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Background: Physalis alkekengi var. franchetii is an herb that possesses various ethno-
pharmacological applications. Herein, our current study focuses on the antitumor effect of
a combination of physalins, which are regarded as the most representative secondary
metabolites from calyces of Physalis alkekengi var. franchetii.

Materials and Methods: We mainly investigated the antitumor activity of the physalins
extracted from Physalis alkekengi var. franchetii on both solid and hematologic cancers. The
main cells used in this study were NCI-H1975 and U266 cells. The major assays used were
the CCK-8 assay, Western blot analyses, immunofiuorescence assay and Annexin V assay,
and a xenograft mouse model was used.

Results: The results showed that physalins exhibited a strong antitumoural effect on both
non-small cell lung cancer (NSCLC) and multiple myeloma (MM) cells by suppressing
constitutive STAT3 activity and further inhibiting the downstream target gene expression
induced by STAT3 signaling, which resulted in the enhanced apoptosis of tumor cells.
Moreover, physalins significantly reduced tumor growth in xenograft models of lung cancer.
Conclusion: Collectively, these findings demonstrated that the physalins from Physalis
alkekengi var. franchetii may potentially act as cancer preventive or chemotherapeutic agents
for NSCLC and MM by inhibiting the STAT3 signaling pathway. The present study served as
a promising guide to further explore the precise mechanism of Physalis alkekengi var.
franchetii in cancer treatment.
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Introduction

Physalis alkekengi L. (also known as “Jindenglong™) is a well-known traditional
Chinese medicinal herb consisting of dried calyces or calyces-with-fruit of
P. alkekengi var. franchetii (Solanaceae).' It is widely used for the treatment and
prevention of different diseases, including sore throat, cough, eczema, tonsillitis,
pharyngitis, hepatitis, leishmaniasis and tumors.” Recently, several studies show
that it plays a critical role in antitumor, antioxidant, antibacterial, anti-inflammatory,
immunomodulation and cytotoxic functions.> ® The main chemical components of
Physalis alkekengi L. are physalins, neophysalins, alkaloids, polysaccharides and
flavonoids, among which physalins are known as the most bioactive substances.’
Physalins were evaluated for their therapeutic potential and were found to possess
anti-inflammatory, immunomodulatory and antitumor properties. For example, in
human melanoma cells, physalin B can induce apoptosis by increasing the protein
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levels of Bax and caspase-3.'"® Human renal cancer cells
are inhibited by physalin F by inducing reactive oxygen
species (ROS)-mediated apoptosis.'' Physalin D, another
active component, possesses an antioxidant activity.'?
Additionally, physalin A exerts antitumor activities on
NSCLC by the JAK/STAT3
pathway.* However, whether the mixture of physalins

suppressing signaling
from Physalis alkekengi L. inhibits non-small cell lung
cancer (NSCLC) and multiple myeloma (MM), solid and
hematologic cancer, respectively, still remains unclear.

As previously reported, Michael reaction acceptors
(MARs) are active molecules that may have antitumor
activity. Five physalins that were investigated might be
MARs and have antitumor activity."”® In the present
study, we attempted to investigate the possible molecular
and cellular mechanisms of physalins from P. alkekengi
var. franchetii on the growth and apoptosis of NSCLC
(NCI-H1975) and MM cell lines (U266). Moreover, the
antitumor activity of the physalins on lung cancer was also
evaluated in a xenograft mouse model to assess the effi-
cacy and toxicity of these physalins.

Materials and Methods

Plant Material

The Physalis alkekengi var. franchetii (Lot No. 151227)
used in this study was purchased from Huadong Chinese
Crude Co. and passed standard tests (Report No.
C151229-6) according to the Zhejiang Traditional
Chinese Medicine Processing Standard (2005 Edition,
QS-01-0000-03) The authentication of the herb was also
performed by the chief pharmacist Min Xia Zheng of the
Zhejiang Provincial Hospital of TCM, China. The
Huadong Chinese Crude Co. is a designated clinical
herb suppliers (Supplementary Table 1).

Extraction

The extraction methods were previously described.'
Eight-fold 95% EtOH under reflux was used to extract
dried calyces (10 kg) from Physalis alkekengi var. fran-
chetii three times. After vacuum drying, approximately
830 g of extract was obtained. The extract was redis-
solved in water (1 L) and then extracted three times
with petroleum ether (1 L) and dichloromethane (1 L).
The dichloromethane fraction (160 g) was finally
obtained. The extract of physalins was dissolved in
DMSO at a stock concentration of 20 mg/mL and ali-
quoted for storage at —20°C.

Quality Control of Physalis alkekengi var.

franchetii

Five physalins were separated and identified from the
calyces of Physalis alkekengi var. franchetii in our pre-
vious study.'® The extract contents of Physalis alkekengi
var. franchetii were determined by chromatographic ana-
lyses performed with an Acquity UPLC system (Waters,
Milford, MS, USA) and a BEH CI18 column
(2.1 mmx100 mmx1.7 pm). MS and MS-MS analyses
were performed on a Micromass Quattro Premier tandem
quadrupole mass spectrometer (Waters, Manchester, UK)
using an electrospray (ESI) source in positive mode. The
method with
modifications.'* One hundred milligrams of pulverized

was  previously  reported minor
sample was accurately weighed and was then transferred
to a 50 mL volumetric flask and diluted with methanol to
a volume of 50 mL. Finally, both of the test samples were
filtered through a 0.45 uM membrane filter prior to UPLC
analysis. The UPLC parameters were used as previously

reported.'?

Cell Lines

Nine human cancer cell lines, including NCI-H1975,
H292, H358, U266, RPMI-8226, MM1R, MKN45, MCF-
7, and SW620 and a bronchial epithelium cell line
(16HBE), were purchased from Type Culture Collection
of the Chinese Academy of Sciences (Shanghai, China).
All these cells were cultured in RPMI-1640 medium
(Thermo Fisher Scientific, Waltham, MA, USA) with
10% fetal bovine serum (FBS; Thermo Fisher Scientific,
Waltham, MA, USA).

Cell Viability

Cancer cell growth was quantified by Cell Counting Kit-8
(CCK-8; DOJINDO) assay according to the manufac-
turer’s instructions.'* Briefly, the cells were plated in a 96-
well plate (0.6 x 10> cells/well) and incubated overnight
with 100 pL of medium. The cells were treated with
different concentrations of physalins (0, 2.5, 5, 10, 15,
20 or 30 pg/mL) for 24 or 48 h. DMSO was added to
reach sufficient volume for analysis. The absorbance was
measured at 450 nm by a microplate spectrophotometer
(Varioskan Flash, Thermo Fisher Scientific) after the cells
was cultured with 10 pL of CCK-8 reagent for about
2 h. The IC50 value was used to evaluate the cytotoxicity
of the drug which is needed to achieve 50% growth
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inhibition in vitro. The IC50 value was calculated by the
fitted line (Y = aX + b) in GraphPad Prism 5.

Western Blot Analysis and the Relevant

Reagents

Cold lysis buffer (150 mM NaCl, 1% NP-40, 50 mM Tris—
HCl, pH 8.0, supplemented with Complete Protease
Inhibitor, Roche) was added to the plates. After centrifuga-
tion and concentration qualification, the whole protein
extracts were mixed with loading buffer and then boiled for
10 min. After separation with SDS-PAGE, the proteins were
transferred to PVDF membranes. 5% BSA was used for
blocking. Primary antibodies against STAT3, p-STAT3-Tyr,
p-STAT3-Ser, Mcl-1, Bcl-2, Bel-xL, survivin, cleaved cas-
pase-3, cleaved caspase-9, PARP (1:1000, Cell Signaling
Technology, Beverly, MA, USA), and B-Actin (1:3000 dilu-
tion, Sigma-Aldrich, Merck KGaA, St Louis, MO, USA).
The membranes were then incubated with secondary antibo-
dies (1:8000 dilution, Lianke Bio, P.R. China). The immu-
noreactive proteins were detected using a chemiluminescent
immunodetection system (ChemiDocTM XRS). The semi-
quantification of protein levels was performed with ImagelJ
software. The quantities of the relative gray values are pre-
sented as a ratio of each protein band relative to the lane’s
loading control.

STAT3 small interfering RNA (sense/antisense: 5'-
GGGACCUGGUGUGAAUU AUTT-3', 5-AUAAUUC
ACACCAGGUCCCTT-3') and scrambled control siRNA
(sense/antisense 5'-UUCUCCGAACGUGUCACGUTT-3,
5'-ACGUGACACGUUCGGAGAATT-3") were purchased
from Santa Cruz Biotechnology (Dallas, TX, USA).

Apoptosis Detection Assay

Different cells (1x10° per well) were seeded overnight on 12-
well plates until reaching 70% confluence, and then were
treated with various concentrations of physalins (0, 5, 10, and
15 pg/mL) for 24 h. DMSO was added to reach a sufficient
volume for each group. After trypsinization, the cells were
washed twice with cold PBS and then mixed with binding
buffer with anti-Annexin V-FITC/PI for 15 min according to
the manufacturer’s instructions. Then, the apoptotic cells
were evaluated by a FACSCanto II flow cytometer (BD
Pharmingen) and FlowJo software (TreeStar Inc).

Immunofluorescence
H1975 cells were treated with 15 pg/mL physalins for
6 h followed by treatment with recombinant IL-6 protein

(25 ng/mL) to induce pYSTAT3 levels, fixed in 4% paraf-
ormaldehyde for 15 min on ice and permeabilized with
precooled methanol for another 10 min on ice. Next, the
cells were blocked with blocking solution (5% normal goat
serum, 0.3% Triton X-100 in PBS) for 60 mins at room
temperature. After aspirating the blocking solution, the
diluted primary antibody p-STAT3-Tyr (1:500, Cell
Signaling Technology) was applied and incubated overnight
at 4°C. The next day, the slides were rinsed in PBS 3 times
and incubated with a fluorochrome-conjugated secondary
antibody diluted in antibody dilution buffer (1% BSA and
0.3% Triton X-100 in PBS) for 1-2 h away from the light.
The slides were rinsed with PBS 3 times and coverslipped
with Prolong® Gold Anti-Fade Reagent (#9071; Cell
Signaling) with DAPI (#8961; Cell Signaling).

Xenograft Mouse Model

A total of 20 male BALB/c mice were assigned to 4
groups (5 mice/group) and maintained under pathogen-
free conditions at room temperature (21 to 25°C), with
12 h—12 h light-dark cycle. Food and water were offered
ad libitum. A total of 5 x 10° human NCI-H1975 cells
suspended in PBS were subcutaneously injected into the
right front leg of 6-week-old male BALB/c mice. When
the tumors reached 100-150 mm?>, 100 or 200 mg/kg/day
(calculated according to clinical condition and converted
using formula, ie, mouse dosage = X mg/
kgx70 kgx0.0026/20 g = 9.1 xX mg/kg) of the extract of
CMC-Na as
a suspension and administered orally once a day for 12

the physalins was mixed with 0.5%

days in the physalin-treated groups, and 0.5% CMC-Na
was administered orally to the control group. In the cis-
platin (DDP) treated group, 5 mg/kg/day DDP was intra-
peritoneally injected for 12 days. The tumor volume and
body weight were assessed every two days. The tumor
volume was calculated as V = length x width?/2."> The
mice were sacrificed quickly by cervical dislocation, and
then, the tumors were obtained and measured.

Statistical Analysis

The statistical calculation of differences between the
means was conducted by a Student’s t-tests and is shown
as the mean = SD in each group. An analysis of variance
(ANOVA), including the F value, was carried out with
Tukey’s post hoc test for multiple comparisons.
Statistical significance was considered at P<0.05 or

P<0.01. All experiments were replicated three times.
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Results the extracts used in this study were endotoxin-free.
Quality Evaluation of PhySGIiS alkekengi var. Thus, the effects of the other components on the
fr anchetii in vitro experiment could be ignored.

According to previous studies, physalins are identified
as the main active and characteristic components of
Physalis alkekengi var. franchetii.’ Five physalins
were isolated and identified from the calyces of
P. alkekengi var. franchetii in our previous study.'’
The results from UPLC-MS also showed that the
main extracts contained five physalins, physalin A,
physalin G, physalin O, physalin L, and isophysalin,
of which the levels were 26.03%, 2.66%, 52.06%,
12.92%, and 1.33%, respectively (Figure 1). However,
based on a peak area normalization method, other

components constituted only 5% of the extracts, and

Physalin O (3)

Physalin L (4)

Physalis alkekengi var. franchetii Extracts
Inhibit the Viability of NCI-H1975 and
U266 Cells

To evaluate the antitumoural activities of the physalins iso-
lated from Physalis alkekengi var. franchetii, nine human
tumor cell lines (NCI-H1975, NCI-H292, NCI-H358,
U266, RPMI-8226, MM1R, MKN45, MCF-7, and SW620
cells) and a bronchial epithelium cell line (16HBE cells)
were treated with different doses of the extracts and incu-
bated for 24 h or 48 h and were then subjected to a CCK-8
assay (Cell Counting Kit-8, DOJINDO) (Figure 2A and B).

SH
s1

Physalin G (5)

1
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Figure | The main extracts of Physalis alkekengi var. franchetii. (A) Chemical structures of the physalins extracted from Physalis alkekengi var. franchetii. (B) UPLC and total ion
current chromatogram. Peaks: |=physalin A, 2= isophysalin A, 3= physalin O, 4= physalin L and 5= physalin G.

submit your manuscript

304

Dove

OncoTargets and Therapy 2021:14


http://www.dovepress.com
http://www.dovepress.com

Dove Fu et al
A Growth Curve (24h) Previous studies have shown that STAT3 is activated
and is highly expressed in these two cell lines, which
H1975 indicates a connection between the inhibitory mechanism
g : :zgg of physalins and the STAT3 signaling pathway. Therefore,
s - U266 three NSCLC cell lines and three MM cell lines were
g‘ - RPMI-8226  treated with the physalins for 4 h, and the results showed
§ . m,r\(/lljlz; that the p-Tyr levels of STAT3 were extremely high in
§ MCF7 NCI-H1975 and U266 cells comparing to other cell lines
- SW620 (Supplementary Figure S1A and B). After physalin treat-
0 : : : 16HBE ment, Tyr705 phosphorylation levels of STAT3 were
. e %0 inhibited in all six cell lines but were greatly inhibited in
Concentration (pg/ml) .
NCI-H1975 and U266 cells (Supplementary Figure S1A,
B Growth Curve (48h) B). Therefore, STAT3 activation was the underlying
| mechanism in the present study.
0 H1975

z - 3292 Physalis alkekengi var. franchetii Extracts

g D Reduced the Phosphorylation (Tyr705) of
£ s ~ ReMLe25 - STAT3 in NCI-H1975 and U266 Cells

E o MKN45 To test the above hypothesis, we initially observed the
S MCF7 STAT3 activity differences after physalin treatment by
—- SW620 examining the phosphorylation levels of STAT3. NCI-
co pa - 4 L H1975 and U266 cells were first administered different

Concentration (pg/ml)

Figure 2 Viability of human tumor cells in the presence of Physalis alkekengi var.
franchetii extracts. Cells treated with various doses of physalins (0, 2.5, 5, 10, I5, 20
and 30 pg/mL) for 24 h (A) or 48 h (B). CCK-8 assays were performed to examine
cell viability.

The results showed that all the detected tumor cell lines were
sensitive to physalins; in particular, physalins had greater
inhibitory effects on NCI-H1975 and U266 cells with lower
IC50 values after 24 or 48 h of incubation (Table 1). There
was no significant inhibition on human normal cell line
16HBE.

concentrations of physalins for 4 h. The Western blot
showed that the of STAT3-Tyr705-
phosphorylation in the physalin-treated group
decreased significantly in a concentration-dependent

results level

manner compared with the level in the DMSO treated
group (Figure 3A and B). In contrast, the level of
p-Ser727 of STAT3 in the NCI-H1975 cells was
increased after the physalins treatment, which may be
attributed to the intrinsic mechanism for shortening the
duration of STAT3 activity. However, in the U266 cells
we did not find a change in p-Ser727 levels. The total
STAT3 levels also showed no change in either cell line.

Table 1 IC50 Values of Physalis alkekengi var. franchetii Extracts for Nine Human Tumor Cell Lines

Cell Line 24h 48h
1C50 (pg/mL) R Square Std. Error (LoglC50) 1C50 (ng/mL) R Square Std. Error (LoglC50)

NCI-H1975 10.78 0.9648 0.01832 6.442 0.9956 0.02125
NCI-H292 17.35 0.9532 0.01934 9.011 0.9937 0.01838
NCI-H358 15.67 0.9535 0.01849 5.879 0.9973 0.02170
U266 8.071 0.9727 0.01749 4.131 0.9970 0.06401
RPMI-8226 14.32 0.9421 0.02240 8.125 0.9955 0.01711
MMIR 18.68 0.9671 0.01692 9.053 0.9976 0.01321
MKN45 18.68 0.9770 0.01340 7.650 0.9954 0.01536
MCF7 22.82 0.9787 0.01390 7.883 0.9946 0.01703
SW620 21.68 0.9904 0.009706 8.944 0.9935 0.01825

OncoTargets and Therapy 2021:14

submit your manuscript

305

Dove


http://www.dovepress.com/get_supplementary_file.php?f=282334.pdf
http://www.dovepress.com/get_supplementary_file.php?f=282334.pdf
http://www.dovepress.com/get_supplementary_file.php?f=282334.pdf
http://www.dovepress.com/get_supplementary_file.php?f=282334.pdf
http://www.dovepress.com
http://www.dovepress.com

Fu et al

Dove
Collectively, these results suggested that physalins sup- Previous reports identified that STAT3 phosphorylation
press constitutive STAT3 Tyr705 phosphorylation in  at Tyr705 (pYSTAT3) leads to STAT3 nuclear transloca-
NCI-H1975 and U266 cells. tion in response to various extracellular cytokines, such as
A NCI-H1975 B U266
0 5 10 15 pg/mi 0 5 10 15 pg/ml
-STAT3-Tyr — p-STAT3-Tyr
0.98 0.91 0.69 0.43 0.90 0.58 0.32 0.21
S s s | P-STAT3-Ser —— - p-STAT3-Ser
e — w— e  STAT3 — e — S | STAT3
S —— “— m— | B-2CtN B-actin
C p-STAT3-Tyr DAPI Merge

ContrOI --.
o ...
o ---

Figure 3 Physalis alkekengi var. franchetii extracts suppressed constitutive STAT3 activity, and IL-6-induced STAT3 Tyr705 phosphorylation in NCI-H1975 and U266 cells. (A)
NCI-H1975 cells were treated for 4 h with physalins (0, 5, 10, I5 ug/mL). The levels of p-STAT3-Tyr, p-STAT3-Ser, STAT3 and B-actin were detected by Western blot analysis.
(B) U266 cells were treated for 4 h with physalins in a dose-dependent manner. The cell lysates were subjected to a Western blot analysis using antibodies specific for
p-STAT3-Tyr, p-STAT3-Ser, STAT3 and B-actin. The semiquantification of the protein levels was performed with Image | software. The relative gray values of p-STAT3-Tyr are
shown below. (C) Physalins suppressed p-STAT3 nuclear translocation. HI975 cells were treated with |5 pg/mL of physalins for 6 h with or without 25 ng/mL IL-6.
Immunofluorescence analysis was performed with an anti-p-STAT3-Tyr primary antibody followed by an anti-rabbit IgG Fab, Alexa Fluor 555 antibody. Coverslipped slides
were covered with anti-fade reagents with DAPI. The merged images show the overlay of red Alexa Fluor 555 and blue DAPI fluorescence.
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interleukin (IL)-6.'® Therefore, we examined whether phy-
salins can repress the nuclear translocation of pYSTAT3 in
NCI-H1975 cells. Immunofluorescence assays showed that
the immunoreactivity of anti-pYSTAT3 was predomi-
nantly increased in the nuclei of IL-6—stimulated or unsti-
mulated NCI-H1975 cells but was apparently decreased by
15 pg/mL physalin treatment for 6 h (Figure 3C).

Physalis alkekengi var. franchetii Extracts
Suppress the Expression of STAT 3-
Regulated Genes in NCI-H 1975 and U266
Cells

To further investigate whether the physalins suppress STAT3-
mediated downstream signaling, we determined the expres-
sion levels of the target genes of STAT3, including
antiapoptotic proteins in the Bcl-2 family (Mcl-1, Bcl-2,
and Bcl-xL), XIAP, and survivin by Western blot analysis.
The expression levels of Bel-2 and XIAP in NCI-H1975 and
U266 cells were significantly reduced after physalin exposure
for 24 h. Moreover, the decrease occurred in a concentration-
dependent manner (Figure 4A, B). The band signals of both

A NCI-H1975

0 5 10 15  upg/ml
0.36 0.22 0.24 0.15

W B e | B
. —— P
1.15 1.06 0.79 0.48
— e s | Mcl-1
.*‘ Survivin
-..q B-actin

Bcl-2 and XIAP were greatly diminished after an incubation
with the physalins at 15 pg/mL. However, the expression
levels of the other detected genes (Mcl-1, Bel-xL and survi-
vin) showed no significant difference. Therefore, these results
indicated that the P. alkekengi var. franchetii extracts further
inhibited the STAT3-regulated downstream genes Bcl-2 and
XIAP. Then, NCI-H1975 and U266 cells were transfected
with siSTAT3 or scrambled siRNA and incubated for
24 h. STAT3, p-STAT3-Tyr and the downstream anti-
apoptotic protein STAT3 were detected (Supplementary
Figure S2). The results showed that STAT3 knockdown in
NCI-H1975 and U266 cells significantly reduced Bcl2 and
XIAP levels. Therefore, blocking the STAT3 signaling path-
way plays an important role in promoting cell apoptosis.

Physalis alkekengi var. franchetii Extracts
Induce the Apoptosis of NCI-H 1975 and
U266 Cells

Since Bcl-2 and XIAP are known to be potent inhibitors of
apoptosis, an Annexin V-FITC/PI assay was subsequently
performed to investigate whether physalins induce the

B U266
0 5 10 15 pg/ml
R — T
102 093 040 017
*- Bel-xl
—— — e | XIAP

1.16 0.87 0.72 0.24

——— — 15

B-actin

Figure 4 Physalis alkekengi var. franchetii extracts suppressed STAT3-mediated downstream genes in NCI-H1975 and U266 cells. (A) NCI-H1975 cells were incubated with various
concentrations of the physalins for 24 h. The cell lysates were isolated for Western blot analysis to detect the Bcl-2 family, XIAP and survivin protein levels. B-actin was used as
a loading control. (B) U266 cells were treated with physalins in a dose-dependent manner for 24 h. Western blot was performed with the anti-Bcl-2 family, anti-XIAP and anti-
survivin primary antibodies. The semiquantification of protein levels was performed with Image] software. The relative gray values of Bcl-2 and XIAP are shown below.

OncoTargets and Therapy 2021:14

submit your manuscript

307

Dove


http://www.dovepress.com/get_supplementary_file.php?f=282334.pdf
http://www.dovepress.com/get_supplementary_file.php?f=282334.pdf
http://www.dovepress.com
http://www.dovepress.com

Fu et al

Dove

apoptosis of NCI-H1975 and U266 cells. As expected, the
flow cytometry results showed that physalins significantly
elevated the apoptotic rate of the NCI-H1975 and U266
cells in a concentration-dependent manner (Figure SA and
B). Compared with the control groups, the proportion of
apoptotic NCI-H1975 cells (the upper right panel for the
late stage and the lower right panel for the early stage of
apoptosis in Figure 5A) increased from 6.8+£1.2% to 11.5
+3.1%~58.3+6.1% after physalin treatment at doses of
5~15 pg/mL for 24 h. Similarly, the percentage of apopto-
tic U266 cells in the physalin-treated groups (18.6£3.6%
~43.4+10.4%) were much higher than that in the control
group (4.5£1.0%). Correspondingly, the apoptosis related
proteins cleaved caspase 3, cleaved caspase 9 and cleaved
poly (ADP-ribose) polymerase (PARP) were significantly
increased in  the  physalin-administered  groups
(24 h treatment) (Figure 5C and D). Collectively, these
results demonstrated that P. alkekengi var. franchetii
extracts promoted the apoptosis of NCI-H1975 and U266
cells by regulating the STAT3 signaling pathway.
Furthermore, physalin A, physalin O and physalin
L (26.03%, 52.06% and 12.92%, in the physalin extract,
respectively) were used to treat NCI-H1975 cells alone
(3.9 pg/mL, 7.8 pg/mL and 1.9 pg/mL) or in combination
for 24 h. Cells were collected and analyzed by Annexin
V-FITC/PI assay. FACS analysis showed that physalin
A lead to approximately 19.7% apoptotic cells; however,
physalin O and physalin L weakly induced apoptosis.
Interestingly, the combination of physalin A, physalin
O and physalin L drove 41.8% of the cells to apoptosis
(Supplementary Figure S3A). Western blot analysis showed

that combined treatment with the three physalins strongly
blocked STAT3 activation. Physalin A partially inhibited
STAT3 activation; however, physalin O and physalin L had
no obvious effect (Supplementary Figure S3B).

Physalis alkekengi var. franchetii Extracts
Inhibit Tumor Growth in a Human

NSCLC Xenograft Model
Finally, NCI-H1975 xenograft models were used to eval-

uate the antitumor activity of the physalins. Compared to
the control group, tumor growth (tumor volume) was sig-
nificantly inhibited in the high-dose physalin-treated group
(200 mg/kg) and the cisplatin (DDP)-treated (5 mg/kg)
group after 12 days of survival (Figure 6A and C). Then,
the mice were sacrificed, showing that the tumor volume
was reduced in the low-dose physalin-treated group

(100 mg/kg) (P=0.0057, F=3.677) and was obviously
decreased in the high-dose physalin-treated group
(P<0.0001, F=10.71) and the DDP-treated group
(P<0.0001, F=13.06) (Figure 6A). The physalins signifi-
cantly reduced the body weight compared with the control
and physalin-treated groups, as indicated by ANOVA
(P<0.0001, F=38.58). The tumor weight was reduced in
the low-dose physalin-treated group (100 mg/kg)
(P=0.0016) and was obviously decreased in the high-
dose physalin-treated group (P<0.0001) and the DDP-
treated group (P=0.0003) (Figure 6B). The weights of
the physalin-treated groups displayed no significant differ-
ence compared with the control group, but the DDP-
treated group showed weight loss (P=0.01) (Figure 6D).
Taken together, these results demonstrated that the anti-
tumor activity of physalins was comparable to that of
cisplatin, a chemotherapy agent, but physalins mitigated
the side effects of body weight loss.

Discussion

Natural compounds derived from food, herbs and plants
have been used as antitumor agents.'” Population studies
suggest that potential natural cancer preventive com-
pounds are safe, practical, economical, and effective for
cancer treatment.'® For example, P. alkekengi var. fran-
chetii is an herb that has captured interest due to its
therapeutic properties.' Previous studies have demon-
that

P alkekengi wvar. franchetii are vital in combating

strated several extracts from the calyces of
cancer.*® For example, in different cancers, physalin
A inhibits tumor cell growth, promotes apoptosis and
autophagy via Nrf2 signaling, JAK-STAT3 signaling or
ROS generation.*'?2!

In our study, the main components from the calyces of
P. alkekengi var. franchetii extracts were five physalins,
that were identified by UPLC. Physalin species are con-
sidered of great medicinal value since these compounds
display various biological activities, such as antimicrobial,
antitumor, anti-inflammatory, immunomodulatory, immu-
nosuppressive, cytotoxic, trypanocidal, and molluscicidal
effects.”?> 2" Previously, we reported that the antitumor
growth and apoptosis-promoting effects of physalin
A were dependent on suppressing STAT3 activity in
NSCLC cell lines.* Our current study focused on the
antitumor effect of the combination of five physalins
from the calyces of P. alkekengi var. franchetii. This anti-
tumor effect was initially evaluated in seven types of cell

lines and the results showed that the physalins inhibited
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Figure 5 Physalis alkekengi var. franchetii extracts induced the poptosis of NCI-H1975 and U266 cells. (A) NCI-H1975 cells and (B) U266 cells were treated with different
concentrations of physalins for 24 h, and then, the cells were collected and labeled with Annexin V-FITC/PI followed by flow cytometric analysis. (C) NCI-H1975 cells and
(D) U266 cells were treated with physalins in a dose-dependent manner for 24 h. Western blotting was performed with anti-cleaved caspase-9, anti-cleaved caspase-3 and

anti-PARP antibodies.

the growth of all the tested cell lines, which suggested that
the physalins exhibited nonselective antitumor activity.
Moreover, the antitumor molecular mechanism of the phy-
salins was explored in vitro using representative solid
tumor (NCI-H1975) and hematological tumor (U266) cell

lines.

STAT3 is vital in the initiation and progression of
various cancers, such as proliferation, antiapoptosis, inva-
sion and immune surveillance evasion.”* > It is activated
by the phosphorylation of its tyrosine or serine residues by
modulating upstream regulators.>'? The phosphorylation
of STAT3 induces dimerization through the interactions of
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Figure 6 Physalis alkekengi var. franchetii extracts inhibited tumor growth in a human NSCLC xenograft model. (A) Tumor volumes were measured at the indicated times
using Vernier calipers. Tumor volume = length x width?/2. ** for P<0.01 and *** for P<0.001. The P values were analyzed by ANOVA with a post hoc test. (B) After 10 days,
all the mice were sacrificed, and the tumors were arranged and photographed. (C) The average tumor weights were analyzed in each group. The statistical analysis was
performed using Student’s t-test and one-way ANOVA, ** for P<0.0l and *** for P < 0.001. (D) The body weights were measured at the indicated times.

reciprocal phosphotyrosine-Src  homology domain 2
(SH2). Activated STAT3 dimers initiate the transcription
of target genes by translocating to the nucleus and inter-
acting with the promoter sequf:nce.3l’33 Parent STAT3
activation is related to a wide spectrum of cancers, includ-
ing NSCLC and MM, and is positively associated with
a poor prognosis.>* 7 A wide range of preclinical studies
have shown that phosphorylated-STAT3 (pSTAT3) is
a well-known characteristic of various cancers.”®
Accumulating evidence shows that constitutive STAT3
activation occurs frequently in a wide range of tumor
cells, including MM and in more than 22%~65% of
NSCLC cases.*"™ This indicates that aberrant STAT3
signaling is an important process in malignant progression.
Therefore, the inhibition of STAT3 signaling is considered
a novel and potential target to treat cancers.

STAT3 is activated by Tyr705 phosphorylation in
response to membrane factors such as interleukin-6 (IL-
6).*> It has also been shown that Ser727 of STAT3 is
phosphorylated by various kinds of kinases in various
cancers.***” However, some reports have shown that the
Ser727 site phosphorylation suppresses STAT3 activity

and cell proliferation.’®>' In our study, we reported that
P. alkekengi var. franchetii extracts repressed Tyr705 phos-
phorylation of STAT3 in H1975 and U266 cells but have
increased Ser727 phosphorylation of STAT3 in H1975
cells.

In our previous study, we illustrated that physalins acted
as Michael reaction factors and directly induced a rapid drop
in the concentration of intracellular glutathione (GSH),
thereby triggering the S-glutathionylation of STAT3 and
inhibiting the tyrosine phosphorylation of STAT3.'*>* In
this study, P. alkekengi var. franchetii extracts inhibited the
level of STAT3 tyrosine phosphorylation and further sup-
pressed the expression of STAT3 downstream target genes.
Bcl-2 and XIAP are both anti-apoptotic proteins. Following
Bcl-2 downregulation, the proapoptotic proteins are subse-
quently activated, resulting in mitochondrial outer membrane
permeabilization (MOMP). Then, cytochrome ¢ and second
mitochondria-derived activator of caspase (SMAC) are
released from the mitochondria, which results in the activa-
tion of caspase 9. Caspase 9 then activates procaspase 3 and
procaspase 7, leading to cell death.® XIAP, X-linked inhibi-
tor of apoptosis, inhibits caspase 9.>* Another apoptotic
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marker, cleaved PARP, is catalyzed by caspase-3.>> In brief,
P alkekengi var. franchetii extracts inhibit STAT3-targeted
anti-apoptotic proteins, which leads to the cleavage of both
caspase-3 and PARP, resulting in increased apoptosis rates of
both NCI-H1975 and U266 cells. Therefore, suppressing the
continuous activation of STAT3 may be an effective target
for cancer therapy. It is meaningful and valuable to discover
and develop effective STAT3 inhibitors as antitumor compo-
nents in the treatment of cancer. However, the inhibitory
specificity and selectivity of the physalins are still unknown
and will be further clarified by a molecular docking assay and
competitive inhibition experiment.

Notably, based on the results from the in vitro experi-
ments, including cell proliferation and apoptosis, we are
aware that the effects of P. alkekengi var. franchetii extracts
on NCI-H1975 and U266 cells are almost identical, which
suggests that the physalins from P. alkekengi var. franchetii
may have similar or identical antitumor activity on solid
tumors and hematological tumors. Moreover, the antitumor
effects of the P. alkekengi var. franchetii extracts were tested
using a human xenograft model of lung cancer. Consistent
with the in vitro results, the data showed that the physalins
from P. alkekengi var. franchetii inhibited tumor growth, as
indicated by decreases in tumor volume and weight in the
xenograft model.

In the human NSCLC xenograft model, the body weights
of the physalin-treated groups were not significantly different
compared with the control group, but the DDP-treated group
showed weight loss. Moreover, the physalin-treated groups did
not have an adverse reaction during the observation period;
therefore, P. alkekengi var. franchetii extracts are safe, induce
low-toxicity and no obvious side effects. P alkekengi
L. extracts are more convenient for large-scale preparation
and extraction than purified physalin monomers. Moreover,
herbal cocktail therapy can partially attenuate single drug
resistance. After isolating the main physalins in the extracts,
we found that the combination of physalin A, physalin O and
physalin L can increase cell death and inhibit STAT3 activa-
tion. The detailed mechanism of this combination will be
further explored in the context of therapy our next paper.

In summary, the P. alkekengi var. franchetii extracts
inhibited tumor proliferation and promoted apoptosis of
NSCLC and MM cells by repressing STAT3 signaling.
The findings of this study will aid in the development of
the physalins from P alkekengi var. franchetii as
a promising antitumor drugs. Clinical evaluation and
application were the main limitations of our study, and
these can be future research directions.

Conclusions

Collectively, our study demonstrates that the extracts from
Physalis alkekengi var. franchetii have antitumor effects
against NSCLC and MM. The results reported that the
P. alkekengi var. franchetii extracts inhibited tumor growth
and induced the apoptosis of human NSCLC and MM cell
lines by repressing the STAT3 signaling pathway. In addi-
tion, the physalins significantly reduced tumor growth in
xenograft models of lung cancer without weight loss.
Importantly, these findings imply that the extracts of
Physalis alkekengi var. franchetii might be a safe and
promising agents for use in cancer treatment.
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