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Abstract
The aim of this study was to understand the skin irritation effects of saturated aliphatic hydrocarbons
(HCs), C9–C16, found jet fuels using in vitro 3-dimensional EpiDerm full thickness-300 (EFT-300)
skin cultures. The EFT-300 cultures were treated with 2.5 µl of HCs and the culture medium and
skin samples were collected at 24 and 48 h to measure the release of various inflammatory biomarkers
(IL-1α, IL-6 and IL-8). To validate the in vitro results, in vivo skin irritation studies were carried out
in hairless rats by measuring trans epidermal water loss (TEWL) and erythema following un-
occlusive dermal exposure of HCs for 72 h. The MTT tissue viability assay results with the EFT-300
tissue show that 2.5 µl/tissue (≈4.1 µl/cm2) of the HCs did not induce any significant changes in the
tissue viability for exposure times up to 48 h of exposure. Microscopic observation of the EFT-300
cross-sections indicated that there were no obvious changes in the tissue morphology of the samples
at 24 h, but after 48 h of exposure, tridecane, tetradecane and hexadecane produced a slight thickening
and disruption of stratum corneum. Dermal exposures of C12–C16 HCs for 24 h significantly
increased the expression of IL-1α in the skin as well as in the culture medium. Similarly, dermal
exposure of all HCs for 24 h significantly increased the expression of interleukin-6 (IL-6) and IL-8
in the skin as well as in the culture medium in proportion to the HC chain length. As the exposure
time increased to 48 h, IL-6 concentrations increased 2-fold compared to the IL-6 values at 24 h. The
in vivo skin irritation data also showed that both TEWL and erythema scores increased with increased
HCs chain length (C9–C16). In conclusion, the EFT-300 showed that the skin irritation profile of
HCs was in the order of C9 ≤ C10 ≤ C11 ≤ C12 < C13 ≈ C14 ≈ C16 and that the tissue was an
excellent in vitro model to predict in vivo irritation and to understand the structural activity
relationship of HCs.
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1. Introduction
Skin irritation is a reversible inflammatory response observed following exposure to noxious
stimuli, which causes the release of various inflammatory cytokines and chemokines by skin
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keratinocytes and fibroblast cells (Kinkead et al., 1992; Kanikkannan et al., 2000). Kerosene
based fuels are widely used as jet propellants (JPs) and several studies have shown that dermal
exposure of these fuels can cause skin irritation and/or sensitization. Occupational exposure
to jet fuels may occur during fuel transport, aircraft fueling and de-fueling, and maintenance
of equipment (Subcommittee on Jet-Propulsion 8 Fuel of Committee on Toxicology, 2003).
Jet fuels used in commercial and military aviation are complex multi-component mixtures
consisting of hundreds of aromatic and aliphatic hydrocarbons. The skin absorption and
permeation of aromatics and aliphatic compounds depend on the chemical nature of the
individual component. However, aliphatic hydrocarbons (HCs) have very high skin
partitioning and retention compared to aromatics mostly due to their longer residence time in
skin (McDougal et al., 2000). Our earlier in vivo studies with nonane, dodecane and tetradecane
showed that these chemicals can cause skin irritation following a single occlusive dose and
that nonane was the most irritating of these three chemicals (Babu et al., 2004a). Very few
studies have been carried out to evaluate the structural activity relationship and skin irritation
of HCs and it is very important to understand the skin toxicological behavior of individual
aliphatic components of jet fuels.

Most of the reported jet fuel skin irritation studies have been carried out using laboratory
animals such as rabbits, rats and mice. The main problems with in vivo animal experiments
are that: (a) these animal models produce higher skin permeation and irritation than human
skin, (b) there are differences between human and animal skin, (c) a large number of animals
are required to produce unbiased results, and (d) in vivo protocols are cumbersome to carry
out in industrial setting due to restrictions placed on the use of animals, especially in European
countries. Hence, there is a need to look for alternate in vitro toxicity screening models to
minimize the animal use in the skin toxicological studies. We already have demonstrated that
three dimensional skin models (EpiDerm EPI-200, MatTek Corporation, Ashland, MA) can
be used to study the skin irritation of jet fuels (Chatterjee et al., 2006); however, because of
absence of dermis in the EPI-200 skin cultures, we were unable to measure changes in cytokine
and chemokine levels following exposure to jet fuels that completely reflect the in vivo
situation. This study utilizes the EFT-300 tissue which is a full thickness skin model and
contains well-differentiated stratum corneum, epidermis and dermis. There are many other skin
cultures such as Alloderm®, Apligraft®, Biobrane®, Celaderm™, Dermagraft®, Epicel®, EZ
Derm™, Laserskin®, OrCel®, TransCyte®, etc. are available from various commercial sources.
These skin substitutes are widely used for skin burns, wound healing and diabetic ulcer
applications, whereas EFT-300 model can be used for studying the skin permeation and
irritation applications of drug products and chemicals.

The EFT-300 cultures are derived from human neonatal foreskin tissue and consist of normal
human-derived epidermal keratinocytes and fibroblasts, which are cultured to form a
multilayered, highly differentiated model of human dermis. The dermal compartment is
composed of a collagen matrix containing viable normal human dermal fibroblasts and
keratinocytes are cultured atop the dermal component to form the epidermis. Ultra structurally,
the EFT-300 skin model closely resembles human skin, thus providing a useful in vitro means
to assess dermal irritation and skin toxicity (Asbill et al., 2000; Hayden et al., 2009). EFT-300
model consists of organized basal, spinous, granular, and cornified epidermal layers analogous
to those of human skin. Epidermal and dermal interactions will have significant effect on
cytokine and chemokine secretion following exposure to an irritant signal and these interactions
are important in understanding the skin irritation processes. Significant differences in pro-
inflammatory mediator secretion exist, depending on the presence or absence of dermal
fibroblasts. According to Welss et al. (2004) the epidermal skin equivalents such as EPI-200
skin are unable to release the secondary cytokines (such as IL-6), whereas due to presence of
fibroblasts the EFT-300 full thickness skin model is known to release range of pro-
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inflammatory markers including IL-1α, IL-6, IL-8, IL-10 and GM-CSF (Bernhofer et al.,
1999).

In vitro skin irritation testing methods could be useful in preclinical safety screening as well
in ranking chemicals for their irritation potential even at the low end of irritation spectrum
(Hayden et al., 2003). Human epidermal keratinocytes (NHEK) exposed to three jet fuels, jet
A, JP-8 and JP-8+100 in a culture medium demonstrated that these chemicals induce the release
of pro-inflammatory cytokines as TNF-α and IL-8 (Allen et al., 2000). Similar results were
obtained with porcine keratinocytes (PKC) exposed to jet fuels; both TNF-α and IL-8 were up-
regulated (Allen et al., 2001). Jet fuel aliphatic hydrocarbons (C6–C16) were dosed on NHEK
to evaluate their effect on cytotoxicity and IL-8 expression in the tissue. Short chain
hydrocarbons (C6–C11) were more cytotoxic, while C9–C13 hydrocarbons were more
effective in inducing proinflammatory cytokine IL-8 in the cultures (Chou et al., 2002). The
exposure of the aromatic hydrocarbon components of jet fuels (e.g. cyclohexylbenzene,
trimethylbenzene, xylene, dimethylnaphthalene, ethylbenzene, toluene and benzene) to NHEK
resulted in a dose-related differential response in IL-8 release (Chou et al., 2003). All the above
studies utilized monolayer keratinocytes growing submerged in a culture medium. In contrast
to cells in monolayer culture, engineered skin equivalents mimic human epidermis in terms of
tissue architecture and barrier function (Andreadis et al., 2001).

In this study, we have used 3-dimensional EFT-300 skin culture to systematically study the
structural activity relationship (SAR) of saturated HCs (from nonane (C9) to hexadecane
(C16)) and their effect on tissue viability, skin morphology and cytokine release. In addition,
this study assessed if the aliphatic HC structure–dermal irritancy relationship obtained by
EFT-300 is comparable to that produced in a rodent (rat) model. Therefore, we have conducted
in vivo skin irritation (TEWL and erythema) studies of these chemicals in hairless rats and
compared the in vivo and in vitro results.

2. Materials and methods
2.1. Materials

The EpiDerm full thickness-300 (EFT-300) was obtained from MatTek Corporation (Ashland,
MA). A Dulbecco’s Modified Eagle (DME) based medium for maintaining cultures was
supplied by manufacturer (EFT-300-MM). Aliphatic hydrocarbons (nonane, decane,
dodecane, tridecane, tetradecane and hexadecane) were obtained from Wright Patterson AFB,
OH. Human IL-1α, IL-6 and IL-8 enzyme immunoassay (EIA) kits were procured from Pierce
Biotechnology Inc., Rockford, IL. All chemicals used in these studies were analytical grade.

2.2. Animals
CD® (SD) hrBi hairless rats (250–300 g; Charles River Laboratories) were utilized for the
animal studies. The protocol for in vivo experiments was approved by the Animal Care and
Use Committee, Florida A&M University. The animals were given standard animal chow and
water ad libitum and were acclimated to laboratory conditions for one week prior to
experiments. The temperature of the room was maintained at 22 ± 1 °C and the relative humidity
varied between 35% and 50%. After completion of the study animals were sacrificed with an
overdose of halothane anesthesia.

2.3. Chemicals exposure
EFT-300 culture inserts were placed in 6-well plates and equilibrated with 1 ml of EFT-300-
MM medium at 37 °C. Following overnight pre-incubation, the culture medium was replaced
with fresh 5 ml of medium and skin cultures were placed on top of two stainless steel washers
in 6-well plates. Tissues were treated by topically applying 2.5 µl of HCs (C9–C16) for 24 and
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48 h and at each time interval culture medium and tissues were collected for analysis. To spread
the chemical evenly on the surface of the tissue, the chemical was mixed with equal amount
of Johnsons® Baby Oil (Johnson and Johnson Co., Langhorne, PA). This mixture equal to 2.5
µl of the HC chemical was applied on the tissue. The control samples were treated with Baby
Oil alone. Tissue samples were either used for the MTT tissue viability assay or harvested and
stored in buffered formalin for histological and biomarkers analyses.

2.4. MTT tissue viability assay
The MTT assay (MTT-100, MatTek Corporation) was carried out as per manufacturer’s
instructions. In brief, at the end of 24 and 48 h of treatment, EFT-300 tissue samples were
washed twice with PBS and placed in a fresh 24-well plate containing 300 µl/well of MTT
solution. After 3 h of incubation at 37 °C, each insert was removed carefully, the bottom was
blotted with Kimwipes™ and the insert was transferred into a fresh 24-well plate. The culture
inserts were then immersed in 2 ml/well of extraction solution. The plates covered to reduce
evaporation and incubated overnight at room temperature in the dark. After overnight
extraction, inserts were discarded and the contents of each well were mixed thoroughly before
transferring 200 µl of the sample into 96-well plates. The optical density of the samples was
read at 570 nm. Background readings for all the samples were determined at 650 nm and were
subtracted to obtain the correct O.D. The % viability was determined for each tissue using the
equation

2.5. Histological studies
The EFT-300 cultures were collected at the end of the study and fixed in 10% neutral phosphate
buffered formalin for at least 24 h at room temperature. Following fixation, samples were
dehydrated, and embedded in paraffin. Five micrometer microtomed sections of the skin tissue
samples were stained with hematoxylin and eosin according to the common histological
procedures (Matsui et al., 1996a,b). The stained slides were examined under an Olympus BX40
microscope and assessed for histo-pathological changes associated with chemical exposure.

2.6. Enzyme immunoassay of inflammatory biomarkers
The culture media was quantitatively analyzed using EIA kits for IL-1α, IL-6 and IL-8
according to manufacturer’s protocol. The tissue homogenates were prepared by homogenizing
the skin tissue samples at 4 °C with a tissue homogenizer (Fisher Scientific, Suwannee, GA)
in 200 µl of lysis buffer [15 mmol/l MgCl2, 50 mmol/l HEPES (pH 7.4), 150 mmol/l NaCl, 8
mol/l urea, 0.1% Triton X-100] and a cocktail of protease inhibitors [10 µl/g tissue, leupeptin,
pepstatin A, aprotinin, bestatin hydrochloride, N-(trans-epoxysuccinyl)-L-leucine 4-
guanidinbutylamide, 4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride], and
centrifuged at 13,200 rpm for 20 min. Supernatants were frozen at −80 °C. The protein
concentration of the samples was determined according to the Bradford method.

Levels of cytokines and chemokine in the skin lysates were determined using the bead-based
suspension microarray technology (AssayGate, Ijamsville, MD) (Opalka et al., 2003).

2.7. In vivo skin irritation studies in hairless rats
CD hairless rats obtained from Charles River Laboratories (Wilmington, MA) were utilized
for the studies. The control and treatment areas were marked as a circular area (~3 cm2) on
dorsal surface of the animal. The chemicals were applied un-occlusively using a micropipette
at a dose of 15 µl every 2 h for 8 h a day over a 3 day period on the marked skin surface.
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Measurements of trans epidermal water loss (TEWL) were taken for all treatments and control
sites for up to 72 h using Tewameter TM 210 (Courage + Khazaka, Koln, Germany). The
erythema was measured by visual scoring by a modified method of Draize et al. (1944). The
scores ranging from 0 to 4 were assigned depending on degree of erythema.

2.8. Statistical analysis
The amount of cytokines (IL-1α and IL-6) and chemokine (IL-8) released into the culture
medium is presented as pg/ml; cytokines in the skin are presented as pg/mg of protein of the
tissue. The differences between multiple groups were examined using analysis of variance
(ANOVA) and Tukey multiple comparison test. Mean differences with P < 0.05 were
considered to be significant.

3. Results
3.1. Cell viability and histological changes

Initial experiments with the HCs indicated that a dose volume of 2.5 µl per EFT-300 tissue did
not result in any loss of tissue viability (Table 1). Fig. 1 presents the morphological changes
in EFT- 300 skin following exposure to HC for 24 and 48 h. After 24 h of exposure HCs did
not induce any significant structural change to the tissue. After 48 h of chemicals exposure,
C13–C16 treated tissues induced no significant changes in the skin structure except slight
thickening and disruption of the stratum corneum (Fig. 1).

3.2. Enzyme immunoassay of biomarkers
3.2.1. In the EFT-300 skin tissues—Although there was no tissue damage, the C12–C16
HCs induced statistically significant increases in the IL-1α levels (P < 0.01) in the EFT-300
skin tissues following 24 h chemical treatments compared with the negative control tissues
(Fig. 2a). All HCs (C9–C16) induced statistically significant increases in IL-6 levels compared
to the negative control (P < 0.01). IL-6 levels increased with increasing hydrocarbon chain
length, C9–C16 (Fig. 2b). Similarly, the statistically significant increases in IL-8 compared to
the negative control tissues (P < 0.001) were observed and IL-8 levels increased with increasing
hydrocarbon chain length from C9 to C16 (Fig. 2c).

3.2.2. In culture medium—The effect of chemical exposure (24 h) on the release of
inflammatory markers into the culture medium is shown in Fig. 3. The C12–C16 HCs induced
statistically significant increases in the IL-1α release compared to the negative control (P <
0.001; Fig. 3a). Likewise, statistically significant increases of IL-6 and IL-8 were observed
following 24 h exposure to the C9–C16 HCs. In general, the biomarker release increased as
the HC chain length increased.

The effect of chemical exposure (48 h) on the release of inflammatory markers from the
EFT-300 tissue into the culture medium is shown in Fig. 4. The C12–C16 HCs induced
statistically significant increases in the IL-1α and IL-6 release compared to the negative control
(P < 0.01; Fig. 4a and b). Similarly, the C9–C16 HCs induced statistically significant increases
in IL-8 release significantly compared to the negative control (P < 0.001; Fig. 4c). In all cases,
cytokine release increased with increasing HC chain length. In addition, the exposure time
influenced the release of IL-6 into the medium; after 48 h of HCs exposure, the IL-6 levels in
the culture medium were approximately twice as high as the levels after 24 h of exposure (Figs.
3b and 4b).
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3.3. Skin irritation in hairless rats
The effect of prolonged dermal exposure of HCs on the TEWL and erythema in hairless rats
is shown in Table 2. Un-occlusive dermal exposure of HCs produced elevated levels of TEWL
and increased erythema at all time points measured. The TEWL and erythema values increased
with increasing HC chain length. At the end of 72 h the TEWL values of tridecane, tetradecane
and hexadecane were found to be 7.2, 6.8, and 10.4 fold higher, respectively, than the negative
control (no treatment). Erythema scores also significantly increased due to the un-occlusive
dermal exposure of these hydrocarbons (Table 2).

3.4. Correlation of in vitro and in vivo results
Fig. 5 shows the plots of erythema versus IL-6 and IL-8 release by the EFT-300 tissues after
48 h of un-occlusive dermal exposure of the HCs. A least-squares, linear fit of the in vivo
erythema and IL-6 and IL-8 release data gave correlation coefficients, r, of 0.93 and 0.92,
respectively. A similar plot for IL-1α gave an r value of 0.74 (data not shown).

4. Discussion
Development of new in vitro skin models to evaluate the skin irritation of hazardous chemicals
as an alternative to the use of animals is highly desirable in toxicological research. The in vitro
skin models such as EPI-200 have been evaluated with many cosmetic products and our earlier
studies with jet fuels demonstrated that these skin cultures is an excellent model to evaluate
skin irritation (Chatterjee et al., 2006). EFT-300 skin cultures may offer advantages over the
EPI-200 epidermal model for skin toxicological studies of irritant chemicals because of: (a)
the presence of dermis (b) its ability to express secondary inflammatory biomarkers such as
cytokines and chemokines. Most skin irritation studies with jet fuels and HCs have focused on
the evaluation of pathological changes in the skin following repeat dermal exposure to
chemicals in animal models (Monteiro-Riviere et al., 2004; Kanikkannan et al., 2002). In this
study, we utilized EFT-300 as a cultured skin model, to evaluate the HC structure and skin
irritation relationship of HCs at cellular level by measuring various cytokines and chemokines.
Chou et al. (2003) evaluated the LD(50), the highest non-cytotoxic dose, and interleukin-8
(IL-8) release activity of nine major jet fuel aromatic hydrocarbons in human epidermal
keratinocyte (HEK) cell cultures in flasks. Similarly, Chou et al. (2002) assessed acute
cytotoxicity and IL-8 release induced by individual aliphatic hydrocarbons using HEK cell
cultures in 96-well plates. These two studies are different that they are cell culture suspensions,
whereas our current study utilizes fully differentiated full thickness 3D skin grown on the air–
liquid interface on the culture medium. The advantage of EFT-300 is that this is a fully
differentiated full thickness skin and the chemical can be directly applied on the surface of the
cultured skin to study the structural changes in the skin and the expression of various biological
markers.

In this study, we have evaluated the effect of HC chain length (C9–C16) on the tissue viability,
histological appearance and cytokine (IL-1α and IL-6) and chemokine (IL-8) release in the
EFT-300 cultures. The treatment dose and exposure time were selected based on a previously
study utilizing the partial thickness (epidermis only) EPI-200 skin cultures where the tissues
were exposed to varying amounts of jet fuels (1.25–50 µl/tissue or 2.0–80 µl/cm2). In that
study, dose levels 2–4 µl/cm2 did not result in significant loss of tissue viability after 24 and
48 h of treatment (MTT assay), whereas 8 µl/cm2 and higher doses showed considerable
cytotoxicity and tissue damage (Chatterjee et al., 2006). Results from preliminary experiments
in this study (data not shown) showed that similar doses (2.5 µl = 4.0 µl/cm2) were necessary
to avoid cytotoxicity in the full thickness EFT-300 tissue.
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Microscopic observation of hematoxylin and eosin (H&E) stained EFT-300 skin sections
indicate that HCs induced no significant changes in the skin structure except slight thickening
and disruption of the stratum corneum with C13–C16 HC treated tissue samples after 48 h
exposures (Fig. 1). Similar observations were made by (Muhammad et al., 2005) with HCs,
where sub corneal micro abscesses and macroscopic lesions were observed in pig skin
following the dermal exposures of tridecane and tetradecane.

Observation of morphological changes and tissue viability assays alone are not sufficient to
determine the skin irritation potential of noxious chemicals. During skin irritation process the
normal skin functions are interrupted and there is an imbalance in the production of various
inflammatory biomarkers. Determination of these biomarkers will give a complete
understanding of skin irritation process. In the present study we measured the release of
cytokines (IL-1α and IL-6) and a chemokine (IL-8) in both the skin and the culture medium
following 24 and 48 h of chemicals exposures.

Epidermal keratinocytes produce keratins and lipids, which contributed to the structural
integrity and barrier formation of skin (Nickoloff, 1992). They produce cytokines which are
key mediators of inflammatory and immunologic reactions throughout the body and play an
important role in initiating and amplifying the cutaneous inflammatory response during allergic
and irritant contact dermatitis (Nickoloff, 1998; Barker et al., 1991). IL-1α is an important
inflammatory mediator in the skin and is believed to initiate inflammatory responses (Coquette
et al., 2000; Welss et al., 2004). Following topical application of irritant chemicals, the
chemicals breach the stratum corneum and enter the epidermis where they can stimulate the
release of cytokines and chemokines. Within the epidermis, keratinocytes are the major source
of cytokines, along with Langerhans cells and melanocytes (Williams and Kupper, 1996;
Mizutani et al., 1991; Kupper and Groves, 1995). In this study, when EFT-300 cultures were
treated with HCs for 24 h, C12–C16 HCs enhanced the IL-1α levels in the skin and increased
release into the culture medium (P < 0.01); further, IL-1α levels increased with increasing HC
chain length (Figs. 2a and 3a).

The reasons for differences in irritation the various HCs tested relates to differences in skin
permeation and retention of HC in the skin. Permeation of HC into the skin is inversely
proportional to the HC chain length, while the skin retention is directly proportional to the HC
chain length (Babu et al., 2004b; Baxter and Miller, 1987). Further, the skin permeation and
retention properties depend on the lipid solubility and octanol–water partition coefficient and
these properties are proportional to the carbon chain length (Table 1). Brown and Box
(1970) observations also strongly suggest that increasing HC chain length increases the skin
irritation.

Modulation and regulation of an inflammatory response depends on the communication
between keratinocytes and fibroblasts (Boxman et al., 1996). In this study, we observed that
after 24 h of HC exposure, all HCs significantly increased IL-6 release compared to the negative
control (P < 0.01) (Figs. 2b and 3b). IL-6 is produced by fibroblasts in the dermis and is released
after stimulation of IL-1α and TNF-α (Welss et al., 2004). Several studies using in vitro skin
cultures demonstrated that the secondary cytokines (IL-6 and GM-CSF) were released only in
presence of fibroblast cells in the full thickness skin models only (Bernhofer et al., 1999; Ponec
and Kempenaar, 1995; Boxman et al., 1996). In addition to cytokines, there is an evidence that
chemokines are also involved in the skin inflammation process. In vitro skin irritation
assessment of various facial creams using epidermal cultures and full thickness models
indicated that full thickness skin models release IL-8 at 100–150 times higher than the
epidermal equivalent skin models (Bernhofer et al., 1999). Enhanced IL-8 expression, a non-
specific response, indicates skin damage (Coquette et al., 2003). In this study, we observed
increased IL-8 release with increased carbon chain length (Figs. 2c and 3c).
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We measured the IL-1α, IL-6 and IL-8 concentrations in the culture medium after HC exposure
for 24 and 48 h. The result shows that as the time of exposure increased from 24 to 48 h, all
three inflammatory markers were released into the medium (Fig. 4) and in the skin the levels
fell to base line values (data not shown). However, after 48 h of chemicals exposure the
biomarker expression pattern was similar to that of 24 h exposures. The IL-6 was an exception,
the levels increased by about 4-fold at 48 h versus 24 h. The possible explanation for decline
in release of skin inflammatory markers in the skin tissue after 48 h of exposure is that the in
vitro skin cultures may not retain the biomarkers for longer periods. Further, not only IL-1α
stimulates the IL-6 release but other cytokines such as TNF-α and MCP-1 are also involved in
the release of IL-6. This possibly led to increased IL-6 levels in receptor fluid at 48 h post
exposure. Another possible reason for enhanced IL-6 release over the time is active
involvement of IL-6 in the wound healing process (Gallucci et al., 2004).

In this study, EFT-300 cultures were exposed to a non-cytotoxic dose of HCs for 24 and 48 h
which induced skin irritation in the order of C9 ≤ C10 ≤ C11 ≤ C12 < C13 ≈ C14 ≈ C16. The
observed variation in skin irritation profile of individual HC is mainly due to differences in the
skin permeation and retention of HCs due to varied physicochemical properties among HCs.
Under equal thermodynamic activities, liquid fluxes are often several folds higher than vapor
fluxes across human skin for various penetrants (Barry et al., 1985), and these differences were
reflected by the partition coefficients and the amount of penetrant entering the stratum corneum.
For instance nonane has flash point of 31 °C and upon un-occlusive exposure, the chemical
evaporates very rapidly from the skin and probably causing less skin irritation, whereas
dodecane has flash point of 77 °C with higher tissue partition coefficient and evaporates very
slowly and associates with the skin tissues for longer period and possibly leads to higher skin
irritation. Baker et al. (1999) studied the skin irritation of JP-8 and JP-4 by applying chemicals
on the dorsal surface of the rats once daily for 7–28 days, and observed that the skin irritation
effect of JP-8 was more than that of JP-4. JP-4 contains more of the volatile lower molecular
weight HCs and many of these are potentially irritating chemicals and probably evaporate
quickly after the dermal exposures. In this study, the higher molecular weight, longer carbon
chain length HC caused higher levels of cytokine release. However, there are some differences
exist in the release of cytokines from the skin into the culture medium. Among IL-1α, IL-6 and
IL-8 inflammatory markers, the IL-1α showed minimal release into the medium. The reason
might be IL-1α is released by the keratinocytes and resides in the upper epidermal layers as a
membrane-bond form (Dinarello, 1998). In an intact epidermis the IL-1α reservoir is naturally
eliminated by desquamation, due to the fact that IL-1α has no hydrophobic leader sequence
for transmembrane secretion. Therefore, IL-1α is only released from leaky cells following cell
injury or membrane perturbation.

To further investigate our in vitro results, we evaluated the skin irritation of HC by measuring
the TEWL and erythema following low level prolonged exposure of hairless rats to the HCs.
Rat skin though has anatomical differences compared to human skin, due to availability and
feasibility, this model is still being used to assess and rank the irritation potential of compounds
of a chemical series (Kanikkannan et al., 2002; Muhammad et al., 2005). In the present study
TEWL and erythema values of aliphatic chemicals were in the order of C9 ≤ C10 ≤ C11 ≤ C12
< C13 ≈ C14 ≈ C16. Because of very high partition coefficient (Table 1) hexadecane will have
more affinity towards stratum corneum and this might be the one of the reasons for observed
increased skin irritation of hexadecane. The TEWL and erythema values also increased with
increased exposure time from 24 to 72 h, especially with C13–C16 HCs (Table 2). Chou et al.
(2002) studied acute cytotoxicity and IL-8 release induced by individual aliphatic hydrocarbons
(C6–C16) on human epidermal keratinocyte suspensions in a culture medium. IL-8
concentration was increased by 3- to 10-fold, with the highest increase found after exposure
to hydrocarbons in the C9–C13 HCs. Allen et al. (2001) examined the effects of individual
hydrocarbon components (C11–C16) on the expression if IL-8 by human epidermal
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keratinocyte suspensions in a culture medium and found that C13 and C16 HCs produced
highest level of IL-8 expression at their subtoxic concentrations. These results are in agreement
with the finding of this study using EFT-300. The IL-6 and IL-8 cytokine release data showed
a high level of correspondence with the in vivo erythema measurements (Fig. 5). Therefore, it
seems likely that such in vitro results could be used to predict in-vivo un-occlusive prolonged
HC exposure results.

In conclusion, our results indicate that EFT-300 skin cultures are an excellent model to evaluate
the skin irritation of chemicals. Further, these models are sensitive to damage produced by the
chemicals and can be used to understand the structure activity relationship of various irritant
chemicals. The results obtained from in vitro cultures are in agreement with the earlier in vivo
studies conducted in our laboratory. We are planning to conduct gene microarray studies and
perform RT-PCR to further utilize these cultures for skin irritation evaluation.
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Fig. 1.
Effect of aliphatic hydrocarbon (C9–C16) treatments on the EFT-300 tissue morphology.
Images were obtained at 10x magnification.
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Fig. 2.
Inflammatory biomarkers in the EFT-300 skin cultures following 24 h of exposure to aliphatic
hydrocarbons. (a) IL-1α; (b) IL-6; (c) IL-8. **P < 0.01; ***P < 0.001.
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Fig. 3.
Release of inflammatory biomarkers from EFT-300 skin cultures into the culture medium
following 24 h exposure to aliphatic hydrocarbons. (a) IL-1α; (b) IL-6; (c) IL-8. *P < 0.05;
**P < 0.01; ***P < 0.001.
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Fig. 4.
Release of inflammatory biomarkers from EFT-300 skin cultures into the culture medium
following 48 h exposure to aliphatic hydrocarbons. (a) IL-1α; (b) IL-6; (c) IL-8. **P < 0.01;
***P < 0.001.
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Fig. 5.
Correlation of in vitro cytokine release from the EFT-300 skin cultures and in vivo erythema
after 48 hours of un-occlusive exposure to aliphatic hydrocarbons: (a) IL-6; (b) IL-8. A least-
squares, linear fit of the in vitro and in vivo data were used to determine the correlation
coefficient, r.
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Table 2

Skin irritation effects of un-occlusive dermal exposures of aliphatic hydrocarbons in hairless rats.

Aliphatic hydrocarbon (HC) TEWL (g/m2/h)

24 h 48 h 72 h

TEWL (n = 5–6)

Control 5.6 ± 1.16 4.78 ± 0.66 5.04 ± 0.58

Nonane 8.37 ± 1.20 10.33 ± 3.84 11.04 ± 3.58

Decane 7.20 ± 2.98 7.75 ± 2.04 10.99 ± 2.76

Dodecane 9.08 ± 2.25 10.60 ± 2.05 11.14 ± 1.11

Tridecane 17.47 ± 4.88 23.54 ± 4.62 36.20 ± 9.54

Tetradecane 11.86 ± 1.72 22.15 ± 6.13 34.04 ± 8.19

Hexadecane 19.63 ± 3.06 47.30 ± 7.96 52.61 ± 8.45

Aliphatic hydrocarbon (HC) Erythema

24 h 48 h 72 h

Erythema (n = 6)

Control 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Nonane 0.50 ± 0.55 0.50 ± 0.53 0.88 ± 0.64

Decane 0.00 ± 0.00 0.63 ± 0.52 0.50 ± 0.53

Dodecane 0.83 ± 0.75 1.13 ± 0.35 1.25 ± 0.46

Tridecane 1.00 ± 0.00 2.00 ± 0.00 2.83 ± 0.41

Tetradecane 1.33 ± 1.03 2.50 ± 0.53 2.88 ± 0.64

Hexadecane 3.00 ± 0.00 3.00 ± 0.00 4.00 ± 0.00
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