
Abstract. Background/Aim: Pancreatic cancer responds
poorly to most chemotherapeutic agents. Several studies have
reported that hyaluronan (HA)-rich extracellular matrix (ECM)
is a biological barrier against chemotherapeutic agents. 
4-methylumbelliforone (MU) led to inhibition of HA synthesis
and its preservation in ECM, which may enhance 5-fluorouracil
(5-FU) cytotoxicity. Thus, new therapy with MU and 5-FU may
be developed for pancreatic cancer. Materials and Methods: A
5-fluorouracil (5-FU) concentration and 4-methylumbelliferone
(MU) dosage was analyzed by high-performance liquid
chromatography (HPLC). Change in antitumor efficacy of 5-
FU in combination with MU was also examined in vivo and in
vitro. Results: Combined 5-FU and MU treatment inhibited cell
proliferation better than 5-FU alone; 0.01 mM 5-FU alone
decreased cell proliferation by 37.7 %, while 0.01 mM 5-FU
with 0.5 mM MU decreased cell proliferation by 57.4%. MU
enhanced the intracellular concentration of 5-FU by 47.3%
compared to control. Mice tumors treated with 5-FU and MU
decreased in size and animal survival was prolonged. Moreover,
MU decreased cohesiveness of the intercellular space.
Conclusion: Combination therapy of 5-FU with MU was
effective. A novel therapy can be designed for pancreatic cancer
by using ECM modulation.

Pancreatic cancer responds poorly to most chemotherapeutic
agents (1). The desmoplastic reaction is a prominent pathological
characteristic of pancreatic cancer. It is accompanied by

increased deposition of many extracellular matrix (ECM)
components. Changes in stromal cell proliferation and the
deposition of ECM result in dramatic changes in overall tissue
heterogeneity and elasticity. These changes have been suggested
to contribute to chemoresistance. Hyaluronan (HA) is a major
component of the stroma of many common tumors, and
correlates with their growth and spreading. HA-rich
environments enhance tumor invasion and metastasis and are
associated with worse clinical course in severe kinds of human
adenocarcinomas (2). Several studies have reported the
importance of the extracellular HA matrix as a biological barrier.
Delivery of macromolecules to cancer cells is inhibited by ECM,
because HA supplies high intratumoral fluidic pressure
preventing diffusion and penetration of anticancer agents into the
tumor tissue (3). 

We have reported that 4-methylumbelliferone (MU)
inhibits HA synthesis without any influence on other
glycosaminoglycan production in cultured human skin
fibroblasts (4). MU has been widely utilized as a specific
inhibitor of HA synthesis and proposed as a promising
anticancer agent (5-7). Some studies have shown that MU
enhanced the efficacy of several anticancer agents (8, 9), but
the exact mechanism of this effect was not revealed. In
addition, effect of ECM modulation has not been reported. In
this study, the control of ECM concentration of 5-fluorouracil
(5-FU) by MU in vitro was analyzed. Effect of MU on the
anticancer activity of 5-FU was also analyzed in vivo. HA
surrounding cancer cells was depleted by MU. If it enhances
the cytotoxic activity of 5-FU, novel combination therapy of
5-FU with MU can be developed for pancreatic cancer. 

Materials and Methods
Materials. MU and hyaluronidase from Streptomyces
hyalurolyticus were purchased from Wako Pure Chemicals (Osaka,
Japan). 5-FU was purchased from Kyowa Hakko Kirin Co.
(Tokyo, Japan). The Hitachi (Tokyo, Japan) high performance
liquid chromatography (HPLC) system which consisted of L-2300
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liquid chromatography, L-2200 autosampler, L-2420 variable
wavelength UV detector and D-2000 Elite integrator was used for
analysis of samples with ODS-column (0.46×15.0 cm, Shinwa
Chemical, Kyoto, Japan).

Tumor cells. The human pancreatic cancer cell line MIA PaCa-2
was kindly provided by the Department of Pharmacy, Hirosaki
University Hospital (Hirosaki, Japan). The cells were routinely
maintained as monolayer cultures in DMEM supplemented with
10% heat-inactivated fetal bovine serum (FBS) at 37˚C in a mixture
of 5% CO2 and 95% humidified air. 

Mice. CB17/Icr-scid mice were used throughout the experiments.
All mice were purchased from Japan Clea (Tokyo, Japan). The mice
were housed under controlled light–dark cycles, temperature, and
humidity with water and food ad libitum. Animals were used when
they were 6-weeks-old with weights of about 25 g. All animal
experiments were performed in accordance wih the Guidelines for
Animal Experimentation of Hirosaki University.

Cell proliferation assay. Medium (2 ml) containing 1×105 cells
was seeded into 6-well plates. Following 12 h incubation, 0.5 mM
MU dissolved in DMSO and/or 0.01-0.05 mM 5-FU was added.
After incubation with MU and/or 5-FU, each well was washed
with PBS twice (5 ml), then detached from the plates by addition
of trypsin/EDTA (0.5 ml), and finally suspended in PBS (2 ml).
The suspensions were applied onto an automated cell counter
(TC20™, BIO-RAD, Tokyo, Japan), and living cell numbers were
counted (10).

Analysis of intracellular 5-FU. Extraction and analysis of cellular 5-
FU was performed in accordance with the reports (11). Medium (9 ml)
containing 6×105 MIA-PaCa2 cells was seeded into a 100 mm culture
dish. Following 12 h incubation, MU (0.5 mM) dissolved in DMSO
was added. After 48 h of incubation, 5-FU (10 ml; 2mM) dissolved in
medium was added to each dish and incubated for 0.5-6 h and then
cells were washed with PBS, and suspended in 0.3 ml of PBS. The
solution was added to a solution of 5-bromouracil (20 μg/ml, 300 μl)
dissolved in isotonic phosphate buffer (pH 7.4) as an internal standard,
1M sodium acetate buffer (pH 4.8, 100 μl), and 20% anhydrous
sodium sulfate solution (500 μl). The mixtures were extracted with
ethyl acetate. Organic layers were collected and subjected to
evaporation. The extracted residues were dissolved in 500 μl of
distilled water and washed twice with 1 ml of hexane. Samples 
(100 μl) were injected into the HPLC column. Reverse phase
chromatography on a STR ODS column was carried out. 10 mM
sodium acetate buffer (pH 4.0) in water was used as the mobile phase.
Flow rate was set to 0.7 ml/min, with column temperature at 25˚C and
wavelength of detection, 266 nm.

Analysis of tumor growth and survival time. The suspension of 4×106
MIA-PaCa2 cells was injected into the dorsal part of mice
subcutaneously. After 2 weeks, MU was orally administered at a
dose of 2 g/kg/day, mixed with bait. 5-FU was administered via the
intra-peritoneal route at a dose of 50 mg/kg/week. Tumor size of 4
groups, namely, (A) control (n=15), (B) treated with 5-FU (n=14),
(C) treated with MU and 5-FU (n=11), was measured using caliper
once a week. The PBS was injected into mice in the control group.
The tumor volume was calculated as length × width2 × 0.52 (12).
Survival time was set to the endpoint based on UKCCCR guidelines.
Statistical comparison was made by log-rank analysis of Kaplan–
Meier curves (13).

Transmission electron microscopy. Several small pieces of tissue
established by the transplantation of MIA PaCa-2 cells were
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Figure 1. Effect of MU and 5-FU on the proliferation of MIA PaCa-2
cells. Cells were incubated with MU and/or 5-FU. Cell number was
examined as described in Materials and Methods.

Figure 2. Effect of MU on the intracellular migration of 5-FU.
Concentration of intracellular 5-FU. Concentration was examined as
described in Materials and Methods. Each point represents the average
of quadrant independent assays.



immersed in Karnovsky’s fixative for over 24 h at 4 ˚C. This was
then rinsed in 0.1 M cacodylate buffer (pH 7.2), and postfixed in
0.1% ruthenium red and 2% osmium tetroxide solution overnight at
4˚C. Tissues were dehydrated in a graded ethanol and embedded in
Epon 812 (Oken, Tokyo, Japan). Ultrathin sections were prepared,
and stained with uranyl acetate and lead citrate. These sections were

examined using a JEM-1230EX transmission electron microscope
(JEOL, Tokyo, Japan).

Statistical analysis. Statistical comparisons were made using the
Student’s t-test, log-rank analysis of Kaplan–Meier curves and a
value of p<0.05 was accepted as statistically significant.  
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Figure 3. Antitumor effect of MU and 5-FU. A: Change over time of tumor volume. Tumor size was measured with calipers and its volume was
calculated as described in the Materials and Methods section. The data represents the means for 11-14 mice. *p<0.05 (Student’s t-test, control
versus 5-FU plus MU group). B: Survival time of mice. Survival time was compared by log-rank analysis of Kaplan–Meier curves. *p<0.05 (control
versus 5-FU plus MU group).



Results

MU and 5-FU inhibited proliferation of pancreatic cancer
cells. The cell proliferation of MIA-PaCa2 was inhibited by
MU and 5-FU. Rate of growth inhibition was higher than 
5-FU alone even after 72 h. The combination of 0.01 mM 
5-FU with 0.5 mM MU inhibited cell proliferation up to
57.4% (Figure 1).

MU enhanced intracellular concentration of 5-FU in
pancreatic cancer cells. HPLC analysis of the concentration

of 5-FU showed that MU enhanced intracellular concentration
of 5-FU. 6 h after administration of 2 mM 5-FU, cells treated
with 0.5 mM MU showed 47.3 % increase in 5-FU
concentration compared to the MU-untreated group (Figure 2).

MU and 5-FU decreased tumor volume and prolonged
survival time in mice. There were no differences in body
weight in all the three groups. The tumor volume was
decreased by the administration 5-FU alone compared to the
control group; furthermore, tumor volume in the 5-FU plus
MU treated group was significantly decreased compared with
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Figure 4. Electron microscopy of tumors. The stroma of pancreatic cancer tumors. Tumors were observed by electron microscope, A and C: after
5-FU treatment; B and D: after MU and 5-FU treatment. Bar indicates 2.5 μm (A and B) and 1.0 μm (C and D). The arrow shows a stroma.



the control group and 5-FU treated group as well (p<0.05)
(Figure 3A). Survival time of mice was prolonged by the
administration 5-FU alone compared to the control group.
Survival time of the mice treated with 5-FU plus MU was
significantly prolonged compared to the control group
(p<0.05) (Figure 3B). 

5-FU plus MU increased the intercellular space in the
cancer microenvironment. Electron microscopy was used to
detect changes in the microenvironment surrounding
inoculated MIAPaCa-2 cells. No morphological difference
of the nucleus and cytoplasmic organelle was observed
between the 5-FU-treated group and the 5-FU plus MU-
treated group (Figure 4A and C). The intercellular space, on
the other hand, was increased in the 5-FU plus MU-treated
group. Mosaic-like staining pattern for ruthenium red was
also observed in this group. In the cytoplasm, mitochondrial
swelling was recognized in the 5-FU plus MU group in
comparison with the 5-FU-alone group. The cellular shape
was also found to be irregular (Figure 4B and D).

Discussion

HA is a major structural component of the stroma of many
tumors. Studies have revealed that HA is involved in tumor
metastasis, by playing a role in cell adhesion (14) and
migration (15). This suggests that cancer cells are dependent
on HA-rich environments to exert malignant potentials. We
have previously shown that MU decreased cell surface HA
and capsule (16). In this study, we analyzed the antitumor
effect of 5-FU in combination with MU in vitro. It was found
that the intracellular 5-FU concentration increased in the
presence of MU. Thus, MU decreases a biological barrier of
HA-rich ECM, increasing facilitated diffusion and leading to
increased intracellular concentration of 5-FU. The
combination of 5-FU with MU was found to be effective in
the mice model. The tumor size was decreased, and the
survival time of mice was prolonged. On the other hand, MU
did not increase the side-effects of 5-FU. These results
suggest that MU is useful as a chemosensitizer. We
previously showed that the quantity of HA in the tumor was
significantly (p<0.05) decreased by MU treatment (16, 17).
In the current study, intercellular space was found to increase
with mosaic-like staining by ruthenium red in the 5-FU plus
MU-treated group compared to the 5-FU-alone group. MU
enhanced the concentration of 5-FU in cancer cells, and
consequently promoted its cytotoxic effect. Mikami et al.
reported that simultaneous administration of MU and
thioacetamide (TAA) increased murine hepatic
carcinogenesis (18). This may be because MU decreased a
biological barrier of ECM, increasing facilitated diffusion
and leading to increased concentration of TAA. When MU
is administered, it may be necessary to consider the order of

drug administration. A treatment involving remodeling of
ECM will become important in the future. Hyaluronidase
from bovine testis enhanced activity of adriamycin in a
breast cancer model (19). Use of hyaluronidase for the
treatment of cancer has been demonstrated in several reports,
but has been abandoned due to the fact that it caused an
allergic reaction, inflammation or pain in the joints (20, 21).
MU influences pericellular environments, but not the nucleus
and cytoplasm. This is the reason why MU had low toxicity
and few side-effects. These features of MU are a great
advantage for its use as a chemosensitizer. In fact, MU has
been used previously as a choleretic and antispasmodic agent
for patients with motor disorders of duodenal papilla (22).
Thus, combination therapy of MU and 5-FU might prove an
effective approach to treat pancreatic cancer. 
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