Journal of
Cancer Research and Therapeutic Oncology

JScholar

Formononetin Inhibits the Development of NSCLC by Targeting HK1 to Reduce
Glycolysis Levels

Pu Jiang', Xiao-peng Wang’, Fu-hui Zhang’, Sheng-jie Luan’ and Zi-rui Tan"

'Department of Thoracic, The Fourth Hospital of Hebei Medical University, 12 Health Road, Shijiazhuang, Hebei, 050011, PR
China

’Department of ChemoRadiotherapy oncology, The center Hospital of QingHe county, 80 SanYang East road, Qinghe HeBei,
054800, PR China

‘Department of Radiation and chemotherapy division, Tangshan People’s Hospita, 65 shengli Road, lu nan District, tangshan

City, Hebei Province, PR China

‘Corresponding Author: Zi-rui Tan, Department of Thoracic, The Fourth Hospital of Hebei Medical University, 12 Health
Road, Shijiazhuang, Hebei, 050011, PR China, PR China. Tel: +86-17732868445; E-mail:17732868445@163.com

Received Date: April 10,2024 Accepted Date: May 10, 2024 Published Date: May 13, 2024

Citation: Pu Jiang, Xiao-peng Wang, Fu-hui Zhang, Sheng-jie Luan, Zi-rui Tan (2024) Formononetin Inhibits the Develop-
ment of NSCLC by Targeting HK1 to Reduce Glycolysis Levels. ] Cancer Res Therap Oncol 12: 1-13

Abstract

Background: This study aims to explore the mechanism of formononetin in preventing the occurrence of non-small cell lung can-
cer(NSCLCQC).

Methods: To explore the sequence of COX-2 overexpression and the occurrence of NSCLC through animal experiments, and verify
the effect of formononetin in preventing the occurrence of NSCLC. To explore the mechanism of formononetin in NSCLC in cell ex-

periments.

Results: The expression of COX-2 increased at 15 weeks (precancerous lung tissue) and 20 weeks (lung cancer tissue) after urethane
treatment. The incidence of lung cancer and the expression of COX-2 in the tissues of mice treated with formononetin were signifi-
cantly reduced compared with control. Formononetin inhibited the proliferation of NSCLC cells in a dose-dependent manner. For-
mononetin inhibited the cell cycle of NSCLC cells, cells in G1 phase increased significantly, while cells in S phase decreased significant-
ly. Formononetin significantly inhibited glycolysis of NSCLC cells. Formononetin significantly reduced the expression levels of
COX-2, cyclin D1 and HK1 in NSCLC cells and HK1 is a direct target of formononetin.

Conclusion: Formononetin has an anti-NSCLC effect by inhibiting aerobic glycolysis. It reversed the progression of NSCLC before

the occurrence of NSCLC by suppressing inflammation.
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Introduction

Lung cancer is the most common malignant tu-
mor in the world, and it is also the main cause of death
from malignant tumors in the world [1]. Lung cancer is
mainly divided into non-small cell lung cancer (NSCLC)
and small cell lung cancer (SCLC). Among them, non-small
cell lung cancer accounts for 85% of lung cancers and its
main pathological types are squamous cell carcinoma and
adenocarcinoma [2]. Although the diagnosis and treatment
of NSCLC have made significant progress, the 5-year survi-
val rate is still only 15-20% [3,4]. Preventing the occurrence
of NSCLC is the main way to reduce the incidence of NS-
CLC and relieve the pressure on the social medical system.
Studying the pathogenesis of NSCLC helps to find ways to
prevent NSCLC.

Some traditional Chinese medicine compound pre-
scriptions have been proven to inhibit the progression of
lung cancer. Lin [5] and Jiang’s [6] research showed that
Yangzheng Xiaoji has a significant role in reducing the mi-
gration and invasion of lung cancer. The main ingredient of
Yangzheng Xiaoji is astragalus, and formononetin, an
isoflavone component isolated from astragalus, is reported
to have an inhibitory effect on malignant tumors [7,8]. For-
mononetin may be the molecular basis for Yangzheng Xiao-
ji to exert its anti-cancer effect. Formononetin has various
effects such as anti-inflammatory and anti-oxidative stress
and studies have reported that formononetin could inhibit
inflammation in mice by inhibiting COX-2 [9,10]. COX-2 is
a common inflammatory index protein and an important
ratelimiting enzyme in prostaglandin synthesis which can
interfere with the angiogenesis and metastasis of malignant
tumors [11,12]. Some studies have shown that inhibiting
COX2 could inhibit the progression and metastasis of NS-
CLC [13,14]. Inflammatory factors are closely related to the
pathogenesis of NSCLC [15]. However, the causal relation-
ship between the overexpression of COX-2 and the occur-
rence of NSCLC is not clear. Whether the overexpression of
COX-2 leads to the occurrence of cancer or the progress of
cancer induces the overexpression of COX-2 remains to be
studied. If the overexpression of COX-2 precedes the occur-
rence of NSCLC, can drugs inhibit COX-2 to prevent the oc-
currence of NSCLC? In this study, we verified the sequence

between COX-2 overexpression and the occurrence of NS-
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CLC in animal experiments, and verified that whether for-
mononetin could prevent the occurrence of NSCLC by in-

hibiting COX-2 mediated inflammation.

Materials and Methods
Animals and Experimental Design

All experimental animals were C57BL/6 mice
purchased from Beijing Vital River Laboratory Animal
Technology. All mice were treated with urethane (Sigma,
USA) in drinking water from 6 weeks of age to establish a
lung cancer model. The concentration of urethane in drink-
ing water is 20mg/100ml. The animals were weighed weekly
and monitored daily. From each group, 12 mice were sacri-
ficed at 15 and 20 weeks after chemical carcinogen treat-
ment, and were sacrificed for tumor evaluation and related

gene expression profiling studies.

Immunohistochemistry

The COX-2 expression levels were determined by
IHC. The reagents were purchased from Shanghai Lanyi
Technology Co., Ltd., and the kit instructions were strictly
followed. Make paraffin sections, bake them for later use, de-
wax and hydrate with conventional xylene, block and inacti-
vate endogenous peroxidase, then perform antigen retrieval,
use citrate buffer as the antigen retrieval solution, and add
10% to the sections. The normal goat serum was blocked to
reduce the background, the phosphate buffered saline (PBS)
was removed after the serum was removed, followed by an-
ti-COX-2 antibody (1:250; CST, USA) overnight at 4°C. Af-
ter cleaning with PBS, the sections were then incubated
with HRP-conjugated anti-rabbit IgG (ZSGB-BIO, China)
for 45 min at 37°C. Then, 0.04% diaminobenzidine and
0.03% hydrogen peroxide solution were added for color de-
velopment, and the staining depth was controlled under a
microscope. Rinse with distilled water to terminate the stain-
ing, and counterstain with hematoxylin for 30 s. After rins-
ing with double distilled water for several times, it was dehy-
drated and transparent, and then observed under a micros-

cope.
Cell Lines

A-549 and HCC827 cell lines were obtained from

China Infrastructure of Cell Line Resources.
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CCK-8 Assays

Pre-experimental results showed that when the
concentration of Formononetin was 0.001uM/ml, there was
no significant difference between the control groups in
CCK-8 results, while the results showed significant differ-
ence when the concentration was 0.003uM/ml. The control
cells were completely overgrown at 72 hours, so the experi-
ment time was set to 48 hours. The cells were seeded in a
96-well plate at 2x107/L, 100 L per well, and 5 replicate
wells in each group. After 24 hours, remove the 96-well
plate on which the cells have adhered, discard the old medi-
um, and add different concentrations of Formononetin
(0.003uM/ml and 0.006uM/ml) for 12, 24, 36and 48 hours
respectively. The control group only contained cells and cul-
ture medium. Then add 100 pL of 10% CCK-8 working solu-
tion to each well. After completion, incubate in an incuba-
tor for 4 hours, and measure the absorbance (OD) value
with a microplate reader at a wavelength of 450 nm.The ex-

periment was repeated 3 times in parallel.
Flow Cytometry (FCM) Assays

After trypsinization to collect the pretreated cells,
the cells were washed by PBS and resuspended to adjust the
cell concentration to 1x10°/L. Add pre-cooled 70% ethanol
to 1x10° cells, fix overnight at 4°C, remove the fixative and
wash the cells twice with pre-cooled PBS. Resuspend the
cells with 100 pL RNase A solution. After mixing, incubate
in a 37°C water bath for 30 min. Add 400uLPI (Propidium
Iodide), mix thoroughly and stain, and react for 30 min at
4°C in the dark. Flow cytometer test on the machine, record-
ing the red fluorescence at the excitation wavelength of
488nm.

Seahorse Assays

After treatment with formononetin for 48 hours,
A-549 and HCCB827 cells were plated in XF96 Cell Culture
Microplates at an initial cellular density of 1 x 104 cells/well

the day before determination. A Seahorse Extracellular Flux
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(XF96e) Analyzer and the Agilent Seahorse XF Glycolytic
Rate Assay Kit were used to measure the extracellular acidifi-
cation rate (ECAR), reflecting the glycolytic level of live EC
cells. The specific experimental procedures were performed

according to the manufacturer's instructions.

Western Blot Analysis

After the pre-treated cells were digested and cen-
trifuged, they were washed 3 times with pre-cooled PBS,
mixed with 1x protein extract according to the number of
cells, and incubated on ice for 30 min. Centrifuge at 12 000
x g for 10 min in a low-temperature centrifuge. After aspi-
rating the supernatant and mixing it with the loading buf-
fer, boiling water for 10 minutes. After preparing 8% (Acr-
Bis) separation gel and concentrated gel, load the same
amount, prepare fast electrophoresis solution, and turn on
the power for electrophoresis, 140 V for 30 min. After the
electrophoresis, the gel was cut and transferred, and the
film was transferred at a constant current of 300 mA for 90
minutes. After the transfer, the film was sealed with 5%
skimmed milk powder for 1 hour, and the cleaning solution
(Tris-Buffered Saline 20, TBST) was washed 4 times on a
shaker, 5 min each time. The membranes were incubated
with antibody (anti-COX-2, 1:1,500, CST, USA; anti-Cy-
clinD1, 1:1,500, CST, USA; anti-HK1, 1:1,000, CST, USA;
anti-GAPDH, 1:5,000, SIGMA, USA) at 4°C overnight,
washed three times with TBST. Incubate the polyvinylidene
fluoride membrane (PVDF) with the diluent of the se-
condary antibody for 1 hour again, wash with the TBST
cleaning solution 5 times, prepare the color mixing solu-
tion, incubate the PVDF membrane with the color solution

for 30 s, and develop on the imager.
Statistical Analysis

The experimental data was statistically analyzed
with Excel and SPSS 21.0 software. The quantitative results
are shown as mean+SD. The comparison of the rates be-
tween groups adopts the X’ test or Fisher's exact probability

method.
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Results

The Formononetin Treatment Reduced the Inci-
dence of Lung Cancer and Decreased the Expression
of COX-2 in Mice

There was no accidental death of mice in each
group. The mice in the each group gradually gained weight
and breathed normally. The weight difference began to ap-
pear in the 14th week after the start of cancer induction,
and the formononetin group was significantly higher than

the control group (Figure 1A).

As shown in the experimental, the histological ex-
amination revealed that lungl cancer was detected in con-
trol mice at 15 weeks (3/12), and was not detected in for-
mononetin-treated mice at 15 weeks (0/12). And the cut-off
date was at the 20th week after urethane-treated. The inci-
dence of formononetin-treated mice was significantly lower
than that of control mice at the 20th week (5/12 VS 11/12, P
< 0.05) (Figure 1B).

To investigate the levels of key inflammation mark-
ers during cancer development, IHC was performed. Both
the precancerous lung (15 weeks) and the lung cancer tis-
sues (20 weeks) showed high expression of COX-2 in con-
trol mice, COX-2 expression levels have increased before
the occurrence of lung cancer. The expression of COX-2 in
formononetin-treated mice was decreased compared with
controls both in precancerous lung (15 weeks) (COX-2 posi-
tive rate: 2/12 VS 8/12, P < 0.05) and the lung cancer tissues
(20 weeks) (COX-2 positive rate: 6/12 VS 12/12, P < 0.05)
(Figure 1C-D).

The Effect of Formononetin on NSCLC Cells

To study the mechanism by which formononetin

inhibits lung cancer progression, the NSCLC cell lines
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A-549 and HCC827 were treated with different concentra-
tions of 0.003uM/ml and 0.006uM/ml formononetin, respec-
tively, for 24,36,48 hours. Results showed that for-
mononetin inhibited the proliferation of NSCLC cells in a
dose-dependent manner. At 48 hours, 0.003uM/ml and
0.006uM/ml of formononetin reduced the viability by 45%
and 56% in A-549 cell line, and by 36% and 53% in HC-
C827 cells (Figure 2A). When the concentration of for-
mononetin is 0.003uM/ml, it can not only significantly in-
hibit the proliferation of NSCLC cell lines, but also main-
tain the activity of NSCLC cell lines, which is conducive to
the follow-up experiment. Therefore, 0.003uM/ml is used as
the experimental concentration in the follow-up experi-
ment. NSCLC cell lines A-549 and HCC827 were treated
with a concentration of 0.003uM/ml formononetin for 48
hours, respectively. According to the results of flow cytome-
try analysis, cells in G1 phase was increased by 11%, while
cells in S and G2 phase was decreased significantly in A-549
cell line treated with formononetin. And in HCC827 cell
line, cells in G1 phase was increased by 12% and cells in S
and G2 phase was decreased significantly with for-

mononetin treated (Figure 2B).
The Mechanism of Formononetin on NSCLC Cells

A-549 and HCCB827 were treated with
0.003uM/ml formononetin. RT-qPCR was used to detect
the expression levels of CDK4, CDK6, CyclinD1 and
COX-2, the key genes in the cell cycle transition from G1 to
S. The results showed that the expression levels of CyclinD1
and COX-2 mRNAs were decreased by formononetin and
the levels of CDK4 and CDK6 were no change both in
A-549 and HCC827 cells (Figure 3A). We further tested the
expression levels of CyclinD1 and COX-2 proteins by West-
ern Blot, and the results showed that the expression of Cy-
clinD1 and COX-2 proteins were also decreased by for-
mononetin both in A-549 and HCC827 cells (Figure 3B).

J Cancer Res Therap Oncol 2024 | Vol 12: 202



A (g 30
E 25
E
e 20
=
=
B 15 —+— Blank
—— Control
- Formonansstin
& s
ﬂ T T 1 T T T 1 T T T T T T T 1 T T T T 1
12345678 91011121314151617181920 (Weeks)
B C
1.2 B Control v 1.2 o Econtrol
'é'u Formicnaon tin % Formomnans tin
= 1.0 ] 1 -
s & s
E 0.8 g 0.8 -
g : :
¥ = 0.6 0.6 -
28 . 2
£ g 04 I E 04 - *
2 & *
= 0.2 - 0.2
* *
ﬂ-ﬂ - T 1 ﬂ -l T 1
15W 20W 15W 20W
ey
o "
D § Ny »
- ’
" ¥
' ’ F
15W 3 & -
cox-2 £l g
.t
[ ] a " . 5 -
L 5 - e e i
1 E'ﬂ- - -
l"'f - # ﬂ ] e
. " - I.i---:. -.ﬂ N
e P ; -

COx-2

0w &
P

Formononetin
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thane treatment. (C-D) COX-2-positive rate in lung tissues of mice at week 15 and 20 after urethane treatment.
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Formononetin Targets and Decreases the Expres-
sion of HK1

We searched the target genes of formononetin
through TCMSP and PharmMapper and found that for-
mononetin could target HK1 protein. HK1 is the rate-limit-
ing enzyme of glycolysis. We simulated the interaction be-
tween formononetin and HK1 through molecular docking.
Formononetin could be linked with HK1 through hydrogen
bonds located at the 105th and the 253th THR (Figure 4A).
The binding energy is -7.8 kcal/mol, which indicates that it
could bind spontaneously and that the binding is stable. To
determine how the HKI protein was changed by for-
mononetin treatment, we detected the expression level of

HK1 protein, and the results showed that formononetin sig-
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nificantly inhibited the expression level of HK1 protein (Fig-
ure 4B). Then, we tested the effects of formononetin on the
level of aerobic glycolysis by ECAR. The results showed that
formononetin significantly inhibited aerobic glycolysis lev-
els in both A-549 and HCC827 cells (Figure 4C).

Discussion

Chronic inflammation is closely related to the de-
velopment of lung cancer [16-18]. COX-2 is an important
protein associated with inflammation and tumors [19-21].
Jin et al showed that in the process of inducing the
esophageal cancer in mice, the elevated level of COX-2 ex-
pression preceded the occurrence of cancer [22]. We first

conducted a mice cancer induction experiment to detect the
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expression level of COX-2 in mice lung tissue at different
times during the onset of lung cancer. In the experimental
group, formononetin was added to mice to test its effect on
preventing lung cancer. At 15 weeks (precancerous lung tis-
sues) and 20 weeks (lung cancer tissues) after urethane-treat-
ment, IHC showed that the expression of COX-2 in lung tis-
sues or lung cancer tissues increased. The results show that:
before the occurrence of lung cancer, the expression level of
COX-2 has increased. This is consistent with the results of
Jin et al. Compared with the control group, the incidence of
lung cancer and the expression of COX-2 in the tissues of
the mice treated with formononetin were significantly re-
duced. The experimental results show that formononetin
can inhibit the occurrence of lung cancer by reducing the ex-
pression of COX-2.However, the mechanism by which for-
mononetin acts on the pathogenesis of NSCLC through
COX-2 is still unclear.

In order to explore the mechanism of for-
mononetin on NSCLC, we further carried out cell experi-
ments. First, we verified that formononetin has an inhibito-
ry effect on NSCLC cell lines. We treated NSCLC cell lines
A-549 and HCCS827 with concentrations of 0.003uM/ml
and 0.006uM/ml formononetin for 12, 24, 36, and 48 hours,
respectively. According to the results of CCK-8, we found
that formononetin inhibited the proliferation of NSCLC
cells in a dose-dependent manner. COX-2 has been shown
to promote the progression of lung cancer by promoting the
cell cycle [23]. Therefore, we further examined the effect of
formononetin on the cell cycle. NSCLC cell lines A-549 and
HCC827 were treated with formononetin at a concentration
of 0.003uM/ml for 48 hours. According to the results of
flow cytometry analysis, compared with the control group,
the cells treated with formononetin in the G1 phase in-
creased significantly, while the cells in the S phase decreased
significantly [24]. Cells enter the cell cycle indefinitely, lead-
ing to enhanced cell proliferation, which plays an important
role in the occurrence of cancer. Studies have shown that ar-
rest non-small cell lung cancer cells in G1 phase can signifi-
cantly inhibit the proliferation of cancer cells [25-27]. Our
experimental results show that formononetin can inhibit
cancer cell proliferation by preventing cancer cells from en-
tering the cell cycle. The results were consistent with our ex-
pectations that formononetin may inhibit the cell cycle by

inhibiting COX-2 expression.
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In order to explore how formononetin prevents
cancer cells from entering the cell cycle. We used for-
mononetin to process A-549 and HCC827.RT-qPCR and
Western blotting were used to detect the expression levels
of CDK4, CDK®, CyclinD1 and COX-2, the key genes in the
cell cycle transition from G1 to S. The results showed that
compared with the control group, formononetin significant-
ly reduced the expression levels of COX-2 and Cyclin D1
mRNA and protein in the A-549 and HCC827 cell lines. Cy-
clin D1 is an important protein for cell cycle regulation, and
it plays a central role in the cancer pathogenesis of immor-
tal proliferation of cancer cells [28]. Uncontrolled transcrip-
tion, accumulation and ubiquitination of Cyclin D1 and its
homologous CDK can lead to uncontrolled cell growth.
Therefore, Cyclin D1 is considered to be a carcinogenic driv-
ing factor for various cancers such as lung cancer, breast
cancer and melanoma [29]. According to the results of ani-
mal and cell experiments, it was confirmed that for-
mononetin can inhibit the expression of COX-2 and Cyclin
D1 in NSCLC cells, thereby arresting the cells in the G1
phase, thereby inhibiting the occurrence of NSCLC.

We further analyzed the direct targets of for-
mononetin and found that formononetin could bind to
HK1 spontaneously and stably through hydrogen bonding
and decrease the expression of HK1.HK1 is the rate-limit-
ing enzyme of glycolysis, and formononetin inhibits glycoly-
sis by inhibiting HK1. The G1 phase of the cell cycle is the
early stage of DNA synthesis. The main function of G1 is to
synthesize RNA and ribosomes, which require a large
amount of energy and materials. Aerobic glycolysis can pro-
duce a large amount of ATP quickly, as well as a large num-
ber of metabolites, which can provide energy and materials
for tumor progression [30]. These results explained the
mechanism by which formononetin arrested the cell cycle
in the G1 phase. Glycolysis is inhibited by formononetin, re-
sulting in insufficient energy and material supply, what ar-
rested the cell cycle in the G1 phase. At the same time, in-
creased levels of glycolysis could enhance inflammation
[31]. Formononetin could reduce inflammation by inhibit-

ing glycolysis.

In short, it was demonstrated that formononetin
has an anti-NSCLC effect by inhibiting aerobic glycolysis. It

reversed the progression of NSCLC before the occurrence
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of NSCLC by suppressing inflammation, indicating that for-
mononetin has the potential to be a drug that prevents NS-
CLC.
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