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Yang-Yin-Jie-Du decoction overcomes gefitinib resistance in non-small cell lung
cancer via down-regulation of the PI3K/Akt signalling pathway
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ABSTRACT
Context: Yang-Yin-Jie-Du Decoction (YYJDD) was used to improve gefitinib efficacy in our clinical prac-
tice, but its mechanism remains unclear.
Objective: This study explored if YYJDD could reverse gefitinib resistance.
Materials and methods: H1975 cells were exposed to control, 10lM gefitinib, 3.2mg/mL YYJDD or com-
bination treatment. Cell viability was detected by MTT during 0–96h. Apoptosis and the PI3K/Akt proteins
were tested by flow cytometry and western-blot at 24 h. LY294002 was applied to further determine the
role of the PI3K/Akt. 23 BALB/c nude xenograft mice received normal saline (n¼ 5), 80mg/kg gefitinib
(n¼ 6), 2.35 g/kg lyophilised powder of YYJDD (n¼ 6) or combination treatment (n¼ 6) by gavage for
4weeks and submitted to TUNEL, immunohistochemistry, and western-blot.
Results: In vitro, gefitinib (IC50: 20.68±2.06lM) and YYJDD (IC50: 6.6 ± 0.21mg/mL) acted in a moderate
synergistic way. Combination treatment inhibited cell viability from 100% to 25.66%. Compared to gefi-
tinb (33.23±3.99%), cell apoptosis was increased with combination treatment (54.11 ± 7.32%), accompa-
nied by down-regulation of the PI3K/Akt. LY294002 further inhibited cell viability, increased apoptosis,
and down-regulated p-Akt/Akt. In vivo, the tumour sizes in the combination group (1165.13±157.79mm3)
were smaller than gefitinib alone (1630.66±208.30mm3). The positive rate of TUNEL staining was
increased by combination treatment (22.33 ± 2.75%) versus gefitinib (7.37± 0.87%), while the PI3K/Akt was
down-regulated.
Discussion and conclusion: YYJDD has potential to overcome gefitinib resistance. Future investigations
should be focussed on its specific targets.
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Introduction

Lung cancer is one of the malignant tumours with the highest
incidence and mortality rate worldwide. Non-small cell lung can-
cer (NSCLC), accounting for �80%, threatens people’s health
and lives (Bray et al. 2018). In recent years, the development of
the epidermal growth factor receptor tyrosine kinase inhibitors
(EGFR-TKIs) has brought new opportunities for the treatment of
NSCLC. Due to its advantages of high specificity and low cyto-
toxicity, EGFR-TKIs have become the first-line agents in the
treatment of advanced NSCLC patients harbouring EGFR muta-
tion (Heigener and Reck 2018). Gefitinib, the major representa-
tive drug of the first generation of EGFR-TKIs, has been proven
that it could prolong the objective response rate (ORR), progres-
sion-free survival (PFS), and quality of life in some high-quality
clinical trials (Mok et al. 2009; Mitsudomi et al. 2010; Patil et al.
2017). However, most patients will develop drug resistance after
1 year of therapy.

Although the second and third generations of EGFR-TKIs can
overcome drug resistance, there still exist some limitations. The
side effects of the second generation were more severe than the
first, leading to poor tolerance. The price of the third generation
is expensive and yet resistance is still inevitable. When suffering
from resistance, patients will face dilemmas, such as limited

treatment options. Hence, how to overcome gefitinib resistance
is of great significance.

The main reasons for gefitinib resistance include a secondary
mutation in EGFR and a relevant signalling pathway (Normanno
et al. 2017). The phosphatidylinositol 3-kinase (the PI3K)/protein
kinase B (Akt) signalling pathway is a classical downstream sig-
nal molecule of EGFR and is considered a pivotal pathway in
carcinogenesis. Previous studies have confirmed that EGFR sec-
ondary mutation, bypass activation, or induced-angiogenesis can
drive the PI3K/Akt pathway (Gendreau et al. 2007; Turke et al.
2010; Larsen et al. 2011). the PI3K can act as an important
inducer of EGFR-TKI resistance in NSCLC (MareRdziak et al.
2017). Moreover, down-regulation of the PI3K/Akt signalling
pathway has been authenticated to reverse EGFR-TKI resistance
in recent research (Wu et al. 2015; Sato et al. 2018). Therefore,
the PI3K/Akt pathway plays a critical role in EGFR-
TKI resistance.

As one important strategy to overcome EGFR-TKIs resistance,
Chinese herbal medicine (CHM) has become a research high-
light. Both clinical and basic investigations have confirmed that
CHM has significant advantages in overcoming drug resistance
(Li et al. 2016; Jiao et al. 2019). In clinical observation, patients
who suffer from gefitinib resistance always present the symptoms
of dryness-heat, thirst, night sweat, constipation, etc. Yang-Yin-
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Jie-Du Decoction (YYJDD) was formulated by Professor Qijin
Shu, a famous doctor of traditional Chinese medicine in
Zhejiang Province, based on his years of clinical experience. It
consists of Radix Glehnia littoralis F. Schmidt ex Miq. (Apiaceae)
[Beishashen], Radix Ophiopogon japonicus (L. f.) Ker-Gawl.
(Asparagaceae) [Maidong], Bulbus Lilium brownii var. viridulum
Baker (Liliaceae) [Baihe], Caulis Dendrobium nobile Lindl.
(Orchidaceae) [Shihu], Herba Hedyotis diffusa Willd. (Rubiaceae)
[Baihuasheshecao], Cacumen Taxus wallichiana var. mairei (Lem�ee
& H. L�ev.) L. K. Fu & Nan Li (Taxaceae) [Nanfanghongdoushan],
Pericarpium Citrus reticulata Blanco (Rutaceae) [Chenpi] and
Radix Codonopsis pilosula (Franch.) Nannf. (Campanulaceae)
[Dangshen]. The main function is to treat patients with the above
symptoms after taking EGFR-TKIs. In our daily clinical practice,
we found that YYJDD could reduce the side effects of EGFR-TKIs,
improve the life quality of patients and prolong their PFS (Li
2017). Pre-experiment also revealed that YYJDD combined with
gefitinib could inhibit the growth of drug-resistant cell line
in vitro. But its mechanism still remains unclear. Therefore, we
concentrate on the effect of YYJDD combined with gefitinib on
NCI-H1975 cells (gefitinib-resistant cell line) and explore the
underlying molecular mechanism in vitro and in vivo.

Materials and methods

YYJDD preparation

YYJDD is a mixture of G. littoralis, O. japonicus, L. brownii var.
viridulum, D. nobile, H. diffusa, T. wallichiana var. mairei, C.
reticulata, and C. pilosula at a mass ratio of 15:15:12:12:8:12:15.
They were purchased from the Chinese Pharmacy of the First
Affiliated Hospital of Zhejiang Chinese Medical University
(Hangzhou, Zhejiang, China). The CHM formula was soaked for
30min and extracted with 100 �C water 3 times. As it was fil-
trated by a vacuum coolant, the decoction was concentrated with
a rotary evaporator. Then the concentrated extract was lyophi-
lised to obtain powder (yield: 17.4%) and stored at �80 �C.
Before the in vitro experiment, the lyophilised powder was dis-
solved in cell culture medium and centrifuged at 15 000 rpm for
5min. Then the resulting supernatant was filtered with a 0.22lm
sterile filter. After YYJDD was added into the medium, the pH
value was adjusted to 7.2–7.4. For in vivo experiments, animals
were treated with intragastric administration when the powder
was dissolved in physiological saline.

High-performance liquid chromatography (HPLC) analysis

HPLC analysis was performed by using Agilent 1260 HPLC sys-
tem (Agilent Technologies, Santa Clara, CA) and the analytes
were separated on the Agilent Zorbax SB C18 column (4.6mm
� 150mm, 5 lm, Agilent Technologies, Santa Clara, CA).
Samples with a volume of 10 lL were injected into the column
for separation and the column temperature remained at 25 �C.
The flow rate was 1mL/min. The mobile phase included solvents
A (pure water) and B (acetonitrile). The gradient elution pro-
gram was set as follows: 0–30min, 5–50% B; 30–50min,
50–100% B; 50–53min, 100% B; 53–55min, 100–5% B;
55–57min, 5% B. Reference solutions of 6-a-hydroxygeniposide,
hesperidin, lobetyolin, dioscin, and sciadopitysin were purchased
from Chengdu Herbpurify Co., Ltd. (Sichuan, China).

Cell culture

NCI-H1975 cells harbouring EGFR-L858R/T790M mutant were
resistant to gefitinib. The cell line was purchased from the
Chinese Academy of Science Cell Bank (Shanghai, China). Cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% foetal bovine serum (FBS), 1mM glu-
tamine and 1% penicillin/streptomycin. The cell cultures were
maintained at 37 �C in a humidified atmosphere of 5% CO2.

Cell viability assay

To test the efficacy of YYJDD and gefitinib (Xianyu Technology
Co., Ltd., Hubei, China) on the growth of H1975 cells, cells were
incubated in DMEM containing 0, 2, 4, 6, 8, 12, 16mg/mL
YYJDD and 0, 2, 4, 8, 12, 16, 24, 32, 40lM gefitinib separately
for 24 h. Then the half-maximal inhibitory concentration (IC50)
values of YYJDD and gefitinib were calculated. The interaction
between YYJDD and gefitinib was evaluated by using the Chou-
Talalay method (Chou 2006, 2010). The antiproliferative effects
of YYJDD, gefitinib, and combination treatment on H1975 cells
were tested at the doses of 0, 0.125, 0.25, 0.5, 1, 2, and 4 times
IC50 values. Then the combination index (CI) was calculated by
Calcusyn software to identify whether synergism existed between
gefitinib and YYJDD. Afterwards, the cells were exposed to gefi-
tinib, YYJDD and combination treatment for 0, 24, 48, 72, and
96 h in order to explore the inhibitory effects on the cell viability
at different time points. MTT assay was performed to assess the
cytotoxicity according to the manufacturer’s protocol. Briefly,
8� 103 H1975 cells were seeded in 96-well plates for 24 h. After
exposure, each well was added with 50 lL of MTT solution
(1mg/mL, Sigma-Aldrich, St. Louis, MO, USA) and incubated
for 3 h. Finally, 150lL of DMSO was added to each well, and
the plates were shaken for 10min for crystal dissolution. The
optical density (OD) at 570 nm was determined by Multiskan
MK3 Microplate Reader (Thermo Scientific, MA, USA). In all
MTT assays, blank control without cells was run in parallel. The
cell survival rate was calculated as follows:

Cell survival rate ð%Þ ¼ ðODsample � ODblankÞ=
ðODcontrol �ODblankÞ � 100%

Cell apoptosis assays

Annexin V-FITC/PI double staining apoptosis detection kit (4A
Biotech Co., Ltd, Beijing, China) was used to test the cell apop-
tosis. Briefly, 5� 105 cells were incubated in each petri dish
(diameter: 6 cm) for 24 h and then exposed to 10lM gefitinib,
3.2mg/mL YYJDD, or combination treatment for further 24 h.
Subsequently, the cells were collected with trypsin and washed
with ice-cold PBS for 2 times. Then 1� binding buffer was used
to re-suspend the cells and the concentration was adjusted to
1� 106 cells/mL. The cells were stained with 5 lL Annexin V-
FITC and 10lL PI at room temperature in dark for 10min. The
data of apoptotic cells were analysed by AttuneTM NxT Flow
Cytometer (Invitrogen, CA, USA).

Western blot analysis

Cells and tumour tissues were lysed with RIPA buffer containing
1mM phenylmethylsulfonyl fluoride (PMSF) and phosphatase
inhibitor (Beyotime, Shanghai, China). PierceTM BCA protein
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assay kit (Thermo Scientific, IL, USA) was applied to quantify
the concentrations of proteins. The same number of proteins
were solubilised in 2� sodium dodecyl sulphate (SDS) sample
buffer and resolved on 10% sodium dodecyl sulphate-polyacryl-
amide gel electrophoresis (SDS-PAGE). Afterwards, they were
transferred to polyvinylidene fluoride (PVDF) membranes
(0.45lm, Millipore, Darmstadt, Germany). The membranes were
blocked with 5% skim milk for 2 h and then incubated with pri-
mary antibodies at 4 �C overnight. The primary antibodies
applied in this study were as follows: cleaved caspase-3, cleaved
PARP, PI3K, p-PI3K, Akt, p-Akt, and b-actin (Cell Signalling
Technology, MA, USA). Subsequently, the membranes were
washed and incubated with appropriate horseradish peroxidase
(HRP)-conjugated secondary antibodies at room temperature for
2 h. Signals were measured by an enhanced chemiluminescence
(ECL) kit (Bio-Rad, CA, USA) and analysed by Image J software.

Inhibition of the PI3K/Akt pathway

To further investigate the role of the PI3K/Akt pathway on
YYJDD overcoming gefitinib resistance, H1975 cells were pre-
treated with 10 lM LY294002 (10mM, Selleckchem, TX, USA)
for 30min followed by exposure to 3.2mg/mL YYJDD combined
with or without 10 lM gefitinib for further 24 h. Cell viability,
cell apoptosis, and expressions of Akt and p-Akt proteins were
determined by MTT assay, flow cytometry analysis, and western
blot, respectively. The specific experimental processes were in the
light of the above approaches.

Animal ethical approval

All in vivo experiments were conducted in strict accordance with
applicable national and institutional guidelines on the use and
care of laboratory animals. The protocol was approved by the
University Ethical and Welfare Committee for Animal
Experiments (Approval No. IACUC-20200921-03).

Nude mice transplantation tumor model

BALB/c nude mice (3–5weeks old) were purchased from Sino-
British SIPPR/BK Laboratory Animal Ltd (Shanghai, China). The
mice were maintained in a dedicated Specific Pathogen Free (SPF)
facility. Cell suspension (0.2mL) containing 4� 106 NCI-H1975
cells was subcutaneously transplanted with each mouse.
According to the dose conversion table between human and ani-
mal (Wei et al. 2010), the ratio of mouse dose to human dose was
9.1:1. In addition, the yield of YYJDD was 17.4%. After calcula-
tion, the dose of YYJDD lyophilised powder was determined as
2.35 g/kg. The dose of gefitinib was determined according to the
previous publication (Liu et al. 2014). When the tumour mass
reached �80mm3, 23 mice were randomly divided into 4 groups
and treatments were began by intragastric administration once a
day as follows: control group (n¼ 5): equal volume of saline; gefi-
tinib group (n¼ 6): 80mg/kg gefitinib; YYJDD group (n¼ 6):
2.35 g/kg lyophilised powder of YYJDD; combination group
(n¼ 6): 80mg/kg gefitinib þ 2.35 g/kg YYJDD. The tumour vol-
ume and the body weight of each mouse were measured every
other day for four consecutive weeks. Finally, all the mice were
sacrificed and the tumours were collected. The tumour volume of
each mouse was calculated according to the following formula:

Tumour Volume ¼ p=6 � Length � Width � Height:

TUNEL staining

TUNEL Apoptosis Detection Kit (Alexa Fluor 488, Yeasen
Biotech Co., Ltd., Shanghai, China) was applied to detect apop-
tosis in vivo on the basis of the manufacturer’s instructions.
Briefly, the sections of tumour tissues were deparaffinized in
xylene and rehydrated in PBS buffer. Each sample was added
with 20lg/mL proteinase K and incubated at 37 �C for 20min.
After being washed with PBS buffer for 3 times, the sections
were incubated in 1� equilibration buffer for 30min and then
with 50 lL TUNEL reaction mixtures (34lL ddH2O þ 10 lL
5�Equilibration Buffer þ 5lL Alexa Fluor 488-12-dUTP
Labelling Mix þ 1 lL Recombinant TdT Enzyme) in a wet box
for 1 h at 37 �C in the dark. Subsequently, the sections were
washed with PBS buffer 3 times. 2-(4-Amidinophenyl)-6-indole-
carbamidine dihydrochloride (DAPI) Staining Solution
(Beyotime, Shanghai, China) was added to stain the nucleus and
incubated in dark for 5min. The slides were observed by the
fluorescence microscope (Nikon, Tokyo, Japan).

Immunohistochemical analysis

Tumour tissues of mice were harvested, dehydrated, paraffin-
embedded and incubated with the primary antibody at 4 �C over-
night. The primary antibodies used in this study including Ki-67
and p-Akt (Cell Signalling Technology, MA, USA). After being
washed with PBS for 3 times, the sections were incubated with
HRP conjugated secondary antibodies at 37 �C for 20min. Then,
diaminobenzidine (DAB) solution was used to stain the slice and
the nuclei were counterstained with Harris’ haematoxylin.
Finally, sections were imaged on an optical microscope (Nikon,
Tokyo, Japan). H-score involved a semi-quantitative assessment
of positive cell percentage and staining intensity. Staining inten-
sity was scored within a scale ranging from 0 to 300, and cate-
gorised as follows: no staining, 0; weak staining, 1þ (light
brown); intermediate staining, 2þ (brown); and strong staining,
3þ (dark brown). The outcomes were calculated as the following
formula:

H-score ¼ 1� ð% of 1þ cellsÞ þ 2� ð% of 2þcellsÞ þ 3

� ð% of 3þcellsÞ:

Statistical analysis

All graphs, calculations and statistical analyses were performed
with GraphPad Prism software version 5.0. Data measurement
was expressed as mean ± standard deviation (SD) of at least 3
independent experiments. Statistical comparisons were deter-
mined by a one-way or two-way ANOVA test. P< 0.05 was con-
sidered as statistical significance.

Results

Chemical composition of YYJDD

HPLC was performed to identify YYJDD, revealing 5 major
chemical compounds: hesperidin, sciadopitysin, dioscin, 6-
a-hydroxygeniposide and lobetyolin (Figure 1). The content of
each identified ingredient in the aqueous extract of YYJDD was
shown in Table 1. Its stability and repeatability were guaranteed.
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Effects of YYJDD combined with gefitinib on growth of
H1975 cells

The H1975 cell line, which harbours EGFR mutations of exon 21
L858R and exon 20 T790M, was selected in our study as it is
resistant to the first generation of EGFR-TKI. Gefitinib, the first
generation of EGFR-TKI, is a small molecule inhibitor that tar-
gets EGFR tyrosine kinase activity. Firstly, we examined the
inhibitory effect of gefitinib and YYJDD on H1975 cells by MTT
assay at 24 h. The IC50 values of gefitinib and YYJDD were
20.68 ± 2.06 lM and 6.6 ± 0.21mg/mL, respectively (Figure
2(A,B)). Then, the cell proliferation assay was performed to iden-
tify the synergistic effect of gefitinib and YYJDD on H1975 cells.
Figure 2(C,D) indicated the combined drug effect of gefitinib
and YYJDD, which was shown as fractional cell growth inhib-
ition (FA) as a function of CI. Table 2 showed CI values of 20,
50, and 80% cytotoxicity (FA ¼ 0.2, 0.5, 0.8, respectively). The
CI value of gefitinib combined with YYJDD was less than 0.85
(mean CI at FA0.5 ¼ 0.846), illustrating that there was a moder-
ate synergistic effect between the two drugs to inhibit growth.
When the growth of 50% cells was inhibited, the concentrations
of gefitinib and YYJDD were 10 lM and 3.2mg/mL, respectively.
Hence, the above drug doses were used in the following experi-
ments. We further explored the inhibitory effects of combination
treatment (YYJDD plus gefitinib) on the cell viability at different
time points (0, 24, 48, 72, and 96 h). Compared with the control
group at 0 h, the cell survival rates of the combination group at
24, 48, 72, and 96 h were 77.14 ± 4.73%, 63.95 ± 5.08%,
41.20 ± 5.48%, and 25.66 ± 3.14%, respectively. At any time point,
the cell viability of the combination group was significantly lower
than that of the control or gefitinib group at the same time
(p< 0.05). Thus, cell proliferation was greatly inhibited in the
combination group in a time-dependent manner (Figure 2(E)).
These results indicated that YYJDD could enhance the gefitinib-
induced inhibitory effect on the growth of H1975 cells.

YYJDD enhanced the efficacy of gefitinib to induce cell
inhibition via apoptosis

Cell proliferation assay certified that YYJDD combined with gefi-
tinib could promote cell inhibition in H1975 cells, so we endeav-
oured to determine whether the decrease of cell number was
related to apoptosis. The flow cytometry was applied to measure
the effect of combination treatment on apoptosis. The results
revealed that gefitinib alone slightly induced cell apoptosis, while
the increasing apoptosis cells were detected in the combination
group (33.23 ± 3.99% vs. 54.11 ± 7.32%, p< 0.01) (Figure 3(A,B)).
To further determine the pro-apoptotic effect of YYJDD com-
bined with gefitinib in H1975 cell line, we used western blot to
detect the apoptosis-related proteins. As shown in Figure
3(C–E), the expressions of cleaved caspase-3 and cleaved PARP
were further increased in the presence of combination treatment

Table 1. Content of each identified ingredient in aqueous
extract of YYJDD.

Components Content (mg/g)

6-a-Hydroxygeniposide 14.90 ± 0.33
Hesperidin 156 ± 31.98
Lobetyolin 9.22 ± 0.28
Dioscin 3.66 ± 0.040
Sciadopitysin 0.69 ± 0.11

Figure 1. Aqueous extractions of YYJDD were qualitatively analysed by HPLC. The
numbers in the chromatograms showed the constituent peaks. (A) Peak 1 was iden-
tified as 6-a-hydroxygeniposide. (B) Reference standard substance of 6-a-hydroxy-
geniposide. (C) Peak 2 was identified as hesperidin and peak 5 was sciadopitysin.
(D) Reference standard substance of hesperidin. (E) Reference standard substance of
sciadopitysin. (F) Peak 3 was identified as lobetyolin. (G) Reference standard sub-
stance of lobetyolin. (H) Peak 4 was identified as dioscin. (I) Reference standard sub-
stance of dioscin. A typical chromatogram was shown (n¼ 3).
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versus control or gefitinib group. Taken together, these data
indicated that gefitinib combined with YYJDD could significantly
up-regulate pro-apoptotic proteins and induce apoptosis in
H1975 cells.

YYJDD combined with gefitinib induced cell apoptosis
through inactivating the PI3K/Akt pathway

Given that the PI3K/Akt signalling pathway was associated with
gefitinib resistance, we detected the level of PI3K, p-PI3K, Akt,
and p-Akt by western-blot analysis. As shown in Figure 4(A–C),
the ratio of p-PI3K/PI3K and p-Akt/Akt were slightly decreased
by the intervention of gefitinib, while YYJDD or the combination
treatment significantly down-regulated the ratio of
these proteins.

It has been confirmed that LY294002, an inhibitor of the
PI3K/Akt signalling pathway, can enhance the sensitivity of
H1975 cells to gefitinib (Li et al. 2011). Therefore, the PI3K/Akt
pathway plays a vital role in the mechanism of gefitinib resist-
ance (Ludovini et al. 2011). To further confirm the role of the
PI3K/Akt pathway in the combination treatment-mediated apop-
tosis, H1975 cells were pre-treated with LY294002 before expos-
ure to YYJDD or combination treatment. MTT, flow cytometry,

and western blot assay were performed. As shown in Figure
4(D–F), compared to YYJDD alone, the addition of LY294002
enhanced the effect of YYJDD on cell growth (79.48 ± 2.06% vs.
40.01 ± 1.96%, p< 0.001) and apoptosis (17.81 ± 1.88% vs.
47.20 ± 1.84%, p< 0.001). Meanwhile, the influence of combin-
ation treatment on cell growth (49.84 ± 2.45% vs. 24.36 ± 1.17%,
p< 0.001) and apoptosis (50.26 ± 5.39% vs. 68.40 ± 3.63%,
p< 0.001) of H1975 was further strengthened in the presence of
LY294002. Additionally, LY294002 decreased cell viability and
promoted apoptosis, not only alone but also in the presence of
YYJDD or combination treatment. According to the results of
western-blot analysis, the ratio of p-Akt/Akt in H1975 cells was
significantly decreased by YYJDD or combination treatment,
which was further reduced in the presence of LY294002. That is
to say, LY294002 enhanced the effect of both YYJDD and com-
bination treatment on the protein expression ratio of p-Akt/Akt.
Furthermore, the presence of YYJDD or combination treatment
could further decrease the ratio of p-Akt/Akt induced by
LY294002 (Figure 4(G,H)). These data suggested that the cell
proliferation inhibition and apoptosis induced by YYJDD com-
bined with gefitinib were dependent on the PI3K/Akt signal-
ling pathway.

YYJDD reduced gefitinib resistance via the PI3K/Akt
pathway in NSCLC in vivo

The above in vitro experiments proved that YYJDD could
enhance the efficacy of gefitinib on H1975 cells, which was
dependent on the PI3K/Akt pathway. To analyse whether
YYJDD could reduce gefitinib resistance in vivo, we used a xeno-
graft tumour model by transplanting H1975 cells to BALB/c

Figure 2. There was a moderate synergistic effect between gefitinib and YYJDD to inhibit the growth of H1975 cells. (A) H1975 cells were treated with different con-
centrations of gefitinib (2, 4, 8, 12, 16, 24, 32, 40lM) for 24 h. Then, the cell viability was measured by MTT assay and IC50 of gefitinib was calculated. (B) H1975 cells
were exposed to different concentrations of YYJDD (2, 4, 6, 8, 12, 16mg/mL) for 24 h. Then, the cell survival rate was tested by MTT assay and IC50 of YYJDD was cal-
culated. (C) H1975 cells were exposed to gefitinib, YYJDD, and combination treatment at the doses of 0.125, 0.25, 0.5, 1, 2, and 4 times IC50 values. Then, MTT assay
was performed to evaluate the viability of cells. (D) Combined Index (CI) values at different levels of growth inhibition effect (fraction affected, FA) were calculated by
Calcusyn software to analyse the synergism between gefitinib and YYJDD. (E) H1975 cells were exposed to gefitinib, YYJDD, and combination treatment for 24, 48, 72,
and 96 h. MTT assay was applied to assess the cytotoxicity. Data were represented as mean± SD. All experiments were done in triplicate. ���p< 0.001 compared
with control, �p< 0.05, ��p< 0.01 compared with gefitinib.

Table 2. Summary of CI values at 20, 50, and 80% FA.

Regimen

CI at FA(%)

20 50 80

Gefitinibþ YYJDD 0.7830 ± 0.0221 0.8460 ± 0.0036 0.9153 ± 0.0172

CI: Combined Index; FA: Fraction Affected; Data were represented as mean ± SD
of three independent experiments.
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Figure 3. YYJDD enhanced gefitinib-induced apoptosis in H1975 cells. H1975 cells were exposed to gefitinib, YYJDD and combination treatment for 24 h. (A, B) Cells
were stained with Annexin V-FITC/PI. The rate of apoptotic cells was detected by flow cytometry. The apoptotic rate was calculated. X-axis: the level of Annexin-V
FITC fluorescence; Y-axis: the PI fluorescence. (C) The protein expressions of cleaved caspase-3 and cleaved PARP were analysed by western-blot. b-actin was used as
an internal control. (D, E) The relative protein expressions of cleaved caspase-3 (D) and cleaved PARP (E) were quantified by normalising to b-actin and statistically
analysed. Data was reported as the mean± SD. All experiments were performed three times. ��p< 0.01, ���p< 0.001 versus control, and �p< 0.05, ��p< 0.01 ver-
sus gefitinib group. G: Gefitinib; Y: YYJDD.

Figure 4. YYJDD reversed gefitinib resistance in H1975 cells via down-regulation of the PI3K/Akt signalling pathway. (A) H1975 cells were treated with gefitinib,
YYJDD and combination therapy for 24 h. Then, the protein expressions of PI3K, p-PI3K, Akt and p-Akt were determined by western-blot. b-actin was used as an
internal control. (B, C) The relative level of p-PI3K/PI3K (B) and p-Akt/Akt (C) were statistically analysed. (D) H1975 cells were pre-treated with LY294002, and then co-
treated with YYJDD and combination therapy for a further 24 h. Cell viability was analysed by MTT assay. (E, F) Cell apoptosis was detected by flow cytometry. The
apoptotic rate was calculated. X-axis: the level of Annexin-V FITC fluorescence; Y-axis: the PI fluorescence. (G) The protein expressions of Akt and p-Akt were deter-
mined by western-blot. b-actin was used as an internal control. (H) The relative level of p-Akt/Akt was statistically analysed. Data were presented as mean± SD of
three independent tests. �p < 0.05, ��p< 0.01 and ���p< 0.001 versus control; �p< 0.05, ��p< 0.01 versus gefitinib group; ���p< 0.001 versus YYJDD;
��p< 0.01, ���p< 0.001 versus gefitinib plus YYJDD. G: Gefitinib; Y: YYJDD; L: LY294002.
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nude mice. The results showed that the combination group
exhibited a better inhibitory effect on tumour growth compared
with the gefitinib group (Figure 5(A)). The tumour sizes in the
combination group were much smaller (1630.66 ± 208.30mm3 vs.
1165.13 ± 157.79mm3, p< 0.001) and the weights were much
lighter (0.56 ± 0.09 g vs. 0.40 ± 0.04 g, p< 0.05) than those in gefi-
tinib alone group (Figure 5(B,C)). Furthermore, there were no
significant changes in the body weight of the mice in each group,
suggesting that all the treatments were tolerable (Figure 5(D)).
To further evaluate the apoptosis of tumour tissues in each
group, TUNEL apoptosis detection was performed. As shown in
Figure 5(E,F), the positive rate of TUNEL staining in tumour tis-
sues was significantly increased by the combination treatment
comparing with the control (1.65 ± 0.29% vs. 22.33 ± 2.75%,
p< 0.001) or gefitinib alone (7.37 ± 0.87% vs. 22.33 ± 2.75%,
p< 0.001). To determine whether the PI3K/Akt pathway was
involved in the synergistic antitumor effect of YYJDD and gefiti-
nib in vivo, we further applied immunohistochemistry analysis to
detect the related protein expressions of Ki-67 and p-Akt. The

H-scores of Ki-67 and p-Akt were further reduced in presence of
gefitinib plus YYJDD significantly (Figure 6(A–C)).
Simultaneously, we extracted proteins from the tumour tissues.
PI3K, p-PI3K, Akt and p-Akt were determined by western-blot
assay. The significant decreased trend of p-PI3K/PI3K and p-
Akt/Akt were found in combination treatment versus control or
gefitinib group (Figure 6(D–F)), which was approximately con-
sistent with the results in vitro. To sum up, these findings further
emphasised YYJDD reduced gefitinib resistance in NSCLC via
mediating the PI3K/Akt signalling pathway in vivo.

Discussion

With the rapid development of precise targeted therapy, drug
resistance to gefitinib is the main obstacle for the therapy of
advanced NSCLC patients harbouring EGFR mutation. Its main
mechanism can be described as two aspects: secondary mutation
on EGFR and activation in the downstream pathways. Although

Figure 5. YYJDD overcame gefitinib resistance in vivo. H1975 cells were transplanted to BALB/c nude mice. The mice were randomly divided into four groups: control,
gefitinib, YYJDD, and gefitinibþ YYJDD group. (A) Tumour volumes of mice were measured every other day for 4 consecutive weeks. (B) The nude mice were sacri-
ficed at the end of the 4th week and the tumours were collected. (C) The tumour tissues were weighed and calculated. (D) The body weights of mice were measured
every other day for 4 consecutive weeks. (E) Apoptosis in tumour tissues was detected by TUNEL staining (original magnification, �400). Green fluorescence indicated
TUNEL staining; Blue fluorescence indicated DAPI staining. (F) TUNEL positive cell rate in each group was calculated involving at least five representative high-power
fields. The final positive cells were the mean of at least five different mice tumour tissues in each group. Data were presented as mean± SD. ���p< 0.01 compared
to control group; �p< 0.05 and ���p< 0.001 compared to gefitinib group. G: Gefitinib; Y: YYJDD.
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strategies like the development of second or third generation of
EGFR-TKIs have achieved certain curative effect, the problem of
drug resistance still exists (Rotow and Bivona 2017). Therefore,
gefitinib resistance has never been solved completely. Traditional
Chinese medicine (TCM) has a long history and special charac-
teristics of synergism and detoxification in overcoming drug
resistance to targeted medicine. YYJDD has been widely used for
treating NSCLC patients with oral EGFR-TKIs therapy in our
daily medical activities. It consists of 8 Chinese medicines.
Among them, G. littoralis, O. japonicus, L. brownii var. viridu-
lum, and D. nobile can enhance immune response and
strengthen lung (Meng et al. 2013; Zhu et al. 2015; Yang and
Zhou 2019; Ge and Zhu 2020). H. diffusa is one of the most
commonly-used Chinese herbs in anticancer prescriptions (Liu
et al. 2013; Kuo et al. 2018). Some studies have confirmed that it
could suppress tumour proliferation, migration and angiogenesis,
etc. (Lin et al. 2013; Hu et al. 2015). T. wallichiana var. mairei
has been reported to inhibit the proliferation and promote apop-
tosis of A549 cells, HeLa cells, etc. (Cui et al. 2015; Liu et al.
2016). C. reticulata has the effect of invigorating spleen and pos-
sesses wide pharmacological actions such as antioxidant,
anti-inflammatory, and anticancer activities (Yu et al. 2018). C.
pilosula is generally used to tonify spleen and lung. Its activities
against gastric cancer, colon cancer, and hepatocellular carcin-
oma have been reported (Bailly 2021). In our clinical observa-
tion, we found that YYJDD could improve the ORR as well as
reduce the side effects when combined with gefitinib. Based on
the satisfactory curative effect, the underlying mechanism should
be elucidated. Here in the present study, we firstly demonstrated
that YYJDD markedly reduced gefitinib resistance via the PI3K/
Akt signalling pathway in vitro and in vivo.

Based on the cell proliferation experimental data in vitro,
treatment of H1975 cells with YYJDD or gefitinib alone resulted
in only slight cell growth inhibition. While the combination
treatment could significantly block the self-renewal of H1975

cells. In vivo, the tumour sizes of xenograft nude mice model in
the combination group were much smaller than those in the
control, YYJDD or gefitinib groups. Importantly, there was no
significant difference in body weight among each group, indicat-
ing that this strategy had no significant systemic toxicity. Hence,
YYJDD might become an ideal candidate against gefitinib resist-
ance due to its efficacy and safety. It was essential to understand
its mechanism.

Due to the significant cell inhibition enhanced by YYJDD
combined with gefitinib, we wondered whether apoptosis was
involved in this process. Apoptosis, also known as programmed
cell death, refers to the spontaneous and orderly death of cells
controlled by genes to maintain homeostasis (Wong 2011).
Inhibition of apoptosis is considered to be a vital step in the
development of EGFR-TKI resistance. Modern research indicated
that the apoptotic response of resistant NSCLC cells to EGFR-
TKIs was weakened (Hata et al. 2016). Thus, apoptosis induction
plays an important role in modern cancer therapy (Carneiro and
El-Deiry 2020). In this study, the apoptosis was detected by flow
cytometry detection in vitro and by TUNEL assay in vivo. The
in vitro results revealed that YYJDD enhanced the efficacy of
gefitinib to induce apoptosis with the increased protein expres-
sion level of cleaved caspase-3 and cleaved PARP in H1975 cells.
Meanwhile, our in vivo results indicated the positive rate of
TUNEL staining in tumour tissues induced by gefitinib was fur-
ther increased in the presence of YYJDD. Caspase-3, which can
specifically catalyse the cleavage of many important cellular pro-
teins, is a critical regulator of apoptosis. It is mainly responsible
for cleaving PARP at a highly evolutionarily conserved cleavage
site. PARP is related to DNA repair and gene integrity. Caspase-
3 can recognise the Asp-Glu-Val-Asp (DVCD) sequence in
PARP and cut it. The cleavage of PARP results in the loss of
normal function and activation of the endonuclease. Then the
degradation of DNA among nucleosomes will occur, leading to
apoptosis (Vir�ag and Szab�o 2002). As the present study

Figure 6. YYJDD overcame gefitinib resistance through the PI3K/Akt signalling pathway in vivo. (A) The expression of Ki-67 and p-Akt in tumour tissues of each group
were detected by immunohistochemical staining. The level of protein expressions was estimated by counting at least 500 tumour cells in at least five representative
high-power fields (original magnification, �400). (B, C) The H-score of Ki-67 (B) and p-Akt (C) were calculated. (D) The protein expressions of PI3K, p-PI3K, Akt, and p-
Akt in tumour tissues were determined by western-blot. b-actin was used as an internal control. (E, F) The relative level of p-PI3K/PI3K (E) and p-Akt/Akt (F) was calcu-
lated. Data were presented as mean± SD. The final statistical results were the mean of at least five different mice tumour tissues in each group. �p< 0.05, ��p< 0.01
and ���p< 0.001 versus control; ���p< 0.001 versus gefitinib. G: Gefitinib; Y: YYJDD.
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demonstrated, apoptosis might be mainly responsible for YYJDD
resensitizing H1975 cells to gefitinib.

The PI3K/Akt signalling pathway is involved in tumorigen-
esis, cancer progression, drug resistance, etc. (Yip 2015; Liu et al.
2020; Tan 2020; Cao et al. 2020). The reactivation of the PI3K/
Akt pathway was discovered in patients with drug resistance to
EGFR-TKIs (Liu et al. 2018). Other literature also pointed out
that even under the pressure of gefitinib, the PI3K/Akt pathway
was reactivated in H1975 cells, indicating that the reactivation of
the PI3K/Akt pathway might lead to gefitinib resistance (Chen
et al. 2018). Activated PI3K initiates the activation and phos-
phorylation of a key downstream kinase-Akt. Phosphorylated
Akt can inhibit a series of apoptosis-related proteins by regulat-
ing the downstream signalling molecules so as to protect the cas-
pase cascade and suppress apoptosis activity (Iida et al. 2020).
Due to its relationship with drug resistance, The PI3K/Akt sig-
nalling pathway has attracted extensive attention as a potential
target for antitumor therapeutic strategy (Tan 2020). Down-regu-
lation of this signalling pathway might lead to cellular apoptosis
and sensitisation to anticancer therapy (Yip 2015; Tan 2020).
Hence, we detected the effect of YYJDD combined with gefitinib
on the PI3K/Akt pathway by western-blot analysis. We found
that gefitinib had no effect on the expression of p-PI3K and p-
Akt in H1975 cells, which was consistent with the literature
(Chen et al. 2018). Meanwhile, the expressions of p-PI3K and p-
Akt were reduced under the pressure of YYJDD or combination
treatment. The results were highly in accordance with the pre-
sent study in vivo which were revealed by immunohistochemistry
analysis and western-blot assay, suggesting that YYJDD and
combination treatment could inhibit the PI3K/Akt pathway.

Evidence indicated that relieving the regulation of the PI3K/
Akt pathway could promote drug resistance in NSCLC. The
application of PI3K inhibitors, such as LY294002, could induce
the apoptosis of the gefitinib-resistance cell line and increase the
sensitivity of EGFR-TKI therapy (Li et al. 2011). As we know,
LY294002 could block PI3K and inactivate Akt phosphorylation,
leading to cell growth inhibition and apoptosis. To further
uncover the role of the PI3K/Akt pathway on apoptosis induced
by YYJDD combined with gefitinib, we added LY294002 to
YYJDD or combination treatment. The data showed that
LY294002 could inhibit the proliferation, promote apoptosis and
suppress the ratio of p-Akt/Akt. Further, co-treatment of
LY294002 with YYJDD or combination therapy had superior
effects than treatments with either one alone. Hence, the positive
activity of YYJDD on gefitinib-resistance was dependent on the
PI3K/Akt pathway. By analysing the regulatory relationship
between apoptotic proteins and the PI3K/Akt pathway, we found
that the increased level of cleaved caspase-3 and cleaved PARP
induced by combination treatment was accompanied by the
inhibition of the PI3K/Akt. Blocking the PI3K/Akt pathway with
LY294002 could further increase YYJDD or combination-induced
cell apoptosis. That is to say, the increase of apoptotic proteins
was induced by the suppression of the PI3K/Akt. Therefore, we
concluded that YYJDD enhanced the sensitivity of gefitinib to
H1975 by inducing apoptosis through the PI3K/Akt pathway.

After reviewing the results of this study, it is necessary for us
to focus on the active ingredients in YYJDD again. In this study,
some chemical compounds of YYJDD were identified by HPLC
analysis. Based on the previous evidence, hesperidin could induce
apoptosis through the PI3K/Akt pathway to prevent colon car-
cinogenesis (Saiprasad et al. 2014). It could also act the protect-
ive effect against a chemically induced liver cancer through the
PI3K/Akt pathway (Mo’men et al. 2019). Dioscin could suppress

the viability of various cancer cells (ovarian cancer, lung cancer,
gallbladder, etc.) by regulating the PI3K/Akt pathway (Song et al.
2017; Guo and Ding 2018; Mao et al. 2020). Lobetyolin was pro-
ven that its inhibitory effect on breast cancer cells was related to
Akt (Chen et al. 2021). The efficacy of YYJDD overcoming gefi-
tinib resistance via the PI3K/Akt pathway might be attributed to
these active ingredients to a certain extent. Nevertheless, more
precise research needs to be done in the future.

However, in the present study, there still exists some limita-
tions. Firstly, we roughly speculated that YYJDD could enhance
the sensitivity of gefitinib to resistant cell lines via apoptosis,
while lacking of the specific apoptotic pathway (the extrinsic or
intrinsic pathway). Secondly, we only focussed on the role of the
PI3K/Akt pathway in YYJDD resensitizing H1975 to gefitinib,
the specific target, and the role of some other important path-
ways (such as MAPK or STAT signalling pathway) still remain
unclear. Thirdly, we should further explore the definite mechan-
ism of the main active compounds in YYJDD. Therefore, the
above limitations need to be explored in our future
investigations.

Conclusion

Our investigation demonstrated that YYJDD enhanced the effect
of gefitinib in H1975 cells. The mechanism of YYJDD reducing
gefitinib resistance was achieved by inducing apoptosis via
down-regulation of the PI3K/Akt signalling pathway. Therefore,
YYJDD combined with gefitinib might be an alternative thera-
peutic strategy for the treatment of drug resistance induced by
the first generation of EGFR-TKIs in NSCLC.
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