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Cordyceps sinensis is reported as an invigorant with pleiotropic biological effects that has potential for
tumor therapy. Here, we focused on a combined therapy using aqueous extract of C. sinensis (AECS)
along with cis-diamminedichloroplatinum(i) (DDP) to potentiate the inhibitory effect of DDP and,
meanwhile, reduce therapy-associated toxicity on NSCLC. We initially examined the in vitro antitumor
effect of AECS, in vivo antitumor and toxicity-reduced effects of the combined treatment in a Lewis
xenograft mice model, and further evaluated the potential mechanisms of action of the combined
treatment. The synergistic antitumor activity and toxicity-attenuated effect of the combined treatment
were further evaluated in zebrafish models. We found that AECS exhibited significant antitumor effects
against various cancer cells in vitro. AECS, particularly AECS1, substantially potentiated the antitumor
effect of DDP, as evidenced by a significant decrease in tumor growth, a prolongation of the survival
time, and also alleviated toxicity in the Lewis xenograft mice model, accompanied by attenuated NFxB
and AKT/MMP2/MMP9 pathways. Moreover, a remarkable increase of tumor inhibition in an A549

xenograft zebrafish model was observed with the combined therapy when compared to DDP treatment
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Accepted 5th July 2017 alone, and alleviated toxicity in zebrafish was also observed when treated with the combined therapy.

Collectively, our results indicate that the combination of AECS1 and DDP should be a novel therapeutic
modality to improve the efficacy of DDP-based chemotherapy and reduce therapy-associated toxicity,
rsc.li/rsc-advances possibly by inhibiting IkBe./NFkB and AKT/MMP2/MMP9 pathways.
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Introduction cancer at the early stage is largely asymptomatic, and as a result,
tumors are often diagnosed in a progressive and inoperable
Lung cancer is the primary cause of cancer-related mortality ~phase which is considered too late for surgical treatment.**
worldwide, among which non-small cell lung cancer (NSCLC) Chemotherapy-based pharmacological therapy, therefore,
with poor prognosis accounts for approximately 80-85% of becomes the primary approach for the management of
cases.™? Surgery, chemotherapy, radiotherapy, and biological advanced NSCLC.
therapy are primary therapeutic strategies for lung cancer.? Currently, cis-diamminedichloroplatinum(i) (DDP) becomes
Surgical resection in particular plays a central role in the the chemotherapeutic agent of first choice in the therapy of
treatment of NSCLC at the localized early stages, however, lung NSCLC, which has been demonstrated effective against
advanced and metastatic NSCLC with a significant survival
improvement and better symptoms control compared with
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activation of the mitochondria apoptotic pathway.'*** However,
acquired resistance and therapy-associated systemic toxicity,
such as vascular toxicity, anemia, neurotoxicity and nephro-
toxicity, remains a concern, confining the application of DDP in
chemotherapeutics.”*** Consequently, excellent combination
regimens with new agents that could improve therapeutic effi-
cacy and simultaneously limit therapy-associated toxicity in
patients with advanced NSCLC are urgently warranted.
Cordyceps sinensis (Berk.) Sacc, a composite consisting of the
stromata of the fungus C. sinensis and its infected larvae
(Family: Hepialidae), has been used extensively as an invigorant
for subhealth people in Asia that offers many health bene-
fits.'**® Accumulated evidences from both animal and human
studies indicate that extract of C. sinensis comprising numerous
bioactive constituents such as cordycepin, polysaccharides, and
nucleosides,'* exhibits various pharmacological actions,
including anti-inflammatory, hepatoprotective, and antioxidant
properties, thus highlighting its potency in human cancer
therapy.”*?* Herein, we hypothesize that the combination with
extract of C. sinensis and DDP will be beneficial to improve
antitumor efficacy of DDP and, meanwhile, reduce therapy-
related toxicity in human NSCLC. Particularly, aqueous extract
of Cordyceps was extensively investigated for the antitumor
activity,” we, therefore, choose the combination with aqueous
extract of C. sinensis (AECS) and DDP to conduct our investi-
gation. Moreover, AECS1 and AECS2 obtained by two different
extraction methods were evaluated in the present study to
identify an extraction method with better antitumor activity.
To the best of our knowledge, no detailed studies have
addressed the synergistic antitumor activity of AECS in combi-
nation with DDP against human NSCLC. The present study, was
therefore, designed to investigate the influence of AECS on DDP-
based treatment and further understand the underlying mecha-
nism. Our results demonstrated that AECS, particularly AECS1,
showed a direct inhibitory effect against various cancer cell lines,
and it also potentiated the inhibitory effect of DDP and attenuated
therapy-associated toxicity in vivo, which was mostly dependent
on the attenuation of IkBo/NFkB and AKT/MMP2/MMP9 path-
ways. Thus, AECS1 may be a promising agent to be used in
combination with DDP for the improvement of clinical results.

Materials and methods
Reagents

cis-Diamminedichloroplatinum(u) was purchased from Sigma-
Aldrich (St Louis, MO, USA); berbamine hydrochloride was
purchased from Shanghai Yuanye Biotechnology Co., Ltd
(Shanghai, China); vinorelbine Tartrate Injection was
purchased from Jiangsu Hansoh pharmaceutical Group Co., Ltd
(Jiangsu, China); alanine aminotransferase (ALT) assay Kkit,
aspartate aminotransferase (AST) assay kit, creatinine assay kit,
and urea assay kit were purchased from Roche Pharmaceutical
Ltd (Basel, Switzerland); antibodies against B-actin, NF-kB, p-
IkB-a,, TNF-a, COX-2, MMP2, MMP9, Bcl-2, Bel-xl, and Bax were
purchased from Santa Cruz Biotechnology (Santa, USA); anti-
bodies against p-AKT, pro-caspase 3, and cleaved-caspase 3 were
purchased from Cell Signaling Technology (Danvers, MA); all
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secondary antibodies were purchased from Cowin Biotech
(Beijing, China).

Material and extraction procedure

C. sinensis was cultured and provided by Sunshine Lake Pharma
Co., Ltd (Dongguan, China). 500 g of C. sinensis samples were
weighed out and cryogenically ground. 5000 mL distilled water
was added to the sample. The mixture was homogenized in ice
bath at 5000-6000 rpm for 30 min, and then in an ultrasonic
bath for 30 min to obtain a uniform matrix. The matrix was
stored at —20 °C for 1 h, followed by an ultrasonic bath again for
30 min. After extraction, the mixture was centrifuged at
8000 rpm for 15 min to obtain extract. The extract was lyophi-
lized to obtain AECS1, which were stored at 4 °C and used for
evaluating the antitumor activity against various cells and in
vivo models in the following experiments.

C. sinensis (30 g) was extracted with distilled water (300 mL)
using a Soxhlet extractor at 100 °C for 5 h. The extract was then
concentrated with a rotary evaporator under reduced pressure.
Then, the filtrate was collected and lyophilized to obtain AECS2.
Both AECS1 and AECS2 were diluted with the mobile phase
(1 : 1) and filtered through a 0.22 pm nylon syringe filter prior to
injection into the HPLC system for analysis.

HPLC analysis

HPLC analysis of AECS1 and AECS2 was performed using Waters
HPLC system (Waters Corporation, USA) equipped with Waters
515 HPLC pump, Waters 717 plus autosampler, and Waters
2487UV detector. Separation was performed in a symmetry C18
150 mm x 4.6 mm ID, 5 um column (Agilent ZORBAX SB-AQ,
USA) by maintaining the isocratic low rate (0.8 mL min™ ") of
the mobile phase (0.4 M KH,PO,, pH 3.7 : methanol 90 : 10) and
peaks were detected at 260 nm absorbance. Peaks of various
compounds in the sample were identified by their retention times
and co-injection tests with corresponding standard compounds.
In addition, the content of polysaccharide was detected using the
phenol-sulfuric acid method (ESI Table S17).

Cell lines and cell culture

Human A549 and Lewis lung cancer cells were obtained from
Chinese Academy of Medical Sciences Basic Medicine Cell Center
(Beijing, China). Cells were cultured in RPMI-1640 media supple-
mented with 10% fetal bovine serum (FBS), 100 U mL ™" penicillin,
and 100 pg mL~" streptomycin at 37 °C in a 5% CO, atmosphere.

Cell viability

Cell viability was measured by MTT assay which is based on
conversion of yellow tetrazolium salt to purple-formazan crys-
tals by metabolically active cells, providing a quantitative
determination of viable cells. Briefly, cells cultured in 96-well
plates at a density of 8 x 10% cells per well were treated with
different concentrations of AECS1 and AECS2 for 24 h. Then, 10
uL MTT reagent at concentration of 5 mg mL ™" was added to the
media and allowed to incubate for another 4 h at 37 °C in an
atmosphere of 5% CO,. The medium was then removed and 100
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puL DMSO was added to dissolve MTT crystals. Cell viability was
quantified by reading the plates at an absorbance of 540 nm
using a microplate reader.

Lewis xenografts mice model

Male C57BL/6 mice weighing 16-18 g were obtained from Vital
River Laboratory Animal Technology Co., Ltd. (Beijing, China).
Mice were housed under standard conditions with freedom to
water and food, and were subjected to a 12 h light/dark cycle. All
mice protocols were approved by the Animal Ethics Committee at
the Institute of Medicinal Plant Development, Chinese Academy of
Medical Sciences (No. SLXD-2016091334) and were in compliance
with Chinese Association for Laboratory Animal Sciences guide-
lines. Mice were randomly allocated into seven groups of ten mice
each: control group (Group I), model group (Group II), DDP (2 mg
kg~ ") group (Group III), DDP (2 mg kg™ ') + AECS2 (200 mg kg ™)
(Group 1v), DDP (2 mg kg™ ") + AECS2 (800 mg kg™") (Group V),
DDP (2 mg kg™ ") + AECS1 (200 mg kg™ ") (Group VI), DDP (2 mg
kg™ ')+ AECS1 (800 mg kg~ ') group (Group VII). Mice in Group IV~
Group VII were pretreated orally with AECS2 (200 mg kg™ '), AECS2
(800 mg kg™ "), AECS1 (200 mg kg™ '), and AECS1 (800 mg kg™ ),
respectively for 7 days, and mice in Group I-Group III were pre-
treated orally with vehicle. On day 8, a total of 1 x 10° of Lewis
cells were inoculated subcutaneously on the right flanks of mice in
Group II-Group VII. On day 9, mice in Group III-Group VII were
intraperitoneally injected with DDP (10 mL kg™, 1 time/2 d), and,
meanwhile, orally administrated with vehicle, AECS2 (200 mg
kg™ "), AECS2 (800 mg kg™ '), AECS1 (200 mg kg™ '), and AECS1
(800 mg kg '), respectively (1 time/d). From day 22 to day 36,
tumor xenografts were monitored every 2 day with an electronic
caliper measurements and tumor volume (V) was calculated using
the formula V = (L x W?)/2, where L is the largest diameter and W
is the diameter perpendicular to the largest diameter.

Organ index and tumor inhibition rate

The effect of the combined treatment on mice organs was eval-
uated based on lung index, heart index, spleen index, thymus
index and kidney index. All animals surviving on day 36 were
weighted, followed by blood taken. Mice were then sacrificed and
tumor, spleen, thymus, heart, lung, and kidney were isolated and
weighted to calculate tumor inhibition rates and organ indexes.
All samples were then collected and immediately frozen in liquid
nitrogen and stored at —80 °C for further analysis. The tumor
inhibition rates and organ indexes were calculated by the
following formula: tumor inhibition rate (%) = (the average
tumor weight of model group — the average tumor weight of
treated group)/the average tumor weight of model group x 100%,
organ index = organ weight (mg)/body weight (g).

Serum biochemistry

Serum alanine aminotransferase (ALT), aspartate aminotrans-
ferase (AST), creatinine, and urea were assayed using commer-
cially available test kits with a biochemistry analyzer system
according to the manufacturer's instructions.

This journal is © The Royal Society of Chemistry 2017
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A549 xenografts zebrafish model

A549 xenografts zebrafish model was established according to
the method described previously,*® with minor modification.
Wild-type AB zebrafishes, maintained in Zebrafish Research
Center at Hunter Biotechnology, Inc (Hangzhou, China), were
incubated with E3 medium (pH 7.2) under a 14 h light-10 h
dark cycle at 28 °C. Embryos were obtained by natural crossing.
All zebrafish protocols were approved by the Animal Ethics
Committee at Hunter Biotechnology, Inc (no. IACUC-1452, no.
TACUC-1546) and were in compliance with Chinese Association
for Laboratory Animal Sciences guidelines. Tumor cells were
introduced into blastula stage embryos using a standard cell
transplantation methodology. Briefly, CM-Dil labeled A549 cells
were injected in the yolk of zebrafish embryos (2 dpf). After
implantation, embryos were randomly divided into eight groups
(n = 30): Group I (model group), Group II (DDP 2 ng), Group III
(AECS1 7.81 pg mL™'), Group IV (AECS1 15.63 pg mL %),
Group V (AECS1 31.25 pg mL™ '), Groups VI (DDP 2 ng + AECS1
7.81 pg mL™ "), Groups VII (DDP 2 ng + AECS1 15.63 pg mL™ 1),
and Groups VIII (DDP 2 ng + AECS1 31.25 pg mL™"). DDP was
injected, and AECS1 was dissolved in the water medium. After
zebrafishes were administered for 3 days, fluorescence images
were taken with a fluorescence microscope (AZ100, Nikon) and
fluorescence intensity was analyzed using the NIS-Elements D
3.10 software. Tumor inhibition rates (%) = (fluorescence
intensity of model group-fluorescence intensity of drug treated
group)/fluorescence intensity of model group x 100%.

Gastrointestinal toxicity induced by DDP in zebrafish

2 ng DDP was injected intravenously into wild-type AB zebrafish
embryos (3 dpf) to induce gastrointestinal toxicity. Zebrafishes
(including normal zebrafishes without DDP injection) were
subsequently divided into five groups: Group I (normal zebra-
fishes without DDP injection), Group II (model zebrafishes,
DDP 2 ng), Group III (DDP 2 ng + AECS1 3.47 g mL™ ), Group
IV (DDP 2 ng + AECS1 10.42 pg mL™"), Group V (DDP 2 ng +
AECS1 31.25 pg mL™'). AECS1 was dissolved in the water
medium. After administered for two days, zebrafishes (5 dpf)
were observed and images were taken with a microscope
(SMZ645, Nikon). The diameter of the intestinal wall was
calculated. The improvement of gastrointestinal toxicity was
calculated by the following formula: improvement of gastroin-
testinal toxicity (%) = (the diameter of intestinal wall of drug
treated group — the diameter of intestinal wall of model group)/
the diameter of intestinal wall of model group x 100%.

Neurotoxicity induced by DDP in zebrafish

2 ng DDP was injected intravenously into mutant Albino
zebrafish embryos (3 dpf) to induce neurotoxicity. Zebrafishes
(including normal zebrafishes without DDP injection) were
subsequently divided into five groups: Group I (normal zebra-
fishes without DDP injection), Group II (model group, DDP 2
ng), Group III (DDP 2 ng + AECS1 3.47 ug mL™ "), Group IV (DDP
2 ng + AECS1 10.42 pg mL "), Group V (DDP 2 ng + AECS1 31.25
pg mL™'). AECS1 was dissolved in the water medium for
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zebrafishes. After administered for two days, zebrafishes were
stained with acridine orange and observed under a fluorescence
microscope (AZ100, Nikon). Nikon NIS-Elements D 3.10 soft-
ware was used to analyze the images and calculate apoptotic
bodies in brains of zebrafishes. The improvement of neurotox-
icity was calculated by the following formula: improvement of
neurotoxicity (%) = (apoptotic bodies in model group —
apoptotic bodies in drug treated group)/apoptotic bodies in
model group x 100%.

Neutropenia induced by vinorelbine tartrate in zebrafish

0.625 ng vinorelbine tartrate was injected intravenously into
transgenic zebrafish embryos (MPO-GFP, 2 dpf) that express
GFP (green fluorescent protein) within their neutrophils to
induce neutropenia. Zebrafishes (including normal zebra-
fishes without vinorelbine tartrate injection) were subse-
quently divided into six groups: Group I (normal zebrafishes),
Group II (model zebrafishes, vinorelbine tartrate 0.625 ng),
Group III (vinorelbine tartrate 0.625 ng + berberine hydro-
chloride 17.0 ug mL "), Group IV (vinorelbine tartrate 0.625 ng
+ AECS1 55.6 ug mL '), Group V (vinorelbine tartrate 0.625 ng
+ AECS1 166.7 pg mL™"), Group VI (vinorelbine tartrate 0.625
ng + AECS1 500 ug mL ™). AECS1 was dissolved in the water
medium for zebrafishes. After administered until embryos
grow to 3 dpf, zebrafishes were observed under a fluorescence
microscope (AZ100, Nikon). Nikon NIS-Elements D 3.10 soft-
ware was used to analysize the images and calculate the
number of neutrophils. The improvement of neutropenia was
calculated by the following formula: improvement of neu-
tropenia (%) = (number of neutrophils in drug treated group
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— number of neutrophils in model group)/number of neutro-
phils in model group x 100%.

Western blot analysis

The levels of p-AKT, MMP2, MMP9, p-IxBo, NFkB, TNFa, COX-2,
Bcl-2, Bax, Bclxl, pro-caspase 3, and cleaved-caspase 3 were
determined by western blot analysis. Briefly, tumor tissues were
homogenized in a standard RIPA ice-cold RIPA buffer contain-
ing protease and phosphatase inhibitor cocktail purchased
from Cowin Biotech (Beijing, China). A BCA protein estimation
kit (Cowin Biotech Co., Ltd., Beijing, China) was used to
determine protein concentrations. Equal amount of protein was
separated by SDS-PAGE and then transferred to a polyvinylidene
fluoride (PVDF) membrane. The membrane was blocked with
5% nonfat milk dissolved in TBST for 2 h and then probed with
primary antibody (1 : 500) overnight at 4 °C. After washing with
TBST twice, the membrane was subsequently incubated with
secondary antibodies (1 : 3000) for 2 h, washed with TBST, and
then detected by enhanced chemiluminescence method using
a commercial ECL kit (Cowin Biotech Co., Ltd.). The levels of
protein expression were quantified by image ] software
(National Institutes of Health, Bethesda, MD, USA) and
normalized to the relative internal standards.

Statistical analysis

Statistical and graphical analyses were performed using
GraphPad Prism 5 (GraphPad Software, La Jolla, CA, USA).
Results were reported as mean + standard deviation of the
indicated number of independent experiments. P values were
analyzed using ANOVA, and P < 0.05 was considered significant.
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(A) Chromatogram of mixed standard, AECS1 and AECS2. (B) Effect of AECS1 and AECS2 on cell viability of various cancer cells in vitro.

Cells were treated with different concentrations of AECS1 and AECS2 for 24 h. Cell viability was detected by the MTT assay, the optical density of
untreated control cells was taken as 100% viability. (C) ICsq values for in vitro proliferation of each of the cell lines in panel B.
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Fig. 2 AECS1 and AECS2 potentiated the antitumor effect of DDP in vivo in a subcutaneous Lewis xenograft model. (A) Tumor volume of
different treatments during the experiments, which was calculated with formula of (L x W?)/2, where L is the largest diameter and W is the
diameter perpendicular to L. (B) Final tumors of different groups after the mice were sacrificed. (C) Tumor weight in response to different
treatment. (D) Survival rates of mice with different treatment.
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Results
Bioactive ingredients of AECS1 and AECS2

Nucleosides, as a major bioactive component of C. sinensis,
has been reported to be a valuable chemical marker for
quality control of C. sinensis,” thus the present study was
focused on detection of nucleosides in C. sinensis. The
components of AECS1 and AECS2 were verified by comparing
HPLC retention times with mixed standards. The chromato-
graphic profiles of the components of AECS1 and AECS2 were
shown in Fig. 1A. Both AECS1 and AECS2 contain high levels
of uridine, inosine, and guanosine, however, that of other
bioactive compounds previously identified in C. sinensis such
as cordycepin was not detectable largely due to that their
concentrations in the extract sample were below the detec-
tion limit.

Cell viability

We determined cytotoxicity of AECS1 and AECS2 against
various cancer cell lines, which were exposed to AECS1 or
AECS2, at different concentrations, for 24 hours. As shown in
Fig. 1B, both AECS1 and AECS2 dose-dependently reduced the
growth and survival of A549, CoL0205, NCI-H460, HCT-115,
HeLa, Hep 3B2.1-7, K562, Lewis, MDA-MB-13453, B16F10,
Raji, and SK-MEL-28. ICs, values of AECS2 ranged from 0.31 to
4.08 mg mL™", and that of AECS1 ranged from 0.02 to 3.2 mg
mL~"' (Fig. 1C). These results demonstrated that, when
administered alone, both AECS1 and AECS2 exhibited signif-
icant and broad antitumor activity in vitro, however, in
contrast, the IC;, values of AECS1 were lower than that of
AECS2, indicating more significant antitumor activity of
AECS1 in vitro.
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AECS potentiated antitumor effect of DDP on Lewis xenograft
tumors

We next performed an animal experiment using Lewis cells in
a murine xenograft model, to further test for AECS potentiation
of the anti-cancer properties of DDP in vivo. Lewis cells were
injected subcutaneously into mice to establish Lewis xenograft
mouse model, and tumor formation was monitored every two
days. The mice were euthanized and tumor weights were
measured. Our results showed that a significant reduction of
the tumor volume and tumor weight was observed during DDP
treatment, a standard-of-care chemotherapy agent in NSCLC, in
comparison with vehicle model group (Fig. 2A-C). Additionally,
tumor volume and tumor weight were also remarkably reduced
by the combination with AECS and DDP compared to vehicle
model group (Fig. 2A-C). Moreover, the tumor volume and the
average tumor weight from the combination group with DDP
and AECS1 (800 mg kg ') was significantly decreased when
compared with that derived from DDP group (Fig. 2A-C).
Results in Fig. 2D showed that DDP combined with AECS1 could
improve the survival rates of mice bearing Lewis xenografts in
comparison with DDP treatment alone during the observation
period, however, with no significant difference. These results
indicated that in mice bearing Lewis tumors, treatment with
DDP plus AECS1 (800 mg kg™') resulted in significant tumor
inhibition than that achieved with DDP treatment alone. Thus,
combination treatment with DDP plus AECS1 was chosen for
further experiments.

Effect of AECS on organ indexes and serum biochemistry of
Lewis xenograft mice

The toxicity attenuation of the combined treatment was investi-
gated in Lewis xenograft models. As shown in Fig. 3A, there was
no significant difference of the thymus index, heart index, lung
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Fig. 4 Expression of proteins associated with synergistic antitumor effect of the combined treatment in tumors from Lewis xenograft model. (A)
Expression of p-AKT, MMP2, MM9 with different treatment. B-Actin protein acts as a loading control. Groups represent, I: model group; II: DDP
(2 mg kg™); Ill: DDP (2 mg kg™ + AECS2 (200 mg kg™3); IV: DDP (2 mg kg~ + AECS2 (800 mg kg™Y); V: DDP (2 mg kg~?%) + AECS1 (200 mg kg™Y);
VI: DDP (2 mg kg™ + AECS1 (800 mg kg™?). (B) Expression of p-IkBa, TNFa, COX-2 and nuclear levels of NFkB with different treatment. B-Actin
and Lamin B protein act as a loading control. Groups represent, I: model group; Il: DDP (2 mg kg™ 3); Ill: DDP (2 mg kg™1) + AECS2 (200 mg kg™);
IV: DDP (2 mg kg™ + AECS2 (800 mg kg™3); V: DDP (2 mg kg™ + AECS1 (200 mg kg™3); VI: DDP (2 mg kg™ + AECS1 (800 mg kg™3). (C)
Expression of Bax, bcl-xl, bcl-2, pro-caspase 3, and cleave caspase 3 with different treatment. B-Actin protein acts as a loading control. Groups
represent, I: model group; Il: DDP (2 mg kg™); lll: DDP (2 mg kg™ + AECS2 (200 mg kg™); IV: DDP (2 mg kg™%) + AECS2 (800 mg kg™?); V: DDP
(2 mg kg™ + AECS1 (200 mg kg™); VI: DDP (2 mg kg™ + AECS1 (800 mg kg ™).
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index, kidney index, and spleen index between the DDP-treated
group and the combination-treated group. Furthermore, levels
of AST, ALT, creatinine, and urea were measured to confirm the
hepatoprotective and renal protective effect of AECS1 and AECS2.
A significant decrease of the levels of AST, ALT, creatinine, and
urea in serum was observed in the combination group with DDP
and AECS1, as compared to DDP monotherapy, confirming
protective effect of the combined treatment. These results
strongly indicated that DDP combined with AECS, particularly
AECS1, could reduce toxicity to liver and kidney.

Effect of AECS on IkBa/NFkB and AKT/MMP2/MMP9
pathways in Lewis xenografts

To understand the mechanism by which AECS potentiated the
antitumor effects of DDP, we examined the expression of proteins
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associated with IkBa/NFkB and AKT/MMP2/MMP9 pathways in
tumor lysates from Lewis xenograft models by western blot
analysis. As shown in Fig. 4A, treatment with AECS1 + DDP,
AECS2 + DDP significantly decreased expression of p-Akt, MMP2,
and MMP9, compared with vehicle or DDP monotherapy (Fig. 4A).
In addition, expression of p-IxBa, TNFa, COX-2 and nucleus
translocation of NFkB was significantly decreased in Lewis xeno-
grafts when AECS plus DDP was administered in combination,
compared to either vehicle or DDP monotherapy (Fig. 4B).
Furthermore, expression of Bax was increased and expression of
Bcl2 and Bcelxl was decreased in harvested tumors following
AECS1 + DDP, and AECS2 + DDP treatment, compared to vehicle
or single-DDP treated tumors (Fig. 4C). Results in Fig. 4C also
illustrated that AECS1 (800 mg kg™ ") + DDP treatment increased
expression of cleaved caspase 3 and decreased expression of pro-
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Fig. 5 Synergistic antitumor effect of the combined treatment in A549 xenograft zebrafish model. (A) Observation of tumors areas in A549 xenograft
zebrafish model. Red fluorescence represented tumor areas. (B) Fluorescence intensity of tumors with different treatments. Data are presented as mean
+ SD. *P < 0.05, ***P < 0.001 vs. model group; *P < 0.05, *¥P < 0.01 vs. DDP group; P < 0.05, **P < 0.01 vs. AECS1 group. (C) Tumor inhibition rates of
different treatments. Data are presented as mean =+ SD. *P < 0.05, ##P < 0.01 vs. DDP group; “P < 0.05, *2P < 0.01 vs. AECS1 group.
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caspase 3 compared to vehicle control treatment group. Overall,
these results suggested that the synergistic antitumor effect when
AECS was combined with DDP was due, in part, to the regulation
of IkBa/NFkB and AKT/MMP2/MMP9 pathways.

AECS1 potentiated antitumor effect of DDP in zebrafish
xenograft model

We extended our study to a zebrafish xenograft model to better
understand the enhanced antitumor efficacy of the combined
treatment in vivo. After inoculation with A549 cells, zebrafish
embryos (2 dpf) were treated with DDP, AECS1, or their
combination. AECS1 was dissolved in water medium for
zebrafish. After administered for 3 days, zebrafish embryos
(5dpf) were imaged under a fluorescence microscope. Notably,
all treatment exhibited anticancer effect in this A549 xenograft
model, by contrast, AECS1 combined with DDP potently
inhibited tumor growth more visible and significant compared
to single-agent treated groups, as indicated by decreased fluo-
rescence intensity reflecting tumor volume (Fig. 5A and B).
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Results in Fig. 5C showed that AECS1 combined with DDP
significantly increased tumor inhibition rates, in comparison to
single-agent treatment. In this model, both monotherapy and
combined treatment with DDP and AECS1 were well tolerated as
there was no zebrafish death over the course of the experiments.
Together, these data indicated that the antitumor activity of
monotherapy using DDP or AECS1 treatment alone in A549
xenograft models was enhanced by the combined treatment of
both agents.

Effect of AECS1 on gastrointestinal toxicity induced by DDP in
zebrafish

We next performed a separate set of experiments to test whether
the combined treatment with AECS1 plus DDP had a direct
effect on gastrointestinal toxicity induced by DDP in zebrafish.
Results in Fig. 6A showed that treatment with DDP (2 ng/fish)
resulted in thinner intestinal wall than that observed in the
normal control group. Fortunately, AECS1 at doses of 10.42 and
31.25 ug mL~" strikingly improved the gastrointestinal toxicity
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Fig.6 Effect of AECS1 on gastrointestinal toxicity induced by DDP in zebrafish. (A) Observation of intestinal wall in DDP-induced zebrafishes with
different treatments. (B) Diameter of intestinal wall in DDP-induced zebrafishes with different treatments. Data are presented as mean + SD. ***P
< 0.001 vs. model group; ##p < 0.001 vs. DDP group. (C) Improvement of gastrointestinal toxicity induced by DDP in zebrafish with different
treatments. Data are presented as mean + SD. #P < 0.05, ##P < 0.01 vs. DDP group.
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Fig.7 Effect of AECS1 on neurotoxicity induced by DDP in zebrafish. (A and B) Observation of apoptotic bodies in DDP-induced zebrafishes with
different treatments. White dot (A) and green dot (B) in the brain area indicated apoptotic bodies. (C) Number of apoptotic bodies in DDP-
induced zebrafishes with different treatments. Data are presented as mean + SD. ***P < 0.001 vs. model group; #P < 0.05, ##P < 0.01 vs. DDP
group. (D) Improvement of neurotoxicity induced by DDP in zebrafish with different treatments. Data are presented as mean + SD. #P < 0.05, ##p

< 0.01 vs. DDP group.

induced by DDP, as evidenced by the thickened intestinal wall
when both agents were combined. Consistently, results in
Fig. 6B showed that diameter of the intestinal wall was signifi-
cantly decreased in animals that received DDP monotherapy,
however, AECS1 at doses of 10.42 and 31.25 ug mL ™" markedly
increased the diameter of the intestinal wall. Results in Fig. 6C
showed that AECS1 at doses of 10.42 and 31.25 pg mL™’
significantly improved gastrointestinal toxicity induced by DDP.
These results indicated that AECS1 significantly attenuated
DDP-induced neurotoxicity.

Effect of AECS1 on neurotoxicity induced by DDP in zebrafish

In order to evaluate the effect of AECS1 on reversing neurotox-
icity induced by DDP, a zebrafish model was established. As
shown in Fig. 7A and B, single-agent therapy with DDP (2 ng/
fish) induced abundant apoptotic bodies, and the apoptotic
bodies almost disappeared after zebrafishes were treated with
AECS1 at doses of 10.42 ug mL ™" and 31.25 pg mL~ . Results in
Fig. 7C also showed that single-agent therapy with DDP (2 ng/
fish) significantly increased the number of apoptotic bodies in
the brain area of zebrafishes, AECS1 at doses of 10.42 and 31.25

This journal is © The Royal Society of Chemistry 2017

pg mL ', however, markedly decreased the number of apoptotic
bodies induced by DDP. Results in Fig. 7D showed that AECS1 at
doses of 10.42 and 31.25 pg mL™" significantly improved the
neurotoxicity induced by DDP. These results suggested that
AECS1 may protect against DDP-induced neurotoxicity.

Effect of AECS1 on neutropenia induced by vinorelbine
tartrate in zebrafish

Neutropenia was another severe side effect caused by chemo-
therapy treatment, compromising the therapeutic efficacy.
Hence, effect of AECS1 on neutropenia was further investigated
in vinorelbine tartrate-induced zebrafish. As shown in Fig. 8A
and B, vinorelbine tartrate treatment resulted in marked
decrease of neutrophils in zebrafishes, whereas berberine
hydrochloride, the positive control, significantly increased the
number of neutrophils in vinorelbine tartrate-induced zebra-
fishes. AECS1 at doses of 166.7 and 500 ug mL " also substan-
tially reversed the reduction of neutrophils induced by
vinorelbine tartrate, comparable to that achieved by berberine
hydrochloride. Results in Fig. 8C were consistent with that
observed in Fig. 8A and B, showing that AECS1 at doses of 166.7

RSC Aadv., 2017, 7, 37743-37754 | 37751
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Fig. 8 Effect of AECS1 on neutropenia induced by vinorelbine tartrate in zebrafish. (A) Observation of neutrophils in vinorelbine tartrate-induced
zebrafishes with different treatments. Green dots indicated neutrophils in zebrafish. (B) Number of neutrophils in DDP-induced zebrafishes with
different treatments. Data are presented as mean + SD. ***P < 0.001 vs. control group; *#P < 0.01, *##P < 0.001 vs. DDP group. (C) Improvement
of neutropenia induced by vinorelbine tartrate in zebrafish with different treatments. Data are presented as mean =+ SD. ***P < 0.001 vs. positive

control group; P < 0.01, #¥#p < 0.001 vs. DDP group.

and 500 pug mL' significantly improved the neutropenia
induced by vinorelbine tartrate. These results demonstrated the
effect of AECS1 on reversing neutropenia induced by vinor-
elbine tartrate in zebrafish model.

Discussion

In the present study, we observed that AECS exhibited signifi-
cant anticancer effects on various cell lines in vitro. AECS,
particularly AECS1, also enhanced the therapeutic effects of
DDP on a mouse Lewis xenograft model, and meanwhile,
reduced its toxicity in this model via regulating IkBo/NFkB and
AKT/MMP2/MMP9 pathways. Additionally, the enhanced anti-
tumor effect of the combined treatment with AECS1 and DDP
was confirmed by conducting an another in vivo study using
A549 tumor xenografts. Further study revealed that AECS1
reduced DDP- or vinorelbine tartrate-induced toxicity in larval
zebrafish models. To the best of our knowledge, this study for
the first time demonstrated that AECS1 enhanced the thera-
peutic effects of DDP, highlighting its clinical use in NSCLC
therapy.

NFkB, a crucial mediator of tumor promotion, is proposed as
an inducible transcription factor that transcriptionally controls
a large set of target genes regulating the fate of cells such as
programmed cell death, cell survival and proliferation, cell inva-
sion and tumorigenesis. It is frequently activated in various

37752 | RSC Aadv., 2017, 7, 37743-37754

cancers, including NSCLC.?®* NF-kB is normally stabilized in the
cytoplasm in an inactive form by its negative regulator IkB.** Once
stimulated, IkB is phosphorylated by the IkB kinase (IKK), which
triggers degradation of IkB, allowing the release and nuclear
translocation of NFkB to activate various target genes.*“*
Consistently, in the present study, we found that in murine Lewis
xenograft model, AECS combined with DDP significantly attenu-
ated NFkB pathways, via the inhibition of p-IkBa, thus decreasing
nuclear translocation of NF«kB and expression of its downstream
proteins, including TNFo and COX-2, which might be responsible
for its antitumor activity in vivo.

It is well established that the PI3K-AKT pathway is another
significant signal transduction pathway involved in the regulation
of multiple cellular functions including cell proliferation,
apoptosis, adhesion, and motility.>* Enhanced PI3K signaling is
regarded to be an important signaling pathway associated with
oncogenesis, which has been proposed to implicate in multiple
human malignancy including NSCLC.**** In addition to its
contribution to tumourigenesis, aberrant PI3K/AKT signaling is
correlated with altered sensitivity to various chemotherapeutic
agents.” The primary effector molecule of the PI3K signaling
cascade is Akt. Aberrant activation of AKT is required for consti-
tutive activation of NF-kB, once activated, Akt transiently trans-
locates into the nucleus where it affects the activity of NF-kB via
IKK.*® Akt also targets BCL-2, Bad, Bim, caspase-9, MMP2, MMP9
to affect the survival and apoptotic state of the cells.*** Therefore,

This journal is © The Royal Society of Chemistry 2017
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this pathway becomes a desirable target which might serve as
a therapeutic option in the treatment of NSCLC. Previous studies
have confirmed that cordyceps and its combination with
chemotherapeutics exhibited significant antitumor activity via
regulating PI3K/AKT pathway and caspase-associated pathway.>>*’
Consistently, in the present study, we found that AECS combined
with DDP markedly inhibited phosphorylation of AKT, decreased
the expression of the downstream proteins including MMP2,
MMP9, Bcl-2, and Bel-XL, and, meanwhile, increased expression
of pro-apoptotic protein Bax. The imbalance between the anti-
apoptotic proteins Bcl-2, Bel-XL, and pro-apoptotic protein Bax
resulted in upregulation of cleaved-caspase 3, thus leading to cell
apoptosis.

Murine models of xenotransplantation, as the gold standard
for in vivo xenotransplantation, have been used for decades,
however, concern remains when using the mouse as a xenograft
model. These include the long duration of time to visible
engraftment of human cells, the difficulties in imaging of single
or small amounts of engrafting cells and the engraftment
heterogeneity between samples requiring laborious experi-
ments with large amounts of animals.** Most recently, Zebrafish
(Danio rerio) has become an attractive research model for the
analysis of tumor development and for chemical screens.
Zebrafish is a freshwater vertebrate providing unique opportu-
nities to visualize tumor cell behavior due to the feasibility of
xenotransplanting cancer cells into zebrafish embryos and the
transparency of their larvae, allowing imaging of cancer
progression and, meanwhile, monitoring their response to
a range of treatments in real time.*>** Here, we used both
murine and zebrafish models of xenotransplantation to eval-
uate enhanced antitumor effect of the combined treatment. We
also used zebrafish models to test reduced toxicity by the
combined treatment. We found that AECS1 significantly
enhanced the antitumor effect of DDP, as evidenced by
decreased tumor volume and reduced tumor weight in these
two models. AECS1 also significantly alleviated gastrointestinal
toxicity, neurotoxicity and neutropenia induced by DDP or
vinorelbine tartrate in zebrafish.

In conclusion, the studies described herein are the first to
demonstrate the synergistic antitumor activity of AECS in
combination with DDP. Additionally, the combination with AECS,
particularly AECS1, and DDP is highly effective for attenuating
toxicity induced by DDP therapy both in a murine xenograft
model and zebrafish model. The synergistic antitumor effect of
the combined treatment in Lewis xenograft was associated with
the attenuation of the IkBa/NFkB and AKT/MMP2/MMP9 path-
ways. These finding emphasizes the possibility of using AECS1 in
combination with DDP in the management of NSCLC.
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