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Abstract

Amphibian skin secretions contain several bioactive compounds such as biogenic amines, alkaloids, steroids, proteins
and peptides; being peptides a continuously growing field of interest. This work aims to describe the main
physiopathological properties of the tree frog Phyllomedusa hypochondrialis skin secretion, obtained by manual
stimulation of the dorsal skin surface. Intravenous skin secretion administration provoked lethal effect in mice
after Smin. Low doses induced significant systemic and local effects like edema and nociception in mice and topic
administration induced myonecrosis in the endothelium of cremaster mice. The presence of phospholipase A,
activity, proteolytic activity and creatine kinase activity (in the plasma of treated mice) are reported and are very
likely to be related to the physiopathological (edematic and myotoxic) activities observed. These data provide in vivo
evidence of the complex toxic effects of the P. hypochondrialis skin secretion as well as possible mechanisms of action for
these effects.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Amphibian skin secretions are one of the richest
sources of natural compounds and bioactive
molecules in the animal kingdom, in part because
of some histological and physiological character-
istics of this tissue. The amphibian skin contains
two kinds of glands: (i) mucous glands, usually
associated with breathing, reproduction and water
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balance, and (ii) granular glands, responsible for the
secretion of toxins, generally related to the defense
against microorganisms and predators (Stebbins
and Cohen, 1995; Toledo and Jared, 1993).

So far, several molecules have been isolated from
the anuran skin, and this number is still growing.
Among them, there are biogenic amines, alkaloids,
steroids and peptides with a plethora of biological
effects (cytotoxic, bactericidal, fungicidal, lytic,
neuromimetic, anesthetic and pheromonal) (Flier
et al., 1980; Roseghini et al., 1989; Bevins and
Zasloff, 1990; Barra and Simmaco, 1995; Daly,
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1995; Clarke, 1997; Wegener et al., 2001; Kikuyama
et al., 2002).

Amphibians possess specialized glands that
take part into their defense systems, and also assist
with the regulation of dermal physiological action.
These glands are able to respond to a variety of
stimuli by secreting several compounds onto the
dorsal surface and even into the gut of the
amphibian, acting, for instance, as antimicrobials
and regulators of the number of nematodes in the
gut, respectively (Apponyi et al, 2004). The
granular glands are responsible for the produc-
tion of noxious or toxic substances presenting
several biological and pharmacological effects.
Nevertheless, few studies on the toxicity of the
skin secretions of frogs and toads glands are
reported, and fairly recognized. Peptide isolation
and characterization seems to be the preferred
approach to studying these secretions, rather than
crude skin toxicicity assessment.

Among the tree frogs, the Phyllomedusinae
comprises six genera, namely Phyllomedusa
(being the genus having the majority of the known
species), Agalychnis, Pachymedusa, Phrynomedusa,
Phasmahyla and Hylomantis (Walls, 1996). The
hylid genus Phyllomedusa contains 32 species
distributed throughout southern Central America
and much of South America (da Cruz, 1990;
Frost, 2004). Phyllomedusa hypochondrialis (Dau-
din, 1802) is a typical South American genus,
inhabiting from the east of the Andes from
Colombia and the Guianas southward to Argentina,
Paraguay, northeastern and southeastern Brazil
(Frost, 2004).

The study and biochemical analysis of the skin
secretions and/or skin extracts from different
Phyllomedusa species have led to the identifi-
cation and characterization of a large number
of bioactive peptides (Erspamer et al., 1986;
Simmaco et al., 1998; Leite et al., 2005; Chen
et al., 2005, 2006; Brand et al., 2006). However,
few studies have been conducted in attempt
to demonstrate the toxic activities induced by
skin secretions of Phyllomedusa in murine
models. In view of these facts, the aim of the
present study was the analysis of biological acti-
vities induced by the crude skin secretion of the
northeastern Brazilian P. hypochondrialis. Our
results will make possible a better understand-
ing of the role of the proteic and enzymatic
components present in the epidermal secretion of
this Brazilian frog.

2. Materials and methods
2.1. Animals

Groups of six Swiss mice weighing 18-22 g were
used throughout. The animals provided by Instituto
Butantan animal house were kept in temperature
and humidity-controlled rooms, and received food
and water ad libitum. All the procedures involving
mice were in accordance with the guidelines
provided by the Brazilian College of Animal
Experimentation.

2.2. Collection of skin secretion

Specimens (n = 12) of P. hypochondrialis were
collected by Angicos in the state of Rio Grande do
Norte, Brazil. The tree frogs were kept alive in the
biotherium of the Department of Cellular Biology
of Butantan Institute, Sdo Paulo, Brazil. Glandular
secretion of the frogs was obtained from adult
specimens, which were submerged in a beaker
containing deionized water and manually and gently
compressed. These solutions were frozen and
lyophilized prior to analysis, stored at —20°C.
Protein content was determined by the method of
Bradford (1976) using bovine serum albumin
(Sigma Chemical Co., St Louis, MO) as standard
protein.

2.3. Nociceptive activity

Nociceptive activity of the skin secretion was
assayed according to Hunskaar et al. (1985). Thirty-
microliter aliquots of skin secretion (0.15, 0.30 and
0.60 pg of protein) were injected (i.pl.) in the right
footpad of mice. Then, each mouse was kept in an
adapted chamber mounted on a mirror for 10 min.
The control-group was injected only with PBS. Each
animal was then returned to the observation
chamber and the amount of time spent licking or
biting each hind paw was recorded. Each point
represents mean + SEM.

2.4. Vascular permeability

Evans Blue dye, 20mg/kg in 200ul of PBS
was i.v. administered 20min before the skin
secretion (0.15, 0.30 and 0.60pg of protein) or
PBS i.p. After 2h, mice were sacrificed, and their
peritoneal cavity was washed with 2ml of ice-cold
PBS and 0.1% BSA. The cells were spun down



1056 K. Conceigdo et al. | Toxicon 49 (2007) 1054-1062

and the OD of the supernatant at 620nm
was measured as an indicator of Evans Blue
leakage into the peritoneal cavity (Sirois et al.,
1988). Five mice were used for each group per
experiment, and the experiments were conducted
three times. The results were expressed in pg of
Evans Blue/ml and the concentration of Evans Blue
was calculated from a standard curve of a known
concentration.

2.5. Edema

Edematogenic activity of the skin secretion was
assayed according to Lima et al. (2003). Thirty-
microliter aliquots of skin secretion (0.15, 0.30 and
0.60 pg of protein) were injected (i.pl.) in the right
footpad of mice. Local edema was quantified by
measuring the thickness of the treated paws with a
paquimeter (Mytutoyo Sul Americana, SP, Brazil) %,
1, 2, 4, 24 and 48h after injection. PBS-treated
mice were used as controls. The results are
expressed by the difference between experimental
and control footpad thickness. Each point repre-
sents mean 4 SEM.

2.6. Intravital microscopy

Dynamics of the alterations in the micro-
circulation and muscle fibers can be evaluated by
using transillumination intravital microscopy of
mice cremaster muscle after topical application
of skin secretions (0.6 ug of protein dissolved in
20 ul of sterile saline versus sterile saline as control).
In two independent experiments (n =4), mice
were anesthetized with pentobarbital sodium
(Hypnol®™  Cristalia; 50mg/kg, intraperitoneal
route) and the cremaster muscle was exposed for
microscopic examination in situ as described by
Lomonte et al. (1994). The animals were maintained
on a special board thermostatically controlled at
37°C, which included a transparent platform on
which the tissue to be transilluminated was
placed. After stabilization of the microcirculatory
network, alterations in muscle fibers for 30 min after
topical application of skin secretion could be
observed. The study of the microvascular system
of the tissue transilluminated was accomplished
with an optical microscope (Axiolab, Carl-Zeiss,
Oberkochen, DE) coupled to a photographic
camera (Coolpix 990-Nikon) using a x 10/025
longitudinal distance objective/numeric aperture
and 1.6 optovar.

2.7. Proteolytic activity

N,N-dimethylated casein (Sigma) can be used as
an unspecific proteic substrate for the assessment of
global proteolytic activity of a complex mixture, as
described by Menezes et al. (2006). 0.15, 0.30 and
0.60 ug skin secretion were incubated with 2%
casein in 0.4ml 0.1 M Tris—HCI, pH 8.8, containing
0.01 M CaCl, for 30 min, at 37 °C. The reaction was
stopped by adding 1ml 5% trichloroacetic acid.
Then, the mixture was centrifuged at 14,000 rpm for
15min and the absorbance at 280 nm was measured.
One unit of activity was defined as the amount of
skin secretion yielding an increase in OD of 1.0 per
min at 280 nm. Specific activity was expressed as
units/mg protein.

2.8. Phospholipase A, activity

Phospholipase A, activity was carried out accord-
ing to the method of Holzer and Mackessy (1996).
The protein of skin secretion was assayed using
4-nitro-3-(octanoyloxy) benzoic acid as substrate
(Sigma Chemical Company). Crotalus durissus
terrificus venom was used as control-group. Activity
was expressed as nmol chromophore released/min/
mg protein.

2.9. Mpyotoxic activity

Myotoxic activity was assessed by means of
evaluating creatine kinase (CK) activity as a
revealer of myonecrosis. Groups of four mice were
injected intramuscularly in the right gastrocnemius
muscle with 0.6 ug P. hypochondrialis (dissolved in
100 ul PBS, pH 7.2). Control mice received 100 pl
PBS. At two time intervals (3 and 24h) a blood
sample was collected by retroorbital bleeding into
heparinized capillary tubes. The CK activity in
serum was determined using the kit CK-NAC
(Bioliquid Laborclin Ltda, Brazil). One unit corre-
sponds to the amount of enzyme that hydrolyzes
I pmol of creatine per min. Myotoxic activity was
expressed as U/mg of skin secretion.

2.10. Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE)

SDS-PAGE was carried out according to the
method of Laemmli (1970). Twenty-microgram
skin secretions were analyzed by 12% SDS-PAGE
gels. Prior to electrophoresis, the samples were
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mixed 1:1 (v/v) with sample buffer. The gel was
stained with the Silver method.

2.11. Statistical analysis

All results were presented as means +SEM of at
least four animals in each group. Differences among
data were determined by one-way analysis of
variance (ANOVA) followed by Dunnett’s test.
Differences between two means were determined
using unpaired Student’s #-test. Data were consid-
ered different at p< 0.05.

3. Results and discussion

Bioactive peptides, mainly cytotoxic, bactericidal,
fungicidal, lytic, neuromimetic, anesthetic or pher-
omonal, have been the goal of the majority of the
reports on the skin secretions of Phyllomedusinae
(Lazarus et al., 1999; Basir et al., 2000; Séon et al.,
2000; Salmon et al., 2001; Chen et al., 2002; Doyle
et al., 2002; Severini et al., 2002). These peptides
defend the naked frog skin from noxious micro-
organisms and assist during wound repair (Zasloff,
1987; Nicolas and Mor, 1995; Simmaco et al., 1998;
Zasloff, 2002). However, in the present study, we
describe for the first time that the crude skin
secretion of the P. hypochondrialis contains bioac-
tive proteins (and not only peptides) capable
of inducing local or systemic physiopathological
alterations in mice.

Once the protein content of the crude skin
secretion from P. hypochondrialis tree frog was
calculated (2.3mg/ml), some biological activities
were assessed using the crude skin secretions of P.
hypochondrialis. This contrasts to the current pep-
tide-driven approach, often performed with Phyllo-
medusinae specimens (Erspamer et al., 1986;
Simmaco et al., 1998; Chen et al., 2005).

Intravenous skin secretion administration (0.6 ug
protein) provoked lethal effect in Swiss mice after
Smin. Necropsy revealed hyperemia of the lungs
(data not shown), while the remaining organs
remained unaltered; this effect together with the
observed convulsion in the mice probably are the
death cause. Intradermic administration of this
same dose in the footpad of the animals led to a
motor compromising of their right hind leg within
the first 2min and also evident paw swelling. After
15 min systemic effects were observed as erection of
the hair, tachycardia and slavering activity.
In addition, it was observed a reduction in

spontaneous locomotor activity, and this prostrated
state persisted for 30 min. Forty-eight hours after
skin secretion administration, necrosis could be
observed in the footpad of these mice, while PBS-
control mice did not present any variation at all.

Skin secretions from other amphibians have
already been described as cardiotoxic and hemolytic
(Schwartz et al., 1998, 1999), effects that could be
related to the lethality of some of these secretions.
The observed reduction in the spontanecous loco-
motor activity elicited by the skin secretion admin-
istration may be caused by peptides interacting with
adenosine receptors (Daly et al., 1992). Erspamer et
al. (1993) have described some effects with dried
secretions from Phyllomedusa bicolor that contains
large amounts of toxins (i.e. peptides) potently
affecting the cardiovascular system and visceral
functions.

Subsequently, we investigated the role of the skin
secretion in nociception, edema and vascular perme-
ability. Mice were injected with P. hypochondrialis
skin secretion at different doses (0.15, 0.30 and
0.60 png) into the mouse hind paw for nociception
and edema and intraperitonealy for permeability.

Fig. 1 shows that both 0.30 and 0.60 ug skin
secretion doses caused similar increase on the paw
licking duration for 30min (40.4+7.7 for dose
0.30 png, 46.6 +8.4 for dose 0.60 ug and 1.2+0.1 for
PBS). The dose of 0.15ug did not induce nocicep-
tion activity in mice. Immediate and transient
nociceptive response (characterized by licking,

60
50
40 A

30 4

Nociception (s)

20 A

10 4

Control 0.15 0.3 0.6

Skin secretion (ug of protein /paw)

Fig. 1. Estimation of nociception-inducing activity. P.hypochon-
drialis skin secretion (0.15, 0.30 and 0.60 ug of protein) was
injected (i.pl.) in the right footpad of mice. Amount of time spent
licking or biting each hind paw was recorded for 30 min (A) or
0-5 and 15-40min (B) and taken as the index of nociception.
Each point represents mean+SEM. *p< 0.05 compared with
control-group.
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biting and flinching of the injected paw) is a
consequence of inflammatory mediators releasing.
So, changes rapid occurring in primary afferent
nociceptive fibers are likely to be the cause of the
immediate nociceptive response induced by the
secretion.

Fig. 2 shows that the peak of protein extravasa-
tion into peritoneal cavity is observed after 0.15 pg
of protein injection (44.74+12 vs. 4.74+0.9). More-
over, larger doses (0.30 and 0.60ug) induced a
significant edematogenic activity when compared to
the 0.15pg dose and the control-group (Fig. 3).
These higher doses maintained the edematogenic
response up to 24 h, and only the dose of 0.6 ug of
skin secretions induced a sustained edematogenic
response until 48 h after injection when compared
with the control-group (73.0+8.7 and 5.0+1.0,
respectively). Edema formation is a common feature
of the cutancous inflammatory processes and is
dependent on a synergism between mediators that
increase vascular permeability and those that
increase blood flow (Brain and Williams, 1985).
The local edema induced by skin secretion of
P. hypochondrialis was characterized by rapid onset,
reaching a plateau at 30 min. After this early peak,
the persistence of edema was related to higher doses.
The rapid onset of the edematogenic response may
also suggest a neurogenic driven response, i.e. an
edema mainly produced by the vasodilator peptides
released from nociceptors acutely activated by the
noxious stimuli.

In order to assess the effects of the secretion
in muscular fibers, intravital microscopy was

60 -
50 ~
40
30 4

20 4

Evans Blue (ug/ml)

10

Control 0.15 0.3 0.6

Skin secretion (ug of protein)

Fig. 2. Evaluation of the vascular permeability. 20 mg/kg Evans
Blue dye was i.v. administered 20 min before the skin secretion
(0.15, 0.30 and 0.60 pg of protein) and quantified in the peritoneal
cavity wash. Results were expressed in pg of Evans Blue/ml.

—o—0.15ug —=—0.30 ug---a-- 0.60 ug ---x--- Control

100 +

80 1

60 -

40 1

(%) Edema

20 +

Time after injection (h)

Fig. 3. Estimation of edema-inducing activity. P.hypochondrialis
skin secretion (0.15, 0.30 and 0.60 ug of protein) was injected
(i.pl.) in the right footpad of mice. Results were expressed as the
difference between experimental and control footpad thickness.
Data represent mean+SEM. *p<0.05 compared with control-

group.

employed. This methodology allows the direct
observation of changes in the muscular fibers, and
is a plain and noninvasive approach to the pursue of
biological effects (Lubbers, 1995). Topical applica-
tion of 0.6 g skin secretion induced myofibrilar
hypercontraction of the muscle cells and leukocytes
rolling 10min after administration, being these
effects more evident after 30 min (Fig. 4).

Also noteworthy is the detection of phospholi-
pase A, activity in this secretion at 0.6 pug of protein
(Table 1). The relative PLA; activity was considered
relevant when compared to the well-known venom
of C. d terrificus (4.78+0.21 vs. 24.94+2.96 nmol
chromophore released/min/mg venom). PLA»s are
frequent components found in many types of venom
of vertebrates and invertebrates. On the other hand,
mammalian-secreted PLA,s are involved in inflam-
mation, host defense and several inflammatory
diseases, and are specifically distributed in several
tissues, suggesting that they may play a role in a
number of fundamental physiological processes
(Valentin et al., 2000).

We also determined the proteolytic activity of P.
hypochondrialis skin secretion on casein, a broadly
used unspecific substrate that can be degraded by
both serine proteinases and metalloproteinases. Our
data show that the dose of 0.6 pug protein contains a
significant caseinolytic activity (Table 1).

Plasmatic CK activity 2 and 24 h after injection of
the skin secretion (0.60pg) in the gastrocnemius
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Fig. 4. Intravital micrograph of cremaster muscle after topical application of 0.6 pug of skin secretion of P. hypochondrialis. (A) Cremaster
muscle examined before topical application of P. hypochondrialis skin secretion—Control. (B) Presence of myofibrillar hypercontraction in
a affected muscle cell (circle) 10 min after skin secretion administration and (C) intense hypercontraction after 20 min and (D) 30 min
(circle). The arrows indicate the rolling of leukocytes. Results were obtained in recorded images on optical microscope (Axiolab, Carl-
Zeiss) coupled to a photographic camera (Coolpix 990-Nikon) using an x 10/025 longitudinal distance objective/numeric aperture and 1.6
optovar. Photographs were obtained from digitized images on the computer monitor. This data representative of observations in four
mice, analyzed on different days.
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muscle was assessed. No significant differences
could be observed after 2 h, but increased plasmatic
CK activity could be detected after 24 h (Table 1).

The electrophoretic profile of the skin secretion
was also evaluated. A 12% SDS-PAGE was
performed with 10 ng of protein/well and was able
to reveal that P. hypochondrialis skin secretions
present seven major bands, revealed after silver
staining distributed as follows: above 68kDa,
around 25kDa and below 14kDa (Fig. 5).

Protein evaluation (chemically and/or kinetically)
on the skin secretion of anurans is, in general, not
very common, being peptide research the more

Table 1
Toxic activities induced by P. hypochondrialis skin secretion

Biological activityActivity®

Proteolysis 1.64+0.03 (U/mg)®
Phospholipase 4.78 +£0.21(nmol chromophore released/min/mg)
Myotoxicity 184.3460.2 (U/ml)°

“Normalized data per 0.6 pg skin secretion of protein.
®Units are defined in Section 2.7.
“Units are defined in Section 2.9.

e —

Fig. 5. Phyllomedusa hypochondrialis skin secretions (S Ph) SDS-
PAGE using polyacrylamide gel 12%. And silver stained. Right
lane, M, markers and respective molecular weights.

usual form of describing biological effects. The
‘toxins’ clearly present in the P. hypochondrialis skin
secretion are very likely to be bioactive, either
participating in the skin homeostasis or acting like
defense molecules as reported through the char-
acterization of three enzymatic activities described
in this report.

Further studies are necessary to clarify their
biochemical role; but, some of the findings reported
here are strictly related to enzymatic (therefore,
proteic) functions, namely proteolytic activity and
phospholipase activity. These enzymatic activities
may be as important as the classically described
peptidic activities, such as antimicrobial and/or
kinin-related. Moreover, some enzymatic activities,
such as proteolytic, may be responsible for the
generation of the ‘famous’ bioactive peptides, and
PLA, activity may be as important as the peptidic
activities for the physiological antimicrobial effect,
at the level of the amphibian skin.

Here, we propose that the biochemical and
pharmacological events observed in mice caused
by P. hypochondrialis crude skin secretion adminis-
tration, even leading to the establishment of
irreversible lesions, are due to the action of various
proteic toxins (and, very likely, peptidic toxins as
well). Our data present the first depiction of the
biological activities induced by the Brazilian frog’s
skin secretion of the P. hypochondrialis in experi-
mental animals. The isolation and characterization
of the skin secretion proteins responsible for these
effects is a relevant task and is currently ongoing in
our laboratory.
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