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Abstract

Background: Literature data indicate that terrestrial life stages of amphibians may be more sensitive to xenobiotics
than birds or mammals. It is hypothesized that dermal exposure could potentially be a significant route of exposure

for amphibians, as there is evidence that their skin is more permeable than the skin of other vertebrate species. Thus,
higher amounts of xenobiotics might enter systemic circulation by dermal uptake resulting in adverse effects. Here-

tofore, no guidelines exist to investigate dermal toxicity of chemicals to amphibians. In order to minimize vertebrate

testing, this work was targeted to develop an in vitro test system as a possible model to assess the dermal uptake of
chemicals across amphibian skin.

Results: The dermal absorption in vitro method (OECD guideline 428), an established toxicological (mammal) test
procedure, was adapted to amphibian skin, in a first approach using the laboratory model organism Xenopus laevis
and reference compounds (caffeine and testosterone). Skin permeability to both reference substances was signifi-
cantly higher compared to published mammalian data. Caffeine permeated faster across the skin than testosterone,
with ventral skin tending to be more permeable than dorsal skin. As usage of frozen mammalian skin is accepted,
frozen skin of X. laevis was tested in parallel. To the freshly excised skin, however, freezing led to increased skin perme-
ability, in particular to caffeine, indicating a loss of skin integrity due to freezing (without additional preservation
measures).

Conclusions: This work has demonstrated that the chosen method can be applied successfully to amphibian skin,
providing the basis for further investigations. In future, well-established in vitro test systems and a broad dataset for
many chemicals may help assess potential amphibian risk from xenobiotics without the need for extensive vertebrate
testing.
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Background

Amphibians are the vertebrate group most threatened by
global decline. According to the IUCN Red List of threat-
ened species 41 % of amphibian species were classified
as being threatened in 2013. For birds and mammals,
these percentages were estimated at 13.25 and 25 %,
respectively [1]. Different reasons are discussed for this
phenomenon. Four main causes are named for declin-
ing amphibian populations: loss of habitat (amphibians
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rely on both aquatic and terrestrial habitats), environ-
mental pollution (including global climatic changes), dis-
eases (fungal diseases in particular), and invasive species
(predators and other pathogens) [2]. Amphibians may be
exposed to various types of environmental contaminants
such as various sources of unspecific anthropogenic pol-
lution (waste water, deposits, air pollution), industrial or
agricultural chemicals, or from traffic (directly or indi-
rectly for example from salt used for de-icing) and climate
change [3, 4]. Depending on their migration behavior
and habitat selection, some amphibian species may be
present on agricultural sites during times of fertilizer or
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pesticide applications and may thus be exposed to such
chemicals [5, 6].

The current EU regulation 1107/2009 concerning reg-
istering plant protection products (PPP) requires assess-
ing the risk to amphibians (and reptiles) from PPP. It had
been assumed that the risk to amphibians is generally
covered by studies with other vertebrate species (such
as fish and birds/mammals). In fact, several data analy-
ses show that available aquatic toxicity endpoints for fish
and other aquatic organisms cover potential toxicity to
aquatic life stages of amphibians [6, 7]. However, terres-
trial life stages are not necessarily covered by studies of
birds and mammals as indicated in recent literature find-
ings [8, 9], which have demonstrated toxicity of several
pesticides if sprayed directly on juvenile frogs. As toxic-
ity data of birds and mammals mostly result from oral
exposure scenarios, they are likely to cover the risk to
amphibians from this route of exposure, too (Weltje et al.
in review 2016). However, these data may not necessar-
ily cover the risk to amphibians from dermal exposure to
chemicals.

This work is based on the hypothesis that dermal
exposure may be a relevant route for chemical uptake
and toxicity in terrestrial life stages of amphibians, due
to the particular properties and functions of amphibian
skin. Among tetrapod vertebrates, the skin of amphib-
ians is unique. Amphibian skin represents a compromise
between maintaining a barrier to external conditions to
protect the organism from desiccation and infections,
and guaranteeing an intensive interaction with the envi-
ronment to assure sufficient uptake of water, electrolytes,
and oxygen. In contrast to the skin of terrestrial mam-
mals, amphibian skin has only 1-2 cell layers of stratum
corneum with no intercellular lipid layers [10]. The stra-
tum corneum represents the outermost, keratinized part
of the epidermis which is shown to be the main barrier
for permeation of chemicals across mammalian skin [11,
12]. In addition, amphibian skin is highly glandular con-
stituting another possible way for chemicals to penetrate
the skin. Therefore, amphibian skin is supposed to be
significantly more permeable as compared to other ver-
tebrates, which might lead to higher amounts of xenobi-
otics entering systemic circulation by dermal absorption
[4, 6, 13]. Thus, terrestrial life stages of amphibians may
be more vulnerable from this route than other vertebrate
species.

Thus far, dermal uptake of chemicals across amphibian
skin is poorly understood and only few studies address
amphibian skin permeability to xenobiotics, suggesting
that amphibian skin is rather a weak barrier to the uptake
of chemicals [14—-16]. Currently, different physico-chem-
ical properties are discussed to be possible predictors
for the dermal uptake of a substance in amphibians. So
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far, little is known about influencing factors of chemi-
cal permeation across amphibian skin. Quaranta et al.
showed frog skin permeability being linearly and posi-
tively correlated to log Pgy (logarithm of octanol-water
partition coefficient) of the applied substance, while log
MW (logarithm of the molecular weight) did not pre-
dict dermal absorption [16]. Further, there is evidence
from the literature that amphibian skin is permeable even
to large molecules (>500 Da) and to a broader range of
log Py (—4 to +6) compared to mammalian skin [17].
Besides physico-chemical properties of a penetrant, the
other important factor influencing dermal absorption is
the skin structure itself, which may differ to some extent
between species adapted to different habitats, but also
within one animal between different skin sites such as
dorsal skin, ventral skin, or the so-called pelvic patch as a
skin area specialized for fast water uptake [18, 19].

Since there are currently no guidelines on dermal test-
ing of amphibians, tests with amphibian skin may rely
on existing toxicological test procedures for mamma-
lian skin [14, 16]. Within human risk assessment, dermal
in vitro methods are already established and routinely
used to assess the dermal uptake of test compounds after
topical application. As accepted by EFSA [20], the der-
mal absorption of test compounds may be investigated
in vitro with excised mammalian—animal or human
skin—or even reconstituted human skin models for the
toxicological risk assessment of PPP in Europe. The skin
is clamped between two chambers of a diffusion cell and
the test substance is applied topically for a specific expo-
sure period. At several time points, samples are taken
out of the continuously stirred receptor medium beneath
the skin and analyzed for the amount of test substance
providing information on toxicokinetics. According to
the guidelines for mammalian skin testing [12, 20, 21],
both freshly excised skin and frozen skin are accepted
for risk assessment as there is evidence that freezing has
no significant effect on human skin permeability [22]. To
assure that skin samples were not damaged by handling
or storage, performance of an integrity test is required. In
addition to the visual check of the skin sample for macro-
scopic damages, integrity may be tested by measurement
of electrical resistance, transepidermal water loss, or the
absorption of an internal standard across the skin [21].
Specific cut-off values derived from established historical
data allow differentiation between damaged or intact skin
samples.

The basic aim of this work was the adaption of a
method to investigate the dermal uptake of chemicals in
amphibians. Instead of animal testing, in vitro methods
may contribute to reduce, refine, and replace (3 R’s) ani-
mal experiments. In order to minimize vertebrate testing,
this work was targeted to adapt the dermal absorption
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in vitro method (OECD TG 428) as an established toxi-
cological (mammal) test procedure to amphibian skin.
Therefore, the skin of Xenopus laevis (African clawed
frog) was used for these experiments. Although this is a
species from African aquatic habitats and thus might not
represent other more terrestrial amphibian species, it has
decisive advantages for a first methodological develop-
ment of the test system: X. laevis is worldwide established
as a laboratory animal, is easy to maintain [23, 24], pro-
vides large pieces of skin due to its body size, and is not
restricted to a special protection status (e.g., in Germany
according to the Species Protection Act) in contrast to
native species such as Rana temporaria or Bufo bufo [25],
for which no specific laboratory cultures are available and
which may need to be collected from the wild.

In order to compare the skin permeability of X. laevis
to mammalian skin data, caffeine and testosterone were
chosen as test compounds since they are well known as
reference substances for performance with mammalian
skin [12]. In addition, these two substances were cho-
sen for their different physico-chemical properties, with
caffeine being a model compound for a hydrophilic pen-
etrant and testosterone for a lipophilic penetrant.

Three main questions were addressed in this study:

1. Is permeability dependent on the anatomical skin
site? As mentioned above, structural properties of the
skin might influence the dermal uptake of chemicals
and skin structure may vary between different skin
sites. Therefore, both dorsal and ventral skin samples
were used to investigate potential differences.

2. Is it possible to use frozen skin as it is also validated
for experiments with mammalian skin? The possibil-
ity to store skin samples would facilitate and shorten
the complex experimental procedure. It would
allow a more efficient usage of animals which would
decrease the number of animals needed for experi-
ments. Therefore, permeability of frozen stored skin
was compared to permeability of freshly excised skin.

3. Is the impedance measurement a possible method
to assure skin integrity prior to using a skin sample
for an experiment as it is recommended by OECD
guideline 428? Impedance measurement may be
easily integrated into dermal absorption testing and
would allow comparison to published amphibian skin
impedance data. To this end, impedance data of the
skin of X. laevis were collected in parallel to dermal
absorption experiments.

Results

Dermal absorption of caffeine and testosterone

As shown by the absorption-time profiles, caffeine was
taken up readily by the skin of X. laevis (Fig. 1). Within
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the first hour post-application, the steepest slope of caf-
feine permeation across freshly excised skin was reached.
Maximum speed of caffeine absorption across frozen
skin was achieved within the first half hour, indicat-
ing an increased permeability of frozen skin to this test
compound. The mean cumulative dose absorbed by
freshly excised dorsal skin did not increase as quickly as
the other three absorption profiles by time, indicating
that dorsal skin might be a greater barrier to permea-
tion of caffeine than ventral skin. By calculation of mass
balances at the end of exposure, the percentages of the
applied dose of caffeine within the different diffusion
cell compartments are shown (Table 1). Recoveries (sum
of non-absorbed dose, skin content, and absorbed dose,
only determined for radiolabeled studies) of both caffeine
and testosterone were all within the acceptable range
100 £ 10 % [12]. Thus, data were regarded as valid and
the application, skin washing, and extraction procedures
were considered suitable to detect the chosen test com-
pounds in the sample series of each diffusion cell.

The highest percentages of caffeine were found in the
receptor fluids, averaging 70 to 90 % of the applied dose
[see (Additional file 1) for mass balances of each diffusion
cell]. Only 1.0-5.7 % on average was washed off the skin
surface at the end of exposure. Except for freshly excised
dorsal skin, mean percentages of caffeine within the skin
were rather low with 4.1-6.2 %, as well. Freshly excised
dorsal skin showed a higher skin content of caffeine with
20.6 £ 4.0 %. Accordingly, the kinetic parameters: a maxi-
mum absorption rate of 12.1 4 1.2 pg/(cm? h) and a max-
imum permeability coefficient of 3.0 + 0.3 x 10 >cm/h
for freshly excised dorsal skin, which are less than half
of the corresponding parameters for caffeine permeation
across frozen stored skin.

The slope of the testosterone absorption curve is less
steep indicating that the skin of X. laevis represents a
greater barrier to the uptake of testosterone compared
to caffeine. Nevertheless, the steepest slope was reached
within the first hour of exposure (Fig. 1). Similar to caf-
feine experiments, testosterone permeated slowest across
freshly excised dorsal skin. However, the differences
between freshly excised and frozen skin and the location
of the skin sites were not as clearly defined as for caffeine
absorption [see (Additional file 2) for detailed informa-
tion on cumulative absorbed doses for each time point].
Percentages of testosterone after 8 h found in the recep-
tor fluids were slightly less than mean percentages of caf-
feine absorbed after 4 h, ranging between 66.5 & 6.3 and
84.8 + 5.7 % (Table 1). Non-absorbed doses of testos-
terone washed off the skin surface after 8 h ranged from
9.6 £ 1.8 to 21.5 £ 4.1 %. With regard to the content of
testosterone within the skin, trends were similar to those
of caffeine: the highest percentage of testosterone was
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Fig. 1 Absorption-time profiles of caffeine and testosterone permeation across the skin of Xenopus laevis. Mean cumulative absorbed

dose =+ standard deviation, found in the receptor fluids plotted against time and differentiated by skin storage and body side; mean values are
based on 3-5 skin samples (as specified in brackets behind indication of skin storage and side in the diagram legends), stemming from one animal
[except for testosterone data of freshly excised skin due to separation of testosterone results into 4- and 8-h exposure studies; see (Additional file 2)
for 4-h testosterone data and detailed information on the individual cumulative absorbed doses]; due to incorrect sampling, testosterone data after
2 h for freshly excised skin and 3 h for frozen stored skin were excluded from this diagram

Table 1 Mass balances of applied dose and kinetic parameters of caffeine and testosterone permeation across the skin

of Xenopus laevis
Test compound Caffeine Testosterone
Exposure time 4h 8h
Skin Fresh Frozen Fresh Frozen

Dorsal (5) Ventral (4) Dorsal (5) Ventral (5) Dorsal (3) Ventral (3) Dorsal (3) Ventral (3)
Non-absorbed dose [%)] 57+18 34403 14408 1.0+09 129+53 96+18 215441 17.0+10.1
Skin content [%] 206 +4.0(2) 6.2(1) 41+£12(12) - 165+ 19 92+50 95+14 75+35
Absorbed dose [%] 714422 875+12 884 +50 903 +56 69.0+33 848+57 665+63 752 +150
Recovery [%] 958 +£2.0(2) 97.9(1) 98.1£19(2) - 983+ 36 1036 £438 975126 998+ 1.9
maxAR [ug/(cm2 x h)] 1214+£12 190+27 255472 268+ 57 53+£05 120+ 56 74+£13 114+£55
maxKp [x 1 073 cm/h] 30+03 47 £05 62415 6.7 14 13+0.1 3014 19+03 29+ 14

Mean values as percent of applied dose =+ standard deviation based on n skin samples (n = 3-5, noted in brackets behind indication of skin site), stemming from two
animals each [except for testosterone data of freshly excised skin due to separation of testosterone results into 4- and 8-h exposure studies; see (Additional file 1) for

4-h testosterone data and detailed information on the individual skin samples]

non-absorbed dose first and second skin washings and extraction of donor chamber, skin content amount recovered from the washed, digested skin, absorbed dose in
receptor medium at exposure end and extraction of receptor chamber; recovery represents the sum of non-absorbed dose, skin content, and absorbed dose, maxAR
maximum absorption rate, maxKp maximum permeability coefficient, calculated as described in “Methods” section

contained within freshly excised dorsal skin account-
ing for 16.5 £ 1.9 % of the applied dose. The maximum
absorption rates, ranging from 5.3 £ 0.5 to 12.0 & 5.6 pg/
(cm? h), and maximum permeability coefficients, ranging
from 1.3 + 0.1 to 3.0 & 1.4 x 1072 cm/h, again demon-
strated that the skin of X. laevis seemed to be a greater
barrier for testosterone than caffeine uptake.

Maximum permeability coefficients which are inde-
pendent of exposure duration were analyzed statistically
as they represent comparable kinetic parameters (Fig. 2).
The higher the permeability coefficient, the higher the

permeability of the skin to the corresponding test sub-
stance. Describing the speed of a test substance permea-
tion, certain ranges of permeability coefficients may be
classified as ‘very slow; ‘slow; ‘moderate, ‘fast, and ‘very
fast’ according to Marzulli et al. [26].

Permeability coefficients between caffeine and tes-
tosterone differed significantly (p < 0.001) when applied
in vitro to the skin of X. laevis: the hydrophilic caffeine
permeated faster across the skin than the lipophilic
testosterone. However, according to Marzulli classes
[26], both test compounds would be classified as being
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Fig. 2 Comparative overview of permeability coefficients of caffeine
and testosterone applied to the skin of Xenopus laevis. Permeability
coefficients are arranged as boxplots, separated into the different
groups fresh and frozen stored skin samples from dorsal (=d) and
ventral (=v) body sides; each boxplot is based on 4-7 skin samples
(as specified in brackets behind indication of skin side beneath the
boxplots), stemming from two animals (for testosterone frozen stored
skin samples stemmed from four frogs); dashed gray line: conferring
to Marzulli et al. [26], substances may be classified into five classes
for estimation of their permeation rates according to the obtained
permeability coefficients (<6 x 107%-,6 x 107°t0 6 x 107>, 6 x 107>
06 x 107% 6 x 1074106 x 1073,and >6 x 10~>-cm/h meaning
very slow, slow, moderate, fast, and very fast, respectively); ns not
significant; asterisks indicate level of significance and different letters
indicate significant difference calculated as described in “Methods”
section. An Additional file shows individual maximum permeability
coefficients in detail (see Additional file 1)

‘fast’ permeating substances across freshly excised skin
with a maximum permeability coefficient of less than
6 x 107 cm/h. For caffeine, significant differences
(p < 0.01) could be found between the four tested groups
(freshly excised dorsal and ventral and frozen dorsal
and ventral skin), while for the same groups exposed
to testosterone no statistically significant differences
were observed (p = 0.14). However, similar trends were
observed for testosterone: freezing tended to increase
the permeability of the skin to testosterone and ventral
skin seemed to be more permeable than dorsal skin. For
caffeine, these trends were expressed more clearly: dor-
sal skin showed less permeability than ventral skin and
frozen stored dorsal and ventral skin both showed a sig-
nificantly increased permeability to caffeine compared
to freshly excised dorsal skin (p < 0.05 and p < 0.01,
respectively).

Impedance measurements
In order to collect data to assess the suitability of imped-
ance as a skin integrity parameter, the impedance of each
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skin sample was measured both at a frequency of 100
and 1000 Hz prior to each experiment. The most appro-
priate measurement frequency was found to be 100 Hz
since measured impedances of the skin of X. laevis were
low and impedance decreases with increasing frequency.
The results shown refer only to measurements at 100 Hz.
Further, impedance results were corrected by multiply-
ing the measured impedance in Q by the corresponding
exposed skin area in cm? as comparable impedances of
amphibian skin within the literature are presented in the
same way [27].

The impedance of frozen dorsal and ventral skin was
37 + 254 and 263 + 350 Q cm? respectively, and was
significantly lower than the that of freshly excised dorsal
and ventral skin with 779 + 344 and 655 =+ 406 Q cm?,
respectively (p < 0.001) (Additional file 3). Further, post
hoc analysis revealed that no significant differences of
the impedance may be found between dorsal and ventral
skin samples of both freshly excised (p = 0.93) and frozen
skin samples (p = 0.51). Thus, the anatomical origin of
the skin samples had no significant effect on the imped-
ance of the skin samples; however, standard deviations of
all tested groups were considerably high. In line with the
higher permeability of frozen skin to testosterone and in
particular to caffeine (see above), some impedance data
of frozen skin were measured within the negative range.

In addition to impedance data collection, two freshly
excised, dorsal skin samples were damaged intentionally
by perforating the clamped skin samples once with a lan-
cet. Impedances for the two skin samples before perfora-
tion were 808 and 309 Q cm? and after perforation they
decreased to 362 and 264 Q cm?, respectively.

Discussion

General

The dermal absorption in vitro test system was success-
fully adapted to amphibian skin. The absorption of the
two chosen test compounds caffeine and testosterone
representing a hydrophilic and a lipophilic substance,
respectively, differed significantly. Caffeine was shown
to be absorbed considerably faster across the skin of X.
laevis than testosterone. By trend, ventral skin seemed to
be more permeable to both test compounds than dorsal
skin, though especially to caffeine. Freezing of the skin
enhanced the permeation of caffeine across the skin. For
permeation of testosterone, there was a similar trend
regarding differences between freshly excised and fro-
zen stored skin; however, the differences were not sta-
tistically significant (at the low number of replicates and
the observed variance). Comparative impedance meas-
urements of amphibian skin revealed that impedance
of freshly excised skin was significantly higher than that
of frozen stored skin, which included negative values in
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single cases. However, impedance data were rather low
and showed high variability, indicating that this method
may not be sufficient at this stage to check skin integrity
until further investigations.

Comparison to mammal skin permeability

In comparison to mammal skin data, the skin of X. laevis
was shown to be considerably more permeable to caffeine
and testosterone. On average, 71.4 % (dorsal) to 87.5 %
(ventral) of the applied dose of caffeine was found in the
receptor fluid after 4 h. In an inter-laboratory data col-
lection of human skin in vitro, mean measured percent-
ages in receptor fluids ranged from 10.9 to 46.5 % of the
applied dose after 24 h [28]. Although exposure time was
6 times higher, clearly less was absorbed through human
skin compared to the skin of X. laevis. For testosterone,
it was shown that on average 69.0 % (dorsal) to 84.8 %
(ventral) of the applied dose was permeated across the
skin of X. laevis after 8 h. The corresponding data shown
by van de Sandt et al. [28] again demonstrate that after
24 h only 3.9-38.9 % of the applied dose of testosterone
is permeated across human skin on average. For pig skin
(dermatomed skin, 500—-900 pum thick), data were found
from static diffusion cell experiments, measured under
conditions which are comparable to those of this study
(the applied dose of caffeine and testosterone was 40 pg/
cm? test compound vehicles were water for caffeine
and ethanol for testosterone, and the receptor fluid was
composed of a Ringer’s solution including 4.5 % BSA for
testosterone) [29]. Mean permeability coefficients of pig
skin derived from this study were 0.25 x 10~*cm/h and
0.20 x 10*cm/h for caffeine and testosterone, respec-
tively. Average maximum permeability coefficients of
amphibian dorsal and ventral skin measured in our study
were 37 x 10~*cm/h and 19 x 10~ *cm/h for caffeine and
testosterone, respectively. Thus, compared to pig skin,
permeability of amphibian skin (X. laevis) is 148- and
95-fold greater to caffeine and testosterone, respectively.
The magnitude of these differences between amphib-
ian and pig skin corresponds to the results reported by
Quaranta et al. [16], who directly compared amphib-
ian (Rana esculenta) and pig skin by a similar method
in vitro. Compared to pig skin permeability, they found
amphibian skin permeability being 26-, 29-, 66-, 120-,
and 302-fold increased to glyphosate, paraquat, manni-
tol, antipyrine, and atrazine, respectively.

The higher permeability of amphibian skin may be
attributed to structural differences within the skin. The
skin of terrestrial mammals such as the skin of pigs or
humans is characterized by a multi-layered stratum cor-
neum, which is also supposed to be a main barrier to
dermal uptake of xenobiotics [11]. The stratum corneum
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of amphibians is only about 2 pm thick and consists of
only 1-2 cell layers [30], while that of humans may be
composed of 15-30 cell layers with a thickness of about
10-20 um, depending on the body region [31]. The
stratum corneum of terrestrial mammals is not only
considerably thicker than that of amphibians, it is also
characterized by lipids secreted by cellular lamellar gran-
ules (such organelles are not present in amphibian skin)
and exocytosed into the extracellular matrix. Therefore,
intercellular spaces are completely filled with these lipids
arranged in multiple sheets building a continuous com-
partment within the stratum corneum [10, 32].

As mentioned above, the differences between mam-
malian and amphibian skin are large; this is particularly
true for the less lipophilic compound (see above). This
fact may be attributed to the thinner stratum corneum
and particularly due to the lack of intercellular lipids in
amphibians.

Hypothetically, molecules may be transferred across
the stratum corneum by three different pathways [33]: (1)
paracellular (the substances diffuse through intercellular
lipids), (2) transcellular (through the cellular compart-
ment), and (3) transappendageal (substances circumvent
keratinocytes by hair shunts or glands). For mamma-
lian skin, the paracellular pathway is believed to be the
major transfer route where substances cross the lipid-
rich regions in between the corneocytes of the multi-lay-
ered, non-viable stratum corneum. The transcellular and
transappendageal pathways are considered as being less
likely for the transfer across the stratum corneum [33—
35]. For amphibians, the transcellular pathway is hypoth-
esized to be more relevant than the paracellular route
since the outermost cells of the stratum corneum and
granulosum are connected by tight junctional structures
[30, 36]. Apart from stratum corneum differences, glan-
dular tissue is far more pronounced in amphibian skin
than in mammalian [10]. Thus, transappendageal routes
might play a significant role for dermal absorption of
chemicals in amphibians. Via glandular ducts of granular
and mucous glands, chemicals might circumvent stratum
corneum and viable epidermal layers and might be trans-
ported directly into the dermis, reaching blood vessels
faster for resorption. In mammalian skin, an increased
amount of appendages such as hair shafts may lead to an
increased absorption of chemicals, as well [37, 38].

Although amphibian skin is widely assumed to be more
permeable than mammalian skin due to the special struc-
ture and functions, quantitative comparisons are rare.
The results of this work further support the hypothesis
that amphibian skin is more permeable to xenobiotics
than mammalian skin and represents a weaker barrier to
the dermal uptake of chemicals.



Kaufmann and Dohmen Environ Sci Eur (2016) 28:10

Dermal absorption of caffeine and testosterone
Freshly excised skin of X. laevis absorbed between 71.4 %
(dorsal) and 87.5 % (ventral) of the applied dose of caf-
feine on average 4 h post-application. For testosterone,
mean absorbed percentages were similarly high after 8 h
(69.0 % across dorsal to 84.8 % across ventral skin). So far,
no information on the dermal absorption of these refer-
ence compounds across amphibian skin may be found in
the literature. However, there is evidence that corticos-
terone, a steroid hormone such as testosterone, may be
absorbed by the dorsal skin of different species of terres-
trial salamanders and frogs, leading to a fivefold increase
in blood levels in vivo [39]. With regard to the magnitude
of caffeine and testosterone percentages absorbed across
amphibian skin, the results of this work correspond to
absorbed percentages of other test compounds such as
malathion, parathion, or carbaryl ranging from 76.8 to
96.2 % after 6—-8 h post-application [14, 15], indicating that
amphibian skin is a rather weak barrier to xenobiotics.
Although high percentages of both tested compounds
were taken up by the skin of X. laevis, caffeine permea-
tion was significantly faster than testosterone permeation.
This difference may be attributed to the differing physico-
chemical properties of the two substances. Modeling der-
mal absorption of test compounds by physico-chemical
properties may be approached by the so-called quantita-
tive structure—permeability relationships (QSPR). Main
determinants of dermal absorption are indicated to be
molecular size (expressed as molecular volume or weight)
and hydrophobicity (expressed by log Py y). Basically, in
mammalian skin low molecular weight and high lipophilic-
ity (up to a log Pqy of 3) lead to higher permeability coef-
ficients [17, 40]. In contrast to mammalian skin, the skin of
X. laevis is characterized by a superficial mucus film. Thus,
dermal penetration of lipophilic compounds such as testos-
terone (log Py = 3.32 [28]) might be impeded, while caf-
feine (log Py = 0.01 [28]) is likely to partition faster from
the applied dose solution into the aqueous mucous layer
and viable epidermis. Besides lipophilicity, also the higher
molecular weight of testosterone compared to caffeine
might lead to a retarded penetration into amphibian skin.
Results of this work do not correspond to those of
Quaranta et al. [16], who demonstrated that substances
with higher log P permeated faster across frog (Rana
esculenta) skin than substances with a lower log Pq
in vitro. Van Meter et al. [41] exposed different amphib-
ian species to different pesticides (imidacloprid, atrazine,
triadimefon, fipronil, and pendimethalin) via treated
soil in vivo and measured amphibian body burdens.
They observed that log Py was not related to body
burden, while water solubility or soil partition coeffi-
cients were better estimators for this endpoint. At this
stage, no clear conclusions on the relationship between
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physico-chemical parameters and amphibian skin perme-
ability can be drawn and more data are needed to identify
the influence of these parameters.

Differences between dorsal and ventral skin

By trend, freshly excised ventral skin of X. laevis was
more permeable to both test compounds than dor-
sal skin with mean maximum permeability coefficients
of 4.7 x 1073cm/h for caffeine and 3.0 x 10 3cm/h
for testosterone and 3.0 x 10 3cm/h for caffeine and
1.3 x 10 3cm/h for testosterone, respectively. One rea-
son for increased permeability of ventral skin might be its
decreased thickness. Dorsal skin of X. laevis was meas-
ured to be 100 pum thicker (622 £ 108 um) than ventral
skin (523 £ 83 pm), and maximum permeability coeffi-
cients were found to be negatively correlated to skin thick-
ness (statistical analysis restricted to freshly excised skin;
caffeine: Pearson’s product-moment correlation, mod-
erate correlation, r = —0.65% testosterone: Spearman’s
rank correlation rho, strong correlation, r = —0.84**).
Decreased skin thickness in amphibian skin usually goes
along with a decreased amount of epidermal cell layers
which would imply a decreased passage length for diffus-
ing test compounds across this skin layer [17]. However,
further morphological characteristics such as the amount
of glands within the skin might influence dermal absorp-
tion of test compounds. So far, only few studies addressed
permeability differences of dorsal and ventral skin sites in
amphibians. As X. laevis is an aquatic amphibian species,
it is not characterized by ventral skin areas specialized for
water uptake [42]. Thus, considerable permeability dif-
ferences were not necessarily expected for this species.
However, results of this work correspond to those of Wil-
lens et al. [14], who measured the average permeability
coefficient of dorsal skin of Rana catesbeiana exposed
to malathion in vitro being lower (6.5 x 10 >cm/h) than
that of ventral skin (8.95 x 10 3cm/h). These authors
argue that thickness of the outermost stratum corneum
might explain observed differences as mean measured
dorsal stratum corneum was thicker than ventral stra-
tum corneum on average. As the stratum corneum plays
a decisive role as a barrier to the uptake of substances in
mammalian skin, this is likely to be a relevant factor in
amphibian skin as well. Further, Willens et al. demon-
strated that glandular tissue was more abundant in dorsal
than in ventral frog skin and hypothesized that glandular
tissue may represent a barrier to absorption by secretion
of additional absorption barriers and creation of a depot
effect which would explain higher percentages within dor-
sal skin samples and retarded uptake of malathion across
this skin side. However, a detailed comparative histologi-
cal investigation of dorsal and ventral skin structures of X.
laevis is still lacking.
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Another difference between dorsal and ventral skin found
in this work was that mean skin contents of caffeine at the
end of exposure tended to be higher in dorsal (20.6 %) than
ventral skin (6.2 %). For testosterone, similar differences
between dorsal and ventral skin contents were found. In
female X. laevis, the area of skin glands is increased in dor-
sal skin compared to ventral skin [43]. An increased area
of glandular tissue in dorsal skin may lead to an increased
accumulation of test compounds, which permeated across
the skin via the transappendageal pathway. As mentioned
above, similar trends were observed by Willens et al. [14].

Dermal exposure of terrestrial life stages of amphibians
to xenobiotics such as pesticides may take place by direct
overspray or uptake from treated surfaces such as soil
or plants. Therefore, both dorsal and ventral skin areas
might come into contact with xenobiotics. Given the fact
that some amphibian species actively absorb water from
moist surfaces by their specialized pelvic patch, such skin
areas might further increase uptake of xenobiotics. Apart
from skin specializations of amphibian species which
are adapted to terrestrial habitats, structural differences
between dorsal and ventral skin such as skin thickness or
the abundance of glands might lead to different perme-
ability characteristics as shown here for X. laevis. Further
studies will be needed to conclude whether skin thick-
ness is a main parameter responsible for permeability
differences or whether different skin structures between
different parts of the body and furthermore between spe-
cies drives the observed permeability differences.

Differences between freshly excised and frozen stored skin
Storing skin samples in aluminum foil directly after exci-
sion and placing them at —24 + 2 °C without any addi-
tives is a common method for mammalian skin samples
[44, 45]. As shown in this work, skin permeability of X.
laevis in particular to caffeine was significantly increased
by this freezing method. The reason for increased per-
meability of frozen stored skin of amphibians in contrast
to frozen stored skin of mammals might be again due to
structural differences. In mammalian skin, the lipid-rich
stratum corneum as a main barrier for the penetration
of chemicals is not affected considerably in its barrier
function by freezing [22]. In contrast, the skin of X. lae-
vis is highly glandular and covered by mucus and there-
fore characterized predominantly by a hydrous matrix.
Therefore, amphibian skin might be more vulnerable to
ice crystal formation due to freezing. The fact that caf-
feine absorption is apparently more severely increased
in frozen stored skin than testosterone suggests differen-
tial absorption pathways of the two test compounds. In
contrast to the lipophilic testosterone, caffeine might be
absorbed predominantly via hydrophilic, transcellular,
or transappendageal pathways including more hydrous
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matrices which might be affected considerably by ice
crystal formation-caused disruptions.

The results of this work indicate that freezing of the
skin without any preservation measures is unsuitable for
dermal absorption in vitro studies with amphibian skin.
Nevertheless, the possibility to work with stored skin
samples would be very useful as it would lead to a higher
flexibility and reduced time consumption on the day of
the actual experimentation and it would allow a more
efficient usage of animals since the amount of skin sam-
ples per experiment is limited (animal welfare reasons).
Thus, further storage methods should be investigated, for
example by adding anti-freezing agents to the skin sam-
ples in order to minimize ice crystal formation.

Impedance measurement as a future skin integrity test

The impedance of freshly excised skin measured at
a frequency of 100 Hz was found to be in the range of
779 + 344 Q cm? and 655 + 406 Q cm? (dorsal and ven-
tral, respectively, correlating to the respective lower
ventral skin thickness). These values for the skin of X.
laevis correspond to impedance data shown by Watkins
and Dennis [27], who measured impedance of freshly
excised ventral skin of Rana pipiens ranging from 236 to
1400 Q cm? at a frequency of 50 Hz. This slightly lower
measurement frequency might explain the slightly higher
impedances, ranging up to 1400 Q cm?

In line with the observed permeability differences,
impedances of frozen skin samples were significantly
lower than those of freshly excised skin samples indicat-
ing that freezing of the skin might affect impedance, pos-
sibly by affecting skin integrity. From this point of view, it
might be suggested that impedance measurement is suita-
ble for the assessment of skin integrity. In theory, epithelia
such as amphibian skin are characterized by tight junc-
tions, which separate apical from basolateral membranes.
The tightness of adjacent cells sealed by these tight junc-
tions determines the integrity of an epithelium [46]. By
freezing, possible ice crystal formation followed by burst-
ing of some epidermal cells might lead to impairment of
this tight barrier, and consequently impedance decreases.

Further, single frozen skin samples were shown to exhibit
negative impedances. Since existence of negative skin
impedances is unlikely, such individual cases might be
rather attributed to inaccurate fixing of the electrode in the
donor chamber before or after clamping the skin into the
diffusion cells or other unknown influencing parameters.
Even slight differences in the distance from the tip of the
donor electrode to the skin surface may lead to consider-
ably different impedance results, indicating the suscep-
tibility of impedance measurement for slight methodical
inaccuracies or external influences. Furthermore, measured
impedance ranges of freshly excised and frozen skin of X.
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laevis overlapped clearly and impedances of freshly excised
skin of X. laevis were rather low. Intact human skin samples
are usually characterized by an impedance of higher than
1 kQ at 1 kHz and may be rejected below this range based
on historical datasets and depending on laboratory-specific
conditions [47]. Due to these low impedances of amphib-
ian skin, only little room would be left for the detection of
impaired skin samples and transition between intact and
impaired skin might be smooth and overlapping. This was
also shown by the additional perforation test of two dor-
sal skin samples, which decreased only about 15 and 50 %
in their impedances relative to their original impedances
before perforation. Accordingly, when impedance is already
low, a structural damage such as a hole in the skin sample is
difficult to detect. However, since the check of skin integ-
rity is essential for the permeability test, impedance meas-
urement does not appear to be suitable for this purpose and
the derivation of an impedance cut-off value to distinguish
impaired from intact skin samples might be difficult. Addi-
tional investigation into other skin integrity tests should be
evaluated for suitability, such as the measurement of tran-
sevaporative water loss or the absorption of internal stand-
ards (e.g., methylene blue). However, as integrity tests are
based on species-specific historical datasets, a broad collec-
tion of data is necessary for the derivation of cut-off values.

Conclusions

Terrestrial life stages of amphibians may be more sensi-
tive to chemicals than other vertebrate species due to
the particular properties and functions of their skin. In
accordance with limited literature data, these studies have
demonstrated that amphibian skin may be significantly
more permeable to chemicals than mammalian skin.
Increased permeability of amphibian skin compared to
mammalian may be attributed to biochemical and struc-
tural skin differences. Thus, dermal exposure to environ-
mental contaminants can be a relevant route of exposure
for amphibians. So far, no guidelines exist to investigate
dermal uptake of chemicals across amphibian skin. The
present work has shown that the dermal absorption
in vitro method according to OECD guideline 428 may be
successfully adapted to the skin of the amphibian X. lae-
vis, providing the basis for further investigations. How-
ever, further investigations are needed to assess whether
X. laevis can be used as a representative model system for
other species, too. Prospective work should evaluate spe-
cies differences including morphological investigations of
different skin sites in parallel to dermal absorption stud-
ies. Besides structural aspects of the skin, physico-chem-
ical properties should be examined as factors influencing
dermal absorption by collecting comparable permeability
data of different types of chemicals. Such an established
in vitro method and a broad dataset for many chemicals
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may help assess potential amphibian risk from xenobiotics
without the need for extensive animal testing.

Methods
Animal husbandry
Adult African clawed frogs (X. laevis, wild type) with a
length of 10-11 cm (measured from snout to vent) and a
weight varying from 111 to 173 g were obtained from Xen-
opus Express France (Vernassal, Haute-Loire, France) and
held in a laboratory at BASF SE, Limburgerhof, Germany.
Female frogs were chosen due to their larger body size
allowing excision of large skin areas in order to minimize
the numbers of animals needed (animal welfare reasons).
The frogs were kept in shaded tanks with PVC tubes
serving as a shelter and maintained at a temperature of
20 + 1 °C. They were fed with fish food pellets, beef liver,
sludge worms (Tubifex tubifex), or harlequin fly larvae
(Chironomus riparius) three times a week. After feeding,
the water was completely changed and water quality was
measured regularly. The animals were allowed to accli-
matize in the laboratory for 5 weeks before starting the
experiments. In total, the dorsal and ventral skin of seven
frogs was prepared successively for the dermal absorp-
tion experiments. Husbandry and euthanasia conditions
complied with the directive 2010/63/EU of the European
Parliament and of the Council on the protection of ani-
mals used for scientific purposes [48].

Preparation of skin samples

For euthanasia, the frogs were immersed in a neu-
tral (sodium bicarbonate-buffered) 0.4 % MS222 (ethyl
3-aminobenzoate methanesulfonate, Sigma-Aldrich Che-
mie GmbH, Steinheim, Germany) for 15 min. As recom-
mended by the American Veterinary Medical Association
[49], death was assured by decapitation and destruction
of the spinal marrow. Euthanized frogs were rinsed in
tap water to wash off superficial residues of MS222. Full-
thickness (confirmed by histological observations: epi-
dermis, dermis, and hypodermis), circular skin samples
with a diameter of 2.5 cm from the dorsal and ventral skin
area were prepared by excising the dorsal and ventral skin
in one piece and punching out the samples on a cutting
board. During the preparation process, the skin was kept
moist with amphibian Ringer’s solution (prepared freshly
for each dermal absorption experiment according to Gentz
[50]: 112.9 mM sodium chloride, 1.3 mM potassium chlo-
ride, 2.0 mM calcium chloride, and 2.4 mM sodium bicar-
bonate. Four skin samples were obtained from each area
(dorsal and ventral), located bilaterally in two rows along
the midline from cranial to caudal. Typically, six freshly
excised skin samples were run in parallel, and the remain-
ing skin samples of a frog were stored in aluminum foil at
—24 + 2 °C (at minimum for 24 h) until further use.
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Chemicals and dose solutions

Non-radiolabeled compounds, caffeine (3,7-dihy-
dro-1,3,7-trimethyl-1H-purine-2,6-dione, CAS no.
58-08-2) and testosterone (4-androsten-17f-ol-3-one,
CAS no. 58-22-0), were purchased from Sigma-Aldrich
Chemie GmbH, Steinheim, Germany. Radiolabeled com-
pounds ([1-methyl-'*C] caffeine and [4-'*C] testoster-
one) with a specific radioactivity of 2.0 GBq/mmol and
2.2 GBq/mmol, respectively, were provided by American
Radiolabeled Chemicals, Saint Louis, MO, USA. Due to
comparability, the dose solutions of each compound were
prepared at a target concentration of 4 mg/mL since this
is usually the applied concentration in reference stud-
ies on mammalian skin [28]. Caffeine dose solutions
were prepared in amphibian Ringer’s solution, while
testosterone was dissolved in ethanol/water 1/1 (v/v).
For radiolabeled studies, non-radiolabeled and radiola-
beled compounds were mixed, yielding the target con-
centration of 4 mg/mL at a radioactivity in the range of
1-1.5 MBq/mL. Test substance concentration or radio-
activity of every dose solution was verified after prepa-
ration, before and directly after application to the skin
samples. The actual applied concentrations were calcu-
lated based on the mean measured concentration directly
before and after application.

Dermal absorption studies

The dermal absorption in vitro studies with amphibian
skin were conducted according to OECD guideline 428
[12] with some adjustments necessary for the adaption to
amphibian skin. The experiments were run at room tem-
perature (21 & 1 °C). After measuring skin thickness, the
skin samples were mounted on static Franz diffusion cells
with an average exposed skin area of 1.85 cm?* and a recep-
tor volume of 12.5 mL [BASF SE, Ludwigshafen, Germany
(see Additional file 4 for schematic overview of a diffusion
cell)]. For detailed information on the properties of each
skin sample, refer to Additional file 3. Frozen skin samples
were allowed to thaw at room temperature (21 + 1 °C) for
a minimum of 30 min in amphibian Ringer’s solution. For
caffeine studies, the receptor medium consisted of accli-
matized amphibian Ringer’s solution. For testosterone
studies, 5 % bovine serum albumin [BSA, Albumin Frac-
tion V (pH 7.0) Blotting grade, AppliChem GmbH, Darm-
stadt, Germany] was added to freshly prepared amphibian
Ringer’s solution as it is an approved method in reference
studies, enabling the transfer of testosterone to the recep-
tor medium [21, 28]. The diffusion cells were placed on
multiple-site magnetic stirrers (RO 5 power, IKA-Werke
GmbH and Co. KG, Staufen, Germany) to keep the recep-
tor medium homogenous throughout the sampling period
(magnetic cross stir bars, 5 x 10 mm, VWR International
GmbH, Darmstadt, Germany).
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In order to test if electrical resistance measurement is
suitable for skin integrity assessment, impedance (resistance
to an alternating current) data were collected as follows:
the donor chamber was filled up with amphibian Ringer’s
solution and the electrodes of an LCR meter (L = induct-
ance, C = capacitance, R = resistance; LCR Meter ST2822,
Sourcetronic GmbH, Bremen, Germany) were placed into
the electrolyte solution within receptor and donor cham-
ber, fixed in their position to maintain the distance to the
skin surface throughout the experiment. Impedances were
measured both at a frequency of 100 and 1000 Q for each
skin sample. For calculating the impedance value of the
skin itself, the inherent impedance of each chamber, filled
with the corresponding receptor medium, was subtracted
from the measured impedances when the skin samples
were clamped into the diffusion cells. The receptor medium
within each donor chamber was removed and the surface of
the skin was gently wiped with a cotton swab in a standard-
ized way to remove the remaining medium.

A volume of 10 pL/cm? of the prepared dose solu-
tions was applied topically to the skin, representing
a finite dose of 40 pg/cm? After 0.5, 1, 2, 3, and 4 h of
exposure (for one part of the testosterone studies expo-
sure time was extended to 8 h), aliquots of the receptor
medium were collected and replaced by fresh receptor
medium with syringes (disposable needles, Sterican,
0.80 x 80 mm, 21 G x 3 1/8”, B. Braun Melsungen AG,
Melsungen, Germany, connected to disposable syringes,
Norm-Ject, 2 mL, Luer-Lock, Henke-Sass Wolf GmbH,
Tuttlingen, Germany). Between the time points of aliquot
collection, the inlet to the receptor chamber was covered
by a piece of Parafilm M® laboratory film (Bemis Com-
pany, Inc., Oshkosh, WI, USA) to prevent evaporation of
the receptor medium. The donor chamber was covered
by a piece of Fixomull® (BSN medical GmbH, Hannover,
Germany) moistened regularly with amphibian Ringer’s
solution to avoid desiccation of the skin.

At the last sampling time point, the receptor medium
was drawn out of the receptor chamber completely. Each
diffusion cell was dismantled to analyze the amount of
test compound in the different compartments: to deter-
mine the remained amount of test compound on the skin
surface, the skin was washed by alternately pipetting 1 mL
of the corresponding solvent of the test substance up and
down on the skin surface and wiping the skin with cot-
ton swabs dampened into the solvent. This procedure was
repeated two times, followed by wiping the skin surface
with one dry cotton swab. All cotton swabs, pipettes,
and pipetted solvents of one diffusion cell were collected
in one vessel and extracted in the corresponding extrac-
tion fluid (water for the extraction of caffeine and 100 %
ethanol for the extraction of testosterone). This step rep-
resented the first skin wash. In the next step, the donor
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chamber was removed from the skin surface and wiped at
the bottom with a cotton swab soaked in solvent, followed
by a dry cotton swab. The donor chambers were extracted
with the cotton swabs and the covering piece of Fixomull®
in a second series of vessels. The skin was wiped by two
cotton swabs (one soaked in solvent and one dry) a sec-
ond time for extraction. In order to determine the amount
of test compound within the skin in case of radiolabeled
studies, the skin was removed from the receptor chamber
and digested in 8 mL of a tissue solubilizer (Soluene® 350,
PerkinElmer Health Sciences B.V., Groningen, the Nether-
lands). For determination of the amount of test compound
in the receptor medium in addition to aliquots at the end
of exposure, the receptor chambers were extracted with
the covering piece of Parafilm M® on the inlet and the
magnetic stir bars in the corresponding extraction fluid.
Volumes of extraction fluids and aliquots of receptor
media at various time points were calculated by subtrac-
tion of net weights from filled weights of all vials.

Analytics

For both test compounds, radiolabeled studies were
conducted in order to check if recoveries are within an
acceptable range (100 £ 10 % according to OECD guide-
line 428). Experiments with caffeine were conducted
preferably non-radiolabeled. However, testosterone
experiments were conducted exclusively radiolabeled as
the receptor medium in this case contained protein (5 %
BSA) which would interfere with HPLC-UV detection.
All samples of an experiment were homogenized directly
before taking aliquots for analysis.

Non-radiolabeled caffeine samples were analyzed by
HPLC-UV detection (high-performance liquid chro-
matography; pump: 2695, detector: 2996 PDA (Alliance
HPLC system), Waters Corporation, Milford, MA, USA;
column: Synergi Hydro-RP, 80 A, 4 p, 150 x 3 mm, Phe-
nomenex Inc., Aschaffenburg, Germany; injection vol-
ume: 50 pL; flow rate: 0.7 mL/min.; eluent: 85 % formic
acid in deionized water (1 mL/L) and 15 % formic acid in
acetonitrile (1 mL/L); UV detection wavelength: 273 nm).
Concentrations of caffeine in the samples were calculated
by relating the measured peak areas [analyzed via corre-
sponding software ‘Chromeleon 6.80 SRY’ (© 19942010
Dionex Corporation)] to those of known caffeine con-
centrations freshly prepared for each run for calibration
purpose. Concentrations below the calibration line range
(<40 pg/L) were considered as containing no caffeine.

Radiolabeled samples were mixed with liquid scintilla-
tion cocktails (Irgasafe Plus or Hionic Fluor, PerkinElmer
Health Sciences B.V., Groningen, the Netherlands) and
analyzed for total radioactivity by LSC (liquid scintilla-
tion counting; Wallac 1414 or Tri-Carb® 2910TR, Perki-
nElmer, Inc., Waltham, MA, USA).
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Data evaluation

In the present work, the sum of test substance contained
in first and second skin washings and donor chamber
extraction was regarded as the ‘non-absorbed dose! The
‘absorbed dose’ was considered to be the amount of test
substance within the receptor fluid at exposure termi-
nation and the extraction of the receptor chamber. The
mass of test substance found in digested skin samples
contributed to the ‘skin content’

Data of HPLC and LSC analyses were processed in an
Excel sheet for calculation of mass balances of each dif-
fusion chamber expressed in per cent of the applied dose
(recoveries only quantifiable for radiolabeled studies)
and absorption-time profiles (cumulative absorbed dose
in pg/cm? plotted against time, Fig. 1). On the basis of
the absorption-time profiles, kinetic parameters were
calculated [the steepest slope between two time points
represented the maximum absorption rate (maxAR)
in pg/(cm® h] and division of maxAR by the applied
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Fig. 3 Comparative overview of impedances of the skin of Xenopus
laevis prior to dermal absorption experiments. Measured skin imped-
ance data illustrated as boxplots separated into freshly excised and
frozen stored skin with dorsal (=d) and ventral (=v) body sides;

each boxplot is based on 9-12 skin samples (as specified in brackets
behind indication of skin side beneath the boxplots), stemming from
four (freshly excised skin) to six (frozen stored skin) animals each;
asterisks indicate the level of significance and different letters indicate
significant difference calculated as described in “Methods” section. An
Additional file shows individual measured impedances in detail (see
Additional file 3)
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concentration of the test substance provided the maxi-
mum permeability coefficient (maxKp) in cm/h).
Statistical analyses of dermal absorption data were
performed with R version 3.0.1 (The R Foundation for
Statistical Computing 2013). Maximum permeability
coefficients of this work are shown by a boxplot diagram
(Fig. 2). Comparison between caffeine and testosterone
data is based on a ‘“Wilcoxon rank sum test with conti-
nuity correction. One-way analysis of variance within
caffeine data was performed with a ‘Kruskal-Wallis
rank sum test’ followed by a post hoc ‘Pairwise compari-
sons using Tukey and Kramer (Nemenyi) test! One-way
analysis of variance within testosterone data was per-
formed with a ‘Kruskal-Wallis rank sum test! Impedance
data are shown by a boxplot diagram, as well (Fig. 3).
One-way analysis of variance of impedance measure-
ments between the different groups was performed by
a ‘Kruskal-Wallis rank sum test’ followed by a post hoc
‘Pairwise comparisons using Tukey and Kramer (Neme-
nyi) test! Boxplots with the same letters do not dif-
fer significantly. Statistically significant (p value <0.05),
very significant (p value <0.01), and highly significant (p

[TENTTY]

value <0.001) results are denoted by asterisks “*; “**’ and

Coesese )

, respectively.

Additional files

Additional file 1. Percentages of the applied dose and kinetic param-
eters of dermal absorption in vitro experiments. Skin samples are listed
according to treatment (test compound and storage); XIf = Xenopus
laevis, female; used animals are numbered consecutively (2-7); skin side
is described as d = dorsal or v = ventral, first number describes area of
skin side (1 = cranial, 2 = caudal) and second number describes if the
sample stemmed from the left (= .1) or the right side (= .2) related to the
top view of the animal; non-absorbed dose = first and second skin wash-
ings 4+ donor chamber extraction, skin = amount recovered from the
washed, digested skin; absorbed dose = in receptor medium at exposure
end and extraction of receptor chamber; recovery represents the sum of
non-absorbed dose, skin content and absorbed dose; maxAR = maximum
absorption rate, maxKp = maximum permeability coefficient, calculated
as described in Methods; nd = not determined.

Additional file 2. Cumulative absorbed doses of dermal absorption

in vitro experiments. Each skin sample represents one diffusion cell and

is listed according to treatment; cumulative absorbed doses found in

the receptor fluids of each diffusion cell are listed for each sampling time
point; XIf = Xenopus laevis, female; used animals are numbered consecu-
tively (2-7); skin side is described as d = dorsal or v = ventral, first number
describes area of skin side (1 = cranial, 2 = caudal) and second number
describes if the sample stemmed from the left (= .1) or the right side

(= .2) related to the top view of the animal.

Additional file 3. Characteristics of skin samples used for dermal absorp-
tion in vitro experiments. Skin samples are listed according to treatment
(test compound and storage); XIf = Xenopus laevis, female; used animals
are numbered consecutively (2-7); skin side is described as d = dorsal or
v = ventral, first number describes area of skin side (1 = cranial, 2 = cau-
dal) and second number describes if the sample stemmed from the left
(=.1) or the right side (= .2) related to the top view of the animal; prior to
experiments, skin thickness and impedance (multiplied by the skin area)
of each skin sample was measured as outlined in “Methods” section.
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Additional file 4. Schematic overview of a diffusion cell. Skin samples are
clamped in between the receptor and donor chamber and fixed by a metal
clamp (for clarity, the metal clamp is not shown in this Figure); the receptor
chamber is filled with the corresponding receptor medium which can be
temperature-controlled via an outer chamber; test compounds are applied
topically to the skin in the donor chamber and samples are drawn out of
the receptor medium across the connection pipe of the receptor chamber;
at the end of exposure remaining test substance may be washed off the
skin surface and the diffusion cell may be dismantled; diffusion cell parts
can be extracted separately for mass balance and all samples are analyzed.

Authors’ contributions

KK performed the dermal absorption in vitro studies, carried out chemical and
statistical analyses, and drafted the manuscript. PD contributed to concepts
of the project and study design, and amended the manuscript. Both authors
read and approved the final manuscript.

Acknowledgements

We thank Franziska Grézinger and Gunnar Schmidt for their support and useful
suggestions during the course of the project. Further, we would like to thank
Eric Fabian and Robert Landsiedel for their expertise and for providing diffusion
cell equipment. Thanks to the laboratory for Biokinetics and Katharina Ott, for
methodical support in dermal absorption in vitro studies. We thank Bjérn Kuse-
bauch and Udo Rabe for providing the facilities to perform chemical analyses.
Thanks also to Barbara Birk for her guidance in veterinary questions. We thank
John M. Brausch for valuable comments on the manuscript.

Competing interests

Katharina Kaufmann and Peter Dohmen are employees of BASF SE. However,
the views expressed in this article are solely the authors'views and do not
represent a position of BASF SE.

Received: 31 January 2016 Accepted: 19 March 2016
Published online: 05 April 2016

References

1. IUCN 2013.The IUCN red list of threatened species. Version 2013-2.
http//www.iucnredlist.org. Accessed 9 Oct 2014

2. Temple HJ, Cox NA (2009) European Red List of Amphibians. Office for
official publications of the European communities, Luxemburg

3. Mann RM, Hyne RV, Choung CB, Wilson SP (2009) Amphibians and agri-
cultural chemicals: review of the risks in a complex environment. Environ
Pollut 157:2903-2927

4. Smith PN, Cobb GP, Godard-Codding C, Hoff D, McMurry ST, Rainwater
TR et al (2007) Contaminant exposure in terrestrial vertebrates. Environ
Pollut 150:41-64

5. Berger G, Schonbrodt T, Langer C, Kretschmer H (1999) Die Agrarland-
schaft der Lebusplatte als Lebensraum fir Amphibien. Rana Sonderheft
3:81-99

6. Fryday S, Thompson H (2012) Toxicity of pesticides to aquatic and terres-
trial life stages of amphibians and occurrence, habitat use and exposure
of amphibian species in agricultural environments. Food an environment
research agency Supporting Publications EN-343

7. Weltje L, Simpson P, Gross M, Crane M, Wheeler J (2013) Comparative
acute and chronic sensitivity of fish and amphibians: a critical review of
data. Environ Toxicol Chem 32(Suppl 5):984-994

8. Belden J, McMurry S, Smith L, Reilley P (2010) Acute toxicity of fungicide
formulations to amphibians at environmentally relevant concentrations.
Environ Toxicol Chem 29:2477-2480

9. Bruhl CA, Pieper S, Weber B (2011) Amphibians at risk? susceptibility
of terrestrial amphibian life stages to pesticides. Environ Toxicol Chem
30:2465-2472

10. Lillywhite HB (2006) Water relations of tetrapod integument. J Exp Biol
209:202-226



http://www.iucnredlist.org
http://dx.doi.org/10.1186/s12302-016-0080-y
http://dx.doi.org/10.1186/s12302-016-0080-y
http://dx.doi.org/10.1186/s12302-016-0080-y
http://dx.doi.org/10.1186/s12302-016-0080-y

Kaufmann and Dohmen Environ Sci Eur (2016) 28:10

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

Blank IH (1953) Further observations on factors which influence the water
content of the stratum corneum. J Invest Dermatol 21:259-271

OECD (2004) Skin absorption: in vitro method. OECD guidelines for the
testing of chemicals. OECD Publishing, Paris, Test no. 428

Katagi T, Ose K (2014) Bioconcentration and metabolism of pesticides
and industrial chemicals in the frog. J Pestic Sci 39(Suppl 2):55-68
Willens S, Stoskopf MK, Baynes RE, Lewbart GA, Taylor SK, Kennedy-
Stoskopf S (2006) Percutaneous malathion absorption by anuran skin in
flow-through diffusion cells. Environ Toxicol Pharm 22:255-262

Shah PV, Monroe RJ, Guthrie FE (1983) Comparative penetration of
insecticides in target and non-target species. Drug Chem Toxicol 6(Suppl
2):155-179

Quaranta A, BellantuonoV, Cassano G, Lippe C (2009) Why amphibians
are more sensitive than mammals to xenobiotics. PLoS ONE. doi:10.1371/
journal.pone.0007699

Llewelyn VK, Berger L, Glass BD (2015) Percutaneous absorption of chemi-
cals: developing an understanding for the treatment of disease in frogs. J
Vet Pharm Ther. doi:10.1111/jvp.12264

Toledo RC, Jared C (1993) Cutaneous adaptations to water balance in
amphibians. Comp Biochem Physiol 105A(Suppl 4):593-608

Bentley PJ, Yorio T (1979) Do frogs drink? J Exp Biol 79:41-46

EFSA Panel on Plant Protection Products and their Residues (PPR) (2012)
Guidance on dermal absorption. EFSA J 10(Suppl 4):2665

OECD (2011) Guidance notes on dermal absorption. Series on testing and
assessment. OECD Publishing, Paris, no. 156

Harrison SM, Barry BW, Dugard PH (1984) Effects of freezing on human
skin permeability. J Pharm Pharmacother 36:261-262

Major N, Wassersug RJ (1998) Survey of current techniques in the care
and maintenance of the African clawed frog (Xenopus laevis). J Am Assoc
Lab Anim Sci 37(Suppl 5):57-60

Schultz TW, Dawson DA (2003) Housing and Husbandry of Xenopus laevis
for Oocyte Production. Lab Anim 32(Suppl 2):34-39

Federal Ministry fort the environment, nature conservation, building and
nuclear safety. Verordnung zum Schutz wildlebender Tier-und Pflanze-
narten (BArtSchV) vom 16. Februar 2005. BGBI | S. 258, 896

Marzulli FN, Brown DWC, Maibach HI (1969) Techniques for studying skin
penetration. Toxicol Appl Pharm 3:76-83

Watkins DW, Dennis WH (1972) Linear a—c electrical properties of frog
skin and current-induced voltage responses. Am J Physiol 223(Suppl
1):24-29

Van de Sandt JJM, van Burgsteden JA, Cage S, Carmichael PL, Dick |,
Kenyon S et al (2004) In vitro predictions of skin absorption of caffeine,
testosterone, and benzoic acid: a multi-centre comparison study. Regul
Toxicol Pharm 39:271-281

Karadzovska D, Brooks J, Riviere JE (2012) Experimental factors affecting
in vitro absorption of six model compounds across porcine skin. Toxicol
In Vitro 26:1191-1198

Farquhar MG, Palade GE (1965) Cell junctions in amphibian skin. J Cell Biol
26:263-291

Holbrook KA, Odland GF (1974) Regional differences in the thickness (cell
layers) of the human stratum corneum: an ultrastructural analysis. J Invest
Dermatol 62(Suppl 4):415-422

Deutzmann R, Bruckner-Tuderman L, Bruckner P (2007) Binde- und
Stlitzgewebe. In: Loffler G, Petrides PE, Heinrich PC (eds) Biochemie und
Pathobiochemie. Springer Medizin Verlag, Heidelberg, pp 747-754

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Page 13 of 13

World Health Organization (2006) Dermal Absorption. Environmental
Health Criteria. 235

Karadzovska D, Brooks J, Monteiro-Riviere NA, Riviere JE (2013) Predicting
skin permeability from complex vehicles. Adv Drug Deliv Rev 65:265-277
Potts RO, Franceour ML (1991) The influence of stratum corneum mor-
phology on water permeability. J Invest Dermatol 96:495-499
Martinez-Palomo A, Erlij D, Bracho H (1971) Localization of permeability
barriers in the frog skin epithelium. J Cell Biol 50:277-287

Otberg N, Patzelt A, Rasulev U, Hagemeister T, Linscheid M, Sinkgraven

R et al (2007) The role of hair follicles in the percutaneous absorption of
caffeine. Br J Clin Pharm 65(Suppl 4):488-492

Tur E, Maibach HI, Guy RH (1991) Percutaneous penetration of methyl
nicotinate at three anatomical sites: evidence for an appendageal contri-
bution to transport? Skin Pharmacol 4:230-234

Wack CL, Lovern MB, Woodley SK (2010) Transdermal delivery of corticos-
terone in terrestrial amphibians. Gen Comp Endocrinol 169:269-275
Moss GP, Dearden HP, Cronin MTD (2002) Quantitative structure-perme-
ability relationships (QSPRs) for percutaneous absorption. Toxicol In Vitro
16:299-317

Van Meter RJ, Glinski DA, Hong T, Cyterski M, Henderson WM, Purucker ST
(2014) Estimating terrestrial amphibian pesticide body burden through
dermal exposure. Environ Pollut 193:262-268

Christensen CU (1974) Adaptations in the water economy of some Anu-
ran amphibia. Comp Biochem Physiol 47(Suppl A):1035-1049

Fujikura K, Kurabuchi S, Tabuchi M, Inoue S (1988) Morphology and distri-
bution of skin glands in Xenopus laevis and their response to experimen-
tal stimulations. Zoolog Sci 5:415-430

Howes D, Guy R, Hadgraft J, Heylings J, Hoeck U, Kemper F et al (1996)
Methods for assessing percutaneous absorption: the report and recom-
mendations of ECVAM workshop 13. Altern Lab Anim 24:81-106
European Union (2010) Basic criteria for the in vitro assessment of dermal
absorption of cosmetic ingredients. Scientific Committee on Consumer
Safety. SCCS/1358/10

Li H, Sheppar DN, Hug MJ (2004) Transepithelial electrical measurements
with the Ussing chamber. J Cyst Fibros 3:123-126

Guth K, Schéfer-Korting M, Fabian E, Landsiedel R, van Ravenzwaay B
(2015) Suitability of skin integrity tests for dermal absorption studies

in vitro. Toxicol In Vitro 29:113-123

The European parliament and the council. regulation (EC) No 2010/63/EU
of the european parliament and the council of the european union of 22
September 2010 (2010) on the protection of animals used for scientific
purposes. Off J Eur Union 2010:L.276

American Veterinary Medical Association (2013) AVMA guidelines for

the Euthanasia of animals. American Veterinary Medical Association,
Schaumburg

Gentz EJ (2007) Medicine and surgery of Amphibians. Ins Lab Animal Res
J48(Suppl 3):255-259

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Immediate publication on acceptance

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



http://dx.doi.org/10.1371/journal.pone.0007699
http://dx.doi.org/10.1371/journal.pone.0007699
http://dx.doi.org/10.1111/jvp.12264

	Adaption of a dermal in vitro method to investigate the uptake of chemicals across amphibian skin
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Dermal absorption of caffeine and testosterone
	Impedance measurements

	Discussion
	General
	Comparison to mammal skin permeability
	Dermal absorption of caffeine and testosterone
	Differences between dorsal and ventral skin
	Differences between freshly excised and frozen stored skin
	Impedance measurement as a future skin integrity test

	Conclusions
	Methods
	Animal husbandry
	Preparation of skin samples
	Chemicals and dose solutions
	Dermal absorption studies
	Analytics
	Data evaluation

	Authors’ contributions
	References




