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Percutaneous absorption in diseased skin:
an overview

Audris Chiang,* Emilie Tudela and Howard 1. Maibach

ABSTRACT: The stratum corneum'’s (SC) functions include protection from external hazardous environments, prevention of
water loss and regulation of body temperature. While intact skin absorption studies are abundant, studies on compromised
skin permeability are less common, although products are often used to treat affected skin. We reviewed literature on
percutaneous absorption through abnormal skin models. Tape stripping is used to disrupt water barrier function. Studies
demonstrated that physicochemical properties influence the stripping effect: water-soluble drugs are more affected.
Abrasion did not affect absorption as much. Freezing is commonly used to preserve skin. It does not seem to modify water
absorption, but still increases the penetration of compounds. Comparatively, heating the skin consistently increased
percutaneous absorption. Removing SC lipids may increase percutaneous absorption of drugs. Many organic solvents are
employed to delipidize. Delipidization with chloroform-methanol increased hydrophilic compound permeability, but not
lipophilic. Acetone pre-treatment enhanced hydrophilic compound penetration. More data is needed to determine influence
on highly lipophilic compound penetration. Sodium lauryl sulfate (SLS) induces irritant dermatitis and is frequently used as a
model. Studies revealed that SLS increases hydrophilic compound absorption, but not lipophilic. However, skin irritation with
other chemicals increases lipophilic penetration as much as hydrophilic. Animal studies show that UV exposure increases
percutaneous absorption whereas human studies do not. Human studies show increased penetration in psoriatic and
atopic dermatitis skin. The data summarized here begin to characterize flux alteration associated with damaged skin.
Understanding the degree of alteration requires interpretation of involved conditions and the enlarging of our database
to a more complete physicochemical spectrum. Copyright © 2012 John Wiley & Sons, Ltd.
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alterations in penetration be accounted for in terms of blood
and intra-organ exposure.

INTRODUCTION

The stratum corneum (SC) has important functions such as host
protection from foreign chemicals, water loss prevention, and
body temperature regulation. While skin absorption studies on
healthy intact skin are abundant, data on permeability of chemi-
cals in compromised skin are less common. Many drugs are used
to treat skin diseases where the cutaneous barrier is damaged
and it is likely that the pharmacokinetics and pharmacodynamics
of such drugs would be modified. Thus it is important to obtain
well-characterized models to characterize percutaneous absorp-
tion through diseased skin.

MECHNICAL DAMAGE: TAPE
STRIPPING, ABRASION

Tape Stripping

The SC is a major skin protective barrier; consequently its
removal should, in theory, increase percutaneous drug absorp-
tion. Tape stripping is a common method used to increase
transepidermal water loss (TEWL) by mechanical damage. In
older studies, the degree of SC removal was given as number

MATERIALS AND METHODS

We review percutaneous absorption through abnormal skin based
on data in the literature. The medical literature was searched using
the medical database Pubmed, utilizing the subjects ‘skin’ and
‘absorption’ combined with various descriptions of compromised
skin (‘tape strip; ‘abrasion; ‘frozen; ‘burn; ‘delipidized; ‘irritated;
‘diseased; etc.). In almost all instances in the literature, the damage
preceded the application of the described penetrant. Authors
typically provided either K, or percentage dose absorption (see
tables). Except where stated to the contrary, dosing was finite. As
a model, some used damaged animal or human skin, utilizing
in vivo or in vitro methods, whereas others studied clinical diseases,
such as psoriasis and atopic dermatitis. The clinical relevance of
this data, in terms of its toxicologic impact, mandates that these

of strips, or as glistening, indicating removal of the water barrier.
Today, SC removal can be quantified with protein and related
assays (Dreher et al, 1998). Standard stripping methods are
discussed by Loffler (Loffler et al, 2004). Table 1 summarizes
tape-stripped absorption studies based on degree of penetration
compared with normal skin.

Feldmann and Maibach (1965) studied the effect of stripping
and occlusion on penetration of hydrocortisone (4 ug cm™2) in
human forearm in vivo. Percentages of applied dose recovered
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in the urine over 10days were analyzed. Stripping the skin
doubled this amount and significantly altered the absorption
rate curve, whereas stripping and occlusion increased absorp-
tion by 32 times that of unmodified skin. Anigbogu et al.
(1996) found a 3-fold increase in the flux of 8-methoxypsoralen
in vitro after complete removal of full-thickness human mem-
branes by 25-30 strips. Moon et al. (1990) observed that hydro-
cortisone and benzoic acid absorption in dorsolateral guinea pig
skin in vivo increased 3 and 2 times for each drug after tape
stripping, respectively. Inoue et al. (2000) observed a 22-fold
ketotifen penetration increase by 20 times tape-stripped mouse
skin. GUnther et al. (1998) assayed in vivo methylprednisolone
aceponate penetration through human skin by urine excretion
of radiolabeled substances. Less than 0.5% of the administrated
dose was absorbed through intact inflamed skin, whereas
absorption increased to ~15% (30-fold) after removal of the SC
by tape stripping.

Using microdialysis in vivo, Benfeldt (1999) quantified the
penetration of salicylic acid. Tape stripping resulted in a 180-fold
increase in dermal concentration and a 20-fold increase in sys-
temic absorption. Morgan et al. (2003) investigated penetration
of penciclovir and aciclovir, chosen for their water solubility, us-
ing microdialysis in 0-40 times tape-stripped volunteer skin.
Tape stripping increased penciclovir absorption by 1300-fold
and aciclovir absorption by 440-fold compared with normal in-
tact skin. They observed a strong correlation between penciclo-
vir absorption and barrier disruption.

Goff et al. (1992) observed that stripped guinea pig skin was
highly sensitive to percutaneous treatment with 5-aminolevuli-
nic acid (ALA) compared with healthy skin. Van den Akker et al.
(2000b) showed that removing mouse SC by tape stripping
in vivo increased the penetration of ALA and 5-aminolevulinic
hexyl ester (ALAHE). In another in vivo study using mouse skin,
tape stripping before ALA application resulted in an increase
of detectable protoporphyrine IX (PpIX) fluorescence outside
the application area, indicating that tape stripping also im-
proved ALA circulation penetration. However, tape stripping
did not increase ALAHE-induced PplX fluorescence outside
the application area (van den Akker et al., 2002). In an in vitro
study van den Akker also showed that penetration of ALA
and the ALA esters was higher, 100- and 200-fold respectively,
through tape-stripped rather than through normal mouse skin
(van den Akker et al., 2003, 2004).

Some studies demonstrated a stripping effect on the function
of certain drugs’ chemical properties. In their in vitro study using
guinea pig skin, Kitagawa and Li (1999) observed that tape
stripping decreased the dependency of permeability coefficients
on alkyl chain length of 4-alkyl-benzoic acid substituents.
Murakami et al. (1998) found a highly variable effect when
examining effects of five ointment bases with salicylic acid on
intact and tape-stripped dorsal rat skin. They showed a 46.2-fold
increase for the water-soluble ointment (polyethylene glycols),
compared with only a 2-fold increase for the poloid and hydro-
philic poloid ointments vs no increase for the white petroleum
ointment and rather a decrease for the absorptive (oil-type
emulsion containing water) ointment.

Tsai et al. (2001a, 2003) demonstrated that larger molecules,
with greater molecular weights, were able to better penetrate
compromised skin than normal skin. Tape stripping increased
the molecular weight cut-off (maximum molecular weight)
for polyethylene glycols (PEGs) penetration through hairless
mouse skin.

Physicochemical properties are important determinants of
stripping effects. Gattu and Maibach (2010, 2011) review studies
comparing such properties and resulting absorption rates.

Table 2 summarizes tape-stripped absorption studies based
on the degree of hydrophilicity of compounds. The log of the
octanol-water coefficient (log K, values of compounds charac-
terizing lipophilicity referenced in this article’s tables were
obtained from Gattu and Maibach (2010, 2011).

Maibach and Feldmann (1974) studied pesticide penetration
enhancement in tape-stripped skin. Pesticides whose penetra-
tion was more clearly enhanced at 14-fold were also the most
hydrophilic, with a log K, value of —0.2, while pesticides least
affected by tape stripping were lipophilic with log K, values
of 1.5 and 2.8. As can be seen from Table 2, most water-soluble
drugs are more affected by stripping.

Abrasion

Abrasion by means of a metal grader, brush brittle or a needle
drawn across the skin’s surface has been shown by transmission
electron microscopy to loosen the SC (Akomeah et al., 2008).
Table 1 summarizes literature results in abrasion absorption studies
based on degree of penetration compared with normal skin.

Bronaugh and Stewart (1985) compared the in vitro perme-
ation of compounds through skin damaged by tape stripping
and abrasion lines with a hypodermic needle. Water permeation
through tape-stripped rat skin was much higher (80.6%) than
through intact skin (4.1%) in terms of dose absorbed. For human
skin, the values were 56.9 vs 2.7%, respectively. Needle abrasion
produced an intermediate effect. Mafune et al. (1995) evaluated
the in vivo bucladesine percutanous absorption in rats with
normal, stripped and full-thickness abraded skin. Bucladesine
absorption was low through normal skin but rapid and nearly
complete through damaged skin. Skin absorption was higher
in abraded skin than in tape-stripped skin. In an in vivo study,
llyin et al. (1975) found a 200-fold strontium absorption increase
through abraded human skin compared with undamaged skin.
Scott et al. (1986) used a scalpel blade, sandpaper abrasion,
adhesive tape stripping and suction blister top removal for super-
ficial rat skin alterations. These alterations increased water perme-
ation with suction blister top removal being the most effective,
tape stripping the second most, followed by sandpaper abrasion,
and the least effective being the scalpel blade. However, Wickrema
Sinha et al. (1978) found no significant differences in the in vivo
permeation of diflorasone through normal and scalpel-rubbed
abraded guinea pig and monkey skin.

McMaster et al. (1985) attempted to ascertain whether simply
rubbing enhanced in vivo absorption. They applied hydrocorti-
sone in hydrophilic ointment to a retroauricular skin area in
the guinea pig and on the abdomen of the rhesus monkey.
Rubbing with 100 strokes using a metal spatula caused no signif-
icant absorption increase. Table 2 summarizes human abrasion
absorption studies based on degree of hydrophilicity (defined
by log K, values) of compounds.

Akomeah et al. (2008) and Bronaugh and Stewart (1985) exam-
ined effects of tape stripping and abrasion on human epidermis
and found that the more hydrophilic substances caffeine, tritiated
water, acyclovir, urea, and nicotinic acid, with lower K, values,
had greater skin permeation than the more lipophilic substances
benzoic acid, cortisone, phenol, methyl paraben and butyl para-
ben, with higher K, values. However, the degree of permeation
enhancement was different between the two sources. Akomeah

wileyonlinelibrary.com/journal/jat
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et al. (2008) found that abrasion produced a higher enhancement
factor than tape stripping, while Bronough and Stewart (1985)
observed the opposite. This discrepancy can be explained by differ-
ing abrasion methods employed by the authors. Akomeah et al.
used a bristle brush made from hog skin applied to the skin for
25's, while Bronough and Stewart drew a needle across the surface,
which only damaged 6.4% of the surface area. Variability in damage
methodology highlights inconsistency across in vitro permeability
studies (Gattu and Maibach, 2010).

Human studies showed that tape stripping and abrasion both
lead to increased skin absorption. Studies in vivo and in vitro
with human and animal skin show that tape stripping increases
skin penetration of most hydrophilic and lipophilic compounds
(more so for hydrophilic than lipophilic). Few studies define
abrasion and percutaneous absorption so it is difficult to draw
conclusions, but abrasion does not seem to affect absorption
as much as tape stripping. However it is important to compare
similar models to each other and note that in vivo studies are
more easily interpretable than in vitro studies.

FREEZING OR HEATING, BRANDING

Freezing

Table 3 summarizes absorption studies in frozen skin. Some
evidence suggests that freezing skin for in vitro absorption studies
alters its permeability. Swarbrick found an increased chromone
acid absorption through frozen skin (—17 °C) compared with fresh
human skin (Swarbrick et al., 1982). Kemppainen et al. (1986) stud-
ied the absorption of T-2 toxin in fresh (4 °C) and frozen (—60 °C)
human and monkey skin in vitro. For both species, the permeabil-
ity rate increased 2.5-fold when stored at —60 °C for no longer than
12 days. Similar results were obtained by Hawkins and Reifenrath
(1984). The penetration of N,N-diethyl-m-toluamide was deter-
mined using pig skin after freezing for 1-6 weeks at —80°C.
Absorption rate increased linearly with storage time. Using ionto-
phoresis, Hadzija et al. (1992) studied the influence of frozen stor-
age on salicylic acid permeability through rat skin. They observed
a 3-fold increased permeability compared with freshly excised skin.
The permeability was also found to be storage-time dependent.
Brain et al. (2005) studied the percutaneous penetration of
diethanolamine (DEA) through frozen human skin (at least
1week at —20°C) and fresh skin in vitro. They observed in-
creased penetration through frozen skin when DEA was applied
as an infinite dose in aqueous solution. However, DEA perme-
ation from the leave-on formulation was similar and very low
for both frozen and fresh skin. Sintov and Botner (2006) studied
the transdermal delivery of diclofenac in vehicles using frozen
(—20°Q) rat, guinea pig and pig skin. In rat skin, they observed
a decreased permeability through frozen compared with fresh
(4°C) with microemulsion, and no significant difference when
an aqueous solution was applied. In guinea pig skin, freezing
also decreased permeability compared with fresh skin with
microemulsion, but increased in permeability with aqueous solu-
tion. Permeability increased in pig skin when an aqueous solution
was applied. However, application of the microemulsion vehicle
resulted in similar drug penetration fluxes regardless of skin storage
condition. The authors suggested that freezing and thawing
procedures only modify the aqueous pathways of the lipid bilayers.
Harrison et al. (1984) found no significant difference in water
penetration between fresh human skin and skin stored
at —20°C for up to 466days. Berenson and Burch (1951)

believed that water transfer rate through isolated skin was not
significantly altered after several post-mortem days even after
being frozen for at least 1 month and then thawed, provided
there was no corneum deterioration. It is probable that the per-
meation of chemicals, which is highly metabolized by skin, may
be greatly affected by freezing since freezing and thawing can
destroy metabolic activity.

Bronaugh et al. (1986a) assayed the in vitro water permeation
through frozen and unfrozen cadaver skin stored for a year.
Significant changes in water absorption were seen only with
the skin of two donors out of nine after 2 months storage at
—20°C. Kasting and Bowman (1990a, b) compared in vitro sam-
ples of human fresh allograft skin properties with human frozen
skin (—150°C) properties they had analyzed in a previous study.
The fresh skin samples had a slightly higher median resistance
and a 45% lower median permeability to sodium ions than the fro-
zen skin samples. However, the difference was not statistically sig-
nificant and the electrical behavior of the two tissues was similar
enough to support the use of frozen tissue in iontophoresis
studies.

Thus freezing does not seem to modify skin water absorption
but leads to an increased penetration of other compounds,
perhaps by having an effect on the lipid bilayer structure. More
studies with compounds of different water solubility are needed
to address this issue. As freezing is the most commonly used
method to conserve skin, understanding its effects is very
important.

Heating, Branding

Moderate to severe burns produce bulla, resulting in denuded
skin with complete destruction of barrier function. For burn
patient management, it is essential to restore barrier function
and prevent further tissue fluid loss from within the body or
secondary infections from foreign toxic agents. Table 3 sum-
marizes absorption studies in burned skin.

Experimentally, heating or branding has no significant effect
on permeation until burn temperature reaches 70°C (Flynn
et al, 1980; Behl et al, 1981; Boosalis et al., 1987). At higher
temperatures, a notable increase in permeation rate was ob-
served. Permeability of methanol increased over 50 times the
control rate by 150°C scalding. Flynn et al. (1980) investigated
the influence of scald burns at 60-98°C on mouse skin per-
meability. The higher the temperature, the greater the perme-
ability (with a sharp transition between 70 and 80 °C). They also
noted a greater effect on more polar compounds. Behl et al.
(1980) utilized 60°C scalded or branded mouse skin in their
in vitro study and demonstrated that the duration of burning
had a marginal effect on the permeability of skin when assessed
immediately after burning. After 4-5 days of maturation, Flynn
et al. (1980) found a 50% increase in the permeability of methanol
and a 300-400% increase in the permeability of butanol through
hairless mouse excised eschars induced by 15s of 80°C applied
metal. Thereafter, permeabilities tended to increase to reach 20
and 12 times for methanol and butanol, respectively.

Boosalis et al. (1987) found increased serum concentrations
and urinary excretion of silver in burn patients treated with
topical silver sulfadiazine. Although the use of silver sulfadia-
zine, to control burn wound bacteria, remains of overriding
importance, the consistent absorption of small amounts of sil-
ver through the burn wound treated with silver sulfadiazine,
depositing in normal tissues, is a source of rising concern

wileyonlinelibrary.com/journal/jat
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(Fuller et al., 1994). Such absorption may lead to hypersensitiv-
ity reactions, such as neutropenia and erythema multiforme
(Lockhart et al, 1983). Wan et al. (1991) determined that
urinary excretion of silver and silver concentrations in plasma
increased with the application of a standard solution of silver
containing AgNOs.

Balogh et al. (1985) found in an in vivo study that the application
of povidone-iodine resulted in higher iodine levels in the plasma
and higher iodine excretion in the urine of burn patients than
traumatized patients. However, they also found no clinical signs
of iodine intoxication and no significant changes in thyroid
hormones T3, T4, and TSH, concluding that topical treatment with
povidone-iodine does not significantly inhibit thyroid function.

In an in vivo study comparing the effect of topical epi-
nephrine application between burn and nonburn patients,
Papp et al. found an increase in serum epinephrine concen-
trations for burn patients compared with nonburn patients.
Increased epinephrine concentrations in burn patients
suggest increased absorption properties in burned skin
(Papp et al., 2009).

Chen et al. (2007) studied water loss for burn wounds and
found that evaporation from naked burn wounds was about
one-third higher than from normal skin. All addressed results
were similar: heating or branding the skin consistently increased
percutaneous absorption. However, more in vivo studies are
needed to verify this. Urinary excretion of topically applied drugs
may be a useful in vivo verification method.

DELIPIDIZATION

Stratum corneum barrier function depends on its lipid and pro-
tein mosaic conformation (Fukuyama et al., 1976). Removing
SC lipids should increase the percutaneous absorption of drugs.
Many organic solvents are employed to delipidize by extraction
of fatty materials, resulting in karyopknoses on histology (Kronevi
et al, 1981). Some are water-soluble (e.g. alcohols, acetone),
some are hydrophobic (e.g. hexane, chloroform), and some
are mixtures of solvents. Table 4 delineates degree of skin
absorption compared with normal skin following delipidization
and Table 5 summarizes human delipidization absorption
studies based on degree of hydrophilicity (defined by log Ko
values) of compounds.

In vitro water permeation experiments with excised skin
have shown increased rates (Berenson and Burch, 1951; Mali,
1956; Onken and Moyer, 1963; Scheuplein and Ross, 1970;
Matoltsy et al., 1968). These effects are solvent-specific. Ace-
tone alone was less effective in increasing water permeation,
but when mixed with diethyl ether it was much more effec-
tive (Berenson and Burch, 1951; Mali, 1956). Wolfram et al.
(1972) studied the physical properties of SC induced by ether
extraction in guinea pig skin in vitro and suggested that the
removal of lipids from the surface of the skin produces a pro-
nounced weakening and swelling when the skin is subse-
quently immersed in water, reflecting the weaker more
permeable properties of ether delipidized skin. Scheuplein
and Ross (1970) graded the effectiveness of delipidizing
solvent on water permeation as follows: ethanol < diethyl
ether < chloroform < chloroform-methanol mixture. Butanol
and butyric acid penetration through the octanol-treated skin
nearly quadrupled. In vivo studies are rare and results are
variable depending on the animal species and solvents used.

Chloroform-Methanol Delipidization

In an in vivo study, Bucks et al. (1983) showed that solvent
trichloroethane did not enhance the penetration of hydrocorti-
sone 24 h after delipidization, possibly owing to the lipophilic na-
ture of hydrocortisone or the regeneration of the barrier within
24 h. However, a hairless guinea pig study showed a 5-fold in-
crease in hydrocortisone after chloroform-methanol (2:1) treat-
ment (Moon et al., 1990). Rastogi and Singh (2001) investigated
the effect of delipidization by chloroform and methanol (2:1)
on hydrophilic compounds water, urea and inulin. Epidermal
permeability increased with increasing lipid extraction. The
enhancement in the permeability coefficient was 49, 215 and 4
for water, urea and inulin, respectively, using chloroform-
methanol for 40 min. Moon observed the in vivo hydrocortisone
and benzoic acid absorption in delipidized guinea pig skin.
Absorption increased 5.2-2.7 times for each drug after defatting
with chloroform and methanol (2:1; Moon et al.,, 1990). Harada
et al. (1992) investigated the in vitro penetration of salicylic acid
from pH buffer solutions through human and shed snake skin.
Lipid depletion with chloroform and methanol mixture consider-
ably increased the permeability of the ionized form of salicylic
acid in both skins. Moreover, as seen in Table 6, lipid depletion
dramatically increased the permeability of snake skin to com-
pounds with low lipophilicity but not for the more lipophilic
compounds. They attributed the increased penetration rate of
more hydrophilic compounds to an increased water penetration
rate that they also observed in both species. Using the same
delipidization procedure, Inoue et al. (2000) found a 100-fold
ionized ketotifen penetration increase through mouse skin.
However there was no difference for the nonionized ketotifen
penetration rate. Fang et al. (2003) investigated the drug uptake
in skin of flurbiprofen across chloroform-methanol delipidized
vs intact skin from various enhancer-containing hydrogels. They
found an increase in flurbiprofen amount in skin using all the
studied enhancer-containing hydrogels for delipidized skin com-
pared with intact skin. As observed with tape stripping in their
in vitro study using guinea pig skin, Kitagawa and Li (1999)
showed that delipidization by chloroform-methanol de-
creased the dependency of the permeability coefficients on
the alkyl chain length of 4-alkyl-benzoic acid substituents.
Akomeah et al. (2008) measured penetration of compounds
with various lipophilicities after solvent damage. Delipidiza-
tion produced greater enhancing effects for hydrophilic
molecules with lower K, values, like caffeine, than for lipo-
philic molecules with greater K, values, such as methyl
paraben and butyl paraben. Delipidization with a chloro-
form-methanol mixture seems to increase the permeability
of hydrophilic compounds but does not affect the permeabil-
ity of lipophilic compounds.

Acetone Delipidization

In their penetration study using microdialysis in rats, Benfeldt
and Serup (1999) did not find an increase in salicylic acid pen-
etration after acetone-induced delipidization but suggested
that penetration would have increased if the acetone skin
treatment had been longer and more intense. In an in vivo
study on human skin by Benfeldt et al. (1999), they found a
2-fold increase of salicylic acid penetration. Tsai et al. (2001b)
demonstrated in vitro that permeability barrier disruption by
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Percutaneous absorption in diseased skin
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2008
2008
2008
2008
2008
2008
1983

Akomeah et al.

4.16
10.93

3.57
—0.07

194
194

Butyl paraben

Caffeine

tro

In v

D (chloroform-methanol)
D (chloroform-methanol)

Akomeah et al.

In vitro

Akomeah et al.

3.85
3.75
15.46

1.96
3.57
—0.07

152

Methyl paraben
Butyl paraben

Caffeine

In vitro

D (chloroform-methanol)

D (ethanol)

Akomeah et al.

194
194

In vitro

Akomeah et al.

In vitro
In v

D (ethanol)

Akomeah et al.

4.08

1.96

1.6

152

Methyl paraben

tro

D (ethanol)

Bucks et al.

Not significant — % Applied dose foundinurine

362

Hydrocortisone (**C-HC)

In vivo

D (trichlroethane)

For abbreviations see Table 4.
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acetone treatment significantly enhanced mouse skin perme-
ability to hydrophilic and amphiphilic compounds, including
sucrose, caffeine and hydrocortisone, but not to highly lipo-
philic compounds, such as estradiol and progesterone. This is
summarized in Table 7. They concluded that the enhancement
in skin permeability to hydrophilic and amphipathic com-
pounds by delipidization was due to the increase in SC diffu-
sivity at higher TEWL levels. The discrepancy between caffeine
and hydrocortisone for enhancement relative to hydrophilicity
may be explained by the small molecular weight of caffeine
(MW =194) compared with that for sucrose (MW=342) and
hydrocortisone (MW =362), facilitating greater penetration
enhancement at a minor degree of barrier disruption than that
for sucrose and hydrocortisone. They also demonstrated, that
it increases the molecular weight cut-off of PEG penetration
through the hairless mice skin (Tsai et al., 2001a). They showed
that not only did the quantity of each penetrating chemical
increase, but there was also a greater variety of chemicals that
could penetrate skin with a compromised barrier.

Lauer et al. (1997) studied the in vivo percutaneous absorp-
tion of mannitol and progesterone through hairless and hairy
rat skin. Hairless rat skin was more permeable to both com-
pounds than hairy rat skin, although the difference was less
dramatic for progesterone. The authors suggest the explana-
tion that nonfollicular pathways predominate in lipophilic
compound transport, whereas follicular pathways predomi-
nate for polar compounds. They repeated this experiment
post acetone delipidization, and mannitol and progesterone
penetration increased. With mannitol, absorption was more
pronounced in hairy than in hairless rat skin. As an explana-
tion for the acetone pre-treatment results, the authors con-
sider the possibility that acetone pre-treatment has different
effects on the permeability of the follicular and intrafollicular
compartments.

Acetone skin pre-treatment enhances penetration for hy-
drophilic compounds. More data is needed to determine
the influence on the permeability of highly lipophilic
compounds.

Other Types of Delipidization

Tsai et al. (2003) reported that treatment by sodium dodecyl
sulfate increased the molecular weight cut-off of polyethylene
glycol penetration through hairless mouse skin. Levang et al.
(1999) studied the effect of the solvent system ethanol, propylene
glycol and combinations thereof on the in vitro aspirin percutane-
ous absorption: 80% ethanol-20% propylene glycol increased the
percutaneous absorption of aspirin by increasing lipid extraction
and perturbing the macroscopic barrier properties of pig skin.

Putterman et al. (1981) demonstrated that the in vitro absorp-
tion of aluminum to guinea pig SC increased for ether-ethanol
delipidized skin compared with intact skin. Excised SC is opened
up by delipidization, creating artificial diffusion shunts or
increasing the internal surface absorption area.

Abrams et al. (1993) compared the resultant changes in TEWL
after delipidization of the skin by acetone, chloroform-methanol,
hexane or hexane-methanol. The results revealed that delipidizing
skin with chloroform-methanol or hexane-methanol induced a
significantly greater change in TEWL than delipidizing with ace-
tone or hexane. Also, the results showed that no individual lipid
class extracted by chloroform-methanol or hexane-methanol
played a significant role in changing TEWL. The authors suggest

___________________________________________________________________________________________________________________________________________|
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Table 6. Harada et al's (1992) absorption study in delipidized snake skin comparing absorption enhancement with K, values,
indicating hydrophilicity

Disease model In Penetrant  Molecular log K.t Enhancement factor Measured

vivo/vitro weight
D (chloroform-methanol)  In vitro AAP 151 0.76 80.44 ) Amount penetrated vs time curve
D (chloroform-methanol)  In vitro Butyl-PABA 193 3.16 1.24 ) Amount penetrated vs time curve
D (chloroform—-methanol)  In vitro DNCB 202 224 1.23 ) Amount penetrated vs time curve
D (chloroform-methanol)  Invitro SAA 137 134 10.27 1 Amount penetrated vs time curve

For Abbreviations see Table 4.

Table 7. Tsai et als (2001b) absorption study in delipidized mouse skin comparing absorption enhancement with K, values,
indicating hydrophilicity

(%2
N
(00]

For abbreviations see Table 4.

Disease model  In vivo/vitro Penetrant Molecular weight log K,  Enhancement factor Measured

D (acetone) In vitro 3H-CAF 194 —-0.02 11 T Amount penetrated vs time curve
D (acetone) In vitro 3H-ES 272 2.7 2 T Amount penetrated vs time curve
D (acetone) In vitro 3H-HC 362 1.5 19 T Amount penetrated vs time curve
D (acetone) In vitro 3H-PG 314 3.9 — — Amount penetrated vs time curve
D (acetone) In vitro *H-s 342 -37 7 T Amount penetrated vs time curve

based on these results that the mechanism by which chloroform-
methanol and hexane-methanol induce a change in TEWL
involves more than pure lipid extraction.

All these studies showed that skin delipidization with solvents
such as chloroform-methanol mixture or acetone enhances skin
penetration for many compounds, particularly hydrophilic ones.
Further data is required to evaluate the influence of delipidiza-
tion on highly lipophilic compounds; in vivo data in man and
rhesus monkey would be welcome. Microdialysis may be a
relevant method to evaluate the effect of delipidization on
percutanous absorption through human skin.

CHEMICAL IRRITATION

Most chemicals and drugs may alter the skin when applied top-
ically, although the nature and concentration of the chemicals
are important factors. Surfactants such as sodium lauryl sulfate
(SLS) may change the composition of the SC by extracting lipids
and converting a-keratin to f-keratin, producing swelling and
hydration of the SC (Fulmer and Kramer, 1986; Imokawa et al.,
1989; Froece et al., 1990; Putterman et al., 1977). Studies regard-
ing absorption in chemically irritated skin are summarized in Ta-
ble 8. Table 9 summarizes human irritation absorption studies
based on degree of hydrophilicity (defined by log K, values)
of compounds.

Berensen and Burch (1951) treated with alkali (0.1 m NaOH up
to 24 h) following the extraction of lipids from excised human
skin and found no further change in water diffusion rate. They
also observed no significant variation following the addition of
0.001 m potassium cyanide.

In an in vivo human experiment, Malten and Thiele (1973)
studied the effect of sequential skin exposures to alkali and
phosphate solution on water loss from skin. NaOH (pH 12) and

NasPO, (pH 12) caused an increase in water loss of ~350%. They
also observed marked inflammation. They presumed the effect
was due to a conformational collapse of the protein in this layer
and a consequent increase in porosity from the damaged ductal
epithelium of the exocrine glands.

Petitot et al. (2007, 2010) studied percutaneous penetration of
uranyl nirate through chemically burned rat skin. They found no
significant difference in uranium concentration between 10N
NaOH burned skin and intact skin. Percutaneous absorption of
uranium increased with increased impairment of the stratum
corneum caused by various concentrations of nitric acid HNO;
and 10 n hydrofluoric acid (HF).

Under certain conditions phenol damages skin, leading to
increased penetration rates. Phenolic compounds interact with
skin by protein denaturization. Roberts et al. (1977) examined
the influence of concentration and structure of phenolic com-
pounds on human skin permeability. The 3-fold concentration
of phenol for damage was 1.5% w/v. For higher concentrations,
the steady state K, increased as a result of SC damage.

Solomon and Lowe (1979) produced an abnormal epidermidis
using three methods: (1) ultraviolet (UV) light irradiation; (2) top-
ical vitamin A acid; and (3) topical acetic acid. Topical application
of retinoic acid to hairless mice produced an acanthotic epider-
midis with an increased mitotic index and topical application of
acetic acid promoted epidermal DNA synthesis and hyperplasia.
In vitro absorption of hydrocortisone significantly increased
through abnormal epidermis. These observations may be attrib-
uted to epidermal proliferation and altered keratinization. There
is also evidence that results for topical application of retinoic
acid may reflect abnormalities in the cell membrane phospho-
lipid structure. Acetic acid may also induce abnormal cell mem-
brane lipids. Thus increased absorption of hydrocortisone could
be due to a combination of abnormal cell membrane phospho-
lipids and an abnormal SC.
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Osamura et al. (1984) compared skin penetration of nicotinic
acid compounds through several skin conditions in the guinea
pig. They produced allergic contact dermatitis by sensitization
with 2,4-dinitro-1-chlorobenzene in ethanol. The release of nico-
tinic acid and methylnicotinate from water and olive oil was
greatest in tape-stripped skin, followed by irritated, allergic and
normal skin condition.

Sodium lauryl sulfate induces irritant dermatitis and has
frequently been used as a model of irritant dermatitis besides
being used as a drug penetration enhancer. Moon et al. (1990)
in an in vivo study in hairless guinea pigs showed more than a
2-fold increase of hydrocortisone and benzoic acid through
SLS-irritated skin. Benfeldt and Serup and Benfeldt et al. (1999)
used microdialysis to study salicylic acid penetration in rats and
humans. SLS-induced irritant dermatitis resulted in an 83-fold
increase in penetration ratio for rats, and 46- and 146-fold
increases for SLS 1 and 2%, respectively, in humans. Piret et al.
(2000) observed a reduced Herpes simplex virus type 1 lesion
score after addition of 5% SLS to a foscarnet topical gel formulation
applied on mice. They attributed the improved efficacy to an in-
creased penetration of the antiviral with SLS.

Wilhelm reported increased in vitro penetration for studies
performed with saturated drug solutions of indomethacin,
hydrocortisone and ibuprofen, individually, through SLS-in-
duced contact dermatitis in guinea pig but not with acitretin.
The enhancement was higher for hydrophilic drugs than
for lipophilic ones (Wilhelm et al., 1991a). This result was con-
firmed in vivo (Wilhelm et al., 1991b). Likewise, Borras-Blasco
et al. (1997, 2004) showed that pre-treatment with SLS did not
affect the skin permeability coefficient of most lipophilic com-
pounds, but increased the permeability of hydrophilic to moder-
ately lipophilic compounds, as can be seen in Table 10. In an
in vitro study carried out on human skin, Nielsen demonstrated
that limited damage to the skin (SLS 0.3%) increases the perme-
ability coefficient as well as total percutaneous penetration of
chemicals, most significantly for those compounds that, owing
to their physicochemical characteristics (the most hydrophilic
as well as the most lipophilic), have low penetration rates
through intact skin (Nielsen et al, 2007). However, in an
in vitro study on human skin, Copovi et al. (2006) studied
penetration enhancer effects of SLS, glycolic acid and lactic acid
on infinite doses of 5-fluorouracile and different compounds
belonging to the phenylalcohols. None of the pretreatment
chemicals increased the penetration of the most lipophilic com-
pound 5-phenyl-pentanol. For the other compounds, the increase

in permeability depended on the concentration of pre-treatment
and the lipophilicity of the tested compounds. The most hydro-
philic compound, 5-fluorouracil, consistently had the greatest
increase in permeability. Nielsen (2005) investigated in vitro
percutaneous penetration of pesticides varying in lipophilicity
through slightly irritated human skin by SLS 0.1 and 0.3%. Increas-
ing the concentration of SLS did not increase penetration of
lipophilic pestiticides significantly. He noted that hydrophilic
compounds had enhanced penetration through the epidermis
while lipophilic compounds had enhanced penetration through
the dermis and damage increased penetration for both com-
pounds through the dermis. The observation that hydrophilic
pesticides prefer depositing in the epidermis explains why these
compounds are more sensitive to damage to the epidermis than
lipophilic compounds are. Also, hydrophilic compounds had a
more decreased lag time with damaged skin compared with
lipophilic compounds. However, Frankild et al. (1995) did
not find enhancement in vitro hydrocortisone penetration
through SLS-treated human cadaver full-thickness skin. They
hypothesized that using a full-thickness skin, including highly
hydrated epidermidis and dermis, may have acted as an
artificial barrier for the lipophilic hydrocortisone. They found
a significant dose effect of increased penetration of water
and nickel, and a time-effect relationship between pre-
treatment time and water penetration when SLS was applied
as pre-treatment. The relationship between SLS and nickel
was not seen with hydrocortisone until the concentration of SLS
was increased to 10%, indicating possible unresponsiveness of
damaged skin to increasing lipophilicity.

Ortiz et al. (2008) used tape stripping to sample the concentra-
tion of metronidazole 30 min after application and found a
correlation between the concentration, degree of erythema,
and TEWL. Jakasa et al. (2006b) assessed the influence of skin
damaged by 5% SLS on percutaneous penetration of PEG of
varying molecular weights. SLS caused a 3-fold increase in the
permeability coefficient for all molecular weights of hydrophilic
PEGs, an increase compared with that found by Ortiz et al., pos-
sibly owing to a more severe barrier damage because of higher
SLS concentration. These results suggest that SLS increases pen-
etration of hydrophilic compounds in skin more than lipophilic
ones.

Shokri et al. (2001) noted increased diazepam permeability
through rat skin in vitro using different surfactants: SLS,
cetyltrimethylammonium bromide, benzalkonium chloride and
Tween 80, each tested at concentrations of 0.5, 1, 2.5 and 5%.

Table 10. Borrés-Blasco et als (1997) absorption study in irritated rat skin comparing absorption enhancement with K, values,
indicating hydrophilicity
Chemical In vivo/vitro Penetrant Molecular log Koct Enhancement factor Measured

weight
SLS 5% Invitro  5-FU 130 —0.95 83 T Ko from amount penetrated vs time
SLS 5% In vitro  Antipyrine 188 0.23 5.1 T Ko from amount penetrated vs time
SLS 5% In vitro  Pentoxifylline 278 0.72 44 T K, from amount penetrated vs time
SLS 5% In vitro  Salicylamide 137 1.23 1.9 T Ko from amount penetrated vs time
SLS 5% In vitro  4-Ethylaniline 121 1.97 1.2 T K, from amount penetrated vs time
SLS 5% In vitro  4-n-Butylaniline 149 3 0.97 l K, from amount penetrated vs time
SLS 5% Invitro IM 358 442 1.03 T Ko from amount penetrated vs time
For abbreviations see Table 8.
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1%
i

wileyonlinelibrary.com/journal/jat Copyright © 2012 John Wiley & Sons, Ltd. J. Appl. Toxicol. 2012; 32: 537-563




Percutaneous absorption in diseased skin

Journal of

AppliedToxicology

The critical micellar concentration (CMC) of SLS and Tween 80
are 0.03 and 0.01% by weight in water, respectively. The pres-
ence of propylene glycol raised the CMC of nonionic surfactants
by approximately a factor of 10. The highest enhancement ratio
for permeation was obtained for 5% concentration of SLS, fol-
lowed by 1% concentration of benzalkonium chloride and 1%
concentration of Tween 80 (Shokri et al, 2001). These results
were similar for lorazepam (Nokhodchi et al., 2003). However, in-
creasing surfactant concentration resulted in decreased penetra-
tion for both substances. The increase in enhancement ratio for
low concentrations is attributed to the ability of surfactant mole-
cules to penetrate the skin and increase its permeability. Lower
permeation in enhancer systems beyond 1% concentration is at-
tributed to the ability of surfactant molecules to form micelles, a
dampening effect of higher concentrations of surfactants.

Van Den Akker et al. (2000b) reported that the use of 1-[2-
(decylthio)ethyllazacyclopentan-2-one (HPE-101), a penetration en-
hancer that increases disorder in the SC lipids, accelerated the pen-
etration of ALA and ALAHE through mouse skin.

Nangia et al. (1993) studied the in vitro effects of irritants
norephedrin and imipramine on the permeation of compounds
with diverse chemical properties: caffeine, indomethacin and
hydrocortisone. Norephedrin treatment increased the permeation
of caffeine and hydrocortisone but decreased indomethacin
absorption. Treatment with imipramine also increased caffeine
and hydrocortisone permeation but did not increase
indomethacin permeation.

Thus, skin irritation with SLS increases skin absorption for hydro-
philic compounds but not for lipophilic compounds. However, skin
irritation from other chemicals increases hydrophilic penetration
as much as lipophilic.

ULTRAVIOLET IRRADIATION

Table 11 summarizes absorption studies in ultraviolet irradiated
skin. UV irradiation causes various skin effects. In hairless mouse
skin, UV light increases mitosis, DNA synthesis and epidermal hyper-
plasia. UV light can also alter cutaneous lipids, leading to decreased
phospholipids which are essential as membrane components.
Bronaugh and Stewart (1985) observed the effect of UV irradi-
ation on skin absorption. The backs of rats were irradiated with a
UV lamp, producing a mild erythema with 1.5min and severe
erythema with 6 min of irradiation. Percutaneous penetration

with mild erythema resulted in a 3.2-fold increase in nicotine
absorption. The severe erythema resulted in 51% absorption of
the applied dose. The higher degree of absorption obtained
in vivo is due to changes in skin barrier during the study. Unlike
abrasion or tape-stripping damage that occurs instantaneously,
UV irradiation causes progressive damage. This progressive
damage occurring from physiological response cannot be simu-
lated in a diffusion cell experiment, so in an in vitro system, dam-
age to the skin can be adjusted by varying physical damage to
the skin, such as number of abrasion lines. Lamaud and Schalla
(1984) measured hydrocortisone absorption after ultra-violet B
(UVB) irradiation in hairless rat. Compared with normal skin,
UV irradiation increased hydrocortisone concentrations in all
skin layers examined by biopsy. Solomon and Lowe (1979)
performed an in vitro study after UVC irradiation in mice and
observed increased absorption of 0.1% hydrocortisone. Ultraviolet
light can alter cutaneous lipids, leading to a decrease in phospho-
lipids, and thus increase in absorption.

Van den Akker et al. (2004) found that chronic UVB-exposure
induced changes in the mouse skin that resulted in a 10-fold
increase of percutaneous penetration for 5-aminolevulinic acid
compared with normal mouse skin. This increase is still less than
through tape-stripped skin. However, in an in vitro study, Berenson
and Burch (1951) found no difference in the rate of water diffusion
through human skin. Glinther et al. (1998) also found no difference
in the in vivo skin penetration of methylprednisolone aceponate
on healthy and UVB-inflamed human skin.

Animal studies show that UV exposure leads to an increased
percutaneous absorption whereas human studies do not. UV irra-
diation offers the possibility of inducing a defective skin-barrier
function and an inflammatory reaction without mechanical
perturbation of the skin. However, elevated skin temperature
from increased blood flow may have contributed to the
increased drug penetration. More studies are needed to properly
conclude the effect of UV exposure on absorption in the skin.

DISEASED SKIN

Limited data suggest penetration through clinically diseased skin
is enhanced to a modest degree compared with intact skin, if at
all, while noncomparative data suggest an increased severity of
clinical disease may enhance penetration. Table 12 summarizes
absorption studies in diseased skin. Table 13 summarizes human

Disease model In vivo/vitro Skin Method
UVA + UVB In vivo Rat Urine

UVA +UVB In vitro Rat Diffusion cells
UVA In vitro Human Water transfer
UvB In vivo Rat Biopsy, TEWL
UVB In vivo Human Urine, plasma
UvB In vitro Mouse Diffusion cells
uvc In vitro Mouse Skin biopsy

Method: TEWL, transepidermal water loss.

nicotinic acid.

Table 11. Summary of literature in absorption studies in ultraviolet irradiated skin

Disease model: UVA, ultraviolet-A; UVB, ultraviolet-B; UVC, ultraviolet-C.
Penetrant: ALA, 5-aminolevulinic acid; "C, 14 carbon; H,0, water; HC, hydrocortisone; MPA, methylprednisolone aceponate; NA,

Result: x, ratio of penetration; T, increase of penetration; —, no change.

Penetrant Result Author Year
TC-NA x7.5 7 Bronaugh and Stewart 1985
C-NA x2.5 i Bronaugh and Stewart 1985
H,O — — Berenson and Burch 1951
1C-HC 7 1 Lamaud and Schalla 1984
4C-MPA — — Glinther et al. 1998
ALA x10 T Van den Akker et al. 2004
MC-HC 1 1 Solomon and Lowe 1979

J. Appl. Toxicol. 2012; 32: 537-563

Copyright © 2012 John Wiley & Sons, Ltd.

wileyonlinelibrary.com/journal/jat




A. Chiang et al.

AppliedToxicology

Journal of

£00¢C
900¢
€00¢C
S661
€661
€661
L00¢
L00¢
L00T
€000¢
€000¢
£861
8/61
q9861
99861
8861
9861
8861
600¢
600¢
900¢C
€900¢
€900¢
¢00¢
¢00¢
€661
€661
06l
S661
500¢C
6861
€00¢C
€00¢C
9661
661
£861
G861
/861
€861
L6l
€/61

JEEEY

‘D 12 YluLoy|
‘D 12 YluLIoy|
‘D 12 YluLIoy|

9}10)-0}jeY

‘Ip 12 uds(uae
‘I 32 uds(iine]
‘ID 12 UeOW

‘ID 12 UeOW

‘Ib 15 UeoW

ID 13 ISP USP UeA
ID 13 ISP USP ueA
Ip 12 A2iquie
9MO7 pUB UOWO|0S
‘Ip 32 ybneuoug
‘Ip 35 ybneuoig
usuiading

‘Ip 32 usulRdIN]
‘Ip 32 usulRdin]
‘b 13 ZIUQ

‘Ip 12 ZIUQ

‘Ip 12 ybuor ap
‘Ip 13 esexer

‘Ip 13 esexer

Ip 12 e1RH

Ip 12 e1RH

ID 12 MIYSOA
ID 12 SIYSOA
‘Ip 12 J19buep]
I 13 J3|%21Q

ID 13 SHWS

Ip 12 uipynr

P 12 p|noo

‘ID 12 0OqWI0|0D)
‘Ip 39 nbogbiuy
VB ERVEIVEY
‘Ip 12 buepp

IP 19 1ueys

ID 12 J191S9/

‘ID 12 JI91S9M
JETET:(TpIN

‘D 32 91D

loyiny

— —

§eX

—

e e e e e

€
e€x
24

vex

§Lx

X

oLx

re.4

— e —

0LX-£x
952X
ynsay

auljiuy ‘duIpINjo-0

aulpinjo]-o0

33d

DH

NH

NH

JAVIV

JHVIV

Y1v

AdVIvY

Vv

DH-Dy,

DH-D,,

V1

JH-H,

DH

DH

DH

9|0zZepluois|N

9|0zZepluoIBN

%l SIS

53d

STS %L

9Ap ¥ MOJIDA

9Ap ST pay

aul|iAydoay |

Ooswa

N4-S-D,,

)

vV

auledo|ld ‘duledopr]

C-IVd-lez,

dOW-S

dOW-8

susjedeuo-),,

uljelyiuy

$914]04309|3

|joueiylig-d,,

DH-D,,

V1-He

O°H
1ueIdUS(

snppe uigojbowsH
auun

(Yv3g) auun

|OSI}OD ewse|d

TM3AL ‘4at

TM3AL ‘4aT

onp-x1dd

onp-x1dd

ony-x1dd

ony-x|dd

ony-x1dd

auun

Jaquieyd Aupiwny
s||92 uoisnyid

S||92 uoisnyia

wniag

winJas vy [0SIM0D-|
winJds ‘yly [0SIM0D-|
sisAjelpo.oi

S1

S1

S1

SL

SL

SL

Jaquwieyd uoisnyig
asuodsal buijeapy
2ulIn

(VDLL) suun
ony-x1dd

ewse|d

SL

Asdoiq unis

dy ‘s|192 ybnoiyi-mo|4
auun ‘sisaqwieyd uoisnyig
S|[®3 uoisnyig

wnJiag

auun

auun

auun

TIMIAL “Answoloyd awel4

pouIay

uewny
uewnH
uewnH
uewnH
uewny
uewny
ISNO
3SNO
ISNo
3SNO
3SNO

ey
3SNO

A»uopy
A»uopy

uewny
uewny
uewny
uewny
uewnH
uewnH
uewny
uewny
uewny
uewnH
uewnH
uewnH
uewny
uewny
uewny
uewny
uewnH
uewnH
uewny
uewny
uewny
uewny
uewnH
uewnH
uewny
uewny

unjs

OAIA
OAIA
OAIA
OAIA
OAIA
OAIA
OAIA
OAIA
OAIA
OAIA
OAIA
OAIA
04}IA
04}IA
04N
OAIA
OAIA
OAIA
OAIA
OAIA
OAIA
OAIA
OAIA
OAIA
OAIA
04N
OAIA
OAIA
OAIA
04}IA
OAIA
OAIA
OAIA
043N

ul
ul
u
u
ul
ul
ul
ul
uy
ul
ul
ul
u
ul
ul
ul
ul
ul
ul
u
u
ul
ul
ul
ul
ul
ul
ul
ul
u
ul
ul
u
u

tpog

04}IA
OAIA
OAIA
OAIA
OAIA
OAIA

u
ul
ul
u
ul
ul

OJ}IAJOAIA U]

ewayifig
3ag ‘snoyewsyifig
up|s paulesns
ewspoIyIfig
M3 ‘aa

1D ‘I4X ‘1av
JVD

VD

JVD

DS-9AN
DS-9AN
av4d

av4d

Z23

Zo3

as ‘av

as ‘av

av

av

av

av

av

av

av

av

av

av

dS ‘N1 'd0Sd
7073 ‘ddl "d0Sd
MY "40Sd
add ‘av '¥osd
40Sd

40Sd

40OSd

40OSd

40Sd

40Sd

40Sd

40Sd

40Sd

40Sd

|[opow aseasiq

upjs paseasip Ajjediuld ui saipnis uondiosge ul ainjesdl| Jo Alewwns *ziL ajqel

J. Appl. Toxicol. 2012; 32: 537-563

Copyright © 2012 John Wiley & Sons, Ltd.

wileyonlinelibrary.com/journal/jat




Percutaneous absorption in diseased skin
]

2007
1977
2000

Korinth et al.

Aniline x1.2

Hemoglobin adducts

Urine

Human
Human
Human

In vivo
In vivo
In vivo

Erythema
MF

Zackheim et al.

4C-Carmustine

ALA

Wennberg et al.

Xx2.5

Microdialysis

BCC

Disease model: AD, atopic dermatitis; ADI, autosomal dominant ichthyosis vulgaris; AK, actinic keratosis BCC, basal cell carcinoma; BCNU, 1,3-bis(2-chloroethyl)-1-nitrosurea; BDE,

burned dishydrotic eczema; CAC, colon adenocarcinoma; CD, contact dermatitis; Cl, autosomal recessive congenital ichthyosis; D, dermatitis; DD, dyskeratosis follicularis (Darier’s

disease); ECZ, eczema; EFAD, essential fatty acid deficiency; EKV, erythrokeratoderma variabilis; IRR, irritation; LU, leg ulcer; MF, mycosis fungoides; PSOR, psoriasis; SD, seborrheic

dermatitis; SP, spinalioma; UVB-SC, ultraviolet-B induced skin cancer; XRI, X-linked recessive ichthyosis.

Method: BEAA, butoxyethoxyacetic acid; LDF, laser-Doppler flowmetry; PpIX-fluo, protoporphyrin IX fluorescence; RIA, radioimmunoassay, TEWL, transepidermal water loss; TS, tape

stripping; TTCA, 2-thiothiazolidine-4-carboxylic acid.

Penetrant: ALA, 5-aminolevulinic acid; ALAHE, ALA hexylester; ALAME, ALA methylester; ALAPE, ALA pentyl ester; BEE, 2-(2-butoxyethoxy)ethanol; '*C, 14 carbon; CS,, carbon
disulfide; DMSO, dimethyl sulfoxide; 5-FU, 5-fluorouracil; 3H, tritium hydrogen; H,O, water; HC, hydrocortisone; HN, hexyl nicotinate; %I, iodine 125; M->H, Methoxy! tritium

hydrogen; 5-MOP, 5-methoxypsoralen; 8-MOP, 8-methoxypsoralen; PAI-2, plasminogen activator inhibitor type 2; PEG, polyethylene glycols SLS, sodium lauryl sulfate; TA,

triamcinolone acetonide.

Result: x, ratio of penetration; T, increase of penetration; |, decrease; —, no change.
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disease absorption studies based on degree of hydrophilicity
(defined by log K, values) of compounds. Lack of data
and inconsistent results may be explained by difficulty in
obtaining specimens of diseased skin, difficulty in reproduction
and variability in skin damage (Gattu and Maibach, 2011).

Essential Fatty Acid-deficient Animal

Essential fatty acid deficiency (EFAD) results in epidermal hyper-
proliferation with acanthosis and hyperkeratosis. EFAD mice
have been used as a model of experimental epidermal hyper-
proliferation. Solomon and Lowe (1978) used EFAD hairless mice
to determine percutaneous absorption of a 0.1% solution of
4-"C-hydrocortisone. They showed significant increase (2- to
3-fold) in vitro absorption through EFAD compared with normal
hairless mouse skin. Lambrey et al. (1987) studied hydrocortisone
absorption in EFAD rat model. On the first day, 19% of
the total applied radioactive hydrocortisone was recovered
in the urine of the EFAD rats, while 1% was recovered
from control.

Altered Skin

Drexler et al. (1995) showed that persons with skin disease or
skin irritation absorb more carbon disulfide via the skin than per-
sons with normal skin. Korinth et al. (2003) found an enhance-
ment in percutaneous absorption of 2-(2-butoxyethoxy) ethanol
in printing workers with strained skin. Korinth et al. (2006) ob-
served that the relationship between skin lesions and internal
exposure to lipophilic aromatic amine o-toluidine was relatively
higher in workers with damaged epidermal barrier such as skin
burns and particularly with dyshidrotic eczema, than in workers
with normal or slightly erythematous skin. In an in vivo study on
rubber industry workers exposed to aniline and o-toluidine,
Korinth et al. (2007) found that hemoglobin-aromatic amines-
adduct levels were significantly higher in workers with erythema
than in workers with healthy skin.

Psoriasis

Psoriasis has a compromised barrier function by means of partly
or completely damaged SC (Grice et al., 1973; Schaefer, 1985;
Schaefer et al., 1984), which may result in increased TEWL.
Grice et al. studied TEWL and its sodium and potassium con-
tent in normal and psoriatic skin. The TEWL ranged from 2.0
to 5.6 ug/cm?/h in 6 psoriatic patients, while the mean TEWL
in 15 normal subjects was 0.3 +0.1 pg/cm?/h’. This demon-
strated electrolyte barrier preservation in active psoriasis despite
serious impairment of the water barrier (Grice et al, 1973). Wang
et al. (1987) investigated the release and permeation of anthralin
with an in vitro Franz diffusion cell unit. The study showed that
involved psoriatic skin was much more permeable to anthralin
than uninvolved psoriatic skin and that the rate-limiting step
to permeation of anthralin products was their release rates
rather than their permeability.

Shani et al. (1985), who measured the penetration of elec-
trolytes through the skin of healthy and psoriatic patients
who had bathed in the Dead Sea, found significant increases
in the levels of serum Br, Rb, Ca, Zn only in the psoriatic group.
Erlanger et al. (1970) observed a 15- to 20-fold-increased
penetration of 5-fluorouracil ointment on psoriatic patient
skin compared with healthy skin. Anigbogu et al. (1996), in

___________________________________________________________________________________________________________________________________________|
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an in vitro study, found a greater than 2-fold increase in the
equilibrium uptake of 8-methoxypsoralen in psoriatic skin
compared with normal skin. The 8-methoxypsoralen aque-
ous/plaque partition coefficient was also greater than 2-fold.
Colombo et al. (2003) also noted an increase in
5-methoxypsoralen penetration through psoriatic human skin.

Schaefer et al. (1977) noted that triamcinolone acetonide
penetration was 3- to 10-fold higher in psoriatic human com-
pared with healthy skin. Gould et al. (2003) showed in an
in vivo study that psoriatic skin promoted greater penetration
of plasminogen activator inhibitor type 2 than uninvolved
skin. Smits et al. (2005) investigated the fluorescence in pso-
riatic and actinic keratosis lesions before and after fraction-
ated photodynamic therapy with topical 5-aminulevulanic
acid. After ALA application, psoriatic plaques and actinic
keratosis lesions showed higher fluorescence compared with
nonlesional skin. This increase was more pronounced in
psoriasis than in actinic keratinosis.

However, Wester et al. (1983, 1987) reported in an in vivo
experiment that involved psoriatic skin was no more permeable
to hydrocortisone or dithranol than normal skin, suggesting one
of the following: psoriasis may not have a penetration barrier
defect, the penetration of lipophilic compounds may not be sen-
sitive to damaged skin, or the vasoconstriction activity of the
drug might have counteracted the disrupted barrier properties.

Although the Lehman et al. (1992) study was not designed to
determine the difference in permeability between normal and
psoriatic skin, they observed that the in vitro penetration of
lonapalene through cryopreserved normal skin achieved only
one-half the peak flux observed from the in vivo urinary
excretion rate, suggesting that psoriatic plaque may be more
permeable than normal skin.

Aalto-Korte (1995) followed TEWL and percutaneous absorp-
tion of hydrocortisone in psoriatic patients undergoing treat-
ment and observed a decline in both after 4-6 days, indicating
that improvement of skin barrier function led to a decreased
absorption rate.

These studies show that skin penetration is often increased in
psoriatic skin. As most of psoriasis treatments are based on
topical therapy, particular attention should be given to this issue.

Year
2009
2009
2007
2006a
2002
2002
1983
1977

Author
Ortiz et al.
Ortiz et al.
Jakasa et al.
Jakasa et al.
Hata et al.
Hata et al.

Measured
corneum sampled by TS

Area under concentration vs
time curve by microdialysis
D (diffusion coefficient), K,

sampled by TS

D sampled by TS

sampled by TS
Photoacoustic spectrometry

sampled by TS
% Applied dose found in urine  Wester et al.

Concentration in stratum
Photoacoustic spectrometry
% Applied dose found in urine  Zackheim et al.

1
1
1
T
T
T_

Enhancement factor
Not significant
Increased
Increased
Not significant
Increased

24

log Kot
Lipophilic
Hydrophilic

1.6
54
1.6

5

Molecular weight
171
171
150-590
262
423
524
362
218

Atopic Dermatitis

Atopic dermatitis demonstrates a barrier defect attributed to ab-
normalities in barrier ceramides (Di Nardo et al., 1998), resulting
in increased TEWL (Linde, 1992). Correlations between TEWL
values and skin permeability of compounds have been
suggested (Levin and Maibach, 2005). Penetration may not be
enhanced through atopic dermatitis skin (Ortiz et al., 2009), but
some studies show an enhancement through uninvolved skin
of atopic dermatitis patients.

Turpeinen et al. (1988) studied percutaneous absorption of
hydrocortisone in 18 young adults after the acute phase of
atopic dermatitis by measuring serum cortisol levels using a
('®1) cortisol radioimmunoassay kit. Endogenous secretion of
cortisol was suppressed using dexamethasone. Patients with
widespread and high-grade dermatitis showed a median serum
concentration of 314 nmol/l in the remission group. The plasma
cortisol concentration was higher in exacerbation than in
remission, showing that acute atopic dermatitis may leave skin
more sensitive to hydrocortisone penetration than when in
remission. Two other studies also showed greater increased

Penetrant
Hydrocortisone (**C-HC)

Metronidazole
Metronidazole
Red 215 dye
Yellow 4 dye
BCNU/carmustine

1% SLS

PEG

In vivo/vitro
In vivo
In vivo
In vivo
In vivo
In vivo
In vivo
In vivo
In vivo

dermaitits patients

dermaitits patients
Uninvolved skin atopic

dermaitits patients
Uninvolved skin atopic

dermaitits patients
Psoriasis

Table 13. Summary of literature in human absorption studies in diseased skin comparing absorption enhancement with K, values, indicating hydrophilicity
Uninvolved skin atopic

For abbreviations see Table 12.

Disease model
Atopic dermatitis
Atopic dermaitits
Uninvolved skin atopic
Mycosis fungoides

(9
Ul
(00]
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absorption of topical 1% hydrocortisone in children with
severe dermatitis than moderate dermatitis, and also higher in
moderate dermatitis than in mild dermatitis (Turpeinen et al.,
1986; Turpeinen, 1988). Aalto-Korte and Turpeinen (1993) found
that cortisol rise was correlated to the severity of dermatitis and
TEWL. However, variation was observed among patients, making
it difficult to predict permeability by clinical diagnosis alone and
emphasizing the need for TEWL measurement.

Previously, Juhlin noticed that blanching reactions owing to
EMLA® (eutectic mixture of 5% lidocaine and prilocaine) were
accentuated in dry and eczematous skin of patients with atopic
dermatitis (Juhlin and Rollman, 1984). In another in vivo study on
psoriatics and dermatitis patients, he showed that the absorp-
tion of EMLA® through diseased skin was faster than through
normal skin with higher plasma concentrations: 1000 times
more in atopic dermatitis than in healthy subjects (Juhlin et al.,
1989). A prompter but shorter anesthetic effect in diseased
patients was also observed.

De Jongh et al. (2006), in an in vivo study, found a 1.5-fold
higher diffusivity for SLS in atopic persons than nonatopics.
Jakasa et al. (2006a) also observed a 2-fold increase in percuta-
neous penetration of SLS with atopic dermatitis patients
compared with control subjects in an in vivo study. In another
study, Jakasa found that other lipophilic compounds, polyethylene
glycols, also had modest enhancement (Jakasa et al,, 2006b). This
showed that even noninvolved skin of atopic patients have altered
barrier characteristics with greater SLS penetration than controls.
Similarly, Yoshiike et al. (1993) reported increased theophilline
penetration not only in involved but also in uninvolved atopic
dermatitis skin compared with control subjects. Hata et al. (2002)
noted that penetration of hydrophilic yellow dye increased in
proportion to severity of disease. This emphasizes the importance
of considering risks of exposure in patients with a history of atopy,
even when patients do not manifest the active disease (Gattu and
Maibach, 2010). Thus, similar to psoriatic skin, atopic dermatitis
leads to increased chemical absorption.

Exfoliative Dermatitis

In exfoliative dermatitis, a significant amount of sodium was
absorbed from a corn starch bath in a 0.275 m sodium bicarbonate
solution. Hydrocortisone penetration was greater than 50%
(~50-fold increase).

Aalto-Korte and Turpeinen (1995) evaluated hydrocortisone
skin penetration in patients with erythroderma using plasma
cortisol level. Their data showed that 24h absorption of
hydrocortisone in patients was significantly higher than
the penetration of hydrocortisone in normal skin (4-19 vs
1% respectively).

Eczema

Using monkey skin in vitro, Bronaugh et al. (1986b) found
that percutaneous absorption of hydrocortisone through
eczematous skin was twice that of normal skin.

Mycosis Fungoides

Zackheim et al. (1977) measured in vivo percutaneous absorp-
tion of 1,3-bis(2-chloroethyl)-1-nitrosurea (Carmustine) in five
patients with mycosis fungoides. Absorption through diseased
skin was shown to be 1- to 5-fold greater than through normal

skin. Increased permeation was explained as an impaired SC
barrier, represented by parakeratosis, inter-/intracellular edema,
vascular dilatation or other changes often found in lesions of
mycosis fungoides affected skin.

Keratinisation Disorders

Lavrijsen et al. (1993) characterized the SC barrier function of
patients with keratinization disorders — autosomal dominant
ichthyosis vulgaris, X-linked recessive ichthyosis, autosomal re-
cessive congenital ichthyosis, dyskeratosis follicularis (Darier’s
disease) and erythrokeratoderma variabilis — using among other
things the vascular response to hexyl nicotinate penetration into
the skin as determined by laser-Doppler flowmetry. A significant
decrease in lag time was found in the three forms of ichthyosis
compared with the healthy controls. Comparison between patient
groups showed significant differences between recessive congen-
ital ichthyosis and dyskeratosis follicularis/erythrokeratoderma
variabilis but not between congenital ichthyosis and the other
types of ichthyosis. They attributed the decreased lag time to an
acceleration of hexyl nicotinate flux through diseased skin. How-
ever, no difference was found between healthy and dyskeratosis
follicularis or erythrokeratoderma variabilis patients.

Skin Cancer

Van den Akker et al. (2000a) studied the penetration of ALA
and 5-aminolevulinic pentyl ester (ALAPE) through UVB-
induced early mouse skin cancer. ALA and ALAPE penetration
were higher on UVB-induced visible lesions than on normal or
UVB-induced altered skin as interpreted from the enhanced
PpIX (protoporphyrin IX) production induced by ALA and
ALAPE. In UVB-induced altered skin and visible lesions, ALAPE-
induced PplX fluorescence levels are higher compared with
ALA, demonstrating better skin penetration properties. This
can be explained by the fact that ALA esters are more lipophilic,
and therefore may have better penetration properties than ALA.
Wennberg et al. (2000), utilizing microdialysis, studied the
topical penetration of aminolevulinic acid in patients with basal
cell carcinoma. He reported a 2.5-fold increase of blood perfu-
sion in basal cell carcinomas compared with healthy areas.
Moan et al. (2001) showed that the mouse skin overlaying
tumors (human colon adenocarcinoma cell line) was more
permeable to ALA than normal skin. They also found that the
tumor to normal tissue ratio of PpIX fluorescence levels
produced was higher for ALA esters (ALAHE, ALAME) than
ALA, although the amount of PpIX produced solely in the tumor
by the ALA esters was not necessarily greater than ALA.

CONCLUSION

Skin can be damaged by many methods that affect skin penetra-
tion. Tape stripping, which may lead to a near complete removal
of SC, increases absorption of lipophilic and hydrophilic com-
pounds. Freezing, commonly used to preserve skin, does not seem
to modify skin water absorption but leads to an increase in pene-
tration for other compounds. More studies are needed to confirm
if freezing has a more profound effect on lipophilic compounds.
Delipidization with a chloroform-methanol mixture seems to
increase permeability of all hydrophilic compounds, but not
lipophilics. Acetone skin pre-treatment enhances hydrophilic
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compound penetration but not as much for highly lipophilic
compounds. The literature on the effect of lipid extraction on
percutaneous penetration is not complete. Abrams et al. (1993)
studied the phenomena in vitro with human skin, concluding that
the more effective the stratum corneum lipid solvation is, the
greater the TEWL enhancement. This is an indirect measurement
of water barrier function. Conversely, Bucks et al. (1983) delipidized
human skin in vivo, noting no such effect. Much experimental work
remains to be done before a general theory can be postulated.

Skin irritation with SLS increases hydrophilic compound skin
absorption, but not lipophilic. However, skin irritation from other
chemicals increases lipophilic penetration as much as hydrophilic.

Few studies have documented UV irradiation and skin penetra-
tion, but all animal studies reported increased absorption. Altered
or diseased skin such as psoriasis, atopic dermatitis or skin cancer,
increases skin permeability. Differences may exist in various
diseases as well as varying degrees of severity of each disease.

As different methods are used in these studies, our conclu-
sions should be interpreted with caution. Even if results are sim-
ilar, skin kinetics may be different between species or anatomic
sites and it is important to note not only mean values but also
the range of these results. Keep in mind that hair follicles are a
contributing factor, especially in animals. There are also possible
metabolic differences between species. This information, when
significant amounts of data become available, may help explain
some of the enhancement factors noted here. Many questions
regarding chemical relation to physical chemistry require further
research. Further studies in vivo on human skin are needed to
confirm the results noted here. As microdialysis does not trap
all the penetrant and alters the skin physiology itself, clinical
interpretation of results should be done with caution. Microdia-
lysis studies showed higher penetration rates than traditional
sampling techniques or urinary excretion (Gattu and Maibach,
2011). Microdialysis may become a method of choice to assess
skin penetration in vivo once we better comprehend how to
relate perfusion through the dermal compartment to total flux.

The impact of this large, but incomplete, data set relates to
quantity of a chemical/drug entering the body - and hence
exposes blood and internal organs. Traditionally the toxicologist
accounts for differences from normal skin with safety factors. As
seen in the tables, in some instances damaged skin leads to mini-
mal increases in flux, whereas in other instances, marked increases
have been observed. Thus a perhaps somewhat arbitrary safety
factor may be inappropriate. As additional experiments are carried
out, most readily interpreted from in vitro and in vivo skin, a more
appropriate safety factor may be established.

Taken together, the data summarized here begin to character-
ize flux alteration associated with damaged skin. We note that
there is insufficient experimental data available to hypothesize
possible mechanisms of enhancement for the several types of
damaged skin overviewed here. Understanding the degree of
alteration requires interpretation of the conditions involved
(in vitro, in vivo, animal, man, etc.) and the enlarging of our
database to a more complete physicochemical spectrum.
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