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ABSTRACT

Purpose To overcome definite limitations of angiogenesis inhib-
itors such as insufficient therapeutic efficacy as a single drug and
resisting or conflicting effect under chronic treatment, it is required
to develop a new regimen to improve the therapeutic effect.
Methods The combination effect of a multi-targeting angiogen-
esis inhibitor (LHT7) and a selective cyclooxygenase-2 inhibitor
(celecoxib) on neovascularization in tumor growth was studied
both in vitro and vivo experiments.

Results While hypoxia-mediated COX-2 overexpression and
macrophage recruitment were observed at LHT/-treated tumor
tissues, it was well-controlled by the combination of celecoxib and
LHT7. On the other hand, the in vitro tube formation and the in vivo
tumor vessel formation and structure were inhibited by either
LHT7 or celecoxib, but the inhibition effect was further enhanced
by using them together. However, the combination therapy did not
further enhance the inhibitory effect on tumor growth in terms of
volume compared to single drug uses, which attributed not to
increased cellular apoptosis but to decreased cell proliferation.
Conclusions COX-2 inhibition could enhance the therapeutic
effect of anti-angiogenic drugs both by inhibiting the inflammatory
reactions induced by hypoxia and by altering the vascular stabili-
zation that is mediated by an assembly with mural cells.
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ABBREVIATIONS

COX-2  Cyclooxygenase-2

DCC N,N'-dicyclohexylcarbodiimide

DMF N,N-dimethylformide

EDAC | -ethyl-3-(3-dimethylaminopropyl)carbodiimide

Et-STC Sodium ethylenediamine taurocholate

HoSu N-hydroxylsuccinimide

HRP Horseradish peroxidase

HUVECs  Human umbilical vein endothelial cells

LHT7 Low molecular weight heparin-taurocholic acid
conjugate

LMWH  Low molecular weight heparin

PCNA Proliferating cell nuclear antigen

TCA Taurocholic acid

TUNEL  Terminal deoxynucleotidyl transferase dUTP
nick-end labeling

a-SMA  Alpha smooth muscle actin

INTRODUCTION

Since Folkman raised the involvement of angiogenesis in the
tumor development for the first time [1], the role of angiogen-
esis in tumor pathogenesis has been widely studied. As a result,
a variety of angiogenesis inhibitors with different mechanisms
have been developed and applied in the clinics together with
other chemotherapeutics to treat cancer. However, it has
shown its limitations to achieve a sustainable and successful
clinical outcome [2, 3]. For example, first, its therapeutic effi-
cacy is not sufficient to be used as a single drug. Thus, it should
be combined with other cytotoxic drugs to treat cancer prop-
erly. Second, not every type of cancer was susceptible to anti-
angiogenic therapy. Moreover, some types of cancer were
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initially shrunken by anti-angiogenic therapy, but evolved
with resistance traits under chronic inhibition of angiogenesis
by eliciting evasive pathways from anti-angiogenic drug in
different ways [4]. Even though diverse mechanisms, how
cancers become resistant to anti-angiogenic drugs, are clari-
fied, the clinical regimen how to overcome these obstacles has
not developed yet.

It might be helpful to understand the close interactions
between angiogenesis and inflammation in the tumor patho-
genesis to overcome those limitations of anti-angiogenic drugs
[5]. It is well-known that the inflammation and angiogenesis
make a positive feedback cycle and closely cooperate on the
further progression of cancer [6]. Inflammation is considered
as a critical driving force for angiogenesis not only in the
cancer but also in other diseases since it can produce a variety
of cytokines and growth factors that are involved in the angio-
genesis [7, 8]. Especially, in case of cancer, the enormous role
of inflammatory factors as positive regulators over the whole
period of carcinogenesis have been proposed. Among them,
cyclooxygenase-2 (COX-2) and prostaglandins are known to
be the most representative factors, and their expression can be
used as an indicator for prognosis of cancer [9]. They can not
only induce the initial vessel formation but also reinforce the
vascular structure by assembling with vascular mural cells [10,
11]. In particular, in terms of evasive resistance against anti-
angiogenic therapy, it was reported that these matured and
vessels stabilized by mural cells do not respond to anti-
angiogenic therapy since they pretend to function like a nor-
mal, healthy vessel by restoring tumor perfusion [12]. Thus, if
the maturation and stabilization of immature vessels are prop-
erly inhibited by a pharmacological agent, the anti-angiogenic
therapy might be continued for a much longer period with
higher eflicacy.

Moreover, it was recently reported that even though the
primary tumor growth can be reduced by antiangiogenic ther-
apy using sunitinib, which isa VEGFR/PDGFR kinase inhib-
itor, the pruning effect on tumor vessels might intensify the
degree of hypoxia at the tumor tissue. This is because the
delivery of oxygen to the tumor site is not sufficient under
angiogenesis inhibition to meet the local demand for oxygen
required for the excessive metabolism and proliferative rate of
cancer cells. Consequently, under hypoxic and starved condi-
tions for tumor growth, a pro-inflammatory response can be
induced while generating favorable condition for invasive and
aggressive tumors [13, 14]. In addition, the expression of
COX-2 was also correlated with the hypoxia induced by
anti-angiogenic therapy [15]. On the other hands, the angio-
genic growth factors produced by cancer cells and endothelial
cells could exacerbate COX-2 mediated inflammatory reac-
tion in tumor tissues. For example, vascular endothelial
growth factor (VEGF) is one of stimulator to induce the ex-
pression of COX-2 and prostaglandins in the endothelial cells
[16]. Thus, the blockade of VEGF-mediated pathway in

tumor tissues could improve the therapeutic efficacy by inter-
vening both inflammation and angiogenesis.

Previously, we introduced a low molecular weight heparin-
taurocholic acid conjugate (LH'T7) as a multi-targeting angio-
genesis inhibitor {17, 18]. While its binding affinity to multiple
angiogenic growth factors was potentiated by introducing
more number of sulfate and hydroxyl groups, its anticoagulant
activity became negligible due to the chemical conjugation of
LMWH with taurocholic acid at a molar ratio of 1:7 by inter-
vening in the interaction of antithrombin IIT by steric hin-
drance [19]. However, the combination use of LHT7 with
anti-inflammatory drugs can be a novel strategy not only to
improve the therapeutic efficacy but also to prevent the ad-
verse effects that might occur during anti-angiogenic therapy
as mentioned above. Among a number of anti-inflammatory
drugs, the selective COX-2 inhibitors might be the most
promising agent to be utilized in cancer treatment due to its
safety and eflicacy. Since COX-2 has multiple functions in the
overall carcinogenesis, selective COX-2 inhibitors including
celecoxib and nimesulide have been widely used not only in
cancer therapy but also in cancer prevention as a single and
combination therapies [20, 21].

In this study, we have observed the induction of hypoxia
and COX-2 expression at tumor tissues under angiogenesis
inhibition by using LHT7. Then, the effect of COX-2 inhibi-
tion using a selective GOX-2 inhibitor on inflammatory reac-
tions, vascular structure and tumor growth was evaluated in a
tumor xenograft model.

MATERIALS AND METHODS
Materials

LMWH (Fraxiparine®, 4500 Da) was obtained from
Nanjing King-Friend Biochemical Pharmaceutical
Company (Nanjing, China). Taurocholic acid (TCA), NN~
dicyclohexylcarbodiimide (DCC), N-hydroxylsuccinimide
(HoSu), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDAC), formamide, methylcellulose, and Tween 20
were purchased from Sigma (St. Louis, MO).
Dimethylformide (DMF) was obtained from Merck
(Darmstadt, Germany).

Synthesis of LHT7

LHT7 was synthesized according to the previous study [17].
Briefly, ethylenediamine taurocholic acid (5 g) was dissolved in
methanol (150 ml) in the presence of sodium hydroxide (5 g)
and agitated for 2 h. The mixture was precipitated with cold
acetonitrile, washed with cold acetonitrile and freeze-dried to
obtain sodium ethylenediamine taurocholate (Et-STC).
LMWH (500 mg) was dissolved in distilled water. Then,
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HOSu (126.6 mg), EDAC (310 mg) and Et-STC (686 mg)
were added consecutively into this solution. After an overnight
reaction, LHT7 was finally obtained as a white powder after
precipitation and lyophilization.

Tube Formation Assay

The wn vitro endothelial tube formation assay was performed as
described in previous studies [22]. Briefly, 1.5x 10* human
umbilical vein endothelial cells (HUVECS) in basal medium-
2 containing VEGF (50 ng/mlL; Peprotech, NJ) were added
onto polymerized Matrigel (BD Bioscience, Billerica, MA).
Then, the cells were treated with LHT7 (50 pg/ml), celecoxib
(10 pg/ml), and the combination of those two drugs for 6 h.
The number of branch points in each capillary-like tube in
each well were counted and statistically analyzed (n=3).

In vivo Studies on Vascular Structure and Tumor
Growth

Seven-weeks-old male CG3H/HeN mice (Orient Bio Inc.,
Seungnam, South Korea) inoculated with 1x 10° SCC7 mu-
rine squamous cancer cells to the right flank. At the same time,
the mice were divided into two groups according to the ex-
perimental purpose: 1) dose-dependent induction of hypoxia
of LHT7 at doses of 0, 0.5, 1, and 5 mg/kg/2 days; 2) com-
bination effect of LHT7 (1 mg/kg/2 day; intravenous injec-
tion) and celecoxib (10 mg/kg/day; oral administration) on
vascular structure and tumor growth (=5). Two hundred
microliter of celecoxib (Celebrex® Pfizer, NY) suspended in
0.5% methylcellulose containing 0.025% Tween 20 as a sta-
bilizer was administered by oral gavage. When the tumor
volume of control was approximately 50-80 mm®, tumor size
was measured in two dimensions using slide calipers every
3 days. Tumor volume was calculated as axb?x0.5, where
ais the largest and b is the smallest diameter. Body weight was
also observed. All animals were maintained and used in ac-
cordance with the Guidelines for the Care and Use of
Laboratory Animals of the Institute of Laboratory Animal
Resources, Seoul National University (Seoul, South Korea;
approved animal experimental protocol number SNU-
130830-2).

Hypoxic Probe Staining

After 25 days of the drug treatment, mice were intraperitone-
ally injected with pimonidazole hydrochloride (60 mg/kg
body weight; Hypoxyprobe Inc., Burlington, MA) in order
to detect the degree of hypoxia on tumor tissues (n=3).
Then, tumor tissues were isolated, fixed in 4% formalin, em-
bedded in paraffin, and sectioned at 4 pm for following stud-
ies. For the detection of hypoxic area bound with
pimonidazole through thiol groups, the slides were stained
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with FITC-conjugated mouse monoclonal antibody to
pimonidazole adducts. Then, the whole area of stained tissue
was observed by tile scanning method using a confocal laser
microscope (Carl Zeiss LSM710, Germany). For detection of
COX-2 expression at hypoxic area, the slides were further
incubated with anti-COX-2 antibody (Thermo Scientific,
IL; dilution ratio at 1:200) followed by Alexa 594-
conjugated anti-rabbit IgG secondary antibody (Life
Science, OR) and counterstaining with Hoechst.

Vessel Staining with Lectin Perfusion

For microscopic imaging of functionalized vessels, FITC-
lectin (100 pg) was intravenously administered to SCC7-
tumor bearing mice to visualize microvessels (=3). Five mi-
nutes after lectin injection, the tumor tissue was removed,
and cryosectioned in 5 pm-thickness. After fixation in
cold acetone for 10 min, the tissue slides were incubated
with phycoerythrin-conjugated CD31 antibody (Life Science,
OR) overnight. Then, after counter-staining by Hoechst,
slides were imaged by confocal laser scanning microscopy
(Carl Zeiss LSM710, Germany).

Immunohistological Evaluation

For the histological analysis, tumor tissues were labelled with
anti-F4/80 (AbCam, Cambridge, MA; dilution ratio at
1:200), anti-alpha smooth muscle actin (a-SMA) (AbCam; di-
lution ratio at 1:200), anti-collagen IV (AbCam; dilution ratio
at 1:500), and anti-PCNA (Thermo Scientific; dilution ratio
at1:1600) following a general protocol of immunohistochem-
1stry. After proper incubation with primary antibodies, in case
of immunofluorescence for F4/80, the tissue sections were
incubated with an Alexa 594-conjugated anti-rabbit IgG sec-
ondary antibody. On the other hand, tissue slides were incu-
bated with horseradish peroxidase (HRP)-conjugated goat
anti-rabbit immunoglobulins (to collagen IV antibody) and
goat anti-mouse immunoglobulins (to anti-SMA antibody),
and then developed with liquid 3, 3'-diaminbenzidine with
counterstaining by hematoxylin. On the other hand, tumor
tissues were also subjected to terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) assays ac-
cording to the manufacturer’s manual (Millipore Corporation,
Billerica, MA).

Statistical Analysis

All data are reported as mean * standard error of the mean
(SEM). Statistical analysis of data was performed with the one-
way analysis of variance (ANOVA) followed by the Dunnett’s
multiple comparisons procedure, in which several treatment
groups were compared with a control. Differences of p<0.05
were considered significant.
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RESULTS

Induction of Hypoxia and COX-2 Expression
Under Anti-Angiogenic Therapy

We evaluated the inhibition effect of LHT7 on tumor growth
in a dose-dependent manner (0, 0.5, 1, 5 mg/kg/day) in
SCC7-bearing mice. After 25 days of the treatment,
pimonidazole was injected in the mice before the sacrifice to
detect hypoxic area on tumor tissues. There was a dose-
dependent inhibition effect of LHT7 on tumor growth up to
1 mg/kg, however, no further increase in therapeutic effect
was observed between 1 and 5 mg/kg (Fig. 1a). On the other
hand, the degree of hypoxia was also increased in a dose-
dependent manner. In the case of the control where mice were
not treated with LHT7, the intensity of hypoxic area detected
by FITC-conjugated pimonidazole was lowest (Fig. 1b).

The expression of COX-2 at the hypoxic area of the tumor
tissues was observed by co-immunofluorescence. It was ob-
served that the fluorescence image of FITC, which is conju-
gated to pimonidazole to detect hypoxic area, and Alexa594,
which indicates the existence of COX-2, were well overlapped
and correlated (Fig. 2). This result showed that the expression
of COX-2 was significantly increased at hypoxic area of tu-
mor tissue that was exposed to antiangiogenic therapy.

Combination effect of Celecoxib and LHT7
on Macrophage Recruitment on Tumor Tissue

The degree of inflammation at the tumor tissues was exam-
ined by quantifying the recruitment of macrophages through

V)

Fig. I Dose-dependent effect of 4000

immunohistochemistry for F4/80. Compared to the con-
trol, where mice were not treated with any drug, the
tumor tissues of the celecoxib-treated mice showed 20%
decrease in the intensity of I'4/80-positive cells at (p>0.03,
vs. control). However, it was observed that the recruitment
of macrophage was increased by 66% at tumor tissues
from LHT7-treated mice (p<0.05, vs. control). Finally,
the intensity of I'4/80 in the group co-treated with
celecoxib and LHT7 was observed to be similar with

that of control and the celecoxib only-treated groups
(Fig. 3a and b).

Combination Effect of Celecoxib and LHT7 on Vessel
Formation in vitro and vivo

The drug effect on HUVEC activity was examined by i vitro
tube formation assay. The drug effect was quantified by
counting the number of tubular branches at every field.
Even though tube formations in the celecoxib- and LHT7-
treated groups were inhibited by 35.6 and 39.6%, respectively
(p>0.05, vs. control), the inhibition effect was significantly en-
hanced by the combination use of celecoxib and LHT7
(64.4%, p<0.05, vs. control) (Fig. 4a and b).

The drug effect on vascular structure was also examined
in vivo using tumor-bearing mice. The blood vessels in the
tumor were stained by perfusion using FITC-labelled lectin
and then further labelled with PE-conjugated CD31 antibod-
ies (Fig. 5a). While the functionality of vessels was well main-
tained in the control, it was almost disturbed either by single
or combination therapy with celecoxib and LHT7 without
significant difference among drug-treated groups. On the

LHT7 on tumor growth inhibition.
(@) SCC7-bearing mice were
treated with LHT7 at 0, 0.5, I,
and 5 mg/kg/2 day, and their
tumor volume on day 25 were
compared (n=15). (b) Mice were
intraperitoneally injected with
Hypoxyprobe ™ -1 to detect
hypoxic area at tumor tissues
(n=3). *p<0.05 and *p <0.01,
vs. control.
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Hypoxyprobe COX-2 DAPI Merge

Fig. 2 COX-2 expression under hypoxia at tumor tissues. Tumor tissues were collected from SCC7-bearing mice after Hypoxyprobe ™ -1 injection and were
further stained with anti-COX-2 antibodies (n=3). The relationship between hypoxia and COX-2 expression was observed under confocal laser scanning
microscope at magnification of 100 (top panel) and 200 (bottom panel) (scale bar =200 um).

other hand, the morphology of CD31-positive endothelial endothelial cells most significantly. In addition, while the
cells was observed a little bit different. Even though the num- ~ CD31-positive endothelial cells in the control formed a regu-
ber of endothelial cells was decreased either by celecoxib or  lar structure, those of celecoxib-, LHT7-, and combination-
LHT7, their combination use inhibited the proliferation of  treated groups were scattered and irregular.
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Fig. 3 The recruitment of macrophages under drug treatment with celecoxib, LHT7 and combination use of celecoxib and LHT7. (@) The drug effect on the
recruitment of F4/80-positive macrophages was studied and (b) the intensity was quantitatively compared (n = 3) (scale bar =200 um). *p <0.05, vs. control.
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Fig.4 The effect of celecoxib and LHT7 on in vitro tube formation using HUVECs. (a) The inhibition effect of celecoxib, LHT7, and combination of celecoxib and
LHT7 on in vitro tubular formation was observed and photographed. (b) Then, the number of branch point per field was counted (n=3).

To examine the combination effect of celecoxib and LHT'7
on vascular stabilization in regard to defective assembly or
recruitment of vascular mural cells, tumor tissues were
immune-stained for a-SMA and collagen type IV. As shown
in Fig. 5b, both a-SMA- and the collagen type IV-positive
cells were observed to be abundant and well-organized in
the control group. However, those of celecoxib- and LHT7-
treated groups were sparse and discontinuous. Moreover, the
intensities of two markers were weak and scattered throughout
tumor tissues in the combination group.

The Effect of Combination Use of Celecoxib and LHT7
on Tumor Growth

The drug effect on tumor growth was evaluated in SCC7
bearing-mice. There was no significant difference in tumor
volume between the celecoxib- and LHT7-groups at day 25
(Fig. 6a). Compared to the control, the tumor volume was
decreased by 69.5 and 70.0%, respectively. Moreover, the
combination use did not further enhance the inhibitory effect
on tumor growth, compared to the single use of either
celecoxib or LHT7 (77.5%; p<0.05, vs. control, p>0.05, vs.
celecoxib- or LHT7-treated groups). The treatment with
celecoxib, LHT7, or their combination did not affect body
weight during the experiment period (Fig. 6b).

The immunohistochemistry of PCNA showed that while
cell proliferation was inhibited by celecoxib- or LHT7-
treatement (35.8 and 40.8%, respectively), the highest inhibi-
tion effect was achieved by the combination use
(61.4%; p<0.01, vs. LH7- or celecoxib-treated groups)
(Fig. 6¢ and e¢). However, in the TUNEL assay, even
though the number of apoptotic cells was significantly in-
creased in all drug-treated groups, there was no further in-
crease in the combination group (p>0.05, vs. celecoxib-
treated group) (Fig. 6a and f).

DISCUSSION

In the present study, we observed the induction of hypoxia
and COX-2 expression by anti-angiogenic therapy using
LHT7. In addition, COX-2 inhibition effects on anti-
angiogenic therapy in regard to tumor vascular structure
and tumor volume were evaluated. LHT7 was synthesized
by conjugating a LMWH with taurocholic acid at a
molar ratio 1:7 [17]. By this conjugated structure, while
the anti-coagulant activity of LHT7 became negligible,
its binding affinity to various angiogenic growth factors
was potentiated by introducing more sulfate moieties to
the molecule [18]. Thus, LHT7 was proven to be a
potent anti-angiogenic drug by neutralizing multiple tar-
gets including VEGF, bFGF, and PDGF. This might
guarantee the superiority of LHT7 as an angiogenesis
inhibitor, compared to other drugs that target a specific
single growth factor, because tumors treated with
VEGF-targeted anti-angiogenic drugs might be able to
shift from VEGF-dependence to other angiogenic path-
ways by producing alternative angiogenic growth factors
including bFGF and PDGF.

Even though LHT7 is a multi-targeting angiogenesis inhib-
itor with a strong therapeutic efficacy, the tumor growth inhi-
bition effect of LHT7 at the dose of 5 mg/kg was not further
increased than that of 1 mg/kg dose. This might be due to the
complexity of tumor pathogenesis that not only angiogenic
factors but also other variety of factors are involved in cancer
development. In other words, even though tumor growth can
be inhibited by angiogenesis inhibition in some parts, this
inhibition effect is not further enhanced at high dose of
antiangiogenic drugs. Thus, it is common that antiangiogenic
drugs are usually combined with other cytotoxic drugs in the
clinical anticancer therapy. Moreover, while the tumor
growth was inhibited by LHT7, the degree of hypoxia was
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CD31 Lectin
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Combination

LHT7 on vessel formation and structure was studied using SCC7-bearing mice. Tumor vascular structures were imaged by FITC-labelled lectin-perfusion followed
by immunofluorescence using PE-conjugated CD-31. (b) The recruitment of mural cells to vascular structure was observed in terms of a-SMA and collagen IV

(n=3) (scale bar =200 um).

dose-dependently increased. In concurrence with exacerbated
hypoxia by LHT7 treatment, the expression of COX-2 was
also increased at hypoxic area of tumor tissue. Since angio-
genesis 1s initiated for tumor tissues to overcome the harsh
conditions induced by insufficient blood supply, the compul-
sory inhibition of angiogenesis can bring a rather conflicting
effect on cancer therapy by intensifying the degree of hypoxia
[23]. Thus, contrary to our expectations on anti-angiogenic
drugs as a cancer therapeutic, it can worsen the pathological
niches at tumor tissues and accelerate the tumor progression
in COX-2 mediated pathways under hypoxia [3, 4, 24]. As a
result, anti-angiogenic therapy can elicit evasive resistance
mechanisms systemically or locally, thus finally shortened the
progression-free or overall survival time of anti-angiogenic
therapy.

@ Springer

In this study, the recruitment of F4/80-positive macro-
phages was increased in the LHT7-treated group compared
to the control. However, it was prevented by the treatment
with celecoxib. These phenomena might be explained either
by hypoxia or COX-2 effect on macrophage activity in tumor
tissues. Previously, it was reported that macrophages are re-
cruited in the hypoxic area of tumor tissue [25]. In addition, it
was reported that the differentiation of monocytes into M2
type macrophages, which is known as tumor associated mac-
rophages at tumor sites mediated by locally expressed COX-2
[26]. These M2 type macrophages can produce inflammatory
cytokines and growth factors, which can facilitate the
overall cancer progression. Thus, if COX-2 is more ac-
tivated at tumor tissues by anti-angiogenic therapy, it can
worsen the tumor microenvironment through COX-2 mediated
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Fig. 6 The combination effect of celecoxib and LHT7 on tumor growth inhibition. SCC-7 bearing mice were treated with either celecoxib (10 mg/kg/day), or
LHT7 (I mg/kg/2 days), or combination of celecoxib and LHT7 (n =5). (@) Tumor volume and (b) body weight change over the time were observed. The tumor
tissues were isolated and examined by immunohistochemistry for PCNA (c, e) and TUNEL assay (d, f) (scale bar= 100 um).

inflammatory reactions. This might provide a new rationale for
the combination use of a selective COX-2 inhibitor with anti-
angiogenic drugs.

In this context, we decided to study the combination effect
of a multi-targeting anti-angiogenic drug (LHT7) and a selec-
tive COX-2 inhibitor (celecoxib) on vessel formation and sta-
bilization and finally on tumor growth. In vitro tubular

formation assay, even though a single use of celecoxib or
LHT7 still inhibited the tube formation, their combined use
further improved the inhibition effect. On the other hand,
while the study on functional vessel formation by lectin perfu-
sion showed no significant difference among the drug-treated
groups, the morphology of CD31-positive endothelial cells at
tumor vascular structure was affected by each drug regimen in
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a different way. The number of endothelial cells was more
significantly decreased by the combination use than that of
single drug treatment. Moreover, the immunohistochemistry
of a-SMA and collagen IV also shows that the combination
use further improved the inhibitory effect on vascular mural
cell recruitment to tumor sites than the single drug treatments.
It is well known that new vessels are formed through a serial
cascade including proliferation and recruitment of endothelial
cells, tube formation and elongation by assembling endotheli-
al cells, and finally maturation and stabilization by vascular
mural cells [27, 28]. Thus, the results in this study showed that
the combination use of LHT7 and celecoxib could inhibit
tumor angiogenesis by intervening angiogenic process at mul-
tiple points. While LHT7 can disturb the extracellular action
of angiogenic growth factors by capturing them, celecoxib can
inhibit the intracellular activity of COX-2. On the whole, the
combination use of LHT7 and celecoxib could inhibit the
formation of finally functionalized vessels at tumor site.
However, the combination did not further enhance the
tumor growth inhibition compared to either of the single drug
groups. In addition, our drug regimen showed its therapeutic
effect by retarding the tumor growth rather than by shrinking
or diminishing the tumor tissues. This was also supported by
the histological analysis, which showed that while cell prolif-
eration was significantly inhibited by drug treatment with
celecoxib and LHT?7, the number of apoptotic cells was not
significantly enhanced by combination therapy. Even though
celecoxib can directly induce the apoptosis of cancer cells via
cell cycle arrest at very high doses of celecoxib [20, 29], only
10 mg/kg of celecoxib was administered in the present study,
an amount, which is not enough to induce cancer cell apopto-
sis but to retard cancer cell proliferation. Thus, the increased
apoptosis in the tumor tissues of celecoxib-treated group
might attribute to angiogenesis inhibition just as the LHT7-
treatment would. In other words, the present regimens using
celecoxib and LHT7 could not directly target cancer cells to
eradicate, but rather intervened with tumor microenviron-
ment to generate unfavorable conditions for cancer progres-
sion [10, 30]. This is because both LHT7 and celecoxib affect
the tumor microenvironment to generate unfavorable condi-
tions for cancer progression. PGE2 has been reported to trig-
ger diverse intracellular signaling pathways, which can lead to
cancer cell survival, angiogenesis and vessel maturation [31].
As a result, the anticancer effect of selective cyclooxygenase-2
inhibitors can be explained in terms of different mechanisms.
That s, cyclooxygenase-2 inhibitors affects cancer progression
either directly, being related to cancer cell survival, or indi-
rectly, being related to angiogenesis, vessel maturation and
ECM remodeling. In the single drug treatment group using
celecoxib, the tumor growth inhibition can be attributed to
the inhibition of cancer cell proliferation or angiogenesis.
Thus while the combination use for primary tumor growth
inhibition did not show a remarkable effect, this regimen
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could be applied as an adjuvant therapy to improve the effi-
cacy of cancer chemotherapy using other cytotoxic drugs.
COX-2 inhibitors have been used previously as an adjuvant
therapy along with cytotoxic drugs like irinotecan and pacli-
taxel and radiotherapy [32, 33]. In addition, the combination
use of cytotoxic drug with heparin-bile acid conjugates also
showed a synergetic effect on cancer treatment [34]. Thus,
when this regimen is combined with cytotoxc drug, the ther-
apeutic effect might be enhanced more significantly with low-
er risk of resistance and longer period of duration. Moreover,
it can be utilized for caner chemoprevention by slowing down
overall carcinogenesis and extending the latency with a
progression-free period.

CONCLUSION

In this study, we showed that the new anti-angiogenic regimen
combined with selective COX-2 inhibitor is fully capable of be-
ing applied in clinics to prevent evasive resistance to cancer treat-
ment which comes from the chronic anti-angiogenic therapy.
Thus, we expect that this new regimen will improve the overall
clinical therapeutic efficacy by prolonging the progression-free
period and overall survival rate of cancer patients.
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