer efficacy,
its impact on overcoming resistance in cholangiocarcinoma remains unexplored.

Objective: This study explored the role and mechanism of BBD on cisplatin resistance in cholangiocarcinoma
cells (CCAs).

Materials and methods: Cisplatin-resistant CCAs were exposed to varying concentrations of cisplatin (25—
400ug/mL) or BBD (0.25-1.00mg/mL) for 48h. IC;, values, inhibition ratios, apoptosis levels, DNA damage,
glutathione (GSH) levels, oxidized forms of GSH, total GSH content, and glutaminase relative activity were
evaluated using the cell counting kit 8, flow cytometry, comet assay, and relevant assay Kkits.

Results: BBD-reduced the cisplatin IC, in CCAs from 118.8 to 61.83ug/mL, leading to increased inhibition rate,
apoptosis, and DNA damage, and decreased expression of B-cell lymphoma-2, p-Yes-associated protein 1/
Yes-associated protein 1, solute carrier family 1 member 5, activating transcription factor 4, and ERCC excision
repair 1 in a dose-dependent manner with maximum reductions of 78.97%, 51.98%, 54.03%, 56.59%, and
63.22%, respectively; bcl2-associated X and gamma histone levels were increased by 0.43-115.77% and 22.15-
53.39%. The impact of YAP1 knockdown on cisplatin-resistant CCAs resembled BBD. GSH, oxidized GSH species,
total GSH content, and glutaminase activity in cisplatin-resistant CCAs with BBD treatment also decreased,
while YAP1 overexpression countered BBD's effects.

Discussion and conclusion: This study provides a scientific basis for BBD clinical application and provides
a new direction for BBD biological mechanism research.
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Introduction

Cholangiocarcinoma (CCA) is a rare and aggressive biliary can-
cer known for its significant heterogeneity (Guedj 2022). This
malignancy is categorized into three primary types based on its
location within the biliary tree: intrahepatic CCA, perihilar CCA,
and distal CCA (Rodrigues et al. 2021). Global incidence rates of
CCA are increasing, representing 15% of primary liver cancers
and 3% of gastrointestinal malignancies. As a result, CCA is the
second most prevalent primary liver cancer, trailing only hepato-
cellular carcinoma (Banales et al. 2020). Multiple factors, such as
liver cirrhosis, hepatolithiasis, obesity, diabetes, and metabolic
syndrome, have been implicated as potential risk factors for
CCA. The complex and heterogeneous nature of CCA has hin-
dered the definitive identification of these risk factors (Khan
et al. 2019). The preferred treatment strategy for CCA is surgical
resection (Rizvi et al. 2018). However, most CCA patients have
missed the optimal stage of surgery when diagnosed due to its
invasive nature (Dwyer et al. 2021). In these cases, systemic che-
motherapy is usually the only treatment option. However, due to

drug resistance, the long-term prognosis for CCA remains poor
(Zheng et al. 2022). Therefore, therapeutic strategies must be
developed to combat resistance to CCA (Prasopporn et al. 2022).

Cisplatin has multiple mechanisms of anticancer activity. The
most common pathways include the generation of DNA lesions
through interaction with purine bases in DNA, followed by the
activation of several pathways leading to apoptosis (Ghosh 2019).
The cisplatin-induced apoptotic response was found to be
reduced in the presence of the reactive oxygen species glutathi-
one (GSH) scavenger (Kleih et al. 2019). GSH synthesis plays a
significant role in cisplatin resistance. Resistant cells generally
exhibit elevated GSH (Kobayashi et al. 2022). In cisplatin-resistant
hepatocarcinoma cells, the GSH content increased twice com-
pared to the ordinary hepatocarcinoma cell line (Jia et al. 2012).
Cisplatin resistance in biliary tract cancer was reversed by
decreasing the GSH and the GSH/oxidized GSH (GSSG) ratio (Li
et al. 2016). Additionally, the knockdown of Yes-associated pro-
tein 1 (YAP1) attenuated chemoresistance in bladder cancer cells
(Ciamporcero et al. 2018). YAP1 is a key effector molecule
downstream of the Hippo signaling pathway, capable of
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regulating the expression of various genes related to GSH synthe-
sis (Mohajan et al. 2021). A study reported (Gao et al. 2021) that
YAP1 provided the raw materials necessary for GSH synthesis by
increasing the expression of the solute carrier family 7 member
11 (SLC7A11). Therefore, YAP1 can promote drug resistance in
cholangiocarcinoma cells by regulating GSH, leading to the dete-
rioration of the disease.

Traditional Chinese medicine (TCM), such as Yinchenhao
decoction and the Chinese skullcap, has shown its potential to
prevent and treat CCA (Chen Z et al. 2021). Babaodan (BBD),
the TCM formula produced in Chinas Fujian province, origi-
nated in the Ming dynasty (Wang et al. 2019). The BBD formula
includes Radix of Panax notoginseng (Burkill) EH.Chen
[Araliaceae] and other precious TCM and has been approved by
the China Food and Drug Administration. The main chemical
components of BBD include saponins, bile acids, and amino
acids (Zheng Y et al. 2022). Evidence suggests that BBD has
anti-inflammatory and antitumor activity (Zhao et al. 2021). The
active ingredient of Panax notoginseng and ginsenoside com-
pound K inhibited the growth of hepatocellular carcinoma by
regulating YAP1 phosphorylation (Zhang ] et al. 2022). It can
enhance the antitumor activity of cisplatin in non-small cell lung
cancer (Wang et al. 2019). Liu J et al. (2020) reported an inhib-
itory effect of BBD on gastric cancer cells. Furthermore, BBD
can antagonize cisplatin resistance in gastric cancer cells by reg-
ulating apoptosis and autophagy (Zhao et al. 2021).

However, the biological mechanism of BBD on CCA is still
unclear. Its exploration can provide a research basis for tumor
treatment, which is conducive to developing clinical treatment
strategies for CCA and the clinical application of BBD. This
study used cisplatin-resistant cell lines intervened with BBD
(0.25, 0.5, and 1mg/mL) or with YAP1 knockdown to explore
the effects and mechanism of BBD to improve the sensitivity of
CCA cells to cisplatin.

Materials and methods
Cisplatin-resistant cell lines

Human cholangiocarcinoma cells (RBE cells, RRID: CVCL_4896;
Cat# CL-0191, Procell, Wuhan, China) were cultured in a com-
plete medium containing phenol-free RPMI-1640 (Cat# 11835030,
Gibco, USA) with 10% FBS (Cat# 11012-8611, Every Green,
China) and 1% penicillin-streptomycin solution (Cat# 15140122,
Gibco, USA) and placed in a standard cell culture environment
with 5% CO, at 37°C. Cells were exposed to 1uM cisplatin
(CI2H6N2Pt, Cat# 232120, CAS: 15663-27-1, > 98.0% purity,
Sigma-Aldrich, USA) for 72h in the culture flask to establish
cisplatin-resistant cells as previously reported (Liu CW et al. 2017).
Cells were then cultured in a complete medium for recovery. The
above process was repeated five times. Cisplatin was dissolved in
NaCl and diluted to desired concentrations in a complete medium.

Drug treatment and grouping

CCAs resistant to cisplatin were treated with different doses of
cisplatin (25, 50, 100, 200, and 400 ug/mL) to calculate the IC,,
This dose of IC;, was then used for subsequent experiments
(Zhao et al. 2021). Normal cultured cisplatin-resistant cells and
cells that were incubated with a complete medium containing
cisplatin or cisplatin and BBD (0.25, 0.5, and 1mg/mL, Xiamen
Traditional Chinese Medicine, China) for 48h were used to
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observe the effect of BBD on cisplatin-resistant CCAs. The cells
were categorized into distinct groups: the control group, which
solely received cisplatin (CDDP) at a dose equivalent to the IC,
(118.8 mg/mL), and experimental groups including cisplatin com-
bined with BBD at varying concentrations: cisplatin + 0.25mg/
mL BBD (CDDP + 0.25 BBD), cisplatin + 0.5mg/mL BBD
(CDDP + 0.5 BBD), and cisplatin + 1mg/mL BBD (CDDP + 1
BBD). These groupings were implemented to assess the counter-
active effects of BBD on cisplatin-resistant CCAs. The BBD was
diluted in PBS to the desired concentrations in the complete
medium.

Cisplatin-resistant CCAs were transfected with an empty plas-
mid vector, siNC, a plasmid with YAP1 cDNA, and siYAP1 using
lipofectamine 3000 (Cat# L3000075, Thermos Fisher, USA).
Plasmid, siRNA, and their negative control were designed and
synthesized by GeneChem Co., Ltd, Shanghai, China. These cells
were divided into four groups: 1) the CDDP group: cells were
cultured in a complete medium supplemented with cisplatin.
They were transfected with an empty plasmid vector and siNC
(non-targeting control); 2) the CDDP +siYAPI group: cells were
subjected to YAP1 silencing and treated similarly to the CDDP
group; 3) the CDDP +BBD group: cells were cultured in a com-
plete medium supplemented with cisplatin and exposed to 1mg/
mL of BBD; and 4) the CDDP+BBD+YAP1 group: cells that
had YAP1 overexpression were cultured similarly as the
CDDP +BBD group.

Inhibition rate and IC,, value of cisplatin-resistant CCAs

The inhibition rate and IC,, were measured using the cell count-
ing kit 8 (CCK8) (Cat# C0039, Beyotime, Shanghai, China). In
96-well cell culture plates (5 x 10° cells/well), cells were incu-
bated for 24h to attach to the well surface. The cell culture
medium per well was replaced with a complete culture medium
(phenol-free) containing 10uL CCK8 incubation for 1h. Finally,
the optical density (OD) was measured at 450nm using a micro-
plate reader (CMaxPlus, Molecular Devices, USA). Inhibition
rate= [(OD of the control group - OD of the experimental
group)/(OD of the control group-black group)]x100%.
Additionally, the reversal fold (RF), calculated as RE=IC,, (cis-
platin)/IC,, (cisplatin with 1 mg/mL BBD treatment), was used to
compare the sensitivity of CCAs to cisplatin (Zhao et al. 2021).

Total RNA extraction

After cell transfection and cultivation for 48h, total RNA was
extracted using an EZ-10 DNAaway RNA Mini-Preps kit (Cat#
B618583-0100, Sangon Biotech, China) containing spin column,
tubes, DW/RPE solutions, RNase-free water, and lysis buffer.
Briefly, 300uL lysis buffer was used to lysate cells followed by
collecting into a spin column. Then, 150pL ethanol was added
and transferred to a 2mL RNase-free collection tube for centri-
fuging at 12 000x g, for 2min at room temperature. The filtrate
was discarded and added 350puL DW solution, followed by cen-
trifuging at 12 000xg for 1min at room temperature.
Subsequently, the filtrate was discarded again, and 500uL RPE
Solution was added and centrifuged at 12 000xg for 1min at
room temperature. Subsequently, the column was recentrifuged
and then kept until the ethanol evaporated completely. The sam-
ple was dissolved in 30pL RNase-free water and purity was
detected using a NanoDrop one-trace UV Vis spectrophotometer
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(Thermo Scientific, USA). Subsequently, the sample was reverse
transcribed to ¢cDNA using a CWBIO’s kit (Cat# CW2569,
CWBIO, China; Reaction conditions: 42°C for 15min; 85°C
for 5min).

Quantitative real-time PCR

Quantitative real-time PCR (qPCR) was performed using a qPCR
kit (Cat# 11201ES08, Yeasen, China) on the LightCycler 96
real-time PCR system (Roche, Switzerland). Reaction conditions
are 95°C for 5min, 40 cycles of 95°C for 10s, and 60°C for 60s.
Following primer pairs were used for qPCR: YAPI forward,
5'-TAGCCCTGCGTAGCCAGTTA-3', Reverse, 5-TCATGCTTAG
TCCACTGTCTGT-3'; GAPDH forward, 5'-ACAACTTTGGTATC
GTGGAAGG-3', Reverse, 5-GCCATCACGCCACAGTTTC-3".
The primers were synthesized by Sangon Biotech Co., Ltd,
Shanghai, China. Results were normalized to housekeeping gene
GAPDH. The relative expression of genes was calculated by
2-A A€, method.

Flow cytometry

After cell processing according to the grouping requirements, cells
were harvested and washed with PBS, mixed in 100uL of 1x
binding buffer, and stained with Annexin V/propidium iodide
(PI) double staining solution (Cat# 556547, BD Biosciences, USA)
for 15min at 37°C. Cell apoptosis was detected by flow cytome-
try (NovoCyte, Agilent, Germany). Cell apoptosis was assessed by
flow cytometry. The gating strategy for apoptotic cells was based
on forward and side scatter results, control cells and single stained
cells. Briefly, forward and side scatter characteristics (FSC-H and
SSC-H) were used to exclude debris. Control tubes contained
blank cells, Annexin V-FITC single-stained cells and PI
single-stained cells, facilitated the adjustment of flow cytometric
compensation. The flow cytometry results from the blank control
were used to confirm the presence of negative cells. In contrast,
the results from the Annexin V-FITC single-stained and PI
single-stained were used to define the Y-axis and X-axis, respec-
tively. Cells that stained positive for Annexin V-FITC only were
identified as early apoptotic cells. In contrast, those that staining
positively for both Annexin V-FITC and PI were categorized as
late apoptotic cells. The quantification of apoptosis levels involved
counting cells in the upper right quadrant (indicative of late
apoptotic cells) and low right quadrant (representative of early
apoptotic cells) in the flow cytometry dot plots.

GSH-related detection

Digested cells were used to measure GSH/GSSG and total GSH
(TTGSH) according to the instructions of the GSH and GSSG
kits (Cat# S0053, Beyotime, China). Briefly, fresh cells after
grouping treatment were collected for cell precipitation. A pro-
tein or GSH removal reagent was added to cell precipitation fol-
lowed by rapid freezing-thawing and centrifuging (with 10 000x g
at 4°C for 10min). The absorbance of the supernatant was
detected in a 6-well plate at 412nm wusing a microplate
reader (CMaxPlus, Molecular Devices, USA). GSH=Total
Glutathione-GSSG x 2. The glutaminase (GLS) activity assay was
measured as previously reported (Chen P et al. 2021) according
to the instructions of the GLS activity assay kit (Cat# BC1450,
Solarbio, China). Extraction solution (200pL) containing 10° cells
was performed ultrasound followed by centrifuging (with

12 000x g at 4°C for 15min). The supernatant is mixed with the
working solution for measuring absorbance at 630nm using a
microplate reader. Reduced GSSG or GLS standard solution
ranging from 1.25mM to 0.125pM was used to construct the
standard curve.

Comet assay

The comet assay was performed to observe DNA damage from
CCAs (Zong et al. 2019). Briefly, using the DNA Damage Assay
Kit (Cat# PH9143, PHYGENE, China), cells were collected and
mixed with low melting point agarose (v/v=1:10) on a pre-coated
3-well Comet slide. Sequentially, pre-chilled lysis buffer and alka-
line solution were used to treat the cells for 60 and 30min at
4°C in the dark. This preparatory step was conducted to facili-
tate subsequent electrophoresis, which was executed for 10min.
After staining with propidium iodide from comet assay Kkits, the
slide was observed under a fluorescence microscope (Ts2-FL,
Nikon, Japan). The tail moment and tail DNA were used to esti-
mate DNA damage.

Western blot

Western blot was performed as previously described (Liu Z
et al. 2018) after extracting total protein from the cells. The
proteins in the samples were separated by electrophoresis and
then transferred to a poly(vinylidene fluoride) membrane. The
membrane was washed and incubated with primary antibodies
overnight at 4°C. Subsequently, the goat anti-rabbit IgG,
HRP-linked antibody (1:3000; Cell Signaling Technology Cat#
7074, RRID: AB_2099233; USA) was used to incubate the mem-
brane for 1h at 25°C. Protein bands were detected to measure
the signal expression strength of B-cell lymphoma-2 (Bcl-2)
(26 kDa, Rabbit polyclonal antibody) (1:2000; Affinity Biosciences
Cat# AF6139, RRID: AB_2835021; USA), Bcl2-associated X
(Bax) (21kDa, Rabbit monoclonal antibody) (1:2000; Abcam
Cat# abl182733, RRID: AB_2938987; UK), cleaved-caspase-3
(cle-caspase-3) (17kDa, Rabbit monoclonal antibody) (1:500;
Abcam Cat# ab32042, RRID: AB_725947), caspase-3 (34kDa,
Rabbit polyclonal antibody) (1:500; Abcam Cat# ab13847, RRID:
AB_443014), p-YAP1 (54kDa, Rabbit polyclonal antibody)
(1:2000; Affinity Biosciences Cat# AF3328, RRID: AB_2810276),
YAP1 (54kDa, Rabbit polyclonal antibody) (1:2000; Affinity
Biosciences Cat# AF6328, RRID: AB_ 2835184), activating tran-
scription factor 4 (ATF4) (39kDa, Rabbit polyclonal antibody)
(1:2000; Affinity Biosciences Cat# DF6008, RRID: AB_2833025),
solute carrier family 1 member 5 (SLC1A5) (56kDa, Rabbit
polyclonal antibody) (1:1000; Affinity Biosciences Cat# AF6610,
RRID: AB_2843431), gamma histone (YH2Ax) (15kDa, Rabbit
monoclonal antibody) (1:5000; Abcam Cat# ab81299, RRID:
AB_1640564), ERCC excision repair 1 (ERCC1) (36kDa, Rabbit
polyclonal antibody) (1:2000; Affinity Biosciences Cat# AF0154,
RRID: AB_2833335), and glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) (37kDa, Rabbit polyclonal antibody) (1:10 000;
Affinity Biosciences Cat# AF7021, RRID: AB_2839421) by a gel
image processing system (610020-9Q, Clinx, China). GAPDH is
the loading control.

Statistical analysis

IBM SPSS Statistics (version 25.0, RRID: SCR_019096; IBM,
USA) was used for statistical analyses. GraphPad Prism (version



9.0, RRID: SCR_002798; GraphPad Software, USA) was used to
plot bar graphs and inhibition rate curves and to calculate the
IC,,. Data for multiple groups were analysed using one-way anal-
ysis of variance (ANOVA) with the post hoc Tukey test. Data are
shown as mean+standard deviation. P<0.05 indicates statistically
significant.

Results

The antagonism of BBD to cisplatin resistance and GSH
synthesis of CCAs

The CCK-8 assay was used to compare the IC,, values and
inhibition rates between CCAs treated only with cisplatin and
those subjected to co-treatment with BBD/cisplatin. The IC,, of
cisplatin in CCAs is 118.8pug/mL (Figure 1(a)). In particular,
when CCAs were exposed to 0.25, 0.5, and 1mg/mL of BBD
together with cisplatin treatment, a significant increase was
observed in the inhibition ratio of cisplatin (IC;;) on CCAs
(p<0.01) (Figure 1(b)). The co-treatment of cisplatin-resistant
CCAs with BBD and cisplatin reduced the IC;, of cisplatin to
61.83 pug/mL (Figure 1(c)), indicating a reversal fold of 1.92.
The enhanced apoptosis of CCAs was induced by cisplatin
treatment (p<0.01). The presence of 0.25, 0.5, and 1 mg/mL of
BBD significantly increased apoptosis in CCAs subjected to cis-
platin treatment (p<0.05 or p<0.01) (Figure 1(d)). The impact
of BBD on GSH synthesis in CCAs was explored by measuring
TTGSH, GSH, GSH/GSSG, and GLS levels (Figures 1(e-h)).
Cisplatin treatment significantly decreased the relative activity
of TTGSH, GSH/GSSG, and GLS in CCAs (p<0.01) (Figures
1(e, f), and h)). In a dose-dependent manner, BBD reduced
TTGSH, GSH/GSSG, and the relative activity of GLS in
cisplatin-incubated CAAs (p<0.01) (Figures 1(e, f, and h)).
These findings showed that BBD enhanced the sensitivity of
CCAs to cisplatin, promoted apoptosis in CCAs, and inhibited
GSH levels.

Cisplatin and BBD co-treatment promoted DNA
damage in CCAs

The comet assay was used to explore DNA damage in CCAs.
Cell DNA damage is an important indicator in estimating cell
sensitivity to chemotherapy (Goldstein and Kastan 2015).
Cisplatin increased tail moment and tail DNA proportion in
CCAs. Co-cultured BBD with cisplatin increased the tail moment
and tail DNA compared to cisplatin treatment alone (p<0.05 or
p<0.01) (Figures 2(a-c)). BBD exacerbated DNA damage
to CCAs.

BBD regulated the signal strength of apoptosis, GSH
synthesis, and the expression of DNA damage-related
protein

We measured proteins associated with apoptosis (Figures 3(a—c
and i)). In CCAs, cisplatin increased the signal strength of Bax
expression (p<0.05) (Figure 3(b)). An increase in cle-caspase-3/
caspase-3 levels was observed in CCAs subjected to cisplatin treat-
ment (Figure 1(c)), while the signal strength of Bcl-2 was signifi-
cantly suppressed (p<0.01) (Figure 1(a)). In particular, treatment
with 0.25, 0.5, and 1mg/mL BBD increased Bax levels within
CCAs exposed to cisplatin (p<0.01) (Figure 3(b)). In contrast, the
alteration in Bcl-2 expression exhibited a trend opposite to that of
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Bax, except for the 0.25mg/mL BBD treatment, which did not
show significant differences (p<0.05 or p<0.01) (Figure 3(e)).
Furthermore, the expression levels of YAP1, ATF4, and SLC1A5
were examined to elucidate the role of BBD in GSH synthesis
within CCAs (Figures 3(d-f and j)). The p-YAP1/YAPI ratio in
CCAs was significantly reduced due to cisplatin treatment
(p<0.05), and the same ratio within CCAs co-treated with cispla-
tin. BBD decreased markedly compared to cisplatin treatment
alone (p<0.01) (Figure 3(d)). Although cisplatin treatment alone
increased the intensity of SLC1A5 and ATF4 signal in CCAs,
co-treatment with cisplatin and BBD (at 0.25, 0.5, and 1 mg/mL)
effectively reversed this effect (p<0.05 or p<0.01) (Figures 3(e
and f)). Furthermore, the presence of yH2Ax exhibited a substan-
tial increase in CCAs subjected to cisplatin and BBD co-treatment.
In contrast, ERCC1 was suppressed in CCAs due to cisplatin
treatment and showed a reduction when CCAs were subjected to
cisplatin and BBD co-treatment compared to the cisplatin-only
group (p<0.05 or p<0.01) (Figures 3(g, h and 3k)). Thus, BBD
can potentially modulate the expression levels of proteins related
to apoptosis, DNA damage, and GSH synthesis. This modulation
appears to enhance the sensitivity of CCAs to cisplatin treatment.

YAP1 overexpression partially antagonized the facilitatory
effect of BBD on the cisplatin sensitivity in CCAs

We explored the role of YAP1 in the antagonism of BBD on
cisplatin resistance by constructing a YAP1 knockdown or over-
expression CCA model through transfection. The qPCR results
demonstrated that siYAP1-1/2/3 significantly suppressed tran-
scription levels of YAPI. In contrast, YAP1-cDNA 1/2/3 led to an
increase in these levels, with statistical significance (p<0.01) as
shown in Figures 4(a and b). In particular, siYAP1-1 and
YAP1-cDNA 2 were more effective in modulating YAP1 expres-
sion. Consequently, these specific constructs were selected for use
in subsequent experiments, with their effects also being statisti-
cally significant (p<0.01) as shown in Figures 4(a and b). The
inhibition ratio was significantly higher in YAP1 knockdown
CCAs than in those treated with cisplatin (p<0.01). Similarly, the
inhibition ratio in CCAs with cisplatin and BBD co-treatment
was higher than that of cisplatin-treated CCAs (p<0.01) (Figure
4(c)). However, YAP1 overexpression in CCAs reversed the inhi-
bition ratio in CCAs with cisplatin and BBD co-treatment
(p<0.01) (Figure 4(c)). In addition, flow cytometry was used to
detect the level of apoptosis. YAP1 knockdown significantly
increased apoptosis in cisplatin-incubated CCAs (p<0.01), and
BBD treatment increased the apoptosis in cisplatin-incubated
CCAs (p<0.01). In contrast, YAP1 overexpression markedly
decreased apoptosis in CCAs with cisplatin and BBD co-treatment
(p<0.01) (Figures 4(d and e)). YAP1 overexpression partially
antagonized the effects of BBD on inhibition ratio and apoptosis.

YAP1 overexpression antagonized the inhibitory effect of
BBD on GSH synthesis in cisplatin-resistant CCAs

GSH/GSSG is an indicator of cell health (Owen and Butterfield
2010), and a high level of GSH plays an important role in mul-
tidrug resistance of cancer cells (Xiao et al. 2021). TTGSH, GLS,
GSH, and GSH/GSSG levels in cisplatin-exposed CCAs were
suppressed after YAP1 knockdown or treatment with 1mg/mL
BBD (p<0.05 or p<0.01). In contrast, these levels were elevated
in CCAs overexpressing YAP1 and co-treated with cisplatin and
BBD (p<0.01, Figures 4(f-i)). YAP1 overexpression reversed the
effects of BBD on GSH synthesis.
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Figure 1. Babaodan (BBD) antagonized cisplatin resistance in cholangiocarcinoma cells (CCAs) by advancing the inhibition ratio, apoptosis, and inhibiting glutathione
(GSH) synthesis. (a) The inhibition ratio curve and the ICy, of cisplatin in CCAs were measured using the cell counting kit 8 (n=5). (b) according to the inhibition of
cisplatin and cisplatin with BBD, 1mg/mL of BBD was chosen for the follow-up study (n=5). (c) the inhibition ratio curve and the IC, of cisplatin with 1 mg/mL BBD
in CCAs were also measured using the cell counting kit 8 (n=5), and the IC, was significantly reduced compared to cisplatin treatment alone. (d) The apoptosis
of CCAs was detected by flow cytometry (n=3). BBD increased apoptosis levels in a dose-dependent manner. (e) TTGSH, (f) relative activity of GLS, (g) GSH, and
(h) GSH/GSSG levels in CCAs with cisplatin treatment were inhibited by BBD treatment in a dose-dependent manner. (mean +standard deviation) *p <0.05, **p <0.01,
vs. control group; *p<0.05, #p<0.01, vs. CDDP group.
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Figure 2. Babaodan (BBD) promoted the effect of cisplatin on DNA damage in cholangiocarcinoma cells (CCAs). (a) characteristic photos showed the DNA damage
(%400, scale bar = 50 um). The comet assay measured (b) the tail moment and (c) the percentage of tail DNA. The combination of cisplatin and BBD increased them
compared to cisplatin alone (n=3). (mean *standard deviation) *p <0.05, **p<0.01, vs. control group; *p<0.05, *p<0.01, vs. CDDP group.

BBD inhibited YAP1 to enhance DNA damage in cisplatin-
resistant CCAs

The comet assay was used to observe DNA damage in CCAs
(Figures 5(a—c)). In YAP1-silenced CCAs with cisplatin incubation,
the tail moment and tail DNA were significantly higher than CCAs
(p<0.01) (Figures 5(b and c)). Additionally, 1 mg/mL BBD treat-
ment in CCAs under cisplatin incubation also increased the
tail moment and tail DNA. In contrast, YAP1 overexpression
antagonized the effect of BBD (p<0.01) (Figures 5(b and c)). YAP1
overexpression antagonized BBD enhancement in DNA damage.

YAP1 overexpression regulated apoptosis, GSH synthesis,
and DNA damage-related protein expression in cisplatin-
resistant CCAs with cisplatin and BBD co-treatment

Upon cisplatin incubation, the Bcl-2 levels in YAP1-silenced
CCAs were significantly decreased compared to control CCAs
(p<0.01) (Figures 6(a and 1i)). Additionally, YAP1 knockdown
increased the levels of Bax and cle-caspase-3 in CCAs (p<0.05
or p<0.01) (Figures 6(b, ¢, and i)). Moreover, previous studies
have associated YAP1, ATF4, and SLCI1A5 with GSH synthesis
(Hu et al. 2019). The expression signal intensities of p-YAP1/
YAP1, ATF4, and SLC1A5 in CCAs subjected to cisplatin

incubation were suppressed by silencing YAP1 or treatment with
I mg/mL BBD (p<0.05 or p<0.01). In particular, YAP1 overex-
pression counteracted the inhibitory effects of 1 mg/mL BBD on
these protein expressions in CCAs (Figures 6(d-f) and j).
Furthermore, in CCAs incubated with cisplatin, the marker pro-
tein for DNA damage, yH2Ax, exhibited increased levels after
YAP1 knockdown or 1mg/mL of BBD treatment (p<0.05 or
p<0.01). In contrast, the DNA excision repair protein ERCC1
was inhibited (p<0.01) (Figures 6(g, h, and k)). YAP1 overex-
pression reversed the effects of BBD on the marker protein for
DNA damage (p<0.05 or p<0.01) (Figures 6(g and h)). BBD
treatment effectively enhanced the regulation of cisplatin on
apoptosis, DNA damage, and GSH synthesis-related protein
expressions via YAP1, thus enhancing the susceptibility of CCAs
to cisplatin.

Discussion

This study demonstrated the antagonistic effects of BBD on
cisplatin-resistant CCAs. BBD was found to inhibit GSH synthe-
sis, thus enhancing apoptosis and inducing DNA damage in
CCAs when combined with cisplatin treatment. BBD exhibited a
dose-dependent regulation of the Bcl-2/Bax pathway, a crucial



320 J.LIETAL.

Figure 3. Apoptosis, glutathione (GSH) synthesis, and DNA damage-related protein expression in cholangiocarcinoma cells (CCAs) with co-treatment of babaodan
(BBD) and cisplatin. Western blot was used to measure protein levels (n=3). BBD decreased (a) the bcl-2 level and (b) increased the bax level in a dose-dependent
manner. Change in (c) cle-caspase-3/caspase-3 levels with BBD treatment was not statistically significant. In CCAs involving cisplatin, the expression levels of (d)
p-YAP1 relative to total YAP1, (e) SLC1A5, and (f) ATF4, which are involved in GSH synthesis, were observed to decrease in a dose-dependent manner following BBD
treatment. (g) the YH2Ax level was increased by 1 mg/mL of BBD treatment, and (h) the ERCC1 level was inhibited by treatment with 0.5 and 1mg/mL of BBD treat-
ment. Representative protein bands are shown in the (i), (j), and (k). (mean + Standard deviation) *p <0.05, **p <0.01, vs. control group; *p <0.05, #p<0.01, vs. CDDP

group.

mediator of the intrinsic apoptotic cascade located in the outer
mitochondrial membrane (Wilkins et al. 2012). Furthermore,
increased Bax causes early cell apoptosis (Alam et al. 2022). A
study (Yoon et al. 2011) reported that chemically resistant cells
showed increased Bcl-2 and decreased Bax expression. Treatment
with BBD inhibited Bcl-2 expression and increased Bax levels.
The antagonistic effect of BBD on CCA cisplatin resistance may
be related to the Bcl-2/Bax pathway.

YAP1 is a key effector molecule downstream of the Hippo
signaling pathway that maintains organ size and tissue homeosta-
sis through the orchestration of cell proliferation and apoptosis
(He et al. 2020). A study (Sugiura et al. 2019) reported that
patients with positive YAP expression had a poor prognosis in
the Kaplan-Meier analysis. Targeting YAP1 promoted neuroblas-
toma cell apoptosis (Yang et al. 2021). Furthermore, inhibition of
the YAP1 pathway promoted apoptosis in gastric cancer cells
(Yao et al. 2021). The qPCR experiment results showed that we
successfully established cell models with YAP1 knockdown or
overexpression. Our study showed how YAP1 knockdown upreg-
ulated apoptosis while YAP1 overexpression partially counter-
acted the pro-apoptotic effects of BBD. Currently, the evidence
supporting the role of YAPI in promoting CCA proliferation is

inadequate. Our study contributes a portion of the research
foundation to address this gap. Our study demonstrated that
BBD’s antagonistic effects on cisplatin resistance in CCAs may be
attributed to its inhibition of YAPI.

The antioxidant GSH maintains cellular redox homeostasis in
living organisms (Bansal and Simon 2018). GSSG is the oxidized
species of GSH. The elevated GSH/GSSG ratio within the nucleus
plays a critical role in facilitating accurate nucleic acid biosynthe-
sis and effective DNA repair processes (Bansal and Simon 2018).
Activated GLS promotes tumor cell survival and tumor growth
in mice by increasing GSH (Tong et al. 2021). In addition, tumor
progression and increased resistance to chemotherapeutic drugs
are associated with elevated GSH levels in cells (Kennedy et al.
2020). Interruption of the GSH and mitochondrial pathway
induced apoptosis and inhibited CCA resistance (Tusskorn et al.
2013). YAP1 expression can activate the ATF/SLC7A11 pathway
to promote GSH synthesis (Gao et al. 2021; Mohajan et al. 2021).
Silenced YAP1 can affect the expression of SLC1A5, significantly
reduce intracellular glutamine (one of the precursors of GSH
synthesis) transfer and affect GSH synthesis (Edwards et al
2017). Moreover, SLC1A5 overexpression leads to tolerance to
pancreatic cancer chemotherapy (Yoo et al. 2020; Teixeira et al
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Figure 4. Babaodan (BBD) antagonized cisplatin resistance in cholangiocarcinoma cells (CCAs) by inhibiting YAP1. (a, b) The YAPT mRNA of CCAs with siYAP1 and
YAP1 cDNA transfection was measured using quantitative real-time PCR (n=3). #p<0.01 vs. siNC group; 44p<0.01 vs. NC group. (c) The inhibition ratio was detected
using the cell counting kit 8 (n=5). (d) apoptosis was measured by flow cytometry (n=3) and increased in CCAs with YAP1 knockdown. Additionally, YAP1 overex-
pression antagonized the inhibition effect of BBD on CCA proliferation with cisplatin treatment. (e) Representative images of flow cytometry are shown. The levels of
(f) TTGSH, (qg) relative activity of GLS, (h) GSH, and (i) GSH/GSSG in CCAs with YAP1 knockdown, and cisplatin/BBD co-treatment were decreased and were reversed
by YAP1 overexpression (n=5). (mean+standard deviation) *p<0.05, *p<0.01 vs. CDDP group; *p <0.05, *#p<0.01, vs. CDDP+BBD group.
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Figure 5. YAP1 Overexpression antagonized the promotional effect of babaodan (BBD) on DNA damage in cholangiocarcinoma cells with cisplatin. (a) The character-
istic photos showed the DNA damage (x400, scale bar = 50pum). The comet assay was used to measure (b) tail moment and (c) percentage of tail DNA, and YAP1
overexpression inhibited (b) tail moment and (c) percentage of tail DNA in cholangiocarcinoma cells with co-treatment of cisplatin and BBD (n=3). (mean +standard
deviation) *p<0.05, **p<0.01, vs. CDDP group; *p <0.05, #p<0.01, vs. CDDP+BBD group.

2021). Abnormal activation of YAP1 is associated with
intrahepatic cholangiocarcinoma (Zhang Y et al. 2022). The
proto-oncogene Bcl-2 inhibits apoptosis activation, contributes to
GSH elevation, and is directly associated with resistance (Xu and
Ye 2022). We found that BBD decreased the GSH level, which
may be related to the inhibition of BBD on the expression
strength of the YAP1/ATF4/SLC1A5 signal. In addition, BBD
promoted the oxidation of GSH to GSSG. YAP1 has been found
to regulate the GSSG level in the yeast Pichia pastoris (Delic
et al. 2014). The role of YAP1 in the GSH synthesis of CCA
deserves further exploration.

Studies (Huang et al. 2018; Chaouhan et al. 2021) have
reported that loss of GSH promotes the occurrence of DNA
damage, and increasing GSH synthesis can alleviate DNA dam-
age. Cellular responses to DNA damage are important determi-
nants of cancer development and outcome after radiation therapy
and chemotherapy (Goldstein and Kastan 2015). Therefore, this
study observed the tail moment and the proportion of tail DNA
to evaluate DNA damage in CCAs. The yH2Ax is a biomarker
of DNA double-strand breaks (Rothkamm et al. 2015). In addi-
tion, Erccl is a DNA excision repair protein necessary for DNA
damage repair (Zhang et al. 2021). The strength of the yH2Ax
signal expression exhibited a dose-dependent increase, accompa-
nied by a reduction in Erccl expression after BBD treatment.

YAP1 overexpression counteracted these effects, implying that
BBD can enhance CCA susceptibility to cisplatin, with YAP1
playing a participatory role in this process. YAP1 knockdown
and BBD treatment constrained GSH synthesis in cisplatin-resistant
CCAs. In particular, YAP1 overexpression counteracted the
impact of BBD on GSH synthesis. These findings imply that
YAP1 can potentially promote apoptosis, DNA damage, and GSH
depletion as a strategic approach to overcome cisplatin resistance
in CCAs, achieved by inhibiting YAPI. This study clarified the
potential of BBD to improve the sensitivity of CCAs to cisplatin.

This study has limitations. BBD is a TCM compound recipe
with complex active ingredients. A UPLC-QTOF-MS analysis of
BBD reported 85 chemicals, including 24 cholic acids, 33 sapo-
nins, and 15 fatty acids (Sheng et al. 2022). Taurocholic acid and
glycocholic acid were identified as the primary bile acids in BBD
with anti-inflammatory effects (Ge et al. 2023). The active ingre-
dient of BBD, ginsenoside compound K, inhibited the growth of
hepatocellular carcinoma by regulating the phosphorylation of
YAP1 (Zhang ] et al. 2022). However, research on the main
active ingredients of BBD with anti-tumor activities is still lack-
ing. It is necessary to further explore the blood components of
BBD and related mechanisms to provide basic data for further
clinical drug application and development.

Conclusions

This study proved that BBD increased the sensitivity of CCAs to
cisplatin. BBD treatment decreased cisplatin IC,,, increased apop-
tosis rate, and DNA damage in CCAs with cisplatin treatment.
Administration of BBD to cisplatin-resistant CCAs, in conjunc-
tion with cisplatin incubation, reduced expression levels for
Bcl-2, p-YAP1/YAPI1, SLC1A5, ATF4, and ERCCI. Simultaneously,
it increased the expression of Bax and yH2Ax. In particular,
YAPI1 knockdown in cisplatin-resistant CCAs had a similar effect
to BBD. They inhibited GSH, GSH-oxidized species, total GSH,
and glutaminase. At the same time, YAP1 overexpression antag-
onized the impact of BBD on cisplatin-resistant CCAs, suggest-
ing that BBD may inhibit YAP1 to improve the sensitivity of
CCAs to cisplatin. This study provides a scientific basis for
expanding the clinical application of BBD. Additionally, it is
essential to note that this study constitutes fundamental research
focused on CCAs. Further support through clinical trials is war-
ranted to expand its applicability to a broader population.



PHARMACEUTICAL BIOLOGY 323

Figure 6. The extent of apoptosis, glutathione (GSH) synthesis, and the expression of DNA damage-related proteins were assessed in cholangiocarcinoma cells (CCAs)
subjected to YAP1 knockdown or YAP1 overexpression. Western blot was used to measure protein levels (n=3). With cisplatin incubation, YAP1 knockdown and 1mg/
mL babaodan (BBD) treatment decreased the (a) Bcl-2 level and (b) increased bax level, while the change in (c) cle-caspase-3/caspase-3 levels with BBD treatment
was not statistically significant. In the CCAs dealing with cisplatin, the expression levels of (d) p-YAP1/YAP1, (e) ATF4, and (f) SLC1A5 were decreased by YAP1 knock-
down and BBD treatment. Additionally, the (g) YyH2Ax level was increased and (h) the ERCC1 level was inhibited by YAP1 knockdown and BBD treatment. YAP1
overexpression antagonized the effect of BBD on these proteins. Representative protein bands are shown in (i), (j), and (k). (mean+standard deviation) *p <0.05,
+*p<0.01, vs. CDDP group; *p<0.05, #p<0.01, vs. CDDP+BBD group.
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