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Abstract

In the present study, we explored the anti-tumor and anti-angiogenesis effects of chrysophanol, and to investigate the underlying
mechanism of the chrysophanol on anti-tumor and anti-angiogenesis in human lung cancer. The viability of cells was measured
by CCK-8 assay, cell apoptosis was measured by Annexin-FITC/PI staining assay, and the cell migration and invasion were
analyzed by wound-healing assay and transwell assay. ROS generation and mitochondrial membrane potential were analyzed by
DCFH-DA probe and mitochondrial staining kit. Angiogenesis was analyzed by tube formation assay. The expression of CD31
was analyzed by immunofluorescence. The levels of proteins were measured by western blot assay. The anti-tumor effects of
chrysophanol in vivo were detected by established xenograft mice model. In this study, we found that the cell proliferation,
migration, invasion, tube formation, the mitochondrial membrane potential, and the expression of CD31 were inhibited by
chrysophanol in a dose-dependent manner, but cell apoptotic ratios and ROS levels were increased by chrysophanol in a dose-
dependent manner. Furthermore, the effects of chrysophanol on A549, H738, and HUVEC cell apoptotic rates were reversed by
the ROS inhibitor NAC. Besides, the effects of chrysophanol on HUVEC cell tube formation were reversed by the HIF-1c
inhibitor KC7F2 and the VEGF inhibitor axitinib in vitro. Moreover, tumor growth was reduced by chrysophanol, and the
expression of CD31, CD34, and angiogenin was suppressed by chrysophanol in vivo. Our finding demonstrated that
chrysophanol is a highly effective and low-toxic drug for inhibition of tumor growth especially in high vascularized lung cancer.
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Introduction

Lung cancer is the second malignant cancer in the world, and
characterized as high fatality rate, and diagnosed in advanced
stages (Liam et al. 2015). It also has a higher incidence rate in
both men and women (Huang et al. 2015). In present, surgery,
radiotherapy, and chemotherapy are the common methods for
lung cancer treatment (Naylor et al. 2016; Hirsch et al. 2017).
But it usually causes poor prognosis and chemo-resistance or
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multidrug-resistant after treatment by surgery, radiotherapy,
and chemotherapy (Kim 2016; Kebsa et al. 2018).
Therefore, it is essential to explore new treatment strategies
for lung cancer.

Angiogenesis is one of the hallmarks of solid cancer
(Ramjiawan et al. 2017). Angiogenesis as the foundation of
the tumor cell proliferation, migration, and invasion in the
cancer progression (Viallard and Larrivee 2017), and it also
continually provides nutrients and oxygen to cancer cell
growth (Njah et al. 2019). Hypoxia is the main characteristic
of the tumor microenvironment (TME); hypoxia also is the
trigger of the angiogenesis which increases hypoxia-induced
factors (HIFs) to recruit the multiple pro-angiogenic factors
(Irwin et al. 2009, Li et al., 2019). Therefore, anti-
angiogenesis may be an efficient approach to anti-tumor.

In recent years, traditional Chinese medicine and effective
components have been shown high efficacy, low toxicity, and
low adverse effects in tumor treatment. Chrysophanol belongs
to the anthraquinone family, and a natural active ingredient
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from Rheum palmatum L., Rumex dentatus, and Polygonum
cuspidatum (Song et al. 2019). It has been reported that the
anthraquinone family, including aloe-emodin, emodin, rhein,
chrysophanol, and physcion, shows the anti-tumor effects in
multiple tumor types through regulating cell proliferation, ap-
optosis, migration, and invasion (Lim et al. 2017; Lim et al.
2018). The previous study indicates that chrysophanol sup-
presses choriocarcinoma through inducing apoptosis via reg-
ulating ROS, AKT, and ERK1/2 pathways (Lim et al. 2017).
And chrysophanol inhibits ovarian cancer through
overloading mitochondrial calcium to inducing cell death
and inhibit cell invasion (Lim et al. 2018). Moreover,
chrysophanol inhibits breast cancer by inhibiting proliferation
and inducing apoptosis via NF-kB/cyclin D and NF-kB/Bcl-2
signaling cascade (Ren et al. 2018). Provoking, emodin in-
hibits anaplastic thyroid cancer, human pancreatic cancer,
and colonic cancer by suppressing angiogenesis (Braumann
etal. 2017; Hu etal. 2017; Shi and Zhou 2018). Besides, aloe-
emodin and rhein also have been reported to inhibit multiple
tumors by suppressing angiogenesis (Fernand et al. 2011; He
etal. 2011; Wu et al. 2016; Chen et al. 2018). However, it was
unknown if chrysophanol inhibits tumors by inhibiting
angiogenesis.

In the present study, we explored the anti-tumor and anti-
angiogenesis effects of chrysophanol and revealed the under-
lying mechanism of chrysophanol anti-tumor and anti-
angiogenesis.

Material and methods
Chemical and reagents

Chrysophanol (chrysophanic acid), the ROS inhibitor N-ace-
tyl-L-cysteine (NAC), the HIF-1« inhibitor KC7F2, the
VEGF inhibitor axitinib, and cisplatin (DDP) were purchased
from Selleck (Houston, TX, USA). Cell Counting Kit-8 and
DMSO were purchased from Sigma-Aldrich (Louis, MO,
USA). Matrigel and FITC Annexin V Apoptosis Detection
kit were purchased from Becton Dickinson (BD, NJ, USA).
RPMI 1640 medium and fetal bovine serum (FBS) were pur-
chased from Thermo Fisher Scientific (MA, USA). JC-1 kit
and reaction oxygen species (ROS) assay kit were purchased
from Beyotime Biotechnology (Shanghai, China). Antibodies
were purchased from Cell Signaling Technology (MA, USA)
and Abcam (Cambridge, UK).

Cell lines and culture
The human lung cancer cell lines A549 and H738 and the
human vascular endothelial cell line HUVEC were purchased

from the American Type Culture Collection (ATCC, MD,
USA). The cells were maintained in RPMI 1640 medium

@ Springer

suspended with 10% FBS, 10 pg/mL streptomycin, and 10
U/mL penicillin. All cells were cultured in an incubator with
5% CO, at 37 °C.

CCK-8 assay

The cell viability was measured using the CCK-8 kit follow-
ing the manufacturer’s protocols. In brief, A549 and H738
cells were plated on 24-well plates at a density of 1 x 10°
cells/well. Chrysophanol was dissolved in DMSO, and then
cells were treated with 0, 1,2, 5, 10 uM chrysophanol for 24 h
and 48 h. Then CCK-8 solution was added into each well and
the absorbance of each well was detected at 450 nm using a
microplate reader.

Apoptosis assay

Apoptosis of A549 and H738 cells induced by chrysophanol
was measured by flow cytometry using a FITC Annexin V
Apoptosis Detection kit (BD, NJ, USA) according to the man-
ufacturer’s instrument. Briefly, A549 and H738 cells were
plated on 24-well plates at a density of 1 x 10° cells/well
and treated with 2 uM and 4 uM for 24 h and 48 h. Then cells
were harvested and incubated in 400 pL binding buffer with 5
pL FITC and 5 pL propidium iodide (PI) in the dark for
15 min at temperature (18-26 °C). Next, the stained cells were
analyzed using a flow cytometer (BD, NJ, USA).

Western blotting

Cells were harvested and lysed with RIPA buffer containing
protease inhibitor (Thermo Fisher Scientific, MA, USA). The
concentration of protein was measured using a BCA Protein
Assay kit (Beyotime, Shanghai, China). Then 3 ug protein
lysates were separated using SDS-PAGE and transferred to
PVDF membranes. The membranes were blocked for 1 h at
room temperature (18-26 °C) with blocking buffer (5% milk,
0.5% Tween20, 1x Tris-buffered saline). The members
followed by washed with wash buffer (0.5% Tween20, 1x
Tris-buffered saline) and incubated with special primary anti-
bodies (Ki67, 1:2000, Abcam, ab16667; PCNA, 1:1000, Cell
Signaling Technology, 13110; Bax, 1:1000, Cell Signaling
Technology, 2772; Bcl-2, 1:2000, Abcam, ab182858;
cleaved-caspase3, 1:1000, Cell Signaling Technology, 9664;
cleaved-caspase9, 1:100, Abcam, ab2324; cleaved-PARP,
1:2000, Abcam, ab32046; MMP-2, 1:1000, Cell Signaling
Technology, 87809; MMP-9, 1:1000, Cell Signaling
Technology, 13667; TIMP-3, 1:1000, Cell Signaling
Technology, 5673; E-cadherin, 1:1000, Cell Signaling
Technology, 3195; N-cadherin, 1:1000, Cell Signaling
Technology, 13116; Vimentin, 1:1000, Cell Signaling
Technology, 5741; HIF-1«, 1:1000, Cell Signaling
Technology, 14179; VEGF, 1:1000, Cell Signaling
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Technology, 9698; Vasohibin-1, 1:1000, Abcam, ab199732;
GAPDH, 1:1000, Cell Signaling Technology, 4970) overnight
at 4 °C. Then the membranes were washed with wash buffer
and probed with special secondary antibody HRP-labeled
Goat Anti-Rabbit IgG (H+L) (1:1000, Beyotime, A0208) for
1 h at room temperature (18-26 °C), and visualized by ECL
kit (BioRad, CA, USA). Bands were quantified by the Image
Analysis software (BioRad, CA, USA).

Wound-healing assay

A549, H738, and HUVEC cells were plated on 24-well plates
at a density of 1 x 10° cells/well overnight, and then cells were
treated with 2 uM and 4 pM chrysophanol for 48 h. Then the
cells were harvested and plated on 6-well plates at a density of
1 x 10° cells/well, the scratch wound was marked using
200-pL pipette tip, and the floating cells were washed away
with PBS. The scratch was observed and imaged using an
inverted microscope (Olympus, Tokyo, Japan) at 0 h and 48
h. The healing wound area was quantified using Image J soft-
ware (Version X; Media Cybernetics, Silver Springs, MD,
USA).

Transwell assay

The transwell inserts (8-pum pore; Corning, MA, USA) were
used for invasion assay. The upper chambers were coated with
0.1% Matrigel (BD, NJ, USA) for 30 min at 37 °C.
Meanwhile, A549, H738, and HUVEC cells were harvested
and resuspended with serum-free RPMI 1640 medium con-
taining 0.1% BSA and plated on the upper chambers at a
density of 1 x 10° cells/well, and then cells were treated with
2 uM and 4 uM chrysophanol for 48 h. After 48 h, the
noninvaded cells located at the front surface of the filter were
removed using a cotton swab, and the invaded cells at the
opposite surface of the filter were stained with 0.1% crystal
violet for 20 min. The invaded cells were imaged using an
inverted microscope (Olympus, Tokyo, Japan), and quantified
in five random fields per well.

Tube formation assay

Tube formation assay was carried out with reference to the
previous studies (Li et al. 2019a, b). In brief, HUVEC were
harvested and resuspended with PBS at a density of 1 x 10°
cells/well and treated with 2 uM and 4 uM chrysophanol
for 30 min. Cells were then plated on the 24-well plates
pre-coated with Matrigel (BD, NJ, USA) and incubated for
8 hat 37 °C. Then the tubular structures were observed and
imaged using an inverted microscope (Olympus, Tokyo,
Japan), and the tuber formation was quantified by counting
the number of the tube.

Immunofluorescence

HUVEC cells were harvested and pretreated with 2 uM and
4 uM chrysophanol for 30 min before plated on 24-well plates
at a density of 1 x 10° cells/well overnight. Cells were then
harvested and fixed with 4% paraformaldehyde (PFA) for 20
min, then permeabilized with PBS containing 0.2% Triton X-
100 for 10 min and blocked with PBS containing 2% bovine
serum albumin (BSA, Solarbio, Beijing, China) for 1 h at
room temperature (18-26 °C). Following, cells were incubat-
ed with special primary antibodies: anti-CD31 antibody
(1:500, Abcam, ab28364), anti-CD34 antibody (1:300,
Abcam, ab81289), anti-angiogenin antibody (1:500, Abcam,
ab10600) for 24 h at 4 °C. After 24 h, the cells were washed
with PBS and incubated with special secondary antibody (goat
anti-rabbit IgG H&L, Invitrogen, CA, USA) for 1 h at room
temperature (18-26 °C). Finally, cells were washed with PBS
containing 0.1% BSA and stained with 4',6-diamidino-2-
phenylindole (DAPI) for 10 min at room temperature (18-26
°C), and cells were observed and imaged using a confocal
fluorescence microscope (UltraView Vox; PerkinElmer, MA,
USA).

ROS detection

The 2',7'-dichlorofluorescin diacetate (DCFH-DA) was used for
ROS detection in this study as described previous study
(Kitajima et al. 2016). Briefly, A549, H738, and HUVEC cells
were treated with 2 uM and 4 uM chrysophanol and then cells
were stained with 20 uM DCFH-DA for 30 min in the dark. The
fluorescence intensity of DCF was detected by flow cytometry.

Mitochondrial membrane potential analysis

Mitochondrial membrane potential (A¥m) was measured using
the mitochondrial staining kit (Sigma-Aldrich, MO, USA) as the
previous study according to the manufacturer’s protocol
(Koyuncu et al. 2018). Briefly, A549, H738, and HUVEC cells
were plated on 24-well plates at a density of 1 x 10° cells/well
and treated with 2 pM and 4 uM chrysophanol for 24 h at 37 °C.
After 24 h, the cells were harvested and stained with staining
buffer with JC-1 for 20 min at 37 °C. The cells were then har-
vested and resuspended in 1 mL staining buffer. Both red and
green fluorescence intensity was detected by flow cytometry.

Immunohistochemical

The immunohistochemical (IHC) was performed as previous-
ly described (Hsiao et al. 2019). In brief, the tumor slices were
blocked by PBS containing 5% BSA and 0.3% Triton X-100
for 30 min at 37 °C. The slices were incubated with primary
antibodies: anti-CD31 antibody (1:500, Abcam, ab28364),
anti-CD34 antibody (1:300, Abcam, ab81289), and anti-
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angiogenin antibody (1:500, Abcam, ab10600) for 24 h at 4
°C. After 24 h, the slices then were washed with PBS contain-
ing 0.1% Tween 20 and incubated with secondary antibody
(goat anti-rabbit [gG H&L, Invitrogen, CA, USA) for 30 min
at room temperature (18-26 °C). The slides were observed

and imaged using a confocal fluorescence microscope
(UltraView Vox; PerkinElmer, MA, USA).

Animal experiment
All animal experiments of this study were proved by the

Animal Care Ethics Committee of Shandong Provincial
Hospital affiliated to Shandong University (No.

2018050124). The four to 6-week-old male C57BL/6 nude
mice were randomly divided into four groups: control group
(equal volumes of saline), 10-mg/kg chrysophanol group, 20-
mg/kg chrysophanol group, 0.2-mg/kg cisplatin group. A549
cells were subcutaneously injected into the flank of nude
mice; the number of mice each group was six. There was oral
administration of chrysophanol, and tail vein injection of cis-
platin every other day for 4 weeks. We weighed the mice
every week until mice were sacrificed. After 4 weeks, mice
were sacrificed, and the tumors were separated, then the tumor
weight was measured by electronic balance, and volume was
quantified using a vernier caliper. The part of the tumor was
stored for IHC analysis.

a b s AB49 D 24h C 1s H738 I 24h
g [ 48h § [ 48h
OH O OH 3 3
S 1.0 a 101 .
Qe z e
§- P g- s
..g 0.5 *kk g 0.5 *okk
'; kK '; *kk
0 S 8
0.0- 0.0-
0 1 2 5 10 0 1 2 5 10
Chrysophanol (uM) Chrysophanol (uM)
— 60+ Kk
8 = 0 uM
d e o = T = op
= % 3 2uM
@ 3 4uM
7 Ei3
S X33
8 20-
PI E-
°
© ol Ol
A549 H738
Annexin V-FITC
Chrysophanol (uM)
A549 H738
f AS49 H738 g OuM 2uM 4uM  OuM 2uM 4uM

OpM 2pM 4pM OpM 2pM 4pM
SO r—p——

PONA EI _ - Cleaved-caspaseﬁii —— -‘
GAPDH [-—.-‘ )——q Cleaved-caspase9 } — — .{

Cleaved-RARP “‘" ——— ‘-‘

Fig. 1 Chrysophanol suppresses lung cancer cell proliferation and
induces apoptosis in vitro. a The chemical structure of chrysophanol. b,
¢ The A549 and H738 cell proliferation after treatment with different
concentration of chrysophanol (0, 1, 2, 5, 10 pM) were measured by
CCK-8 assay at 24 h and 48 h. d, e The apoptotic ratios after treatment
with 2 uM and 4 puM for 48 h were detected using Annexin V-FITC/PI
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staining by flow cytometry. f, g A549 and H738 were treatment with
2 uM and 4 uM for 48 h; the levels of proliferation-related proteins
(Ki67 and PCNA) and levels of apoptosis-related proteins (Bax, Bel-2,
cleaved-caspase3, cleaved-caspase9, and cleaved-PARP) were deter-
mined by western blotting. Data were presented as mean + SD. *P <
0.05, *#P < 0.01, ***P < 0.001
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Fig. 2 Chrysophanol suppresses lung cancer cells and endothelial cell
migration and invasion in vitro. A549, H738, and HUVEC were
treatment with 2 uM and 4 uM for 48 h. a—d The cell migration was
analyzed by wound-healing assay. e-h The cell invasion was measured

Statistical analysis

SPSS 20.0 and GraphPad Prism 7.0 were used for sta-
tistical analysis. The data were presented as mean + SD.

by transwell assay. i The protein levels of MMP-2, MMP-9, TIMP-3, E-
cadherin, N-cadherin, and vimentin were determined by western blotting.
Data were presented as mean + SD. *P < 0.05, **P < 0.01, ***P < (0.001

The Student’s ¢ test and one-way analysis of variance
(ANOVA) were used for comparison of differences of
two or more groups. P < 0.05 was considered the sta-
tistical significance.
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Results

Chrysophanol suppresses lung cancer cell
proliferation and induces apoptosis in vitro

The chemical structure of chrysophanol is shown in Fig. 1 a.
The viability of A549 and H738 cells was gradually sup-
pressed by increasing chrysophanol concentration (Fig.
1b, ¢). The IC50 value of chrysophanol treatment of A549 at
48 h was 3.50 uM, and the IC50 value of chrysophanol treat-
ment of H738 at 48 h was 4.00 uM. Thus, the concentrations
of 2 uM and 4 uM were chosen for subsequent experiments.
The apoptotic ratios of A549 and H738 cells were significant-
ly increased by the growing concentration of chrysophanol
(Fig. 1d, e). The results of western blotting also showed that
cell proliferation-related proteins Ki-67 and PCNA were re-
markably decreased by increasing contraction of
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chrysophanol (Fig. 1f). Similarly, the proapoptotic proteins
Bax, caspase 3, caspase 9, and PARP were significantly acti-
vated, and the anti-apoptotic protein Bcl-2 was inhibited by
chrysophanol (Fig. 1g). Our finding indicates that the
chrysophanol inhibits lung cancer cell proliferation and in-
duces lung cancer cell apoptosis in a dose-dependent way:.

Chrysophanol suppresses lung cancer cells
and endothelial cells migration and invasion in vitro

To further investigate the effects of chrysophanol on the migra-
tion and invasion of A549, H738, and HUVEC cells, we found
that the cell migration and invasion both lung cancer cells and
endothelial cells were suppressed by chrysophanol in a dose-
dependent manner (Fig. 2a—h). Furthermore, the protein levels
of MMP-2, MMP-9, N-cadherin, and vimentin were significant-
ly decreased, and the protein levels of TIMP and E-cadherin
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Fig. 3 Chrysophanol induces cell apoptosis by ROS accumulation
in vitro. A549, H738, and HUVEC were treatment with 2 uM and
4 uM for 48 h. a—c The mitochondrial membrane potential of the cells
was measured by mitochondrial staining kit. d—f The ROS generation was
detected by DCFH-DA probe. A549, H738, and HUVEC were treatment
with 2 uM and 4 uM chrysophanol, and treatment with 5 uM NAC for 48
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h. g—j The cell apoptosis was detected using Annexin V-FITC/PI staining
by flow cytometry. k The levels of apoptosis-related proteins (Bax, Bcl-2,
cleaved-caspase3, cleaved-caspase9, and cleaved-PARP) were deter-
mined by western blotting. Data were presented as mean + SD. *P <
0.05, **P < 0.01, ***P < 0.001



Naunyn-Schmiedeberg's Arch Pharmacol

were strongly increased by chrysophanol in a dose-dependent
manner (Fig. 2i). These results suggested that the migration and
invasion of lung cancer cells and endothelial cells were signifi-
cantly inhibited by chrysophanol in a dose-dependent manner.

Chrysophanol induces cell apoptosis by ROS
accumulation in vitro

To further investigate the induction of cell apoptosis mechanism
of chrysophanol, the mitochondrial membrane potential of
A549, H738, and HUVEC cells was detected using the JC-1
by flow cytometry. Results showed that the mitochondrial mem-
brane potential of A549, H738, and HUVEC cells was gradually
decreased by chrysophanol in a dose-dependent way (Fig. 3a—
¢). Also, the ROS levels of A549, H738, and HUVEC cells
were significantly increased by chrysophanol in a dose-
dependent way (Fig. 3d—f). Moreover, the apoptotic ratios of
A549, H738, and HUVEC cells were decreased by ROS inhib-
itor NAC but increased by chrysophanol, and the proapoptotic
effects of chrysophanol were reversed by NAC (Fig. 3gj).
Consistently, the proapoptotic proteins Bax, caspase 3, caspase
9, and PARP were significantly activated by chrysophanol and
inhibited by NAC, and the anti-apoptotic protein Bcl-2 was
inhibited by chrysophanol and promoted by NAC, and the ef-
fects of chrysophanol on protein levels were reversed by NAC
(Fig. 3k). Our results indicate that chrysophanol promoted ROS
accumulation in the mitochondrial membrane to decrease the
mitochondrial membrane potential lead to cell apoptosis.

Chrysophanol suppresses tube formation in vitro

Previous experiments showed chrysophanol inhibited HUVEC
cell migration and invasion and induced cell apoptosis by

accumulating ROS. Then we continued to investigate the effects
of chrysophanol on angiogenesis in vitro. Our finding showed
that vascular networks of HUVEC were disrupted by
chrysophanol in a dose-dependent way (Fig. 4a, b). Besides,
the immunofluorescence intensity of CD31 was significantly
suppressed by chrysophanol in a dose-dependent way (Fig.
4c, d). And the protein levels of HIF-1x and VEGF were sig-
nificantly inhibited, and the protein level of vasohibin was in-
creased by chrysophanol in a dose-dependent manner (Fig. 4e).
Our finding suggested that chrysophanol inhibited angiogenesis
in vitro in a dose-dependent manner.

Chrysophanol inhibits endothelial cell angiogenesis
through HIF-1a/VEGF signaling pathway in vitro

To further investigate the mechanism of chrysophanol inhibition
of endothelial cell angiogenesis, our finding showed that
chrysophanol, the HIF-1o inhibitor KC7F2, and VEGF inhibi-
tor axitinib significantly inhibited tube formation; furthermore,
chrysophanol enhanced the inhibition effects of the KC7F2 and
axitinib on tube formation (Fig. Sa, b). Moreover, the immuno-
fluorescence intensity of CD31 was significantly inhibited by
chrysophanol, KC7F2, and axitinib, and chrysophanol en-
hanced the inhibition effects of KC7F2 and axitinib on immu-
nofluorescence intensity of CD31 (Fig. 5c, d). Moreover, the
accumulation of the ROS was increased by chrysophanol,
KC7F2, and axitinib, and the chrysophanol enhanced the effects
of KC7F2 and axitinib on ROS accumulating (Fig. Se). The
protein levels of HIF-1a and VEGF were significantly
inhibited, and the protein level of vasohibin was increased by
chrysophanol, KC7F2, and axitinib; the effects of KC7F2 and
axitinib were enhanced by chrysophanol (Fig. 4¢). These results
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Fig. 4 Chrysophanol suppresses tube formation in vitro. HUVEC was
treatment with 2 pM and 4 uM chrysophanol for 48 h. a, b Tube
formation was used to measure the capacity of the angiogenesis. ¢, d
The cell immunofluorescence was used to detect the expression of

CD31. e Western blot was used to determine the protein levels of HIF-
1o, VEGEF, and vasohibin. Data were presented as mean + SD. *P < 0.05,
##P < (0.01, ***P < 0.001
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Fig. 5 Chrysophanol inhibits endothelial cell angiogenesis through HIF-
1a/VEGF signaling pathway in vitro. HUVEC was treatment with 4 uM
chrysophanol, 10 pM KC7F2, and 0.1 nM axitinib for 48 h. a, b Tube
formation was used to measure the capacity of the angiogenesis. ¢, d The
cell immunofluorescence was used to detect the expression of CD31. e

suggested that chrysophanol inhibited endothelial cell angiogen-
esis through HIF-10/VEGF signaling pathway in vitro.

Chrysophanol inhibits tumor growth
and angiogenesis in vivo

To explore the anti-tumor and anti-angiogenic effects of the
chrysophanol in vivo, the xenograft mice model was
employed in our study. Tumor weight and volume were sig-
nificantly decreased by DDP, and by chrysophanol in a dose-
dependent manner (Fig. 6a—d). However, DDP inhibited tu-
mor growth and also significantly reduced the body weight of
the mice; on the contrary, chrysophanol anti-tumor growth
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The ROS generation was detected by DCFH-DA probe. f The protein
levels of HIF-1&x VEGF and vasohibin were measured by western blot-
ting. Data were presented as mean + SD. *P < 0.05, **P < 0.01, ***P <
0.001

showed a milder manner (Fig. 6b). Besides, we found that
chrysophanol significantly suppressed the expression of
CD31, CD34, and angiogenin in tumor tissues (Fig. 6e-h).
Our results indicated that chrysophanol showed the effects
of anti-tumor and anti-angiogenic in vivo, and chrysophanol
was a high efficacy and low-toxicity anti-tumor molecule.

Discussion

Lung cancer is the leading cause of cancer death in both men
and women in the world (Torre et al. 2016). It is characteristic
with high aggressive results in late accurate diagnosis and
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Fig. 6 Chrysophanol inhibits tumor growth and angiogenesis in vivo.
A549 cells were subcutaneously injected into the flank of nude mice,
oral administration of 10 mg/kg chrysophanol, 20 mg/kg chrysophanol,
and tail vein injection of 0.2 mg/kg cisplatin (n = 6) every other day for 4
weeks. a The tumors were isolated from mice. b The body weight of mice

poor prognosis (Frezzetti et al. 2017). In China, environmental
pollution, food, genetics, chronic obstructive pulmonary,
smoking, and exposure to secondhand smoking are the prima-
ry cause leading to lung cancer (Hong et al. 2015; Chen et al.
2017; Zou et al. 2017). Despite increasing the treatments of
lung cancer, the incidence and mortality of lung cancer remain
increased (Torre et al. 2016). In the present study, results re-
vealed the anti-tumor effects of chrysophanol on lung cancer
cell in vitro and in vivo. We also exposed the anti-
angiogenesis function of the chrysophanol on HUVEC in lung
cancer. Moreover, we demonstrated that chrysophanol
inhibited proliferation, migration, and invasion, and induced

was detected by electronic balance. ¢, d Tumor volume was measured by
vernier caliper. e-h The expression of CD31, CD34, and angiogenin was
analyzed by immunohistochemistry. Data were presented as mean + SD.
*P < 0.05, P < 0.01, **P < 0.001

apoptosis of lung cancer cells. Also, we demonstrated
chrysophanol suppressed angiogenesis in lung cancer. And
we confirmed that chrysophanol increased ROS accumulation
and loss of the mitochondrial membrane potential to induce
apoptosis and angiogenesis. We further revealed the mecha-
nism of anti-tumor and anti-angiogenesis effects of
chrysophanol in lung cancer (Fig. 7).

In the present study, chrysophanol suppressed lung cancer
cell A549 and H738 proliferation in a time- and dose-
dependent manner, and significantly reduced the protein
levels of the Ki67 and PCNA; the results are consistent with
previous studies (Lee et al. 2011; Ren et al. 2018). The
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Fig. 7 The schematic diagram of the anti-tumor and anti-angiogenesis
function of chrysophanol by targeting multiple signaling pathways

viability of the tumor cell proliferative activity is the most
important marker in tumor progression; Ki67 and PCNA are
commonly used to assess the cell growth fraction (Jurikova
et al. 2016). Our results suggested that chrysophanol anti-
tumor inhibits cell proliferation. Chrysophanol induces cell
apoptosis which has been reported in multiple human malig-
nancies. In breast cancer cells, chrysophanol anti-tumor by
inhibiting proliferation induces apoptosis through NF-kB/cy-
clin D1 and NF-«kB/Bcl-2 signaling cascade (Ren et al. 2018).
It has been reported that chrysophanol induces choriocarcino-
ma cell apoptosis by inducing ROS media in the mitochondri-
al apoptosis pathway (Lim et al. 2017). In our study, we found
that chrysophanol induced apoptosis in a time- and dose-
dependent manner; the proapoptotic protein Bax, cleaved-
caspase 3, cleaved-caspase 9, and cleaved-RARP were signif-
icantly increased, and the anti-apoptotic protein Bcl-2 was
reduced by chrysophanol. We also found that chrysophanol
increased ROS generation and repressed the mitochondrial
membrane potential in both the lung cancer cell and
HUVEC. Our results suggested that chrysophanol induced
lung cancer cell apoptosis by triggering mitochondria apopto-
sis pathway.

Tumor progression involves migration, invasion, adhesion,
proliferation, and angiogenesis (Cheng et al. 2014; Liu et al.
2017). Also, tumor progression triggers epithelial-
mesenchymal transformation (EMT), cell reprogramming, and
progressive changes in metabolism (Biswas 2015; Izgi et al.
2017; Netea-Maier et al. 2018). In this study, we demonstrated
that the migration and invasion of A549, H738, and HUVEC
were markedly decreased by chrysophanol in a dose-dependent
way. Moreover, chrysophanol significantly inhibited the protein
levels of MMP-2 and MMP-9 and increased the protein levels
of TIMP-3 of A549, H738, and HUVEC in a dose-dependent
manner. MMP-2 and MMP-9 belong to extracellular proteolytic
proteases which play an important role in tumor invasion (Shay
et al. 2015; Merchant et al. 2017). Besides, the protein levels of
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the epithelial marker E-cadherin of A549, H738, and HUVEC
were upregulated, and the protein levels of the mesenchymal
markers N-cadherin and vimentin of A549, H738, and
HUVEC were reduced by chrysophanol in a dose-dependent
manner. Our finding suggested that chrysophanol anti-tumor
and anti-angiogenesis blocked the migration and invasion pro-
gression in lung cancer.

Angiogenesis is a key fundamental progression in the tu-
mor growth; it plays an important role in triggering dormant
tumor transits to malignant tumor state, and a potential path-
way to promoting tumor cell migration and invasion (Kang
et al. 2018). And the migration of the HUVEC is an early step
for the sprouting and elongation of a newly formed vessel.
Thus, angiogenesis may be a crucial potential target for treat-
ment. It has been reported that it is efficient if anti-angiogenic
therapy combines with immune therapy to anti-tumor in renal
cancer (Kuusk et al. 2017). It also reports angiogenesis pro-
moting non-small-cell lung cancer (NSCLCL) growth (Mao
et al. 2015; Mao et al. 2019). In breast cancer, FOXM1 inter-
act with HMGAL in promoting tumor angiogenesis to support
breast cancer aggressiveness (Zanin et al. 2019). And in ovar-
ian cancer, inhibiting the angiogenesis-related microRNA can
suppress tumor growth (Chen et al. 2019). In this study,
chrysophanol suppressed the invasion capacity of the lung
cancer cell and HUVEC, the activity of MMPs, and the ca-
pacity of the tube formation in vitro in a dose-dependent man-
ner. And more, chrysophanol reduced the CD31, HIF-1¢, and
VEGF expression levels, and increased the vasohibin expres-
sion level in a dose-dependent manner. Moreover, we demon-
strated that the angiogenesis was reduced not only by HIF-1«
inhibitor KC7F2 and VEGF inhibitor axitinib but also by
chrysophanol. Importantly, chrysophanol enhanced the inhi-
bition effects of the KC7F2 and axitinib to anti-angiogenesis.
These results suggested that chrysophanol anti-angiogenesis
in lung cancer regulates HIF-1o/VEGF signaling pathway.

Conclusion

In summary, our study showed that chrysophanol anti-tumor
represses cell proliferation, migration, invasion, and angio-
genesis in lung cancer by regulating every stage of tumor
progression—related proteins and pathway. It is suggested that
chrysophanol is an efficient treatment agent for lung cancer
treatment, particularly in high vascularized tumors.
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