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There is a great need for alternative experimental methods for measuring percutaneous xenobiotic
biotransformation. Animal testing and excised human skin studies have been the historical standards for
confirmation of therapeutic and toxic effects that occur in the skin as a result of drug and other chemical
metabolism. Human skin epidermal bioequivalents have become progressively more used for these types
of pharmacological/toxicological studies in recent years. These epidermal models have been used in the
form of cell culture, tissue sheets, and highly differentiated epidermal and epidermal/dermal systems.
This review highlights the existing published data on the utility of these skin bioequivalent models for
various types of metabolism and toxicology studies that should be of interest to the dermatopharma-
ceutical scientist.
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INTRODUCTION

Human skin equivalents are desirable tools for measur-
ing percutaneous absorption and other biochemical pro-
cesses, as shown in Fig. 1. Over the years, a standard kera-
tinocyte culture experimental system has evolved into highly
differentiated skin equivalents containing epidermal and even
dermal layers. Although all of these tissue equivalent types
are useful for a variety of experimental subsets that are de-
scribed in more detail throughout this minireview, there still
remains a certain amount of dissatisfaction in the drug trans-
port community regarding the “leakiness” of many of the
available intact tissue models. The barrier properties of many
of the skin bioequivalent systems are in fact not equivalent to
the human skin, and the reasons for this have been investi-
gated by several researchers inside and outside of the tissue
engineering field (1–3). It appears that the essential intercor-
neocyte lipids are not of the same quantity and quality in
many of these in vitro systems; however, steady progress to-
ward a human skin match has been made over the last several
years (4–12). Skepticism about the utility of these tissue mod-
els for permeability measurements should not overshadow
their ideal utility for xenobiotic bioconversion studies.

Activation and deactivation of drugs and other chemicals
in the skin via metabolic processes are critical factors relevant
to therapeutic and toxic outcomes. It is very important that
the pharmaceutical scientist have other metabolism experi-
ment alternatives to animal and human studies. Human skin
bioequivalent tissue can provide an alternative that can be
considered superior to animal experiments because it is de-
rived from human tissue, and also superior to excised human
tissue experiments because it is 100% viable. The purpose of

this review is to highlight some of the xenobiotic bioconver-
sion studies that have been performed recently in human skin
tissue and cell culture models. These experimental systems
are very valuable to dermatopharmaceutical science research-
ers, especially as a supplement to the limited supply of elec-
tive surgery human tissue specimens available, and as a way to
reduce animal experimentation as well.

HUMAN EPIDERMIS MODEL SYSTEMS

Keratinocyte Culture

Keratinocytes are the primary cells of the epidermis and
the most often used cell culture type for xenobiotic metabo-
lism studies. Rheinwald and Green established the first hu-
man keratinocyte cultures for experimental use in 1975 (13).
The keratinocyte sources for these cultures consist of skin
from biopsies and elective surgery (breast and abdominal), as
well as foreskin. Culture media has developed over the years
into simpler systems with serum-free formulas and time-
saving commercial kits (e.g., Cambrex Corporation’s Clonet-
ics™ systems; Ref. 14). Comprehensive reviews on keratino-
cyte culture methods and applications can be found in the
literature (15,16). In addition, the HaCaT spontaneously im-
mortalized human keratinocyte cell line, first described in
1988 by Boukamp et al. (17), has also been used for derma-
topharmaceutical studies (18–21). The HaCaT cell line was
the first human skin-derived epithelial cell line that exhibited
a full epidermal differentiation capacity when transplanted
onto nude mice.

Reconstructed Skin Models

The initial reconstructed skin models were developed
during the 1980s. Reconstituted epidermis from hair follicle
outer root sheath cells provided the source for the first skin
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equivalent model for a drug metabolism study in 1990 (22).
Some of the more common commercially available recon-
structed skin models available today are listed in Table I.
Detailed biochemical descriptions of these models can be
found at the suppliers’ web sites, and comprehensive reviews
of the tissue technology have been published (23). Epidermis
overlaying a tissue layer containing dermal fibroblasts has
become useful for researchers interested in skin irritation,
sensitization, and other types of testing where immune re-
sponse is a driving force of the experimental outcome (12,24).
This dermal-epidermal interaction has been shown to be im-
portant in retinoid metabolism as well (25). Most drug me-
tabolism studies should not be significantly affected by use of
an epidermis-only model unless there is evidence that the
compound of interest may be influenced by dermal fibroblast
and epidermal keratinocyte cross talk, as may be the case with
retinol. Pigmented skin equivalents are also available from
the MatTek and SkinEthic companies. These pigmented
equivalents can be useful if skin exposure to the sun may
influence the experimental outcome, e.g., sunscreen studies,
other UV irradiation studies where melanin synthesis is inte-
gral (26), and drug metabolism/toxicity studies in areas of
sun-exposed skin (27).

SKIN ENZYMES INVOLVED IN DETOXIFICATION
AND DRUG BIOAVAILABILITY

Xenobiotic removal from the body via metabolism is
mainly accomplished by the liver, but many other tissues in

the body also have metabolic capability. The skin has many of
the same types of enzyme systems as the liver, but it also has
some enzymes that are unique. Common enzymes include the
cytochrome P-450–dependent monooxygenases and epoxide
hydrolases. Specific activities of these cutaneous enzymes are
usually less than 10% of the specific activity of the liver en-
zymes; however, there are some exceptions. Typical conjuga-
tion reactions also take place with glucuronide, sulfate, and
glutathione. Some toxicities can also result from enzymatic
reactions in the skin, e.g., when compounds are activated into
allergens or carcinogens via oxidation (28). Transport pro-
teins (organic anion transport protein [OATP B,D,E], multi-
drug resistance protein 1 [MDR1 formed after dexametha-
sone induction], and multidrug resistance-associated proteins
[MRP1,3-6]) also exist in the viable keratinocytes of the skin
(29). However, no downregulation of these transport proteins
occurs in the presence of cytokines as compared with the
cytokine-mediated downregulation that occurs in hepatocytes
and tumor cells.

CURRENT DATA AVAILABLE FROM HUMAN
EPIDERMIS MODELS

Drug Metabolism

One of the earliest reports of comprehensive drug me-
tabolism studies in a human epidermis model was published
in 1990 by Pham et al. (22). This research group used a re-
constituted epidermis model from the outer root sheath cells
of human hair follicles. Phase I and Phase II drug metabolism
reactions were observed in this model system, including oxi-
dation, reduction, glucuronidation, glutathione conjugation,
sulfatase hydrolysis, and epoxide hydrolysis.

The earliest use of a commercially available skin equiva-
lent model for drug metabolism investigation was reported by
Ademola et al. in 1993 (30). This study included a comparison
of an Organogenesis skin equivalent and its homogenate, a
basal keratinocyte monolayer cell culture, and split-thickness
human skin and its homogenate. The metabolites produced
by the intact skin, cell culture, and skin equivalent were simi-
lar in quality and quantity. However, a de-ethylation of
7-ethoxycoumarin in human skin and skin equivalent homog-
enates revealed a 3- to 8-fold increase in enzymatic activity
for the skin equivalent over the human skin homogenate. This
de-ethylation reaction has been studied as a method for xe-
nobiotic detoxification in the skin (31). Some researchers
have argued that observed metabolic activity differences be-
tween human skin equivalent models and excised human tis-
sue are the result of the skin equivalents’ deficiencies. In cases
where the metabolic activity of the skin equivalent is higher
than the human tissue, as with this example of de-ethylation,

Fig. 1. Schematic of the abundant uses for human epidermis models.

Table I. Commercially Available Reconstructed Skin Models

Product Supplier Web site

EpiDerm™ MatTek Corporation, Ashland, MA, USA www.mattek.com
EPISKIN™ EPISKIN SNC (L’Oréal), Lyon, France www.loreal.com
SkinEthic™ HRE SkinEthic Laboratories, Nice, France www.skinethic.com
Testskin™II Organogenesis, Inc., Canton, MA, USA www.organogenesis.com
Skin2 ZK1300™ Advanced Tissue Sciences, LaJolla, CA, USAa www.advancedtissue.com

a Currently under Chapter 11 reorganization.
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another argument may be true. It seems logical that living
skin equivalents are a more viable system than excised human
tissue, with the capacity to have greater metabolic activity.
Experiments with skin equivalents are usually performed with
the tissue culture system still intact (a 100% viable system) or
immediately after excision from the tissue culture plates. Ex-
cised human skin experiments are rarely performed at this
level of viability, as some significant type of lag time is usually
experienced between harvesting the tissue and beginning the
experiment. When fresh human surgical waste tissue is used,
there is a lag time of at least 1 to 24 h before experiments are
initiated. Obviously, the level of viability can be significantly
reduced when tissue is harvested from cadavers, a common
experimental practice. Tissue sampling times postmortem
should be carefully recorded and studied for the effect on
metabolic capacities of the enzyme system of interest.

Prodrug bioconversion in a commercially available skin
equivalent model was first described in 1994 by Lamb et al.
(32). A comparison of the prodrug hydrolysis between a hu-
man surgical waste skin homogenate and an intact LDE Test-
skin system showed that the metabolic activity in the Testskin
system was one-fifth that of the homogenate. This is not sur-
prising, as intact skin is known to provide decreased drug
metabolism as compared to skin homogenates (18,33). Ho-
mogenization of tissue exposes enzymes that may not be
available to the drug during transit through intact mem-
branes. Maximum metabolism rates have been quickly
reached in keratinocyte homogenates, whereas intact kera-
tinocyte cell sheets provided metabolism rates below satura-
tion (18). Substrate diffusion in intact tissue can definitely
provide a rate-limiting step to metabolism. Furthermore, it is
also possible that reconstructed skin models, with substrate
diffusion rates that often exceed diffusion rates in human
surgical waste skin, may also exhibit metabolism rates closer
to saturation levels than what is seen with the surgical tissue.
In this case metabolite levels observed in the reconstructed
models may overpredict metabolism in humans. These over-
estimates of substrate flux and metabolism can be accounted
for and incorporated into the interpretation of epidermal
model data.

Sandoz Pharma conducted drug metabolism studies in
two of Advanced Tissue Sciences’ Skin2™ models to compare
the potential efficacy of topical treatments for psoriasis (34).
These in vitro models worked well as a method to compare
the rate and extent of cutaneous biotransformation of two
cyclosporins.

A peptidomimetic compound, L-Ala-4-methoxy-2-
naphthylamide, has been used as an example drug for creat-
ing a diffusion and concurrent metabolism model in cutane-
ous tissue (19). Cultured HaCaT (human transformed kera-
tinocytes) cell sheets were used as part of the model
validation. These cell sheets were much more permeable to
L-Ala-4-methoxy-2-naphthylamide than stripped human epi-
dermis.

Keratinocyte cultures have been a good source for drug
biotransformation studies. Even keratinocytes from post-
mortem skin have been deftly cultured and used for metabo-
lism studies (27). 7-ethoxyresorufin-O-deethylase, phenacetin
de-ethylase, procainamide N-acetyltransferase, paracetamol
sulphotransferase, glucuronidation, and glutathione S-
transferase (GST) activity were quantitated in these postmor-
tem keratinocytes. Enzymatic activities comparable to those

observed in keratinocytes from fresh tissue were found in
these post-mortem (<50 h) keratinocytes. Drug metabolizing
enzyme activities (except for paracetamol sulfotransferase) in
these cultures were significantly higher in skin cells that had
been harvested from sun-exposed areas of skin vs. sun-
protected sites. The authors of this study believe this activity
increase could be a protective response to chemical exposure,
as higher amounts of chemicals have been reported to be able
to penetrate and accumulate in the epidermis of photoaged
skin. Unfortunately, the authors also pointed out, some of the
enzymatic activity increases could lead to toxic and mutagenic
effects through binding of intermediates to tissue proteins and
DNA. Another biotransformation study in keratinocyte cul-
tures has included retinol conversion to 3,4-didehydroretinol
(35).

Another significant milestone study in human keratino-
cyte cultures demonstrated the existence of multidrug resis-
tance-associated transport proteins, as well as the expression
of multiple cytochrome P450 enzymes (29). Expression of
CYP1A1, CYP1B1, CYP2B6, CYP2E1, CYP3A5, multidrug
resistance-associated transport proteins 1 and 3-6, and lung
resistance protein were found in keratinocytes using the re-
verse transcription-polymerase chain reaction analysis. Addi-
tionally, dexamethasone induction in this experimental sys-
tem exhibited expression of cytochrome 3A4 and multidrug
resistance 1. Many of these reverse transcription-polymerase
chain reaction results were confirmed by immunoblots and
immunohistology.

The drug efflux transporter p-glycoprotein (MDR-1) has
a unique purpose in the skin, as compared to observed
MDR-1 function in other tissues. Recent reports have de-
scribed the significance of MDR-1 in the immune function of
the skin (36). In this study, surface MDR-1 on dendritic and
T cells was identified in cultures of split-thickness cadaver
skin. MDR-1 antagonists prevented the epidermal dendritic
cells and associated T cells from migrating to the lymph nodes
to commence an immune response. It seems to be possible to
exploit this MDR-1 migration mechanism for enhancing the
duration and expression level of therapeutic gene delivery to
the skin (37). This immune function behavior has not been
observed with dendritic cell multidrug resistance-associated
protein (38).

Gene therapy transduction can be studied in human ep-
ithelial cell lines (HaCaT, A549; Ref. 20). Improvements in
gene transfer can be important for overexpression of intra-
cellular or surface protein within the keratinocytes to modify
cellular features to protect against apoptosis and T-cell–
mediated cytotoxicity.

Induction and Inhibition

Cultured keratinocytes have been used to examine in-
duction of the phase I enzymes, CYP1A1 (cytochrome
P4501A1) and NADPH reductase, and the phase II enzymes
UDP-glucuronyltransferase and GST (39). These enzymes
are of special interest because they are active in carcinogenic
chemical metabolism. The chemicals used for induction in
these studies included 3-methylcholanthrene, dimethylbenz-
[a]anthracene, phenobarbital, clofibrate, and all-trans retinoic
acid. The CYP1A1 expression in the keratinocytes correlated
with the CYP1A1 mRNA levels.

Another cultured keratinocyte enzyme induction study is
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of particular interest because the data suggest that enzyme
activities were either slightly or insignificantly reduced after
freezing the keratinocyte cultures (40). Storing frozen kera-
tinocyte cultures that will still be viable upon thawing adds
some convenience and flexibility to experimental design. Sev-
eral enzymes were investigated, including ethoxyresorufin-O-
de-ethylase, GST, phenacetin de-ethylase, procainamide N-
acetyl transferase, and paracetamol sulfotransferase. Induc-
tion of vitamin D3 25-hydroxylase (CYP27) mRNA by
vitamin D3 and UVB radiation has also been demonstrated in
keratinocyte culture (41).

Human skin equivalents have been used to study the
activation of vitamin D3 to calcitriol (42). In this enzymatic
reaction, vitamin D3 is hydroxylated to 1�,25-dihydroxyvita-
min D3, calcitriol. The hydroxylation in this study was inhib-
ited by the P-450 oxidase inhibitor ketoconazole. Another
investigation by these researchers showed that provitamin D3

(7-dehydrocholesterol) could be photo-activated by ultravio-
let B irradiation to form calcitriol as well (43). Ketoconazole
was also capable of inhibiting this reaction in the tissue.

SkinEthic RHE tissue has been shown to express the
steroid 5�-reductase isoenzyme 1 (44). This reductase enzyme
is responsible for activation of testosterone to 5-dihydrotes-
tosterone, the more potent form of testosterone. Finasteride,
a drug used to treat male-pattern hair loss (androgenetic alo-
pecia), inhibited the activity of the 5�-reductase isoenzyme 1
in the skin equivalent. This same inhibitory effect of finaste-
ride had been previously observed in the HaCaT keratinocyte
cell line as well (21).

Carcinogenesis

Not only is it important to understand cutaneous pro-
cesses for the purpose of topical drug bioavailability, it is even
more important to understand how cutaneous processes may
affect the safety profiles of topically applied drugs, and other
xenobiotics that come into contact with human skin as well.
Safety profiles for topical skin exposure can include testing
for irritation, inflammation, and cytotoxicity; but accurate
genotoxicity assessment can probably be considered the most
critical testing procedure for topical compound safety. Ani-
mal testing has been the mainstay for in vivo genotoxicity
assessment for many years. Non-animal testing alternatives
are constantly sought after for this research milieu.

One valuable study that examined the use of a commer-
cial human skin equivalent for carcinogenesis evaluation re-
ported a successful correlation with previously published hu-
man and murine skin results (45). In this study, known car-
cinogens were tested for their genotoxic effects in the MatTek
EpiDerm model. Benzo[a]pyrene, ultraviolet B radiation, ul-
traviolet A radiation, and psoralen-ultraviolet A radiation ef-
fects were evaluated by identifying markers such as DNA
adducts, c-fos, and p53 proteins. Ultraviolet irradiation stud-
ies have been very successful in the human skin equivalents
(26,46–48).

Endogenous Substrate Bioconversion

Although a comprehensive examination of cutaneous en-
dogenous compound biochemical reactions is beyond the
scope of this review, it is important to discuss some of the

studies that have been done in human skin equivalents. Much
of the topical drug delivery and toxicity knowledge base avail-
able to the pharmaceutical scientist originated from studies of
dermal endogenous peptides, hormones, lipids, proteins,
nucleic acids, cofactors, and carbohydrates.

Human keratinocyte cultures have been used to study
fatty acid metabolism (49). An active metabolite of the pso-
riasis treatment drug, etretinate, was found to change fatty
acid profiles in keratinocytes and interfere with arachidonic
acid esterification into nonphosphorous lipids. Phospholipid
oxidation has also been studied in human keratinocyte cul-
tures (50). Preferential oxidation of phosphatidylserine was
observed in the Shvedova et al. study after treatment with
cumene hydroperoxide. Additionally, the role of a lipid me-
tabolizing enzyme transcription factor, peroxisome prolifera-
tor-activated receptor-�, has been studied in a reconstructed
epidermis model (51). Reconstructed human epidermis has
also been used as a model system to demonstrate the require-
ment of vitamin C in the stratum corneum lipid formation
(52).

Skin equivalents are useful for examining immune re-
sponse in contact dermatitis and skin infections like cutane-
ous candidosis (53,54). Aspartyl proteinase, a hydrolytic en-
zyme and virulence factor secreted by Candida albicans, has
been identified in a SkinEthic tissue model of cutaneous can-
didosis (53). The ability to use these in vitro models, which
exhibit tissue behavior under the influence of a disease state,
should be helpful in the evaluation of drug treatments and
possibly help to save some clinical trial expenses. Develop-
ment methods for effective topical drug treatments for cuta-
neous infections and irritation should account for enzymes
and other immune factors present in the diseased tissue.
Treatment of diseased dermal tissue can present a very dif-
ferent microenvironment to drug therapies than those that
are designed to be used on healthy tissue (e.g., transdermal
patches for systemic drug delivery).

Irritation markers have been identified in commercial
skin equivalents (55). Levels of mRNA for interleukin-1� (an
early marker for irritation) were compared in EpiDerm and
excised human skin after irritation induction with sodium do-
decyl sulfate (SLS) and the water vehicle (56). Water did not
induce irritation in the EpiDerm cultures, as the 100% hu-
midity incubation conditions for this system are essentially
equivalent to surface water exposure. A 3-fold increase in
IL-1� mRNA was observed in SLS treated tissue vs. water
vehicle treated tissue for excised human skin and EpiDerm.
SLS concentrations were adjusted in these experiments for
the permeability differences that exist between human skin
and EpiDerm. Overall, EpiDerm was much less resistant to
the damage caused by SLS than excised human skin. After
the SLS-treatment adjustment for the 10- to 20-fold differ-
ence in EpiDerm permeability, similar levels of irritation
markers were observed in both tissue types.

Cytotoxicity from wound dressing materials can be in-
vestigated in human skin equivalents by quantifying DNA
synthesis (57). Similar results have been obtained when hu-
man skin and human skin equivalents have been treated with
hyaluronidase (58). Endogenous hyaluronic acid and its re-
ceptor, CD44, can be studied in the human skin equivalents.
Hyaluronic acid is important in tissue growth, wound repair,
and cosmetic applications as well.
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CONCLUSIONS

Epidermal skin equivalents are becoming more popular
for investigating substrate bioconversion that results in thera-
peutic and toxic effects. As long as carefully controlled ex-
periments are completed with these tissue substitutes, very
valuable information about drug delivery and exposure can
be obtained. The complete replacement of excised human
tissue and animal experimentation has not occurred, but great
advances in the development and utilization of the models has
taken place over the last twenty-five years. Corrections for
permeability differences can be made and incorporated into
the data analysis and conclusions drawn from these tissue
culture experiments. The dermatopharmaceutical scientist is
encouraged to take advantage of these model systems for the
investigation of topically applied drugs and other xenobiotics.
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