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Background: Sodium bituminosulfonate is derived from naturally occurring sulphur-rich oil 
shale and is used for the treatment of the inflammatory skin disease rosacea. Major molecular 
players in the development of rosacea include the release of enzymes that process antimi-
crobial peptides which, together with reactive oxygen species (ROS) and vascular endothelial 
growth factor (VEGF), promote pro-inflammatory processes and angiogenesis. The aim of 
this study was to address the molecular mechanism(s) underlying the therapeutic benefit of 
the formulation sodium bituminosulfonate dry substance (SBDS), which is indicated for the 
treatment of skin inflammation, including rosacea.
Methods: We investigated whether SBDS regulates the expression of cytokines, the release of 
the antimicrobial peptide LL-37, calcium mobilization, proteases (matrix metalloproteinase, 
elastase, kallikrein (KLK)5), VEGF or ROS in primary human neutrophils. In addition, activity 
assays with 5-lipoxygenase (5-LO) and recombinant human MMP9 and KLK5 were performed.
Results: We observed that SBDS reduces the release of the antimicrobial peptide LL-37, 
calcium, elastase, ROS and VEGF from neutrophils. Moreover, KLK5, the enzyme that 
converts cathelicidin to LL-37, and 5-LO that produces leukotriene (LT)A4, the precursor of 
LTB4, were both inhibited by SBDS with an IC50 of 7.6 µg/mL and 33 µg/mL, respectively.
Conclusion: Since LTB4 induces LL-37 which, in turn, promotes increased intracellular 
calcium levels and thereby, ROS/VEGF/elastase release, SBDS possibly regulates the LTB4 

/LL-37/calcium – ROS/VEGF/elastase axis by inhibiting 5-LO and KLK5. Additional direct 
effects on other pro-inflammatory pathways such as ROS generation cannot be ruled out. In 
summary, SBDS reduces the generation of inflammatory mediators from human neutrophils 
possibly accounting for its anti-inflammatory effects in rosacea.
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Introduction
Rosacea is a chronic cutaneous inflammatory disease that affects the face. It can be 
categorized into erythematotelangiectatic, papulopustular, phymatous and ocular 
rosacea.1 The overall rosacea manifestations are flushing, transient or persistent 
erythema, telangiectasia, papules, pustules, phymata, and (micro)edema. 
Worldwide, the prevalence of rosacea is estimated to reach over 5% in the adult 
population.2 Rosacea is thought to be triggered by multiple factors such as bacterial 
proteases, heat, stress/irritant and UVB radiation.3 These factors activate the 
immune system, induce inflammation, pain, vascular dilatation and angiogenesis 
in the skin, thus initiating and strengthening the clinical manifestations of rosacea.
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The pathophysiology of rosacea remains to be eluci-
dated, but numerous factors are known to contribute. 
Among these, dysregulation of the innate immune system, 
specifically macrophages, neutrophils and dendritic cells, 
is clearly implicated.4 Macrophages and dendritic cells 
express TLR2 which is activated by external stimuli in 
rosacea leading to an increased release of interleukin (IL)- 
8, IL-1β and tumor necrosis factor alpha (TNF-α). 
Neutrophils are attracted by IL-8 and TNF-α and release 
proteases (such as kallikrein (KLK)5, matrix metallopro-
tease (MMP)9, elastase), and the anti-microbial peptide 
LL-37.5 LL-37 was linked to the generation of reactive 
oxygen species (ROS), probably through nicotinamide 
adenine dinucleotide phosphate (NADPH) oxidase activa-
tion and intracellular Ca2+ mobilization.6 ROS play a role 
in the damage seen with photoaging, an etiologic factor in 
the development of rosacea.7 Moreover, ROS induce pro-
duction of VEGF,8 which together with IL-1β and TNF-α, 
contribute to the vascular hyperreactivity seen in rosacea.9 

In summary, a variety of factors that activate the immune 
system (eg cytokines), induce connective tissue damage 
(eg ROS, proteases) or induce vascularization (eg VEGF) 
to drive the development of rosacea.

The importance of these factors in the development of 
rosacea becomes evident from the modes of action of 
approved drugs for rosacea. Common treatments are dox-
ycycline and topical azelaic acid, among others. 
Doxycycline inhibits the production and activity of 
MMP9, inhibits the activity of KLK5, reduces pro- 
inflammatory cytokine release and the synthesis of ROS.4 

It was shown that topical azelaic acid inhibits expression 
of KLK5 and cathelicidins in keratinocytes and/or in trea-
ted rosacea patients.4

Ichthyol (also known as ichthammol, ammonium bitu-
minosulfonate), introduced to dermatology by German der-
matologist Paul Gerson Unna in 1882, is an active ingredient 
derived from sulphur-rich oil shale with anti-inflammatory, 
antibacterial and antifungal properties.10–16 Different formu-
lations are used worldwide and are employed in clinical 
practice for the treatment of a variety of skin diseases, 
including acne, eczema, psoriasis and rosacea.17 According 
to the “list of preferred Specials” by the British Association 
of Dermatologists (BAD) Ichthammol can be used in der-
matology prescribing to treat acutely inflamed atopic 
eczema, among others.18 A corresponding recommendation 
exists for bituminosulfonates in Germany. In a double-blind, 
placebo-controlled study with 30 papulopustular rosacea 
patients, sodium bituminosulfonate enteric coated tablets 

showed a significant improvement in the number of 
papules/pustules, erythema, and scaling without inducing 
side effects. The dosage for the treatment of rosacea was 
two tablets three times per day during the first two weeks 
followed by one tablet three times per day during the next 
four weeks.19 In 1952, the formulation of sodium bitumino-
sulfonate dry substance (SBDS) was introduced onto mar-
ket, and is only approved in Germany and indicated for the 
treatment of rosacea.

Apart from exerting anti-inflammatory and wound 
healing effects, Ichthyol has also been shown to inhibit 
the oxidative burst and migration of macrophages and 
leukotriene B4 release from neutrophils.12,20,21 However, 
the detailed mechanisms and potential target cells and 
target proteins of Ichthyol are mostly unknown. 
Therefore, in this study, we tried to identify the potential 
mode(s) of action of SBDS on human neutrophils. For this 
purpose, we studied the generation of a variety of inflam-
matory products, including VEGF, ROS, Ca2+, proteases 
(elastase, MMP9, KLK5), and/or the synthesis of cyto-
kines and chemokines by neutrophils. We also tested 
whether SBDS interacts with the activity of proteases 
and proinflammatory enzymes (KLK5, MMP9, 5-lipoxy-
genase (5-LO)). These products have been proposed to 
play a role in the etiology of rosacea.3

Materials and Methods
Cells and Reagents
Primary human neutrophils were cultured in RPMI1640 
medium supplemented with 10% fetal calf serum (FCS). 
The media contained 1% penicillin/streptomycin, and the 
cells were cultured at 37 °C in a 5% CO2 atmosphere. 
SBDS was dissolved in water and further diluted in media. 
Oil shale-derived SBDS was provided by the Ichthyol- 
Gesellschaft. PE Annexin V Apoptosis Detection Kit 
I was purchased from Becton Dickinson (Heidelberg, 
Germany). Leuko Spin medium was purchased from 
pluriSelect (Leipzig, Germany) and GM-CSF was pur-
chased from Miltenyi Biotech GmbH (Bergisch 
Gladbach, Germany).

Isolation of Human Neutrophils
Human neutrophils were isolated from buffy coats using 
density double gradient centrifugation. For this, 40 mL 
buffy coats (German Red Cross, Frankfurt, Germany) or 
50 mL of blood from healthy donors who had given their 
written informed consent for participation, were mixed 
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with the same amount of 2 mM EDTA/PBS and were 
layered over 15 mL of peripheral blood mononuclear 
cells (PBMC) Spin Medium (top) and 15 mL Leuko Spin 
Medium in 50 mL tubes (Greiner Bio-One International 
GmbH, Frickenhausen, Germany). Tubes were centrifuged 
(1,000 g, 30 min, 20 °C; without brake), and plasma was 
removed. Cell layer between peripheral blood mononuc-
lear cells and erythrocytes was collected and transferred to 
a 50 mL tube and washed with 2 mM EDTA/PBS once and 
centrifuge (330 g, 10 min, 20 °C). Cell pellet was resus-
pended in 1 mL 2 mM EDTA/PBS and remaining red 
blood cells were lysed by adding 25 mL of lysis buffer 
(155 mM NH4Cl, 10 mM KHCO3, 0.1 mM EDTA) and 
incubation for 5 min at room temperature (RT), washed 
again with 2 mM EDTA/PBS and cells were counted using 
a MACSQuant® Analyser 10 flow cytometer (Miltenyi 
Biotec, Bergisch Gladbach, Germany).

Cell Cytotoxicity Assay
1 x 105 Neutrophils suspended in RPMI1640-Medium 
containing 10% FCS and 50 ng/mL GM-CSF were seeded 
in a 96 well plate. SBDS (10, 50, 100 µg/mL) was added 
and incubated at 37 °C in an atmosphere containing 5% 
CO2 for 24h. The annexin staining was achieved as sug-
gested by manufacturer. Neutrophils were washed with 
cold PBS and resuspended in Annexin V binding 
buffer supplemented with PE Annexin V and 
7-Aminoactinomycin (7-AAD) and incubated for 15 min 
at RT (25 °C) in the dark. Cells were analyzed by flow 
cytometry within 1h. For analysis, FlowJo Software (V10) 
was used. Neutrophils were gated with the FSC and SSC 
channel. The neutrophil population was further analyzed 
by 7-AAD and Annexin V staining. Apoptosis was deter-
mined by relating the quantity of dead cells (Annexin 
V positive and 7-ADD positive) to the counts of all cells.

MMP9 Release Assay
1x106 Neutrophils (120 µL) in RPMI1640 medium sup-
plemented with 10% FCS were seeded in a 96 well plate. 
0, 10, 50 µg/mL SBDS were added and incubated for 30 
min at 37 °C in an atmosphere of 5% CO2. 50 ng/mL GM- 
CSF was added and incubated for 1h at 37 °C in an 
atmosphere of 5% CO2. To investigate whether SBDS 
induces MMP9 release, cells were incubated for further 
20 min at 37 °C in an atmosphere of 5% CO2. To inves-
tigate whether SBDS inhibits the release of MMP9 1 µM 
fMLP was added, incubated for 20 min at 37 °C in an 
atmosphere of 5% CO2, centrifuged at 300 g for 5 min at 

room temperature and the supernatant was collected. 
MMP9 concentration was determined with ELISA 
(Sigma Aldrich, Schnelldorf, Germany) according to the 
protocol of the supplier. The concentration of MMP9 was 
extrapolated using the standard curve.

Elastase Assay
The elastase assay was performed as described by 
Kanashiro et al.22 Briefly, 25,000 neutrophils in 100 µL 
RPMI medium supplemented with 10% FCS were seeded 
in a 96 well Plate. 1µM Cytochalasin Band 0, 10, 50 µg/ 
mL SBDS were added and incubated for 30 min at 37 °C 
in an atmosphere of 5% CO2. 1 mM SAAVNA 
(N-succinyl-Ala-Ala-Val-p-nitroanilide) (in the half of the 
wells) was added. To investigate whether SBDS inhibits 
the elastase release, the cells were stimulated with 50 ng/ 
mL PMA for 30 min 37 °C in an atmosphere of 5% CO2. 
To investigate whether SBDS induces elastase release, the 
cells were not stimulated and only vehicle was added and 
incubated for 30 min at 37 °C in an atmosphere of 5% 
CO2. The released elastase (induced by PMA or SBDS) 
converts SAAVNA to p-nitroaniline which can be quanti-
fied spectrophotometrically at 410 nm with the EnSpire® 

(Perkin Elmer, Hamburg, Germany). For analysis, the 
absorbance values from samples with SAAVNA were cor-
rected with samples without SAAVNA to obtain Δ 
absorbance.

VEGF Assay
The VEGF assay was adapted from Gaudry et al.23 Briefly, 
96-Well plates were precoated with 50 µL 0.01% collagen 
I (Sigma Aldrich, Schnelldorf, Germany) for at least 6 h at 
RT. Collagen I was removed and the coated surface was 
dried overnight. The wells were rinsed with sterile tissue 
culture grade water before transferring cell suspension. 
1×106 Neutrophils in 100 µL RPMI medium supplemented 
with 10% FCS were seeded in a 96 well plate. SBDS (0, 
10, 50 µg/mL) were added and incubated for 30 min at 
37 °C in an atmosphere containing 5% CO2. To investigate 
whether SBDS can prevent VEGF release, neutrophils 
were stimulated with 50 ng/mL PMA for 2 h. To investi-
gate whether SBDS induces VEGF release, cells were left 
untreated for 2 h. Cells were centrifuged (300 g, 5 min, 
RT), supernatant was collected and the concentration of 
VEGF determined by ELISA (Thermo Fisher Scientific, 
Germany), as recommended by the supplier. For analysis, 
the absorbance values from standard and from test samples 
were corrected with the blank (standard: assay buffer; 
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samples: medium with SBDS), since the values of the 
controls decreased with increasing concentration of 
SBDS. The concentration of VEGF was extrapolated 
using the standard curve.

MMP9 Assay
The MMP9 assay was performed as described by Troeberg 
et al.24 For the MMP9 assay, recombinant human MMP9 
enzyme (R&D Systems, Wiesbaden, Germany), the fluoro-
genic substrate Mca-PLGL-Dpa-AR-NH2 (R&D Systems, 
Wiesbaden, Germany) and the activator p-aminophenyl-
mercuric acetate (APMA) (Sigma Aldrich, Schnelldorf, 
Germany) were used. APMA was diluted in the TCNB- 
buffer (50 mM Tris HCl, 10 mM CaCl2, 150 mM NaCl, 
0.05% Brij-35, pH 7.5). 100 µg/ml rhMMP9 were acti-
vated with 1 mM APMA and incubated at 37 °C for 24 
h. SBDS and positive control GM6001 (EMD Millipore) 
were diluted in TCNB buffer and mixed with the activated 
rhMMP9 to reach the final concentration range of 0.61– 
10,000 µg/mL and 10 µM, respectively. The enzyme/ 
SBDS mixture was incubated at 37 °C for 1 h, before the 
substrate 10 µM Mca-PLGL-Dpa-AR-NH2 was added for 
further 60 min. For background control, SBDS or vehicle 
were incubated with substrate in TCNB-buffer but without 
enzyme. The fluorescence was detected with the 
Multimode Plate Reader (Tecan, Crailsheim, Germany) 
(Ext 320 nm/Em 405 nm). The inhibition was calculated 
with the following equation: (1 - (A - B1)/(C - B2)) * 100. 
A = RFU Test sample; B1 = basal RFU without enzymes 
with compound; B2 = basal RFU without enzymes with 
vehicle; C = RFU vehicle control with enzymes. The test 
samples (A) were corrected for the RFU of samples with-
out enzyme but with SBDS (B1), due to the high back-
ground signal of SBDS that was concentration dependent.

KLK5 Assay
The KLK5 assay was performed as described by 
Matsubara et al.25 For the KLK5 assay, recombinant 
humane KLK5 enzyme (R&D Systems, Wiesbaden, 
Germany) and the fluorogenic substrate Boc-V-P-R-AMC 
substrate (Boc: t-Butyloxycarbonyl; AMC: 7-Amino- 
4-methylcoumarin) (R&D Systems, Wiesbaden, 
Germany) were used. The hydrolysis of the R-AMC 
amide bond releases the highly fluorescent group AMC. 
rhKLK5 was diluted in 1 M NaH2PO4 pH 8 and SBDS 
(0.0001 mg/mL – 10 mg/mL) or 42.1 µM Leupeptin or 
DMSO (background control (C) with enzyme without 
compound) was added and incubated for 5 min at RT. 

100 µM Boc-V-P-R-AMC substrate was added and incu-
bated for 5 min at RT. The fluorescence was detected with 
the Multimode Plate Reader (Tecan, Crailsheim, Germany) 
(Ex380 nm/Em460 nm). The inhibition was calculated 
with the following equation: (1 - (A - B1)/(C - B2)) * 
100. A = RFU Test sample; B1 = basal RFU without 
enzymes with compound; B2 = basal RFU without 
enzymes with vehicle; C = RFU vehicle control with 
enzymes. The test samples (A) were corrected for the 
RFU of samples without enzyme but with SBDS (B1), 
due to the high background signal of SBDS that was 
concentration dependent.

LL-37 Detection Assay
The LL-37 assay was adapted from the protocol of Wan 
et al26 1×106 Neutrophils (120 µL) in RPMI1640 medium 
supplemented with 10% FCS were seeded in 96 well 
plates. The neutrophils (isolated from blood) were prein-
cubated with 0, 10, 50 µg/mL of SBDS for 30 min at 37 ° 
C/5% CO2 atmosphere. Leukotriene B4 (LTB4) of 1 µM 
(Cayman Chemical, Michigan, USA) was added or the 
cells were left untreated and incubated for 5 min. The 
supernatant was collected and LL-37 was determined by 
ELISA, as recommended by the supplier (Hycultec 
GmbH, Beutelsbach, Germany). For analysis, the absor-
bance values from standard and from samples were cor-
rected with that of the samples without cells. The 
concentration of LL-37 was extrapolated using the stan-
dard curve.

5-LO Assay
The 5-LO assay was performed as described previously.27 

Briefly, human granulocytes were isolated from buffy 
coats derived from healthy donors, washed once in 
Dulbecco’s PBS and finally resuspended in 1 mL PBS 
(with 1 mM Ca2+, 1 mg/mL glucose) and preincubated 
for 15 min with the test compounds at room temperature. 
The reaction was started by addition of arachidonic acid 
and ionophore A23187 in 10 µL of methanol (20 µM and 
2.5 µM final concentrations, respectively). After 10 min at 
37 °C, the reaction was stopped with 1 mL of methanol 
and 30 µL of 1N HCl, 200 ng of prostaglandin B1 (inter-
nal standard) and 500 µL of PBS were added. After 
centrifugation (10 min, 800 g, RT), the samples were 
applied to C-18 solid phase extraction columns (100 mg), 
which were conditioned with 1 mL methanol and 1 mL 
water. The columns were washed with 1 mL water and 
1 mL 25% methanol. 5-LO metabolites were then 
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extracted with 300 µL methanol. The extract was diluted 
with 120 µL water and 100 µL of the diluted extract were 
analyzed by HPLC.

ROS Assay
For the detection of reactive oxygen species (ROS), the 
dye dihydrorhodamine (DHR) (Sigma Aldrich, 
Schnelldorf, Germany) and the protocol of Chen et al 
was used.28 DHR is converted to rhodamine in the pre-
sence of ROS which can be detected via flow cytometry. 
Neutrophils were suspended to a final concentration of 
0.5×106 cells/100 µL in 10 mL Hank`s balanced salt solu-
tion (HBSS) (w/o Ca2+/Mg2+) and prewarmed in a water 
bath at 37 °C for 5 min. 200 µl Neutrophil suspension was 
added to a 96 well plate that already contained SBDS at 
the final concentration of 0, 10 and 50 µg/mL and incu-
bated for 30 min at 37 °C. 375 ng/mL DHR or HBSS were 
added and the plate was incubated for 15 min. To investi-
gate whether SBDS can prevent ROS induction, cells were 
stimulated with 30 ng/mL phorbol-12-myristate-13-acetate 
(PMA) (Sigma Aldrich, Schnelldorf, Germany). To inves-
tigate whether SBDS induces ROS induction, the cells 
were not stimulated with PMA and instead HBSS was 
added. The reaction was stopped by cooling the plate on 
ice for 10 min. The plate was centrifuged (400 × g, 5 
min, 4 °C), supernatants were removed and the cells 
were washed three times with 250 µL HBSS. The cell 
pellets were resuspended in 300 μL fluorescence- 
activated cell scanning (FACS) fixing solution (Flow cyto-
metry sheath fluid (Miltenyi Biotec, Bergisch Gladbach, 
Germany) containing 0.5% formaldehyde) and measured 
with the MACSQuant10 flow cytometer (Miltenyi Biotec, 
Bergisch Gladbach, Germany). The fluorescence value of 
the samples was corrected with that of the unstained sam-
ple to obtain the Δmedian value.

Calcium Release Assay
The calcium assay was adapted from Ingelfinger et al.29 

Briefly, neutrophils were resuspended in 1 mL HBSS (with-
out Ca2+/Mg2+), centrifuged at 300 g (RT) for 10 min and 
the supernatant discarded. The wash step with HBSS was 
repeated. 10×106 neutrophils/mL in HBSS (without Ca/Mg) 
were mixed with 4 µM Fluo-8 (Abcam, Berlin, Germany) 
and incubated for 1 h at 37 °C in an atmosphere of 5% CO2. 
Cells were centrifuged at 300g (RT) for 10 min and the 
supernatant was removed. Cell pellets were dissolved 1 mL 
HBSS (without Ca/Mg), centrifuged at 300g (RT) for 10 
min and the supernatant was removed. 1×106 Neutrophils 

(100 µL) in HBSS supplemented with 1.25 mM CaCl2 were 
seeded in a 96 black well plate (Greiner Bio-One GmbH, 
Essen, Germany). SBDS (0, 10, 50 µg/mL) was added, the 
plate was transferred into the Multimode Plate Reader 
(Tecan, Crailsheim, Germany) and incubated for 15 min at 
37 °C and fluorescence (Ext/Em 490/ 520) was detected. 1 
µM formyl-Methionyl-Leucyl-Phenylalanine (fMLP) 
(Sigma Aldrich, Schnelldorf, Germany) was added with 
the injector of the reader and the fluorescence was followed 
for 15 min. For analysis, the fluorescence value obtained 
after addition of fMLP was related to the fluorescence value 
obtained before the addition of fMLP.

Cytokine Expression
2 x 106 Neutrophils in 2 mL RPMI1640-Medium supplemen-
ted containing 10% FCS and 50 ng/mL GM-CSF were seeded 
in 6 well plates and incubated at 37 °C in an atmosphere of 5% 
CO2 for 1.5 h. Cells were preincubated with SBDS (0, 10, 50 
µg/mL) for 30 min and 50 µg/mL zymosan were added for 1h 
at 37 °C in an atmosphere of 5% CO2. Cells were harvested 
and mRNA was extracted with the RNeasy Mini Kit (Qiagen, 
Hilden, Germany), as recommended by the supplier. mRNA 
was transcribed to cDNA with RevertAid First Strand cDNA 
Synthesis Kit (Thermo Fisher Scientific, Germany), as 
recommended by the supplier. qPCR was achieved with 10 
ng cDNA, 0.5 µL 5 mM of each Primer and SYBR® Select 
Master Mix in the QuantStudio™ 12K Real-Time PCR 
System. The primers used were partly taken from Hayashi 
et al30 and are described in Table 1. For analysis, the ΔΔCT 
method was used. The mRNA expression levels were nor-
malized to the reference gene glycerinaldehyde-3-phosphate- 
dehydrogenase (GAPDH) and related to the control samples.

Statistical Analyses
Results are presented as means ± standard errors. The data 
were analysed with one-way ANOVA and with Tukey`s 
multiple comparisons test or two-way ANOVA and with 
Dunnett’s or Tukey`s multiple comparisons test. For all 
calculations and creation of graphs, GraphPad Prism 8 was 
used and p < 0.05 was considered the threshold for 
significance.

Results
SBDS Inhibits the Release of Elastase
To assess the cytotoxic effects of SBDS in primary neu-
trophils, a cytotoxicity assay based on the staining of 
phosphatidylserine, expressed on the surface of apoptotic 
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cells, was performed.31 The determination of plasma levels 
of SBDS-treated patients is currently not possible, since 
sulfonated shale oil consists of more than 10,000 different 
substances of which only around 100 have been 
elucidated17 Therefore, we used a concentration range of 
sulfonated shale oil that has already shown efficacy in cell 
culture models.10,13 Neutrophils were treated with SBDS 
over a concentration range of 10–100 µg/mL for 24 
h. Interestingly, 100 µg/mL SBDS showed only a weak 
cytotoxic effect on neutrophils (Figure 1A). Nevertheless, 
for subsequent experiments, concentrations of up to 50 µg/ 
mL SBDS were used.

To elucidate how SBDS acts to ameliorate inflamma-
tory processes, we investigated whether it inhibits or 
induces the release of proteases. To elucidate the inhibi-
tory effects, neutrophils were preincubated with SBDS and 
then stimulated with PMA for determination of elastase 
release or with fMLP for MMP9 release. As expected, 
PMA induced the release of elastase and fMLP the release 
of MMP9. SBDS did not affect the PMA-induced release 
of MMP9, but reduced the release of elastase in activated 
neutrophils (Figure 1B). For the induction assay, neutro-
phils were only treated with SBDS to investigate whether 
SBDS is able to induce the release of proteases. SBDS 

alone did not induce the release of MMP9 or elastase 
(Figure 1B).

SBDS Inhibited VEGF Release
Besides proteases, neutrophils contain an intracellular pool 
of VEGF that is secreted under stimulation with PMA.23 

Since VEGF plays a major role in rosacea pathology, we 
also investigated whether SBDS affects the release of 
VEGF. As expected, PMA increased the release of 
VEGF about 2.4-fold. Interestingly, SBDS at 50 µg/mL 
inhibited the release of VEGF in PMA stimulated neutro-
phils 1.9-fold as well as in unstimulated neutrophils 
(Figure 1C).

SBDS Inhibits MMP9 and KLK5
Next, we investigated whether SBDS inhibits the activities 
of the proteases MMP9 and KLK5. As a positive control, 
10 µM GM6001 was used for the MMP9 assay and 
showed inhibition of ≈ 88%; 42.1 µM Leupeptin was 
used as a positive control for the KLK5 activity assay, 
causing inhibition of ≈ 94%. For SBDS, IC50 values of 
50.9 µg/mL for MMP9 and of 7.6 µg/mL for KLK5 were 
observed (Figure 2A).

SBDS Inhibits the Release of LL-37 in 
Association with Inhibition of 5-LO
Since our data indicate that SBDS inhibits the activity of 
KLK5, the protease that cleaves cathelicidin to LL-37, we 
investigated whether SBDS also reduces the release of 
LL-37. LL-37 release can be stimulated by leukotriene 
B4 (LTB4) within 5 minutes via the activation of the 
BLT1 receptor.26 Neutrophils were preincubated with 
SBDS and subsequently treated with LTB4 or were left 
unstimulated. LTB4 induced the release of LL-37 which 
was inhibited by 50 µg/mL SBDS. Interestingly, SBDS 
significantly reduced the release of LL-37 in unstimulated 
neutrophils (Figure 2B).

In human neutrophils, a positive feedback circuit exists 
between LL-37 and LTB4 which mutually stimulates their 
release.26 LL-37 elicits translocation of 5-LO from the 
cytosol to the perinuclear membrane in polymorphonuc-
lear cells and promotes the synthesis and release of LTA4 

the precursor of LTB4. Since we observed reduced release 
of LL-37 by SBDS in unstimulated neutrophils, we inves-
tigated whether this effect is possibly mediated via inhibi-
tion of 5-LO. SBDS inhibited 5-LO with an IC50 value of 
33 µg/mL and inhibited LTB4-induced LL-37 release over 

Table 1 Primer Sequences

Primer Sequence

IL1ß for GTGGCAATGAGGATGACTTGTTCT
IL1ß rev TGTAGTGGTGGTCGGAGATTCG

CCL2 for AAACTGAAGCTCGCACTCTCGC

CCL2 rev AGGTGACTGGGGCATTGATTG
IL8 for CAGCCTTCCTGATTTCTG

IL8 rev TGGTCCACTCTCAATCAC

MMP9 for CGCGCTGGGCTTAGATCATTC
MMP9 rev TTCAGGGCGAGGACCATAGAG

IL12 for CAGCAGCTTCTTCATCAG
IL12 rev CTGAACGCAGAATGTCAG

CCL3 for CTGCTGCTTCAGCTACAC

CCL3 rev CCAGGTCGCTGACATATTTC
CCL4 for TCCTCGCAACTTTGTGGTAG

CCL4 rev TCCAGGTCATACACGTACTC

CCL20 for AGGCTGTGACATCAATGC
CCL20 rev CTTGGGCTATGTCCAATTCC

CXCL1 for ACTGAACTGCGCTGCCAGTG

CXCL1 rev TCCGCCCATTCTTGAGTGTG
TNFα for TGGAGCTGGCCGAGGAG

TNFα rev AGCAGGCAGAAGAGCGTGG

IFNγ for GTTCTCTTGGCTGTTACTGCCAG
IFNγ rev CTCTCCTCTTTCCAATTCTTCAAAATGCC
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a comparable concentration range of 10–50 µg/mL 
(Figure 2C). These data indicate that SBDS inhibits synth-
esis of LTA4 (product of 5-LO) leading to a reduced level 
of LTB4. The reduced level of LTB4 in turn, probably 
lowers the release of LL-37.

SBDS Inhibits ROS Production and Ca2+ 

Signaling
The generation of ROS, by activation of NADPH oxi-
dase and intracellular Ca2+ mobilization is possibly 
mediated by LL-37.6 Therefore, we investigated whether 
SBDS affects ROS production and Ca2+ signaling in 

neutrophils. ROS production was stimulated by PMA 
in neutrophils. In unstimulated neutrophils, 50 µg/mL 
SBDS induced weak ROS release, whereas 50 µg/mL 
SBDS clearly inhibited PMA-induced ROS release 
(Figure 3A).

We also investigated whether SBDS influences calcium 
release. The chemotactic peptide fMLP was used to induce 
calcium release in neutrophils. As expected, fMLP 
induced calcium release in HEK293 cells. SBDS was not 
effective in unstimulated HEK293 cells but inhibited, in 
a concentration dependent manner, the fMLP induced cal-
cium release (Figure 3B).
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Figure 1 SBDS actions on viability and effector functions of primary neutrophils. (A) Primary neutrophils were treated for 24 h with SBDS at the indicated concentrations. 
The quantity of dead cells (Annexin V+ and 7-AAD+) was related to that of all cells. The flow cytometry data were analyzed by FlowJo 10.1 Software. (B and C). For MMP9 
and VEGF release, primary neutrophils were preincubated for 30 min with SBDS at the indicated concentrations and stimulated with 1 µM fMLP, 50 ng/mL PMA or kept 
untreated for 20 min or 2h, respectively. For elastase release, neutrophils were preincubated with SBDS at the indicated concentration for 30 min and stimulated with 50 ng/ 
mL PMA for 20h. The experiments were performed in three biological and technical replicates. One way ANOVA with Dunnett`s multiple comparisons test was used to 
assess statistical significance of differences. *p<0.05, ***p<0.001 indicate significant difference between treated samples and vehicle treated sample (0 µg/mL).
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SBDS Increased Chemokine mRNA 
Expression Level
Our results indicate that SBDS inhibits the synthesis of 
LTA4, the precursor of LTB4, a chemotactic lipid mediator. 
To investigate whether SBDS also interacts with the gen-
eration of chemokines and cytokines, the effect of SBDS 
on zymosan-induced cytokine and chemokine expression 
was analyzed. Hayashi et al showed that some cytokines 
are constitutively expressed (IFNγ, TNFα, IL12, CCL2) 
and that some are inducible via TLR2 agonists such as 
zymosan (CCL3, CCL4, CCL20, CXCL1, IL8, IL1β) in 
neutrophils.30 As expected, the inducible cytokines, apart 
from CXCL1, were strongly expressed after stimulation 
with zymosan. In unstimulated neutrophils SBDS upregu-
lated the mRNA expression of IL1β, IL12, CCL2 and 
CXCL1. However, apart from that of CCL2, the increase 
was minor (1.5–2.5 fold) in comparison to the zymosan- 
induced alteration. In zymosan-stimulated neutrophils, 

SBDS only upregulated constitutively expressed cyto-
kines, IFNγ and CCL2 (Figure 4).

Discussion
Neutrophils are indispensable to defense against microbes, 
which they effectively counter by releasing toxic enzymes, 
synthesizing ROS and by producing inflammatory media-
tors. Recent findings have also highlighted an important 
role of neutrophils as promoters of the resolution of the 
inflammatory process, indicating that their biological func-
tions go well beyond simple pathogen killing.32 Moreover, 
microbes such as demodex mites are thought to induce 
inflammation, activate neutrophils and contribute thereby 
to the development of rosacea.33 In this regard, it is highly 
relevant that our results indicate that SBDS suppresses the 
inflammatory potential of neutrophils by reducing the 
release of LL-37, elastase, VEGF, ROS and calcium mobi-
lization, as well as inhibiting 5-LO, KLK-5 and MMP9 
activities.

A

B C

Figure 2 SBDS inhibits the activity of MMP9, KLK5, 5-LO and the release of LL-37. (A) The inhibition of MMP9 and KLK5 by SBDS was determined using human 
recombinant enzyme. (B) For the determination of LL-37, primary neutrophils were preincubated for 30 min with SBDS at the indicated concentrations and stimulated with 
1 µM LTB4 or left untreated for 5 min. (C) 5-LO inhibition by SBDS was determined in primary human neutrophils. The IC50 values were calculated using GraphPad Prism 
Software. ***p<0.001 indicate significant difference between treated samples and vehicle treated sample (0 µg/mL).
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Ichthyol has previously been reported to inhibit 
5-LO.10 We also observed that SBDS inhibits 5-LO and 
over the same concentration range, reduces the release of 
elastase, VEGF, ROS and LL-37 in neutrophils. In leuko-
cytes, although not having any effect on unstimulated 
neutrophils, Ichthyol reduced the ionophore-induced 
synthesis of LTB4.12 We speculate that these effects are 
linked and that Ichthyol/SBDS interacts with the stimu-
lated LTB4/LL-37/Ca2+/granular release (VEGF, elastase, 
ROS) axis (Figure 5). Since Ichthyol did not inhibit leuko-
triene release in unstimulated neutrophils,12 different 
mechanisms in stimulated versus unstimulated neutrophils 
possibly occur.

Reduction of the release of LL-37 by SBDS possibly 
occurs in two ways. First, SBDS inhibits KLK-5, the 
enzyme that processes the cathelicidin precursor protein 

(hCAP)18 to LL-37. Second, SBDS inhibits 5-LO, the 
enzyme that synthesizes LTA4, a precursor of LTB4, 
a lipid mediator that induces the release of LL-37. 
Moreover, between LTB4 and LL-37 a positive feedback 
loop exists, so that an increase in LL-37 further activates 
the 5-LO. In the presence of SBDS, it is possible that this 
feedback activation is blocked due to reduced LL-37 gen-
eration. The LTB4/LL-37/Ca2+/granular release axis seems 
to be of relevance in rosacea patients, since LL-37 and 
KLK-5 are overexpressed in rosacea patients.34 In mice, 
LL-37 injection led to the exhibition of clinical features of 
rosacea such as erythema, telangiectasia and inflammation, 
possibly through the enhanced expression of IL-1, IL6 and 
MMP9 in mast cells.35,36 In addition, LL-37 affects angio-
genesis by enhancing the proliferation of endothelial 
cells.37
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Figure 3 SBDS inhibits ROS release and calcium mobilization. (A) Primary neutrophils were pretreated for 30 min with SBDS at the indicated concentrations and 
stimulated with 30 ng/mL PMA or were unstimulated and incubated for 1.5 h. ROS were detected via flow cytometry. (B) Primary neutrophils were pretreated with 
SBDS at the indicated concentrations for 30 min and stimulated with 1 µM fMLP. The experiments were performed in three biological and technical replicates. Two way 
or One way ANOVA with Dunnett`s multiple comparisons test was used. *p<0.05, ***p<0.001 indicate significant differences between treated samples and vehicle 
treated sample (0 µg/mL).
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LL-37 induces release of calcium which in turn, is 
linked to ROS synthesis6 and KLK5 release.38 Moreover, 
calcium signaling is associated with the mobilization of 
granules.39 In neutrophils, four type of granules exist: 
Primary granules contain inflammatory enzymes, such as 
elastase, proteinase 3 (a further protease that cleaves 
hCAP18 to LL-37), secondary granules are loaded 
among others with lactoferrin and hCAP18; in tertiary 
granules, MMP9 is found; and the secretory vesicle repre-
sents the fourth granule type.39–41 These granules differ in 
content and also their extent of mobilization. Tertiary 
granules are mobilized more readily than secondary 

granules, which again are exocytosed more readily than 
primary granules.42 Components of the NADPH oxidase 
(gp91 phox, p22phox) that synthesize ROS were found in 
the secondary, tertiary granules and in the secretory 
vesicle,42 whereas VEGF was suggested to be located in 
secondary granules.23 It seems that SBDS prevents speci-
fically the release of primary and secondary granules, 
because SBDS reduced the release of elastase, VEGF 
and ROS, but not of MMP9 (Figure 5). It cannot be 
ruled out completely that the lack of effect on MMP9 
may be related to the high basal MMP9 production in non- 
stimulated neutrophils (w/o fMLP), possibly due to 

Figure 4 SBDS action on cytokine release in primary neutrophils. Primary neutrophils were preincubated for 30 min with SBDS at the indicated concentrations and 
stimulated with 50 µg zymosan or left untreated for 1.5 h and the release of cytokines was determined by quantitative PCR. The mRNA expression of cytokines was 
normalized to the reference gene GAPDH and related to the vehicle control. Two way ANOVA with Dunnett`s multiple comparisons test was used to assess differences. 
*p<0.05, **p<0.01, ***p<0.001 indicates significant difference between treated samples and vehicle treated sample (0 µg/mL).

https://doi.org/10.2147/JIR.S313636                                                                                                                                                                                                                                    

DovePress                                                                                                                                                 

Journal of Inflammation Research 2021:14 2578

Schiffmann et al                                                                                                                                                      Dovepress

https://www.dovepress.com
https://www.dovepress.com


artifactual effects of isolation of the cells from blood.43 

However, the effect of SBDS on ROS release seemed 
more pronounced than on the other variables, so an addi-
tional action of the compound may also occur. The reduc-
tion of LL-37 by SBDS could be due to the prevention of 
the mobilization of the primary and secondary granules, 
because these granules contain hCAP18. However, the 
reduced LL-37 level could also be due to the inhibition 
of 5-LO or KLK5 by SBDS. Whether SBDS inhibits the 
release of secondary and primary granules and whether 
this effect is mediated via the inhibition of calcium signal-
ing, remain to be addressed in further studies.

SBDS increased CCL2 mRNA expression in neutrophils 
and thereby, possibly promotes the recruitment of CCR2 
expressing cells such as monocytes. Since monocytes, 
depending on the inflammatory environment, can differenti-
ate to M1 or M2 macrophages, with pro-inflammatory and 
pro-resolving roles, respectively, the ultimate effect of SBDS 
on inflammatory processes is still unclear. Additionally, LL- 
37 increases cytokine and chemokine liberation from leuko-
cytes and has chemotactic effects on a large number of 

immune cells.44 Thus, through its LL-37 suppressing effect, 
SBDS possibly counteracts the outworking of an increased 
CCL2 expression. Moreover, ROS are responsible for initia-
tion of several proinflammatory effects in the skin, including 
expression of the leukocyte-attracting chemokines CCL2 and 
CXCL8.45 Thus, via the reduction of ROS, SBDS possibly 
counteracts the increased expression of CCL2 and prevents 
the induction of pro-inflammatory effects. However, the 
inflammatory response in rosacea appears to be complex 
and other cells and mechanisms need to be taken into 
account. The expression of the Toll-like receptor pathway 
and of several other chemokines than those we measured, 
generated by lymphocytes or fibroblasts, has very recently 
been shown to be enhanced in rosacea biopsies.46 

Consequently, a more extensive analysis of gene expression 
of chemokines and other mediators by these other cell types 
is worth considering in response to SBDS.

Interestingly, doxycycline which is also used for the 
treatment of rosacea, revealed similar effects to those of 
SBDS. The following effects have been obtained/pub-
lished for SBDS and doxycycline: 1) Inhibition of 

Figure 5 Scheme of the potential interaction of SBDS with the LTB4/LL-37/Ca2+/ROS-Elastase-VEGF axis. 5-LO synthesizes LTA4, a precursor of LTB4. LTB4 induces the 
release of LL-37 produced by degradation of cathelicidin by KLK5. LL-37 mediates a positive feedback by activating 5-LO. LL-37 induces mobilization of calcium that in turn, 
induces KLK5 release and the release of four different granules: primary granules (1 °) loaded with eg elastase, secondary granules (2 °) containing eg cathelicidin, tertiary 
granules (3 °) with eg MMP9 and fourthly, secretory vesicles (not shown). SBDS directly inhibited the activities of 5-LO, KLK5 and MMP9, as indicated by the IC50 values. In 
addition, SBDS reduced the release of LL-37, ROS, elastase and VEGF, as indicated by the red arrow, whereas the release of MMP9 was not influenced, as shown by the green 
arrow. 
Abbreviations: Ca, calcium; KLK5, kallikrein 5; 5-LO, 5-lipoxygenase; MMP9, matrix metalloproteinase; ROS, reactive oxygen species; VEGF, vascular endothelial growth 
factor.
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KLK547 and MMP9 activity,48 reduction of the release of 
LL-3749 and ROS47 by doxycycline and SBDS. 2) 
Reduction of the release of VEGF by SBDS and inhibition 
of angiogenesis by doxycycline shown in HUVECs.48 3) 
Inhibition of cytokine release (IL6, IL8, TNFα) in LPS- 
induced HaCaT cells by doxycycline50 but no effect of 
SBDS on IL8 and TNFα mRNA expression in neutrophils. 
These data indicate that doxycycline and SBDS possibly 
exert their effects via similar pathways. However, further 
studies are needed which directly compare these treatment 
strategies in vitro to gain more detailed insight into the 
mode of action of SBDS.

Conclusions
SBDS appears to exert its anti-inflammatory effects in 
rosacea via several mechanisms, but a major target could 
be the LTB4/LL-37/Ca2+/granular release axis. Our data 
suggest that SBDS possibly regulates anti-inflammatory 
processes (eg reduction of immune cell recruitment, and 
cytokine release by other immune cells, proliferation of 
endothelial cells, and angiogenesis) by suppressing LL-37, 
ROS, elastase and VEGF release from neutrophils. In 
summary, SBDS mediates, at least in part, anti- 
inflammatory effects by reducing some effector functions 
of neutrophils. Further studies are needed to clarify the 
biological relevance of the observed effects and to inves-
tigate the underlying mechanisms.

Abbreviations
7-AAD, 7-Aminoactinomycin; ANOVA, analysis of var-
iance; APMA, p-aminophenylmercuric acetate; FACS, 
fluorescence-activated cell sorting; FCS, fetal calf serum; 
fMLP, Formyl-Methionyl-Leucyl-Phenylalanine; GAPDH, 
glyceraldehyde-3-phosphate-dehydrogenase; GM-CSF, 
granulocyte macrophage colony-stimulating factor; 
HBSS, Hank’s balanced salt solution; IL, interleukin; 
KLK5, kallikrein 5; 5-LO, 5 Lipoxygenase; LTB4, leuko-
triene B4; MMP9, matrix metalloproteinase 9; PBS, phos-
phate-buffered saline; PBMC, peripheral blood 
mononuclear cells; PMA, phorbol-12-myristate-13- 
acetate; RFU, relative fluorescence unit; RT, room tem-
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SAAVNA, N-succinyl-Ala-Ala-Val-p-nitroanilide; TNFα, 
tumor necrosis factor alpha.
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