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Purpose. Anitangiogenic and apoptotic properties of a novel chemically modified heparin derivative

with low anticoagulant activity were evaluated on the experimental in vitro and in vivo model.

Materials and Methods. Heparin-lithocholate conjugate (HL) was initially synthesized by covalently

bonding lithocholate to heparin. Folate-HL conjugate (FHL) was further synthesized by conjugating

folate to HL. Antiangiogenic and apoptotic abilities of HL and FHL were characterized in vitro and in

vivo experimentations.

Results. Compared to unmodified heparin, both HL and FHL represented a low anticoagulant activity (38

and 28%, respectively). HL and FHL maintained antiangiogenic activity even further modification from the

results of Matrigel plugs assay. FHL specifically induced apoptosis on KB cells having highly expressed folate

receptor after cellular internalization. Both administered HL and FHL had similar antiangiogenic activity and

inhibitory effect on tumor growth in vivo although FHL induced higher apoptosis on tumor tissues.

Conclusions. In vivo tumor growth inhibition was possibly due to the decrease of vessel density and

apoptotic cell death, although antiangiogenic effect of FHL seemed more actively affected on growth

inhibition than apoptotic potential in vivo system. Thus, Low anticoagulant FHL having antiangiogenic

and apoptotic properties would provide benefits for the development of a new class of anticancer agent.
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INTRODUCTION

Recent evidences are accumulated that heparin, a highly
sulfated polysaccharide belonging to the family of glycosami-

noglycan, has anti-tumor activities (1Y3). In fact, the treat-
ment with heparin in cancer patients was formerly performed
to treat venous thrombosis, and this has led to the observa-
tions in large volume of clinical trials that the medical effect
of heparin also prolongs cancer patient_s survival (4). Diverse
effects of heparin on malignant process are mostly based on
its inhibition of angiogenic factors, such as bFGF, or
interference of metastatic process containing heparanase or
selectin mediated cell invasion, and to a lesser extent, on the
activity to impede tumor growth and possibly carcinogenesis
itself. In addition, several other observations for the apopto-
tic activities of heparin have been reported (5,6). For
example, heparin inhibits activator protein-1, which is the
nuclear target of many oncogenic signal transduction path-
ways (7), and it may bind with DNA through charge to
charge interaction; in turn, transcription factors can be
upregulated in both the cytosol and the nucleus (8).

Despite these known benefits of heparin for cancer
treatment, the strong anticoagulant activity of heparin is a
limitation for the clinical applications of heparin at high dose
and for long-term treatment in cancer therapy (9). Further-
more, it is still hard to determine the ultimate effect of
heparin on cancer progression due to the wide variety of its
physiological activities (2,4,10). Although several effective
approaches for using sulfated oligosaccharides (11) or
chemically modified heparins, such as polystyrene bearing
and steroid conjugated heparin (12,13), terminally alkylated
heparin (14), have been investigated as angiogenesis inhib-
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itors or anti-tumor agents, most of technologies were
addressed on only angiogenesis, and they required high doses
causing the negative effects discussed above.

The folate receptor (FR) is a high-affinity, membrane-
anchored protein which mediates the transport of folic acid
and its conjugates into the cell interior by endocytosis.
Excessive need of rapidly dividing malignant cells for
folates may be a reason for the frequent overexpression of
FRs in various cancer types such as ovarian, endometrial,
breast, nasopharyngeal, renal and colorectal cancers
(15Y19).Therefore, folate has been identified as the proto-
type of a BTrojan horse^ approach to specific tumor
targeting for diagnostic and therapeutic purpose (20,21).
Here, we identified the ability of novel heparin derivatives
that have antiangiogenic activities combined with apopto-
tic characteristics for the enhanced tumor target system.
In this study, we developed to see if the internalization of
heparin could induce apoptosis in cancer cells, and
developed low anticoagulant heparin amphiphiles, namely,
heparin-lithocholic acids conjugate (HL) and folate conju-
gated HL (FHL). The antiangiogenesis and apoptosis ef-
fects of HL and FHL were evaluated in vitro and in vivo

experimentations.

MATERIALS AND METHODS

Chemicals

Unfractionated heparin (UFH, 167 IU/mg), whose aver-
age molecular weight was about 12 kDa, was purchased from
Pharmacia Heparin Co. (Franklin, OH). Lithocholic acid,
folic acid, ethylenediamine, anhydrous dimethylformamide
(DMF), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDAC) and anhydrous formamide were purchased from
Sigma Chemical Co. (St. Louis, MO). N-hydroxysuccinimide
(NHS), N,N-dicyclohexyl carbodiimide (DCC), dimethyl
sulfoxide (DMSO) and N,N-diisopropylethylamine (DIEA)
were purchased from Aldrich Chemical Co. (Milwaukee, WI).
Acetone and methanol were obtained from Merck (Darmstadt,
Germany). Acetonitrile was purchased from Junsei Chemical
Co. (Tokyo, Japan) and all reagents were of analytical grade
and were used without further purification.

Synthesis and Characterization of HL and FHL

Heparin-lithocholate (HL) was synthesized by coupling
heparin with the bile analogue, N-lithocholylethylamine
(Litho-NH2), as described previously (22). In brief, heparin
(100 mg) was dissolved in 3 ml of formamide by gentle
heating. EDAC (96 mg) was mixed with the heparin solution,
followed by mixing with Litho-NH2 in DMF (10 ml). This
reaction was carried out at room temperature under a nitrogen
atmosphere for 24 h. After the mixture was precipitated in
excess cold acetone, the precipitate was washed with cold
acetone to remove the unreacted Litho-NH2, and dried in
vacuum. Dried HL was suspended in water and lyophilized to
produce as white powder. The presence of lithocholic acid in
HL and amide linkage were confirmed by 1H NMR (400
MHz, CD3OD/D2O=2/1, v/v, JEOL, Tokyo, Japan).

Folate-heparin-lithocholate (FHL) was prepared as
follows; folic acid (1 mmol) dissolved in 20 ml DMSO

was reacted with DCC (1.2 mmol) and NHS (2 mmol) at
50-C for 6 h. It is generally known that folate has two a-
(high affinity for the FR) and g-carboxylic acids, but the g-
carboxylic acid is more selectively activated due to its
higher reactivity (23,24). The resulting folate-NHS was
reacted with ethylenediamine (13 mmol) and pyridine (500
mg) at room temperature overnight. The folylethylamine
(folate-NH2) was precipitated by the addition of excess
acetonitrile, and the precipitate was filtered and washed
with diethyl ether before drying under vacuum to get yellow
powder. This was added to the prepared HL (100 mg),
dissolved in 20 ml of formamide, and activated by EDAC
(3.38 mg) with 5 ml of DIEA for 12 h. The unreacted folate-
NH2 was removed by dialysis (MWCO 2000). The final
product, FHL, was obtained by freeze-drying at a yield of
97%. The folate content in FHL was determined by
quantitative UV spectrophotometry at 365 nm. The anti-
coagulant activities of HL and FHL were measured by
FXa chromogenic assay (COATEST\Heparin, Milano,
Italy) (25).

In Vivo Matrigel Plug Assay

In vivo Matrigel plug assay was performed as previously
described (26). Briefly, Matrigel solution (0.67 ml) containing
bFGF (500 ng/ml) with 100 mg/ml of heparin derivatives
(UFH, HL or FHL, respectively,) was injected subcutaneous-
ly into the flank of male C57BL/6 mice (Samtako Bio Korea;
Osan, Korea). The injected Matrigel rapidly formed a single
gel plug. After 10 days, mice were sacrificed and the Matrigel
plugs were removed, fixed with 4% paraformaldehyde, and
embedded in paraffin. The plugs were sectioned and exam-
ined with H&E staining for microscopic observation.

To quantify the formation of new blood vessels, the
amount of hemoglobin (Hb) was measured using Drabkin
reagent kit (Sigma). The concentration of Hb was calcu-
lated from a known amount of Hb provided by the kit in
parallel according to the supplier_s protocol. The experi-
ment was repeated four times independently. Investiga-
tions using experimental animals adhered to the
BPrinciples of Laboratory Animal Care^ (NIH publication
#85-23, revised in 1985).

Cell Viability

KB cells (human, nasopharyngeal carcinoma cell line)
known to have amplified FR-a expressions were cultured
in RPMI 1640 medium (Gibco, Grand Island, NY)
containing 10% FBS and 1% penicillin streptomycin at
37-C in a humidified atmosphere of 5% CO2 in air. KB
cells were seeded at a density of 5�104 cells/well in 96-well
flat-bottomed plates. The cells were folate-starved using a
folate-deficient special RPMI 1640 medium (modified
RPMI 1640 without folic acid, vitamin B12 and phenol red;
sigma) without FBS. Then, the cells were treated with 100
mg/ml of HL, FHL, or FHL plus 2 mM free folate. Following
1, 6, 12 and 24 h of incubation under 5% CO2 at 37-C, the
cells were washed with PBS and the cell viability was
assessed by MTT colorimetric assay using automated micro-
plate reader (570 nm; VERSAmaxi, Molecular Devices
Corp., Sunnyvale, CA).
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Flow Cytometry Analysis

KB cells grown in a monolayer were incubated with
indicated concentrations of UFH, HL or FHL. After 12 h,
cells were collected, washed with 1 ml of PBS, and fixed by
1 ml of 70% ethanol with gentle vortexing. The cell pellet
was resuspended in PI solution (50 mg/ml) at a concentra-
tion of 106 cells/ml, and maintained at room temperature for
30 min. DNA content was then analyzed by a flow
cytometer (Beckton Dickinson, Franklin Lakes, NJ) and
sub G1 period, called the apoptotic index, was observed.
Results were calculated as meansTs.d. from at least three
individual experiments.

TUNEL Assay In Vitro

Apoptotic cells were evaluated by double staining for
Annexin-V-Alexa Fluor 488 binding and propodium iodide
incorporation using the Apoptosis Detection Kit (Invitro-
gen detection technologies, Carlsbad, CA). Single stain
controls were performed before each analysis according to
the standard protocol. Flow cytometry analysis was per-
formed on 10,000 cells with a FACS Calibur (Becton
Dickinson) and Cell Quest Pro software. For the terminal
deoxynucleotidyl transferase-mediated dUTP nick end-la-
beling (TUNEL) assay, KB cells were plated on slide
chamber and cultured in RPMI 1640 containing 10% FBS
for 12 h. The culture medium was then replaced with
folate-deficient special RPMI 1640 medium without FBS.
Then, 100 mg/ml of UFH or HL were treated to the cells for
24 h. In addition, 50, 100 or 300 mg/ml of FHL without or
with 2 mM free folate were also separately treated to the
cells for 24 h. Apoptosis was assayed using the TMR Red
in situ Apoptosis Detection Kit (Roche Diagnostic, Indian-
apolis, IN), and cells were counterstained with TOPRO-3
(Molecular Probes, Eugene, OR). Cells were then observed
by fluorescence microscopy using an inverted microscope
(LEICA TCS SP2 microscopy, Leica Microsystems GmbH,
Wetzlar, Germany). Images were obtained with digital
camera (model DM IRE2, Scientific. Inc., Germany) and
Image-Pro Plus software. TUNEL positive cells were calcu-
lated as follows: (number of apoptotic nuclei/number of total
nuclei) �100. Three measurements were obtained from each
border zone area by a single investigator blinded to the
treatment group.

Experimental Tumor Graft Growth Models

Seven-week old female athymic BALB/C nude mice
weighing 20Y25 g were purchased from Charles River
Laboratories (Wilmington, MA) and maintained on a
folate-free rodent diet. Then, KB cells (1�107 cells/100 ml)
were inoculated subcutaneously at the left flank of the
animals. When the tumor size were reached to 70Y100
mm3, the mice were received following treatments: (a) 0.9%
NaCl solution (normal saline) for control group, (b) HL
(5 mg/kg) and (c) FHL (5 mg/kg), respectively. The drugs
were given by intravenous injection on every third day for 2
weeks. Tumor sizes were daily monitored and tumor
volumes were calculated as a2�b�0.52, where a=width and
b=tumor length.

Immunohistochemical Analysis

Tumor tissues of each group were isolated after 2 weeks
and intratumoral microvessel density was then analyzed using
a rat anti-mouse CD34 monoclonal antibody (Abcam,
Cambrige, UK). Immunoperoxidase staining was done using
the streptavidin-peroxidase method. As the final step, the
nuclei of the sections were counterstained with hematoxylin
solution. The image that contained the highest number of
microvessels was chosen for each section from an initial scan
at �100 magnification. Then, the vessels were counted in the
selected image at �200 magnification. At least five fields
were counted for each section. Two independent investiga-
tors evaluated the number of vessels. TUNEL assay was also
performed with commercial kit (Roche Diagnostics) accord-
ing to the manufacturer_s instructions. The assay was
performed in triplicate and repeated three times with five
independent tumors from each treatment group. The per-
centage of apoptosis was calculated by dividing the number
of TUNEL-positive cells with the total number of cells and
multiplying the result by 100. The counting was performed in
the �100 magnification.

Statistics

Data are expressed as means T standard deviation (s.d.).
ANOVA test was used to compare groups and P values of
<0.05 were considered significant.

RESULTS

Synthesis and Characterization of HL and FHL

We developed heparin amphiphiles by conjugating
lithocholate as hydrophobic moieties to the hydrophilic
heparin (Fig. 1). HL was initially prepared by covalent
linkage of Lithocholate to heparin, and this resulted in
lower anticoagulant activity (38%) than that produced by
the unmodified heparin. The presence of lithocholate in
HL was confirmed by 1H NMR (400 MHz, CD3OD/
D2O=2/1, v/v). The characteristic peaks of lithocholate
appeared at 18-CH3 (0.64 ppm), 19-CH3 (0.91 ppm), 21-
CH3 (1.24 ppm), and the new amide linkage between
heparin and lithocholic acid was observed at 8.04 ppm
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Fig. 1. Chemical structure of heparin-lithocholate (HL) and folate-

heparin-lithocholate (FHL) conjugates.
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(data not shown). This amide linkage was further confirmed
at the wavelength of 1,665 cmj1 in the FT-IR spectra (data
not shown). In addition, the peak that appeared near 2,360
cmj1 represented the stretching vibration of intrinsic
sulfonamide (jNHSO3) in heparin as previously reported
(27). Folate conjugated HL (FHL) was then synthesized as
shown in Fig. 1. This FHL also represented a low
anticoagulant activity (28%). The average particle size of
heparin amphiphiles in distilled water was about 170 nm
(there was about 10 nm size change after the folate
conjugation), and zeta potential values of HL and FHL
were j50 and j25 mV, respectively.

In Vivo Matrigel Plugs Assay

In vivo antiangiogenic activities of HL and FHL were
investigated by measuring the extent of blood vessel invasion
into Matrigel plugs. As shown in Fig. 2, blood vessels were
formed in the order of positive control (with bFGF only),
UFH, FHL, HL and negative control (with PBS). Further
estimation of hemoglobin content in the Matrigel plugs
showed that HL or FHL significantly inhibited the vascular-
ization inside the plugs with 29 and 43% of hemoglobin
content, respectively, (P<0.01 vs. positive control). The
inhibition effect of UFH was lower than that of HL or FHL
although UFH significantly inhibited the vascularization
induced by bFGF (P<0.05 vs. positive control).

Cytotoxicity of FHL Via Folate Receptor on KB Cells

In vivo cytotoxicity of FHL was evaluated in KB cells by
MTT assay. After 24 h incubation with FHL (100 mg/ml),
viable cells were only 25% (P<0.001), (Fig. 3A). However,
the cytotoxicity of FHL in KB cells was not completely
shown by treating free folate to block the binding of FHL to
the FR. Furthermore, non-folate-conjugated HL did not
affect cell viability. We examined the DNA content of cells
to determine whether the cellular cytotoxicity of FHL is
related with the induction of apoptosis. Cells populated at a
sub-G1 phase, which is typically indicative of apoptosis (6),
were evaluated by flow cytometry analysis (Fig. 3B and 3C).
The treatment of 100 mg/ml of UFH or HL for 12 h did not
induce the sub-G1 accumulation, whereas, cells in FHL
revealed 3.2-fold higher sub-G1 population than in UFH. In
addition, FHL treated cells in the sub-G1 period markedly
were increased from 4.8 to 38.2% with increase in the culture
time up to 24 h. In contrast, when we added 2 mM free folate
to the medium, FHL did not significantly affect cell cycle as
exhibited in cell viability.

We further evaluated the apoptotic effect of FHL to
distinguish it from necrotic effect. It can be also used to
quantify three populations of cells with drug treatment:
normal viable cells, apoptotic cells, and populations of
necrosis using Annexin V and PI staining. As shown in
Fig. 3D, normal viable cells (AVj/PIj) are shown in the
bottom left window, apoptotic cells (AV+/PIj) in the bottom
right window, and the population of necrosis (AV+/PI+) in
the top right window. Untreated cells yielded only 3%
apoptotic cells; cells treated with UFH for 24 h showed 7%
apoptotic cells; and cells treated with HL for 24 h showed
18% apoptotic cells. However, cells treated with FHL for

24 h showed 78% apoptotic cells. Cells in FHL also showed
increased necrosis (11%) at 24 h, but it was not very high
compared to the amount of increased apoptotic cells.

Cellular Internalization of FHL in KB Cells

We investigated that the intracellular delivery, which
is the comparative cellular uptake, of FITC-labeled FHL
occurred in a FR-mediated specific manner and that the
apoptosis in cells have taken up FITCYFHL. Cells were
incubated with FITCYFHL or FITCYHL (100 mg/ml) for
24 h to evaluate whether these molecules were taken up
inside cells, and the TUNEL assay and nuclei staining
using TOPRO-3 were carried out simultaneously to
monitor apoptosis (Fig. 4). The cells incubated with
FITCYFHL showed higher cellular uptake, especially in
the nuclei, than those with HL, indicating that folate
conjugation provide with the ability of cellular endocytosis.
TUNEL-positive cells precisely matched those with FITC
image and TOPRO-3 staining. These results imply that
cells incubated with FHL were scored as apoptotic because
they were affected by internalized heparin amphiphiles.

Inhibitory Effects of HL and FHL on Tumor Graft Growth

KB cells were subcutaneously implanted into the flanks
of BALB/C nude mice, and subsequent tumor growth,
neovascularization and apoptosis induction were monitored
after intravenous injection of 5 mg/kg/3 day of HL or FHL
for 14 days. As shown in Fig. 5, mice that received HL or
FHL exhibited higher antitumor activity than control. Tumor
growth suppression in FHL indicated improved therapeutic
efficacy (69% of growth inhibition versus control) compared
to the mice in non-folate HL (56% of growth inhibition
versus control). However, there was not significant difference
between FHL and HL in inhibiting tumor growth. To
determine whether the reduced size of FHL- or HL-treated
tumors coincides with reduction in neovascularization or
apoptosis induction, we initially used five representative
FHL-, HL-treated or saline-treated tumors to quantify the
density of microvessels after immunostaining with anti-CD34
antibody. The reduced size of FHL- or HL-treated tumors
was consistent with a decrease in CD34-positive microvessels,
and the reduction ratio was 60 and 48% versus control,
respectively, (Fig. 6A and B). Interestingly, FHL-treated
tumors significantly showed 3.2-fold higher induction of
apoptosis compare with HL-treated tumors (P<0.001) (Fig.
6C and D). However, this apoptotic level might not induce
noticeably increased in vivo tumor regression as we con-
firmed in tumor volume result, demonstrating that the
antiangiogenic effect of heparin amphiphiles might dominant
in vivo, compared to the apoptotic effect.

DISCUSSION

We prepared the heparin-lithocholate conjugate (HL)
comprised of covalently bound heparin, as a hydrophilic
segment, and lithocholic acid as a hydrophobic segment.
The amide formation between carboxyl groups of glucu-
ronic acid and iduronic acid residues in heparin and amine
groups of Litho-NH2 was confirmed by 1H NMR and IR.
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Fig. 2. In vivo antiangiogenic activities. A Matrigel plugs containing bFGF alone (+control), bFGF plus UFH, bFGF plus FHL, bFGF plus

HL, or no bFGF (PBS,-control) were photographed. B Relative hemoglobin contents in Matrigel plugs determined by the Drabkin_s method.

Data were expressed as meansTs.d. (N=5). (*P<0.05 versus + control, **P<0.001 versus + control). C Sections of each Matrigel plugs stained

with H&E were examined by light microscopy (�200).
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Fig. 3. Cellular cytotoxicity of HL and FHL in KB cells. A Cell viability of the KB cells treated with 100 mg/ml of HL (P), FHL (h) or FHL

plus 2 mM free folate (r) was measured by MTT assay. Data were expressed as means T s.d. (N=5). (*P<0.001 versus FHL plus 2 mM free

folate). B The sub-G1 population in KB cells treated with UFH ( , 100 mg/ml), HL ( , 100 mg/ml) or different doses of FHL(Ì) alone or plus 2

mM free folate ( ) for 12 h. Data were expressed as means T s.d. (N=3). (*P<0.05, **P<0.001 versus UFH). C The sub-G1 population in KB

cells treated with 100 mg/ml of FHL (P) or FHL plus 2 mM free folate (°) at different treating times. Data were expressed as means T s.d.

(N=4). (*P<0.005, **P<0.002). D Flow cytometry analysis for apoptotic and necrotic KB cells stained with Annexin V (AV) and propidium

iodide (PI) after treatment with 100 mg/ml of UFH, HL or FHL for 24 h. Viable cells (AVj/PIj) are in the lower left-hand quadrant. Early

apoptotic cells (AV+/PIj) are in the lower right-hand quadrant. Terminal apoptotic/necrotic cells (AV+/PI+) are in the upper right-hand

quadrant. Sizes of cell sub-populations are given as percentage of total populations.
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In the aqueous condition, heparin amphiphiles were self-
aggregated to make nanoparticles. Since negatively charged
heparin might cover the core hydrophobic lithocholic acids
as previously discussed (22), the x potential of self-
aggregates were still negative (j50 mV). Folate conjugated
HL (FHL) was synthesized by coupling folate to HL in order
to bind to folate receptors in the tumor cell membrane. Both
HL and FHL with a low anticoagulant characteristic are
useful in long term delivery or at high dose because they can
overcome several limitations noted in the administration of
heparin; hemorrhage, thrombocytopenia, or osteoporosis etc.
had been cited as problems of heparin treatment. It is
important, however, that HL and FHL should retain their
antiangiogenic ability and antitumoral efficacy since the

sulfate groups, which play an important role in the binding
with endothelial cells (28) or in blocking of FGF-heparan
sulfate binding (11), were not modified.

In vivo Matrigel plugs assay showed that both HL and
FHL had the lower hemoglobin content in the Matrigel than
unmodified heparin in the bFGF induced vessel formation,
implies that Both HL and FHL is more closely associated with
bFGF than unmodified heparin, and decrease the activity of
bFGF. Some literatures reported that suramin, the efficient
angiosuppressive agent, blocked the receptor binding loop of
the bFGFs through the hydrophobic interaction between the
naphtyl or phenyl rings of the bound suramin and Pro, Cys,
Gly, Arg, Gln, or Lys residues of bFGF (29), in addition to
ion-pair, hydrogen bonding interactions, and van der Waals_
contacts (30). These interactions provided the aggregates of
suramin-bound bFGF, and made them to lose the activity of
the bFGF for receptors, since hydrophobic residues of bFGF
in receptor binding site have a crucial role for high affinity
receptor binding (31). We speculate that the pronounced
vessel formation inhibition of HL and FHL observed in vivo
results from an additional coordinated mechanism, which
efficiently inhibit the activity of growth factors, in particular
basic fibroblast growth factor, through the hydrophobic
interaction as well as ionic interaction.

In addition to mediating angiogenesis, FHL internalized
into the cancer cells can be cytotoxic, and cause cancer cell
death. We have shown that FHL treatment causes apoptosis
in KB cells. FR-mediated delivery offers the physiological
uptake of folate conjugated molecules by endocytosis, and
provides them the chance to affect inside the cancer cells.
Interestingly, FHL showed high cytotoxicity against KB cells,
but neither HL nor FHL did so in the presence of excess free
folate. Furthermore, high concentrations of HL (100 mg/ml)
did not affect the viability of tumor cells up to 24 h. The cell
cycle arrest within the sub-G1 phase was observed only in the
FHL treated cells. UFH or HL, however, did not induce
apoptotic cell population. Correspondingly, AV+ and PI-cells,
one of the earliest markers of apoptotic death, were the most
abundant in the exposure of cells to FHL. HL also represented
early stages of apoptosis only by 18%, implying that the slight
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Fig. 5. Tumor graft growth curve during treating saline (P), HL

(h; 5 mg/kg) or FHL (r; 5 mg/kg) by intravenous injection Balb/c

mice bearing KB cells via the lateral tail vein on every 3rd day for 2

weeks. Data were expressed as means T s.d. (N=5). (*P<0.05 versus

control).

Fig. 4. Cellular internalization of FHL in KB cells microscope after

treatment with 100 mg/ml of FITC-HL or FITC-FHL for 24 h. KB

cells co-stained with TUNEL and TOPRO-3 stain were visualized by

using confocal laser scanning. Arrows: FITC/TUNEL double positive

cells.
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Fig. 6. Immunohistochemical analysis of tumor grafts. A Anti-CD34 immunostaining for microvessels in the tumor tissue after treatment of

HL or FHL for 14 days. Brown color: Anti-CD34 positive microvessels. B The number of CD34 positive microvessels counted from the

randomly selected fields of each tumor section in the �100 magnification. Data were expressed as means T s.d. (N=5) (*P<0.001 versus

control). C TUNEL staining for apoptotic KB cells in the tumor tissue after treatment of HL or FHL for 14 days. Brown color: apoptotic cells.

D The number of TUNEL positive cells counted from the randomly selected fields of each tumor section in the �100 magnification. Percent

apoptosis was calculated by dividing the total number of TUNEL-positive cells in each field (�100) by the total number of cells and

multiplying by 100. Data were expressed as means T s.d. (n=5). (*P<0.05 versus control, **P<0.001 versus control).
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uptake might be possible due to its amphiphilic structure. In
contrast, most of KB cells were not affected by UFH, because
heparin internalization without any helper was unlikely; only
20 pg of internalized heparin was observed out of 1 mg/ml of
heparin in 5�104 cells (8). Thus, the internalization of
heparin amphiphiles into the cell seems to be an important
factor for cellular apoptosis. TUNEL-FITC double staining
clearly verified this mechanism. Notably, the uptake was
concentrated on the nucleus, and this suggests that FHL
escaped from endosome and might enter the nucleus. Several
possible pathways involved in apoptosis of internalized
heparin are rarely reported, such as interfering with
transcription factor activity or activating the caspasej3/j7
(8), the inhibition of DNA binding by casein kinase II (32),
and interfering with the polymerase chain reaction, which
may involve DNA polymerase.

HL resulted in superior suppression of tumor growth as
well as tumor angiogenesis compared with UFH in a mouse
KB tumor model. The results of significantly diminished
vessels in HL treated tumor were consistent with the result of
Matrigel plugs assay, and HL leads to the tumor growth
inhibition. In our previous study, we speculated that the
pronounced tumor growth inhibition of heparin-bile acid
conjugates observed from efficient inhibition of the activity
of growth factors, in particular basic fibroblast growth factor,
through the hydrophobic interaction as well as ionic inter-
action (33,34). Also, the antitumoral effect of FHL was
similar to that of HL, even though it retains antiangiogenic
properties and has additional apoptotic characteristics for the
KB cells. Indeed, it is possible that the antitumorigenic effect
of FHL is possibly due to both the inhibition of angiogenesis
and the induction of apoptotic tumor cell death, however, the
vascularization modulation may predominantly affect on in
vivo system than the induction cancer cell death.

In this study, we firstly demonstrated that the internal-
ization of heparin could induce apoptosis of cancer cells and
report a novel anticancer therapeutic agent called FHL, which
is an angiogenesis inhibitor combined with the apoptosis of
tumor cell. Therefore, we expect that the exploitation of the
effective internalization method of heparin like the folate
conjugated heparin amphiphiles would provide a good
opportunity for the development of a new class of anticancer
agents.
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