
Hydrogen sulfide inhibits IL-8 expression in human
keratinocytes via MAP kinase signaling
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Sulfur is able to penetrate the skin, and a sulfur-rich balneotherapy has been suggested to be effective in the treatment of
psoriasis. Psoriasis is now considered a genetically programmed, immune-mediated, inflammatory disease, in which
intralesional T lymphocytes trigger keratinocytes to proliferate and perpetuate the disease process. Interleukin (IL)-17 and
IL-22 produced by Th1/Th17 lymphocytes induce IL-8 secretion by keratinocytes, a key event in the pathogenesis of the
disease. It is now clear that mitogen-activated protein kinase (MAPK) (extracellular signal-regulated kinases (ERK) 1 and 2)
activity is required for IL-17-induced IL-8 synthesis by keratinocytes, and, in fact, MAPK activity is increased in lesional
psoriatic skin. Here, we demonstrate both in vitro and in vivo on primary psoriatic lesions that pharmacological inhibitors
of ERKs as well as hydrogen sulfide not only reduce the basal expression and secretion of IL-8, but also interfere with
IL-17- and IL-22-induced IL-8 production. These observations, together with the known anti-inflammatory activity of H2S,
are relevant to understanding some previously unexplained biological effects exerted by sulfur therapy.
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Psoriasis is currently thought to be initiated by an epidermal
disorder, resulting from aberrant keratinocyte activation that
sustains a strong cell proliferation. However, cell- and factor-
dependent interactions of keratinocytes with immune cells,
rather than alterations limited to keratinocytes alone, cause
psoriasis. In fact, signals derived from immune cells are able
to stimulate keratinocyte proliferation, while, in turn, kera-
tinocytes themselves may activate immune cells through
surface receptors and cytokines.1 Cytokines strongly ex-
pressed by keratinocytes of psoriatic skin, like interleukin
(IL)-6 and IL-8 have been shown to induce keratinocyte
proliferation.2,3 The more recently described IL-15, IL-17,
IL-19, IL-20, IL-22 and IL-23, that are also expressed in
psoriatic lesions and that influence keratinocyte proliferation
as well, are mainly produced by cells of hematopoietic
origin as dendritic (DC), macrophages, lymphocytes and
granulocytes.4

Disease initiation is likely to be mediated by DCs pre-
senting foreign antigens or self-antigens to T lymphocytes.
Tissue invasion by activated T cells from the periphery seems

to be essential for the development and maintenance of
psoriatic plaques. Both CD4- and CD8-positive T cells are
present in the psoriatic skin: whereas CD4þ T cells mainly
infiltrate the dermis, CD8þ T cells preferentially accumulate
in the epidermis.5 Recently, the pathophysiology of psoriasis
has been revisited as a Th1-/Th17-induced inflammatory
autoimmune disease:6–8 Th17 cells have been reported to
produce two cytokines with a clear role in the pathogenesis of
this disease, IL-179 and IL-22.10,11 Increased IL-17 and IL-22
expression levels have been found in psoriatic skin
lesions,8,12,13 and both IL-17 and IL-22 have been shown
to induce keratinocyte gene expression of anti-microbials
b-defensins S100A8 and S100A9, all upregulated in psoriatic
lesions.10,14

IL-8 release by keratinocytes has been shown to be induced
by IL-17.15,16 IL-17-mediated induction of IL-8 in keratino-
cytes implies, at least in part, the activation of mitogen-
activated protein kinase (MAPK) pathway,16 even though
other signaling axes like PI3-kinase/Akt and NF-kB have been
implicated in other cell types.17–19
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Abnormalities in several signaling pathways and in the
expression or activation of different transcription factors in
psoriatic keratinocytes have been hypothesized to have a role
in the molecular pathophysiology of psoriasis.20 It has been
reported that the activity of the p38 and extracellular signal-
regulated kinase (ERK)1/2 MAPKs is increased in lesional
psoriatic skin as compared with non-lesional skin.21,22 Many
studies have been published on the involvement of hydrogen
sulfide in inflammation, and evidence has been shown for
both pro- or anti-inflammatory roles of H2S.23,24 Recently,
we have demonstrated that hydrogen sulfide can impair
human keratinocytes adhesion and proliferation by impair-
ing the activation of Raf-MEK-ERK pathway.22 The specific
interest to hydrogen sulfide derives from the potential ap-
plications of the results, as sulfur is able to penetrate the skin
and a sulfur-rich balneotherapy, known to be effective in the
treatment of psoriasis,25 might turn useful in this disease. In
this context, we have also demonstrated that H2S can exert a
subset-specific toxicity on peripheral blood lymphocytes,
which die by a caspase-independent mechanism of necrosis
after a rapid loss of mitochondrial membrane potential, and
not by apoptosis. Functionally, the surviving lymphocytes
show a decreased proliferative capacity and produce less IL-2
during activation.26

Here, we demonstrate both in vitro and in vivo that
hydrogen sulfide not only reduces basal expression and
secretion of IL-8, but also interferes with IL-17- and IL-22-
induced IL-8 production by reducing ERK phosphorylation
levels. These observations, together with the known anti-
inflammatory activity of H2S, sound relevant to under-
standing some previously unexplained biological effects
exerted by sulfur therapy.

MATERIALS AND METHODS
Cell Cultures
Normal skin-derived immortalized human keratinocytes,
clone NCTC 2544, were obtained from the American
Tissue Culture Collection and cultured in EMEM medium
(Euroclone, West York, UK) containing 10% fetal calf
serum, penicillin (100 U/ml), streptomycin (100 mg/ml) and
L-glutamine (2 mM). Cells were passaged two or three times
weekly at ratios between 1:5 and 1:10. Cell cultures were
routinely assayed for mycoplasm contamination by Mycoalert
mycoplasm detection kit (Lonza, Rockland, ME, USA).

Cell Treatment
NaHS (Sigma-Aldrich, St Louis, MO, USA) was dissolved in
50 ml of RPMI medium at the concentration of 400 mM.
Stock solution was stored for 1 week at 41C. Immediately
before experiments, stock solution was diluted in the cell
culture medium at the indicated final concentrations. In
some experiments, cells were treated with U0126 (10 mM)
(Calbiochem, La Jolla, CA, USA) to induce ERK1/2 irrever-
sible inhibition. Human recombinant IL-22, IL-17A and IL-
17F were dissolved as described by the manufacturer and

used at 10 ng/ml (Peprotech, D.B.A. s.r.l.; Milano, Italy). IL-
17A and IL-17F are reported in the text just as IL-17, since
similar results were obtained with both cytokines.

Western Blot
Cells were harvested and washed with ice-cold PBS con-
taining 1 mM sodium orthovanadate, 104 mM 4-(2-ami-
noethyl)-benzenesulfonyl fluoride, 0.08 mM aprotinin, 2 mM
leupeptin, 4 mM bestatin, 1.5 mM pepstatin A, 1.4 mM E-64.
Cells were then lysed in Triton lysis buffer. Protein con-
centration was determined using a BCA protein assay kit
(Pierce, Rockford, IL, USA). Aliquots of total protein samples
(50 mg) were blotted using antibodies specific for phos-
phorylated (Thr202/Tyr204) ERK1/2 (1:1000). Incubation
times and washing buffers were chosen as indicated by the
manufacturers’ protocols (Cell Signaling Technology, Dan-
vers, MA, USA); anti-b-actin (Sigma) mAb was diluted
1:5000. Filters were finally washed and incubated for 1 h at
room temperature with anti-rabbit (1:2000) or anti-mouse
(1:2000) peroxidase-conjugated secondary antibodies, and
revealed by Enhanced Chemiluminescence Western blotting
detection reagent (Amersham Biosciences, Buckinghamshire,
UK).22,27,28 The membranes were then stripped and reprobed
with b-actin for protein loading control. Chemiluminescence
was quantified by the KODAK Molecular Imaging Software
4.0 using the KODAK Image Station 4000 MM (Carestream
Health, Rochester, NY, USA). Values were corrected for b-
actin signal intensity.

Patient Treatment and Immunohistochemistry
One voluntary, 70-year-old male patient affected by psoriasis
was treated with NaHS (2 mM in sterile 0.9% salt water) or
saline alone as negative control. In all, 10 ml of NaHS solu-
tion were applied to a psoriatic plaque lesion on the skin of
the left gluteus for 15 min/day for 7 days consecutively. As
negative control, a similar lesion on the right gluteus was
treated with saline solution alone. At the end of the treat-
ment, biopsies from both skin areas were collected. As a
further negative control, a biopsy was obtained from a nor-
mal skin region of the gluteus. Detailed informed consensus
was obtained from the patient before the procedure.

Biopsies were fixed in 10% formalin, and embedded in
paraffin.29–31 Paraffin blocks were serially cut into 5 mm
sections and serial sections from each specimen were routi-
nely stained with hematoxylin–eosin for histological ex-
amination. Sections were independently stained to detect
pERK (Cell Signaling Technology) and IL-8 (BioSource,
Camarillo, CA, USA). All sections were dewaxed with xylene
and rehydrated by passages through decreasing concentra-
tions of ethanol (from 100 to 80%). Endogenous peroxidase
activity was blocked by a 30-min incubation at room tem-
perature with methanol containing 3% H2O2. Sections were
then microwaved in a citrate solution (pH 6.0) at 750 W for
10 min. After rinsing in Tris-buffered saline (TBS; pH 7.4),
sections were preincubated for 30 min at room temperature
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with normal rabbit serum or normal goat serum diluted 1:5,
before incubation in a humidified chamber for 90 min at
room temperature with mAbs. Sections were then washed
twice in TBS and incubated for 30 min with diluted bioti-
nylated secondary antibody solution (Vector Laboratories,
Burlingame, CA, USA). At the end of incubation, sections
were then washed again in TBS and incubated for another
30 min at room temperature with Vectastain Elites ABC
reagent (Vector Laboratories). Peroxidase activity was de-
tected by incubating tissue sections for 10–15 min with a
solution of 3-3-diaminobenzidine (DAB) (500 ml DAB (2.5%)
in 50 ml TBS; Sigma) in the presence of 50 ml 30% H2O2.
Sections were finally counterstained with Mayer’s hemalum
(Sigma). Negative controls were treated in parallel, using
isotype-matched irrelevant antibodies as first step re-
agents.29–31

ELISA
IL-8 release in cell culture media was quantified by human
IL-8/NAP-1 enzyme-linked immunosorbent assay (Bender
Medsystems Vienna, Austria).32–34 Spent medium from
NCTC cell cultures was incubated in 96-well plates coated
with anti-human IL-8. After washing of unbound IL-8, wells
were incubated with biotin-conjugated anti-IL-8/NAP-1
antibody. Colorimetric reaction was induced by Streptavidin-
HRP and tetramethyl-benzidine substrate. Color was mea-
sured (absorbance at 450 nm) by Victor3V 1420 multilabel
counter (Perkin-Elmer, Waltham, MA, USA) and a set of
seven standard dilutions (from 1 g/ml to 15.6 pg/ml) of hu-
man recombinant IL-8 was used to convert absorbance values
to IL-8 concentrations (g/ml). Each sample was measured
in triplicate, the mean of three independent experiments is
reported in the text.

RT–PCR
NCTC cell cultures, treated with or without NaHS and ILs,
were grown for 48 h, and 1� 106 trypsinized cells were col-
lected by centrifugation. Total RNA was isolated using the
RNeasy mini kit (Qiagen, Hilden, Germany). Total RNA

(1 mg) was reverse transcribed and progressive dilutions (1/
10, 1/100, 1/1000) were then subjected to PCR amplification.
cDNA of IL-8 was amplified using the primers previously
described by Chiang34 and by a new set of primers developed
by us that were more efficient. Thus, primers used were
AGCCAGGAAGAAACCACCGGA and TCCACAACCCTCTG
CACCCAGT that generated an expected PCR product of
315 bp (NM000584 Genbank locus, GI:28610153).

By the sense TGACGGGGTCACCCACACTGTGCCC
ATCTA and antisense CTAGAAGCATTTGCGGTGGACGA
TGGAGGG primers an expected 649 bp region of b-actin
mRNA (E00829 Genbank locus sequence, GI:2169090) was
amplified, as previously described.35–37

Temperature and time were modified from the original
methodology: cDNA was amplified by 40 cycles of 30 s at
941C, 30 s at 561C and 30 s at 721C. The extension time of the
last 15 cycles was incremented by 3 s/cycle.

To obtain a relative quantification of gene expression, 1/10,
1/100 and 1/1000 of total cDNA was amplified, PCR products
were separated in 2% agorose gel, stained with ethidium
bromide and visualized under an UV transillumination by
KODAK Image Station 4000 MM (Carestream Health). Band
intensity of each PCR reaction was quantified by KODAK
Molecular Imaging Software 4.0 and corrected for b-actin-
amplified cDNA intensity.

RESULTS
Based on what had been previously demonstrated on the
signaling pathways sustaining IL-8 production in keratino-
cytes,15,16 we have studied the involvement of ERKs in IL-8
production by IL-17 and IL-22-stimulated NCTC cells.
NCTC cells were treated with IL-17 and IL-22 (20 ng/ml) and
relative pERK levels were quantified by western blot analysis.
Figure 1a shows the kinetic of MEK-ERK pathway activation
by ILs treatment. After 24 h, a significant (treated vs un-
treated (T¼ 0) cell cultures: Po0.05 by ANOVA) increase of
pERK levels were found in both IL-17 and IL-22-treated cell
cultures (Figure 1b). To test whether IL-8 production needed
MEK-ERK signaling activation in NCTC cells, we quantified

Figure 1 IL-17 and IL-22 induce IL-8 secretion by ERK activation. (a) Kinetic analysis of IL-17 and IL-22 effects on ERKs phosphorylation levels by

western blot. A representative pERK immunoblotting is shown. NCTC cells were treated with 20 ng/ml of either cytokine and at the indicated times

pERKs levels were detected by western blot. (b) Densitometric histograms of pERKs expression. Means of three independent experiments±s.d.; Po0.05

ANOVA, Dunnet’s test (vs unstimulated cells cultures). (c) IL-8 secretion in the culture medium of NCTC cells analyzed by ELISA. NCTC cells were treated for

24 h with IL-17 and IL-22 in the presence or absence of 10 mM U0126. Levels of IL-8 are reported as ng/ml and corrected for the number of seeded cells.

Treatment with 10 mM of U0126 (filled bars) significantly impairs both basal (untreated) and IL-22- or IL-17-induced IL-8 secretion. Values are means of three

independent experiments. DMSO was used as negative control. *Po0.05 vs ILs-untreated DMSO-treated cells (control); ANOVA test.
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the released levels of IL-8 in cell culture medium after
inhibition of MEK enzymatic activity by U0126. Figure 1c
shows that NCTC cells spontaneously secrete detectable levels
(4.0±0.4 ng/ml/106 cells) of IL-8, that are significantly
reduced by the treatment with U0126 (2.6±0.2 ng/ml/106

cells; Po0.05 by ANOVA). Stimulation of NCTC cells with
IL-17 and IL-22 increase significantly (treated vs untreated
cell cultures: Po0.05 by ANOVA) the levels of secreted IL-8,
which, in turn, is significantly reduced by the inhibition of
the MEK-ERK pathway (Figure 1c, black bars vs empty bars
of IL-17 and IL-22-treated cells).

Given that hydrogen sulfide induces the depho-
sphorylation of the Raf-MEK-ERK signaling pathway in
NCTC cells,19 we then analyzed the effects of NaHS on IL-17-
and IL-22-induced MAPK signaling, and on IL-17- and IL-
22-mediated secretion of IL-8. Figure 2a and b shows that
2 mM NaHS is able to significantly reduce (lane 4 vs lane 1;
Po0.05 by ANOVA) basal pERKs levels as well as to impair
IL-17- and IL-22-induced ERK activation (lanes 5 and 6 vs
lane 1; Po0.05 by ANOVA). The analysis of IL-8 mRNA
levels confirmed that hydrogen sulfide treatment was
consequently able to interfere with IL-8 expression at the

transcriptional level (Figure 2c). As expected, the levels of
IL-8 protein secreted in cell culture media were significantly
decreased in cell cultures treated with NaHS (Figure 2d).
NaHS impaired both basal (#P¼ 0.019, t-test) and IL-17- and
IL-22-induced secretion of IL-8 (#P¼ 0.012 and #P¼ 0.005,
respectively, t-test).

Since inhibition of ERKs represents the key event med-
iating the inhibition of IL-8 secretion in NaHS-treated NCTC
cells, we decided to test the relevance of our findings to the
pathophysiology of psoriasis by immunohistochemical de-
tection of pERKs and IL-8 in patient biopsies. A voluntary
male affected by psoriasis was locally treated with a 2-mM
NaHS solution for 1 week, as described in Materials and
methods. As expected, pERKs were strongly expressed in the
keratinocytes of the psoriatic lesion, with both a cytoplasmic
and nuclear localization (Figure 3c), while keratinocytes from
normal epidermis expressed pERK with an exclusive cyto-
plasmic localization (Figure 3b as compared with negative
control, Figure 3a). Accordingly, we observed a strong ex-
pression of IL-8 in the untreated skin of the psoriatic patient,
where a diffuse immunostaining was observed in the kerati-
nocytes present in the lesions (Figure 4c). As we previously
reported,22 NaHS reduces ERK activation levels in psoriatic
lesions, where total pERK expression is downregulated, with
a dramatic decrease of its nuclear localization (Figure 3d). Of
note, the treatment of the lesions with NaHS significantly
reduced IL-8 expression as well (Figure 4d as compared with
negative control, Figure 4a).

DISCUSSION
IL-8 is known as a member of a large supergene family
comprising a number of small (7–15 kDa) peptides with
chemoattractant or mitogenic properties for a range of target
cells. IL-8 is important for the recruitment of both neu-
trophils and T lymphocytes38 and greatly contributes to the
major pathologic changes seen in psoriasis.

In line with previous data reporting that NCTC cells can
secrete IL-8 under UV stimulation,39 we found that these
cells spontaneously secrete detectable levels of IL-8 in culture.
Knowing that IL-17 and IL-22 act as inducers of IL-8 secre-
tion and that ERK activation is required for IL-8 production,
we preliminary tested the sensitivity of NCTC cells to IL-17
and IL-22, specifically focusing on the kinetics of ERK acti-
vation, the levels of IL-8 mRNA production and IL-8 protein
secretion. Like in primary keratinocytes,10,14–16 IL-17 and IL-
22 activate MAPK and induce IL-8 transcription and secre-
tion also in NCTC cells. Although several other signaling
pathways and intermediates (PKA, PKC, PI3-kinase/Akt and
NF-kB) have been shown to be activated in the production of
IL-8 by keratinocytes and other cells,17–19,40 in agreement
with Watanabe et al,16 we found that the role of ERK acti-
vation is critical, as IL-8 production under IL-17 and IL-22
stimulation is largely abrogated by the MEK inhibitor U0126.
Here, we did not study other signaling pathways, but
rather focused on the ERK signaling axis since we previously

Figure 2 NaHS impairs ERK phosphorylation and IL-8 expression.

(a) A representative pERKs immunoblotting is shown. NCTC cells were

treated with (þ ) or without (�) IL-17 and IL-22 in the presence (lanes 4–6)

or absence (lanes 1–3) of 2 mM NaHS for 24 h. Total proteins were

immunoblotted for the detection of pERK1/2 or b-tubulin. IL-17 and IL-22

induce ERK activation while sulfurs downregulate the expression levels of

pERKs. (b) Densitometric histograms of pERKs expression. Means of three

independent experiments±s.d.; *Po0.05 ANOVA, Dunnet’s test (vs NaHS

and ILs-untreated cell cultures, lane 1). (c) A representative RT–PCR analysis

of IL-17 and IL-22 NCTC cell cultures treated for 24 h with 2 mM NaHS (þ ).

Expression of IL-8 and b-actin from a representative experiment is reported.

The expression levels of IL-8-amplified cDNA was analyzed by densitometry,

corrected for b-actin-amplified cDNA and reported as O.D. units. (d) IL-8

secretion in the culture medium of NCTC cells analyzed by ELISA. Levels of

IL-8 are reported as ng/ml and corrected for the number of seeded cells.

Treatment with 2 mM NaHS (filled bars) impairs both basal (untreated) and

IL-22- or IL-17-induced IL-8 expression levels. Values are the means of three

independent experiments. *Po0.05 vs ILs- and NaHS-untreated cells

(control); ANOVA test. #Po0.05 vs NaHS-untreated cells; t-test.
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demonstrated22 that NaHS does not interfere either with the
PI3K/Akt or p38 and JNK pathways.

When NCTC cells were treated with NaHS, both sponta-
neous and IL-17-/IL-22-induced IL-8 production was im-
paired via inhibition of ERK phosphorylation. However,
NaHS was less efficient than U0126, probably due to lower
specificity of NaHS vs U0126 in the inhibition of ERKs.

Sulfurs are able to penetrate the skin, and a sulfur-rich
balneotherapy has been suggested to be effective in the
treatment of psoriasis.25 According to previous studies, ker-
atinocytes of hyperplastic epidermis express high levels of
pERK and IL-8. pERKs show the classical nuclear localiza-
tion, while keratinocytes of normal skin show low pERKs
levels with a main cytoplasmic localization.21,41,42 According
with the evidence that biologically active IL-8 is produced in
large amounts in psoriatic skin3,43 we have observed a
strong immunoreactivity of the epidermal layer to anti-IL-8

antibody. When we treated topically a psoriatic lesion with
NaHS kept in the same concentration range found in most
balneotherapies, pERKs expression in the lesion was clearly
reduced at both nuclear and cytoplasmic levels, paralleled by
a concomitant reduction of IL-8 expression. These data must
be considered as preliminary since only a single patient was
treated. However, since the results obtained in vitro com-
bined to the in vivo histological ones, the design of a clinical
trial with sulfur-rich waters involving an adequate number of
patients appears as reasonable. Spring water is classified as
sulfurous when it contains 41 mg/l of H2S. Often sulfide
concentration in such natural waters varies from 0.5 to
20 mg/l,44 which makes balneotherapy an effective option for
these patients. Considering that we had previously demon-
strated that sulfurs have subset-specific toxicity on CD8þ
lymphocytes,26 another major player in the complex patho-
physiology of psoriasis, we believe that sufficient scientific

Figure 3 NaHS reduces ERKs activation in vivo. Immunohistochemical detection of pERK1/2 in the human skin of a patient affected by psoriasis.

Biopsies of lesioned (a, c, d) and normal skin (b). Original magnification � 40. (a) PBS-treated lesion. The primary specific anti-pERKs antibody was

omitted (negative control). (b) Normal, untreated skin. Staining with anti-pERK antibody. The insert shows two cells with the classic cytoplasmic localization

of ERKs (original picture was 3� zoomed). Arrows indicate the cytoplasmic localization of ERKs. (c) PBS-treated lesion. Staining with anti-pERK antibody.

The insert shows three cells with nuclear localization of ERKs (original picture was 3� zoomed). Arrows indicate the nuclear localization of ERKs.

(d) NaHS-treated lesion. Staining with anti-pERK antibody.
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evidence is now starting to be accumulated to explain clini-
cally relevant beneficial effects of sulfurs on psoriatic lesions.
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