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1 Introduction

Astragali radix total flavonoid synergizes cisplatin
to inhibit proliferation and enhances the
chemosensitivity of laryngeal squamous cell
carcinomat

Jiajia Cui,1°" Xiwang Zheng,®" Dongli Yang,1?® Yinghuan Hu,®" Changming An,°

Yunfeng Bo,® Huizheng Li," Yuliang Zhang,®" Min Niu,?" Xuting Xue,®” Yan Lu,®
Yemei Tang,®® Hongyu Yin,?® Zhenyu Li, €2 *¢" Wej Gao (2 *3*" and Yongyan Wu

Laryngeal squamous cell carcinoma (LSCC) is the most common head and neck cancer. Astragali radix
extracts play crucial roles in the regulation of cancer progression. However, the role of Astragali radix
extracts in LSCC and the related mechanisms remains unclear. Here, we evaluated the inhibitory effects
of the combined use of Astragali radix total flavonoid (TFA) and cisplatin (CDDP) on an LSCC mouse
model by pharmacodynamics. Ultra-high-performance liquid chromatography tandem mass
spectrometry (UPLC-MS/MS) was employed to define the prototype of TFA in vivo. The potential drug
targets were identified through the integrative analysis of LSCC microarrays, RNA sequencing data and
the main bioactive component of TFA. Furthermore, a protein—protein interaction network, compound-
target network and target—pathway network were constructed based on the prototype and potential
drug targets to identify the main targets and pathways. Animal experiments showed that TFA has
significant synergistic antitumor activity with cisplatin and attenuates the nephrotoxicity caused by CDDP
chemotherapy, improving the survival of LSCC-bearing mice. Using UPLC-MS/MS, we identified 8
constituents of TFA in experimental mice serum: formononetin, ononin, calycosin, calycosin-7-O-3-D-
glucoside, 7,2'-dihydroxy-3’,4'-dimethoxyisoflavan, 7,2'-dihydroxy-3',4’-dimethoxyisoflavaneglucoside,
3-hydroxy-9,10-dimethoxypterocarpan and 9,10-dimethoxyptercarpan-3-O-B-b-glucoside. Integrative
analysis predicted 19 target genes for TFA constituents, and the target genes were mainly involved in the
EGFR-related cancer signaling, metabolism and oxidative stress. Collectively, these findings highlight the
role of TFA in the regulation of LSCC and provide potential targets for a high-efficiency and low-toxicity
therapeutic strategy of LSCC.

ideal adjuvant treatment for LSCC. Cisplatin (CDDP) as a first-
line agent or after being combined with paclitaxel or carbopla-

LSCC is the most common head and neck squamous cell
carcinoma (HNSCC)." Despite recent advances in oncological
and surgical treatments, the prognosis of advanced LSCC
remains extremely poor.> Hence, chemotherapy becomes an
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tin has been used for LSCC treatment.** However, the severe
adverse reactions of systemic chemotherapy are unavoidable
because of poor chemosensitivity and increased cytotoxicity
effects due to multidrug combinations.® Therefore, the key
point to improve the prognosis of LSCC is the development of
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a therapeutic strategy with enhanced tumor sensitivity to
chemotherapy and low toxicity to normal cells.

Medicinal plants and extracts have been used as chemo-
therapeutic agents, chemopreventive agents or chemosensitizer
agents in cancer.”® Astragali radix (AR) has been used for
centuries as a reinforcing vital energy herb in Chinese medi-
cine.” Recent studies link AR with cancer proliferation, anti-
oxidation, relief of complications in cardiovascular diseases
and chemopreventive efficiency.”"* AR extracts show protective
effects during oxaliplatin-induced lipid peroxidation, protein
carbonylation, and DNA oxidation.'* Flavonoids are the main
types of bioactive substances in AR extracts. Flavonoids inhibit
multidrug resistance and have excellent safety and tolera-
bility.**** Hence, we proposed that Astragali radix total flavonoid
(TFA) can sensitize LSCC to chemotherapy.

In this study, we evaluated the effects of TFA and CDDP on
an LSCC xenograft model. UPLC-MS/MS identified bioactive
ingredients in the serum of TFA-treated mice. The target genes
of TFA and the related signaling pathways were investigated by
the integrative analysis of the TFA bioactive ingredients, LSCC
microarrays and RNA sequencing data. In addition, we con-
structed a protein-protein interaction (PPI) network,
compound-target (C-T) network and target-pathway (T-P)
network to reveal the possible mechanisms of the TFA syner-
gistic anti-tumor effect.

2 Methods

2.1 Extract preparation

Astragali Radix was purchased from Shanxi Datong Materials
Market (Hunyuan, China) on September 2016 and identified as
the roots of A. membranaceus var. mongholicus by Professor
Zhenyu Li. The preparation and chemical composition charac-
terization of the TFA extract have been reported in our previous
study.” Briefly, 2.5 kg of Astragali Radix was smashed and
soaked in distilled water at room temperature and then
extracted by refluxing (1 : 10, w/v) first for 2 h and then (1 : 8, w/
v) for 2 h. The filtrates were combined and concentrated in
a rotary evaporator. The concentrated solution was further
separated using an AB-8 macroporous resin, which was eluted
sequentially with distilled water, 10% ethanol, and 35%
ethanol. The 35% ethanol eluate was concentrated and
portioned three times with ethyl acetate to afford TFA. Next,
nuclear magnetic resonance and LC-MS were performed to
determine the amount of flavonoids in TFA, and the content of
flavonoids in TFA used in this study was found to be 40-60%.

2.2 Cell culture and reagents

The human LSCC cell line HEp-2 (China Center for Type Culture
Collection, Wuhan, China) was maintained in DMEM supple-
mented with 10% fetal bovine serum (Biological Industries, CT),
100 U mL™" penicillin, and 0.1 mg mL™" streptomycin in
a humidified incubator with 5% CO, at 37 °C.

Cisplatin (Selleck, Houston, TX) was dissolved in 0.9% saline to
make a 0.5 mM stock solution. The reference standards for-
mononetin,  calycosin-7-O-B-p-glucoside,  7,2'-dihydroxy-3',4'-
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dimethoxyisoflavan, 7,2'-dihydroxy-3',4’-dimethoxyisoflavanegluco-
side, 3-hydroxy-9,10-dimethoxypterocarpan and 9,10-dimethox-
yptercarpan-3-O-8-p-glucoside were obtained from Shanghai
Everlasting Biotechnology Co. Ononin and calycosin were obtained
from Chengdu Manst Co. LC-MS-grade acetonitrile and formic acid
were obtained from Thermo Fisher (USA). Ultrapure water (18.2 MQ)
was supplied with a Milli-Q system (Millipore, France). Other
reagents were of analytical grade.

2.3 Animal experiments

Animal experiments followed the Health Guide for the Care and
Use of Laboratory Animals and were approved by the medical
ethics committee of Shanxi Medical University. Specific
pathogen-free (SPF)-grade female BALB/C nude mice (6-8 week-
old) were purchased from Beijing Vital River Laboratory Animal
Technology corporation. All mice were housed in isolation and
ventilation cages in a climate-controlled room with 12 h light-
dark illumination cycles at 23 £+ 1.5 °C and 45 + 15% humidity
and were maintained in the laboratory for 1 week and used for
further experiments if no abnormal behaviors were observed.

2.4 Therapeutic studies in xenografts

For xenograft experiments, 2 x 10° HEp-2 cells were subcuta-
neously injected into the axilla of the right forelimb (0.2 mL per
mouse) of 36 nude mice. The control group ([C], n = 6) had free
access to normal chow and water. Tumor sizes were measured
every 2 days by using a caliper, and the volume was calculated by
L x W? x 0.5, where L and W represent long diameter and short
diameter, respectively. When tumors reached 350 mm?, the
mice were randomly divided into 5 groups (n = 6) for treatment:
(1) low-dose group (12 mg per kg per day TFA + 1 mg per kg per
day CDDP, intraperitoneally [ip]); (2) medium-dose group
(24 mg per kg per day TFA + 1 mg per kg per day CDDP, ip); (3)
high-dose group (48 mg per kg per day TFA + 1 mg per kg per day
CDDP, ip); (4) positive control group (CDDP, 1 mg per kg per day
for 20 days); and (5) the model (M) group (given equal amounts
of saline). Body weights were measured every 2 days during the
experimental period. Mice were killed, and the tumors were
harvested, weighed, and photographed at endpoint. The excised
organs including liver, kidneys, spleen, lungs and heart of each
mouse were trimmed of any adherent tissue and weighed. Gross
necropsy was performed for all dissected organs and tissues.

2.5 Prototype identification of TFA in vivo

Three SPF-grade subcutaneous tumor-bearing nude mice were
randomly numbered 1, 2 and 3. The mice were allowed free
access to water and fasted for 12 h before the experiment. The
control serum samples were taken from the eyeballs of mice 1
and 2 after anesthesia. We intraperitoneally injected mouse 3
with TFA combined with CDDP (48 mg kg™~ ' TFA and 1 mg kg™*
CDDP, ip). At 30 min after administration, serum was taken
from eyeballs. The supernatants were stored at —80 °C.

This journal is © The Royal Society of Chemistry 2019
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2.6 Assessment of tumor response

The growth curve and tumor growth inhibition rate [R = (1 — 7/
C) x 100%] were used to evaluate the effects of each treatment,
where T and C represent the mean tumor weights (mg) of
treated groups and the model group (M), respectively. R = 40%
is considered significant antitumor activity.*®

2.7 Hematoxylin-eosin (HE) staining

All tissues were fixed with 4% paraformaldehyde for 24 h; then,
they were embedded in paraffin, sectioned at 3 pm, and stained
with HE. Finally, the sections were reviewed by a pathologist to
confirm the diagnosis.

2.8 Immunohistochemistry (IHC) analysis

Tissue sections were de-paraffinized and heated and antigen
retrieval with citrate buffer solution (pH 7.4) was carried out
using high pressure. Endogenous peroxidase activity was
blocked with 3% hydrogen peroxide, followed by blocking with
normal goat serum for 40 min at room temperature. Anti-Ki67
(MAX, Ready-to-use) antibody were incubated overnight at
4 °C and then incubated with biotin-conjugated goat anti-
rabbit/mouse IgG secondary antibody for 30 min at room
temperature. Visualization was performed with a DAB detection
system. Slides were scanned on a Panoramic digital slide
scanner.

2.9 TFA prototype identification by UPLC-MS/MS

Mixed standard product pretreatment. Each reference
substance was accurately weighed and prepared with methanol.
A proper amount of each reference substance was mixed and
stored at 4 °C.

TFA sample pretreatment. A sample containing 5 g mL
TFA in methanol was passed through a 0.22 mm pore-size
syringe filter, and an aliquot of 2 pL was injected into the
column.

Serum sample pretreatment. First, 200 puL thawed serum
sample was immediately treated with 2 pL formic acid and
extracted with 200 pL methanol for 3 times. The serum proteins
were precipitated with 2 mL methanol before dryness. The
residue was reconstituted in 100 uL methanol prior to UPLC-
MS/MS analysis.

2.10 Chromatography and MS conditions

The Thermo Fisher U3000 system was fitted with a Waters HSS
T3 column (2.1 x 100 mm, 1.7 um, Waters, USA) with an ESI ion
source. The elution procedure used was previously reported by
Zhang WN." The Z-spray ionization source was maintained at
300 °C with spray voltage of 3.5 kV in the positive ionization
mode. Capillary temperature 320 °C, lens voltage 55 kPa, mass
resolution 70 000, and mass scan range 80-1500 m/z in the full-
scan mode were maintained. The exact mass of the compounds
was calculated by using Qual browser in Xcalibur 2.3.1 (Thermo
Fisher).

This journal is © The Royal Society of Chemistry 2019
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2.11 System pharmacology analysis

TFA primary constituent drug target prediction. The 8
prototype constituents of TFA were defined in vivo: formononetin,
ononin, calycosin,calycosin-7-O-p-p-glucoside, 7,2/-dihydroxy-3,4'-
dimethoxyisoflavan,7,2'-dihydroxy-3',4’-dimethoxyisoflavanegluco-
side, 3-hydroxy-9,10-dimethoxypterocarpan, and 9,10-dimethox-
yptercarpan-3-O-B-p-glucoside. The protein targets of these
compounds were predicted by a similarity ensemble approach§
and Swiss Target Prediction,q a chemical similarity searching-
based prediction method recognized worldwide for its accuracy.
We also used TCMSP|| to collect more protein targets in TFA. Using
the name of each TFA constituent as input, 184 distinct protein
targets of TFA were retrieved.

LSCC disease target prediction. LSCC-associated targets
were collected from the database DisGeNet** and the inter-
section of microarray and RNA sequencing data of our lab."”
After amalgamation and weightlessness procedures, 1096
LSCC-associated targets were obtained.

Protein-protein interaction (PPI) network construction. The
common targets of TFA primary constituents and LSCC were
imported into the STRING database (v10.5)}t to obtain the
protein interaction relationship, defining the research species
as human. The results were imported into Cytoscape v3.6.1 to
build the protein interaction network.

Compound-target protein docking. To verify the reliability of
the targets, the selected active components and their related
targets underwent molecular docking by using the System Dock
website.f] The corresponding IDs of targets were imported into
the RCSB Protein Data Bank.§§ The matching degree between
the compound and targets was judged by the docking score.

GO and KEGG enrichment analyses. To understand the
potential roles of differentially expressed genes, GO and KEGG
enrichment analyses were used with the online program DAVID.qq

Kaplan-Meier (KM) survival analyses. 111 LSCC samples
RNA-seq FPKM were obtained from the TCGA database.|||| The
differences in patients' over survival between the high-risk
group (n = 56) and the low-risk group (n = 55) in each dataset
were accessed by the Kaplan-Meier survival analyses and
compared by the two-sided log-rank test using the R package
“survival”.

2.12 Statistical analysis

Data are presented as mean + SD. Differences were deter-
mined by two-tailed Student's ¢-test or ANOVA test by SPSS
22.0 (Chicago, IL, USA), with two-tailed P < 0.05 considered
significant.

§ http://sea.bkslab.org/

4 http://SwissTargetPrediction.ch/

|| http://Isp.nwu.edu.cn/tcmsp.php
** http://www.disgenet.org/

+t http://string-db.org/

11 http://systemsdock.unit.oist.jp/

§§ http://www.rcsb.org/pdb/

99 https://david.ncifcrf.gov/home.jsp
Il https://portal.gdc.cancer.gov/
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3 Results

3.1 TFA synergizes with CDDP to inhibit tumor growth in
LSCC mouse xenografts

The effect of TFA combined with CDDP in vivo was evaluated
using a xenograft model. After a combined treatment with TFA
and CDDP, the volumes of the HEp-2 tumors dose-dependently
decreased as compared with that for the model group (M)
(Fig. 1A). In addition, as compared with CDDP alone, the co-
administration of 48 mg kg™’ TFA and CDDP remarkably
inhibited tumor growth.

Compared with the results for the model group, the mean
tumor size and weight for the TFA- and CDDP-treated groups
or for the group treated with only CDDP were reduced
remarkably (Fig. 1B and C). The tumor inhibition rate was
higher with 24 mg kg™ TFA + 1 mg kg~ ' CDDP and 48 mg
kg™ TFA + 1 mg kg ' CDDP compared to that with
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CDDP alone (29.3% and 40.2% vs. 26.8%, respectively)
(Table 1).

The HE staining results revealed that the combination of TFA
and CDDP induced higher tumor cell necrosis as compared with
CDDP alone (Fig. 1D). Moreover, we noted that Ki67 positive cells
substantially decreased in 48 mg kg~' TFA and 1 mg kg~' CDDP-
treated groups as compared to that in the group treated with
CDDP alone. Taken together, we inferred that TFA enhanced LSCC
sensitivity to CDDP in vivo in a dose-dependent manner.

3.2 TFA improved the survival state of CDDP-treated mice

To investigate the safety of TFA and CDDP combination, we
assessed general behavior, body weight, organ coefficients and
pathological morphology. Strikingly, 6 groups showed signifi-
cant differences in body weights although there was no animal
death during the experimental period (Fig. 2A). The loss of body
weight is a typical feature with CDDP chemotherapy. In the co-
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Fig. 1 Pharmacodynamic study of the combined use of TFA and CDDP in vivo. (A) Tumor growth curve in model control group (M), three co-
administration groups of Astragali radix total flavonoid (TFA) and CDDP and CDDP alone group. (B) Tumor size and (C) tumor weight. (D) HE
staining for histopathological examination and immunohistochemistry of the Ki67 level in excised tumors.
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Table 1 Tumor inhibition rate for each group (n = 6 mice in each
group)®

Group Mean tumor weight (g) R
Model group (M) 1.881 £ 0.179 —
12 mg kg ' TFA+ 1 mg kg ' CDDP  1.445 + 0.38* 23.1%
24 mg kg ' TFA + 1 mg kg ' CDDP  1.329 + 0.337* 29.3%
48 mg kg ' TFA + 1 mg kg™' CDDP  1.108 4 0.284** 40.2%
1 mg kg~ ' CDDP 1.378 £ 0.321* 26.8%

“ Data are mean + SD. Compared with M group, *P < 0.05, **P < 0.01.
TFA, Astragali radix total flavonoid; CDDP, cisplatin.

administration group, TFA improved the mouse body weight in
a dose-dependent manner.

Next, we investigated the toxicity of drugs on the animals.
The renal index in the group treated with CDDP alone was
significantly lower than that with other treatments (P < 0.01),
and the addition of TFA significantly improved the renal
index (Fig. 2C). However, the organ indices of heart, liver,
spleen and lung showed no significant change among
different groups (Fig. 2B). The HE staining results showed
that the kidney of the mouse treated with CDDP alone had
serious tubular damage, mainly in the corticomedullary
junction, characterized by tubular dilation, necrosis, vacuo-
lization and formation of hyaline casts, with no effect on
glomeruli (Fig. 2D). The co-treatment with TFA reduced the
number of hyaline casts and the extent of tubular necrosis
induced by CDDP in the corticomedullary area (Fig. 2D).
Thus, TFA attenuated the nephrotoxicity caused by CDDP
chemotherapy.

3.3 Identification of prototype ingredients of TFA

We further detected the potential bioactive ingredients in the
serum of TFA-treated mice. Fig. 3A-D show the base peak
intensity chromatograms of the TFA samples (Fig. 3A), control
serum samples with mixed standard products (Fig. 3B), serum
samples of 48 mg kg ' TFA and 1 mg kg~ CDDP (ip) (Fig. 3C)
and control serum samples in positive ion modes (Fig. 3D). As
a result, MS analysis identified 8 constituents in the serum of
TFA-treated mice: formononetin (named 1), ononin (named 2),
calycosin (named 3), calycosin-7-O-B-p-glucoside (named 4),
7,2/-dihydroxy-3',4’-dimethoxyisoflavan (named 5), 7,2’-dihy-
droxy-3’,4’-dimethoxyisoflavaneglucoside (named 6), 3-hydroxy-
9,10-dimethoxypterocarpan (named 7), and 9,10-dimethox-
yptercarpan-3-O-B-p-glucoside (named 8). The detailed infor-
mation for these constituents is listed in Table 2.

3.4 Potential targets of TFA can sensitize LSCC to CDDP

Next, a network pharmacology strategy was introduced to
explore the mechanisms of multi-ingredient medicine.
Consequently, 184 protein targets (drug targets) were pre-
dicted for the 8 primary TFA constituents. A total of 1096
LSCC-associated targets (disease targets) were collected from
two datasets, of which 114 targets were from DisGeNet** and
996 targets were from the intersection of microarray data (6

This journal is © The Royal Society of Chemistry 2019
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LSCC and 6 paired adjacent normal margin) and RNA
sequencing data (57 LSCC and 57 paired adjacent normal
margin) (Fig. 4A). Venn analysis provided the intersection of
drug targets and disease targets (Fig. 4B). Consequently, 19
candidate targets were identified: EGFR, ERBB2, ERBB4,
MMP1, MMP3, NRAS, NOX4, TOP2A, DRD1, MAOB, ACHE,
CA9, ALDH1A1, ALDH1A2, ALOX12B, ALOX15, DCT, CYP1B1
and DAPK1 (ESI Table S17). We speculated that TFA may target
these genes to achieve a synergistic effect with CDDP
chemotherapy.

3.5 Construction of PPI network with the 19 candidate
targets

The interactions among proteins reflect the regulatory
responses to the intrinsic or extrinsic perturbations of the
pathway. We further constructed a PPI network of the 19
candidate targets of TFA. The highly connected nodes in the PPI
network are called hubs. We noted that EGFR was a hub for TFA-
treated LSCC, which interacted with ERBB2, ERBB4, MMP1,
MMP3, NRAS, NOX4, TOP2A, CA9, and ALDH1A1. This sug-
gested that TFA can function in LSCC through multiple mech-
anisms, and EGFR may be a core target of TFA.

3.6 Interaction between TFA constituents and candidate
targets

To further verify the quality and reliability of assessing protein-
ligand interactions at the atomic level, molecular docking was
used to model the interactions among the 8 compounds with
potential molecular mechanisms in TFA and PPI network
protein targets. Based on the molecular docking information,
we constructed a compound-target (C-T) network. In the C-T
network, 8 components of TFA could be docked with the
candidate targets EGFR, ERBB2, ERBB4, MMP3, MMPI,
ALDH1A, ALDH1A2, TOP2A, MAOB, ALOX15, NRAS, ACHE and
DAPK1 with high docking scores (docking score > 4.52) (Fig. 5A,
ESI Table S27). Particularly, the flavonoid glycoside components
ononin, calycosin-7-O-B-p-glucoside, 7,2’-dihydroxy-3’,4’-dime-
thoxyisoflavaneglucoside and 9,10-dimethoxyptercarpan-3-0-§-
p-glucoside and 3-hydroxy-9,10-dimethoxypterocarpan (7) could
bind to targets tightly, suggesting that they were the main
contributors to the synergistic tumor inhibitory effect on LSCC
by regulating these targets.

3.7 Construction and analysis of target-pathway (T-P)
network

To better understand the pharmacological mechanisms of the
TFA synergistic effect with CDDP to inhibit LSCC, the 19 targets
were annotated through Gene Ontology (GO) and Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathway analysis. GO
analysis suggested that the target genes are involved in the
process of oxidation-reduction, regulation of apoptosis, and cell
proliferation (Fig. 6A). Furthermore, the KEGG pathway analysis
results revealed that the 19 targets are enriched in PI3K-Akt,
ErbB, and calcium signaling pathways (Fig. 6B). Interestingly,
we found that EGFR is involved in half of these pathways (6 out
of 12), followed by ERBB2 and ERBB4 (5 out of 12). The Kaplan-

RSC Adv., 2019, 9, 24471-24482 | 24475
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Meier analysis of TCGA cohorts revealed that the upregulation
of EGFR, MMP1 and MMP3 was associated with poor outcomes
with LSCC (Fig. 6C-E).

Moreover, we found that the targets ALOX12B, ALOX15,
ALDH1A1, ALDH1A2, DCT, MAOB, CYP1B1 and TOP2A were
involved in metabolism pathways, including arachidonic acid
metabolism, retinol metabolism, tyrosine metabolism, trypto-
phan metabolism, and platinum drug resistance (Fig. 6B).
Taken together, our data indicated that the TFA constituents
regulate cancer-associated pathways and metabolism in LSCC,
thus inhibiting tumor growth and enhancing tumor sensitivity
to chemotherapy.
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4 Discussion

Laryngeal squamous cell carcinoma is the second highest
incidence of HNSCC, especially in the northern area of China.?
Cisplatin (CDDP)-based chemotherapy is associated with
significant chemoresistance and toxicity but has been adopted
for LSCC. The low cure rate in LSCC is partly due to the lack of
an effective chemotherapeutic strategy.>* The combination of
traditional Chinese medicines with conventional chemothera-
peutic drugs has become an alternative way to improve the
outcome of cancer treatment.® Particularly, emerging evidence
has proved that the traditional Chinese medicine Astragali radix
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Fig.2 TFA reduces the nephrotoxicity caused by CDDP chemotherapy. (A) Body weight among the 6 groups including health control (C), model
control (M), three co-administration groups of Astragali radix total flavonoid (TFA) and CDDP alone groups. (B) Organ toxicity coefficients for
heart, liver, spleen and lungs. (C) Kidney organ toxicity coefficients. (D) HE pathological morphology of kidney.
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Fig. 3 Base peak intensity (BPI) chromatograms of samples in positive ion modes. (A) TFA sample. (B) Control serum sample containing mixed
standard products. (C) Serum sample from mouse after intraperitoneal injection of TFA and CDDP (48 mg kg™ TFA and 1 mg kg™ CDDP, ip). (D)
Control serum sample. (E) The structures of 8 flavonoid compounds: (1) formononetin, (2) ononin (3) calycosin, (4) calycosin-7-O-B-bp-glucoside,
(5) 7,2'-dihydroxy-3',4’-dimethoxyisoflavan, (6) 7,2’-dihydroxy-3',4’-dimethoxyisoflavaneglucoside, (7) 3-hydroxy-9,10-dimethoxypterocarpan,

(8) 9,10-dimethoxyptercarpan-3-O-B-p-glucoside.

has anti-cancer functions.”'® TFA is the main component of
Astragali radix extracts, and the intake of TFA or flavonoid
subclasses inhibits cancer growth.'®*® In the present study, for
the first time, our data revealed that TFA has a significant anti-

tumor effect in an LSCC preclinical model. The combined
treatment of TFA and CDDP not only inhibited LSCC growth,
but also attenuated the nephrotoxicity caused by CDDP
chemotherapy.

Table 2 UPLC MS/MS analysis of the prototype compounds in mouse serum®

No. Name Tg (min) m/z Fragments

1 Formononetin 16.35 269.0808 254.0571, 237.0545

2 Ononin 9.60 431.1341 269.0810, 254.0573

3 Calycosin 12.40 285.0759 270.0529, 253.0494

4 Calycosin-7-O-B-p-glucoside 4.01 447.1287 285.0760, 279.0522

5 7,2'-Dihydroxy-3',4’-dimethoxyisoflavane 17.02 303.1219 193.0860, 181.0860, 167.0703
6 7,2'-Dihydroxy-3',4’-dimethoxyisoflavaneglucoside 12.19 465.1755 303.1225, 167.0703

7 3-Hydroxy-9,10-dimethoxypterocarpan 16.70 301.1070 213.0907, 167.0704

8 9,10-Dimethoxypterocarpan-3-O-B-p-glucoside 11.15 463.1596 301.1070

¢ Tg: retention time.
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Identification of TFA potential therapeutic targets by Venn analysis. (A) 996 LSCC-associated targets stem from the intersection of

microarray data and mRNA sequencing data. (B) 19 candidate targets stem from the intersection of disease targets and drug targets.
Disease targets include 996 LSCC-associated targets and 114 targets from the network database DisGeNet.** Drug targets include 184
distinct protein targets of 8 primary constituents from TFA obtained by similarity ensemble approach§ and Swiss Target Predictionq and

TCMSP database.||

UPLC-MS/MS analysis identified 8 bioactive ingredients in the
serum from the TFA-treated LSCC mouse model: formononetin,
ononin, calycosin, calycosin-7-O-p-p-glucoside, 7,2-dihydroxy-3',4'-
dimethoxyisoflavan, 7,2-dihydroxy-3',4’-dimethoxyisoflavan-7-O-B-
p-glucoside, 3-hydroxy-9,10-dimethoxypterocarpan and 9,10-dime-
thoxyptercarpan-3-O-B-p-glucoside. Previous studies have revealed
that formononetin®** and ononin* inhibit cancer progression.
Nevertheless, a further investigation of either single bioactive
ingredient or in combination with these TFA ingredients for LSCC
treatment is needed in future. Mechanistically, network pharma-
cology analysis screened 19 potential targets from the intersection
data of drug targets and disease targets. We noted that the flavonoid
glycosides ononin, calycosin-7-O-B-p-glucoside, 7,2'-dihydroxy-3',4'-
dimethoxyisoflavan-7-O-B-p-glucoside, and 9,10-dimethox-
yptercarpan-3-O-B-p-glucoside have a higher binding degree with the
candidate targets. Flavonoid glycosides maintain higher plasma
concentrations and have a longer residence time in the blood than
aglycones.” Actually, previous studies revealed that ononin,* caly-
cosin-7-0-B-p-glucoside*®*® and 7,2'-dihydroxy-3',4'-dimethoxyiso-
flavan-7-O-B-p-glucoside® can inhibit cancer progression. Hence, we
speculated that the flavonoid glycosides might be the main
contributors to the synergistic tumor inhibitory effect on LSCC in
TFA. However, considering TFA as a multi-component synergistic
system that plays a therapeutic role through overall regulation on
diseases, using the 4 flavonoid glycosides alone may not inhibit the
LSCC growth effectively.

Moreover, we successfully constructed the PPI network, target-
compound network, and target-pathway network; these networks
had potential implications for understanding the pharmacological
mechanism of the action and active substances of TFA and sug-
gested that TFA ingredients interfere with the main hallmarks of
LSCC. Notably, EGFR had the highest degree value and good
docking score with 4 flavone glycoside components and 3-hydroxy-
9,10-dimethoxypterocarpan, which highlighted that EGFR may
play a key role in the TFA-mediated regulation of LSCC. The

24478 | RSC Adv., 2019, 9, 24471-24482

overexpression and mutation of EGFR have been frequently found
in a variety of solid tumors, including those of head and neck,
breast, and non-small cell lung cancers.” The EGFR-targeted drug
cetuximab in combination with radiotherapy has been used for
locally advanced head and neck squamous cell carcinoma.*

Recent studies showed that the EGFR family members play
a significant role in HNSCC.* EGFR determination seems to be
a very strong prognostic factor, especially for LSCC patients treated
by induction chemotherapy followed by exclusive radiotherapy.*
Furthermore, simultaneously targeting EGFR, ERBB2, and ERBB4
by afatinib can help overcome the intrinsic and acquired cetux-
imab resistance in the HNSCC cell lines.** Therefore, these data
indicated that the EGFR family members EGFR, ERBB2, and
ERBB4 are likely targets of TFA in our LSCC model.

GO analysis revealed that the potential TFA targets were
involved in the oxidation-reduction process. Oxidative stress is
a prominent feature of tumor cells and is involved in the whole
process of tumor development.*® TFA has strong antioxidant
activity,”** and studies have documented the beneficial effects
of various natural products as antioxidants in CDDP-induced
DNA damage and nephrotoxicity.***® Moreover, CDDP-induced
oxidative stress has been linked to cisplatin resistance.’”*®
Accordingly, TFA may enhance the LSCC sensitivity to CDDP by
balancing the oxidative stress.

In the present study, the T-P network further showed that
the EGFR family members contribute to multiple signaling
pathways, including the PI3K-AKT signaling pathway, ErbB
signaling pathway, calcium signaling pathway, central
carbon metabolism in cancer and gap junction. These
signaling pathways have already been testified and tightly
linked to LSCC progression.>***° Energy metabolism such as
lipid and amino acid metabolism was closely associated with
CDDP resistance.*>**> Moreover, metabolomics studies have
demonstrated the significant changes in lipid and amino
acids in cisplatin-induced nephrotoxicity.**»** In our results,

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Network pharmacology analysis of 19 candidate targets. (A) Target protein—protein interaction (PPI) network. The nodes are targets, and
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ingredients of TFA in vivo, and the orange nodes are disease targets with molecular docking score >4.52. The weight of the edge represents the

level of the molecular docking score.

nearly half of the targets (9 out 19) were involved in lipid
metabolism, amino acid metabolism and platinum resis-
tance pathways. Hence, we speculated that TFA functions in
LSCCvia regulating the classical cancer-related pathways and
energy metabolism.

In conclusion, TFA showed synergistic antitumor activity
when combined with CDDP in LSCC. The TFA neph-
roprotective effect did not interfere with the anticancer
activity of CDDP when evaluated in an LSCC mouse model.
Network pharmacology analysis revealed that TFA functions
through fine-tuning the oxidative stress, cancer-related

This journal is © The Royal Society of Chemistry 2019

pathways and metabolic levels. These findings provide
basic data for the application of Astragali radix flavonoid
extract as an adjuvant for LSCC chemotherapy.
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Fig. 6 Functional annotation of predicted TFA targets. (A) GO analysis of the 19 candidate targets, including cellular component, molecular
function, and biological process. (B) The target—pathway network (C-T network) by KEGG enrichment analysis. The orange circles are targets,
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Upregulated EGFR, MMP1 and MMP3 were correlated with poor outcomes for patients with LSCC.

results. JC and XZ performed bioinformatics analysis. YT and
HY performed molecular biology experiments. JC, DY and YZ
repeated the experiments. JC, WG, YW and ZL wrote and revised
the paper. All authors read and approved the final manuscript.

Conflicts of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Abbreviations

HNSCC Head and neck squamous cell carcinoma
LSCC Laryngeal squamous cell carcinoma
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