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Monocarbonyl curcumin analog A2 potently inhibits
angiogenesis by inducing ROS-dependent endothelial

cell death

Bin Liu’, Liu-su Cui? Bo Zhou?, Ling-ling Zhang', Zhi-hui Liu' and Lu Zhang'

Excessive and abnormal vessel growth plays a critical role in the pathogenesis of many diseases, such as cancer. Angiogenesis is
one of the hallmarks of cancer growth, invasion, and metastasis. Discovery of novel antiangiogenic agents would provide new
insights into the mechanisms of angiogenesis, as well as potential drugs for cancer treatment. In the present study, we investigated
the antiangiogenic activity of a series of monocarbonyl analogs of curcumin synthesized previously in our lab. We found that
curcumin analog A2 displayed the full potential to be developed as a novel antiangiogenic agent. Curcumin analog A2 at and
above 20 uM dramatically inhibited the migration and tube formation of human umbilical vein endothelial cells (HUVECs) in vitro,
new microvessels sprouting from the rat aortic rings ex vivo and newly formed microvessels in chicken chorioallantoic membranes
(CAMs) and Matrigel plus in vivo. We further demonstrated that curcumin analog A2 exerted its antiangiogenic activity mainly
through inducing endothelial cell death via elevating NADH/NADPH oxidase-derived ROS. Curcumin analog A2 at the
antiangiogenic concentrations also triggered autophagy in HUVECs, but this process is neither a pre-requisite for toxicity, leading to
the cell death nor a protective response against the toxicity of curcumin analog A2. In conclusion, we demonstrate for the first time
the potent antiangiogenic activity of the monocarbonyl curcumin analog A2, which could serve as a promising potential
therapeutic agent for the prevention and treatment angiogenesis-related diseases, such as cancer.
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INTRODUCTION
Angiogenesis is defined as the sprouting of new blood vessels
from preexisting ones, and it usually occurs during embryonic
development, wound healing, bone remodeling, and organ
growth [1]. However, excessive and abnormal vessel growth plays
a critical role in the pathogenesis of many diseases, such as cancer
[1]. Neoangiogenesis is essential not only for cancer cell growth, as
it supplies blood, but also for cancer cell invasion and metastasis,
as it enables cells to enter the circulation [2]. Unlike cancer cells,
vascular endothelial cells (VECs) within the tumor microenviron-
ment are generally genetically stable and, thus theoretically less
likely to develop drug resistance [3]. Nevertheless, we must be
aware that serious side effects, such as hypertension, bleeding,
gastrointestinal perforation, and other reported problems, have
been associated with the use of currently available antiangiogenic
agents, limiting their application in clinical settings [4]. In addition,
the use of antiangiogenic medications is much more limited than
the theoretical therapeutic possibilities existing for angiogenesis.
The discovery of more compounds possessing potent antiangio-
genic activities has important clinical significance.

Curcumin (diferuloylmethane) is an active ingredient of
the spice turmeric, Curcuma longa, that exhibits many

pharmacological activities, including antioxidant, anti-inflam-
matory, antidiabetic, antimicrobial, and antitumor activities [5].
Several studies have demonstrated that curcumin inhibits
angiogenesis by modulating various cell signaling pathways
[5-8]. Despite much evidence of its efficacy and safety as an
angiogenesis inhibitor, curcumin has not yet been approved
for clinical use due to its poor absorption, rapid metabolism,
and elimination in vivo [9]. However, curcumin offers a good
lead compound for further structural modification, as several
curcumin analogs or derivatives have been found to inhibit
angiogenesis [10-12].

A growing number of studies have shown that monocarbonyl
analogs of curcumin without the pB-diketone moiety exhibit
higher stability and safety and better pharmacokinetic profiles
and in vitro and in vivo activities than curcumin [12-16].
Previously, we synthesized a collection of monocarbonyl analogs
of curcumin in our laboratory [17]. Interestingly, most of these
analogs showed stronger antitumor activity than curcumin in
human non-small-cell lung cancer A549 cells [17]. In the present
study, after screening, we identified curcumin analog A2 (Fig. 1)
with a high potential to be developed as an antiangiogenic
agent.
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Fig. 1 The chemical structure of curcumin analog A2. The molecular
formula of this compound is C;9H;,0F¢, and its molecular weight is
370.2879 g/mol

MATERIALS AND METHODS

Materials and antibodies

The compound curcumin analog A2 was synthesized in our
laboratory (purity of at least 99% by high-performance liquid
chromatography) and dissolved in dimethyl sulfoxide (DMSO) to
make a 0.1 M stock solution, which was stored at —20°C and
diluted with proper medium to various concentrations before use.
Fetal bovine serum (FBS; SH30084.03) for human umbilical vein
vascular endothelial cell (HUVEC) culture was obtained from
HyClone (Logan, Utah, USA). Recombinant human vascular
endothelial growth factor (VEGF, PHC9394) was purchased from
Gibco (California, USA). MCDB 131 medium (M8537-10x1L),
trypsin (T4799-10G), Earle’s Balanced Salt Solution (EBSS; E2888),
3-methyladenine (3-MA; V900930), thiazolyl blue tetrazolium
bromide (MTT; M2128), Hoechst 33258 (B2883), diphenyleneio-
donium chloride (DPI; D2926), and protease inhibitor cocktail
(P8340) were purchased from Sigma-Aldrich (St. Louis, Montana,
USA). Bafilomycin A, (1334) was obtained from Merck (Darmstadt,
Germany). Premo™ Autophagy Tandem Sensor RFP-GFP-LC3B Kit
(P36239), TRIzol™ (15596026), Opti-MEM™ (31985062), Lipofecta-
mine™ RNAIMAX transfection reagent (13778150), scrambled
small-interfering RNA (siRNA; 462001) and MitoSOX™ Red
Mitochondrial Superoxide Indicator (M36008) were purchased
from Thermo Fisher Scientific (Waltham, Massachusetts, USA).
DCFH-DA (50033), JC-1 (C2006), wortmannin (s1952) and N-acetyl-
cysteine (NAC; S0077) were purchased from Beyotime Biotech-
nology (Shanghai, China). Annexin V-FITC apoptosis detection kit |
(556547) and Matrigel (354234) were purchased from BD
Biosciences (Franklin Lakes, New Jersey, USA). Caspase-Glo® 3/7
reagent (G8090) was obtained from Promega (Madison, Wiscon-
sin, USA). Hemoglobin test solution (C021) and LDH kit (A020-1)
were purchased from NanlJing JianCheng (Nanjing, China).
ChamQ Universal SYBR quantitative PCR Master Mix (Q711-02)
was obtained from Vazyme Biotechnology (Beijing, China). DMSO
(A600163-0500), Tris (A600194-0500), bis-acrylamide (A600025-
0250), sodium dodecyl sulfate (SDS; A100227), ammonium
persulfate (A600072-0100), paraformaldehyde (E672002-0500)
and RevertAid First Strand ¢cDNA Synthesis Kit (B300538-0020)
were purchased from Shanghai Sangon Biotech (Shanghai,
China). Specific siRNAs against ATG5 (sc-41445) were purchased
from Santa Cruz Biotechnology (California, USA). The primary
antibody against poly (ADP-ribose) polymerase 1 (PARP1; AP102)
was purchased from Beyotime Biotechnology (Shanghai, China).
Primary antibodies against microtubule-associated protein 1 light
chain 3 beta (MAP1LC3B/LC3B; L7543), Sequestosome 1 (SQSTM1;
P0067), glyceraldehyde-3-phosphate dehydrogenase (GAPDH;
G9545), mechanistic target of rapamycin kinase (MTOR; T2949),
phospho (p)-MTOR (SAB4504476) and BECLIN1 (B6061) were
purchased from Sigma-Aldrich (St. Louis, Montana, USA). Primary
antibodies against P70S6K (9202s), p-P70S6K (9206s), and ATG5
(D5F5U) were purchased from Cell Signaling Technology (Boston,
USA). Secondary IRDye® 800CW goat anti-rabbit (926-32211) and
IRDye® 800RD goat anti-mouse (926-32210) antibodies were
purchased from Li-Cor Biosciences (Lincoln, Nebraska, USA). The
secondary antibody TRITC-conjugated goat anti-rabbit IgG (ZF-
0316) was purchased from Beijing ZSGB-BIO (Beijing, China).
Nitrocellulose membranes (1620112, 1620115) were obtained
from Bio-Rad (California, USA).
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Cell culture and treatment

HUVECs were isolated from umbilical cord veins of five healthy
donors according to Jaffe et al. [17]. The cells were cultured on
gelatin-coated plastic dishes in MCDB 131 medium supplemented
with 20% FBS and 70ng/mL fibroblast growth factor 2 in a
humidified incubator at 37 °C with 5% CO,. HUVECs at no more
than passage 8 were used and treated in different ways as follows:
(1) the cells were treated with DMSO or various concentrations of
curcumin analog A2 in the presence of VEGF (10 ng/mL) for the
durations indicated in the Figures; (2) the cells were preincubated
with or without various inhibitors and then treated with DMSO or
20 uM curcumin analog A2 in the presence of VEGF (10 ng/mL) for
the durations indicated in the figures; or (3) the cells were
transfected with scrambled siRNAs or siRNAs against ATG5 for 48 h
and then treated with DMSO or 20 uM curcumin analog A2 in the
presence of VEGF (10 ng/mL) for the durations indicated in the
figures.

Wound healing assay

Endothelial cell migration was evaluated using scratch wound
healing assays. Briefly, HUVECs were seeded in 24-well cell culture
plates. The cells were cultured with medium containing 1% FBS for
24 h to render them quiescent after they reached confluence.
Then, the cells along a straight-line were scraped out using pipette
tips and washed twice with media to remove detached cells.
Subsequently, HUVECs were treated as described above. Migration
was documented using photos captured immediately after
scraping and 24h later. Initial and final wound sizes were
measured using AxioVision Rel.4.7 software, and the difference
between the two sizes was used to determine migration distance
using the following formula: migration distance = (initial wound
size - final wound size)/2

Capillary-like tube formation assay

Prechilled 96-well plates were coated with 50 uL growth factor-
reduced Matrigel. After Matrigel polymerization for 1 h at 37 °C,
HUVECs were seeded in coated plates at 4 x 10* cells per well and
treated as described above. The formed endothelial tubes were
photographed under an inverted phase-contrast microscope
(Nikon, Tokyo, Japan) with a magnification of x100. The extent
of tube formation was assessed by measuring the length of tubes
in five random fields from each well using ImageJ (NIH, Bethesda,
Maryland, USA).

Aortic ring sprouting assay

Aortic ring sprouting assays were carried out as previously
reported [18]. Briefly, thoracic aortas were dissected from 8-
week-old Sprague-Dawley rats (purchased from Laboratory Animal
Center of Zhengzhou University, Zhengzhou) and cut into 1-mm-
thick rings. The aortic rings were placed in Matrigel-coated 96-well
plates and sealed in place with an overlay of 40 uL Matrigel.
Subsequently, the aortic rings were treated with DMSO, various
concentrations of curcumin analog A2, NAC or NAC in combina-
tion with curcumin analog A2. On day 7, the sprouting vessels
were photographed under an inverted phase-contrast microscope
(Nikon, Tokyo, Japan) with a magnification of x40. The number of
vessels sprouting in five randomly chosen fields was counted
using a National Institutes of Health (NIH) imaging program. All
procedures were performed in accordance with the Guide for the
Care and Use of Laboratory Animals published by the US National
Institutes of Health (NIH Publication No. 85-23, revised 1996) and
approved by the Animal Care Committee of Henan University of
Technology.

Chicken chorioallantoic membrane (CAM) assay

CAM assays were carried out according to previously reported
methods [18]. Briefly, fertilized chicken eggs were incubated in a
humidified incubator at 37 °C for 5 days. On day 6, a small window
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was punched on the air sac side of the egg, and a window was
created through the egg shell. Then, the CAM was carefully
separated from the shell membrane. Sterilized filter paper disks
saturated with DMSO, various concentrations of curcumin analog
A2, NAC or NAC in combination with curcumin analog A2 were
placed on the membrane. The cavity was covered with parafilm,
and the chicken eggs were incubated for an additional 2 days.
After incubation, CAMs were removed for further analysis.
Neovascular zones under the filter paper disks were photo-
graphed using a Canon EOS 550D Digital SLR camera. Angiogen-
esis was quantified by counting the number of branching blood
vessels. Assays for each test sample were carried out using 12

eggs.

Matrigel plug assay

Approximately 500 uL Matrigel containing 100 ng/mL VEGF, 100 U
heparin and 0 or 20 uM curcumin analog A2 was subcutaneously
injected into the dorsal region of 8-week-old C57BL/6 mice
purchased from the Department of Laboratory Animal Science,
Peking University Health Science Center, China. The injected
Matrigel rapidly formed a single, solid gel plug. On day 14, the
Matrigel plugs were harvested and photographed using a Canon
EOS 550D Digital SLR camera. Neovascularization was assessed by
measuring hemoglobin content of the plugs using hemoglobin
test solution according to the manufacturer’s instructions. All
procedures were performed in accordance with the Guide for the
Care and Use of Laboratory Animals published by the US National
Institutes of Health (NIH Publication No. 85-23, revised 1996) and
approved by the Animal Care Committee of Henan University of
Technology.

siRNA transfection

HUVECs at 80% confluence were transfected with siRNAs against
ATG5 using Lipofectamine™ RNAIMAX transfection reagent. The
cells were transfected for 6 h, followed by incubation with fresh
MCDB 131 medium for 48 h.

Cell viability assay

Cell viability assays were carried out in real-time using the
xCELLigence RTCA S16 System (ACEA Biosciences). Briefly, HUVECs
were seeded in E-Plate 16 PET overnight and treated as described
above. Changes in the cell index can be used to monitor cell
viability. Data were acquired and analyzed using RTCA S16
Software (version 1.0) supplied with the instrument. Furthermore,
cell viability was measured using the MTT assay according to our
previous study [18].

Annexin V/Pl double-staining assay

After treatment, cells were stained using the Annexin V-FITC/PI
detection kit following the manufacturer's protocols. Data
acquisition and data analysis were carried out using flow
cytometry (BD FACSCalibur) and Cell Quest software.

Western blot analysis

After treatment, HUVECs were harvested and lysed in lysis buffer
containing 2% SDS, 25 mM Tris-HCl (pH 6.8), 6% glycerol, 1% 2-
mercaptoethanol, 2 mM PMSF, 0.02% bromophenol blue and a
protease inhibitor cocktail. Equal amounts of total proteins were
separated by 12% or 15% SDS-polyacrylamide gel electrophoresis
and transferred onto nitrocellulose membranes. Then, the
membranes were blocked with 5% (w/v) BSA and 0.05% Tween-
20 in phosphate-buffered saline (PBS-T), followed by incubation
with different primary antibodies at 4°C overnight. The mem-
branes were blotted with the corresponding secondary anti-
bodies, and protein bands were scanned using a Li-Cor Odyssey
system (Li-Cor Biosciences). The images were analyzed using the
Odyssey Application Software to obtain the integrated fluores-
cence intensities.
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Caspase-3/7 activity

HUVECs were plated in 96-well cell culture dishes. When cells
reached 80% confluence, they were treated as described above.
Then, Caspase-Glo® 3/7 reagent was added to the plates and
incubated for 30min at room temperature following the
manufacturer’s protocols. The absorbance was measured imme-
diately at 520 nm using an FLx800™ Multi-Detection Microplate
Reader (Bio-Tek).

Lactate dehydrogenase (LDH) assay

After treatment, cell culture medium was collected and centri-
fuged at 400 x g for 10 min. Then, the suspension was transferred
to a new 96-well plate for LDH assay following the manufacturer’s
protocols. The absorbance of the reaction mixture was measured
at 340 nm using an FLx800™ Multi-Detection Microplate Reader
(Bio-Tek).

Transmission electron microscopy

HUVECs were seeded into 100-mm culture dishes. When the cells
reached 80% confluence, they were treated with DMSO or 20 pM
curcumin analog A2 for 6 h. Then, the cells were fixed, dehydrated,
embedded, sectioned, and stained according to previously
reported methods [19]. Ultrathin sections of these samples were
observed under a JEM-1230 transmission electron microscope
(JEOL Co., Ltd., Japan).

Immunofluorescence staining

After treatment, cells were fixed in 4% paraformaldehyde for
15 min at 4 °C and blocked in 5% BSA for 30 min. Then, the cells
were incubated with anti-LC3B (1:500) primary antibody overnight
at 4 °C and subsequently incubated with the appropriate secondary
antibody. Nuclei were stained with DAPI for 15 min. Fluorescence
images were captured using a confocal laser-scanning microscope
(Olympus FLUOVIEW FV3000). Different fields of view (>5 regions)
were analyzed on the confocal laser-scanning microscope for each
labeling condition, and representative results are shown.

Quantitative real-time PCR (qRT-PCR)

gRT-PCR was carried out as previously reported [20]. The specific
primers are listed below: GAPDH-F, 5'-AATGACCCCTTCATTGAC-3;
GAPDH-R, 5'-TCCACGACGTACTCAGCGC-3’; SQSTM1-F, 5-TACGACT
TGTGTAGCGTCTGC-3’; and SQSTM1-R, 5-GTGTCCGTGTTTCACCT
TCC-3'.

Autophagy flux assay

Autophagy flux was detected using the Premo™ Autophagy
Tandem Sensor RFP-GFP-LC3B Kit according to the manufacturer’s
instructions. Briefly, HUVECs were plated in 6-well culture dishes.
When the cells reached 60% confluence, they were incubated with
12 uL BacMam Reagents containing RFP-GFP-LC3B for 16 h. Then,
the cells were treated as described above. Fluorescence images
were captured using a fluorescence microscope (Leica, Wetzlar,
Hessen, Germany). Autophagosomes (green) and autophagolyso-
somes (red) were quantified using ImageJ.

Measurement of reactive oxygen species (ROS) levels

HUVECs were plated in 100-mm culture dishes. When the cells
reached 80% confluence, they were treated as described above.
To determine intracellular ROS levels, we used DCFH-DA probes.
To measure mitochondrial ROS production, we used the
fluorogenic dye MitoSOX® Red. After treatment, the cells were
incubated with 10 uM DCFH-DA or 5 uM MitoSOX® Red for 20 min
and collected for flow cytometry (BD FACSCalibur).

Mitochondrial membrane potential (MMP) measurement

MMP was measured using the mitochondrial probe JC-1. JC-1
aggregates together to form polymers emitting red fluorescence
signals in hyperpolarized mitochondria. If the mitochondrial
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membrane is depolarized, JC-1 exists as monomers emitting green
fluorescence signals. After treatment, HUVECs were incubated
with 4pg/mL JC-1 for 15min and photographed under a
fluorescence microscope (Leica, Wetzlar, Hessen, Germany) or

Curcumin analog A2 inhibits angiogenesis by inducing ROS
B Liu et al.

RESULTS

Curcumin analog A2 exhibits potent antiangiogenic activity

in vitro, ex vivo, and in vivo

As the migration of VECs is an essential step for new blood vessel

analyzed using flow cytometry (BD FACSCalibur). formation, we screened a series of monocarbonyl analogs of

curcumin for their antiangiogenic activity in vitro using cell
monolayer wound healing assays. Among the analogs examined,
curcumin analog A2 (Fig. 1) at concentrations of 20 or 40 umol/L
completely inhibited VEC migration (Fig. 2a). Therefore, curcumin
analog A2 was selected as a hit compound for further study.
The formation and merging of tubes by VECs is another crucial
step in the process of angiogenesis, which is required for the

Statistical analysis

All experiments were performed in duplicate and repeated at least
three times. The results were expressed as the means + standard
error of the mean (SEM). Differences between groups were
analyzed by one-way variance (ANOVA), and the means of two
groups were compared using Student’s t-test with SPSS (version

17.0). Differences at P<0.05 were considered statistically formation of a complex network of vessels and capillaries [21]. We
significant. used the Matrigel tube formation assay, an ideal in vitro model
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Fig.2 Curcumin analog A2 inhibits angiogenesis in vitro, ex vivo, and in vivo. a The effect of curcumin analog A2 on the migration of human
umbilical vein endothelial cells (HUVECs) was determined using wound healing assay. These photos were taken under a phase-contrast
microscope ( X 40). Top photos were taken immediately after scraping. Bottom photos were taken at 24 h after scraping. Histogram shows the
cell migration distance data. (n = 3; *P < 0.05 vs. Control). b The effect of curcumin analog A2 on the tube formation of HUVECs was detected
by plating cells on Matrigel. These photos were taken at 24 h after treatment under a phase-contrast microscope ( x 40). Histogram shows the
relative total length of tubes. (n = 3; *P < 0.05; **P < 0.01 vs. Control). ¢ The effect of curcumin analog A2 on the vessel sprouting was measured
using rat aortic rings assay. These photos were taken at day 7 after treatment under a phase-contrast microscope ( x 40). Top photos show the
aortic rings placed horizontally in Matrigel. Bottom photos show the aortic rings placed vertically in Matrigel. Histogram shows the relative
total number of vessels sprouting. (n = 3; **P <0.01 vs. Control). d The effect of curcumin analog A2 on the new blood vessels formation was
detected using chicken CAM assay. These photos were taken using a Canon EOS 550D Digital SLR camera. Histogram shows the relative
number of new blood vessels on the filter paper disks. (n=3; **P<0.01 vs. Control). e The effect of curcumin analog A2 on the
neovascularization was detected using Matrigel plug assay. On day 14, Matrigel plugs were harvested and photographed using a Canon EOS
550D Digital SLR camera. Histogram shows the relative hemoglobin contents in the Matrigel plugs. (n = 3; **P < 0.01 vs. Control)
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system to study the formation of vascular loops to detect whether
curcumin analog A2 affects VEC tube formation. The results
showed that curcumin analog A2 at concentrations equal to or
above 20 uM dramatically reduced the number of branch points of
tubules and total tube length (Fig. 2b).

The effect of curcumin analog A2 on tube formation cannot be
directly translated into its in vivo antiangiogenic activity; thus, we
further explored the effects of curcumin analog A2 on angiogen-
esis using ex vivo and in vivo models. First, we found that
compared with the control, curcumin analog A2 at concentrations
equal to or above 20uM markedly suppressed neovessel
sprouting at the cut edge of rat aortic rings (Fig. 2c). Second,
we found using chick CAM assays that the formation of new blood
vessels was significantly blocked by curcumin analog A2 (20 or
40 uM), which even induced a vascular zone in the developing
embryos (Fig. 2d). Third, 20 uM curcumin analog A2 almost
completely inhibited vascularity in the Matrigel plugs (Fig. 2e),
confirming its potent antiangiogenic efficacy in vivo.

Curcumin analog A2 induces death in HUVECs

Considering that VEC survival is critical for angiogenesis, we next
investigated whether curcumin analog A2-induced cell death in
HUVECs. Using a phase-contrast microscope, we observed that
compared with the control, curcumin analog A2 at concentrations
>10 uM gradually increased the number of shrinking cells and
cells detaching from culture dishes (Supplementary Fig. 1).
Notably, extensive cytoplasmic vacuolization was the earliest
morphological change in response to curcumin analog A2
treatment in HUVECs (Supplementary Fig. 1). Next, the number
of HUVECs exposed to various concentrations of curcumin analog
A2 was monitored using real-time cell analysis (RTCA). The results
showed that curcumin analog A2 reduced the number of HUVECs
in a dose-dependent manner (Fig. 3a). Similar results were
obtained using MTT assays (Fig. 3b). To further corroborate the
cytotoxic effect of curcumin analog A2 on HUVECs, we performed
an annexin V/propidium iodide (PI) double-staining assay using
flow cytometric analysis. Curcumin analog A2 increased the
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Fig. 3 Curcumin analog A2 induces cell death in human umbilical vein endothelial cells (HUVECs). a Cell viability was monitored over 96 h in
real-time using an xCELLigence RTCA S16 System. Cell-sensor impedance is displayed as the cell index. The vertical dotted line indicates
dimethyl sulfoxide (DMSO) or curcumin analog A2 addition time points. b Cell viability was detected using MTT assay. HUVECs were treated
with DMSO or curcumin analog A2 for 24 or 48 h, respectively. (n = 3; *P < 0.05; **P < 0.01 vs. Control). ¢ Flow cytometric analysis of ANXA5-
FITC/PI staining in HUVECs treated with DMSO or curcumin analog A2 for 24 h. d Western blot analysis of the cleavage of PARP1 in HUVECs
treated with curcumin analog A2 for 24 h. e Histogram shows the relative activities of caspase-3/7 in HUVECs treated with DMSO or curcumin
analog A2 for 24 h. (n=3; *P < 0.05 vs. Control). f Cell viability was detected using MTT assay. HUVECs were preincubated with z-VAD-fmk
(20 pM) or necrostatin-1 (Nec-1; 100 uM) for 1 h, then they were treated with DMSO or curcumin analog A2 (20 uM) for 24 h. (n = 3; **P < 0.01
vs. Control; *P < 0.05 vs. A2). g Bar graph shows the relative lactate dehydrogenase (LDH) activity in HUVECs treated with DMSO or curcumin
analog A2 for 24 h. (n = 3; *P < 0.05 vs. Control)
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proportion of Pl-positive or annexin V-positive cells (Fig. 3c) in a
dose-dependent manner, confirming that it could induce cell
death in HUVEGs.

Next, we investigated whether curcumin analog A2-induced
apoptosis in HUVECs. We found that curcumin analog A2 at
concentrations equal to or above 20 uM obviously induced PARP1
cleavage (Fig. 3d), which is a central event in the execution of the
apoptotic program. In addition, caspase-3/7 activities in curcumin
analog A2 (10 or 20 uM)-treated cells were higher than those in
untreated cells (Fig. 3e). Curcumin analog A2 (20 uM)-induced
high death rates in HUVECs could be partially reversed by
pretreatment with z-VAD-FMK, indicating that curcumin analog A2
not only induced apoptosis but also nonapoptotic endothelial cell
death. Pretreatment with necrostatin-1, an inhibitor of RIP1 kinase,
also partially reversed curcumin analog A2 (20 uM)-induced cell
death in HUVECs (Fig. 3f). In addition, curcumin analog A2
increased Pl uptake (Fig. 3c) and LDH release (Fig. 3g) in HUVECs.
These data suggested that curcumin analog A2 induced both
necroptosis and apoptosis.

Curcumin analog A2 enhances autophagic activity in HUVECs

To understand the nature of the vesicles observed in curcumin
analog A2-treated cells, we first stained HUVECs with AO. A higher

a

Control

Curcumin analog A2 inhibits angiogenesis by inducing ROS
B Liu et al.

number of red fluorescent dots, which represent acidic compart-
ments, were observed in the cytoplasm of curcumin analog A2-
treated cells than in the cytoplasm of control cells (Supplementary
Fig. 2). The increase in acidic compartments prompted us to
address the possibility that curcumin analog A2 might affect the
process of autophagy in HUVECs. MAP1LC3B/LC3B is a classic
marker used to monitor autophagic activity. When autophagy
occurs, LC3B undergoes a molecular conversion from cytoplasmic
LC3B-l into its lipidated counterpart LC3B-Il, which is recruited to
phagophores and remains tightly bound to the inner membrane
of the autophagosome until it is degraded in the autolysosome
[22]. We detected the distribution of LC3B using immunostaining
assays. Treatment of HUVECs with curcumin analog A2 for 6 h
increased the number of LC3B-positive puncta in a dose-
dependent manner (Fig. 4a). For further evidence of curcumin
analog A2-regulated autophagy, we carried out ultrastructural
investigation to visualize autophagic vacuoles. Double-membrane
autophagosomes could be observed in curcumin analog A2-
treated HUVECs (Fig. 4b). Moreover, autophagy can be monitored
by the detection of LC3B processing and LC3B-Il accumulation. We
found that the treatment of HUVECs with curcumin analog A2
increased the level of LC3B-Il in dose- and time-dependent
manners (Fig. 4c).
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Fig. 4 Curcumin analog A2 induces autophagy in human umbilical vein endothelial cells (HUVECs). a Fluorescence photographs of
endogenous LC3B puncta in HUVECs treated with curcumin analog A2 for 6 h. Nuclei were stained with DAPI. Scale bar: 10 pm. b Transmission
electron microscopy images of HUVECs treated with dimethyl sulfoxide (DMSO) or curcumin analog A2 for 6 h. Scale bar: 500 nm. ¢ Western
blot analysis of LC3B-Il and SQSTM1 levels in HUVECs treated with DMSO or curcumin analog A2 for 6 h, or in the cells treated with curcumin
analog A2 (20 uM) for 0-9 h. d Quantitative real-time PCR (gRT-PCR) analysis of SQSTM1 mRNA level in HUVECs treated with DMSO or
curcumin analog A2 for 6 h, or in the cells treated with curcumin analog A2 (20 pM) for 0-9 h. (n = 3; *P < 0.05; **P < 0.01 vs. Control). e Western
blot analysis of LC3-Il levels in HUVECs treated with DMSO or curcumin analog A2 (20 pM) in the absence or presence of bafilomycin A,
(100 nM) for 6 h. f Fluorescence photographs of HUVECs transfected with RFP-GFP-LC3B plasmid. Cells were treated with DMSO or curcumin
analog A2 (20 pM) in complete medium or EBSS for 6 h. Bafilomycin A1 (100 nM)-treated cells were used as positive controls. Nuclei were
stained with Hoechst 33258. Scale bar: 10 um. g Western blot analysis of p-mTOR, p-P70S6K, Beclin1 and ATG5 levels in HUVECs treated with
DMSO or curcumin analog A2 for 6 h
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The increase in the number of autophagosomes and level of
LC3B-Il can be due to an increased autophagic activity or
impairment of autophagosome degradation. To uncover the real
effect of curcumin analog A2 on autophagy, we next evaluated
autophagy flux. SQSTM1 (sequestosome 1) is recruited to
autophagosomes and constitutively degraded during autophagy.
Increased protein levels of SQSTM1 commonly reflect an
impairment of autophagosome degradation. Western blot analysis
showed that the protein level of SQSTM1 was elevated in
curcumin analog A2-treated HUVECs (Fig. 4c). However, curcumin
analog A2 also significantly increased SQSTM1 mRNA levels
(Fig. 4d). Thus, it was difficult to distinguish whether the increase
in SQSTM1 protein levels was due to the impairment of autophagy
flux or the inhibitory effects of curcumin analog A2 on SQSTM1
expression.

If curcumin analog A2 induces autophagy, late-stage autophagy
inhibitors, such as bafilomycin A1, are expected to further increase
the level LC3B-Il. HUVECs treated with curcumin analog A2 and
bafilomycin A; had higher levels of LC3B-II than cells treated with
curcumin analog A2 or bafilomycin A; alone (Fig. 4e), suggesting
that curcumin analog A2 acts by inducing autophagosome
formation rather than by blocking autophagy flux. Autophagy
flux was further detected using RFP-GFP-LC3B plasmids. GFP
(green fluorescent protein) but not RFP (red fluorescent protein)
loses its fluorescence in acidic lysosomes. Thus, autophagosomes
are labeled as yellow puncta (the overlay of green and red
fluorescence), while autolysosomes are only labeled as red puncta.
The increase in both yellow and red puncta indicates enhanced
autophagic activity. We observed many yellow puncta but very
few red puncta in bafilomycin Al-treated cells, indicating an
inefficient degradation of autophagosomes. In contrast, 20 uM

curcumin analog A2 increased the number of both yellow and red
puncta in HUVECs, which was similar to the effects of incubation
with EBSS (Fig. 4f and Supplementary Fig. 3). Moreover, we
investigated whether curcumin analog A2 influences the levels of
key regulators of autophagy induction, such as p-mTOR, p-P70S6K,
Beclin1 and ATGS5. As shown in Fig. 4g, the levels of p-mTOR and
p-P70S6K were decreased, while the levels of Beclin1 and ATG5
were increased in curcumin analog A2-treated HUVECs. These
results collectively demonstrated that curcumin analog A2-
induced autophagy in HUVECs.

Curcumin analog A2-induced autophagy does not affect its
cytotoxicity toward HUVECs

To evaluate whether curcumin analog A2-induced autophagy is a
protective response or an essential process, leading to cell death,
we used the autophagy inhibitor wortmannin or specific siRNAs
against ATG5 to block curcumin analog A2-induced autophagy
(Supplementary Fig. 4). Data from real-time cell analysis showed
that there was no obvious difference in cell number between
curcumin analog A2-treated normal cells and wortmannin-treated
or ATG5 siRNA-transfected cells (Fig. 5a, b). Similarly, suppression
of autophagy by wortmannin or transfection with ATG5 siRNAs
neither reduced nor aggravated curcumin analog A2-induced cell
death (Fig. 5¢, d).

We further detected whether the suppression of autophagy
affected curcumin analog A2-induced apoptosis and necroptosis
in HUVEGCs. The data showed that blockade of autophagy by
wortmannin or transfection with ATG5 siRNAs did not affect either
the cleavage of PARP1 or LDH release (Fig. 5€, f). Collectively, these
data suggested that curcumin analog A2-induced autophagy did
not influence its cytotoxic effects toward HUVECs.
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Fig. 5 Curcumin analog A2-induced human umbilical vein endothelial cell (HUVEC) death is neither accelerated nor delayed by autophagy
inhibition. a Cell viability was monitored over 96 h in real-time using an xCELLigence RTCA S16 System. Cell-sensor impedance is displayed as
the cell index. The vertical dotted line indicates dimethyl sulfoxide (DMSO), curcumin analog A2 (20 pM) or wortmannin (2 pM) addition time
points. b Cell viability was monitored over 133 h in real-time using an xCELLigence RTCA S16 System. Cell-sensor impedance is displayed as
the cell index. The first vertical dotted line indicates small-interfering RNAs (siRNAs) transfection time points, the second vertical dotted line
indicates DMSO or curcumin analog A2 (20 pM) addition time points. ¢ Flow cytometric analysis of ANXA5-FITC/PI staining in HUVECs treated
with DMSO or curcumin analog A2 (20 pM) in the presence or absence of wortmannin (2 pM) for 24 h. d Flow cytometric analysis of ANXA5-
FITC/PI staining in scrambled siRNA or ATG5 siRNA-transfected HUVECs treated with DMSO or curcumin analog A2 (20 uM) for 24 h. e Western
blot analysis of the cleavage of PARP1 in HUVECs treated as indicated for 24 h. f Bar graph shows the relative lactate dehydrogenase (LDH)

activity in HUVECs treated as indicated for 24 h. (n=
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Fig. 6 Curcumin analog A2 increased the level of NADH/NADPH oxidase-derived reactive oxygen species (ROS). a Flow cytometric analysis of
the intracellular ROS levels. Human umbilical vein endothelial cells (HUVECs) were treated with dimethyl sulfoxide (DMSO) or curcumin analog
A2 (20 pM) for 3 h, then the cells were loaded with 10 yM DCFH-DA for 20 min. b Flow cytometric analysis of the mitochondrial ROS levels.
HUVECs were treated with DMSO or curcumin analog A2 (20 pM) for 3 h, then the cells were loaded with 5 uM MitoSOX® Red for 20 min.
¢ Fluorescence photographs of JC-1 staining in HUVECs treated with DMSO or curcumin analog A2 (20 pM) for 6 h. CCCP-treated cells were
used as positive controls. Scale bar: 10 pm. d Flow cytometric analysis of JC-1 staining in HUVECs treated with DMSO or curcumin analog A2
(20 uM) for 6 h. CCCP-treated cells were used as positive controls. e Flow cytometric analysis of the intracellular ROS levels. HUVECs were
treated with DMSO or curcumin analog A2 (20 pM) in the presence or absence of DPI for 3 h, then the cells were loaded with 10 yM DCFH-DA

for 20 min

ROS are directly involved in curcumin analog A2-induced cell
death and autophagy in HUVECs
ROS play important roles in intracellular signal transduction and
homeostasis. However, excessive ROS production is toxic, which
causes damage to main cellular components and subsequent cell
death [23]. To detect whether curcumin analog A2-induced
cytotoxicity is associated with changes in the intracellular redox
environment, we first examined the levels of intracellular ROS.
Data from flow cytometry using the DCFH-DA probe showed that
curcumin analog A2 markedly elevated ROS levels (Fig. 6a).
Mitochondria and NADH/NADPH oxidase are the two major
sources of ROS production. We found that curcumin analog A2 did
not influence the level of mitochondrial ROS or MMP (Fig. 6b-d),
excluding the possibility that curcumin analog A2 increases ROS
levels in HUVECs via the mitochondria. Then, we preincubated the
cells with DPI, a specific inhibitor of NADH/NADPH oxidase. We
found that DPI markedly inhibited ROS production in curcumin
analog A2-treated HUVECs (Fig. 6e). These data suggested that
curcumin analog A2-induced ROS are derived, at least partially,
from NADH/NADPH oxidase and not the mitochondria.

Next, we investigated whether curcumin analog A2-induced
ROS are involved in its cytotoxicity. MTT assay results revealed that
the removal of ROS by NAC markedly reversed the curcumin

Acta Pharmacologica Sinica (2019) 40:1412-1423

analog A2-induced reduction in HUVEC viability (Fig. 7a). Pretreat-
ment with NAC effectively reduced PARP1 cleavage and LDH
release in curcumin analog A2-treated HUVECs, indicating that
ROS are required for curcumin analog A2-induced apoptosis and
necroptosis (Fig. 7b, c). These results were further supported by
annexin V-Pl double-staining assays using flow cytometric analysis
(Fig. 7d).

Moreover, we detected whether ROS are associated with
curcumin analog A2-induced autophagy. Western blot analysis
showed that scavenging ROS with NAC abolished curcumin
analog A2-induced increase in the levels of LC3B-II (Fig. 7e). NAC
also suppressed the mRNA level of LC3B in curcumin analog A2-
treated HUVECs (Supplementary Fig. 5). It was, therefore, unclear
whether the reduction in LC3B-Il protein levels was due to the
antagonistic effect of removing ROS on curcumin analog A2-
induced autophagy or the inhibitory effect of NAC on LC3B-II
levels through a posttranslational mechanism. To solve this
problem, HUVECs were transfected with exogenous RFP-GFP-
LC3B reporters. We found that NAC treatment effectively
suppressed the number of both red and yellow puncta in
curcumin analog A2-treated HUVECs (Fig. 7f and Supplementary
Fig. 6), indicating that ROS generation was required for curcumin
analog A2-induced autophagy.
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Fig. 7 Scavenging reactive oxygen species (ROS) reverses curcumin analog A2-induced cell death and autophagy in human umbilical vein
endothelial cells (HUVECs). HUVECs were preincubated with NAC (10 mM) for 1 h, then they were treated with dimethyl sulfoxide (DMSO) or
curcumin analog A2 (20 pM) for 24 h. a Cell viability was detected using MTT assay. (n = 3; **P < 0.01 vs. Control; *P < 0.05 vs. A2). b Western
blot analysis of the cleavage of PARP1. ¢ Bar graph shows the relative lactate dehydrogenase (LDH) activity. (n = 3; *P < 0.05 vs. Control; *P <
0.05 vs. A2). d Flow cytometric analysis of ANXA5-FITC/PI staining. e Western blot analysis of LC3B-II levels. f Fluorescence photographs of

HUVECs transfected with RFP-GFP-LC3B plasmid. Scale bar: 10 um

Scavenging ROS reverses the antiangiogenic activity of curcumin
analog A2 in vitro, ex vivo, and in vivo

Additional experiments were performed to investigate the role of
ROS in the antiangiogenic activity of curcumin analog A2. We
found that scavenging ROS with NAC completely reversed the
inhibitory effect of curcumin analog A2 (20 uM) on the migration
and tube formation of HUVECs (Fig. 8a, b), suggesting that ROS are
essential for the antiangiogenic activity of curcumin analog A2
in vitro. Furthermore, quantification of three independent rat
aortic ring assays revealed that the inhibitory effects of curcumin
analog A2 (20 uM) on angiogenesis were efficiently suppressed by
NAC treatment (Fig. 8c). Similar results were obtained using
chicken CAM assays (Fig. 8d). These data collectively suggested
that curcumin analog A2 inhibited angiogenesis through a ROS-
mediated mechanism.

DISCUSSION

Cancer cell survival, seeding, or metastatic outgrowth all require
neoangiogenesis to deliver oxygen, nutrients, and growth factors.
Deregulation of vessel growth is a main driving force in the
progression of cancer [24]. Many critical steps are involved in the
process of angiogenesis and capillary network formation, includ-
ing endothelial cell survival, proliferation, migration, organization,
and remodeling into capillary-like structures [25]. Thus, endothelial
cells play a crucial role in the progression of cancer by controlling
angiogenesis. In the current study, after screening, we found that
monocarbonyl curcumin analog A2 at concentrations equal to or
above 20 uM significantly inhibited endothelial cell migration and

SPRINGERNATURE

tube formation in vitro, inhibited neovessel sprouting at the cut
edge of rat aortic rings ex vivo, and strongly blocked newly
formed microvessels in CAMs and Matrigel plugs in vivo. These
results collectively demonstrated that curcumin analog A2 is a
potent antiangiogenic compound. The antiangiogenic mechanism
is illustrated in Fig. 9.

Induction of endothelial cell apoptosis is believed to be one of
the core mechanisms of antiangiogenic therapies [26, 27]. As
expected, curcumin analog A2-induced HUVEC apoptosis as
evidenced by the increase in PARP1 cleavage, caspase-3/7
activities and inhibitory effect of Z-VAD-FMK, a pancaspase
inhibitor. However, the cell death induced by curcumin analog
A2 was not completely reversed by Z-VAD-FMK pretreatment,
suggesting that curcumin analog A2 induced both nonapoptotic
cell death and apoptosis in HUVECs. Additionally, 20 uM curcumin
analog A2-induced Pl uptake and LDH release, indicating the
rupture of the cell membrane. Treatment of HUVECs with Nec-1, a
specific necroptosis inhibitor, attenuated the cytotoxic effect of
curcumin analog A2. These data collectively suggested that
curcumin analog A2 induced both apoptosis and necroptosis in
HUVECs.

Curcumin analog A2 was found to induce cytoplasmic
vacuolation, which was identified by acidic compartments
exhibiting strong AO staining, before ultimate cell death.
Furthermore, we found that curcumin analog A2 increased the
number of autophagosomes and the level of LC3B-Il, suggesting
that curcumin analog A2 likely triggered autophagy in HUVECs. In
the presence of the late-stage autophagy inhibitor bafilomycin A,
curcumin analog A2 further increased LC3B-Il levels, indicating
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Fig. 8 Scavenging reactive oxygen species (ROS) reverses the antiangiogenic effects of curcumin analog A2 in vitro, ex vivo, and in vivo.
a Wound healing assay was used to assess the migration of human umbilical vein endothelial cells (HUVECs) treated with dimethyl sulfoxide
(DMSO) or curcumin analog A2 (20 pM) in the presence or absence of NAC (10 mM). These photos were taken under a phase-contrast
microscope ( X 40). Top photos were taken immediately after scraping. Bottom photos were taken at 24 h after scraping. Histogram shows the
cell migration distance data. (n = 3; *P < 0.05 vs. Control; **P < 0.01 vs. A2). b HUVECs were plated on Matrigel, then the cells were treated with
DMSO or curcumin analog A2 (20 pM) in the presence or absence of NAC (10 mM) for 24 h. These photos were taken at 24 h after treatment
under a phase-contrast microscope (x 40). Histogram shows the relative total length of tubes. (n = 3; *P < 0.05 vs. Control; #P < 0.01 vs. A2).
¢ Rat aortic rings were incubated with DMSO or curcumin analog A2 (20 pM) in the presence or absence of NAC (10 mM). These photos were
taken at day 7 after treatment under a phase-contrast microscope (x 40). Top photos show the aortic rings placed horizontally in Matrigel.
Bottom photos show the aortic rings placed vertically in Matrigel. Histogram shows the relative total number of vessels sprouting. (n =3;
**P < 0.01 vs. Control; *P < 0.05 vs. A2). d New blood vessels formation was detected using chicken CAM assay. Sterilized filter paper disks
saturated with DMSO or curcumin analog A2 (20 pM) in the presence or absence of NAC (10 mM) were placed on the CAMs. After incubation
for 2 days, the CAMs were removed for further analysis. These photos were taken using a Canon EOS 550D Digital SLR camera. Histogram

shows the relative number of new blood vessels on the filter paper disks. (n = 3; **P < 0.01 vs. Control; #P <0.01 vs. A2)

that curcumin analog A2 enhanced autophagic activity rather than
block autophagosome degradation. This notion was further
confirmed by transfection of HUVECs with RFP-GFP-LC3B plasmids,
which phenocopied the results obtained with EBSS incubation.
Western blot analysis showed that curcumin analog A2 increased
the levels of Beclin1 and ATG5 and attenuated the phosphoryla-
tion of mTOR and its downstream target P70S6K. It is plausible
that these autophagy-related proteins might be involved in
curcumin analog A2-induced autophagy. However, further studies
are needed to verify this hypothesis.

Autophagy proceeds at a basal level under physiological
conditions in vascular endothelial cells to maintain cellular
homeostasis [28]. Recent studies have shown that autophagic
responses can be triggered in vascular endothelial cells by a
variety of antiangiogenic agents [28]. Although some antiangio-
genic agents have been demonstrated to induce autophagic cell
death in vascular endothelial cells, it is suggested that in most
situations, induction of autophagy exerts cytoprotective effects on
vascular endothelial cells, and this acts as an important cellular
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mechanism of drug resistance [28-30]. For instance, the anti-
angiogenic agent sulforaphane (SUL) induces both autophagy and
apoptosis in HUVEGs. Inhibition of autophagy potentiates the
proapoptotic effect of SUL [31]. Similarly, autophagy triggered by
the antiangiogenic agent BA145 can weaken its cytotoxicity
toward HUVECs and subsequently contribute to the acquired
resistance to this compound [29]. We are reporting for the first
time that curcumin analog A2-induced autophagy in HUVECs is
neither a prerequisite for toxicity, leading to cell death nor a
protective response for combating the toxicity due to curcumin
analog A2. These data clearly suggest that although the
combination of antiangiogenic agents with autophagy inhibitors
constitutes an effective therapeutic approach against cancer, it is
not suitable in all cases.

Oxidative stress resulting from the overproduction of ROS might
serve as one of the common inducers of endothelial cell death in
tumors [32]. One possible explanation is that vascular endothelial
cells in the tumor microenvironment generally exhibit elevated
ROS levels caused by metabolic abnormalities. Thus, tumor vessel
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endothelial cells are relatively more vulnerable to exogenous ROS-
generating compounds. A further increase in ROS is likely to push
ROS levels above the toxic threshold that these cells can bear,
leading to cell death [32]. Data from flow cytometry showed that
curcumin analog A2 enhanced ROS levels in HUVECs. Although
ROS can be endogenously produced by several cellular sources,
NADH/NADPH oxidase and mitochondria are believed to be the
major sources of ROS in the endothelium [33]. We found that ROS
in curcumin analog A2-treated HUVECs were mainly derived from
NADH/NADPH oxidase. The ROS scavenger NAC nearly completely
reversed the cytotoxic effects of curcumin analog A2 toward
HUVECs, suggesting that curcumin analog A2-induced endothelial
cell death was mediated by ROS. Moreover, ROS scavenging
effectively reversed the antiangiogenic activity of curcumin analog
A2 in vitro, ex vivo, and in vivo, confirming a vital role of ROS in
the antiangiogenic effects of curcumin analog A2.

In conclusion, we first demonstrated that a monocarbonyl
analog of curcumin, A2, exhibits potent antiangiogenic activity by
inducing ROS-dependent endothelial cell death. Although curcu-
min analog A2 triggered endothelial cell autophagy, it appeared
to not affect the cytotoxicity of curcumin analog A2 toward
HUVECs, suggesting that the role of autophagy on endothelial cell
fate triggered by different antiangiogenic agents needs to be
examined. Curcumin analog A2 has the potential to be developed
into a novel therapeutic agent targeting ROS for inducing
endothelial cell death and treating angiogenesis-related diseases.
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