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Sodium lauryl sulfate (SLS) has often been chosen as a model for irritant contact dermatitis (ICD)
to study the effect of irritants in combination (1-14). Recently ‘tandem’, or sequential, exposures
with SLS have been performed to study the mechanism of skin barrier impairment in ICD (1-6, 15).
The assessment of reactions have been documented with visual scoring, transepidermal water loss
(TEWL), skin colour reflectance measurements, skin blood flow; among which TEWL has been
noted as the most sensitive value (16). The matched control groups were treated with either a single
exposure to a single irritant or in tandem with the same irritant repeatedly. Synergistic and additive
effects have been reported for various tandem pairs of irritants, however, the mechanism for both
remains unclear. The results of tandem irritation studies were evaluated to define and investigate the
responses produced and deduce a possible mechanism of action. Clinical ramifications, albeit
complex, are discussed.
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Occupational skin disease is an important health
burden in society and causes a significant impair-
ment in the quality of life of employees (17);
where the majority of the reported cases suffer
from irritant contact dermatitis (ICD) of the
hands (18). ICD is a non-immunological local
inflammatory  reaction  characterized by
erythema, oedema, or corrosion following single
or repeated application of a chemical substance
to an identical cutancous site (19). Studies have
investigated and quantified the effects of single
irritant exposures, in particular sodium lauryl
sulfate (SLS) which has been studied as a model
irritant (7-14). However, irritation dermatitis in
the workplace generally occurs with a combina-
tion of exposures to multiple irritants rather than
with just a single irritant. Studies on ICD with
multiple irritants have been studied recently to
simulate conditions in the workplace and in con-
sumers in a calculated and valid methodology.
Various experimental designs have been used by
research groups to analyse the interaction
between multiple irritants in ICD, making it dif-
ficult to interpret and compare the data across
studies in order to draw a conclusion (1-14).

Recent studies have shown through ‘tandem’
or sequential applications of different agents that
the cutaneous response in ICD can be different
compared to repeated exposures to a single irrit-
ant. The coined term Tandem Repeated
Irritation Test (TRIT) has been reported as hav-
ing potential in the study of repeated exposure to
multiple irritants in contact dermatitis (15). The
results observed in TRIT studies have shown
various modification of the cutaneous response
compared to the response seen with exposure to
single irritants. Depending on the pairs of irrit-
ants investigated, several types of cumulative
irritation may result: (i) additive, a tandem
response which equals the sum of the expected
responses from each irritant alone; (ii) synergis-
tic, a tandem response which is far greater than
the sum of the expected response from each irrit-
ant alone; (iii) quenching, a tandem response
much less than the sum of the expected response
to each irritant alone. We review the development
of tandem irritation studies and the possible
mechanisms that may lead to the responses seen
with such irritation studies. Knowledge of the
trend in tandem irritation response can guide us
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in selecting subsequent pairs of irritants to use in
future studies to elucidate the mechanism of
action behind skin permeability barrier disrup-
tion in ICD.

Measurements

Researchers have followed disparate procedures
when conducting tandem irritation studies in the
past, thus making comparisons across studies
difficult. The most recent tandem irritation stu-
dies however, have been performed using similar
study designs (3-6). Studies were performed in
single-blinded, randomized manner, under stand-
ard laboratory conditions at room temperature
20-22 °C and 30-40% relative humidity. Subjects
underwent acclimatization periods of 15-30 min.
Application areas are on the paravertebral
midback or volar forearm, with 12 mm Finn
Chambers (Epitest, Helsinki, Finland) under
occlusion. The first irritant was applied on the
filter discs, and removed after 30 min. The area
was carefully rinsed with 10 ml tap water and
blotted dry with paper tissue. After 3 h, the

second irritant exposure was performed. This
procedure was repeated for 4 days in each case
at the same time of the day +1 h.

Assessment of the irritant potential of chemi-
cals in ICD has been investigated through vari-
ous methods: visual scoring, transepidermal
water loss (TEWL), laser Doppler flowmetry,
electrical capacitance and skin colour reflectance.
Visual scoring has been performed in different
ways. Several studies utilized the scale of Frosch
& Kligman (20), based on three main types of skin
lesions: erythema, scaling, and fissuring (erythema:
1 + slight redness (spotty or diffuse), 2 + moderate
and uniform redness, 3 + intense redness, 4 + fiery
redness; scaling: 1+ fine, 2+ moderate, 3 + severe
with large flakes; fissures: 1+ fine cracks, 2+
single or multiple broader fissures, 3 + wide cracks
with haemorrhage or weeping). Whenever the
visual score developed to a value >5 in a single
test field (cut-off criterion) the exposure to the
irritant was prematurely discontinued. Other stu-
dies employed the scale of Willis et al. (21), using
the erythema scale alone as their visual scoring
criteria, with similar cut-off criterion.

Ratio of experimental / calculated TEWL

3.0
25
2.0
1.5
1.0 |
0.5 —
0.0 | | | | | | | | | | | I
SLS/ SLS/ SLS/ SLS/ SLS/ SLS/ SLS/ SLS/ SLS/ SLS/ RA/ SLS/ SLS/
toluene RA  propanol ACA ASC NaOH  citric lactic malic malic SLS citric lactic
acid acid acid acid acid acid
pH 4 pH 4 pH2 pH 4 pH2 pH2

Fig. 1. Comparison of ratio of experimental/calculated transepidermal water loss.
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Transepidermal water loss, expressed in g/m?/h,
is an indicator of the water vapour pressure
between the boundary layer of the skin surface
and the ambient air. It reflects the integrity of the
epidermal permeability function under normal or
barrier-perturbed conditions such as in compro-
mised or diseased skin. An evaporation meter is
used in most of the recent tandem studies to
measure TEWL in accordance with the
Guidelines of the Standardization Group of the
European Society of Contact Dermatitis (ESCD)
(22). TEWL has been reported as the most reli-
able measurement in assessing skin barrier
impairment compared to other bioengineering
methods (16). Gender, race, and age does not
have a cause a significant difference on TEWL,
with skin of forearm and back having similar
results for TEWL. However, interrater and
intrarater difference may exist between opposite
arms, and before and after exposure (22).

Laser Doppler flowmeter measures cutaneous
blood flow. The Doppler-shifted light is back-
scattered from moving red blood cells, while
unshifted laser light is back-scattered from
stationary tissues. The blood flow signal was
expressed in relative and dimensionless values (23).

Electrical capacitance indicates the hydration
level of the skin and can be measured using a
corneometer CM 825 (24).

Measurements of skin colour were conducted
using a chromameter with the guidelines from
Elsner (25) or other published guidelines (26, 27).
The instrument measures colour reflectance and
computes the chromatic dimensions of colour by
means of the L*a*h 3-d dimensional colorimetric
system. To quantify erythema, the a* value is of
specific interest in measuring the red (positive
value) and green (negative value) distinction.

Mechanical Irritants

Conditions that may support the induction of bar-
rier disruption and subsequent ICD include
mechanical and chemical irritation. We can distin-
guish the tandem irritation studies between mechan-
ical and chemical irritation. Mechanical irritants in
the workplace have been reported in the form of
influences from air conditioning, climatic changes,
temperature changes, airflow (28, 29). Chemical
irritants on the other hand, come in a vast array
from detergents and perfume exposures in house-
wives to that of fruit acids in bakers (7, 30, 31).

Temperature

Interactions between mechanical and chemical
irritants have been studied since 1977 when

Rothenborg et al. described temperature
dependent irritant dermatitis from lemon perfume
(7). In a study from an outbreak in cleaning
personnel from using a lemon scented detergent,
it was shown that exposure to 43 °C of the
lemon perfume component citral proved to be
a primary irritant (toxic) dermatitis even at
48 h after the exposure. This was in contrast
to the reversible skin reactions seen with citral
at 23° which had reduced by 3 h after the exposure.
A similar experiment to observe effects of low
temperature was done by Halkier-Sorensen
et al. (32) Findings reported a reduction in
erythema, itching, but no apparent effects on
local oedema.

These findings led to subsequent experiments
to assess temperature dependent skin damage.
Berardesca et al. reported the effect of increasing
temperature on surfactant (5% SLS) induced irri-
tation on the skin. Indeed damage was progres-
sive according to increasing temperature (9). A
supporting finding by GQhlenschleger showed that
by immersions of the forearm into 40 °C 0.5%
SLS, significant TEWL occurs as compared to at
20 °C SLS. However, SLS-only immersion experi-
ments showed a reduction in skin capacitance
regardless of temperature at 40 or 20 °C, even
though TEWL did not show significant changes
(10). A subsequent study proposed that the anio-
nic character of the detergent and temperature
have a positive correlation to the irritant potential
(11). The study compared irritant effects by SLS
with a milder detergent where 50% of the anionic
molecules were replaced by non-ionic molecules
(lauryl glucoside). The solutions were then tested
at 37 and 40 °C, and compared to each other; the
increase in temperature and anionic detergent
content indeed caused a stronger response.

In contrast to the many studies conducted on
the effect of an increase in temperature, few stu-
dies were reported to evaluate the effect of cold in
relation to detergent irritation. A study on the
relevance of low skin temperature in fish proces-
sing employees showed that coldness induced on
the skin by ice cubes to 15 °C significantly reduce
the symptoms seen with histamine scratch testing
otherwise pronounced at room temperature (32).
A reduction was seen in itching, erythema, and
skin blood flow. However the extent of the wheal
reaction stayed constant, meaning capillary per-
meability was not much affected by cooling.
Fluhr studied the effects of 15 and 4 °C of 0.5%
and 1% SLS and its effects on TEWL, visual
scoring and skin colour reflectance (12). Indeed
coldness at both temperatures decreased TEWL
and visual scoring, however, a decrease in redness
by skin colour reflectance was not observed.
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Table 2. Chemical irritation studies simultaneously and in tandem

Design Irritant/vehicle Materials and methods Result Reference
Tandem chemical RA in ethanol. Ventral Forearm with occlusive  Synergystic effect in SLS/ RA (1)
irritants SLS in water polypropylene chambers. Additive effect in RA/SLS

Evaluated by TEWL, VS, SBF,

capacitance.
Tandem chemical RA in ethanol. Paravertebral midback with Increased reaction at day 1-2, 2)

irritants SLS in water

Finn chambers. Tandem interval
time was varied. Evaluated by

remains same at day 7, resolves
at day 7-14 after the injury.

VS, TEWL, colorimetry.

SLS in water
Toluene, undiluted

Tandem chemical
irritants
colorimetry.

SLS in water
n-propanol in water

Tandem chemical
irritants

Ascorbic acid in water
Acetic acid in water
NaOH in water SLS
in water

Tandem chemical
irritants

Citric acid in water
Lactic acid in water
Malic acid in water
SLS in water

Tandem chemical
irritants

colorimetry.

Forearm with Finn chambers.
Evaluated by VS, TEWL,

Ventral forearm with Finn
chambers. Evaluated by VS,
TEWL, colorimetry.

Paravertebral midback with
Finn chambers. Evaluated
by VS, TEWL, colorimetry.

Paravertebral midback with Finn
chambers, at pH 2 and pH 4.
Evaluated by VS, TEWL,

Synergy seen with SLS/toluene and 3)
toluene/SLS.

Limited additive effect seen with 4
SLS/n-propanol

Additive effect in TEWL for 5)
ASC/SLS, ACA/SLS, NaOH/SLS.

Quenching effect with lactic acid/SLS  (6)
and citric acid/SLS at pH 2. Additive
effects with other combination tandem
studies.

SLS, sodium lauryl sulfate; DSC, differential scanning calorimetry; TEWL, transepidermal water loss; XRD, X-ray diffraction;
VS, visual scoring; SBF, skin blood flow; RA, retinoic acid; ASC, ascorbic acid; ACA, acetic acid. Temperatures are reported

in °C.

This apparent protective effect of coldness on
skin barrier impairment, however, is contradicted
in another study by Halkier-Sorensen and a dis-
ruption in homeostasis is actually suggested as an
influence of coldness (33).

However, the previously mentioned studies on
the effects of temperature on skin barrier were
not performed as tandem irritation studies, but
rather in a combined fashion. Therefore we could
not evaluate for synergistic or additive interac-
tion of temperature and SLS. Heated or cooled
SLS was prepared at different temperatures and
tested on the skin surface. Qhlensleger et al.
showed 0.5% SLS immersion of the forearm at
20 and 40 °C, and then compared to water
immersion at the same temperatures. A signifi-
cant increase in TEWL was only observed as a
combined effect of SLS and increased tempera-
ture and not when SLS or temperature increase
was introduced alone. This can be explained as
increased temperature causes an increase in water
flux through the stratum corneum (SC). Increase
in water flux can increase penetration of SLS and
subsequently increase the impairment of barrier
function.

Airflow

The last 2 studies published by Fluhr on mechani-
cal irritation involved testing the effects of

airflow and temperature in tandem with SLS
(13). Paravertebral back skin areas were exposed
to airflow at different velocities at 24 and 43 °C
in combination with 0.5% SLS in a tandem
repeat fashion. Temperature or airflow alone
did not have a significant effect on TEWL in
the tandem studies. It was also concluded that
both velocities (60 and 90 m*/h) did not have a
statistically significant effect on TEWL, although
the authors noted that the slower airflow induced
irritancy more rapidly. They concluded that
exposure to airflow in tandem with SLS has an
additive effect in skin barrier disruption.

Mechanical irritation

A recent study investigated the effect of mechan-
ical irritation with a brushing machine in tandem
with water occlusion and occlusion with 0.5%
SLS (14). Irritation was then assessed by visual
scoring, skin colour reflectance, and TEWL.
They concluded that mechanical irritation alone
caused a mild, but significant increase of TEWL
values on the last day of the experiment.
Furthermore, occlusion followed by mechanical
irritation induced a stronger barrier function
impairment than mechanical irritation followed
by occlusion. The study also showed that increase
in length of occlusion time (by water, glove, or
SLS) caused an increase in TEWL. This finding
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Table 3. Additve, synergistic, and quenching results of tandem
studies (1-6)

Ratio of experimental/

Interaction*  Tandem irritants calculated TEWLY
Additive SLS/propanol 0.60
SLS/ACA 0.69
SLS/ASC 0.73
SLS/NaOH 0.75
SLS/citric acid pH 4  0.59
SLS/lact c acid pH 4 0.55
SLS/malic acid 0.63
pH 2 and pH 4
RA/SLS 1.03%
Possible SLS/Toluene 2.86
synergy SLS/RA 1.54%
Possible SLS/citric acid pH 2 0.48
quenching SLS/lactic acid pH 2 0.50

*Interaction was arbitrarily defined by ratio of experimental/
calculated TEWL values: (i) additive: 0.51 < ratio < 1.50, (ii)
synergistic, ratio > 1.50, (iii) quenching: ratio < 0.50. Day 5
TEWL values were used for ratio calculation, baseline values at
day 0, when provided in the paper, were subtracted from the
TEWL values.

tCalculated TEWL is obtained by taking the average of TEWL
resulting from repeated tandem exposure to each of the irritants
alone as TEWL from single exposure to each of the irritants
were not provided in the papers. The ratio is then obtained by
dividing the measured TEWL by the calculated TEWL.

1In case of RA, the calculated TEWL was obtained using the
sum of TEWL resulting for single exposure to each of the irri-
tants alone. The ratio is then obtained by dividing the measured
TEWL by the calculated TEWL. Day 3 TEWL values were used
for ratio calculation, baseline values at day 0, when provided in
the paper, were subtracted from the TEWL values.

was attributed to an initial dissolution of SC
integrity, especially by SLS (34).

Chemical Irritants

Numerous studies on the effect of chemical irrit-
ants have used SLS as a model irritant in com-
parison to the more recently studied chemical
irritants. A well accepted dose dependent
response of SLS irritation has been reported.
The mechanism behind disruption of skin barrier
by detergents, especially SLS, has been thought
to cause a decrease of lipid melting point and an
increase in water diffusion (8). Ribaud et al.
investigated the effects of SLS on the barrier
function of in vitro skin tissue. SLS introduced
lipid changes similar to heat treatments, which
causes a decrease in lipid melting temperature
from the critical micellar concentration of SLS
(0.24%) (8). A decrease in the intensity of dif-
fraction pattern peaks with increasing SLS con-
centration was also observed. Both changes
indicate a disorder pattern that develops in the
intercellular lipid organization with the application
of SLS on human skin. The mechanism of this
permeability alteration remains sub judice.

Barrier function of the SC is mainly due to
ceramides, however, studies by Froebe et al. indi-
cated that ceramides were not extracted by SLS
(35). When applied topically, SLS is an acute irri-
tant, by a direct cytotoxic effect on keratinocytes,
affecting both lipid and protein structures. SLS
can induce damage of skin barrier function,
exceeding 10 days after a single occlusive application
(36-37).

The subsequent tandem studies performed
have used SLS as a model irritant for compari-
son. A study on the effect of retinoic acid (RA)
on skin permeability by Effendy et al. quantified
the irritant effects of 0.05% RA, 1% RA and 1%
SLS on normal skin in a 24-h assay, both alone
and in tandem, that was monitored for 18 days
(1). Measurements were taken for visual scoring,
TEWL, skin blood flow and electrical capaci-
tance. No statistically significant difference was
found between results using 0.05% and 0.1%
RA, suggesting a similar potency. SLS in tandem
with RA produced a significant increase in
TEWL compared to RA in tandem with SLS,
or compared to repeated exposure of each irritant
alone. However, exposures to single irritants were
not performed twice with a 24 h interval over
2 days as the tandem experiments, but the single
irritant controls were performed once over a 24-h
period. RA exposures also increased the amount
of scaling on the skin independent of SLS appli-
cation. An increase in erythema, skin blood flow,
and water loss (reduced capacitance) was statisti-
cally significant with SLS followed in tandem by
RA compared to RA followed in tandem by SLS.
They concluded that exposure to SLS may render
the SC barrier highly permeable and allow a
greater penetration of the following RA applica-
tion. Interestingly, analysing the data published
by Effendy et al. by measuring the heights on
graphs of TEWL, taking into account baseline
measurements at day 0; SLS/RA tandem applica-
tion caused an increase in TEWL by a factor of
1.8 of the sum of the TEWL by each irritant
alone, whereas RA/SLS had an increase in
TEWL by a factor of 1.03 compared to the sum
on TEWL by each irritant alone. The interaction
of SLS/RA in tandem seems to have a synergistic
effect whereas the RA/SLS in tandem application
shows an additive effect.

A following study was performed by Ale et al.
on the tandem application of SLS/RA compared
with SLS/ethanol, water/ethanol, and water/RA
to confirm the synergism seen in the study of
Effendy et al. (2) Measurements were taken for
TEWL, capacitance and skin colour reflectance.
The time interval between the tandem applica-
tions were varied between 1, 24, 48, 96 h, and 1
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and 2 weeks. The results showed a synergistic
trend in SLS/RA in all variables, except capaci-
tance, showing an antagonistic interaction for
skin hydration. It was also noted that an
increased reaction occurs at 1 and 2 days,
remains at 7 days and resolves 7-14 days after
acute SLS injury.

The following tandem irritation study evalu-
ated the effects of a tandem repeat study on
0.5% SLS and undiluted toluene (3). The
matched controls were performed with repeated
exposures to a single irritant according to the
tandem application timeline, rather than as a
single irritant exposure as in the previous studies
with RA. The results showed a significant syner-
gistic effect with SLS/toluene in tandem regard-
less of the order of application. We calculated
from Wigger-Alberti et al. that TEWL was
increased by a factor of 2.9 compared to the
expected sum of TEWL of the individual
irritants.

A subsequent study analysed the interaction in
a tandem study of 0.5% SLS/60% n-propanol
(4). The matched controls in this study were per-
formed with repeated exposures to a single irrit-
ant following the tandem application timeline.
Measurements were taken for visual scoring,
TEWL, and skin colour reflectance. The results
showed no synergistic effect and limited additive
effect with SLS/propanol in tandem studies.
Calculating from Kappes et al. we found that
TEWL was decreased by a factor of 0.6 com-
pared to the expected sum of TEWL of the indi-
vidual irritants. It seems that a quenching
mechanism rather than an additive one is at
work in the interaction between SLS/propanol
in tandem irritation studies.

The following study reviewed fruit acids;
ascorbic and acetic acid, and NaOH in combin-
ation with SLS in tandem (5). The matched con-
trols were again performed with repeated
exposures to a single irritant according to the
tandem application timeline. Measurements
were taken for visual scoring, TEWL, and skin
colour reflectance. The results showed that addi-
tive effects are seen in all 3 categories for SLS/
ascorbic and acetic acid as well as for SLS/NaOH
in tandem studies.

More fruit acid exposure were later investi-
gated in tandem with SLS. Schlemman-Willers
et al. investigated citric acid, malic acid, and
lactic acid in tandem with 0.5% SLS (6). The
matched controls were again performed with
repeated exposures to a single irritant following
the tandem application timeline. Measurements
were taken for visual scoring, TEWL, and skin
colour reflectance. Measuring the data published

on paper by Schlemman—Willers et al. we found
that TEWL was quenched in tandem studies of
lactic acid and citric acid, and additive with malic
acid. More quenching was observed with the fruit
acids at pH 2 rather than at pH 4. No signs of
synergistic interaction was seen with any combi-
nation in the tandem irritation studies.

Discussion

The SC, the outermost layer of the epidermis, a
lipid protein biphasic structure, is 10-20 um thick
in most surfaces on the human body (38) and
consists of 2 compartments, a desquamating
layer of protein enriched corneocytes embedded
in a compact lipid intercellular matrix (39). The
SC poses as the rate-limiting barrier that a com-
pound must penetrate upon entering the skin. As
a molecule finds its way into the SC, it is sug-
gested that several pathways are available,
through transcellullar/intracellular diffusion, or
through shunt pathways through holes or shunts
left by hair follicles, glands, skin appendages (40).

Analysis of the mechanism of penetration on
molecules through the SC is valuable for drug
delivery research, as well as to assess toxicity to
the skin after exposure to a substance. Previous
approaches summarized that the free energy of
solute transfer into SC lipids is a function of the
size, polarity and hydrogen bonding ability of the
permeant, and group contribution of the func-
tional groups (41).

Another factor of SC penetration by solutes is
the maximal delivery flux. It is the maximum
dose of a solute able to be delivered over a
given period of time and area of agplication
from a given vehicle (J,.x, mol/cm~/h) (42).
Magnusson et al. showed that molecular weight
was a dominant determinant of J,,, with melt-
ing point and hydrogen bonding marginally
improving the analysis (42). Jnax for solutes
with similar MW is associated with a log octa-
nol-water partition coefficient (log K,,) of
2.5-3.0 and greatest for solutes with a low melting
point. Among the solutes studied by tandem irri-
tation, propanol has the smallest molecular
weight (MW = 60.1), while toluene is larger
(MW = 92.14), yet toluene caused a more signif-
icant and synergistic effect with SLS in TEWL.
Toluene has a melting point higher than
n—propanol (T toluene = 93 °C, Ty propanol —
—127 °C), suggesting that propanol should have
the greater flux if T,, was the determinant.
Comparing the log octanol-water partition coef-
ficient, toluene has a log K, = 2.70 compared to
propanol with log K, = 0.34, indicating their
permeation into SC to be primarily controlled



310 KARTONO & MAIBACH

Contact Dermatitis 2006: 54: 303-312

by K,yw. There is still a need to explore the correl-
ation between solute flux (Jn.x) and clinical
TEWL increase in vivo. The contribution of K,
on Jmax appears dominant in the tandem SLS/
toluene experiment if a large Jn.x caused the
synergistic increase in TEWL.

The role of SLS as tandem irritant

It was previously thought that solvents remove
intercellular lipid material resulting in cutaneous
barrier impairment. However subsequent studies
show that SLS treatments alter the quality, not
the quantity of SC lipids (43). SLS also play a
role in lipid bilayer disorganization (8), protein
denaturation, increased water uptake by SC, and
swelling of the corneocytes (44, 45). The increase
seen in SC hydration is associated with the
uncoiling of an a-helical keratin that unfolds
and then incompletely restores with remaining
functional defects. These defects are speculated
to cause a reduction in water binding capacity
causing the clinical symptoms of subsequent
roughness and dramatic skin dryness (44).
Pretreatment with SLS in the tandem irritation
studies allows for more penetration by a second
irritant through mechanical skin barrier impair-
ment. However the different responses seen in
RA/SLS TEWL compared to SLS/RA tandem
experiments is an interesting finding that suggests
different molecular mechanism of the 2 irritants.
RA appears to decrease skin’s susceptibility to
SLS effects perhaps by obstructing the percuta-
neous permeation of SLS (1).

Tandem irritants and percutaneous penetration

Effendy et al. evaluated the permeation of SLS
through human skin after pretreatment with RA,
and vice versa, by in vitro methods (46).
Cadaveric skin was prepared for measuring the
?ercutaneous permeation of **S-labelled SLS and
H-labeled RA. It was found that an increase in
RA penetration was induced by SLS pretreat-
ment; however, pretreatment with RA did not
inhibit the percutaneous permeation of SLS sig-
nificantly compared to untreated skin (P > 0.05).
This is in contrast to the previous in vivo findings
of sequential SLS/RA exposure. Other interac-
tions between the irritants and the skin at mole-
cular or cellular levels may play a role in the
different skin responses. This study is a start;
much remains to be done.

pH regulation on SC

Exposure of SC to neutralizing buffers and bases
has been reported to disturb cutaneous

permeability homeostasis (47). The human skin
has long been known to display a protective
acidic surface (‘acid mantle’), originating from
mainly exogenous sources of microbial, sebac-
eous and eccrine gland origin. Additional endo-
genous sources that contribute to acidity include
the generation of urocanic acid, the secretory
phospholipases from free fatty acids from
phospholipids, and the activity of a sodium-pro-
ton exchanger (48).

Upon analysing the tandem irritation data, we
arbitrarily determined our definition of quench-
ing as a tandem TEWL value that is decreased by
a factor <0.5 compared to the expected sum of
TEWL of the individual irritants: quenching was
observed with lactic acid and acetic acid at pH 2
in tandem with SLS. A proposed explanation
could be that the acidic pH allows free fatty
acids to assemble more efficiently into ceramides
and cholesterol-containing membrane bilayers as
proposed by Bouwstra et al. (48) Two enzymes
are responsible for this lipid processing, one
which hydrolyses glucosylceramides, and another
which hydrolyzes sphingomyelin to ceramides;
both are most active at an acidic pH (48). These
mechanisms may contribute to bilayer lipid mem-
brane stability in the tandem studies that utilized
SLS/fruit acids at pH 2, as the acidic pH nor-
malizes SC integrity/cohesion, hence the tandem
quenching effect.

Future studies

The result observed in the tandem irritation stu-
dies may shed light into the mechanism of action
of the various chemicals as they penetrate the SC.
Hypotheses on solute permeation and skin bar-
rier impairment are still investigated from differ-
ent aspects. The various synergistic, additive, and
quenching tandem results may be explained by
theories of penetration mechanism and compart-
ment interaction. Penetration is governed mainly
by molecular size, polarity, melting point, and H-
bond capacity of the permeant; all which are
contributors to the maximum flux of a solute.
Compartment interaction depends largely on an
active interaction between cutaneous organelles
and the permeating solutes. This was observed
in the uncoiling of epidermal proteins, alteration
in the quality of SC lipids, and activation of SC
zymogens as an effect of acidic exposure. More
data from tandem irritation experiments will help
deduce the pathogenesis of ICD. Measurement
with non-invasive bioengineering methods has
provided a controlled environment for data col-
lection. Complex interactions between various
irritants remain to be solved hence special
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attention is necessary at the workplace and rele-
vant measures should be taken to minimize irri-
tant exposure.

Current information suggests that multiple

mechanisms may be involved in the clinical
response noted with tandem applications. In
spite of this complexity and the intriguing possi-
bility with even more complex chemical mixtures
(for instance those in cutting oil), model studies as
summarized here provide a difficult but important
avenue of investigation to minimize irritant
dermatitis. Our hypothesized quenching as sug-
gested by Bouwstra et al. (48) also suggests prac-
tical future interventions.
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