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Abstract

Objective: To evaluate the effects of epicutaneous application of anticoagulant warfarin, by
examining the presence of tissue injury and immune/inflammatory activity in exposed skin.

Methods: Rats were exposed to warfarin by applying 10 pg of warfarin-sodium to 10-12 cm? skin
(range 0.8-1 pg per 1 cm?) for 3 consecutive days. Tissue injury was evaluated by lipid peroxidation,
histomorphological changes and signs of reparative activity in skin. T cell infiltration and selected
aspects of epidermal cell activity were examined as indicators of immune/inflammatory skin
response to warfarin application.

Results: Repeated warfarin application exerted no effect on skin metabolic viability, but resulted
in tissue injury (increased malondialdehyde, MDA, production, evident histo-morphological
changes in epidermis and dermis depicting cell injury and death). Increased numbers of
proliferating cell nuclear antigen (PCNA®) cells indicated reparative processes in injured skin.
Infiltration of CD3" cells (T lymphocytes) along with the increased production of tumor necrosis
factor-a (TNF-a) by epidermal cells from warfarin-treated skin and their co-stimulatory effect in an
in vitroT-cell activation assay demonstrated immunomodulatory effects of epicutaneous warfarin.

Conclusion: Presented data have documented tissue damage associated with immune/
inflammatory activity in skin exposed to warfarin. Observed effects are relevant to immunotoxic

potential of this anticoagulant in settings of external exposure.
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INTRODUCTION

arfarin  (4-OH coumarin) and its
Wanalogs are the most effective agents
used in rodent control. This group of

anticoagulant is Vitamin K antagonist, and its
rodenticide effect is based on the inhibition of the

Vitamin K-dependent (VKD) step in complete
synthesis of a number of blood coagulation factors in
the liver, including Factor Il (prothrombin, PT), Factor
VII (FVII), Factor IX (FIX), and Factor X (FX) required
for normal blood coagulationm. Depletion of active
forms of these clotting factors leads to an increase in
clotting time up to the point where no clotting
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occurs. Anticoagulants of the 4-hydroxycoumarin
type have also been used to prevent
thromboembolic disorders in patients at risk for
nearly 50 yearsm. Due to its important usage as a
drug and a rodenticide, the underlying molecular
mechanism of anticoagulant action of warfarin has
been extensively studied. Warfarin and its analogs
interfere with the cyclic interconversion of Vitamin K
and its 2, 3 epoxide, by inhibiting Vitamin K epoxide
reductase (VKOR). Hidroquinone form of Vitamin K
(K1H2) is a cofactor for y-glutamil carboxylase,
Vitamin K-dependent (VKD) enzyme which mediates
posttranslational modification of glutamic (Glu)
residues into y-carboxyglutamic (Gla) acid residues,
needed for the biological activity of VKD proteinsm.
By inhibiting VKOR, warfarin affects the generation
of biologically active VKD proteins not involved in
hemostasis, including proteins relevant to regulation
of bone metabolism (bone Gla protein, BGP and
matrix Gla protein, MGP)m, cell growth[4'5] and
signaling[e'gl. The effects of warfarin on BGP and
MGP lie in growth and development (“warfarin
embryopathy”) when warfarin is consumed during
pregnancy[g] and also in loss of bone mass in patients
under long-term warfarin therapy[w'm. It is thus
important to stay alert to adverse effects of this
agent on cell and tissue physiology.

Increased application of  anticoagulant
rodenticides in urban as well as in suburban/rural
areas, has raised concerns over external exposure to
these agents. In such settings, direct contact with
skin is an important way of exposure either among
persons exposed professionally (workers handling
anticoagulant rodenticides while mixing and loading
rodenticides, repairing and cleaning equipment) or
among those who use easily available ready-to-use
rodenticides in their households™. Reported
incidents of warfarin intoxication from percutaneous
absorptionm'm indicate skin as an important way of
entry of this chemical. Studies of percutaneous
absorption of second generation hydroxycoumarin,
flocoumafen, revealed that around 12% of the
applied dose remained in the skin of rats for up to
seven days”s]. Studies using the skin absorption
model system /n vitro demonstrated that topically
applied coumarin is rapidly and extensively absorbed
by human, rat, and mouse skin, remaining there for
72 h following application[w]. These data implicate
that skin serves as a place where these agents might
linger and exert their effects.

Skin is not just a passive interface between the
host and the hostile environment, but functions as a
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toxicological, biochemical and immunological
barrier™” providing thus protection for the host. Our
previous studies showed changes in skin after single
application of warfarin to skin of experimental
ratsm'm, suggesting proinflammatory potential of
this anticoagulant. As the inflammatory activity of
many environmental insults is linked with their
tissue damaging properties[23'26], the aim of this
study is to examine whether warfarin application is
associated with tissue injury and inflammation.
Repeated (one time daily, for three consecutive
days) application of warfarin at a dose of 10
ug/10-12 ¢cm’ to skin, which had been previously
shown to result in mild changes in rat skin following
single application, was employed. Selected aspects
of skin changes (lipid peroxidation, resident skin cell
appearance and signs of reparative activity) were
regarded as signs of tissue injury in skin exposed to
warfarin. Examination of the immune/inflammatory
activity in warfarin-treated skin, including evaluation
of T lymphocyte skin infiltration and activity of
epidermal cells isolated from exposed skin, was
conducted in parallel. Data were obtained, which
demonstrated that epicutaneous warfarin
application resulted in tissue injury and that this was
associated with immune/inflammatory activity in
treated skin.

MATERIALS AND METHODS
Chemicals and Monoclonal Antibodies (mAb)

Warfarin sodium (WF) (Serva, Germany) was
dissolved in endotoxin-free saline. Dispase |l
(Boehringer, Mannheim, Germany) was dissolved in
liquid culture medium RPMI-1640 and trypsin (Difco,
Cansas, USA) was dissolved in phosphate buffered
saline (pH 7.2) at 0.25% with 0.1% glucose added.
Three-(4,5-dimethyl-thiazol-2yl)-2,5-diphenyl-tetrazo
lium bromide (MTT), Concanavalin A (ConA),
2-thiobarbituric acid, malondialdehyde bis (dimethyl
acetal) (MDA) and trichloroacetic acid were
purchased from Sigma (Sigma Aldrich Chemie, GMBH,
Germany, EU). Before use, MTT was dissolved in
phosphate buffered saline and ConA in culture
medium. MTT and ConA solutions were sterile
filtered (Flowpore, pore size 0.22 um) before use.
Radioactively labeled thymidine (3H-TdR, Amersham,
UK) was used for T cell activation experiments.
Monoclonal mouse antibodies to  human
proliferating cell nuclear antigen, PCNA and
polyclonal rabbit antihuman CD3, both cross reactive
with respective rat antigens, and substrate, DAB
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liquid, were purchased from Dako Cytomation
(Denmark). RPMI-1640 liquid culture medium (PAA
Laboratories, Austria, EU), supplemented with 5%
(v/v) heat inactivated fetal calf serum (FCS) (PAA
Laboratories, Austria, EU) and 20 g/mL gentamycine
(complete medium) were used in cell culture
experiments.

Animals and Treatment

Male Dark Agouti (DA) rats (from Institute for
Biological Research “Sinisa Stankovic”, Belgrade,
Serbia) of 10-12 weeks old and weighing 200 g were
used. Animals’ treatment was carried out in
adherence to the guidelines of the Ethical
Committee of the Institute. They were maintained at
12 h photoperiod, under 21-24 °C temperature
control, and water and food were available ad
libitum. Four to six animals were randomly assigned
to each treatment group. The backs of the animals
were closely clipped of fur with electric animal
clipper, and care was taken not to damage the skin.
Warfarin was dissolved in endotoxin free saline at
100 pg/mL and applied to the skin (approximately
10-12 sz) in a volume of 100 uL once a day, for
three consecutive days. In this way, rats received
0.8-1 ug of warfarin per cm” daily. Rats in the control
group were treated with saline only. Oral ingestion
was avoided by the application of warfarin to the
upper portion of the animal’s back, close to the neck,
inaccessible to licking. After treatment, animals were
caged individually. Skin samples were taken 24 h and
72 h after the last warfarin or saline application and
processed for functional and histological studies.

Lipid Peroxidation

Warfarin-treated skin was taken 24 h and 72 h
following the last application, trimmed free of
subcutaneous tissue and cut to 1 cm’ pieces, which
were finely minced with scissors and homogenized in
0.25 mol/L saccharose-phosphate buffer (pH 7.2) by
IKA T18 Basic Homogenizer (IKA Works Inc,
Wilmington NC, USA). Skin homogenates were
sonicated (3x15 seconds) on ice at 30% of maximum
intensity amplitude by Bandelin Electronic UW 2070
sonicator (Bandelin Electronic, Berlin, Germany, EU).
Lipid peroxidation was evaluated by the
thiobarbituric acid reaction as described”.. In brief,
tissue homogenates were mixed with thiobarbituric
acid-trichloroacetic acid (TCA) reagent and Tris-Cl
(pH 7.4) and heated for 60 min at 100 °C. The
absorbance of the supernatant obtained by
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centrifugation was measured at 535 nm by using a
spectrophotometer (Shimadtzu Corporation,
Lakewood, USA). MDA content in skin homogenates
was calculated by the reference to a standard curve
constructed by known amounts of MDA. Data were
expressed as nanomols of MDA/g of freshly
explanted skin tissue and nanomols of MDA/g of
protein.

Protein Assay

Bradford assay[zsl was

determination of protein
homogenates.

employed for the
content in  skin

Histology

Skin samples were taken 24 h and 72 h following
the last warfarin application, fixed in 4% buffered
formaldehyde (pH 6.9) and embedded in paraffin
wax for sectioning at 5 um. Masson
trichrome-stained or Giemsa-stained histology slides
were analyzed for changes in the epidermal cell layer
or fibroblasts, respectively.

Immunohistochemistry

The presence of PCNA" and CD3" cells in skin
was evaluated by immunohistochemical staining
with antibodies to respective antigens on paraffin
sections. An antigen retrieval procedure was
undertaken by heating paraffin sections in
microwave oven in 0.5 mol/L citrate buffer, pH 6.0.
The anti-PCNA and anti-CD3 were used as primary
antibodies at 1/100 dilution. Mouse IgG2a (Dako
Cytomation) and rabbit immunoglobulin fraction
(Dako Cytomation) were used as negative controls,
as recommended by the manufacturer. The sections
with specific antibodies and with irrelevant
antibodies were visualized by EnVision'™ kit
(DakoCytomation, Denmark) with DAB as chromogen.
To determine the number of CD3" cells, at least
thirty  high-power (x40) fields of digital
photomicrographs of skin samples were examined in
a blinded fashion to make the objective quantitative
analysis possible.

Determination of Skin Viability

A colorimetric /n vitro assay described by Klein
et al.” in which MTT is metabolically reduced by
tissue cell oxidoreductases to formazan end-product,
was employed to estimate the viability of
warfarin-treated skin. Warfarin-exposed or control
dorsal skin was excised 24 h or 72 h following the
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last application. Skin was cleared from subcutaneous
tissue, cut into small pieces, around 1 mmz,and each
piece was organ cultured in 0.2 mL of culture
medium. Immediately (fresh explants, 0 hour) or
after 24 h, MTT was added (0.5 mg/ml of culture)
and skin explants were incubated for 3h at 37 °Cin a
humidified atmosphere of 5% CO,. Produced
formazan was dissolved by overnight incubation of
skin explants in 2-methoxyethanol. Extracted
chromogen was quantified at 540 nm with
spectrophotometry, with the ELISA 96-well plate
reader (Shimadzu Corporation, Lakewood, USA).
Results are expressed as absorbance (A540 nm) per
g of tissue and as an index of MTT reduction (MTT
index), i.e. the ratio of absorbance of solubilized
formazan formed by 24-hour organ-cultured and
freshly explanted skin.

Epidermal Cell Preparation and Culture

Skin was cut into small pieces and incubated in
dispase (2.5 mg/mL) at 4 °C overnight, in order to
separate epidermis from the dermis. Epidermal
sheets were then put into trypsin-glucose solution
(0.25% trypsin-0.1% glucose) for 30 min at 37°C, and
single epidermal cell suspension was prepared. For
assessment of the epidermal cell viability and
survival, MTT reduction assay for granulocytes
described by Oez et al.B? was employed. Cells were
added to wells (1x10° cells/well) with culture
medium. MTT (with the final concentration of 0.5
mg/mL) was added immediately and incubated with
cells for 3 h at 37°C in a humidified atmosphere of
5% CO,. Produced formazan was dissolved by
overnight incubation in acidified SDS (10%
SDS-0.01N HCI). Extracted chromogen was quantified
with spectrophotometry at 540 nm by using ELISA
96-well plate reader (Shimadzu Corporation,
Lakewood, USA).

Tumor Necrosis Factor-a (TNF-a) Production by
Epidermal Cells from Warfarin-treated Skin

For TNF-a production, epidermal cells were
cultured in 96-well plates with 1x10’ cells / wellin a
complete culture medium for 48 h. TNF-a content in
epidermal cell-conditioned medium was measured
by using eBioScience ELISA kit (eBioscience Inc, San
Diego, CA, USA). Assay was performed according to
the manufacturer’s instructions. TNF-a titer was
calculated by reference to a standard curve
constructed by known amounts of recombinant
TNF-a.
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Epidermal Cell Costimulatory Activity Determination

T cell activation assay which examined the
capacity of cells to additionally stimulate
(costimulate) lectin Concanavalin A (ConA)-induced T
lymphocyte activation/proliferationm] was used to
evaluate immunomodulatory function of epidermal
cells from warfarin-treated skin. Thymic T
lymphocytes depleted of endogenous accessory cells
by nylon wool column separation (non-adherent T
lymphocytes), proliferated weakly in response to
ConA stimulation, and addition of epidermal cells as
exogenous accessory cells enhanced their
proliferationm]. Non-adherent T lymphocytes
(5x10°/well) stimulated with ConA (2.5 pg/mL) were
cultured with epidermal cells (1x10°/well) for 3 days
at 37 °C in a humidified atmosphere with 5% CO,.
During the last 8 hours of a 72-hour culture period,
cultures were incubated with radioactively labeled
thymidine (*H-TdR, Amersham, UK) (1 uCi/well) to
evaluate T cell proliferation. Activation/pr
oliferation is expressed as counts per minute

(c.p.m.).
Statistical Analysis

Results were expressed as mean values + SD for
each experimental animal group (with four to six
animals). Significance was defined by Mann-Whitney
U test, and P-values less than 0.05 were considered
significant.

RESULTS
Effects of Warfarin on Metabolic Viability of Skin

To determine whether epicutaneous application
of warfarin affects skin viability, MTT assay described
for determination of metabolic activity of skin® was
used (Figure 1). There were no significant changes in
MTT reducing capacity between saline- and
warfarin-treated fresh skin explants according to the
A540nm values measured per gram of skin. However,
when skin biopsies were organ-cultured in complete
medium for 24 h, increased MTT reducing capacity
was noted in skin tissue taken 72 h following
warfarin exposure, compared to those from control
group (Figure 1A). This resulted in increased MTT
index at that time point (Figure 1B).

Lipid Peroxidation in Warfarin-treated Skin

To examine whether epicutaneous application
of warfarin is accompanied by oxidative stress,
malondialdehyde (MDA) levels were determined in
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homogenates of warfarin-treated skin (Figure 2). As
shown in Figure 2A, a tendency (P=0.052) to an
increase in MDA skin content was noted 24 hours
following warfarin application. Standardization of
skin MDA to protein content revealed significant
increase in MDA formation in warfarin-exposed skin
at this time point (Figure 2B).

Figure 1. Metabolic viability of explants from
control (-) and warfarin (+) exposed skin. (A)
MTT reduction by freshly explanted skin
(fresh explant) and following 24 h in culture
(organ-cultured). (B) Index of MTT reduction.
MTT reduction is expressed as absorbance at
540 nm per g of skin + SD. MTT index was
calculated as the ratio of absorbance of
solubilized formazan formed by
organ-cultured and freshly explanted skin *
SD. *denotes P<0.01 between
warfarin-exposed and control skin.

Histology of Skin after Warfarin Application

The histological analysis of skin 24 h after
warfarin application revealed morphological changes
in epidermis, including compact layer fissuring,
compared to basket wavy appearance of control
epidermis (Figure 3A). On day three, large
keratohyaline granules in the granular layer with
cytoplasm vacuolization (intracellular edema),
separation of the corneal layer from superficial
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keratinocytes and supragranular exudation were
noted (Figure 3A). Pronounced cellularity of dermis
was evident mainly owing to hypertrophic fibroblasts
and their dark nuclei and cytoplasm, with irregular
cell borders (Figure 3B). Capillary congestion with
capillary wall edema were noted as early as 24 h
following warfarin application, but were most
pronounced at later time points (Figure 3B).

Figure 2. Malondialdehyde content in skin 24
h and 72 h after warfarin administration. (A)
Skin MDA content per gram of skin. (B) Skin
MDA to skin protein content. Results are
expressed as the xz*s of four to six
animals per group. *denotes £<0.05 between
warfarin-exposed and control skin.

Presence of PCNA™ Cells in Warfarin-treated Skin

The immunohistochemical analysis revealed
increased attendance of PCNA® cells in epidermis
and hair follicles of warfarin-exposed skin (Figure 4).
Increased numbers of PCNA" cells in the basal layer
of epidermis and in upper epidermal layers, were
noted 24 h following warfarin application. Presence
of hypertrophic nuclei with a tendency to be unequal
was noted at this time point. Individual basal
keratinocytes with condensed, dark nucleus,
resembling karyopicnosis, were occasionally noted
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as well. More pronounced presence of PCNA" cells
was noted 72 h following warfarin application, which
was in a stratified position. No karyopicnosis in
epidermal cells was found. Rare PCNA" cells were
observed in the basal layer of epidermis of control
skin. No PCNA" cells were found in dermis.

Presence of CD3’ Cells in Warfarin-treated Skin

Increase in numbers of CD3" cells was detected
immunohistochemically in warfarin-treated skin, but
was statistically significant only 24 h following the
last warfarin application (Figure 5). T cell tropism for
epidermis and hair follicular epithelium was noted.

Figure 3. Histology of warfarin- exposed skin. (A)
Changes in epidermis. Basket wavy appearance of
keratin layer of control skin (up left). Absence of
upper parts of keratin layer and compact layer
fissuring (arrows, up right). Vacuolized cells with
keratohyaline granules (arrows, down left).
Supragranular exudation (arrows, down right). (B)
Changes in fibroblast and capillary appearance.
Control skin (up left). Hypertrophic fibroblasts (up
right). Dark cells with irregular cell border (down
left). Capillary congestion with capillary wall edema
(down right).
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Figure 4. PCNA+ cells in warfarin- exposed skin.

Increased numbers of PCNA" cells in basal
layer of epidermis 24 h after warf arin
application (arrows, up). Basal kerati nocyte
with condensed, dark nucleus (arrow head,
up). PCNA" cells in stratified position 72 h
following warfarin application (dow n left).
Rare PCNA" cells in basal layer of epid ermis
of control skin (arrows, down right).

Figure 5. Infiltration of CD3" cells in warfar
in-exposed skin. (A) CD3" cells in epidermis
(upper insert) and in folicular epithelium
(lower insert). (B) Numbers of CD3" cells.
Results expressed as average numbers of
positive cells counted at more than 30 high
power fields +SD. “denotes /<0.05 between
warfarin-exposed and control skin.
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Immune/Inflammatory Activity of Epidermal Cells
from Warfarin-treated Skin

As the epidermis is the primary target of
epicutaneous warfarin, some aspects of epidermal
cell activity were determined. Warfarin did not affect
epidermal cell viability in view of unchanged MTT
reducing capacity of epidermal cells from warfarin-
treated cells, compared to that in control cells (not
shown). Epidermal cells isolated from skin three days
following the last warfarin application produced
more TNF-a, compared to the cells from control skin
(Figure 6A). When costimulatory activity of
epidermal cells from skin exposed to warfarin was
tested in T cell activation/proliferation assay (Figure
6B), increased capacity of costimulation was noted in
cocultures with epidermal cells from warfar in-expo
sed skin compared to cells from control skin.

Figure 6. Immune/inflammatory activity of
epidermal cells from warfarin-exposed skin. (A)
Epidermal cells production of TNF-a. (B)
Costimulatory activity of epidermal cells.
Results are expressed as the x £s of four
rats per group. "denotes /A0.05 and ~ /0.01
bet ween warfarin-exposed and control skin.
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DISCUSSION

In this work, local effects of repeated
epicutaneous application of anticoagulant
rodenticide warfarin were examined with the aim to
assess whether warfarin application was associated
with tissue injury and inflammation.

Biochemical, histomorphological and
immunohistochemical analyses of warfarin-treated
skin revealed changes indicative of or related to
tissue injury. Although MTT assay showed
unchanged capacity of freshly explanted
warfarin-treated skin to reduce metabolically this
tetrazolium salt, warfarin cytotoxicity could be
masked by inflammatory/immune activity noted in
exposed skin. MTT assay is based on the activity of
cellular oxidoreductases and thus prone to
modulation by factors that affect their abundance
and/or activity. In this sense, cytokine-mediated
increase in MTT reduction was reported in some
cells®*¥ as well as in explants of inflamed skin®®".
Increased MTT reducing capacity of skin explants
from warfarin-exposed skin taken 72 h following
warfarin application supports such assumptions.

An increased level of malondialdehyde,
end-product of lipid peroxidation, indicates reactive
oxygen species production, suggesting direct
dermatotoxicity of epicutaneous warfarin. Presence
of MDA in warfarin-treated skin reflects prooxidant
activity of warfarin as suggested by our previous
study of a single exposure of skin to this agentm].
Morphohistological changes in warfarin-exposed skin
depicted direct dermatotoxicity of warfarin.
Increased exudation observed between keratin
layers is most likely an indication of superficial
keratinocyte damage that accumulates extra
cytoplasmic liquid. Rough keratohyaline granules
depict barrier reparative processes in exposed
epidermis. Dark nuclei and cytoplasm with irregular
cell border noted in dermal fibroblasts, suggest
degenerative changes associated with necrosis.
Absence of PCNA" cells in dermis implies the lack of
reparative processes in these cells. Changes in
fibroblasts are most likely due to a direct warfarin
action, as percutaneous absorption of epicutaneous
warfarin was noted in rats®. Vascular (capillary)
changes noted in dermis of skin exposed to warfarin
reflect reaction to connective/vascular tissue injury.

Increased attendance of PCNA" cells in
warfarin-exposed skin suggests tissue-damaging
properties of warfarin, as PCNA protein is a
component of cell replication and repair
machineryBG] and might be considered as an
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indication of proliferative and reparative processes.
Increased numbers of PCNA cells probably reflect
reparative processes secondary to skin damage
induced by warfarin application, as shown for
UV-irradiated human skin[37], where induction of
PCNA protein is regarded as a part of skin DNA
response to UV exposure[38].

Accumulation of CD3" cells (T lymphocytes) in
warfarin-treated skin as well as
immune/inflammatory activity of cells isolated from
the epidermis of exposed skin demonstrated
proinflammatory effects of epicutaneosly applied
warfarin.

Increased production of TNF-a, cytokine known
to influence various aspects of skin cell biology and
activity[39], might account for, at least partly,
presence of CD3" cells in warfarin-treated skin as
shown in healthy or diseased skin®**? presence of
CD3" cells in epithelium of hair follicle and epidermis
of warfarin-exposed skin demonstrated tropism of T
lymphocytes for these locations. Warfarin
penetration to hair follicles might account for
follicular T cell infiltration, while migration of CD3"
cells to epidermis possibly relies on the
warfarin-induced activity of epidermal cells from
exposed skin.

Increased production of TNF-a by epidermal
cells isolated from warfarin-exposed skin is in line
with the data which demonstrated TNF-inducing
activity of one of the coumarin derivatives, aurapten,
by phagocyte cells®. In a broader sense,
warfarin-induced epidermal cell production of TNF-a
is in line with the data which showed that
proinflammatory cytokines, such as TNF-a, are
biological markers of keratinocyte response to
chemicals™™. Increased costimulatory activity of
epidermal cells in ConA-stimulated T cell
activation/proliferation assay demonstrated greater
capacity of epidermal cells to function as accessory
cells in T cell activation. Increased capacity of
epidermal cells from warfarin-treated skin to
stimulate T-cell activation and proliferation might be
of relevance for skin infiltrating T cell activity and
vice versa.

Observed immune/inflamatory activity in
warfarin-treated skin might possibly represent an
inflammation-based reparatory program triggered in
skin by warfarin-induced tissue injury. Changes
observed might have resulted from warfarin-induced
skin inflammation, as some of inflammatory
mediators have tissue damaging properties and
might be introductory to inflammation-related
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pathological circuits in exposed skin.

Data presented in this study, are in line with the
World Health Organization classification of warfarin
and related hydroxycoumarins (coumachlor and
coumatetralyl) as highly dangerous environmental
agentsm], and thus of relevance for further
information concerning toxicity of anticoagulant
rodenticides. Rare studies in humans showed slight
skin irritation in  persons handling some
coumarin-based rodenticides™”. Some data showed
that even after application of coumarin in ethanol or
oil-in-water emulsion  (that enhances skin
penetration) on split-thickness human skin explants,
5% of applied coumarin remained in skin and was
metabolically unchanged[44]. Such data pointed out
the significance of cutaneous route of exposure.
According to reports in which adverse effects of
percutaneous warfarin exposure were
described[13’15’45], the levels of skin exposure to
warfarin varied with the content of warfarin in
preparations as well as with frequency and duration
of exposure. In one study, 30-minute exposure to
0.5% warfarin solution (every day for two weeks)
during preparation of rat baites was described™. In
another study, exposure to 0.025% warfarin once a
week for several weeks (nonprofessional application
of commercially available rodenticide preparation)
was reported[13]. There was also a report on
high-dose exposure (1.7% and 6.5% warfarin) in
talcum powder[lsl.

Morphohistological and functional changes
noted in skin following acute exposure to warfarin
might be relevant to long-term warfarin exposure,
rather than to short-term exposure. Although not
directly comparable, data from clinical studies which
showed cutaneous side effects of warfarin therapy
including pruritic erythematous maculopapular

eruptions[46'48], hemorrhagic necrosis of the skin[49'5”,

calcific panniculitis and small vessel calcification[szl,
livedo reticularislssl, and purple toes
syndrome[50'54'55], proved skin to be a target tissue
for warfarin. Given the range of warfarin effects on
cell activity, either acute or chronic exposure, might
prepare skin tissue for an intenser or suppressed
response to subsequent physiological or pathological
stimuli.

In conclusion, data presented in this study
demonstrate that epicutaneous warfarin application
results in tissue injury and that this is associated with
immune/inflammatory activity in treated skin. These
findings are conducive to recognition of skin as a
target for toxic effects of this agent and contribute
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to a better understanding of toxicity of this
anticoagulant rodenticide.
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