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Abstract

Purpose We have previously reported that in vitro treat-
ment of B16-F10 melanoma cells with 4-hydroxycoumarin
(4-HC) decreases their metastatic potential. However, the
antimetastatic efficacy of 4-HC in vivo is unknown; there-
fore, we investigated the antimetastatic and antineoplastic
effects of 4-HC in a mouse melanoma model. Based on the
findings, the immunomodulatory and toxic effects of 4-HC
were also studied.

Methods Experimental metastasis assay was performed in
C57BL/6 mice that received 4-HC before intravenous
injection of B16-F10 cells. Antitumor and antimetastatic
efficacy of 4-HC was assessed in mice implanted subcuta-
neously with melanoma cells. Possible immunostimulant
and toxic effects of 4-HC were studied in healthy mice.
Results  4-HC reduced the number of experimental lung
metastases. Moreover, 4-HC diminished primary tumor
growth and increased survival time in mice bearing mela-
noma tumors. Treatments also decrease spontaneous lung
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metastases in the same animals. Different to other couma-
rins, the antitumor effect of 4-HC seems to be unrelated to
immunostimulation, since plasma concentrations of cyto-
kines remained unchanged. In contrast, toxic histological
changes in nephrons and bronchiolar epithelium and a pro-
nounced anticoagulant effect were found in 4-HC treated
animals.

Conclusions These results show that 4-HC not only
exhibit antimetastatic effect in vivo, but also effectively
reduces tumor growth and improves survival, even when it
produce toxic effects. Although the molecular mechanism
of 4-HC actions needs to be further defined, our data sug-
gest that 4-HC may lead to the development of agents that
could be used as adjuvants in the therapy of melanoma.

Keywords 4-Hydroxycoumarin - Coumarin - Melanoma -
Metastasis
Introduction

Melanoma incidence has been rising worldwide for the last
four decades, especially in white populations. In that
period, incidence rates have increased more than threefold
in US and central Europe [1]. Even when melanoma mor-
tality rates have remained relatively stable due to primary
prevention, screening, and improved therapies, it is esti-
mated that there were still 8,400 deaths in US during 2008
[2]. The leading cause of death in advanced melanoma
patients is formation of metastases. Regardless of the
numerous innovations on the treatment of the disease, the
S-year survival rate for patients with distant metastases is
less than 10% [3]. Hence, the search for therapeutic agents
that can inhibit metastasis is crucial for improving the
management of the disease.
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The production of metastasis is a highly complex
process by which some cancer cells move away from the
primary tumor and colonize other organs. This process
requires phenotypical changes that allow cancer cells to
migrate, survive in the blood circulation, extravasate, and
proliferate in a tissue with a different microenvironment [4].
Adhesion of tumor cells to extracellular matrix (ECM) or
other cells is essential to successfully complete the meta-
static cascade [5]; therefore, adhesion receptors and their
intracellular partners have been proposed as pharmacologi-
cal targets for decreasing invasiveness of cancer cells [6, 7].

4-Hydroxycoumarin (4-HC) is a simple coumarin used
as precursor for the synthesis of anticoagulant drugs and
rodenticides that are 3-substituted-4-hydroxycoumarins.
Previously, we have provided evidence that in vitro
treatment of B16-F10 melanoma cells with 4-HC decreases
paxillin expression and reduces its translocation to focal
adhesions [8]. Inappropriate paxillin-mediated signaling
reduces the activation of FAK and Rac-1, impairing the
adequate generation of signals that promote malignancy
[8]. All these effects produce a disorganization of the actin
cytoskeleton, reducing the formation of stress fibers and
lamellipodia, decreasing cell adhesion to ECM, and inhibit-
ing cell motility [9]. In addition, 4-HC downregulates the
expression of the adhesion receptor ARM-1 and inhibits
adhesion of B16-F10 cells to lung slides [8]. Finally, we
have shown that 4-HC decreases the capability of B16-F10
melanoma cells to originate experimental lung metastases
without affecting cell proliferation or survival [8].

In the present study we analyzed the effect of oral admin-
istration of 4-HC to C57BL/6 mice on the formation of
experimental metastases. Additionally, in mice implanted
subcutaneously with B16-F10 cells, we studied the effects
of 4-HC on primary tumor growth, survival time, and the
generation of spontaneous metastases. Finally, possible
immunostimulant and toxic effects of 4-HC were studied in
healthy mice.

Materials and methods

Drugs

4-Hydroxycoumarin (4-Hydroxy-2H-1-benzopyran-2-one),
its vehicle methylcellulose, and cyclophosphamide were
purchased from Sigma-Aldrich (St. Louis, MO, USA).
Animals

Male C57BL/6 mice, 6-7 weeks of age, were purchased
from Harlan (Mexico City, Mexico). Animals were accli-

mated to the animal facility of the Department of Pharma-
cology, School of Medicine, UNAM, for a minimum of
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1 week. Mice were separately housed in ventilated cages
under a controlled light cycle (12 h light/12 h dark) at a
standard room temperature (22-24°C) and were allowed
access to a conventional diet and tap water ad libitum.
Tumors were induced to mice by injecting B16-F10 cells
(American Type Culture Collection, Manassas, VA, USA)
cultured in DMEM containing 10% fetal bovine serum at
37°C in a humid, 5% CO, atmosphere. All the experiments
with mice comply with standards equivalent to the UKC-
CCR guidelines for the welfare of animals in experimental
neoplasia [10].

Experimental metastasis assay

4-HC (10, 20 or 40 mg/kg/day) was administered via oral
gavage to C57BL/6 mice during 7 days. Control mice
received equivalent volumes of 0.2% methylcellulose. On
day 7, each mouse was injected into the tail vein with a
suspension of 8 x 10° untreated B16-F10 cells. The cells
were collected from culture by detaching with a non-
enzymatic cell dissociation buffer [4 mM EDTA in Ca**-
and Mg>*-free PBS] and had viability >98%. Mice were
euthanized 2 weeks after melanoma cells injection, the
lungs were excised, and the pulmonary metastatic tumors
were counted in a blind manner under a dissecting micro-
scope.

Survival/spontaneous metastasis assay

Mice were injected subcutaneously with 2 x 10> B16-F10
cells in order to induce a primary tumor. After 2 weeks,
only the mice that showed a tumor between 3 and 6 mm of
diameter were selected for the experiment. Those mice
were distributed in five groups: (i) control (methylcellulose
0.2%); (ii) 4-HC 10 mg/kg/day; (iii) 4-HC 20 mg/kg/day;
(iv) 4-HC 40 mg/kg/day; and (v) cyclophosphamide
200 mg/kg (unique dose i.p.) as positive control. Tumor
size was estimated by measuring the tumor’s axes and
employing the formula: (major axis) x (minor axis)? x
0.52. Additionally, we registered the day of death for each
mouse and these data were used to generate Kaplan-Meier
graphs. When mice died, their lungs were excised and fixed
in 3% neutral buffered paraformaldehyde solution. Posteri-
orly, the number of pulmonary spontaneous metastases was
quantified with a dissecting microscope.

Multiplex cytometric bead array (CBA) assay for cytokines

Cytokine quantification was performed in plasma of
healthy mice that received 4-HC (10, 20, or 40 mg/kg/day)
for 7 or 30 days. Plasma samples were collected from blood
obtained from the infraorbital plexus and stored at —70°C
until the analysis day. FlowCytomix Multiplex kit for
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mouse granulocyte-macrophage colony-stimulating factor
(GM-CSF), IL-1a, IL-2, IL-4, IL-5, IL-6, IL-10, IL-17,
IFEN-y, and TNF-o was purchased from Bender MedSys-
tems (Vienna, Austria). The immunoassay was used
according to the manufacturer’s instructions. Briefly, 25 pl
plasma samples were incubated with antibody coupled
beads and biotinylated detection antibody. Complexes were
washed, and then incubated with streptavidin—phycoery-
thrin prior to assessing cytokine concentration titers. Stan-
dard curves for each cytokine were generated in a range of
27-6,666 pg/ml by using the reference cytokines supplied
by the manufacturer. Standard and test samples were ana-
lyzed with a CyAn ADP Analyzer (Beckman Coulter)
equipped with Summit v4.3 software (Dako Cytomation)
and the analyte concentration was calculated using the soft-
ware FlowCytomix Pro (Bender MedSystems).

Toxicological evaluation

The renal, hepatic, and pulmonary sub-chronic toxic effects
of 4-HC were evaluated in healthy mice that were oral gav-
age dosed (10, 20, or 40 mg/kg/day) for 60 days. Control
mice received equivalent volumes of the vehicle (0.2%
methylcellulose).

Serum and urine analysis

Urine of 24 h was collected using stainless steel metabolic
cages. In urine samples we quantified: (i) total volume; (ii)
creatinine concentration by using a commercial kit (Creati-
nine Assay Kit, BioAssay Systems); (iii) total protein con-
centration through Lowry’s method (Dc Protein Assay,
Biorad); and (iv) N-acetyl-p-p glucosaminidase (NAG)
activity by using a commercial kit (f-N-Acetylglucosa-
minidase Assay kit, Sigma-Aldrich). In addition, serum
samples were obtained from whole blood collected from
the infraorbital plexus, and stored at —70°C until creati-
nine, urea nitrogen (BUN), and y-glutamyltransferase
(y-GT) were determined. BUN and y-GT concentrations
were measured by using commercial kits (Urea Assay kit,
BioAssay Systems, and y-GT kit, Spinreact).

Histological studies

At 30 and 60 days, three mice of each treatment were
euthanized and their kidneys, livers and lungs were excised.
For photonic microscopy, organs sections were fixed in
10% neutral buffered formaldehyde solution, dehydrated in
graded alcohol, and embedded in paraffin. Sections at 4 pm
of thickness were obtained and stained with hematoxylin—
eosin (HE). Histological damage was identified by analyz-
ing 50 randomly selected fields with an Olympus BH2-
RFCA microscope. For electron microscopy, intracardiac

perfusion of mice was carried-out with Zamboni’s fixer
(0.3% picric acid in 6.2% neutral buffered formaldehyde
solution). Fixation of dissected organs (kidneys, livers, and
lungs) was completed by immersion in the same fixative
during 24 h at 4°C. Then, samples were postfixed in 1%
osmium tetroxide diluted with phosphate buffer 0.1 M (pH
7.2) during 2 h and dehydrated in graded ethanol until abso-
lute propylene oxide. Finally, samples were infiltrated and
embedded in Araldite 6005. Sections at 1 pm thickness
were stained with toluidine blue for histological analysis.
Ultrafine sections of 60 nm thickness were obtained with a
diamond knife, contrasted with uranyl acetate—lead citrate,
and analyzed with a transmission electron microscope Zeiss
EM-10.

Coagulation tests

Prothrombin time (PT) and activated partial thromboplastin
time (aPTT) were measured in citrated plasma of healthy
mice that received 4-HC (10 mg/kg/day) for 30 days. PT
determination was performed using Dade® thromboplastin
C plus according to Quick’s method [11]. aPTT was evalu-
ated by addition of Dade® actin FS reagent; the mixture
was incubated during 120 s at 37°C, and then clot forma-
tion was induced with 0.02 M CaCl, [12]. In both methods
plasma samples were warmed at 37°C for 60 s before the
addition of the indicated reagent and the time to clot forma-
tion was recorded by a Behring Fibrintimer II (Dade®
Behring). Reference curves and accuracy controls were
set up using the corresponding control plasma of the
manufacturer.

Results

Oral administration of 4-HC impaired the formation
of experimental metastases

To study if the antimetastatic effect produced by in vitro
treatment of melanoma cells with 4-HC [8] could be repro-
duced in vivo, 4-HC was orally administered to mice dur-
ing 7 days prior to the intravenous injection of B16-F10
cells. The evaluated doses of 4-HC (10, 20, or 40 mg/kg/
day) reduced >85% the number of pulmonary tumors with
respect to mice that received the vehicle methylcellulose
(Table 1). As these doses effectively block metastasis, they
were used in posterior assays.

Antineoplastic effect of 4-HC
4-HC was daily administered via oral gavage to C57BL/6

mice bearing a subcutaneous tumor generated by injection
of B16-F10 melanoma cells. As positive control a group of
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Table 1 Effect of 4-HC on experimental lung metastases

Treatment Mice Metastatic Lung metastases/mice
examined incidence (mean =+ SD)
Control 7 100% (7/7) 51.5 £ 20.9

4-HC 10 mg/kg/day 5 100% (5/5) 3.2 & 2.2%%
4-HC 20 mg/kg/day 5 80% (4/5) 5.0 & 3.6%*
4-HC 40 mg/kg/day 5 100% (5/5) 6.8 & 4.1%*

4-HC was administered by oral gavage for 7 days prior to the intrave-
nous injection of B16-F10 cells

#* P <0.01 versus control (Dunett’s test)

mice received a single dose of the antineoplasic drug cyclo-
phosphamide. Cyclophosphamide reduced the tumor size
from day 16; however, it did not alter survival time. In con-
trast, 10 mg/kg/day of 4-HC, which diminished the tumor
size from day 22, significantly increased survival time. Sur-
prisingly, higher doses (20 or 40 mg/kg/day) of 4-HC did
not affect tumor size nor survival (Fig. 1). Moreover, sur-
vival curve of mice that received 40 mg/kg/day of 4-HC
showed a slight non-significant shift to the left, suggesting
dose-dependent toxic effects.

4-HC reduced spontaneous metastases to lung

We analyzed the formation of secondary tumors in the
same animals used for the survival assays. On the day of
death, the lungs were excised and thereafter the macro-
scopic tumors were counted. Cyclophosphamide increased
the number of secondary tumors in lung. In contrast, 20 or
40 mg/kg/day of 4-HC reduced spontaneous metastases
number by 50% (Table 2). However, 10 mg/kg/day of 4-
HC, which is effective reducing tumor size and increasing
survival time, did not significantly decrease the number of
lung tumors.

4-HC did not change plasma cytokine concentration

To analyze the possible immunomodulatory effect of 4-HC,
we quantified the levels of 10 cytokines in plasma samples
from mice that received 10, 20, or 40 mg/kg/day of 4-HC
for 7 or 30 days. By multiplex CBA assay, we found no
differences between 4-HC-treated and control mice in the
plasma concentration of granulocyte-macrophage colony-
stimulating factor (GM-CSF), IL-1a, IL-2, IL-4, IL-5, IL-6,
IL-10, IL-17, IFN-7, or TNF-o (data not shown).

Toxic effects of 4-HC
Results from the survival assay suggest that 4-HC may

have toxic effects in addition to their antineoplastic and
antimetastatic effects. Thus, we evaluated the toxicity of

@ Springer

Tumor volume (cm®) >

Survival

Days

Fig.1 Comparison of tumor growth and survival in mice bearing a
subcutaneous tumor. a Mice were treated with either methylcellulose
(filled square; n=25), 4-HC 10 mg/kg/day (open diamond; n = 10),
4-HC 20 mg/kg/day (inverted open triangle; n = 10), 4-HC 40 mg/kg/
day (open triangle; n=10), or cyclophosphamide (filled circle;
n =25). Treatment of mice with 4-HC 10 mg/kg/day reduced tumor
size from day 22, whereas the positive control cyclophosphamide did
it from day 16 (*P < 0.05, ***P < 0.001 versus control; Bonferroni’s
test). Error bars represent standard deviation. b 4-HC 10 mg/kg/day
(open diamond) increased mean survival time (P = 0.02; Mantel-Cox/
log-rank test) with respect to control (filled square). In contrast, cyclo-
phosphamide (filled circle) or the other evaluated doses of 4-HC
[20 mg/kg/day (not graphed) and 40 mg/kg/day (open triangle)] did
not modify survival time

4-HC by administering 4-HC (10, 20, or 40 mg/kg/day) to
healthy mice during 60 days.

Hepatic toxicity

The levels of serum y-GT were not affected by 4-HC
(Fig. 2a). Nevertheless, the histological study of liver
showed that 20 or 40 mg/kg/day of 4-HC produced hepatic
damage. The administration of 40 mg/kg/day induced cyto-
plasmic changes from day 30 in hepatocytes that are sur-
rounding the portal vein (Fig.2b). The same effect was
found in mice that received 20 mg/kg/day for 60 days. In
contrast, 10 mg/kg/day of 4-HC did not alter hepatic histol-
ogy at the studied times. These results indicate that hepato-
toxicity produced by 4-HC is dose and time-dependent.



Cancer Chemother Pharmacol (2010) 65:931-940

935

Table 2 Effect of 4-HC on spontaneous lung metastases

Treatment Mice Metastatic Lung metastases/
examined incidence mice (mean + SD)

Control 25 100% (25/25) 11.9 £ 6.0

Cyclophosphamide 25 100% (25/25) 26.0 £ 20.8%*

4-HC 10 mg/kg/day 10 90% (9/10) 7.0+ 1.7

4-HC 20 mg/kg/day 10 100% (10/10) 55+ 1.5%*

4-HC 40 mg/kg/day 10 90% (9/10) 58+£48%*

4-HC was orally administered to mice bearing subcutaneous tumors
* P <0.05, ** P <0.01 versus control (Dunett’s test)

Renal toxicity

Creatinine clearance rate (CCR) was unaffected by treat-
ments with 4-HC and remained within the normal range
(1.14-17.8 ul/min/g [13]) all along the experiment
(Fig. 3a). Additionally, 4-HC did not modify urinary con-
centrations neither of the tubular enzyme NAG nor protein
(data not shown). These data indicated that 4-HC was not
toxic to tubular cells and glomerular function was
unaffected. However, 4-HC increased BUN levels above
the normal limit (7-30 mg/dl [14]). The doses of 20 and
40 mg/kg/day raised BUN levels from third week, while
10 mg/kg/day do it from fourth week (Fig. 3b). Histological
analysis of kidneys showed that 4-HC produced, in a dose-
dependent fashion: (i) metaplasia of the parietal layer of the
capsule of Bowman, and (ii) lost of microvilli in cuboidal
epithelial cells of proximal convoluted tubule (Fig. 3c).

Pulmonary toxicity

Histological analysis was also performed in lungs; we
observed that at all the evaluated doses 4-HC induced
hyperplasia and lost in apical projections of Clara cells with
leakage of its apical dome-shaped region, from day 30
(Fig. 4).

Asu B
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t;,?_20 g
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!
0 10 20 30 40 50 60
Days

Control

Fig. 2 Analysis of hepatic toxicity. a Quantification of y-glutamyl-
transferase (y-GT) in healthy mice that received either methylcellulose
(filled square), 4-HC 10 mg/kg/day (open diamond), 4-HC 20 mg/kg/
day (inverted open triangle), or 4-HC 40 mg/kg/day (open triangle).

Electron transmission microscopy

Morphological alterations in kidneys and lungs were fur-
ther studied in mice that received 10 mg/kg/day of 4-HC
during 60 days, since only this dose showed therapeutic
effects. We found that the cells from the parietal layer of the
capsule of Bowman displayed cubic metaplasia with micro-
villi and corroborated the lost of microvilli in proximal con-
voluted tubular cells (Fig.5). However, the endocytic
system (apical tubulovesicles) of these cells showed no
injury, which partially explains why morphological altera-
tions are not reflected in functional damage. In lung, effects
of 4-HC on Clara cells were confirmed. Additionally,
lamellar bodies of most type II alveolar cells were partially
empty or with vacuolization (Fig. 5).

Anticoagulant effect of 4-HC

PT and aPTT were evaluated in citrated plasma from
healthy mice that had received 4-HC (10 mg/kg/day) for
30 days (Table 3). 4-HC increased aPTT and PT 2-fold and
>15-fold, respectively, proving that 4-HC has anticoagulant
effect. To study the reversibility of this effect, we analyzed
PT in plasma obtained 48 h after the last administration of
4-HC (day 32). In those animals, the effect of 4-HC was
totally lost.

Discussion

Previously, our group demonstrated that in vitro treatment
of B16-F10 melanoma cells with 4-HC decreases their met-
astatic capability [8]. In the present study, in vivo intake of
4-HC is also effective in reducing experimental lung metas-
tases at the evaluated doses. Since the pharmacokinetics of
4-HC is unknown, such doses were chosen by reviewing
previous reports and by performing preliminary studies in
our laboratory. 4-HC has been administered to rats at doses
from 5 to 50 mg/kg/day [15] but there are not reported

10

4-HC (mg/Kg/day)

4-HC treatments did not affect serum y-GT levels. b HE-stained sec-
tions of livers (1000x). 4-HC produced a dose and time-dependent
cytotoxicity (arrowheads) in hepatocytes close to the portal vein
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Fig. 3 Analysis of renal
toxicity. Quantification of creat-
inine clearance rate (CCR) (a)
and blood urea nitrogen (BUN)
(b) in healthy mice that received
either methylcellulose (filled
square), 4-HC 10 mg/kg/day
(open diamond), 4-HC 20 mg/
kg/day (inverted open triangle),
or 4-HC 40 mg/kg/day (open

CCR (pL/min/g)

=)
&

BUN (mg/dL)
8 8 8

-
(=]
1

triangle). 4-HC did not altered
CCR but increased BUN at all
doses (*P < 0.05 versus control;
Bonferroni’s test). ¢ Micro-
graphs (1000x) of kidney
sections stained with HE (first,
fourth, and fifth columns) or
toluidine blue (second and third
columns). 4-HC produced meta-
plasia of the parietal layer of the
capsule of Bowman (arrows)
and lost of microvilli in proximal
convoluted tubular cells
(arrowheads), from day 30

Fig. 4 Analysis of pulmonary
toxicity. Micrographs (1000 x)
of lung sections stained with HE
(first, fourth, and fifth columns)
or toluidine blue (second and
third columns). Administration
of 4-HC caused hyperplasia of
Clara cells (arrows) in the distal
bronchiolar epithelium of
healthy mice

30 days

60 days

4-HC (mg/Kg/day)
L 3
) l
| . i
20

’Iq‘r
40

Control

studies in mice. In contrast, the closely structural related
compound coumarin (1,2-benzopyrone) has been adminis-
tered to several mice strains at doses ranging from 10 to
200 mg/kg/day [16-19]. Given that a unique dose of
50 mg/kg of '*C-coumarin produces a plasmatic C,,, of
202 uM [20] we hypothesized that if pharmacokinetics
of 4-HC were similar to that of coumarin, doses from 10 to
200 mg/kg would produce plasmatic concentrations close
to those needed for the in vitro reported effects of 4-HC
(50-500 uM) [8, 9]. Nevertheless, in our preliminary stud-
ies mice that received doses higher than 80 mg/kg/day
showed obvious toxicity; consequently, we set our higher
dose at 40 mg/kg. Since all the doses employed in this
study can efficiently reduce experimental metastases, con-
centrations of 4-HC in corporal fluids appear to be high
enough to alter the metastatic capability of B16-F10 cells.
Moreover, these findings indicate that 4-HC is orally active.
However, further studies are needed to clarify the pharma-
cokinetics of 4-HC.
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4-HC (mg/Kg/day)

The precise mechanisms involved in the antimetastatic
effect of 4-HC are not yet elucidated. Previous reports show
that in vitro treatment of B16-F10 melanoma cells with
4-HC for 24 h disorganizes the actin cytoskeleton, reduces
cell-substratum and cell-cell adhesion, and diminishes the
generation of signals that promote migration, in a concen-
tration-dependant fashion [8, 9]. In vitro treatment with
4-HC also decreases the metastatic capability of B16-F10
cells [8]. In contrast, 4-HC is neither cytostatic nor cyto-
toxic, and does not affect long-term survival of B16-F10
cells [8, 9, 21]. We demonstrated that prophylactic adminis-
tration of 4-HC (prior to the intravenous injection of mela-
noma cells) reduces metastases number, which indicates
that 4-HC affects early steps of experimental metastasis
rather than metastatic growth. Strong adhesion to endothe-
lial cells and transmigration are the first steps of the forma-
tion of experimental metastases and both require functional
adhesion receptors as well as crosstalk of those receptors
with the cytoskeleton [6, 7]. Therefore, the reported effects
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937

Control

4-HC

Fig. 5 Electron transmission microscopy of kidneys and lungs of mice
treated 60 days with 4-HC (10 mg/kg/day). In the far left micrographs
(2,500 %), that display the glomerular urinary space, it is shown that
4-HC induced cubic metaplasia with microvilli on the parietal cells
(PC) of the capsule of Bowman. Micrographs in the second column

Table 3 Effect of 4-HC on activated partial thromblopastin time
(aPTT) and prothrombin time (PT)

Treatment n Test (mean + SD)

aPTT PT
Control 4 62.8£32s 133+ 1.0s
4-HC 10 mg/kg/day 4 117.7 £21.2 s** >200 s**
Control 48 h PA 2 n.d. 11.24+0.7s
4-HC 48 h PA 2 n.d. 11.8+05s

Measurements were performed on day 30 of 4-HC administration
(10 mg/kg/day) or 48 h later (post-administration; PA)

** P < (.01 versus control (unpaired ¢ test)

of 4-HC on cell adhesion and signaling may be partially
responsible of the antimetastatic effect shown here. In addi-
tion, recent studies have shown that integrin-mediated
adhesion and the associated changes in the actin cytoskele-
ton are required to promote a transition from a quiescent to
a proliferative state in vivo [22]; thus, the possibility that
4-HC can affect dormancy should not be discarded.

The antimetastatic effect of 4-HC was corroborated in a
different metastasis model in which we treated mice
implanted with subcutaneous tumors. 4-HC (20 or 40 mg/
kg/day) reduce the spontaneous metastases to lung without
affecting neither tumor growth nor survival time. In con-
trast, 10 mg/kg/day of 4-HC increases by 40% the median
survival time, but does not decrease the number of metasta-
ses. Unexpectedly, this dose also reduces primary tumor
growth, indicating that 4-HC has antineoplastic effect when
it is administered for longer periods. This antineoplastic
effect has been reported for other simple coumarins. Cou-
marin has shown antineoplastic effect in clinical protocols

(8,000x) correspond to proximal convoluted tubular cells (PT); in
4-HC-treated mice microvilli decreased notoriously. In the bronchiolar
epithelium (third column micrographs; 4,000 x ) 4-HC produced hyper-
plasia of Clara cells (CC). Micrographs in the far right (14,000 x ) show
that 4-HC caused vacuolization in type II alveolar cells (T-II)

of renal [23] and prostatic carcinoma [24]. Similarly, cou-
marin and 7-hydroxycoumarin (7-HC) inhibit tumor growth
of sarcoma-bearing mice [17] and both compounds inhibit
the proliferation of several tumor cell lines in vitro [21, 25—
28] by inducing cell cycle arrest and apoptosis [27, 28]. Our
results, in which higher doses of 4-HC did not show anti-
neoplastic effect, and the lack of cytostatic and cytotoxic
effects in vitro [8, 9, 21] suggest that, differently to other
coumarins, 4-HC does not elicit its antineoplastic effect by
direct cytotoxicity.

On the other hand, it has been reported that coumarin
[29, 30] and 7-HC [16] stimulate phagocytic activity of
macrophages. Both compounds have synergic effect in
vitro in the secretion of nitric oxide and IL-12 induced
by LPS [17] as well as in the secretion of TNFa« induced by
heat-killed Salmonella thyphimurium [16]. In a mouse
model of sarcoma, these immunomodulatory effects con-
tribute to reduce tumor growth and increase survival time
[17]. Therefore, we hypothesized that stimulation of
immune system by 4-HC can be partially responsible of its
antineoplastic effect. However, plasma concentrations of
10 cytokines were no different between 4-HC-treated and
control mice, indicating that in the studied conditions
4-HC has not immunomodulatory effect and that other pos-
sible mechanisms by which 4-HC reduces tumor growth in
vivo shall be analyzed. For example, other non-tumoral
cell targets for 4-HC may include fibroblasts and endothe-
lial cells; these cells, together with immune cells, soluble
molecules, and the ECM, are present in the tumor microen-
vironment, which has been shown to be crucial in mela-
noma progression [31]. Currently there are no reports of
the in vivo effects of simple coumarins in the tumor micro-
environment.
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Even when 4-HC showed antimetastatic and antineo-
plastic effects, the survival assay suggested a dose-depen-
dent toxic effect. Analysis of the effects of 4-HC in mice
that received 4-HC during 60 days, demonstrated the presence
of hepatic centrolobular necrosis in a dose- and time-depen-
dent fashion. Nevertheless, such effect was not sufficient to
modify the levels of serum y-GT, indicating that the toxic
effect in liver is not transcendent. Accordingly, Ratanasa-
vanh et. al. [32] have reported that 4-HC (500 uM) is not
toxic to cultured hepatocytes. In contrast, coumarin pro-
duces hepatic hyperplasia and centrolobular necrosis in
B6C3F1 mice [33, 34]. Hepatotoxic effects of coumarin are
much more frequent in rats, where a single administration
(200 mg/kg) produces hepatic centrolobular necrosis and
increases the serum transaminase levels [34, 35]. This
increased susceptibly in rats is associated with the biotrans-
formation of coumarin to 3-hydroxycoumarin by CYP2A4;
in turn, 3-hydroxycoumarin favors the generation of
coumarin 3,4-epoxide, a highly reactive intermediate that
produces toxicity by itself and by its conversion to
o-hydroxyphenylacetaldehyde [36-39]. Contrary to rodents,
coumarin-induced hepatotoxicity is rare in humans [40, 41]
because the main biotransformation route is 7-hydroxyl-
ation, a reaction catalyzed by CYP2A6 [42]. Our results
indicate that 4-HC can be biotransformed into a 3,4-epox-
ide in the liver of C67BL/6 mice. Importantly, 10 mg/kg/
day of 4-HC show therapeutic effects without causing
hepatic toxicity, suggesting that at low doses the generated
reactive metabolites can be efficiently controlled by hepatic
detoxification systems. Accordingly, Born et. al. [43] have
reported that tolerance to coumarin is achieved by increas-
ing detoxification, specially by conjugation with glutathi-
one, rather than changes in 3,4-epoxide synthesis. This
suggests that simultaneous stimulation of detoxification
systems could inhibit some toxic effects of 4-HC, increas-
ing its safety, and providing better models to study the
mechanisms of its antimetastatic and antineoplastic effects.

Histological analysis demonstrated the presence of
changes in lungs and kidneys of 4-HC-treated mice. 4-HC
induced hyperplasia and lost in apical projections of Clara
cells and vacuolization in type II alveolar cells. There are
no previous reports of the effect of 4-HC on pulmonary
cells, but several studies have described that coumarin pro-
duce necrosis in Clara cells and increases the incidence of
lung adenomas and carcinomas in mice but not in rats [39,
44, 45]. Interestingly, the enzyme CYP2F2, which also
generate 3,4-epoxide from coumarin [46], is expressed at
higher levels in Clara cells from mice [39] and 3,4-epoxide
formation occurs faster in microsomes from lungs of mouse
than in those of rat [20]. These data indicate that the meta-
bolic activity of lung, rather than the substrate concentra-
tion, is responsible of the lung toxicity caused by simple
coumarins. Since CYP2F1 (orthologous to CYP2F2) is
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expressed at very small amounts in human lungs, it is
unlikely that coumarins cause pulmonary toxic effects in
humans [19], even when our results show that 4-HC toxic
metabolites can be generated in lungs of C57BL/6 mice.
Given the large interspecies differences in coumarins
metabolism, further pharmacokinetical and toxicological
studies, especially in non-rodent animals, are required to
clarify the susceptibility to 4-HC-mediated toxicity.

In kidney, 4-HC induced cubic metaplasia in cells from
the parietal layer of the capsule of Bowman and lost of
microvilli in proximal convoluted tubular cells. The
enzyme CYP2F2, which mediated coumarin toxicity in
Clara cells, is expressed at low levels in mouse kidney [47-
49]. In addition, 7-hydroxylation is also present in this
organ [50], suggesting that other CYP isoforms can be par-
ticipating in the renal metabolism of 4-HC. Thus, it is likely
that the observed effects were caused by the mixture of
locally generated metabolites. Importantly, morphological
changes in proximal tubular cells are not related to cell
death, since there are no changes in urinary levels of NAG.
In agreement, 4-HC (500 uM) is not toxic to proximal tubu-
lar LLC-PK1 cells in vitro (unpublished results). Addition-
ally, ultrastructural studies and determinations of CCR and
urinary protein indicate that glomerule and the endocytic
system of the proximal convoluted tubular cells are not
seriously affected. The only functional abnormality we
found in 4-HC-treated mice was an elevated BUN. Such
BUN levels combined with no changes in CCR can be
caused by an excessive formation of urea, as seen in cases
of bleeding in the upper gastrointestinal tract. Increased risk
of bleeding is clinically associated with intake of vitamin K
antagonists [51], which are 3-substituted-4-hydroxycou-
marins. Although it has been reported that 4-HC lacks anti-
coagulant activity [52], our results show that the employed
administration schedules yield a pronounced anticoagulant
effect, raising the risk of bleeding. Another possible expla-
nation of elevated BUN is 4-HC accumulation in kidney,
which may affect local osmolarity or organic ion transport.
Accordingly, administration of *C-coumarin to B6C3F1
mice produces high concentrations of radioactivity in kid-
ney, liver, contents of stomach, and small intestine [20].

The generation of toxic metabolites from 4-HC involves
the participation of several CYP isoforms that differ in their
localization, nature of metabolites formed, and rate of
metabolism. Given its complex biotransformation, the pos-
sibility that 4-HC generates metabolites involved in the
reported therapeutic effects exists. Coumarin has an accel-
erated metabolism that generates different compounds with
biological activities [53], which has led to the proposal that
coumarin acts as a prodrug [54]. The lack of anticoagulant
effect 48 h after a long-term administration of 4-HC sug-
gests that this compound is rapidly eliminated. The identifi-
cation of the metabolic pathways activated by 4-HC would
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therefore facilitate the elucidation of the mechanisms of its
toxic and therapeutic effects.

Conclusions

This study shows that 4-HC inhibits the formation of mela-
noma metastasis when is orally administered. In addition,
we found that 4-HC reduces primary tumor growth and
increases survival time, even when it displays anticoagulant
effect and its local biotransformation produce toxic effects
in liver, lung, and kidney. The narrow therapeutic index of
4-HC limits its possible use as adjuvant in the therapy of
melanoma; however, the identification of the molecular
mechanisms of the antimetastatic and antineoplastic actions
of 4-HC may lead to the development of structurally and/or
mechanistically related agents useful in the prevention of
metastasis.
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