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Evidence for a functional vasodilatatory role for hydrogen
sulphide in the human cutaneous microvasculature
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Key points

� Hydrogen sulphide (H2S) is vasoprotective, attenuates inflammation and modulates blood
pressure in animal models; however, its specific mechanistic role in the human vasculature
remains unclear.

� In the present study, we report the novel finding that the enzymes responsible for end-
ogenous H2S production, cystathionine-γ-lyase and 3-mercaptopyruvate sulphurtransferase,
are expressed in the human cutaneous circulation.

� Functionally, we show that H2S-induced cutaneous vasodilatation is mediated, in part,
by tetraethylammonium-sensitive calcium-dependent potassium channels and not by
ATP-sensitive potassium channels. In addition, nitric oxide and cyclo-oxygenase-derived
byproducts are required for full expression of exogenous H2S-mediated cutaneous vaso-
dilatation.

� Future investigations of the potential role for H2S with respect to modulating vascular function
in humans may have important clinical implications for understanding the mechanisms under-
lying vascular dysfunction characteristic of multiple cardiovascular pathologies.

Abstract The present study aimed to identify the presence of cystathionine-γ-lyase (CSE)
and 3-mercaptopyruvate sulphurtransferase (3-MST), which endogenously produce hydrogen
sulphide (H2S), and to functionally examine the mechanisms of H2S-induced vasodilatation in the
human cutaneous microcirculation. CSE and 3-MST were quantified in forearm skin samples from
5 healthy adults (24 ± 3 years) using western blot analysis. For functional studies, microdialysis
fibres were placed in the forearm skin of 12 healthy adults (25 ± 3 years) for graded infusions
(0.01–100 mM) of sodium sulphide (Na2S) and sodium hydrogen sulphide (NaHS). To define
the mechanisms mediating H2S-induced vasodilatation, microdialysis fibres were perfused with
Ringer solution (control), a ATP-sensitive potassium channel (KATP) inhibitor, an intermediate
calcium-dependent potassium channel (KCa) inhibitor, a non-specific KCa channel inhibitor or
triple blockade. To determine the interaction of H2S-mediated vasodilatation with nitric oxide
(NO) and cyclo-oxygenase (COX) signalling pathways, microdialysis fibres were perfused with
Ringer solution (control), a non-specific NO synthase inhibitor, a non-selective COX inhibitor or
combined inhibition during perfusion of increasing doses of Na2S. CSE and 3-MST were expressed
in all skin samples. Na2S and NaHS elicited dose-dependent vasodilatation. Non-specific KCa

channel inhibition and triple blockade blunted Na2S-induced vasodilatation (P < 0.05), whereas
KATP and intermediate KCa channel inhibition had no effect (P > 0.05). Separate and combined
inhibition of NO and COX attenuated H2S-induced vasodilatation (all P < 0.05). CSE and 3-MST
are expressed in the human microvasculature. Exogenous H2S elicits cutaneous vasodilatation
mediated by KCa channels and has a functional interaction with both NO and COX vasodilatatory
signalling pathways.
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Introduction

Hydrogen sulphide (H2S), once considered a malodorous
toxic gas, is now recognized as a third endogenous
gasotransmitter, in addition to nitric oxide (NO)
and carbon monoxide. H2S has significant vasoactive
properties and plays a role in the modulation of
vascular function (Zhao et al. 2001; Yang et al. 2008;
Papapetropoulos et al. 2014). H2S is produced end-
ogenously through enzymatic activity, non-enzymatic
pathways and intracellular sulphur stores (Li et al. 2011).

In peripheral vascular tissue, H2S is synthesized
via the pyridoxal phosphate-dependent enzyme
cystathionine-γ-lyase (CSE) and by 3-mercaptopyruvate
sulphurtransferase (3-MST), and its release is dependent
upon cholinergic stimulation (Mustafa et al, 2011).
In the aorta of healthy rats, inhibition of endogenous
H2S production blunted acetylcholine-dependent vaso-
dilatation (Paredes et al. 2012). Furthermore, CSE
knockout mice exhibit decreased endogenous H2S
synthesis, resulting in significant impairments in both
endothelium-dependent vasodilatation and hyper-
polarization and also in the development of pronounced
hypertension (Yang et al. 2008; Mustafa et al. 2011).
Collectively, these studies suggest an important functional
role for H2S as an endothelium-derived hyperpolarizing
factor (EDHF) in the healthy vasculature. The expression
of CSE, the primary enzymatic source of H2S in the
endothelium (Hosoki et al. 1997; Webb et al. 2008; Yang
et al. 2008), has been demonstrated in isolated human
mammary arteries (Webb et al. 2008); however, the
specific mechanistic role of H2S in the microvasculature
of healthy humans remains unclear.

Exogenous administration of H2S elicits vascular
relaxation in both in vitro and in vivo animal pre-
parations (Zhao et al. 2001; Sun et al. 2011; Tian
et al. 2012; Chitnis et al. 2013). In these models,
H2S-induced vascular smooth muscle relaxation occurs
predominantly through activation of ATP-sensitive
potassium channels (KATP) and subsequent membrane
hyperpolarization (Zhao et al. 2001). Recently, small,
intermediate, and large conductance calcium-dependent
potassium channels (SKCa, IKCa and BKCa, respectively)

have emerged as additional signalling pathways by which
H2S mediates vasodilatation in resistance vessels (Mustafa
et al. 2011; Jackson-Weaver et al. 2013). By contrast to
both the NO- and cyclo-oxygenase (COX)-dependent
pathways, which result in cGMP-induced vascular
smooth muscle relaxation, H2S-induced vasodilatation
occurs independent from cGMP, inducing direct hyper-
polarization of the vascular smooth muscle (Zhao et al.
2001). In addition to its direct hyperpolarizing effects,
murine studies suggest that H2S also interacts with both
NO and byproducts of COX metabolism to modulate
vascular tone (Hu et al. 2008; Minamishima et al. 2009).
However, to date, no studies have examined H2S-induced
vasodilatation or potential interactions with the NO and
COX signalling pathways in vivo in the healthy human
vasculature.

The human cutaneous circulation is an accessible
regional vascular bed that allows for the in vivo
investigation of the specific molecular mechanisms
mediating the regulation of vascular function in healthy,
preclinical and diseased adults (Abularrage et al. 2005;
Rossi et al. 2006; Holowatz et al. 2008). Deficits in
cutaneous vascular function are highly correlated with,
and predictive of, vascular dysfunction evident in both the
coronary and renal circulations (Khan et al. 2008; Coulon
et al. 2012). Therefore, the cutaneous circulation has
significant utility for examining the mechanisms under-
lying microvascular signalling and potential functional
alterations with cardiovascular pathology (Abularrage
et al. 2005; Rossi et al. 2006).

As a necessary first step to understanding the functional
role of H2S signalling in health and disease, the pre-
sent study aimed to identify the presence of CSE and
3-MST in the microcirculation and to examine the
mechanisms of H2S-induced vasodilatation in young
healthy humans. We hypothesized that CSE and 3-MST
would be expressed in the microvessels of the cutaneous
circulation and, functionally, that H2S-donors would elicit
dose-dependent increases in cutaneous vasodilatation pre-
dominately through KATP channels. We further hypo-
thesized that both NO and byproducts of COX metabolism
contribute, in part, to exogenous H2S-induced cutaneous
vasodilatation.
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Methods

Subjects

All experimental procedures were approved by the
Institutional Review Board at The Pennsylvania State
University. Verbal and written consent were obtained
voluntarily from all subjects prior to participation
according to guidelines set forth by the Declaration
of Helsinki. Six adults participated in Protocol 1, and
subjects for Protocols 2 and 3 were from a pool of
10 adults. All subjects underwent a complete medical
screening including a resting 12-lead electrocardiogram,
physical examination and 12-h fasting blood chemistry
(Quest Diagnostics, Pittsburgh, PA, USA). All subjects
were normotensive, normochlesterolemic, non-obese,
normally active, without dermatological disease, and were
not taking any medications. Women were tested during the
early follicular phase of their menstrual cycle or during the
placebo phase if taking oral contraceptives.

In vitro microvascular biochemical analysis

On a separate day from the in vivo studies, forearm
skin samples were obtained via punch biopsy in
five subjects (24 ± 3 years), as described previously
(Smith et al. 2011). Skin samples were homogenized
in radioimmunoprecipitation assay buffer containing
protease and phosphatase inhibitors. Homogenates were
centrifuged twice at 15 000 g at 4°C for 20 min. For
western blot analysis, 1 μg of total protein were resolved
by SDS-PAGE and electrotransferred to nitrocellulose
membrane (Hybond-ECL; Amersham Life Sciences, Little
Chalfont, UK). Antibodies used were rabbit-polyclonal
anti-CSE antibody (dilution 1:1000; Protein Tech,
Chicago, IL, USA), rabbit polyclonal anti-3-MST antibody
(dilution 1:1000; Atlas Antibodies, Stockholm, Sweden)
and mouse monoclonal anti-GAPDH antibody (dilution
1:5000; Novus Biologicals, Littleton, CO, USA). Rat liver
homogenate was used as a positive control for CSE
expression and rat carotid artery homogenate was used as
a positive control for 3-MST. Densitometry analysis was
performed using ImageJ software (NIH, Bethesda, MD,
USA).

In vivo vascular function analysis

Protocols were performed in a thermoneutral (20–22°C)
laboratory with the subject semisupine and the
experimental arm at heart level. Integrated laser-Doppler
flowmetry was used to measure red cell flux, an
index of skin blood flow. Local skin temperature was
controlled using a local heater (clamped at 33°C) placed
directly above each microdialysis membrane (MoorLAB,
Temperature Monitor SH02; Moor Instruments, Devon,

UK). Laser-Doppler probes were secured in each local
heater and used to continuously measure skin blood
flow over each microdialysis fibre. An automated brachial
cuff (Cardiocap 5; GE Healthcare) was used to measure
arterial blood pressure on the contralateral arm every
5 min throughout the protocol. Procedures for pre-
paration of pharmacological agents were held to a rigorous
time schedule to ensure consistency between subjects and
among experimental visits.

Protocol 1

Two intradermal microdialysis fibres (10 mm, 20 kDa
cut-off membrane, MD 2000; Bioanalytical Systems, West
Lafayette, IN, USA) were inserted into the forearm for
local delivery of pharmacological agents as described
previously (FDA IND 105 572) (Smith et al. 2011).
All pharmacological solutions were mixed in lactated
Ringer solution immediately before use and filtered
using syringe microfilters (Acrodisc; Pall, Ann Arbor, MI,
USA). The pH of each solution was 7.0 (Z113425-EA;
Sigma-Aldrich, St Louis, MO, USA) and solutions were
wrapped in foil to prevent photodegradation. Micro-
dialysis sites were perfused with sodium sulphide (Na2S)
or sodium hydrogen sulphide (NaHS), both of which
act as fast releasing H2S donors (Papapetropoulos et al.
2014), at a rate of 2 μl min−1 (Bee Hive controller and
Baby Bee microinfusion pumps; Bioanalytical Systems).
Following resolution of the insertion trauma hyper-
aemia (�60–90 min) and a 20 min stable baseline
period, increasing concentrations of Na2S or NaHS were
progressively perfused through the microdialysis fibre
(0.01, 0.1, 1, 10 and 100 mM). Pilot work in our laboratory
indicated that each donor elicited maximal H2S-induced
vasodilatation at a concentration of �60 mM in healthy
adults; therefore, a purposefully wide range of doses
was used in the present study. After the dose–response
protocol, all sites were flushed with Ringer solution before
28 mM sodium nitroprusside was perfused at 4 μl min-1

and temperature of the local heaters was increased to
43°C to elicit maximal cutaneous vascular conductance
(CVCmax).

Protocol 2

Five intradermal microdialysis probes were inserted for
local delivery of the pharmacological agents: lactated
Ringer solution (control), 5 mM glybenclamide (GLY;
KATP channel inhibitor), 0.1 mM senicapoc (SENI; IKCa

channel inhibitor), 50 mM tetraethylammonium (TEA;
non-specific KCa channel inhibitor) or GLY + SENI + TEA
(Zhao et al. 2001; Lorenzo & Minson, 2007; Ataga et al.
2008; Bellien et al. 2008). Based on extensive pilot work in
our laboratory, as well as the results from Protocol 1, 5 mM

C© 2015 The Authors. The Journal of Physiology C© 2015 The Physiological Society
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Na2S was used to elicit cutaneous vasodilatation, a dosage
that approximates the half maximal concentration (EC50).
Thus, following a 20 min stable baseline, 5 mM Na2S was
co-perfused with the site-specific pharmacological agent
until a stable plateau in skin blood flow was obtained and
CVCmax was then elicited as described above.

Protocol 3

Three intradermal microdialysis probes were inserted for
local delivery of the pharmacological agents: lactated
Ringer solution (control), 20 mM L-NAME to inhibit NO
production via non-specific NO synthase inhibition, or
10 mM ketorolac (KETO) to inhibit downstream vaso-
dilatator products of COX. In a subset of subjects (n = 6),
a fourth microdialysis probe was perfused with 20 mM

L-NAME + 10 mM KETO to inhibit both NO and
COX vasodilatatory pathways concurrently. Pilot testing
in our laboratory indicates that maximal NO synthase
and COX inhibition occur with these concentrations of
L-NAME and KETO (Holowatz et al. 2005). Following a
20 min stable baseline, Na2S was co-perfused with the site
specific pharmacological agent in progressively increasing
concentrations (0.01, 0.1 , 1 , 10 and 100 mM), and a
stable plateau in skin blood flow was obtained at each
dose. Following the dose–response protocol, CVCmax was
elicited.

Statistical analysis

Data were collected continuously at 40 Hz and stored for
offline analysis (Windaq; DataQ Instruments, Akron, OK,
USA). CVC was calculated as laser-Doppler flux divided by
mean arterial pressure (MAP). Data were normalized and
expressed as a percentage of maximal CVC (%CVCmax).
CVC was averaged during 5 min of baseline, during the
plateau (�3 min) of each NaHS/Na2S dose (Protocols 1
and 3), and during 5 min of Na2S-induced vasodilatation
(Protocol 2).

For Protocol 1, NaHS/Na2S doses were transformed
to logarithmic concentrations and normalized, with the
lowest value of the data set at 0% and the highest
value of the data set at 100%. In addition, constraints
were set for the top (100) and bottom (0) to best
fit parameters of the model, which allows for the
comparison of the dose–response curves on a similar
scale and is useful when comparing curve position
among the same subjects (Cook & Bielkiewicz, 1984). For
Protocol 3, Na2S doses were transformed to logarithmic
concentrations but, because of differences in baseline
CVC between pharmacological agents, no constraints
were imposed. Sigmoidal dose–response curves with
variable slope were generated using a four-parameter
non-linear regression modelling (Prism; GraphPad, San
Diego, CA, USA) (Wenner et al. 2011; Greaney et al.

2014). NaHS/Na2S-induced cutaneous vasodilatation was
compared between microdialysis sites in each protocol
by the effective concentration resulting in 50% of
the maximal response (logEC50), as described pre-
viously (Wenner et al. 2011; Greaney et al. 2014).
The differences between treatments were analysed using
an F test for repeated measures comparisons (Prism,
version 5.0), which takes into account all points over
the entire curve as opposed to each specific dose
(Wenner et al. 2011). A one-way repeated-measure
ANOVA (SigmaPlot, version 12.5; Systat Software Inc.,
Chicago, IL, USA) was used to determine differences
in the increase in cutaneous vasodilatation from
baseline for each drug treatment (Protocol 2).
Results are reported as the mean ± SEM, and the α level
was set at P < 0.05.

Results

Sample western blots for CSE and 3-MST expression
in the human microvasculature are presented in Fig. 1.
All cutaneous samples tested (four men, one woman;
24 ± 3 years; resting MAP 88 ± 3 mmHg; body mass
index 26 ± 6 kg m−2) expressed both CSE and 3-MST,
confirming their presence in the human cutaneous micro-
vasculature.

Subject characteristics for the in vivo functional
protocols are presented in Table 1. NaHS and Na2S
dose–response curves are illustrated in Fig. 2. Both H2S
donors elicited dose-dependent vasodilatation (Fig. 2).
There were no differences in cutaneous vascular
responsiveness, assessed as the logEC50, between the H2S
donors (NaHS: 0.83±0.12 vs. Na2S: 0.55±0.17; P=0.19).
Because there were no differences in the cutaneous vaso-
dilatatory response to either H2S donor, Na2S was utilized
in subsequent protocols.

As expected, Na2S induced cutaneous vasodilatation
above baseline. TEA and GLY + SENI + TEA significantly
reduced Na2S-induced cutaneous vasodilatation, whereas
GLY or SENI alone had no effect (Fig. 3).

Na2S dose–response curves with concomitant pharma-
cological inhibition of NO and COX are depicted in Fig. 4.
There was a difference in baseline CVC between treatments

liver skin skin
CSE

GAPDH GAPDH

3-MST

rat 
carotid skin skin

A B

Figure 1. Western blots depicting CSE and 3-MST
Representative western blots depicting CSE (A) and 3-MST (B)
protein expression in human cutaneous biopsy samples. All human
whole skin homogenates expressed CSE and 3-MST.
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Table 1. Subject characteristics

Protocol 1 Protocols 2 and 3
Sex 4 men, 2 women 5 men, 5 women

Age (years) 25 ± 3 24 ± 3
BMI (kg m–2) 25 ± 1 25 ± 1
MAP (mmHg) 86 ± 4 86 ± 8
LDL (mg dL−1) 68 ± 19 67 ± 16
HDL (mg dL−1) 55 ± 13 56 ± 12
Total CHO (mg dL−1) 140 ± 31 143 ± 8
HbA1C (%) 5 ± 0.2 5 ± 0.2

Data are expressed as the mean ± SEM. BMI, body mass index;
MAP, mean arterial pressure; LDL, low-density lipoprotein; HDL,
high-density lipoprotein; Total CHO, total cholesterol; HbA1C,
glycated haemoglobin.

(Ringer solution: 7.9 ± 1.1; KETO: 16.5 ± 3.1; L-NAME:
6.1 ± 0.8; KETO + L-NAME: 10.8 ± 2.2%CVCmax;
P < 0.01). Perfusion of KETO or L-NAME alone blunted
cutaneous H2S-induced vasodilatation, as indicated by the
rightward shift in the dose–response curve (Fig. 4A and
B) and increased logEC50 (Ringer solution: 0.90 ± 0.18;
KETO: 1.45 ± 0.12; L-NAME: 1.50 ± 0.07; P < 0.01
for both). Combined inhibition further increased the
logEC50 from control (L-NAME + KETO: 1.72 ± 0.10;
P < 0.01); however, the attenuation in cutaneous vaso-
dilatation during combined inhibition was not statistically
different from that elicited by either treatment alone
(Fig. 4C).

Discussion

The principal new findings of the present study were: (1)
CSE and 3-MST are expressed in the human cutaneous
microvasculature; (2) H2S donors elicited dose-dependent

Figure 2. Exogenous H2S dose–response curves
Cutaneous vasodilatation during perfusion of the H2S donors NaHS
and Na2S.

vasodilatation in the cutaneous circulation of healthy
young adults; (3) exogenous H2S-induced cutaneous vaso-
dilatation is mediated, in part, by KCa channels; and (4) NO
and COX inhibition attenuated exogenous H2S-induced
cutaneous vasodilatation. Taken together, these in vitro
molecular findings suggest that the enzymes producing
H2S are expressed in the microvasculature and, coupled
with the in vivo functional findings, further suggest that
H2S, via KCa channels, may participate as a vasoactive
molecule in the human cutaneous vasculature. These
data confirm several lines of evidence in rodent models
with respect to H2S-induced vasodilatation and suggest
a potential functional interaction between H2S and both
NO and byproducts of COX metabolism in the control of
microvascular function in healthy humans.

These findings demonstrate that CSE and 3-MST,
enzymes responsible for endogenous endothelial-derived
H2S production, are expressed in the cutaneous circulation
in humans (Hosoki et al. 1997; Shibuya et al. 2009). The
localization of CSE and 3-MST to the human cutaneous
microvasculature further validates the use of intradermal
microdialysis as an in vivo experimental technique to
pharmaco-dissect the role of H2S in contributing to
vascular homeostasis in healthy humans. The skin is an
accessible and representative vascular bed for the study
of the vascular signalling mechanisms (Abularrage et al.
2005; Rossi et al. 2006; Holowatz et al. 2008). CSE has been
detected in isolated human mammary arteries (Webb et al.
2008) and, when considered together with the results of
the present investigation, provides further support for the

Figure 3. Exogenous H2S with K+ channel inhibition
Summary data, expressed as the difference between baseline skin
blood flow and the cutaneous vasodilatation elicited by perfusion of
5 mM Na2S (�base) for each pharmacological treatment site. TEA and
GLY + SENI + TEA resulted in blunted vasodilatation in response to
Na2S. ∗P < 0.05 vs. Na2S.

C© 2015 The Authors. The Journal of Physiology C© 2015 The Physiological Society
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ubiquitous expression of CSE, as well as the subsequent
endogenous production of H2S, in the human vasculature.
A secondary enzymatic source of H2S, 3-MST, was also
detected. 3-MST has been reported to localize to both
the vascular endothelium and smooth muscle (Shibuya
et al. 2009; Yadav et al. 2013), and probably represents an
additional source of H2S in the cutaneous circulation.

The H2S donor molecules used in the present study,
NaHS and Na2S, have been widely used in rodent models
to examine H2S-mediated vascular function (Siebert et al.
2008; Wang et al. 2010; Liu et al. 2012; Chen et al.
2013). Both donors are inorganic salts that quickly
dissolve in solution, resulting in the immediate formation
of H2S in a pH-dependent manner, and are therefore
considered ‘fast H2S generators’ (Papapetropoulos et al.
2014). The use of these ‘fast H2S generators’ in the pre-
sent study resulted in significant dose-dependent vaso-
dilatation in the cutaneous circulation. Furthermore, there
was no difference in cutaneous vascular responsiveness
between donors. To date, only one other study has
examined the functional in vivo effects of exoge-
nous H2S in humans; that study utilized a bolus intra-
venous infusion of the H2S donor IK-1001 in healthy
adults (Toombs et al. 2010). IK-1001 did not elicit
alterations in systemic blood pressure; however, no direct
assessment of conduit or microvessel H2S-mediated vaso-
reactivity was performed (Toombs et al. 2010). Future
studies measuring H2S production and utilizing direct
pharmacological inhibition of endogenous H2S are needed
to confirm the physiological function of H2S in the human
vasculature.

Rodent studies suggests that H2S elicits vasodilatation
predominantly through activation of KATP channels and
subsequent membrane hyperpolarization (Zhao et al.
2001; Cheng et al. 2004; Webb et al. 2008; Tay et al. 2010;
Kimura, 2011; Szabo et al. 2011). More recently, SKCa,
IKCa and BKCa have emerged as additional pathways by
which H2S mediates vasodilatation in resistance vessels
(Mustafa et al. 2011; Jackson-Weaver et al. 2013). In
the present study, KATP channel inhibition with GLY
did not significantly affect the vasodilatatory response to
exogenous Na2S. By contrast to our initial hypothesis,
the data suggest that KATP channels do not appear
to mediate exogenous H2S-induced cutaneous vaso-
dilatation. Instead, H2S-induced cutaneous vasodilatation
is mediated, at least in part, by TEA-sensitive KCa channels.
The differences between the findings of the present
investigation regarding the specific channels mediating
H2S-induced vasodilatation and those reported using
murine models may be a result of the use of in vivo vs.
in vitro assessment of vascular signalling mechanisms, as
well as the concentrations of H2S delivered to the tissue. In
addition, very few selective pharmacological SKCa, IKCa, or
BKCa channel inhibitors are currently approved for use in
humans (Ataga et al. 2008; Brunt & Minson, 2012), making

C© 2015 The Authors. The Journal of Physiology C© 2015 The Physiological Society
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it challenging to precisely examine these mechanisms in an
in vivo experimental paradigm. However, SENI, a specific
antagonist for IKCa3.1 channels (Ataga et al. 2008), did
not affect the cutaneous vasodilatation in response to
exogenous H2S, suggesting that this mechanism does not
contribute to the cutaneous vascular responses to H2S in
humans.

In the present study, we also investigated potential
cross-talk that may exist in vivo between H2S signalling
and the endothelial-derived signalling molecules NO
and downstream byproducts of COX metabolism. Our
data suggest that both NO and COX-derived metabolic
byproducts are required for the full expression of
exogenous H2S-induced cutaneous vasodilatation. The
literature regarding the interaction between H2S and
NO is equivocal (Li et al. 2006; Cai et al. 2007; Kubo
et al. 2007; Wang et al. 2010; Kondo et al. 2013).
For example, mice treated orally with H2S have an
upregulation of endothelial NO synthase and increased
NO bioavailability (Kondo et al. 2013). By contrast, H2S
has also been reported to inhibit endothelial NO synthase
activity via alterations in the co-factor tetrahydrobiopterin
(Kubo et al. 2007). The present findings suggest a
synergistic interaction between exogenous H2S and
NO in mediating cutaneous vasodilatation in young
adults, as indicated by attenuated H2S-induced cutaneous
vasodilatation during NO synthase inhibition with
L-NAME. Limited data exist regarding the signalling inter-
action between H2S and COX-derived byproducts. H2S
upregulates the COX-2/prostacyclin pathway in isolated
human pulmonary artery smooth muscle cells, creating
a pro-vasodilatatory environment (Li et al. 2014). We
found a significant interaction, albeit weaker, between
H2S and COX byproducts, as indicated by the reduced
vascular sensitivity to exogenous H2S during concurrent
COX inhibition. By contrast to the blunted vaso-
dilatatory response during COX inhibition in the present
study, the use of the COX inhibitor flurbiprofen during
H2S-induced vasodilatation with a slow-release donor
resulted in augmented vasodilatation in pre-constricted
bovine conduit vessels (Chitnis et al. 2013). The reasons
for these differing conclusions are unclear, although they
may be related to the choice of COX inhibitor, the type of
H2S donor, the vascular bed examined or the difference
between in vitro and in vivo investigation of signalling
mechanisms. Surprisingly, concurrent inhibition of both
NO and COX signalling pathways did not further attenuate
cutaneous vasodilatation in response to exogenous H2S.
However, when considered collectively, the findings of
the present study indicate that exogenous H2S interacts
with both NO and COX-derived metabolic byproducts to
mediate cutaneous vasodilatation in healthy humans.

As a necessary first step, the present study utilized
exogenous sources of H2S to characterize cutaneous
vascular end-organ responsiveness and the mechanisms

by which these responses occur. We did not specifically
test the functional role of H2S in the control of cutaneous
blood flow during physiological stimuli (i.e. local skin
and reflex heating). However, given the extensive work
that has been carroed out aiming to determine the
mechanisms underlying the control of skin blood flow
during these physiological stimuli, we speculate that
H2S may contribute as a putative EDHF during local
heating-induced and reflex-mediated cutaneous vaso-
dilatation. Local heating-induced increases in cutaneous
blood flow are primarily mediated by endothelial NO
synthase- (Bruning et al. 2012) and epoxyeicossatrienioc
acid-dependent mechanisms (Brunt & Minson, 2012);
however, as an EDHF, H2S may also contributing to
local thermal hyperaemia. During reflex cutaneous vaso-
dilatation, both NO and COX-derived vasodilatator
products, along with EDHFs, contribute to the full
expression of this response (McCord et al. 2006). Given
the role of cholinergic nerves (Kellogg et al. 1995) and
the downstream interactions of these pathways in reflex
cutaneous vasodilatation (McCord et al. 2006), it is
plausible that H2S may also play a role as a putative EDHF
during reflex vasodilatation.

These studies served to characterize the mechanisms
mediating the functional vasodilatatory role of H2S in
the healthy human vasculature. We demonstrated the
presence of the enzymes responsible for endogenous
H2S production in the cutaneous microvasculature and
suggest a role for H2S in mediating cutaneous vascular
relaxation. These findings have potential implications for
an important functional role for H2S in vivo. Future studies
designed to delineate the physiological role of H2S in
modulating vascular function in humans are warranted,
particularly studies aimed at measuring H2S production
and utilizing direct pharmacological inhibition of end-
ogenous H2S. There is substantial evidence from
rodent studies suggesting that dysregulation of H2S
probably plays an important role in the pathogenesis
of hypertension-associated vascular dysfunction via its
effects on blood pressure regulation, vessel function and
remodelling, and inflammatory processes (Yan et al.
2004; Jiang et al. 2005; Liu et al. 2010; Taniguchi et al.
2011). Future investigation of the potential role for H2S
in the modulation of vascular regulation in humans
may therefore have important clinical implications for
understanding the mechanisms underlying the vascular
dysfunction characteristic of multiple cardiovascular
pathologies.
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