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Abstract

Endogenously produced hydrogen sulfide is thought to function as an intracellular messenger. There is, how-
ever, little information on tissue concentrations of free hydrogen sulfide, the putative messenger form of this
molecule, versus that of the bound (acid-labile) form. The present report describes the application of a novel
technique to measure free and acid-labile hydrogen sulfide in mouse tissues. Very low free hydrogen sulfide
concentrations (<0.050 yumol/kg) were observed in brain, liver, blood, heart, kidney, striated muscle, and
esophagus. Aortic concentrations of free hydrogen sulfide were 20 to 100 times greater than that of the other
tissues. Acid-labile hydrogen sulfide concentrations were multiple orders of magnitude greater than that of the
free form in every tissue other than aorta. Previous reports of tissue hydrogen sulfide concentrations of 30 to
>100 umol/kg measured bound rather than free hydrogen sulfide, the observation that aorta contains anoma-
lously high free hydrogen sulfide concentrations lends support for a vasodilator function for this molecule, and
the very low free hydrogen sulfide concentrations in most tissues seemingly requires intermediation of a yet to
be described receptor-like mechanism if this molecule is to serve as a gasotransmitter. Antioxid. Redox Signal. 15,

373-378.

Introduction

UNTIL RECENTLY THE BIOLOGIC IMPORTANCE of hydrogen
sulfide was simply that of an environmentally produced,
highly toxic, malodorous gas. However, mammalian enzymes
cystathionine f-synthase (EC 4.2.22) and cystathionine y-lyase
(CSE; EC 4.4.1.1) have been shown to catalyze the release of
hydrogen sulfide from cysteine (23, 24). In the case of cy-
stathionine f-synthase this hydrogen sulfide release occurs via
condensation of cysteine and homocysteine (22). In addition,
it has been proposed that under physiological conditions
free hydrogen sulfide can be released from a bound form in
the brain (12). Free hydrogen sulfide has been postulated to
serve as an endogenously produced gaseous mediator of mul-
tiple cellular functions, including neurotransmission (1, 13),
smooth muscle function (11, 25), intestinal secretion (21), and
inhibition of cellular proliferation (29).

Evidence that hydrogen sulfide acts as an intracellular
messenger rests, in part, on a multiplicity of in vitro studies
showing that tissue function is altered by exposure to NaHS in
the tissue bath. At physiological pH, free H,S is in equilibrium
with HS™ (pKa = 6.9) with about 2/3 existing as HS™ and 1/3

as H,S. In this article, the sum of both molecular forms will be
referred to as hydrogen sulfide, whereas the term H,S will be
reserved for the diprotonated, volatile form. In virtually all
the in vitro studies, a tissue bath hydrogen sulfide concen-
tration of at least 100 M has been required to produce major
changes in tissue function (1, 11, 13, 21, 25, 29). This relatively
high hydrogen sulfide concentration has been considered to
be physiologic, with multiple reports cited to support the
concept that tissue hydrogen sulfide concentrations normally
range from 30 to >100 uM (5, 8-10, 15, 18, 20).

Hydrogen sulfide exists in tissue in a free form (H,S = HS™)
or in a variety of bound forms, which may be acid-labile or acid-
stable. The acid-labile forms include persulfides and iron—sulfur
clusters (26). If H,S is to serve as a gasotransmitter, the con-
centration of free hydrogen sulfide, as opposed to the bound
acid-labile hydrogen sulfide, must be of sufficient magnitude to
alter tissue function. Thus, the distinction between bound and
free hydrogen sulfide has important physiological implications.
In the present report, we describe the application of a new
technique to obtain measurements of both free and acid-labile
hydrogen sulfide concentrations in single, small tissue speci-
mens obtained from multiple organs of the mouse.
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Materials and Methods

Animal Studies were approved by the Animal Care Sub-
committee of the Minneapolis Veterans Administration
Medical Center. Measurements were carried out on tissues
obtained from mice anesthetized with pentobarbital. The tis-
sues and the number of animals studied were as follows:
skeletal muscle from the thigh, 4; liver, 4; heart, 4; aorta, 10;
kidney, 7; brain, 4; esophagus, 4; and whole blood, 6. (We
elected to study the esophagus because this segment of gut
was likely to be free of H,S producing organisms.) No more
than four tissue samples were obtained from an individual
mouse. The tissues were removed in such an order that the
mouse was alive for as long as possible before tissue removal.
Thus, samples of muscle, liver, kidney, and esophagus were
obtained first followed by tissues whose removal resulted in
death (i.e., heart, brain, and aorta). Blood was obtained by
cardiac puncture. Tissues were removed within 2min of
death. All manipulations of tissue were carried out in poly-
propylene containers, and all reagents and containers (tissue
grinder, syringes, etc.) were precooled to ice water tempera-
ture. Immediately after removal, each individual tissue sam-
ple was submerged in 0.6 ml of 50 mM glycine-NaOH buffer
(pH 9.3) contained in a preweighed 1.6 ml micro-centrifuge
tube, and the tube was reweighed to obtain the weight of
tissue. Tissue weights ranged from 2.0 to 50 mg. The tissues
were immediately homogenized in the glycine-NaOH buffer
solution using a polypropylene pestle attached to a pellet
pestle motor. The homogenate had a pH of 9.0 to 9.1. Two
0.25ml aliquots of the homogenate were then transferred to
5ml polypropylene syringes fitted with stopcocks. The sy-
ringes were flushed with N, and 4.75 ml of N, was added to
the syringes, which were sealed. The pH of the homogenate
was then reduced to 5.8-5.9 wviz addition of 0.25ml of a
100 mM sodium hydrogen phosphate solution (pH 5.5) to the
homogenate-containing syringes. The sealed syringes were
vigorously mixed for 10s via application to a vortex stirrer,
and a 0.3ml aliquot of the gas space was immediately re-
moved and analyzed for H,S via gas chromatography to de-
termine free hydrogen sulfide concentration. Then, 0.5 ml of
50% trichloroacetic acid was added to the syringe, which was
sealed and again vigorously stirred for 10s, and the H,S
concentration of a 0.3 ml aliquot of gas was assayed to deter-
mine the acid-labile hydrogen sulfide concentration present in
tissue. Preliminary studies showed that incubation and con-
tinued stirring for an additional 2 min after each acidification
did not increase the H,S concentration over that observed at
the initial measurement. The blanks for these reactions con-
sisted of 0.25ml of the glycine-NaOH buffer (without tissue)
treated exactly as described for the tissue-containing solution.
The concentration of H,S in the gas space over the tissue-free
blank was subtracted from the value observed with tissue to
obtain the gas space H,S attributable to tissue.

Gas chromatography and protein analyses

The concentration of H,S was determined using a gas
chromatograph (Hewlett-Packard) equipped with a chemi-
luminescence sulfur detector (Sievers, Model 355, Boulder,
CO). A 0.3 ml gas sample was injected onto a 2.4-m-long, 3.1-
mm-diameter Teflon column packed with Chromosil 330,
maintained at 80°C. The carrier gas was nitrogen at a flow rate
of 25 ml/min. The concentration of H,S was determined by
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comparison to a calibration curve generated with known
concentrations of H,S. As shown in Figure 1A, HyS elutes
more rapidly than do other sulfur gases, and the sensitivity of
the detector is such that standards containing H,S concen-
trations of 10 parts per billion (ppb) and 2 ppb, respectively,
yield peaks roughly 15 and three times that of background
noise (Fig. 1B, C). The linearity of the detector response to H,S
falls off by about 20% over a concentration range of 2 to
100 ppb (see Fig. 2). Tissue protein concentration was deter-
mined by the Coomassie protein assay (Pierce Chemical Co.,
Rockford, IL) using bovine serum albumin as a standard.

Calculations

The hydrogen sulfide (H,S + HS™) that existed in tissue at
each of the two pH’s of 5.8 and <1 (trichloracetic acid treated)
was determined from the volume of H,S in the gas phase plus
the hydrogen sulfide calculated to be dissolved in tissue,
which was calculated as follows. The aqueous solubility of
H,S at 4°C is about 4.0 ml of H,S/ml water/760 torr H,S, and
this value is independent of the pH of the solution (2). The
concentration of HS™ in solution for a given concentration of
dissolved H,S was calculated from the pH of the solution and
a pKa for HyS— HS™ of 6.9 (3). At pH 5.9, the pH of the
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FIG. 1. Gas chromatography tracings of authentic sulfide
compounds. (A) shows the separation of volatile sulfur
compounds that are thought to exist it vivo. From left to right
the peaks are H,S, methyl mercaptan (CH;SH), and dimethyl
sulfide (CH3SCH3). H,S elutes with a retention time of ~30s.
(B, O), respectively, show the peaks obtained with 10 and 2
parts per billion H,S.
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FIG. 2. Linearity of the detector response to H,S stan-
dards ranging from 2 to 100 parts per billion.

mixture of the glycine-NaOH buffer containing homogenate
and the phosphate solution, the ratio of H,S to HS™ in solution
is about 9:1. At the very acidic pH of the trichloroacetic acid
sample, virtually all dissolved hydrogen sulfide is present as
H,S. Assuming that no acid-labile H,S is released at pH 5.9
(12), the total free hydrogen sulfide that would exist in tissue
under physiological conditions was determined from tissue-
derived H,S at pH 5.9. Acid-labile sulfide was similarly cal-
culated from the H,S in the gas space after acidification with
trichloroacetic acid. These quantities of hydrogen sulfide were
normalized for the weight or protein concentration of tissue,
and the concentrations of hydrogen sulfide were expressed as
umol/kg tissue or umol/kg protein. To determine the recov-
ery of a known quantity of free hydrogen sulfide using the
above methodology, 0.25 ml of a solution containing 0.030 uM
NaHS in glycine-NaOH buffer (50 mM, pH 9.3) was trans-
ferred into the syringes and the analytical process was then
carried out exactly as described for the tissue samples.
Quadruplicate analyses showed that the recovery of free hy-
drogen sulfide averaged 88% =+ 5%.

Results

The mean + standard error of the mean concentrations of
free hydrogen sulfide (umol/kg) in the various tissues are
shown in Figure 3, and the acid-labile concentrations are
shown in Figure 4. Table 1 presents these data in units of
umol/kg protein. The mean concentrations of free hydrogen
sulfide in liver, blood, kidney, esophagus, brain, and heart
were all very low, ranging from a low of 0.004 =+ 0.002
umol/kg for liver to 0.055=+0.027 umol/kg for heart. The
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FIG. 3. Free hydrogen sulfide concentration (umol/kg) in
various tissues of the mouse. Data are presented as
mean =+ standard error of the mean.

concentrations in the aorta were quite variable but averaged
1.0+ 0.30 umol/kg, 20 to 200 times greater than that of the
other tissues. Acid-labile hydrogen sulfide concentrations of
the various tissues (see Fig. 4) were several orders of magni-
tude greater than the free hydrogen sulfide concentrations,
ranging from a low of 2.5+ 1.0 umol/kg in whole blood to
304 £ 152 umol/kg in cardiac tissue. When normalized for
protein concentration (Table 1), the relative concentrations of
hydrogen sulfide of various tissues were similar to data nor-
malized for weight; however, the absolute values were
roughly 10-fold higher.

Discussion

In a previous publication (6), we assessed free hydrogen
sulfide in mouse brain and liver via measurements of the H,S
concentration in the gas space over liver and brain tissue
macerated in sealed syringes. The goal of the present study
was to measure both the free and the acid-labile hydrogen
sulfide concentrations of tissues that could not be macerated
(e.g., muscle containing tissues), and therefore required tissue
homogenization.

Several factors can influence the accuracy of assays that
purport to measure the free hydrogen sulfide concentration of
tissue. First, H,S rapidly diffuses from the biopsied tissue
sample into the atmosphere. To eliminate such diffusion, tissue
samples were immediately immersed in and homogenized in
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FIG. 4. Acid-labile hydrogen sulfide concentration

(umol/kg) in various tissues of the mouse. Data are pre-
sented as mean =+ standard error of the mean.

TABLE 1. MEAN =+ STANDARD ERROR OF THE MEAN OF FREE
AND AcID-LABILE HYDROGEN SULFIDE CONCENTRATIONS
OoF T1ssuEs NORMALIZED FOR PROTEIN CONTENT

Acid-labile

Free hydrogen sulfide hydrogen sulfide

Tissue (umol /kg protein) (umol /kg protein)
Liver 0.034+0.02 1090 £ 544
Brain 0.12£0.06 916 +458
Heart 0.394+0.20 2160 + 1078
Skeletal muscle 0.09 +£0.04 192 +£96.8
Esophagus 0.284+0.14 4214210
Kidney 0.24+0.09 21204808
Blood 0.074+0.03 12.6 £5.15
Aorta 9.20+2.9 1460 & 461
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a basic solution such that H,S diffusing from the tissue would
be trapped as HS™. Second, tissues have the capability of
enzymatically producing (23, 24) and catabolizing (7) free
H,S, with the balance between these two reactions deter-
mining the tissue concentration of free hydrogen sulfide.
Alteration of this balance during the analytical technique
influences the accuracy of the estimation of the free hydrogen
sulfide concentration that existed in vivo. To minimize such
alterations, the entire analytical process for free hydrogen
sulfide was carried out rapidly (over a several minute period)
at 4°C, a temperature that should reduce both the production
and consumption rates. Third, hydrogen sulfide tends to
rapidly react with glass and metal; thus, all procedures were
carried out in vessels made of polypropylene, which we have
shown to be relatively unreactive with hydrogen sulfide (14).
Lastly, free hydrogen sulfide must be differentiated from the
bound forms of this compound. In the present study, H,S
measurements of the gas space over the homogenate were
first carried out at pH 5.9, a pH at which the majority of free
hydrogen sulfide exists as H,S but at which acid-labile hy-
drogen sulfide remains intact (12). Subsequent strong acidi-
fication of the homogenate then released acid-labile
hydrogen sulfide, making possible measurement of the acid-
labile hydrogen sulfide concentrations in the same tissue
sample.

Using a somewhat different technique than was employed
in the present study, we previously found that the free hy-
drogen sulfide concentrations of liver and brain were only
about 0.015 umol/kg (6). In addition, the nearly unmeasurable
concentrations of H,S we found in human expired air sug-
gested that the free H,S concentration of human blood simi-
larly must be very low. In the present study, we once again
observed very low free hydrogen sulfide concentrations
(mean values <0.011 umol/kg) in liver, brain, and blood (see
Fig. 3). Low concentrations also were observed in cardiac and
striated muscle, kidney, and esophagus with the highest value
(0.055 umol/kg) observed in cardiac muscle. Although there
was appreciable variation between animals, the mean hy-
drogen sulfide concentration of aortic tissue (1.02+0.32
umol/kg) was 20 to 100 times greater than that observed for
the other tissues.

In contrast to the nanomolar concentrations of free hydro-
gen sulfide found in most tissues, the concentrations of the
bound, acid-labile form of this molecule was present in mi-
cromolar concentrations, ranging from 2.3 umol/kg in blood
to 300 umol/kg in cardiac tissue (Fig. 4). In all tissues other
than aorta, bound exceeded free hydrogen sulfide concen-
tration by at least three orders of magnitude. Thus, it seems
likely that the claims that the messenger form of H,S in var-
ious tissues ranges in concentration from 30 to >100 uM ac-
tually reflect measurements of bound, acid-labile hydrogen
sulfide. In addition, H,S synthesis by tissue commonly is
measured using a technique in which trichloroacetic acid is
used to stop the reaction at the end of the incubation period
(19, 27). The addition of trichloroacetic acid releases the acid-
labile sulfide in the tissue and, thus, erroneously elevates the
quantity of free H,S calculated to have been synthesized
during the incubation.

A novel observation of the present study was the finding of
relatively high free hydrogen sulfide concentrations in aortic
tissue relative to that of other tissues. The very low concen-
trations of hydrogen sulfide in blood exclude the possibility
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that blood contamination accounted for these high aortic
concentrations. Although it seems likely that smooth mus-
cle, the predominant component of the aorta, contained the
hydrogen sulfide, further studies will be required to eval-
uate this supposition. The uniquely high free hydrogen
sulfide concentration of aortic tissue suggests that this
molecule may play a role in the function of this tissue,
presumably as a signaling molecule. Such a messenger role
for hydrogen sulfide in vascular tissue is supported by a
variety of in vitro studies, indicating that hydrogen sulfide
induces vasodilatation and an in vivo study demonstrating
that administration of cysteine (a substrate for H,S synthesis
by CSE) causes vasodilatation, whereas proparglycine (an
inhibitor of H,S synthesis by CSE) causes vasoconstriction
(4). In addition, Yang et al. (30) provided strong support for
a physiological role for H,S by demonstrating that hyper-
tension developed in mice with a targeted deletion of the
CSE encoding gene, a deletion that should reduce H,S
production from cysteine. In support of the concept that
hydrogen sulfide production was decreased in their
knockout mice, the authors reported that wild-type mice
had a blood H,S level of ~40uM, with concentrations of
~32 and 19uM observed in CSE™/* and CSE™/~ mice.
However, these blood concentrations are >1000-fold higher
than the 0.013 umol/kg concentration we measured for
free hydrogen sulfide concentration in blood and exceed
the value (2.5 umol/kg) we observed for acid-labile hydro-
gen sulfide concentration in blood. This discrepancy pre-
sumably is attributable to methodological differences in that
Yang et al. employed an ion selective electrode to measure
hydrogen sulfide. A priori, it appears that this electrode
was assessing something other than free hydrogen sulfide
since the odor of a solution containing 40 uM free hydrogen
sulfide would be clearly discernible by the human nose (6),
and we are unaware of reports of blood possessing a strong
H,S odor.

Although most in vitro studies have required at least a
100 uM hydrogen sulfide concentration to induce alterations
in tissue function, it has been demonstrated that a 1 uM con-
centration of hydrogen sulfide is sufficient to partially inhibit
cytochrome C oxidase (17). Thus, there is evidence that the
in vivo concentration of hydrogen sulfide we observed in
aortic tissue (1 umol/kg) could directly influence tissue me-
tabolism and function. We are unaware of data showing that
the very low concentrations of free hydrogen sulfide (<0.05
umol/kg) observed in all tissues other than aorta can directly
influence metabolic pathways, which raises a question as to
the potential for this molecule to serve as a gasotransmitter in
these tissues. If hydrogen sulfide is to serve as an intracellular
messenger in nonaortic tissue, it seems necessary to postulate
that free H,S/HS™ be released in proximity to some sort of
receptor mechanism, which in turn activates biological ac-
tivity. In this situation, hydrogen sulfide could produce a
signal, while tissue catabolism would maintain the overall
tissue hydrogen sulfide concentrations at very low levels,
such as is the case with acetylcholine (16, 28). Confirmation of
this postulate awaits the demonstration of a receptor-like
mechanism for hydrogen sulfide.
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