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a b s t r a c t
Hydrogen sulﬁde (H2 S) is an endogenous gasotransmitter in human physiology and inﬂammatory disease, however, with limited knowledge of how signal transduction pathways are involved in immune
cells. To examine the effects of sulﬁde on relevant intracellular signaling in human peripheral blood
mononuclear cells (PBMCs), we stimulated healthy donor PBMCs with sodium hydrosulﬁde (NaHS,
1–1000 M) to mimic H2 S stimulation, and analyzed phosphorylation of p38 mitogen activated protein kinase (MAPK) (pT180/pY182), NF-B p65 (pS529), Akt (pS473) and CREB/ATF1 (pS133/pS63) with
ﬂow and mass cytometry. In contrast to transient effects in subsets of lymphocytes, classical monocytes
demonstrated sustained phosphorylation of p38, Akt and CREB/ATF1. NaHS induced calcium dependent
phosphorylation of p38, Akt and CREB, but not NF-B, and the phosphorylation of Akt was partly dependent on p38, indicative of p38-Akt crosstalk. Attenuation of these effects by molecules targeting p38 and
Hsp90 indicated Hsp90 as a possible target for H2 S-induced activation of p38. These results provide a
description of a NaHS-induced signal transduction pathway in human primary immune cells that may
have relevance for the role of sulﬁdes in inﬂammation.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

2. Materials and methods

Hydrogen sulﬁde (H2 S) is a colorless malodorous gas that
has received a substantial interest as an important gasotransmitter in regulation of inﬂammation [1–3]. H2 S is produced
endogenously through the transsulfuration or 3-mercaptopyruvate
sulfurtransferase/H2 S pathway [4–7], and the concentration of
free H2 S in plasma is below 1 M [8,9]. The concentration of
endogenous H2 S is increased during sepsis, hemorrhagic shock
and in cardiovascular disease [10–12]. Higher levels of H2 S are
also measured in synovial ﬂuid of chronically inﬂamed joints in
rheumatoid arthritis patients [13,14]. As an exogenous source,
inhalation of higher than ambient concentrations of H2 S is estimated to lead to an increase in plasma sulﬁde concentration [15].
Further, H2 S-releasing drugs are also developed and used for their
anti-inﬂammatory properties in treatment of gastrointestinal disorders [16]. However, the role of H2 S as a possible mediator during
inﬂammation remains elusive, with disparate inﬂammatory effects
attributed to this gasotransmitter [10,11,13,14,17–21].
The transcription factor NF-B is considered a key regulator of
inﬂammation [22,23], and stimulation of the tumor necrosis factor receptors (TNFRs) or Toll like receptors (TLRs) typically activate
both NF-B p65 and p38 [24,25]. The p38 MAPK signaling pathway
is involved in several aspects of inﬂammation, such as production of both pro- and anti-inﬂammatory cytokines, prostaglandin
synthesis and inducible nitric oxide synthase (iNOS) production
[26–30]. H2 S is known to modulate NF-B activity through sulfhydration [31,32], and to increase phosphorylation of p38 in beta
cells [33], vascular smooth muscle cells [34], endothelial cells [35]
and glioma cells [36] but decrease phosphorylation in neutrophils
[37]. Activation of protein kinase C (PKC) or the calcium/calmodulin
dependent signaling cascade can both lead to p38 phosphorylation [30,38–40]. Preconditioning of cardiomyocytes with H2 S
leads to cardioprotection and PKC activation, and this cardioprotection is attenuated by the PKC inhibitor chelerythrine [41].
Activation of conventional PKC isoforms is dependent on calcium
[42], and H2 S is also reported to inﬂuence calcium homeostasis
in excitable cells [41,43]. Whether H2 S activates p38 in PBMCs
and if PKC or calmodulin dependent signaling is involved is not
known.
Crosstalk between p38 and the proliferative Akt pathway during
stimulation with lipopolysaccharide (LPS) or formyl-methionylleucyl-phenylalanine (fMLP) has been described to take place via
the MAPK-activated protein kinases MK2/3 in macrophages [44]
and neutrophils [45], respectively. H2 S treatment alone increases
phosphorylation of Akt (S473) in rat myocardium tissue [46],
pancreatic acinar cells [47] and endothelial cells [48], but only
in endothelial cells have H2 S-induced Akt phosphorylation been
shown to be p38 dependent, indicating p38-Akt crosstalk [48].
Akt plays a role in polarization of macrophages differentiation
[49], but whether p38-Akt crosstalk takes place in primary monocytes during treatment with H2 S is, however, unknown. The use
of comprehensive high dimensional single cell signaling assessment to describe the effects of H2 S on signal transduction in
primary immune cells is so far in its infancy [50], and conventional ﬂow cytometry and mass cytometry is a particular
powerful technique suitable for delineating effects of small molecular inhibitors or activators in complex mixtures of blood cells
[51–53]. To better understand how this gasotransmitter inﬂuence
immune cells, we investigated how sodium hydrosulﬁde affects
p38 MAP kinase and NF-B intracellular signaling systems of
PBMCs.

2.1. Chemicals
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Sodium hydrosulﬁde (NaHS) was acquired from Sigma-Aldrich
(St. Louis, MO, USA), and a fresh stock was prepared prior to
each experiment by dissolving it in saline at 0.2 M. The molecules
ryanodine, 2-aminoethoxydi-phenyl borate (2-APB), W-7, KN-93,
geldanamycin and ethylene glycol-bis(2-aminoethyl)-N,N,N,Ntetraacetic acid (EGTA) were purchased from Sigma-Aldrich.
BAPTA-AM was purchased from Thermo Fisher Scientiﬁc (Waltman, MA, USA). The molecules RO318220, GÖ6976, LY333531,
chelerythrine and PKC-412 were purchased from Santa Cruz
(Dallas, TX, USA). BIRB796 and PH-797804 were acquired from
Selleckchem (Houston, TX, USA). All molecules except EGTA were
dissolved in DMSO. EGTA was dissolved in double distilled water
(ddH2 0) adjusted to pH 7.5. Paraformaldehyde (16%) was purchased from Thermo Fisher Scientiﬁc. Molecules used in the
automated screen were selected from libraries from Selleckchem,
Enzo Life Sciences (Farmingdale, NY, USA), Tocris Bioscience (Bristol, UK) or Sigma (details in Supplemental Table S2).
2.2. Culturing of THP-1 and Jurkat cells and isolation of PBMCs
The T-cell leukemia cell line Jurkat (Clone E6-1) and the myeloid
cell line THP-1 were purchased from ATCC (American Type Culture
Collection, Manassas, VA, USA). Dr. Vibeke Andresen (University
of Bergen, Norway) kindly provided the NF-B/Jurkat/GFPTM Transcriptional Reporter Cell Line (System Biosciences, Palo Alto, CA,
USA). All cells were cultured in Roswell Park Memorial Institute (RPMI)-1640 medium (Sigma-Aldrich, Inc. St. Louis, MO, USA)
with 10% heat-inactivated Fetal Bovine Serum (PAA Laboratories
GmbH, Austria), 1% L-glutamine (Sigma-Aldrich) and 1% Penicillin/Streptomycin (Sigma-Aldrich). Cells were cultured at 5% CO2
humidiﬁed atmosphere at 37 ◦ C. PBMCs were acquired from random healthy blood donors from the Department of Immunology
and Transfusion Medicine, Haukeland University Hospital, Bergen,
Norway. The local research ethics committee at Haukeland University Hospital approved the study (Regionale komiteer for medisinsk
og helsefaglig forskningsetikk, REK), and the donors provided
informed consent. Blood was collected in accordance with the
Helsinki Declaration. Blood collected in EDTA tubes was diluted in
saline (1:2) prior to density gradient separation (LymphoprepTM ,
Stemcell Technologies). PBMCs were isolated and washed two
times in sterile saline prior to resuspension at 0.5 × 106 cells/ml
in complete RPMI medium. PBMCs were kept in an incubator at
5% CO2 humidiﬁed atmosphere at 37 ◦ C for at least 60 min prior to
experiments.
2.3. In vitro treatment of cells
For phospho ﬂow cytometry experiments, PBMCs or cell lines
were transferred to polypropylene ﬂow cytometry tubes purchased
from Sarstedt (Germany). After treatment of cells for the desired
treatment time, cells were ﬁxed by adding 16% paraformaldehyde
to a ﬁnal concentration of 4%. The ﬁxation process was carried out
at room temperature for 15 min prior to washing with saline. Cells
were centrifuged at 1200 rpm for 5 min and subsequently resuspended in ice-cold methanol. Cells were immediately stained for
ﬂow cytometry or stored at −80 ◦ C until staining. For mass cytom-
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etry analysis, cells were treated in accordance with protocols from
Fluidigm.
2.4. Phospho speciﬁc ﬂow cytometry
In order to reduce antibody consumption and to achieve
accurate staining, samples were ﬂuorescently barcoded prior to
antibody staining [54]. PBMCs were barcoded with the aminereactive ﬂuorescent dyes Paciﬁc Blue and Paciﬁc Orange while
THP-1 cells were barcoded with Alexa568 and Paciﬁc Blue (all from
Thermo Fisher Scientiﬁc). Staining of cells with phospho speciﬁc
antibodies and antibodies for immunophenotyping was carried
out as previously described [50,55]. The cells were stained with
monocyte surface marker CD163 PE (Clone MAC2-158, Trillium
Diagnostics), T-cell marker CD5 PerCP-Cy5.5 (Clone L17F12, BD),
Anti p38 MAPK (pT180/pY182, clone 36/p38, BD), Anti-CREB/ATF1
(pS133/pS63, clone J151-21, BD) or Anti-Akt (pS473, clone M8961). After antibody staining the samples were analyzed on a
FACS Fortessa ﬂow cytometer (BD). For the high throughput small
molecule inhibitor screen the standard phosphoﬂow method was
fully automated in 384-well format using a Microlab Star liquid
handling robot (Hamilton).
2.5. Mass cytometry analysis
Stimulated cells were barcoded using the 20-plex barcoding kit
(Fluidigm) and stained with a single panel of 19 mass-tagged antibodies (Supplemental Table S1), in accordance with cell staining
protocols (Fluidigm). Cells were analyzed on a Helios mass cytometer (Fluidigm) at approx. 400 events/s. An automated barcode
deconvolution algorithm was used to identify barcoded samples
and to remove cell doublets. Unsupervised multiparameter viSNE
analysis was used to identify cellular subsets of PBMCs [56]. All
antibodies used for mass cytometry was purchased from Fluidigm
and are listed in Supplemental Table 1.
2.6. Cell death assay
Viability of PBMCs treated with different concentrations of NaHS
was determined by staining the cells with Annexin V Alexa® 647
conjugate (BD) and analysis of the cells with ﬂow cytometry. Viability of Jurkat cells was determined with a Colony-Forming Cell Assay
using MethoCultTM H4434 Classic (StemcellTM Technologies).
2.7. ATP measurements
Concentrations of ATP in PBMCs were determined with the
CellTiter-Glo® Luminescent Cell Viability Assay (Promega, Madison, WI, USA). The luminescence was measured with the Inﬁnite®
M200 reader (Tecan Trading AG, Switzerland).
2.8. Statistical analysis
A two-tailed Student’s t-test was carried out in Prism 6 to compare phosphorylation levels between control groups and treatment
groups in the different cell types. The signiﬁcance level was set to
0.05.
3. Results
3.1. NaHS induces phosphorylation of p38 (T180/Y182) in
peripheral blood mononuclear cells
Stimulation of PBMCs with NaHS followed by evaluation of
phosphorylated p38 with western blotting and phospho speciﬁc

ﬂow cytometry showed a concentration-dependent increase in pp38 (Fig. 1a, b). Correlation between quantitated bands from the
western blot with mean ﬂuorescent intensities (MFI) indicates
high speciﬁcity for the ﬂow cytometry assay (Fig. 1c). To determine the optimal stimulation time, PBMCs were stimulated with
NaHS (1 mM) for various treatment times and evaluated for p-p38
(Fig. 1d). Phosphorylation peaked after 5–10 min, and the phosphorylation of p-p38 was sustained and transient in monocytes and
T-cells, respectively. The phosphorylation remained sustained in
monocytes for 4 h (longest treatment time tested, data not shown).
With the optimal treatment time for signaling, PBMCs were stimulated with increasing concentrations of NaHS (1–1000 M, 10 min)
and evaluated for p-p38 (Fig. 1e, f). NaHS displayed an EC50 of
183 M (95% CI (53, 642)) in T-cells and 95 M (95% CI (77, 117)) in
monocytes (Fig. 1f). For the remaining signal transduction experiments in the study, cells were stimulated with 1 mM NaHS for
10 min unless otherwise stated. To investigate how NaHS effects pp38 in the different types of monocytes and lymphocytes present
in PBMCs, a mass cytometry panel counting 19 antibodies was
developed for immune phenotyping of PBMCs and evaluation of
signal transduction in these cells during treatments. The complex immune phenotypic data was analyzed with the unsupervised
viSNE analysis, and manually divided into different subsets of lymphoid and myeloid cells (Supplemental Fig. S3). Phosphorylation
of p38 was observed to increase in CD4 T-cells, CD8 T-cells, Bcells, natural killer (NK) cells, basophils, and both classical and
non-classical monocytes after stimulation with NaHS (Fig. 1g). The
phosphorylation remained high after 60 min in classical monocytes, but not in non-classical monocytes. CD123+ dendritic cells
(DCs) did not display a change in p-p38 during stimulation with
NaHS. Further, NaHS was found to induce substantial cell death
at 1 mM but not at 0.1 mM, as determined in an Annexin V assay
(Fig. 1h). Given that H2 S is a potent inhibitor of cytochrome-c
oxidase and mitochondrial respiration [57], ATP was measured in
PBMCs treated in vitro with concentrations shown to phosphorylate
p38 (Fig. 1i). No signiﬁcant changes were observed when compared
to vehicle treated cells.
3.2. Phosphorylation of p38 (T180/Y182) by NaHS takes place
independently of extracellular calcium but is dependent on
intracellular calcium in PBMCs
Given that H2 S is reported to inﬂuence calcium homeostasis
in various cell types, we therefore sought to investigate if the
observed NaHS-induced phosphorylation of p38 in PBMCs could
be dependent on calcium. When evaluating the role of extracellular calcium, preincubation with EGTA did not attenuate the increase
in p-p38 induced by any concentration of NaHS compared to cells
not pre-incubated with EGTA (Fig. 2a). Treating PBMCs with EGTA
and ionomycin (0.5 g/ml, 10 min) validated the effect of calcium
chelation by EGTA on p-p38 (Fig. 2b). Using a different chelator
of extracellular calcium (BAPTA) in combination with NaHS gave
the same results (Fig. 2c). When evaluating the role of intracellular calcium, preincubation with BAPTA-AM did result in complete
attenuation of NaHS-induced p38 phosphorylation as compared to
cells where calcium was not chelated (Fig. 2d). Repeating the experiments with BAPTA and BAPTA-AM on PBMCs from additional blood
donors conﬁrmed these results (Fig. 2e).
3.3. Pharmacological inhibition of IP3 R, RyR, calmodulin, CaMKII
or PKC do not inhibit NaHS-induced modulation of p38
phosphorylation (T180/Y182) in PBMCs
The classical regulator of calcium release from the endoplasmatic reticulum (ER) during PKC activation is inositol 1,4,5
trisphosphate receptor (IP3 R) [58]. Calcium release from ER via

A. Sulen et al. / Pharmacological Research 113 (2016) 216–227

219

Fig. 1. In vitro treatment of PBMCs with sodium hydrosulﬁde induces phosphorylation of p38 (T180/Y182). (a) Cropped western blots of lysates from PBMCs treated with
NaHS (10 min) or ionomycin (0.5 g/ml, 10 min). Uncropped images are available in Supplemental Figs. S1 and S2 . (b) Histogram overlay displays p-p38 T180/Y182 or
isotype control stained CD45+ PBMCs stimulated with NaHS (10 min) or ionomycin (0.5 g/ml, 10 min). (c) Dot plot comparing PBMC p-p38 mean ﬂuorescent intensity with
p-p38/COX IV ratios. Solid line represents linear regression line. (d, e) Histogram overlays display ratio (treated/ctr) of p-p38 T180/Y182 in T-cells (CD5 + ) and monocytes
(CD163 + ) stimulated with 1 mM NaHS for increasing treatment times (5–55 min) (d) or increasing concentrations of NaHS (1–1000 M) for 10 min (e). (f) PBMCs from healthy
donors (n = 3) were stimulated with NaHS (1–1000 M, 10 min), and p-p38 MFI determined by ﬂow cytometry was used to make concentration-response curves (mean ± SD).
(g) Heat map displaying median metal intensity (MMI) of p-p38 (T180/Y182) in subsets of PBMCs identiﬁed in Supplemental Fig. S3. The cells were treated with NaHS (1 mM,
10 or 60 min) or LPS (1.0 g/ml, 10 min). (h) Plot displaying percentage Annexin V negative cells (mean ± SD) in PBMCs treated with NaHS (0.1 or 1.0 mM, 10 min or 24 h)
or vehicle. Student’s t-tests were conducted to compare treated groups and control (*p ≤ 0.05, ****p ≤ 0.0001, ns p > 0.05). (i) Plot displaying ATP concentrations (mean ± SD)
determined with CellTiter-Glo® after treating PBMCs with NaHS (10–1000 M) or rotenone (1 M) for 10 min. Student’s t-tests were conducted to compare treated groups
and control (ns p > 0.05).

IP3 R is activated by the ligand IP3 , a molecule produced by
phospholipase C (PLC) through hydrolysis of phosphatidylinositol
4,5-bisphosphate (PIP2 ) during receptor activation [58]. In order
to assess whether the observed signaling effects of NaHS were
due to calcium mobilization via IP3 Rs, PBMCs were pre-incubated
with the IP3 R antagonist 2-aminoethoxydiphenyl borate (2-APB)
before stimulation with NaHS, and evaluated for p-p38. This did
not prevent increased p-p38 induced by NaHS (Fig. 3a). Intracellular
calcium release in immune cells is also suggested mediated by the
ryanodine receptors (RyRs) [59]. While RyRs are highly expressed
in brain tissue and in skeletal and cardiac muscle tissue, the expression in PBMCs are limited to only some subsets of cells and at low
levels [59]. To assess whether NaHS-induced elevated p-p38 could
be due to calcium mobilization via RyRs, PBMCs were preincubated
with antagonistic concentrations of ryanodine before stimulation

with NaHS, and evaluated for p-p38. Antagonistic concentrations
of ryanodine had no observed effect on the phosphorylation of p38
induced by NaHS (Fig. 3c). The plant alkaloid ryanodine functions as
an RyR agonist at low concentrations (nM) by locking the receptor
in an open state, while it functions as an RyR antagonist at higher
concentrations (M) [60]. Incubating PBMCs with agonistic concentrations of ryanodine alone (1–100 nM, 10 min) did not result
in any change in p-p38 (data not shown).
To assess whether the inhibition of calmodulin or
Ca2+ /calmodulin-dependent protein kinase II (CaMKII) could
attenuate the increase in p-p38, PBMCs were preincubated with
the calmodulin inhibitor W-7 or the CaMKII inhibitor KN93 prior to
stimulation with NaHS. None of the inhibitors caused a substantial
attenuation of the p38 phosphorylation induced by NaHS (Fig. 3b).
In accordance with this, repeating these experiments with the
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Fig. 3. Phosphorylation of p38 during in vitro treatment of PBMCs with sodium
hydrosulﬁde is independent of inhibition of IP3R, RyR, calmodulin, CaMKII and PKC.
(a-d) Histogram overlays display median ratio (treatment/ctr) of p-p38 in T-cells
and monocytes. PBMCs were stimulated with NaHS (1 mM, 10 min) or left untreated,
after preincubation for 15 min with or without (a) 2-APB (300 M), (b) W-7 (50 M)
or KN-93 (5 M), (c) ryanodine, and (d) GÖ6976 (3 M), LY333531 (7.5 M) or
chelerythrine (3 M).

NaHS-induced p-p38 were observed in THP-1 cells (Supplemental
Fig. S4). Incubating THP-1 cells with two additional PKC inhibitors
(PKC412 and RO318220) prior to stimulation with NaHS did not
prevent p-p38 induction (Supplemental Fig. S4).
Fig. 2. Phosphorylation of p38 (T180/Y182) during in vitro treatment of PBMCs
with sodium hydrosulﬁde is independent of extracellular calcium but dependent on
intracellular calcium. (a-d) Histogram overlays display median ratio (treatment/ctr)
of p-p38 in T-cells and monocytes. (a) Cells were treated with NaHS (10, 100 or
1000 M for 10 min) or left untreated, after preincubation with or without EGTA
(2 mM, 15 min). (b) PBMCs were stimulated with ionomycin (0.5 g/ml, 10 min) or
left untreated, after preincubation with or without EGTA (2 mM, 15 min). (c) PBMCs
were stimulated with NaHS (10 min) or left untreated, after preincubation with or
without BAPTA (2 mM, 15 min). (d) PBMCs were stimulated with NaHS (10 min) or
left untreated, after preincubation with or without BAPTA-AM (20 M, 60 min). (e)
Plot displaying p-p38 MFIs (mean ± SD) of T-cells and monocytes in treated (NaHS,
1 mM, 10 min) and untreated samples, with or without preincubation with BAPTA
(2 mM, 15 min) or BAPTA-AM (20 M, 60 min). Student’s t-tests were conducted to
compare p-p38 in treated groups (NaHS) and their respective controls (**p ≤ 0.01,
***p ≤ 0.001, ****p ≤ 0.0001, ns p > 0.05).

monocytic cell line THP-1 gave similar results (Supplemental Fig.
S4). To investigate whether pharmacological inhibition of PKC
could attenuate the increase in p-p38, PBMCs were preincubated
with GÖ6976, LY333531 or chelerythrine prior to stimulation with
NaHS. GÖ6976 and LY333531 did not attenuate the NaHS-induced
effect on p-p38 (Fig. 3d). Chelerythrine alone did induce a large
phosphorylation of p38, and after preincubating with chelerythrine
there was no observable difference in p-p38 between control and
NaHS treated cells. Similar effects by GÖ6976 and chelerythrine on

3.4. Inhibitors targeting p38 and Hsp90 attenuate the increase in
phosphorylation of p38 (T180/Y182) induced by NaHS
In order to further elucidate how p38 is phosphorylated by
NaHS, Jurkat cells were chosen as a suitable model in which to
carry out an automated high throughput phosphoﬂow screen with
a library of relevant small molecule inhibitors to evaluate how these
molecules inﬂuence the phosphorylation induced by NaHS (Fig. 4a).
Jurkat cells treated with 0.1 or 1.0 mM NaHS did not show significant less viability compared to vehicle treated cells (determined
with a colony-forming assay, data not shown). Of the 59 compounds
tested (Supplemental Table S2), two p38 inhibitors (BIRB796 and
PH-797804) and the Hsp90 inhibitor geldanamycin signiﬁcantly
attenuated the effect of NaHS on p-p38 (grey box in Fig. 4a). In
addition, three compounds known to target phosphodiesterases
(PDEs), protein kinase A (PKA) and T-type Ca2+ channels appeared
to slightly attenuate the effect of NaHS, however not signiﬁcantly.
The effect of BIRB796, PH-797804 and geldanamycin on p38 phosphorylation induced by NaHS was further validated in primary
PBMCs (Fig. 4b–d). Pre-incubation with geldanamycin attenuated
the effect of NaHS by inducing phosphorylation of p38 alone in both
PBMCs and the Jurkat cells (Fig. 4d and Supplemental Fig. S6).
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Fig. 4. Inhibitors of p38 and Hsp90 attenuate increase in phosphorylation of p38 induced by NaHS. (a) Jurkat cells were incubated with small molecule inhibitors (10 M)
in 25 min prior to stimulation with NaHS (1 mM, 2.5 min). Plot displays the ratio between p38 phosphorylation induced by NaHS when preincubating with and without
compounds (*p < 0.05, t-test (compared to “No compound 1”)). The grey area represents the expected variation in the assay without compounds (determined by 14 replicates
without compounds, see Supplemental Figs. S5 and S6 for quality control data). All compounds were tested in triplicates. (b-d) Histogram overlays display effect of inhibitors
targeting p38 and Hsp90 (1 and 10 M, 25 min) on phosphorylation of p38 induced by NaHS (1 mM, 10 min) in PBMCs.

3.5. NaHS induces calcium-dependent phosphorylation of Akt
that is partly dependent on p38 in PBMCs
To investigate if Akt is phosphorylated during treatment of
PBMCs with H2 S, blood cells were stimulated with NaHS (1 mM)
for treatment times up to an hour and evaluated for p-Akt (S473)
(Fig. 5a). Similar to p38, Akt was phosphorylated in a transient and
sustained manner in T-cells and monocytes, respectively (Fig. 5a).

To investigate if this observed phosphorylation of Akt could be
due to crosstalk from the p38 signaling pathway, PBMCs were
preincubated with the indirectly ATP-competitive p38 inhibitor
BIRB796, stimulated with NaHS (1 mM, 10 min) and the phosphorylation level of Akt was determined by ﬂow cytometry. Inhibition
of p38 did signiﬁcantly attenuate the induction of p-Akt by NaHS
in monocytes (t-test, p < 0.05), however, not signiﬁcantly in Tcells (Fig. 5b-c). Inhibition of p38 also signiﬁcantly attenuated the
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Fig. 5. NaHS induces phosphorylation of Akt that is partly dependent on p38 and dependent on intracellular calcium in PBMCs (a) Histogram overlay displays median ratio
(treatment/ctr) of p-Akt in T-cells and monocytes stimulated with NaHS (1 mM) for treatment times up to 55 min. Vehicle treated cells were used as control. (b) Histogram
overlay displays median ratio (treatment/ctr) of p-Akt in T-cells and monocytes stimulated with NaHS (10 min) or left untreated, after preincubation with or without
BIRB796 (25 min). (c) Plot displaying p-Akt MFIs (mean ± SD) of T-cells and monocytes in treated (NaHS, 10 min) and untreated samples, with or without preincubation with
BIRB796 (25 min). Student’s t-tests were conducted to compare p-Akt in combination groups (NaHS + BIRB796) with groups only treated with NaHS (*p ≤ 0.05, ns p > 0.05). (d)
Histogram overlay displays median ratio (treatment/ctr) of p-Akt in T-cells and monocytes stimulated with PMA (1 g/ml, 15 min), LPS (1 g/ml, 15 min) or left untreated,
after preincubation with or without BIRB796 (25 min). (e-f) Plots displaying p-Akt MFIs (mean ± SD) of (e) T-cells and (f) monocytes in treated (LPS or PMA) and untreated
samples, with or without preincubation with BIRB796 (25 min). Student’s t-tests were conducted to compare p-Akt in BIRB796 groups with their respective controls (*p ≤ 0.05,
**p ≤ 0.01, ns p > 0.05). (g) Histogram overlay displays median ratio (treatment/ctr) of p-Akt in T-cells and monocytes stimulated with NaHS (10 min) or left untreated, after
preincubation with or without BAPTA (2 mM, 15 min) or BAPTA-AM (20 M, 60 min). (h) Plot displaying p-Akt median ﬂuorescent intensities of T-cells and monocytes in
treated (NaHS, 1 mM, 10 min) and untreated samples, with or without preincubation with BAPTA (2 mM, 15 min) or BAPTA-AM (20 M, 60 min). Student’s t-tests were
conducted to compare p-Akt in treated groups (NaHS) with their respective control groups (*p ≤ 0.05, **p ≤ 0.01, ns p > 0.05).

induction of p-Akt by LPS in monocytes (t-test, p < 0.01) and by
PMA in both cell types (t-test, p < 0.05) (Fig. 5d–f). Since intracellular calcium chelation completely attenuated the NaHS-induced
phosphorylation of p38, this was also investigated for p-Akt. Intracellular calcium chelation resulted in a complete inhibition of
increase in p-Akt induced by NaHS (Fig. 5g-h).
3.6. NaHS induces cAMP responsive element (CRE)-binding
transcription factor phosphorylation that is dependent on p38 and
intracellular calcium in PBMCs
The kinase p38 is known to form a signaling pathway involving
CRE-binding transcription factors [30]. To investigate the kinetics of
CREB/ATF1 phosphorylation during stimulation with NaHS, PBMCs
were stimulated with NaHS (1 mM) for treatment times up to an

hour and evaluated for p-CREB/ATF-1 with ﬂow cytometry (Fig. 6a).
Similar to p38 and Akt, CREB is phosphorylated in a transient and
sustained manner in T-cells and monocytes, respectively (Fig. 6a).
For testing whether CREB/ATF-1 is downstream of p38, inhibition of
p38 did signiﬁcantly attenuate the NaHS-induced phosphorylation
of CREB/ATF1 in monocytes and T-cells (t-test, p < 0.001) (Fig. 6bc). Inhibition of p38 also signiﬁcantly attenuated the induction of
p-CREB/ATF-1 by LPS in monocytes (t-test, p < 0.01), but not by
PMA in any cell types (Fig. 6d–f). Intracellular calcium chelation
with BAPTA-AM resulted in a complete inhibition of the increase in
monocyte p-CREB/ATF-1 induced by NaHS (Fig. 6g-h). BAPTA-AM
alone increased the phosphorylation of CREB/ATF1 in T-cells, but no
signiﬁcant additional increase was observed when combined with
NaHS (Fig. 6g-h).
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Fig. 6. NaHS induces phosphorylation of CREB/ATF-1 that is dependent on p38 and intracellular calcium in PBMCs. (a) Histogram overlay displays median ratio (treatment/ctr)
of p-CREB/ATF-1 in T-cells and monocytes stimulated with NaHS (1 mM) for treatment times up to 55 min. Vehicle treated cells were used as control. (b) Histogram overlay
displays median ratio (treatment/ctr) of p-CREB/ATF-1 in T-cells and monocytes stimulated with NaHS (10 min) or left untreated, after preincubation with or without BIRB796
(25 min). (c) Plot displaying p-CREB/ATF-1 MFIs (mean ± SD) of T-cells and monocytes in treated (NaHS, 1 mM, 10 min) and untreated samples, with or without preincubation
with BIRB796 (1 or 10 M, 25 min). Student’s t-tests were conducted to compare p-CREB/ATF-1 in combination groups (NaHS + BIRB796) with groups only treated with NaHS
(***p ≤ 0.001). (d) Histogram overlay displays median ratio (treatment/ctr) of p-CREB/ATF-1 in T-cells and monocytes stimulated with PMA (1 g/ml, 15 min), LPS (1 g/ml,
15 min) or left untreated, after preincubation with or without BIRB796 (25 min). (e-f) Plots displaying p-CREB/ATF-1 MFIs (mean ± SD) of (e) T-cells and (f) monocytes in
treated (LPS or PMA) and untreated samples, with or without preincubation with BIRB796 (25 min). Student’s t-tests were conducted to compare p-CREB/ATF-1 in BIRB796
groups with their respective control groups (**p ≤ 0.01, ns p > 0.05). (g) Histogram overlay displays median ratio (treatment/ctr) of p-CREB/ATF-1 in T-cells and monocytes
stimulated with NaHS (10 min) or left untreated, after preincubation with or without BAPTA (2 mM, 15 min) or BAPTA-AM (20 M, 60 min). (h) Plot displaying p-CREB/ATF-1
median ﬂuorescent intensities of T-cells and monocytes in treated (NaHS, 1 mM, 10 min) and untreated samples, with or without preincubation with BAPTA (2 mM, 15 min) or
BAPTA-AM (20 M, 60 min). Student’s t-tests were conducted to compare p-CREB/ATF-1 in treated groups (NaHS) with their respective control groups (**p ≤ 0.01, ns p > 0.05).

3.7. NaHS does not activate NF-B
In order to investigate how H2 S inﬂuences NF-B in PBMCs,
these cells were stimulated with NaHS (1 mM), TNF␣ (20 ng/ml) or
LPS (1 g/ml) for ten minutes and evaluated for p-p38 and p-NF-B
(S529) with ﬂow cytometry. Stimulation with TNF and LPS induced
phosphorylation of both proteins in the expected cell types (Fig. 7a).
Stimulation with NaHS induced phosphorylation of p38, but not
NF-B in both cell types. Consistent with this, treatment of a NFB/Jurkat/GFPTM Transcriptional Reporter Cell Line with increasing
concentrations of NaHS did not lead to increased green ﬂuorescent
protein expression, indicating no change in transcriptional activity
(Fig. 7b). Mass cytometry analysis of PBMCs stimulated with NaHS

(1 mM), TNF␣ (20 ng/ml) or LPS (1 g/ml) for ten minutes revealed
similar signaling responses, with no change in p-NF-B induced by
NaHS in all subsets (CD4 T-cells, naive CD8 T-cells, memory CD8
T-cells, NK-cells, and both subsets of monocytes) (Fig. 7c-d).

4. Discussion
The actual level of physiological concentrations of H2 S in vivo
has been difﬁcult to determine and may have been overestimated due to limitations in the methodologies applied [61,62].
The widely used methylene blue assay measures acid-labile sulphur in addition to free sulﬁde in plasma in the M range [63],
while newer techniques measure free sulﬁde and soluble gas in

224

A. Sulen et al. / Pharmacological Research 113 (2016) 216–227

Fig. 7. In vitro treatment of PBMCs with sodium hydrosulﬁde does not modulate p-NF-B. (a) Histogram overlay displays median log2 ratio of p-p38 T180/Y182 and pNF-B in T-cells and monocytes stimulated with NaHS (1 mM, 10 min), LPS (1.0 g/ml, 10 min) or TNF␣ (20 ng/ml, 10 min). Vehicle treated cells were used as control. (b)
Plot displaying GFP median ﬂuorescent intensities of the NF-B/Jurkat/GFPTM Transcriptional Reporter Cell Line treated with NaHS or TNF␣ (0.25 ng/ml) and incubated for
24 h. Student’s paired t-tests were conducted to compare MFI in treated groups with the control groups (*p ≤ 0.05, ns p > 0.05). (c) Bivariate viSNE contour plot displaying
identiﬁed subsets of PBMCs; CD4 T-cells (CD3+ CD4+ ), CD8 T-cells (CD3+ CD8+ ), B-cells (CD19+ CD20+ HLA-DR+ ), NK cells (CD16+ HLA-DR− ), Basophils (CD123+ CD11c+ ), CD123+
DCs (CD123+ CD11c− ), non-classical monocytes (HLA-DR+ CD16+ ) and classical monocytes (HLA-DR+ CD14+ ). All viSNE plots displaying expression of phenotypic markers
individually are available in Supplemental Fig. S7. (d) Heat maps displaying the arcsinh change, relative to vehicle treated control, of the median metal intensity (MMI) of
p-p38 (T180/Y182), p-NF-B (S529) and IB in subsets of PBMCs identiﬁed in (c).

the nM range [8,9]. It has been pointed out that most studies
have reported biological effects of H2 S in the 10–100 M range
[64], this is in line with the present study where a concentrationresponse relationship between NaHS and p-p38 is detected at
10–1000 M in PBMCs (Fig. 1f). Another sulphur molecule, sodium
thiosulphate (Na2 S2 O3 ), is used therapeutically in millimolar serum
concentration against calciﬁc uremic arteriolopathy, also known as
calciphylaxis [65]. However, the concentrations of free sulﬁde in
plasma from healthy individuals and patients with cardiovascular disease have been determined to be <1 M [8,12]. Therefore,
signaling described in the present study is likely detected at supraphysiological concentrations of H2 S. However, it has been proposed
that the concentration of H2 S in inﬂammatory micro milieu like
synovial ﬂuid of rheumatoid arthritis patients exceeds what is measured in blood [13]. This has been determined with the methylene
blue assay, and it is unknown whether these concentrations are
reﬂecting free sulﬁde, acid-labile sulﬁde or both [13]. The use of
techniques that precisely determine free sulﬁde levels could aid
in determining whether the signaling described in the present
study is relevant for immune cells in synovial ﬂuid in patients
with rheumatoid arthritis. However, the lower supra-physiological
concentrations of sulﬁde used in the present study could be relevant during environmental or occupational exposure to higher than
ambient concentrations of H2 S [50]. For comparison, the equivalent plasma sulﬁde concentration during atmospheric exposure of
20 ppm H2 S has been estimated equal to 6.5 M [15].
The discussion about physiological relevance for various concentrations of H2 S is also complicated by the presence of
polysulﬁdes (H2 Sn ) formed by many of the sodium salts used to
study this gas in vitro [66]. Concentrations of H2 S in solutions of
NaHS are therefore lower than estimated, and polysulﬁdes could

in fact be the active agent. Polysulﬁdes are also generated when
making sulﬁde solutions from H2 S gas, implying that studying H2 S
separately from polysulﬁdes is practically impossible [66]. Studies in astrocytes have shown that polysulﬁdes activate a calcium
inﬂux in these cells through opening of transient receptor potential
(TRP) channels at substantial lower concentrations (EC50 91 nM)
compared to what NaHS does (EC50 116 M) [43,67]. Endogenous
polysulﬁdes have been detected in HeLa cells [68], zebra ﬁsh [68]
and brain tissue of rats [67], and have been suggested to be endogenous H2 S-derived signaling molecules that modify thiol groups of
cysteines in proteins [66,69]. It is therefore possible that signaling
described in the present study is mediated by nM range concentrations of polysulﬁdes.
This study describes NaHS-induced signaling of p38 with Akt
and CREB/ATF1 as partial and complete downstream proteins,
respectively (Figs. 1, 5 and 6). Interestingly, classical monocytes
displayed a lacking property to down-regulate the signaling compared to lymphocytes. H2 S is known to inactivate phosphatases
through sulfhydration [70], and this could indicate that classical
monocytes are particularly prone to such inactivation and thereby
susceptible to long-term inﬂuence by sulﬁdes. Activation of p38 is
known to increase COX-2 expression in these cells [71]. Inhibition
of endogenous H2 S synthesis attenuates COX-2 transcription and
prostaglandin production in a colitis rat model [21], and exogenous H2 S has also been described to increase COX-2 expression
[72]. Treatment of macrophages with NaSH (100–200 M) in combination with LPS does result in reduced release of PGE2 [2].
NF-B p65 is essential in mounting a cytokine response after
proinﬂammatory stimuli [23], and its activity is modulated by H2 S
[2,31]. However, the stimulation with NaHS alone did not lead to
activation of NF-B p65 (Fig. 7). Whiteman et al. showed that com-
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bination treatment with NaHS and LPS increased NF-B p65 activity
and secretion of TNF␣ and IL-1␤ compared to LPS treatment alone
[2]. In light of the signaling described in the present study, this
could be due to partly overlapping signal transduction induced by
LPS and NaHS. The lack of NF-B transcriptional activation in the
present study is in line with a study where stimulation with NaHS
alone did not inﬂuence cytokine production in immune cells [1].
The stress kinase p38 is often referred to as being important in the
pro-inﬂammatory cytokine response, however, such studies often
investigate p38 in the context of activated NF-B [28]. Activation of
p38 is also known to increase expression of the anti-inﬂammatory
cytokine IL-10 [30], and therapeutic inhibition of p38 in rheumatoid
arthritis patients has so far been disappointing, suggesting that this
protein is not pivotal in this inﬂammatory disease [73]. In this light,
it could be that activated p38 by NaHS could actually have mostly
anti-inﬂammatory repercussions. Phosphorylation and activation
of Akt by H2 S is suggested to lead to survival and angiogenesis
in vascular smooth muscle cells [46] and endothelial cells [48],
respectively. Functional effects of NaHS-induced Akt activation in
PBMCs have not been elaborated. However, Akt1 ablation in mice
has been shown to lead to differentiation of macrophages towards
an M1 type [74], and increased activity of the PI3K-Akt-mTOR pathway leads to differentiation of human monocytes towards an M2
type [49]. The latter is considered anti-inﬂammatory; they produce
less nitric oxide and are involved in tissue repair and resolution of
inﬂammation [75]. Interestingly, mice treated with NaHS prior to
myocardial infarction are reported to exhibit enhanced M2 differentiation of macrophages in cardiac tissues [76]. Our observation
of NaHS-induced sustained phosphorylation of Akt in monocytes
provided in the present study could indicate a macrophage differentiation effect also in human tissue.
To investigate the molecular mechanism of the signaling
induced by NaHS, the highest concentration used in the present
study (1 mM) was chosen to achieve a clear phosphorylation effect
suitable for combination studies to evaluate preventive effect of
pharmacological inhibitors or calcium chelators. H2 S has been
reported to inﬂuence several processes that could be relevant
for p38; cyclic nucleotide signaling [77], ion channel function
[78], tyrosine phosphatase activity [79] and PKC activity [41].
Experiments were carried out in PBMCs or Jurkat cells where
pharmacological inhibition of these processes was investigated for
potential effect on NaHS-induced phosphorylation of p38 (Figs. 24). Notably, chelation of intracellular calcium and inhibitors of p38
and Hsp90 attenuated the phosphorylation of p38 induced by NaHS
(Figs. 2 and 4). Autophosphorylation of p38 have been described
to take place during noncanonical p38 activation, which occurs by
destabilization of an Hsp90-Cdc37-p38 complex [80]. Due to the
strong ability of p38 and Hsp90 inhibitors to attenuate the effect of
NaHS, it is possible that H2 S induces p38 phosphorylation through
such noncanonical activation by sulfhydration of this complex, followed by p38 autophosphorylation. Further evaluation of possible
sulfhydration of cysteines in Hsp90, Cdc37 or p38 itself may identify a more precise mechanism of NaHS-induced phosphorylation
of p38. The absent effect of the geldanamycin analog 17-AAG in our
assay (Fig. 4a) is consistent with a previous report where 17-AAG
was a weaker p38-activator compared to geldanamycin [80]. Chelation of intracellular calcium attenuated the phosphorylation of both
p38 (Fig. 2e) and Akt (Fig. 5h). Interestingly, BAPTA-AM treatment
is reported to modulate the architecture of Hsp90 protein complexes [81], and both p38 and Akt is known to form complexes with
Hsp90 [80,82]. Preincubation with BAPTA-AM could therefore possibly reorganize the protein complexes in such a way that NaHS no
longer leads to activation of signaling. This is in accordance with Akt
phosphorylation being only partly dependent on p38-Akt crosstalk
(Fig. 5a-c). However, the Akt phosphorylation may also be due to
inactivated phosphatase and tensin homolog (PTEN) by NaSH [66].
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Most inhibitors of PKC did not alter the effect of NaHS on p38,
except for chelerythrine, which alone induced phosphorylation of
p38, possibly masking the effect of NaHS (Fig. 3d). This is supported by the fact that chelerythrine is also known to activate p38
through an unknown PKC-independent mechanism [83]. Based on
this and the lacking effect of the other PKC inhibitors used, we
consider it unlikely that activation of PKC caused p38 phosphorylation induced by NaHS in PBMCs. Chelating extracellular calcium
with EGTA or BAPTA (Fig. 2a-c, e), or inhibiting IP3R, calmodulin
or CaMKII (Fig. 3a–c) did not prevent signaling induced by NaHS.
This indicates that phosphorylation of p38 by NaHS is not a downstream effect of calcium inﬂux, calcium release from the ER or
calmodulin dependent signaling. H2 S can also induce inhibition
of mitochondrial respiration [57], and this may be sensed by the
metabolic switch AMP-activated protein kinase (AMPK) upstream
of p38 [84]. No signiﬁcant reduction in concentration of ATP in
PBMCs was detected upon stimulation with NaHS. The highest
concentration NaHS did show a clear non-signiﬁcant reduction in
ATP, but phosphorylation of p38 was induced at lower concentrations. Also, sulﬁde-induced phosphorylation of p38 is reported to
be dependent on KATP channels in endothelial cells [35], however,
NaSH-induced p-p38 was not attenuated by glibenclamide in the
present study (Fig. 4a).
In conclusion, NaHS induces concentration-dependent signaling
with p38, Akt and CREB/ATF1 involved in human PBMCs. Reduced
effect of NaHS by intracellular calcium chelation and inhibitors targeting p38 and Hsp90 suggest that the mechanism of activation
could be through non-canonical activation of p38. Future studies
should investigate possible targets of sulfhydration and address if
H2 S or derived polysulﬁdes functionally inﬂuence differentiation
of monocytes towards an anti-inﬂammatory macrophage subset.
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