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Introduction

The pro-angiogenesis factors of tumor microenvironment play 
critical role in tumor growth and metastasis. Angiogenesis, con-
trolled by the balance of positive and negative regulatory mole-
cules, is one of the important events in tumor microenvironment 
for tumor growth and metastasis, and has been recognized as an 
applicable target for cancer chemoprevention and therapy.1-6 Gli-
oma is the most common primary brain cancer. Although many 
aggressive therapies were applied, patients with nervous system 
tumors still had poor and dismal prognosis with high mortality. 
The median survivals of patients with malignant glioma are usu-
ally less than one year; meanwhile, the common therapy schedules 
are palliative with dismal results.7-9 Gliomas are highly vascular-
ized and angiogenesis-dependent human cancers,10-13 and current 
reports showed that the vascular status in microenvironment of 
glioma plays a central role in glioma progression, invasion, diagno-
sis and effectiveness of clinic treatment.14-17 Many preclinical and 
clinical assessments of various strategies were performed to evalu-
ate the anti-angiogenic effects on glioma suppression; therefore, 

targeting angiogenesis factors in tumor microenvironment is 
promising and clinically feasible strategies for glioma therapy.13,17-21

Lidamycin (LDM, also named C-1027) is a member of the 
enediyne antitumor antibiotics family produced by a streptomy-
ces strain isolated in China.22 LDM showed extremely potent 
cytotoxicity, anti-angiogenic activity, and tumor growth inhibi-
tion in mice.23-25 The results in pharmacodynamics, pharmacoki-
netics, and toxicology have promoted LDM into clinical trial in 
China.26 Our previous work has reported the meaningful effects 
of lidamycin on glioma inhibition, in which the glioma U87 cell 
in culture and the xenograft were observed.27 The present study 
is set to investigate whether anti-angiogenesis is involved into the 
anti-glioma effect of LDM.

Temozolomide (TMZ) is a highly efficient drug for malignant 
gliomas therapy with significant survival increase. Despite of the 
encouraging results, the therapeutic effects of TMZ are far less 
ideal.8,28 Combination therapies of TMZ with other agents have 
been introduced to achieve higher efficacy on glioma. Combi-
nations of TMZ plus direct and indirect angiogenesis inhibitors 
have been demonstrated to be effective against glioma growth.29-31
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Present work mainly evaluated the inhibitory effects of lidamycin (LDM), an enediyne antibiotic, on angiogenesis or 
glioma-induced angiogenesis in vitro and in vivo, especially its synergistic anti-angiogenesis with temozolomide (TMZ). 
LDM alone efficiently inhibited proliferations and induced apoptosis of rat brain microvessel endothelial cells (rBMEC). 
LDM also interrupted the tube formation of rat brain microvessel endothelial cells (rBMEC) and rat aortic ring spreading. 
The blockade of rBMEC invasion and C6 cell-induced rBMEC migration by LDM was associated with decrease of VEGF 
secretion in a co-culture system. TMZ dramatically potentiated the effects of LDM on anti-proliferation, apoptosis 
induction, and synergistically inhibited angiogenesis events. As determined by western blot and ELISA, the interaction 
of tumor cells and the rBMEC was markedly interrupted by LDM plus TMZ with synergistic regulations of VEGF induced 
angiogenesis signal pathway, tumor cell invasion/migration, and apoptosis signal pathway. Immunofluorohistochemistry 
of CD31 and VEGF showed that LDM plus TMZ resulted in synergistic decrease of microvessel density (MVD) and VEGF 
expression in human glioma U87 cell subcutaneous xenograft. This study indicates that the high efficacy of LDM and the 
synergistic effects of LDM plus TMZ against glioma are mediated, at least in part, by the potentiated anti-angiogenesis.



©
20

14
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

www.landesbioscience.com	 Cancer Biology & Therapy	 399

The benefits of combination therapy of TMZ with some 
other agents to glioma patients are well accepted. In our pres-
ent work, we postulate that anti-angiogenesis might involve in 
the anti-glioma effect of LDM, which may be potentiated by 
TMZ co-administration. MTT assay and Annexin V-FITC/PI 
were performed to investigate the effects of LDM plus TMZ 
on rBMEC cell proliferation and apoptosis. Meanwhile, a co-
culture system of rat brain microvessel endothelial cells with rat 
glioma C6 cells was applied to examine endothelial migration, 
invasion, and VEGF secretion. Angiogenesis associated endo-
thelial events were also investigated with tube formation assay 
and rat aortic ring assay. Furthermore, immunohistochemical 
examination of CD31 and VEGF were performed to evaluate 
the synergistic anti-angiogenesis effects of LDM plus TMZ. 
The in vivo antitumor efficacy of LDM plus TMZ was deter-
mined with human glioma U87 xenograft model. Our work 
demonstrated that the synergy in anti-angiogenesis by LDM 
plus TMZ may partially contribute to glioma growth delay, 
which would shed light on how to improve the efficacy of gli-
oma therapy.

Results

Synergistic cytotoxicity and potentiated induction of apop-
tosis in rBMEC cells by combination of LDM and TMZ

MTT assay showed that the IC
50

 value of LDM to rBMEC was 
1.06 × 10−11 M (Fig. 1A), which presented the highly potent anti-
proliferation effect of LDM on endothelial cells. After 72 h expo-
sure to LDM (10−10 M, 10−11 M, 10−12 M, 10−13 M, and 10−14 M), 
TMZ (60 μM, 90 μM, 120 μM, and 150 μM) or different 
combinations, the inhibitory effects in MTT assay were evalu-
ated with isobolographic analysis (Fig. 1B), which suggested that 
LDM plus TMZ has synergistic effects on inhibiting rBMEC 
cell proliferation. By Annexin V-FITC/PI double-staining, the 
results of apoptosis induction in rBMEC cells treated with TMZ, 
LDM, and combination indicated the potent proapoptotic effect 
of LDM on rBMECs, and the enhanced apoptosis by the com-
bination was obtained (Fig. 1C). The combinations resulted in a 
higher percentage of apoptotic cells with significant differences 
from respective single treatments (Fig. 1D), and the CI value was 
0.83 (Table 1).

Inhibition of rBMEC invasion by the combination of LDM 
and TMZ

With the Boyden chamber assay, LDM and TMZ were 
administrated to the rBMECs cells as the indicated protocol. 
The results showed that LDM significantly inhibited rBMECs 
invasion (Fig. 2A and B, P < 0.001, vs control). In comparison 
with single drug, drug combination significantly decreased the 
invasion ratio of rBMECs (Fig. 2A and B, P < 0.001, vs LDM, 
P < 0.001, vs TMZ). Significant synergy was presented with CI 
value of 0.68 (Table 1).

Synergistic inhibition of glioma cell-induced rBMEC migra-
tion by LDM plus TMZ

With a Boyden chamber, co-culture of C6 cells and rBMEC 
was performed to detect glioma cell-induced rBMECs migra-
tion. Treated with the indicated dosing regimens for 72 h, the 

conditioned medium-induced rBMEC migration was detected. 
The representative images were shown and the data were plotted 
(Fig. 2C and D). Migration ratio of rBMECs co-cultured with 
C6 cells was decreased significantly by LDM alone (P < 0.001, vs 
control). Compared with single drug-treated condition medium, 
the migration ratio of cells in combination-treated conditioned 
medium was significantly decreased (P < 0.001, vs LDM, P < 
0.001, vs TMZ). Significant synergy was presented with CI value 
of 0.72 (Table 1).

LDM and TMZ synergistically inhibit VEGF secretion in 
glioma C6 cells

As shown (Fig. 3A), the VEGF level was significantly reduced 
by LDM (P < 0.001, vs control). Compared with the two respec-
tive single drug treatments, the combination treatment potenti-
ated the inhibitory effect (P < 0.001 vs LDM, and P < 0.001 vs 
TMZ). Western blot of VEGF in cells treated with C6 condi-
tioned medium and C6 cell lysate showed similar and coinci-
dent results (Fig. 3B) with ELISA assay. Significant synergy was 
observed with CI value of 0.53 (Table 1).

LDM potentiated the anti-angiogenesis effects of TMZ in 
vitro

In tube formation assay, single administration of LDM dis-
rupted tube formation efficiently (P < 0.001 vs control). Tube 
formation ratio in cells by combination treatment was signifi-
cantly decreased as compared with respective single drug treat-
ment (Fig. 4A and B, P < 0.01 vs LDM; P < 0.001 vs TMZ), 
and significant synergism was obtained with CI value of 0.86 
(Table 1).

To further confirm the anti-angiogenesis effects of the two 
drugs, rat aortic ring sprouting assay was also performed. Single 
administration of LDM inhibited the endothelial cell spreading 
from the aortic rings (P < 0.001 vs control), and the sprouting 
in combination treatment was significantly decreased, compared 
with respective single drug treatment (Fig. 4C and D, P < 0.001 
vs LDM; P < 0.001 vs TMZ). Significant synergism was observed 
with CI value of 0.81 (Table 1).

Synergistic effect of LDM and TMZ in regulations of angio-
genic pathway

To confirm the anti-angiogenesis potentials and gain fur-
ther insight into the effects of LDM and TMZ combination, 
VEGF signal pathway was analyzed by western blot. The com-
bination of LDM and TMZ inhibited VEGFR2, FAK, MMP-2, 
and MMP-9 activity in rBMEC (Fig. 5A) more efficiently than 
respective single drugs, which was coincident with rBMEC inva-
sion/migration assay (Fig. 2A–D). As shown, VEGF expressions, 
c-raf activities and COX-2 expression in C6 cells and U87 cells 
(Fig. 5B) were also significantly and synergistically inhibited by 
the combination.

Synergy of LDM and TMZ on angiogenesis inhibition in 
glioma U87 xenograft

LDM, TMZ, or combination of the two drugs decreased 
the tumor microvessel density (MVD) compared with control. 
In particular, the combination of LDM and TMZ significantly 
and synergistically decreased the MVD of the xenograft tumors 
compared with single drug treated groups (Fig. 6A and B). The 
CI values were 0.53 for combination of LDM 25 μg/kg with 
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TMZ (Table 1), indicating the synergistically inhibitory effects 
on tumor MVD in vivo. Meanwhile, the immunohistochemis-
try staining showed that the combination of LDM and TMZ 
also synergistically inhibited VEGF expression in the tumor 
(Fig.  6C and D) with the CI = 0.92 for LDM 25 μg/kg plus 
TMZ (Table 1), which confirmed the synergistic anti-angiogen-
esis effects of LDM plus TMZ.

Discussion

Glioma growth and metastasis are highly angiogenesis-depen-
dent. The vascular status of glioma microenvironment plays a 

critical role in tumor progression, and so, it is important to under-
stand the changes of tumor microenvironment for improvement 
of tumor therapeutic efficacy and exploration of new therapy 
strategies.14,32 Lidamycin (C-1027), an enediyne agent with 
mechanisms of dsDNA cleavage, proapoptosis and anti-angio-
genesis, and so on,24,33-35 has ever been tested for glioma growth 
inhibition in our previous report.27 As to TMZ, its applications 
in clinic and preclinical have obtained encouraging results with 
anti-angiogenic and anti-tumor effects in glioma therapy,36,37 and 
the reported experimental and clinic practices has confirmed the 
potential role of TMZ combined with other agents in glioma 
growth delay.29,38,39

Figure 1. The cytotoxicity and cell apoptosis of rBMECs treated with various dosing regimens were determined. (A) MTT assay showed the potently 
inhibitory effects of LDM on rBMECs proliferation. The dash line showed the IC50 value. (B) The normalized isobologram analysis showed synergistic 
interactions of LDM (10−10 to 10−14 M) with TMZ (60 μM, 90 μM, 120 μM, and 150 μM) on rBMECs cell proliferation. A large number of combinations 
below the additivity line indicated the synergism of LDM and TMZ. (C) The apoptosis assay was performed with Annexin V-FITC/PI double staining, the 
representative images of the rBMECs apoptosis treated with indicated dosing regimens were shown. The apoptosis ratio was calculated and plotted. 
Combinations of the two drugs exerted enhanced apoptosis ratios to rBMEC cells (D). **P < 0.01, and ***P < 0.001 between the indicated groups.
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Table 1. Evaluation of synergistic effects on events associated with angiogenesis in vitro and in vivo. 

Lidamycin Temozolomide Combination treatment
CIc

Dose Fa Dose Fa Expected Fb Observed F

Cell apoptosis induction* 0.1 nM 0.66 300 μM 0.73 0.48 0.4 0.83

rBMEC invasion 0.1 nM 0.66 200 μM 0.76 0.5 0.34 0.68

CM induced rBMEC migration 0.1 nM 0.74 300 μM 0.91 0.67 0.48 0.72

VEGF secretion 0.1 nM 0.67 300 μM 0.79 0.53 0.28 0.53

Tube formation assay 0.1 nM 0.80 200 μM 0.63 0.50 0.43 0.86

Rat aortic ring assay 0.05 nM 0.37 300 μM 0.56 0.21 0.17 0.81

MVD 25 μg/kg 0.65 0.5 mg/kg 0.73 0.47 0.25 0.53

VEGF Expression 25 μg/kg 0.56 0.5 mg/kg 0.68 0.38 0.35 0.92

In vitro, CI values of LDM combined with TMZ were displayed on cell apoptosis induction, rBMEC invasion, C6 cell induced rBMEC migration, VEGF secretion 
of C6 cells, rBMEC tube formation and rat aortic ring. In vivo, CI values of LDM plus TMZ were displayed on MVD and VEGF expression in human U87 
xenograft. aF, Fraction = (mean value of experiment group) / (mean value of control); bExpected f = (F of Lidamycin) × (F of Temozolomide); cCI (Combine 
Index) = Observed F / Expected F, a CI of < 1 denotes a synergy, a CI = 1 demonstrates an additive effect, and a CI of > 1 indicates an antagonistic effect. *The 
synergistic interaction of apoptosis induction was calculated with mean survival values of groups. CM, conditioned medium of C6 cells; MVD, microvessel 
density

Figure 2. Lidamycin acted in synergism with TMZ on rBMECs invasion and rBMECs migration induced by drugs-treated C6 cell condition medium. The 
invasive rBMECs were photographed (A) and enumerated (B), ***P < 0.001 between the indicated groups; the migrated rBMECs induced by drug-treated 
C6 cell condition medium were photographed (C) and enumerated (D), ***P < 0.001 between the indicated groups. In all the photos, the scale bar = 
200 μm.
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The anti-glioma effects of LDM as single agent on U87 cells 
in culture and subcutaneous xenograft have been depicted in our 
previously work,27 in which the involvement of angiogenesis was 
not at all concerned. In the present study, a profound investiga-
tion of LDM, and especially the combination of TMZ and LDM 
on angiogenesis and glioma-cell-induced angiogenesis in vitro 
and in vivo was performed. The widely reports on the promi-
nent results of TMZ combination therapies motivate us to vali-
date the postulation that synergistic inhibitory effects on glioma 
growth by the combination of LDM with TMZ may relate to the 
involvement of potentiated anti-angiogenesis. A previous report 
showed that anti-angiogenic effect of a VEGFR inhibitor can 
be potentiated by the combination of TMZ, which implied the 
importance of anti-angiogenesis in the potentiated anti-glioma 
efficacy of TMZ-based combination therapy.40

As reported, glioma cells secreted generous pro-angiogene-
sis factors into the tumor microenvironment of glioma, which 
induced endothelial cell proliferation, migration and tube forma-
tion.32,41 The interaction of tumor cells and endothelial cells is 
important for angiogenesis of malignant glioma, in which VEGF, 
bFGF, and other cytokines play pivotal roles in promoting angio-
genesis.42,43 Likewise, to truly simulate the interaction of the cells 
in glioma microenvironments, a co-culture system of rBMEC 
and C6 cells was established in the present study for migration or 
invasion assay. When C6 cells were treated with LDM and TMZ, 

the VEGF secretion was inhibited synergistically (Fig. 3), which 
in turn induced a decrease of rBMEC migration (Fig. 2). Simi-
larly, the combination of LDM and TMZ dramatically inhib-
ited rBMEC invasion (Fig.  2). As reported, overexpression of 
VEGF was significantly correlated with upregulation of MMP-2 
and MMP-9 in human gliomas,44 which facilitates glioma cells 
invasion. In our study, a correlation of VEGF and MMPs was 
also confirmed with decreased expressions of MMP-2, MMP-9, 
VEGF, and VEGFR2 by western blot of drug-treated rBMEC 
cells (Fig. 5A). To further investigate the anti-angiogenesis of the 
combination regimen, tube formation assay and rat aortic ring 
spreading were performed. rBMECs and rat aortic rings were 
treated with LDM, TMZ, and the combination. As expected, 
the combination regimen inhibited the angiogenesis events more 
significantly than the respective single drug did, of which syner-
gistic effects were displayed (Fig. 4).

It has been addressed that the antitumor activity of TMZ 
may,45 at least in part, be due to its anti-angiogenic properties. 
Some in vivo animal experiments also indicated that the anti-gli-
oma effects of TMZ alone or in combination therapies are associ-
ated with anti-angiogenesis.40,46 The involvement of anti-angio-
genesis in the synergistic anti-glioma effects is still worth to being 
explored. In our study, by determination of the microvessel density 
(MVD) and VEGF expression with immunohistochemical stain-
ing in drugs-treated tumor sections, the data revealed the syner-
gistic anti-angiogenesis effects of LDM plus TMZ (Fig. 6). The 
results of the in vivo anti-angiogenesis assay further confirmed 
and highlighted the potentiated involvement of anti-angiogenesis 
in the synergistic anti-glioma efficacy of LDM plus TMZ.

The major finding of present study is that the combination 
of LDM with TMZ results in synergistic modulation of glioma 
angiogenesis associated events in vitro and in vivo, which may 
partially contributed to the significant potentiation of glioma 
growth delay. To our knowledge, synergy of enediyne agents 
combined with TMZ has not been reported previously. Hence, 
our data demonstrate that the LDM itself displays strong anti-
glioma effects, and the higher efficacy against glioma of LDM 
plus TMZ could be related to, at least in part, the enhancement 
of anti-angiogenesis, which strongly suggest that LDM plus 
TMZ may be of values for improvement of the efficacy of glioma 
therapy. More efforts should be made to this potential strategy, 
and further investigation is warranted.

Materials and Methods

Chemicals and animals
Lidamycin (LDM, c-1027) was kindly provided by Prof Jin 

Lianfang of the Chinese Academy of Medical Science, China. 
Temozolomide (TMZ), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT), dimethyl sulfoxide (DMSO), 
and type II collagenase were purchased from Sigma-Aldrich. 
Annexin V-FITC/PI was purchased from BaoSai Biotechnol-
ogy Co. Matrigel and 8 μm pore size cell culture insert were 
purchased from Becton Dickinson Co. EGF, ECGF, bFGF, and 
protease inhibitors cocktail were purchased from Roche Diagnos-
tics. VEGF ELISA kit was purchased from Boster. The primary 

Figure  3. Combination of Lidamycin with TMZ synergistically inhibit 
VEGF secretion of C6 cells. The VEGF concentrations were measured with 
ELISA assay, and the data were plotted (A). Meanwhile, the VEGF expres-
sions of C6 glioma cells and the conditioned medium were detected by 
western blot (B). ***P < 0.001 between the indicated groups.
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antibodies and second antibodies were purchased from Becton 
Dickinson, Cell Signaling Technology, Inc., and Santa Cruz 
as needed. Polyvinylidene difluoride (PVDF) membrane and 
enhanced chemiluminescence detection system were purchased 
from Millipore. The specific-pathogen-free (SPF) male athymic 
nude mice (18–22 g), purchased from Vitalriver, were housed 
under pathogen-free conditions. All animal studies were per-
formed according to the protocol approved by the Animal Care 
and Use Committee of the Institute of Medicinal Biotechnology, 
Chinese Academy of Medical Sciences and Peking Union Medi-
cal College.

Cell lines, rBMEC isolation, and cultivation
Rat C6 cells and human glioma U87 cells were purchased 

from Cell Center, Peking Union Medical College, China. Rat 
brain microvessel endothelial cells (rBMECs) were primarily 
isolated from the cerebral gray matter of rat brains as described 
previously,47,48 with minor modifications. In brief, the isolated rat 
cerebral gray matter was homogenized and filtrated with 145 μm 

and 70 μm nylon meshes, the matter on the 70 μm nylon mesh 
was collected and digested with type II collagenase (0.1%) at 
37 °C for 30 min, and then centrifuged at room temperature for 
10 min (200 × g). The pellet was re-suspended and maintained in 
DMEM/F12 containing 20% defined fetal bovine serum, with 
EGF, ECGF, and bFGF supplemented. On day 5, the rBMEC 
was subcultured at 37 °C. All experiments using rBMEC were 
performed between passage 3 and passage 6.

Cell proliferation assay
Rat brain microvessels endothelial cells (2 × 103 cells/well) 

were plated in 96 well plates. After incubation for 24 h, the cells 
were treated with appropriate final concentrations of LDM (10−10 
to 10−14 M) and TMZ (60 μM, 90 μM, 120 μM, and 150 μM) 
or mixture of LDM and TMZ for further 72 h incubation. Then 
the culture medium was removed and 20 μl of 5 mg/ml MTT 
were added. With incubation for 4 h at 37 °C, the supernatant 
was discarded and 150 μl of DMSO were added. The mixture 
was measured at 570 nm using Multiskan MK3 microplate 

Figure 4. Lidamycin plus TMZ exhibited synergistic anti-angiogenesis effects in vitro. (A) The tube formation inhibitions of different treatments were 
photographed (200×), then the intact tubes were enumerated and plotted, and the scale bar = 200 μm (B). The aortic rings were treated and photo-
graphed [(C) 40×], then the endothelial cell spreading were analyzed and plotted, and the scale bar = 40 μm (D). **P < 0.01, and ***P < 0.001, between 
the indicated groups.
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reader (Thermo Labsystem). The above experiments were triple 
performed.

Cell apoptosis detection with Annexin V-FITC/PI double 
staining assay

As per the manufracture’s instruction, cell apoptosis was 
detected with commercial Annexin V-FITC/PI kit. Briefly, the 
cells were seeded into 6-well plates, allowed to attach for 24 h, 
then the rat brain microvessel endothelial cells (rBMEC) were 
treated with LDM 0.1 nM and TMZ 300 μM or combination. 
After 72 h incubation, all the cells were harvested. After double 
staining with fluorescein isothiocyanate (FITC)-conjugated 

Annexin V and propidium iodide (PI), the cells were analyzed 
by flow cytometry. The above experiments were performed in 
triplicate.

rBMEC invasion assay
To assay the effects of LDM combined with TMZ on rBMEC 

cell invasion, 8-μm-pore size polyethylene tetraphthalate (PET) 
membrane Millicell inserts for 24-well plates were coated with 
Matrigel and located to the wells.49 The rBMECs (4 × 104 
cells/100 μl) were seeded to the upper chambers and treated with 
LDM (0.1 nM), TMZ (200 μM), or combination of the two 
drugs. The system was incubated for 24 h to allow the cells to 

Figure 5. The synergistic regulations of angiogenesis pathway by combination of LDM with TMZ. The enhanced anti-angiogenic effect of LDM com-
bined with TMZ is associated with VEGF signal cascades. (A):For rBMEC treated with indicated regimens, the regulations of p-VEGFR2, VEGFR2, p-FAK, 
FAK, and MMPs were determined by western blot with corresponding primary antibodies; the results indicated that combination more efficiently inhibit 
angiogenic and invasive/migratory factors expression than single treatments. (B) The inhibitory effects of LDM and its synergism with TMZ on angio-
genic factors secreted by C6 cells and U87 cells were determined, in which the c-raf, COX2, and VEGF were immunoblotted. Combination treatment 
inhibited the expressions of VEGF and COX2 more significant than single drugs; meanwhile, the activity of c-raf was downregulated sharply.
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migrate through the membrane. After incubation, the cells were 
fixed, stained, and quantified with Leica Qwin Pro 3.0. The 
above experiments were repeated three times.

rBMEC chemotactic migration induced by rat C6 glioma 
cell in co-culture system

To assay C6 cell induced rBMEC cell chemotaxis, a co-cul-
ture system assay was performed in Boyden chambers as previ-
ous description.50 Briefly, C6 cells (2 × 105 cells/500 μl) cells 
were seeded to 24-well plate, 24 h later, the culture medium was 
replaced with fetal bovine serum (FBS)-free medium in the pres-
ence of LDM (0.1 nM) and TMZ (300 μM) alone or combina-
tion treatment. After 48 h incubation, 8-μm-pore size polyeth-
ylene tetraphthalate (PET) membrane inserts for 24-well plates 
(no matrigel coated) were located to the wells. The rBMECs (2 × 
104 cells/100 μl) were seeded to the upper chambers. After 24 h 

incubation, the migrated cells were analyzed as the above descrip-
tion, and the drug-conditioned mediums of C6 cells were cen-
trifuged and collected for ELISA assay and western blot assay of 
VEGF. The above experiments were repeated three times.

VEGF quantification with ELISA assay for drugs-treated 
C6 conditioned medium

A commercially available rat VEGF enzyme-linked immuno-
sorbent assay (ELISA) kit was used to measure VEGF concentra-
tions of the drugs conditioned medium (CM) of C6 cells as the 
manufacturer recommended protocols and previous description.51

Tube formation assay for rBMEC
The standard Matrigel assay to evaluate in vitro angiogenesis 

of rBMEC was performed as previously description with slight 
modification.52 The rBMECs were seeded to 96-well plates (2 × 
104 cells/well) previously coated with 100 μl Matrigel, then the 

Figure 6. Synergistic enhancement of anti-angiogenesis effect of lidamycin with TMZ in subcutaneous U87 tumor sections. The microvessle density 
(MVD) was determined by CD31 immunofluorostain assay, and the images were photographed [(A), 200×] and enumerated (B). Red, CD31-positive blood 
vessels stained with Cy3-labeled secondary antibody; blue, the cell nuclei counter-stained with 4,6-diamidino-2-phenylindole (DAPI). The VEGF secre-
tion related to angiogenesis were detected by VEGF immunofluorostain in glioma section [(C), 200×). Red, VEGF-positive areas stained with Cy3-labled 
secondary antibody; blue, the cell nuclei counter-stained with 4,6-diamidino-2-phenylindole (DAPI). The photos were enumerated and plotted (D). Each 
column represented the mean ± s.d. ***P < 0.001 between indicated groups. In all the photos, the scale bar = 200 μm.
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cells were treated with LDM (0.1 nM), TMZ (200 μM), or a 
combination of both and incubated. At 16 h, the capillary-like 
structures formed by rBMECs were photographed with Nikon 
inverted microscope. The intact tubes were numerated to quan-
tify the effects of drugs.

Rat aortic ring assay
This anti-angiogenesis assay was performed as described pre-

viously,53 with some modifications. Briefly, a Sprague-Dawley 
rat (200~220 g) was sacrificed. Thoracic aorta was dissected in 
sterile hood. After removing the peri-aortic fibroadipose tissue 
under the stereomicroscope, the aorta was sectioned into 1 mm 
ring, the rings were located to Matrigel-coated wells of 24-well 
plates. Then the ring was covered with additional 50 μl Matrigel 
and cultured in 2 ml DMEM/F12 supplemented with 10% rat 
serum for 72 h. Then, the medium was removed and replaced 
with 2 ml serum-free DMEM/F12 medium. LDM (0.05 nM), 
TMZ (300 μM) or combination of two drugs were added to the 
medium. After drug treatment for 7 d, aortic rings were stained 
with MTT and photographed. The images were analyzed with 
Leica Qwin Pro 3.0 to determine the staining area as previous 
description. The experiments were repeated three times.

Western blot
The effects of LDM, TMZ alone, or combination on cell 

proliferation, apoptosis, and angiogenesis pathway of rBMEC, 
C6 cells and U87 cells were evaluated with western blot. After 
treated with different dosing regimens for 72 h, the cells were 
homogenized with RIPA lysis buffer (25 mM Tris [pH 7.8], 
2  mM EDTA, 20% glycerol, 0.1% Nonidet P-40 [NP-40], 
1 mM dithiothreitol) and protease inhibitors. The protein con-
centrations of cell supernatants were determined with the BCA 
protein assay kit from Hyclone-Pierce. Proteins (30 μg/lane) 
were equally loaded to and separated by SDS-PAGE gel. After 
electrophoresis, proteins were transferred to PVDF membrane. 
Then the membranes were probed with primary antibodies anti-
VEGFR2, anti-p-VEGFR2, anti-MMP-2, anti-MMP-9, FAK, 
p-FAK, and anti-α/β-tubulin for rBMEC lysate, and anti-VEGF 
for drug-treated C6 condition medium and C6 cells lysate, c-raf, 
p-c-raf, COX2, VEGF, and actin for C6 and U87 cells lysate. 
All the primary antibodies were diluted at 1:1000. The mem-
branes were incubated in horseradish peroxidase-labeled anti-
mouse or anti-rabbit IgG secondary antibodies (1:5000), and 
then developed with enhanced chemiluminescence blot detec-
tion system.

Animal model and drugs administration
U87 glioma cells were inoculated subcutaneously (s.c.) into 

the flank of the nu/nu athymic nude mice (5 × 107 cells/200 μl 
PBS/mouse). After tumor established, the tumor pieces were 
implanted s.c. to the right flank of nu/nu athymic nude mice. 
When the tumor was reached 100~150 mm3, tumor-bearing 

animals were randomly divided into four groups (n = 6 per 
group)—control group, TMZ (0.5 mg/kg) group, LDM (25 μg/
kg) group, and TMZ+LDM group. TMZ was administrated 
for two weeks (6 times/week) by intraperitoneal injection (i.p.). 
LDM was administrated for two weeks (once a week) via tail 
vein injection. At 30 d, the liquid nitrogen-fixed tumors were 
embedded in optimal cutting temperature medium and seri-
ally sectioned (6 μm) on a cryotome; the sections were stored at 
−80 °C until stained.

Immunofluorohistochemistry for VEGF and CD31
Microvessel density (MVD) and VEGF secretion of tumor was 

quantified as described previously.54 Briefly, frozen sections were 
fixed in ice-cold acetone and rinsed, then blocked with 5% goat 
serum for 30 min. The sections were incubated with anti-CD31 
primary antibody (1:50) and anti-VEGF primary antibody. Fol-
lowing rinse and incubation with Cy3-labeled second antibody 
(1:100), the sections were counterstained with 4,6-diamidino-
2-phenylindole (DAPI) and mounted with PBS-glycerol. With 
Nikon inverted fluorescence microscope, the sections were pho-
tographed at 200× magnifications, in which the CD31-positive 
vessels and VEGF-positive area were numerated with Leica Qwin 
Pro 3.0 program.

Drugs interaction assay
The cytotoxicological interaction of MTT assay was evalu-

ated with normalized isobologram analysis, for which the Cal-
cusyn software (Biosoft) was used to.55 For the drug interaction 
evaluation on other determination, combination index (CI) of 
LDM with TMZ was calculated as (observed fraction value of 
combination group) / (expected fraction value of combination 
group), in which the expected fraction value of combination 
group were estimated as (observed mean value of LDM) / (mean 
control value) × (observed mean value of TMZ) / (mean control 
value).56,57 The CI < 1 indicates a synergism, CI = 1 indicates an 
additive effect, and CI > 1indicates an antagonistic effect.

Statistical analysis
All quantitative data were presented as mean ± SD. The signif-

icance was tested by one-way ANOVA using the SPSS software 
for comparison of multiple groups. Significance was accepted at 
P < 0.05.
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