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Abstract Polycystic ovary syndrome (PCOS) is a
common endocrine condition in women that causes
adverse reproductive and metabolic effects. PCOS
is a heterogeneous disorder and its pathogenesis is
affected by different factors. Thus, the criteria for
diagnosing PCOS, disease and availability of treat-
ment options vary widely across different countries.
Lidocaine has been proven to inhibit the prolifera-
tion of a variety of cancer cell types, and can be used
alone or in combination with other drugs for the treat-
ment of numerous types of disease. The present study
aimed to determine whether lidocaine was able to
reduce human ovarian granulosa cell tumor cell line
KGN cell proliferation and provide a novel insight
into potential therapeutic strategies for PCOS. KGN
cells were treated alone with lidocaine at different
concentrations, or with lidocaine and insulin-like
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growth factor-1 (IGF-1; a phosphoinositide 3-kinase
(PI3K)/Protein kinase B (AKT) signaling path-
way agonist) in combination for 48 h. The prolif-
erative ability of KGN cells was detected using an
3-(45)-dimethylthiahiazo (-z-y1)-35-di- phenytetra-
zoliumromide (MTT) assay, and cell apoptosis was
detected using flow cytometry. The expression levels
of proteins and mRNAs were measured using western
blotting and reverse transcription-quantitative poly-
merase chain reaction (RT-qPCR), respectively. The
results of the present study revealed that lidocaine
significantly suppressed KGN cell proliferation and
increased apoptosis. Lidocaine significantly down-
regulated the protein expression levels of phosphoryl-
ated (p)-AKT and p-mTOR, but had no effect on their
transcriptional levels. Treatment with IGF-1, could
reverse the lidocaine-induced abnormal expression
of PI3K/AKT signaling pathway-related proteins.
Moreover, treatment with IGF-1 could reverse all the
effects of lidocaine on KGN cells. In conclusion, the
findings of the present study indicated that lidocaine
may inhibit KGN cell proliferation and induce apop-
tosis by inhibiting the activation of the PI3K/AKT/
mTOR signaling pathway. These results revealed the
potential inhibitory effect of lidocaine on the prolifer-
ation of KGN cells and its underlying mechanism of
action, providing a novel insight into potential thera-
peutic strategies for PCOS.
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Introduction

Currently, drug repositioning, which is the process of
repurposing old drugs, has become a practical strat-
egy for the development of new drugs (Jourdan et al.
2020). Lidocaine is a local anesthetic commonly used
in the clinic (Klein and Jeske 2016). Accumulating
evidence has shown that lidocaine exerts numerous
other effects, in addition to its anesthetic potential
(Slaton et al. 2013; Truesdale and Jurdi 2013; Beauss-
ier et al. 2018; Weibel et al. 2018). In fact, lidocaine
has been reported to enhance the therapeutic effect of
some drugs; for example, (Hong et al. 2019) demon-
strated that the combined formulation of tetrodotoxin
and lidocaine exerted a greater anti-arrhythmic effect
compared with tetrodotoxin treatment alone. In addi-
tion, in BIU-87 human bladder cancer cells, lido-
caine significantly enhanced the inhibitory effect of
the antitumor drugs, Mitomycin C and pirarubicin,
on tumor cell proliferation (Yang et al. 2018). Lido-
caine treatment also increased the cisplatin-induced
apoptosis and cytotoxicity in breast cancer cell lines
(Li et al. 2014a). A large number of studies have
reported that lidocaine exerted anti-tumor effects (Jurj
et al. 2017; Izdebska et al. 2019; Ye et al. 2019; Zhao
et al. 2021; Liu et al. 2021). Moreover, lidocaine was
found to affect various different cellular functions
and pathways of cancer cells to trigger apoptosis,
including regulating the PI3K/AKT and MAPK sign-
aling pathways, inducing cell cycle arrest and inhib-
iting cell invasion and migration (Wang et al. 2016,
2020; Zhang et al. 2017, 2020). (Zhang et al. 2020)
revealed that lidocaine could reduce proliferation and
inhibit metabolism by downregulating the PI3K/AKT
signaling pathway in hepatocellular carcinoma cells.
In addition, (Wang et al. 2020) found that lidocaine
could promote autophagy in SH-SYSY cells by inhib-
iting the PI3K/AKT/mTOR signaling pathway.
Polycystic ovary syndrome (PCOS) is the most
common endocrine condition in women. In total, one
in five women of reproductive age are diagnosed with
PCOS (Copp et al. 2019) and the condition affects
5-15% of women aged 20-30 years (Ben-Shlomo and
Younis 2014; Zheng et al. 2019). PCOS has multiple
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clinical manifestations, including reproductive, meta-
bolic and psychological features. In addition, as a
heterogeneous disease, the phenotype of PCOS var-
ies depending on factors such as life stage (Chang
et al. 2016), genotype (Li et al. 2013), ethnicity (Lim
et al. 2019) and environmental factors, including life-
style and weight (Li et al. 2016). At present, there are
different hypotheses surrounding the etiology and
pathogenesis of PCOS (Hanson and Gluckman 2014;
Rosenfield and Ehrmann 2016; Meier 2018; Rud-
denklau and Campbell 2019). However, to the best
of our knowledge, the exact mechanism underlying
the pathogenesis of this condition remains unclear;
thus, further research is required. (Li et al. 2016)
reported that the overexpression of heat shock protein
90 B family member 1 induced granulosa cell prolif-
eration and promoted the occurrence of PCOS. Other
previous studies have also suggested that the abnor-
mal proliferation of granulosa cells may promote the
occurrence and development of PCOS (Li et al. 2019;
Cai et al. 2020; Yang et al. 2021). Notably, the reduc-
tion in the levels of apoptosis of granulosa cells was
associated with disordered folliculogenesis in PCOS
(Yang et al. 2021). KGN cells express functional
follicle-stimulating hormone receptors (FSHRs) and
have steroidogenic activities similar to human ovar-
ian granulosa cells (Nishi et al. 2001). As it is difficult
to obtain human ovarian granulosa cells in sizable
amounts, and the primary culture system of human
ovarian granulosa cells is hard to maintain, in recent
years, KGN cells have been widely used for in vitro
studies of PCOS (Wu et al. 2020; Xia and Zhao
2020).

PI3K/AKT signaling pathway has been reported to
play a key role in PCOS (Wu et al. 2018; Cai et al.
2020; Xu et al. 2020; Zhang et al. 2020). (Yang et al.
2021) demonstrated that the inhibition of the PI3K/
AKT signaling pathway in KGN cells could repress
the pathological progression of PCOS. Furthermore,
network pharmacological analysis of potential PCOS
treatments also revealed that the PI3K/AKT, insulin
receptor, Toll-like receptor, MAPK and hypoxia-
inducible factor 1 signaling pathways played impor-
tant roles in PCOS (Xu et al. 2020). In addition, ber-
berine was proven to decrease insulin resistance in a
PCOS rats by activating the PI3K/AKT and inhibit-
ing the MAPK signaling pathways in ovarian tissue
(Zhang et al. 2020). In PCOS model rats, the activa-
tion of the PI3K/AKT signaling pathway in in skeletal
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muscle of rats was discovered to increase insulin sen-
sitivity (Wu et al. 2018).

Previous studies revealed that lidocaine could
induce apoptosis in Jurkat cells by damaging mito-
chondria, and this damage depended on the duration
of exposure and dose (Werdehausen et al. 2007; Li
et al. 2014b). Thus, the expression levels of Bcl-2 and
caspase-3 have been suggested to represent promis-
ing biomarkers of lidocaine-induced apoptosis (Wer-
dehausen et al. 2007; Li et al. 2014b). The present
study aimed to investigate the effects of lidocaine on
the proliferative activity of human ovarian granulosa
cell tumor cell line, KGN, and its underlying molecu-
lar mechanism of action, with the hope of providing a
novel insight into potential therapeutic strategies for
PCOS.

Materials and methods
Cell lines and culture

The human ovarian granulosa cell tumor cell line,
KGN, was purchased from The Cell Bank of Type
Culture Collection of The Chinese Academy of Sci-
ences. The cells were cultured in DMEM (Sigma-
Aldrich; Merck KGaA) supplemented with 10% FBS
(vol/vol), 100 pg/ml penicillin and 100 pg/ml strepto-
mycin, and maintained in a humidified atmosphere at
37 °C with 5% CO,. Lidocaine was purchased from
Merck KGaA (cat. no. 137-58-6) and insulin-like
growth factor-1 (IGF-1) was purchased from Gibco;
Thermo Fisher Scientific, Inc. (cat. no. PHG0071).

For cell treatment, KGN cells were treated with
0, 1, 5, 10 mM lidocaine (Ye et al. 2019), or 10 mM
lidocaine + 10 pM IGF-1 (Rong et al. 2020), at 37 °C
for 48 h.

3-45-dimethylthiahiazo (-z-y1)-35-di-
phenytetrazoliumromide (MTT) assay

KGN cells were treated with 0, 1, 5, 10 mM lidocaine,
or 10 mM lidocaine + 10 pM IGF-1, at 37 °C for 48 h.
Then, a Vybrant® MTT Cell Proliferation assay kit
(cat. no. V-13154; Invitrogen) was used to assess cell
proliferation. Briefly, cells were seeded at a density of
4% 10% cells/well into a 96-well flat-bottomed plate in
100 pl medium and incubated at 37 °C for 48 h. After
the incubation, 10 pl MTT stock solution (12 mM)

was added to each well and the plates were further
incubated for 4 h at 37 °C with 5% CO,. Following
the incubation, the cells were treated with MTT sol-
vent for 15 min at room temperature, dispersed with a
pipette and the absorbance of each well was measured
at a wavelength of 570 nm.

Flow cytometry

KGN cells were treated with 0, 1, 5, 10 mM lido-
caine, or 10 mM lidocaine+ 10 pM IGF-1, at 37 °C
for 48 h. Then, an Annexin V-FITC Apoptosis Detec-
tion kit (Beyotime Institute of Biotechnology; cat.
no. C1062S) was used, according to the manufac-
turer’s protocol. Briefly, KGN cells were collected,
centrifuged (1000xg, 4 °C, 5 min), and then added
with 195 pl Annexin V-FITC binding solution. Then
the cells were incubated with 5 pl Annexin V-FITC
and 10 pl propidium iodide at room temperature for
10 min in the dark. Finally, cell apoptosis (late or
early +late apoptosis) was assessed via flow cytom-
etry (BD Biosciences), and the data were analyzed
using Kaluza Analysis (version 2.1.1.20653; Beck-
man Coulter, Inc.).

Western blotting

KGN cells were treated with 0, 1, 5, 10 mM lido-
caine, or 10 mM lidocaine+ 10 pM IGF-1, at 37 °C
for 48 h. Then, total protein was extracted from cells
using RIPA lysis buffer (Beyotime Institute of Bio-
technology). Total protein was quantified and 20 pg
protein/lane was separated via 12% SDS-PAGE. The
separated proteins were subsequently transferred onto
a nitrocellulose membrane (MilliporeSigma) and
blocked with 5% non-fat dry milk in TBS (10 mM
Tris, 150 mM NaCl, pH 7.4) for 1 h at room tempera-
ture. The membranes were then incubated overnight
at 4 °C with the following primary antibodies diluted
in TBS-Tween 20 (TBST) with 5% BSA: Anti-phos-
phorylated (p)-AKT (1:500; cat. no. ab8933; Abcam),
anti-AKT (1:10,000; cat. no. ab179463; Abcam), anti-
p-mTOR (1:1,000; cat. no. ab109268; Abcam), anti-
mTOR (1:10,000; cat. no. ab134903; Abcam), anti-
cleaved caspase-3 (1:200; cat. no. ab2302; Abcam),
anti-caspase-3 (1:5,000; cat. no. ab32351; Abcam),
anti-Bax (1:1,000; cat. no. ab32503; Abcam), anti-
Bcl-2 (1:1,000; cat. no. ab32124; Abcam) and anti-
GAPDH (1:500; cat. no. ab8245; Abcam). Following

@ Springer



286

Cytotechnology (2022) 74:283-292

the primary antibody incubation, the membranes
were washed four times for 5 min each in TBST and
incubated with an HRP-conjugated secondary anti-
body (1:2,000; cat. no. 7074; Cell Signaling Technol-
ogy, Inc.) at room temperature for 2 h. Protein bands
were visualized using ECL reagent (Cytiva). The
band intensity was semi-quantified using ImageJ ver-
sion 1.8.0 (National Institutes of Health).

Reverse transcription-quantitative

PCR (RT-gPCR). KGN cells were treated with 0, 1, 5,
10 mM lidocaine, or 10 mM lidocaine+ 10 pM IGF-
1, at 37 °C for 48 h. Then, total RNA was extracted
from cells using TRIzol® reagent (Takara Bio, Inc.;
cat. no. 9108). qPCR was performed using a One Step
PrimeScript™ III RT-qPCR mix (Takara Bio, Inc.;
cat. no. RR600A) on an ABI 7500 Fast Real-Time
PCR Detection system (Applied Biosystems; Thermo
Fisher Scientific, Inc.). The thermocycling conditions
for qPCR were as follows: Initial denaturation at 95
°C for 5 min; followed by 38 cycles of 15 s at 95 °C,
1 min at 60 °C and 30 s at 72 °C and final extension
for 10 min at 72 °C. The following primers (synthe-
sized by Sangon Biotech Co., Ltd.) were used for the
gPCR: B-actin forward, 5'-CACGATGGAGGGGCC
GGACTC-3' and reverse, 5'"“TAAAGACCTCTATGC
CAACAC-3"; Bax forward, 5-TGCTACAGGGTT
TCATCCAG-3' and reverse, 5'-ATCCACATCAGC
AATCATCC-3'; Bcl-2 forward, 5-TGGGATGCC
TTTGTGGAAC-3' and reverse 5S'-CATATTTGTTTG
GGGCAGGTC-3'; AKT forward, 5-CATGAGCGA
CGTGGCTATTG-3' and reverse, 5'-GCCTCACGT
TGGTCCACATC-3’; and mTOR forward, 5-GCT
AGGTGCATTGACATACAACA-3" and reverse,
5'-AGTGCTAGTTCACAGATAATGGC-3". Relative
expression levels were quantified using the 2742¢d
method (Livak and Schmittgen 2001). p-actin was
used as the internal control for mRNA expression lev-
els, and the expression levels of investigated mRNAs
were normalized to -actin.

Statistical analysis

The data are presented as the mean + SD from at least
three independent experiments. Statistical analysis
was performed using GraphPad Prism 6.0 software
(GraphPad Software, Inc.). Statistical differences
among groups were determined using an unpaired
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Student’s t-test or one-way ANOVA followed by a
Tukey’s post hoc test. P<0.05 was considered to
indicate a statistically significant difference.

Results

Lidocaine inhibits the proliferation and induces the
apoptosis of KGN human ovarian granulosa cell
tumor cells

KGN cells were treated with different concentrations
of lidocaine for 48 h and an MTT assay was used to
detect the proliferative ability. The results revealed
that 1, 5, 10 mM lidocaine significantly reduced cell
proliferation in a dose-dependent manner (Fig. 1A).
Flow cytometric analysis found that 1, 5, 10 mM
lidocaine treatment increased KGN cell apoptosis
(Fig. 1B and C). In addition, the expression levels of
apoptosis-related proteins and mRNAs were detected
using western blotting and RT-qPCR, respectively.
Western blotting analysis revealed that 1, 5, 10 mM
lidocaine upregulated the expression levels of
cleaved caspase-3 and increased the ratio of cleaved
caspase-3/caspase-3 in a dose-dependent manner
(Fig. 1D and E). The anti-apoptotic protein, Bcl-2,
and its proapoptotic counterpart, Bax, play an impor-
tant role in regulating cell apoptosis (Dietrich 1997).
The results demonstrated that the protein and mRNA
expression levels of Bax were upregulated in KGN
cells (Fig. 1D and F), while the protein and mRNA
expression levels of Bcl-2 were downregulated by 1,
5, 10 mM lidocaine treatment (Fig. 1D and G). The
findings indicated that lidocaine inhibited the prolif-
eration and induces the apoptosis of KGN cells.

Lidocaine inhibits the PI3K/AKT/mTOR signaling
pathway in KGN ovarian granulosa cell tumor cells

Accumulating evidence has indicated that the PI3K/
AKT/mTOR signaling pathway has an important role
in the occurrence and development of PCOS (Liu
et al. 2015; Zhao et al. 2017; Cai et al. 2020). Thus,
the expression levels of PI3K/AKT/mTOR signal-
ing pathway-related proteins and mRNAs in KGN
cells after lidocaine treatment were investigated using
western blotting and RT-qPCR, respectively. Western
blotting analysis revealed that 1, 5, 10 mM lidocaine
significantly downregulated the expression levels
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Fig. 1 Lidocaine inhibits the proliferation and induces the
apoptosis of the human ovarian granulosa cell-like cell line,
KGN. KGN cells were treated with 0, 1, 5 or 10 mM lidocaine
for 48 h. A MTT assay was used to measure cell proliferation.
B and C Flow cytometry was performed to determine cell
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Fig. 2 Lidocaine inhibits the PI3K/AKT/mTOR signaling
pathway in the human ovarian granulosa cell-like cell line,
KGN. KGN cells were treated with the indicated concentration
of lidocaine for 48 h. A Protein expression levels of p-AKT,
AKT, p-mTOR and mTOR were measured using western blot-
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were not statistically significant (Fig. 2D and E). The
data indicated that lidocaine inhibited the PI3K/AKT/
mTOR signaling pathway in KGN cells.

PI3K/AKT agonist, IGF-1, reverses the inhibitory
effect of lidocaine on the PI3K/AKT/mTOR
signaling pathway

Finally, we investigated the underlying mechanism
of action of lidocaine on KGN cells. Western blot-
ting analysis revealed that the expression levels of
p-AKT and p-mTOR were downregulated in 10 mM
lidocaine-treated KGN cells (Fig. 3A), and the ratios
of p-AKT/AKT and p-mTOR/mTOR were decreased
(Fig. 3B and C). The expression levels of p-AKT and
p-mTOR were found to be upregulated in KGN cells
co-treated with 10 mM lidocaine and 10 pM PI3K/
AKT agonist, IGF-1, compared with those in cells
treated with 10 mM lidocaine only. Next, the mRNA
expression levels of AKT and mTOR were analyzed
using RT-qPCR. The results revealed that the mRNA
expression levels of AKT and mTOR were not
affected by lidocaine treatment in KGN cells (Fig. 3D

and E), suggesting that the effects of lidocaine on
the PI3K/AKT/mTOR signaling pathway may occur
at the protein level. The results suggested that IGF-1
reversed the inhibitory effect of lidocaine on the
PI3K/AKT/mTOR signaling pathway in KGN cells.

PI3K/AKT agonist, IGF-1, reverses the effect of
lidocaine on KGN human ovarian granulosa cell
tumor cells

To verify whether lidocaine affects KGN cells by reg-
ulating the PI3K/AKT/mTOR signaling pathway, the
PI3K/AKT agonist, IGF-1, was used to reverse the
effects of lidocaine on the PI3K/AKT/mTOR signal-
ing pathway, and the proliferation and apoptosis of
KGN cells were investigated. The results of the MTT
assay demonstrated that 10 mM lidocaine signifi-
cantly reduced cell proliferation, while co-treatment
of 10 pM IGF-1 and 10 mM lidocaine reversed the
inhibitory effect of lidocaine alone (Fig. 4A). Com-
pared with the lidocaine + vehicle group, 10 mM lido-
caine+ 10 pM IGF-1 treatment significantly reduced
cell apoptosis (Fig. 4B and C), decreased the protein
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Fig. 3 PIBK/AKT agonist, IGF-1, reverses the inhibitory
effect of lidocaine on the PI3K/AKT/mTOR signaling path-
way. KGN cells were treated with 10 mM lidocaine+ 10 pM
IGF-1, 10 mM lidocaine + vehicle or 10 mM lidocaine for
48 h. A Protein expression levels of p-AKT, AKT, p-mTOR
and mTOR were measured using western blotting. B and C

@ Springer

Control IldocamehdocameI|doca|ne

+vehicle +IGF-1

Semi-quantitative analysis of p-AKT/AKT and p-mTOR/
mTOR expression following lidocaine treatment. D and E
Reverse transcription-quantitative PCR was used to analyze the
mRNA expression levels of AKT and mTOR. **P<0.01 vs.
control; #P<0.01 vs. lidocaine + vehicle. IGF-1, insulin-like
growth factor 1; p-, phosphorylated



Cytotechnology (2022) 74:283-292 289
A B lidocaine lidocaine c
Control lidocaine +vehicle +IGF-1 50
" %0.25% Tore]  “l0eo AL B [ AT 1.47%) 9
g g 40
g £
< w0 . w0 [
g 2 30
H ]
g I I z I 220
= s 2
3 - 5
© oy o i = 10
w0 ] bl 4 0
| . :
~ —— —— - l94.14% 4.54%) 56.03% 26.12% 57.52%) 26.64% 178.52% 7.75% 0 = —— = -
Control lidocaine lidocaine lidocaine ol i i N Control lidocaine lidocaine lidocaine
+vehicle +GF-1 o e F R o e e 3 +vehicle +GF-1
FITCH FITCH FITCH FITCH
e J
e 5
> & e S
D & & & E F G
¢ & TS 1.0

o
o

W= S S . cleaved-Caspase3
- =3 = -Caspasea
.- - o

- - e -

- - -t
-

=4
@

ratio

o
»

o
N

cleaved-Caspase3/Caspase3

Fig. 4 PI3K/AKT agonist IGF-1 reverses the effects of lido-
caine on KGN human ovarian granulosa cell-like cells. KGN
cells were treated with 10 mM lidocaine+10 pM IGF-1,
10 mM lidocaine + vehicle or 10 mM lidocaine for 48 h. A
MTT assay was performed to measure cell proliferation. B
and C Flow cytometry was performed to determine the lev-
els of cell apoptosis (Upper left quadrant: necrotic cells;
Lower left quadrant: viable cells; Upper right quadrant: late

expression levels of cleaved caspase-3 and the ratio of
cleaved caspase-3/caspase-3 (Fig. 4D and E), down-
regulated the protein and mRNA expression levels
of Bax (Fig. 4F and G), as well as up-regulated the
protein and mRNA expression levels of the Bcl-2
(Fig. 4F and H) in KGN cells. In summary, IGF-1
reversed the effect of lidocaine on KGN human ovar-
ian granulosa cell tumor cells.

Discussion

PCOS is a common endocrine disease in women,;
however, the pathogenesis of PCOS is complicated
and to date, no effective therapeutic strategy exists for
the treatment of the condition (Ben-Shlomo and You-
nis 2014; Copp et al. 2019). Studies have found that
the survival and proliferation of granulosa cells may
be associated with PCOS. For example, the apop-
totic rate of granulosa cells in patients with PCOS
were found to be lower, while the proliferative abil-
ity was higher compared with those in healthy women
(Li et al. 2016). (Han et al. 2018) indicated that the
inhibition of the proliferation of granulosa cells may
be a potential method for the treatment of PCOS. The
human ovarian granulosa cell tumor cell line, KGN,

0.0
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Relative Bax mRNA
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o am w & @
Relative Bcl-2 mRNA
expression

| lidocaine lidocaine lidocaine
+vehicle +GF-1
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apoptosis; Lower right quadrant: early apoptosis). D West-
ern blotting was used to analyze the protein expression levels
of cleaved caspase-3, caspase-3, Bax and Bcl-2. E Ratio of
cleaved caspase-3/caspase-3. F and G mRNA expression levels
of Bax and Bcl-2 were measured using reverse transcription-
quantitative PCR. **P<0.01 vs. control; #P<0.01 vs. lido-
caine + vehicle. IGF-1, insulin-like growth factor 1

is commonly used to study the function and under-
lying mechanism of granulosa cells in PCOS (Wang
et al. 2018; Song et al. 2019).

Intra-articular injections of local anesthetics,
including lidocaine, are commonly used in the clinic
as analgesic agents (Klein and Jeske 2016). Accu-
mulating evidence has shown that lidocaine exerts
numerous other effects, in addition to its anesthetic
potential (Slaton et al. 2013; Truesdale and Jurdi
2013; Weibel et al. 2018; Beaussier et al. 2018).
(Kamiya et al. 2005) found that in U937 histiocytic
lymphoma cells, lidocaine induced apoptosis at con-
centrations of <12 mM, and induced cell necrosis at
concentrations of > 15 mM, indicating that the cyto-
toxicity of lidocaine may depend on the dose. The
results of the present study revealed that 1, 5, 10 mM
lidocaine significantly inhibited the proliferation of
KGN cells and induced apoptosis in a dose-depend-
ent manner. The anti-apoptotic protein, Bcl-2, and its
proapoptotic counterpart, Bax, play key roles in the
regulation of apoptosis (Dietrich 1997). Abnormal
expressions of Bcl-2, Bax and cleaved-caspase3 have
been revealed in PCOS rats in previous syudies (Chi
et al. 2018; Jin et al. 2021). The results of the pre-
sent study demonstrated that lidocaine downregulated
the protein and mRNA expression levels of Bcl-2,
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significantly upregulated the expression levels of Bax
and cleaved-caspase3 in KGN cells.

Previous study has demonstrated that lidocaine
could induce apoptosis by affecting the downstream
proteins, Bcl-2/Bax, via regulation of the PI3K/AKT
signaling pathway (Zhang et al. 2020). The PI3K/
AKT signaling pathway plays an important role in
cellular metabolism, and has been found to be closely
associated with PCOS (Liu et al. 2015; Zhao et al.
2017; Cai et al. 2020). Previous studies have dem-
onstrated that the PI3K/AKT signaling pathway is
abnormally regulated in both patients with PCOS
and PCOS animal models (Zheng et al. 2012; Li et al.
2017), and the aberrant activation of the PI3K/AKT
signaling pathway was discovered to be associated
with the occurrence and development of PCOS (Wu
et al. 2018; Zhang et al. 2020). Recent PCOS stud-
ies have significantly spotted the importance of PI3K/
AKT/mTOR in regulating the hormonal, metabolic
and proliferative pathways in PCOS (Abuelezz et al.
2020, 2021). And PI3K/AKT/mTOR-dependent
apoptosis and autophagy play a key role in PCOS
development (Jin et al. 2021; Liu et al. 2021). The
findings of current study indicated that lidocaine
inhibited the PI3K/AKT/mTOR signaling pathway in
KGN cells. It was worth mentioning that, treatment
with the PI3K/AKT agonist, IGF-1, could reverse the
lidocaine-induced decrease in KGN cell proliferation
and increase in apoptosis.

However, there were some limitations of this
study. For example, the effects of vehicle alone and
IGF-1 alone on KGN cells were not explored in this
study. Besides, the effect of more doses of lidocaine
on ovarian granulosa cells needs to be studied. More-
over, an ideal model would have been to replicate the
results in vivo in PCOS mice to show inhibition of
follicles. We will further explored these issues in the
future.

In conclusion, the findings of the current study
suggested that lidocaine treatment significantly inhib-
ited KGN cell proliferation and induced apoptosis
in KGN cells via the PI3K/AKT/mTOR signaling
pathway. Therefore, lidocaine may have promise as
a potential therapeutic to improve the outcomes of
PCOS by exerting anti-apoptotic effects via inhibition
of the PI3K/AKT/mTOR signaling pathway. Lido-
caine might be a promising agent for PCOS treatment.

Acknowledgements Not applicable.

@ Springer

Authors contributions HX and QH contributed to the study
design, data collection, statistical analysis, data interpretation
and manuscript preparation. QJ contributed to data collection,
statistical analysis and manuscript preparation. HX and QH
confirm the authenticity of all the raw data. All authors read
and approved the final manuscript.

Funding No funding was received.

Data availability The datasets used and/or analyzed during
the current study are available from the corresponding author
on reasonable request.

Declarations

Conflict of interest The authors declare that they have no
competing interests.

Ethical approval and consent to participate Not applicable.

Consent for publication Not applicable.

References

Abuelezz NZ, Shabana ME, Abdel-Mageed HM, Rashed L,
Morcos GNB (2020) Nanocurcumin alleviates insulin
resistance and pancreatic deficits in polycystic ovary syn-
drome rats: Insights on PI3K/AKT/mTOR and TNF-a
modulations. Life Sci 256:118003

Abuelezz NZ, Shabana E, Rashed L, Morcos G (2021) Nano-
curcumin modulates miR-223-3p and NF-«B levels in the
pancreas of rat model of polycystic ovary syndrome to
attenuate autophagy flare, insulin resistance and improve
3 cell mass. J Exp Pharmacol 13:873-888

Beaussier M, Delbos A, Maurice-Szamburski A, Ecoffey C,
Mercadal L (2018) Perioperative use of intravenous lido-
caine. Drugs 78:1229-1246

Ben-Shlomo I, Younis JS (2014) Basic research in PCOS:
are we reaching new frontiers? Reprod Biomed Online
28:669-683

Cai Z, He S, Li T, Zhao L, Zhang K (2020) Plumbagin inhibits
proliferation and promotes apoptosis of ovarian granulosa
cells in polycystic ovary syndrome by inactivating PI3K/
Akt/mTOR pathway. Anim Cells Syst 24:197-204

Chang AY, Oshiro J, Ayers C, Auchus RJ (2016) Influence of
race/ethnicity on cardiovascular risk factors in polycystic
ovary syndrome, the Dallas Heart Study. Clin Endocrinol
85:92-99

Chi XX, Zhang T, Chu XL, Zhen JL, Zhang DJ (2018) The
regulatory effect of Genistein on granulosa cell in ovary
of rat with PCOS through Bcl-2 and Bax signaling path-
ways. J Vet Med Sci 80:1348-1355

Copp T, Hersch J, Muscat DM, McCaffery KJ, Doust J, Dokras
A, Mol BW, Jansen J (2019) The benefits and harms of
receiving a polycystic ovary syndrome diagnosis: a quali-
tative study of women’s experiences. Hum Reprod Open
2019: hoz026.



Cytotechnology (2022) 74:283-292

291

Dietrich JB (1997) Apoptosis and anti-apoptosis genes in the
Bcl-2 family. Arch Physiol Biochem 105:125-135

Han Q, Zhang W, Meng J, Ma L, Li A (2018) LncRNA-LET
inhibits cell viability, migration and EMT while induces
apoptosis by up-regulation of TIMP2 in human granu-
losa-like tumor cell line KGN. Biomed Pharmacother
100:250-256

Hanson MA, Gluckman PD (2014) Early developmental
conditioning of later health and disease: physiology or
pathophysiology? Physiol Rev 94:1027-1076

Hong B, He J, Le Q, Bai K, Chen Y, Huang W (2019) Com-
bination formulation of tetrodotoxin and lidocaine as
a potential therapy for severe arrhythmias. Mar Drugs
17:685

Izdebska M, Hatas-Wisniewska M, Zieliiska W,
Klimaszewska-Wisniewska A, Grzanka D, Gagat M
(2019) Lidocaine induces protective autophagy in rat C6
glioma cell line. Int J Oncol 54:1099-1111

Jin L, Ren L, Lu J, Wen X, Zhuang SY, Geng T, Zhang YZ
(2021) CXCL12 and its receptors regulate granulosa cell
apoptosis in PCOS rats and human KGN tumor cells.
Reproduction 161:145-157

Jourdan JP, Bureau R, Rochais C, Dallemagne P (2020) Drug
repositioning: a brief overview. J Pharm Pharmacol
72:1145-1151

Jurj A, Tomuleasa C, Tat TT, Berindan-Neagoe I, Vesa SV,
Ionescu DC (2017) Antiproliferative and apoptotic
effects of lidocaine on human hepatocarcinoma cells. A
preliminary study. J Gastrointestin Liver Di 26:45-50

Kamiya Y, Ohta K, Kaneko Y (2005) Lidocaine-induced
apoptosis and necrosis in U937 cells depending on its
dosage. Biomed Res 26:231-239

Klein JA, Jeske DR (2016) Estimated maximal safe dosages
of tumescent lidocaine. Anesth Analg 122:1350-1359

Li S, Zhu D, Duan H, Tan Q (2013) Genetic investigation
into ethnic disparity in polycystic ovarian syndrome.
Gynecol Endocrinol 29:878-882

Li K, Yang J, Han X (2014a) Lidocaine sensitizes the cyto-
toxicity of cisplatin in breast cancer cells via up-regula-
tion of RARP2 and RASSF1A demethylation. Int J Mol
Sci 15:23519-23536

Li H, Xu J, Wang X, Yuan G (2014b) Protective effect of gin-
senoside Rgl on lidocaine-induced apoptosis. Mol Med
Rep 9:395-400

Li L, Mo H, Zhang J, Zhou Y, Peng X, Luo X (2016) The
role of heat shock protein 90B1 in patients with polycys-
tic ovary syndrome. PLoS ONE 11:e0152837

Li T, Mo H, Chen W et al (2017) Role of the PI3K-Akt sign-
aling pathway in the pathogenesis of polycystic ovary
syndrome. Reprod Sci 24:646—655

Li M, Zhao H, Zhao SG, Wei DM, Zhao YR, Huang T,
Muhammad T, Yan L, Gao F, Li L, Lu G, Chan WY,
Leung PCK, Dunaif A, Liu HB, Chen ZJ (2019) The
HMGAZ2-IMP2 pathway promotes granulosa cell prolif-
eration in polycystic ovary syndrome. J Clin Endocrinol
Metab 104:1049-1059

Lim S, Smith CA, Costello MF, MacMillan F, Moran L, Ee
C (2019) Barriers and facilitators to weight management
in overweight and obese women living in Australia with
PCOS: a qualitative study. BMC Endocr Disord 19:106

Liu Z, Ren YA, Pangas SA, Adams J, Zhou W, Castrillon DH,
Wilhelm D, Richards JS (2015) FOXO1/3 and PTEN
depletion in granulosa cells promotes ovarian granulosa
cell tumor development. Mol Endocrinol 29:1006-1024

Liu WP, Chen Q, Liu ZD, Weng ZW, Nguyen TN, Feng JM,
Zhou SH (2021) Zihuai recipe alleviates cyclophospha-
mide-induced diminished ovarian reserve via suppress-
ing PI3K/AKT-mediated apoptosis. J Ethnopharmacol
277:113789

Liu H, Dilger JP, Lin J (2021) Lidocaine suppresses viability
and migration of human breast cancer cells: TRPM?7 as a
target for some breast cancer cell lines. Cancers 13:234

Livak KJ, Schmittgen TD (2001) Analysis of relative gene
expression data using real-time quantitative PCR and the
2-AACt method. Methods 25:402—408

Meier RK (2018) Polycystic ovary syndrome. Nurs Clin North
Am 53:407-420

Nishi Y, Yanase T, Mu Y, Oba K, Ichino I, Saito M, Nomura M,
Mukasa C, Okabe T, Goto K, Takayanagi R, Kashimura
Y, Haji M, Nawata H (2001) Establishment and character-
ization of a steroidogenic human granulosa-like tumor cell
line, KGN, that expresses functional follicle-stimulating
hormone receptor. Endocrinology 142:437-445

Rong L, Li Z, Leng X, Li H, Ma Y, Chen Y, Song F (2020)
Salidroside induces apoptosis and protective autophagy
in human gastric cancer AGS cells through the PI3K/Akt/
mTOR pathway. Biomed Pharmacother 122:109726

Rosenfield RL, Ehrmann DA (2016) The pathogenesis of poly-
cystic ovary syndrome (PCOS): the hypothesis of PCOS
as functional ovarian hyperandrogenism revisited. Endocr
Rev 37:467-520

Ruddenklau A, Campbell RE (2019) Neuroendocrine impair-
ments of polycystic ovary syndrome. Endocrinology
160:2230-2242

Slaton RM, Thomas RH, Mbathi JW (2013) Evidence for
therapeutic uses of nebulized lidocaine in the treatment
of intractable cough and asthma. Ann Pharmacother
47:578-585

Song Y, Yu G, Xiang Y, Li Y, Wan L, Tan L (2019) Altered
miR-186 and miR-135a contribute to granulosa cell dys-
function by targeting ESR2: A possible role in polycystic
ovary syndrome. Mol Cell Endocrinol 494:110478

Truesdale K, Jurdi A (2013) Nebulized lidocaine in the treat-
ment of intractable cough. Am J Hosp Palliat Care
30:587-589

Wang HW, Wang LY, Jiang L, Tian SM, Zhong TD, Fang
XM (2016) Amide-linked local anesthetics induce apop-
tosis in human non-small cell lung cancer. J Thorac Dis
8:2748-2757

Wang M, Sun J, Xu B, Chrusciel M, Gao J, Bazert M, Stel-
maszewska J, Xu Y, Zhang H, Pawelczyk L, Sun F,
Tsang SY, Rahman N, Wolczynski S, Li X (2018) Func-
tional characterization of MicroRNA-27a-3p expression
in human polycystic ovary syndrome. Endocrinology
159:297-309

Wang Z, Liu Q, Lu J, Cao J, Wang XY, Chen Y (2020) Lido-
caine promotes autophagy of SH-SYSY cells through
inhibiting PI3K/AKT/mTOR pathway by upregulating
miR-145. Toxicol Res 9:467-473

Weibel S, Jelting Y, Pace NL, Helf A, Eberhart LH, Hahnen-
kamp K, Hollmann MW, Poepping DM, Schnabel A,

@ Springer



292

Cytotechnology (2022) 74:283-292

Kranke P (2018) Continuous intravenous perioperative
lidocaine infusion for postoperative pain and recovery in
adults. Cochrane Database Syst Rev 6:009642

Werdehausen R, Braun S, Essmann F, Schulze-Osthoff K, Wal-
czak H, Lipfert P, Stevens MF (2007) Lidocaine induces
apoptosis via the mitochondrial pathway independently of
death receptor signaling. Anesthesiology 107:136-143

Wu C, Jiang F, Wei K, Jiang Z (2018) Exercise activates the
PI3K-AKT signal pathway by decreasing the expression
of 5a-reductase type 1 in PCOS rats. Sci Rep 8:7982

Wu G, XiaJ, Yang Z, Chen Y, Jiang W, Yin T, Yang J (2020)
CircASPH promotes KGN cells proliferation through
miR-375/MAP2K6 axis in polycystic ovary syndrome. J
Cell Mol Med 00:1-9

Xia H, Zhao Y (2020) miR-155 is high-expressed in polycys-
tic ovarian syndrome and promotes cell proliferation and
migration through targeting PDCD4 in KGN cells. Artif
Cells Nanomed Biotechnol 48:197-205

Xu W, Tang M, Wang J, Wang L (2020) Identification of the
active constituents and significant pathways of cangfu
daotan decoction for the treatment of PCOS based on net-
work pharmacology. Evid Based Complement Alternat
Med 2020:4086864

Yang X, Zhao L, Li M, Yan L, Zhang S, Mi Z, Ren L, Xu J
(2018) Lidocaine enhances the effects of chemotherapeu-
tic drugs against bladder cancer. Sci Rep 8:598

Yang D, Wang Y, Zheng Y, Dai F, Liu S, Yuan M, Deng Z, Bao
A, Cheng Y (2021) Silencing of IncRNA UCAL1 inhibited
the pathological progression in PCOS mice through the
regulation of PI3K/AKT signaling pathway. J Ovarian Res
14:48

Ye L, Zhang Y, Chen YJ, Liu Q (2019) Anti-tumor effects of
lidocaine on human gastric cancer cells in vitro. Bratisl
Lek Listy 120:212-217

@ Springer

Zhang L, Hu R, Cheng Y, Wu X, Xi S, Sun Y, Jiang H (2017)
Lidocaine inhibits the proliferation of lung cancer by reg-
ulating the expression of GOLT1A. Cell Prolif 50:e12364

Zhang Y, Jia J, Jin W, Cao J, Fu T, Ma D, Zhang Y (2020)
Lidocaine inhibits the proliferation and invasion of hepa-
tocellular carcinoma by downregulating USP14 induced
PI3K/Akt pathway. Pathol Res Pract 216:152963

Zhang N, Liu X, Zhuang L, Liu X, Zhao H, Shan Y, Liu Z,
Li F, Wang Y, Fang J (2020) Berberine decreases insulin
resistance in a PCOS rats by improving GLUT4: Dual
regulation of the PI3K/AKT and MAPK pathways. Regul
Toxicol Pharmacol 110:104544

Zhao H, Zhou D, Chen Y, Liu D, Chu S, Zhang S (2017) Ben-
eficial effects of Heqi san on rat model of polycystic ovary
syndrome through the PI3K/AKT pathway. Daru 25:21

Zhao L, Ma N, Liu G, Mao N, Chen F, Li J (2021) Lidocaine
inhibits hepatocellular carcinoma development by modu-
lating circ_ITCH/miR-421/CPEB3 axis. Dig Dis Sci
66:4384-4397

Zheng W, Nagaraju G, Liu Z, Liu K (2012) Functional roles
of the phosphatidylinositol 3-kinases (PI3Ks) signaling in
the mammalian ovary. Mol Cell Endocrinol 356:24-30

Zheng Y, Hou X, Yang S (2019) Lidocaine potentiates SOCS3
to attenuate inflammation in microglia and suppress neu-
ropathic pain. Cell Mol Neurobiol 39:1081-1092

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.



	Protective effects of lidocaine on polycystic ovary syndrome through modulating ovarian granulosa cell physiology via PI3KAKTmTOR pathway
	Abstract 
	Introduction
	Materials and methods
	Cell lines and culture
	3-45-dimethylthiahiazo (-z-y1)-35-di- phenytetrazoliumromide (MTT) assay
	Flow cytometry
	Western blotting
	Reverse transcription-quantitative
	Statistical analysis

	Results
	Lidocaine inhibits the proliferation and induces the apoptosis of KGN human ovarian granulosa cell tumor cells
	Lidocaine inhibits the PI3KAKTmTOR signaling pathway in KGN ovarian granulosa cell tumor cells
	PI3KAKT agonist, IGF-1, reverses the inhibitory effect of lidocaine on the PI3KAKTmTOR signaling pathway
	PI3KAKT agonist, IGF-1, reverses the effect of lidocaine on KGN human ovarian granulosa cell tumor cells

	Discussion
	Acknowledgements 
	References




