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Abstract

Objective and design Sodium lauryl sulfate (SLS) is a

known irritant. It releases pro-inflammatory mediators

considered pivotal in inflammatory pain. The sensory

effects of SLS in the skin remain largely unexplored.

In this study, SLS was evaluated for its effect on skin

sensory functions.

Subjects Eight healthy subjects were recruited for this

study.

Treatment Skin sites were randomized to topical SLS

0.25, 0.5, 1, 2% and vehicle for 24 h. Topical capsaicin 1%

was applied for 30 min at 24 h after SLS application.

Methods Assessments included laser Doppler imaging of

local vasodilation and flare reactions, rating of spontaneous

pain, assessment of primary thermal and tactile hyperal-

gesia, and determination of secondary dynamic and static

hyperalgesia.

Results SLS induced significant and dose-dependent local

inflammation and primary hyperalgesia to tactile and ther-

mal stimulation at 24 h after application, with SLS 2%

treatment eliciting results comparable to those observed

following treatment with capsaicin 1%. SLS induced no

spontaneous pain, small areas of flare, and minimal

secondary hyperalgesia. The primary hyperalgesia vanished

within 2–3 days, whereas the skin inflammation persisted

and was only partly normalized by Day 6.

Conclusions SLS induces profound perturbations of skin

sensory functions lasting 2–3 days. SLS-induced inflam-

mation may be a useful model for studying the mechanisms

of inflammatory pain.

Keywords Skin irritants � Human � Hyperalgesia �
Pain threshold

Introduction

Topical application of skin irritants, such as sodium lauryl

sulfate (SLS), has been used for years in dermatological

research for standardized evaluation of skin susceptibility

to irritants [1]. No studies thus far have examined the

sensory properties of SLS-induced inflammation. However,

several lines of circumstantial evidence indicate that SLS

may modulate pain responses in the skin. In vitro studies

with human keratinocytes, as well as studies in animal skin,

have shown that SLS induces the release or up-regulation

of a variety of cytokines, including several considered

pivotal in peripheral pain modulation [2, 3], including

TNF-a, IL-1a, IL-6, IL-8, IL-10, and several chemokines

[4–7]. SLS also induces the release of pro-inflammatory

cytokines and chemokines in human skin as shown by

superficial lymph vessel drainage techniques [8], the

modified skin window technique [9], and macroscopic and

microscopic evaluations [10, 11]. Finally, topical applica-

tion of SLS to human skin induces distinct vasodilation and

increased vasodilator responses to heat [1, 12]. The aim of

the present study was to characterize sensory reactions of

topical SLS in human skin.
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Materials and methods

Participants

Eight healthy, male volunteers (aged 19–44 years) partic-

ipated in the study. All participants received oral and

written information about the trial and provided oral and

written informed consent. The study was approved by The

Central Denmark Region Committees on Biomedical

Research Ethics and the Danish Data Protection Agency.

Induction of cutaneous inflammation

Six skin sites in total, three sites on each of the volar

aspects of the forearms, were randomized to receive SLS

0.25, 0.5, 1, 2%, vehicle, or capsaicin (positive control) in a

Latin Square design. SLS (99% purity) was prepared as

isotonic solutions in phosphate buffer with a pH of 7.4

(Skanderborg Pharmacy, Skanderborg, Denmark). The

buffer was used as vehicle. All reagents were applied to the

skin as 200 ll aliquots in 18 mm Finn chambers with paper

filter discs (Epitest Ltd, Oy, Finland). The chambers with

SLS and vehicle were covered by non-occlusive dressings

and removed the next day (24 h). Capsaicin 1% in alcohol

(Aarhus University Pharmacy, Aarhus, Denmark) was

applied for 30 min in a Finn chamber as described above at

24 h after SLS application.

Clinical grading of skin reactions

Grading of the SLS-induced inflammatory reactions was

performed using the Standardization Group of the European

Society of Contact Dermatitis (ESCD) simple scoring for

subacute SLS irritant reactions [1]. Based on the extent of

erythema, roughness/contour, scaling, edema and fissures,

irritant reactions are given a score of 0, 0.5, 1, 2, 3 or 4. ESCD

scoring was performed by the same observer at all visits, with

the observer blinded to the randomization code. Quantifica-

tion of erythema (local vasodilation and flare reactions) was

performed at each capsaicin site, but ESCD scoring was not.

Spontaneous pain intensity

Subjects rated spontaneous pain intensity on an 11-point

numeric rating scale from 0 to 10, where 0 represented no

pain at all, and 10 represented the most imaginable pain.

Subjects were asked to rate their pain at each visit and to

report the highest level of spontaneous pain between visits.

Assessment of local vasodilation and flare reactions

Skin blood flow was assessed at each skin site by laser

Doppler Imaging (LDI) (MoorLDI2-IR, Moor Instruments

Ltd., Devon, UK). Data were analyzed off-line using the

manufacturer’s software package. An 18 mm circular

region of interest (ROI), corresponding to the size of the

Finn chamber, was applied to all images, guided by

the corresponding black and white scanning photos. The

intensity of local vasodilation was calculated as mean skin

blood flow in arbitrary units within the ROI. The LDI

images were also used for calculation of flare areas. Mean

skin blood flow plus two standard deviations was calcu-

lated in normal-appearing skin and used as a low threshold

for calculation of the flare area. The reported flare area

included the site of stimulation (18 mm diameter,

2.55 cm2).

Tactile pain threshold

The tactile pain threshold (TPT) was determined by

applying graded von Frey filaments (Touch-Test, North

Coast Medical Inc, CA, USA) within the inflamed skin

sites with approximately twofold increasing weights of 8,

15, 26, 60, and 100 g. TPT was determined as the filament

that induced a sensation of pain following at least 3 of 6

repeated stimulations at 0.5 Hz performed within the

18 mm skin area [13]. If the subjects experienced no pain

in response to the 8 g filament, the value was recorded as

4 g. If no pain was observed following stimulation with the

100 g filament, the threshold was recorded as 200 g in the

subsequent analyses.

Heat pain threshold

The heat pain threshold (HPT) was determined within the

inflamed skin sites using a computer-controlled thermode

and the method of limits (TSA Pathway, Medoc, Israel).

The thermode was prepared with isolated rubber, leaving a

circular surface 18 mm in diameter for heat stimulation.

Baseline temperature was 32�C, followed by a heat ramp of

1�C/s to a maximum of 50�C. The participant controlled

the heating device and switched off heating when the heat

became painful [14]. The mean of three tests was used in

the analysis.

Secondary pin-prick hyperalgesia and allodynia

Sensory pin-prick hyperalgesia was assessed with a von

Frey filament of 26 g applied along eight linear paths

arranged radially around each skin site. The stimulation

was initiated outside the inflamed skin, where no pain was

experienced, and continued centripetally in 5-mm steps at a

rate of 0.5 Hz towards the center of the site until the sub-

ject reported a definite change in sensation. The border was

marked on the skin and the mapping was traced onto a clear

acetate sheet. The area was calculated as the product of the
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longest diameters and the perpendicular diameter. The area

of allodynia was assessed by a cotton wool tip using the

same procedure as outlined above.

Experimental protocol

Assessments of sensory and inflammatory responses were

performed within 0.2–2 h after removal of the capsaicin

chamber on the first experimental day. Finn chambers

above SLS sites were removed 45 min prior to the

assessment at 24 h [1]. All subjects were studied on the

same time of day at each visit. Measurements were per-

formed in the same order at each visit, starting with verbal

assessments, followed by non-invasive measurements and

finally mechanical and thermal pain threshold assessments.

The subjects were equipped with a blindfold during all

pain evaluations. The experiments were performed in a

temperature-controlled room held at 23–24�C. Skin tem-

perature was similar among skin sites and constant across

visits (data not shown).

Descriptive and analytical statistics

Data were analyzed by repeated measures analysis of

variance (ANOVA) using the variables ‘time’ and ‘drug’

(GraphPad Prism version 5.02, GraphPad Software Inc.,

CA, USA). Significant differences within these factorial

groups were localized by post-hoc Bonferroni test. Clinical

score data were analyzed using non-parametric, repeated

measurement ANOVA (Friedman tests) for statistical dif-

ferences within SLS concentrations at 24 h. The time

course of clinical scoring was also analyzed using Fried-

man tests with individual tests for each of four SLS

concentrations. In the latter analyses, the p value was

corrected by the Bonferroni method to adjust for multiple

comparisons. Values of p \ 0.05 were considered signifi-

cant. All figures are depicted as mean ± standard error of

the mean (if not reported otherwise).

Results

Clinical evaluation of inflammation

SLS induced significant and dose-related inflammation

(p = 0.0001). Median ESCD score at 24 h was 0.25 (total

range 0–1), 0.5 (0–2), 0.75 (0.5–2), 2 (0.5–2), and 2.5

(0.5–3) with vehicle, 0.25, 0.5, 1, and 2% SLS, respec-

tively. Capsaicin sites showed intense erythema (Fig. 1a)

immediately after the application but no other components

of the ESCD score. At all subsequent visits, the capsaicin

sites were indistinguishable from normal adjacent skin.

All vehicle sites scored zero at 48 and 72 h. In contrast,

SLS-induced inflammation was maintained throughout the

observation period with median ESCD scores of 1, 2, and 3

for SLS 0.5, 1, and 2%, respectively, at both 48 and 72 h.

Spontaneous pain

Topical SLS did not induce spontaneous pain. The mean

pain rating from the time of application of SLS to the final

assessment at 72 h did not exceed a numeric value greater

than 1 for any concentrations of SLS at any time point.

Mean pain intensity was 0.3 ± 0.2 for SLS 2% at 24 and

48 h and zero for all subjects at 72 h. In contrast, capsaicin

1% for 30 min induced moderate spontaneous pain in most

subjects. The maximum pain in subjects was observed

during the application or immediately after removal of the
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Fig. 1 SLS-induced dose-related local vasodilation (a) and flare

reactions (b) (p \ 0.0001). Local vasodilation with SLS 2% was

comparable with reactions induced by capsaicin 1% at 24 h, whereas

flare reactions were more severe with capsaicin. Capsaicin-induced

flare reactions were absent and local vasodilation had normalized to

vehicle response levels by 48 h. The results of post-hoc analysis of

vehicle responses versus individual concentrations of SLS and

capsaicin are shown by asterisks (*p \ 0.05, **p \ 0.01,

***p \ 0.001). Values are mean ± SEM of eight subjects
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chamber; the mean pain intensity was 3.6 ± 0.7. This

value decreased to 0.4 ± 0.3 at 48 h, and no spontaneous

pain was reported in any patient at 72 h.

Local vasodilation

SLS induced a statistically significant, dose-related local

vasodilation (Fig. 1a, p \ 0.0001). Post-hoc analysis

showed significantly increased local vasodilation with SLS

1 and 2% versus vehicle response at 24 h. Local vasodi-

lation at 24 h with 2% SLS (589 ± 51 AU) was not

significantly different from the reaction observed with 1%

capsaicin (690 ± 52 AU). The reaction peaked at 48 h for

all SLS doses, and then slowly declined at 72 h where SLS

0.5–2% maintained a significant vasodilation as compared

to vehicle responses. Local vasodilation was measured at

Day 6 in six of eight subjects and showed persistent, sig-

nificant vasodilation with SLS 1% (264 ± 106 AU) and

2% (403 ± 130 AU), whereas SLS 0.25% (89 ± 11 AU)

and 0.5% SLS (105 ± 22 AU) were not significantly dif-

ferent from vehicle responses (74 ± 12 AU). Local

vasodilation was prominent with capsaicin at 24 h but had

normalized to vehicle response levels at subsequent visits.

Flare reactions

SLS induced a significant dose-related flare (Fig. 1b,

p = 0.00002). Post-hoc analyses showed that SLS 2%, but

not lower concentrations of SLS, induced significant

reactions. SLS 2% flares were 8.4 ± 2.8 cm2 at 24 h and

maintained significantly above vehicle responses up to

72 h. No flare to SLS 2% was observed in 5 of 6 subjects

on Day 6. Topical capsaicin 1% for 30 min induced a flare

of 22.6 ± 3.6 cm2 which was significantly larger than

corresponding reaction induced by SLS 2%. No flare to

capsaicin was observed in any subjects at subsequent visits.

Tactile pain threshold

SLS induced a statistically significant, dose-related decline

in TPT (Fig. 2a, p = 0.0004). Post-hoc tests showed that 1

and 2% SLS induced significant decreases in TPT at 24 h,

which was maintained at 48 h with 2% SLS. No significant

SLS-induced tactile hyperalgesia was observed at 72 h.

Capsaicin induced significant tactile hyperalgesia on the first

experimental day; non-significant hyperalgesia was seen at

48 h; and responses were comparable to vehicle sites at 72 h.

Heat pain threshold

SLS induced a statistically significant and dose-related

reduction in HPT (Fig. 2b, p = 0.0004). HPT was reduced

by 1.2 ± 1.3, 4.4 ± 1.5, 5.7 ± 1.1, 6.7 ± 1.3, and

6.5 ± 1.0�C with SLS 0.25, 0.5, 1, 2%, and capsaicin 1%,

respectively, compared to vehicle responses at 24 h.

Responses with all SLS concentrations but 0.25% were

significant different from vehicle responses. Significant

heat pain hyperalgesia was maintained at 48 h with SLS

1–2% and with SLS 2% at 72 h. Six of eight subjects were

also examined for heat hyperalgesia at Day 6, when the

heat pain threshold at any SLS site was similar to that at

vehicle sites. Notably, capsaicin-induced heat pain hyper-

algesia was evident at 24 h but not at subsequent visits.

Secondary pin-prick hyperalgesia and allodynia

Data on secondary hyperalgesia are shown in Table 1.

Capsaicin induced large areas of pin-prick secondary
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Fig. 2 Measurement of tactile pain threshold (TPT) and heat pain

threshold (HPT) following topical application of SLS for 24 h. TPT

was studied by applying von Frey filaments with varying weights (a)

and HPT was studied with a heated thermode and the method of limits

(b). SLS-induced a statistically significant, dose-related decrease in

TPT (p = 0.0004) and HPT (p = 0.0004). The results of post-hoc

analysis of vehicle responses versus individual concentrations of SLS

and capsaicin are shown by asterisks (*p \ 0.05, **p \ 0.01;

***p \ 0.001). Values are mean ± SEM of eight subjects
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hyperalgesia at 24 and 48 h in most subjects, with fading

proportions of responders at 72 h. Capsaicin induced

allodynia (dynamic hyperalgesia) in most subjects at 24 h

but not at later time points. In comparison, even the highest

concentrations of SLS induced secondary hyperalgesia in

no more than 50% of the subjects studied; the involved area

was notably smaller than that at capsaicin sites. Due to the

low number of respondents, no statistical analyses were

performed.

Discussion

SLS, a well-known inducer of irritant contact dermatitis,

was evaluated for its effect on skin sensory functions. The

results show that SLS induces no spontaneous pain but

induces sustained inflammatory reactions and primary

hyperalgesia to mechanical impact and heat. Hyperalgesia

vanished within 2–3 days, despite persistent clinical and

objective measurements of skin inflammation. To the best

of our knowledge, this report is the first study demonstrating

hyperalgesia during the course of SLS inflammation.

Standardized models of inflammation and inflammatory

pain are useful for screening anti-inflammatory and anal-

gesic drugs. Experimental skin models of inflammatory

pain have been described in detail in rodents [15]. Capsa-

icin is widely used, but mainly neurogenic in nature, and

the effects are short-lasting. Mustard oil was used previ-

ously with similar results. Subacute or long-lasting human

hyperalgesia models are probably more relevant for stud-

ies of the mechanisms that underlie inflammatory or

neuropathic pain. The limited human models available

include UVB-inflammation [16, 17], thermal injuries elic-

ited by contact-heat [13] and freezing [18, 19], and non-

inflammatory hyperalgesia induced by nerve growth factor

[20]. The results of our study indicate that SLS-induced

inflammation may be a novel model of inflammatory pain.

Despite the relatively small number of subjects (in accor-

dance with the estimate obtained prior to the study in a

sample size calculation), the data were consistent; a dose–

response relationship was established, and the extent of

variability was acceptable.

SLS induced notable localized inflammation with

intensity of clinical inflammation and changes in skin

perfusion as reported in previous studies [1, 21, 22]. Top-

ical SLS did not elicit spontaneous pain. In comparison,

infusion of SLS into the skin via microdialysis fibers has

been shown to induce immediate pain and release of

prostaglandin E2 [23], likely due to either a direct toxic

effect or activation of acid-sensing nociceptors by the low

pH of most SLS solutions. Here, we show that SLS induces

significant, dose-related thermal and tactile hyperalgesia.

The reduction in thermal pain sensitivity with SLS 2% at

24 h was 6–7�C as compared to vehicle sites. This result

was similar to the pattern observed at capsaicin sites. There

are no prior investigations on mechanical or thermal pain

thresholds in the context of SLS inflammation.

Although SLS 2% and capsaicin induced comparable

increases in local vasodilation as well as thermal and tactile

hyperalgesia at 24 h, the mechanisms of action are most

likely different. Capsaicin is known specifically to activate

TRPV1 receptors on C-fibers at the site of stimulation, with

Table 1 Measurement of secondary pin-prick hyperalgesia and allodynia in skin sites treated topically with SLS or vehicle for 24 h and

capsaicin 1% for 30 min at the 24 h visit

24 h 48 h 72 h

Secondary pin-prick hyperalgesia

Vehicle 0/8 0/8 0/8

SLS, 0.25% 0/8 2/8 (435 mm2; 0–2,590) 0/8

SLS, 0.5% 1/8 (119 mm2; 0–950) 2/8 (196 mm2; 0–896) 0/8

SLS, 1% 3/8 (1,174 mm2; 0–4,608) 2/8 (619 mm2; 0–2,805) 1/8 (108 mm2; 0–864)

SLS, 2% 4/8 (901 mm2; 0–2,714) 4/8 (725 mm2; 0–2,025) 2/8 (492 mm2; 0–2,303)

Capsaicin, 1% 7/8 (3,771 mm2; 0–10,815) 6/8 (1,994 mm2; 0–4,968) 2/8 (199 mm2; 0–1,512)

Allodynia

Vehicle 1/8 (65 mm2; 0–525) 0/8 0/8

SLS, 0.25% 0/8 0/8 0/8

SLS, 0.5% 0/8 0/8 0/8

SLS, 1% 2/8 (535 mm2; 0–2,448) 0/8 0/8

SLS, 2% 2/8 (266 mm2; 0–1,326) 0/8 0/8

Capsaicin, 1% 5/8 (2,099 mm2; 0–6,552) 2/8 (308 mm2; 0–1,862) 2/8 (168 mm2; 0–814)

Values are proportion of subjects with static or dynamic hyperalgesia outside the 18 mm area of stimulation. Group mean and total ranges are

shown in brackets provided at least one subject presented with hyperalgesia
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retrograde excitation causing axon reflexes. Flare reactions

as well as secondary pin-prick hyperalgesia and allodynia

were observed with capsaicin, but corresponding reactions

were modest with SLS, even at the highest concentrations.

Secondary pin-prick hyperalgesia and brush-evoked allo-

dynia were not found consistently at SLS sites. These

findings are consistent with previous studies showing that

painful input to the spinal cord is essential for central

sensitization and the development of secondary mechanical

hyperalgesia [24]. The lack of spontaneous pain, notable

hyperalgesia within the inflamed skin site, and the lack of

secondary hyperalgesia are all comparable with findings

related to UVB-inflammation [25]. SLS-induced inflam-

mation most likely involves some degree of retrograde

C-fiber activation because flares with SLS 2% were

approximately 3–4 cm in diameter at 24 h. It is unlikely

that this relatively large area of vasodilation is caused by

SLS contamination outside the 18 mm Finn chambers.

Development of flare reactions has no definite relation to

pain because the flare has been observed following intra-

dermal injection of a variety of compounds causing no pain

[26]. Further research will be necessary to verify an asso-

ciation between the comparable time course of a flare

reaction and reduced primary sensory thresholds within the

inflamed skin site.

The pathophysiology of SLS inflammation and possible

mechanism of sensitization of peripheral nociceptors in the

skin remain to be clarified. Studies with human skin cells in

vitro, animal skin in vivo and human skin have shown that

SLS releases a plethora of inflammatory mediators [6],

including cytokines such as TNF-a, IL-1b, and IL-6 as well

as a variety of chemokines [4–11]. The cellular source of

mediators causing nociceptor sensitization in SLS reactions,

as well as other human models of inflammatory pain,

remains to be elucidated. Keratinocytes are likely the key

source of cytokines in SLS and UVB-inflammation [6, 27],

but macroscopic and immunohistochemical studies have

also revealed pronounced influxes of polymorphonuclear

cells as well as lymphocytes at SLS sites [28–30]. There is

likely to be a large overlap among key soluble pain-related

mediators, including TNF-a, IL-1b, and IL-6, released by

SLS, on one hand, and those mediators found to be up-

regulated in established human models of inflammatory

dermal pain such as UVB-inflammation [27, 31–34] and

thermal injuries, on the other [35, 36]. The relative contri-

butions of individual mediators to the induction of

inflammation and hyperalgesia during the life cycle of the

inflammatory event remain to be clarified. Most investiga-

tions in humans are performed after 24 h of application of

SLS only, and no studies have performed serial assessments

of mediator profiles and concurrent biological responses.

The extent to which the pathophysiology and the time

course of sensory perturbations in SLS inflammation differ

from those observed in UVB-inflammation and thermal

lesions remains to be determined. Comparisons across

individual trials can be questionable. For example,

inflammatory reactions induced by three times the minimal

erythema dose of UVB in healthy subjects measured by

laser Doppler flowmetry, as well as the presence and/or

magnitude of secondary hyperalgesia, have shown quite

different results in trials of apparently similar design

[16, 25, 37]. However, comparative studies with several

skin models may be relevant in the search for pivotal

mediators of hyperalgesia in the skin during the life cycle

of inflammation. In our study, hyperalgesia had vanished at

Day 6, but the inflammation persisted. The use of several

models may improve our understanding of the pathophys-

iology of pain sensitization in inflammation and eventually

lead to the development of effective and targeted therapies.
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