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a b s t r a c t

This review deals with the measurement of the volatile sulfur compounds hydrogen sulfide, methanethiol
and dimethyl sulfide in various biological matrices of rats and humans (blood, serum, tissues, urine, breath,
feces and flatus). Hydrogen sulfide and methanethiol both contain the active thiol (–SH) group and appear
in the free gaseous form, in the acid-labile form and in the dithiothreitol-labile form. Dimethyl sulfide
is a neutral molecule and exists only in the free form. The foul odor of these sulfur volatiles is a striking
characteristic and plays a major role in bad breath, feces and flatus. Because sulfur is a biologically active
element, the biological significance of the sulfur volatiles are also highlighted. Despite its highly toxic
properties, hydrogen sulfide has been lately recommended to become the third gasotransmitter, next to
nitric oxide and carbon monoxide, based on high concentration found in healthy tissues, such as blood
and brain. However, there is much doubt about the reliability of the assay methods used. Many artifacts
in the sulfide assays exist. The methods to detect the various forms of hydrogen sulfide are critically
reviewed and compared with findings of our group. Recent findings that free gaseous hydrogen sulfide is
absent in whole blood urged the need to revisit its role as a blood-borne signaling molecule.

© 2009 Elsevier B.V. All rights reserved.
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. Introduction

This review deals with the measurement of the volatile sulfur
ompounds (VSCs) hydrogen sulfide (H2S), methanethiol (methyl
ercaptan, CH3SH, MT) and dimethyl sulfide (CH3SCH3, DMS) in

arious biological mammalian matrices, viz. blood, serum, tissues,
rine, breath, feces and flatus. The VSCs have a bad reputation,
ainly because of their toxicity and of their bad odor. The three

SCs are metabolites of the sulfur-containing amino acids cysteine
nd methionine. The various pathways are summarized in Fig. 1.

H2S is synthesized endogenously in various mammalian tis-
ues by desulfhydration of cysteine, catalyzed by at least two
nzymes responsible for metabolizing l-cysteine: cystathionine
-synthase (EC 4.2.1.22) and cystathionine �-lyase (EC 4.4.1.1). It
an also be synthesized endogenously from l-methionine through
he transsulfuration pathway, with cysteine being an intermediate
n the process [1,2]. Considerable amounts of H2S are formed by
naerobic bacteria in the intestinal tract [3,4,5]. MT is formed from
ethionine by the enzyme l-methionine �-lyase (EC 4.4.1.11) [6,7],

n mammalian tissues as well as by bacteria in the intestinal tract.
T may also be formed via transamination of methionine out of

-methylthiopropionate [8,9]. DMS is also a product of methionine
ransamination [9,10]. DMS can be formed via methylation of MT
y the enzyme thiol S-methyltransferase (EC 2.1.1.9) [11]. The same
nzyme can convert H2S into MT. The importance of these methy-
ations in the gut were questioned by Levitt’s group [12,13]. They
ound that in cecal mucosa MT was first demethylated to H2S and

2S was then oxidized to thiosulfate and sulfate. Conversion of MT
nto H2S and sulfate was also observed by Benevenga [14] and by
s in whole blood [15]. Conversion of MT into H2S is catalyzed by
ethanethiol oxidase (EC 1.8.3.4) [16]. DMS is the dominant bio-

enic sulfur compound in the marine atmosphere and essential to
he global sulfur cycle. It is formed out of dimethylsulfoniopropi-
nate, a sulfonium ion abundantly present in algae [17].

H2S is extremely toxic to humans [18]. Its toxicity resembles that
f hydrogen cyanide. The main metabolism of H2S is: (1) oxidation
o sulfate; (2) methylation to MT and DMS; and (3) reaction with

etallo- or disulfide-containing proteins. The first two metabolic
athways can be regarded as detoxification routes. The methyla-
ion reactions [11] were regarded as a detoxification mechanism
ince the mono- (MT) and dimethylated (DMS) products have been
escribed as progressively less toxic than H2S [19]. Especially the
oxicity of DMS was substantially lower than that of H2S and MT
20]. The reaction of H2S with essential proteins is believed to be
argely responsible for the toxic action of H2S. Similar to cyanide,
2S is a potent inhibitor of cytochrome oxidase and has also been
hown to inhibit certain metalloproteins [18].

In the past few years, H2S has also been postulated to be a
iologically gaseous mediator with potential roles in several phys-
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3376

iological processes and disease states [21–24]. Most results were
based on the finding of high concentrations of H2S (10–300 �M) in
healthy tissues and blood [21–25]. Two reports recently found that
tissue H2S concentrations were orders of magnitude lower than
presently accepted values [26] and that H2S was undetectable in
blood [27], casting doubt about H2S serving as a blood-borne signal-
ing molecule. It is therefore highly important to critically review the
analytical methods to measure H2S. Results on the presence of MT
and DMS in biological matrices come mainly from our group. Other
VSCs, such as dimethyl disulfide (CH3SSCH3, DMDS, oxidation prod-
uct of MT), dimethyl sulfoxide and dimethyl sulfone (CH3S(O)CH3
and CH3S(O)2CH3, oxidation products of DMS), carbonyl sulfide
(COS), carbonyl disulfide (CS2) and sulfur dioxide (SO2) are less
abundant in mammals and less frequently cited and stay outside
the scope of this review.

1.1. Definition of the various forms of the VSCs

1.1.1. Forms of H2S
There is some lack of clarity about the various forms of H2S.

In this review analysis of the following forms will be discussed:
free H2S, acid-labile sulfide (ALS) and dithiothreitol-labile sulfide
(DLS). Each form probably has completely different physiological
aspects. It is therefore highly important to differentiate between
the various forms which was not always done in literature. In most
reports where analysis of sulfide has been described, the exact form
of H2S has not been clarified.

1.1.1.1. Free H2S. This is the form also known as inorganic sulfide.
Inorganic sulfide can be present as H2S, HS− or S2− in the aqueous
state and as H2S in the gas phase. The pKa values for the first and
second dissociation steps of H2S are 7.04 and 11.96, respectively.
Therefore, in the aqueous state, at physiologic pH 7.4 approxi-
mately one third exists in the undissociated volatile form (H2S) and
the remainder largely as the hydrosulfide anion (HS−). Very small
amounts of sulfide anion (S2−) are present [18]. There is consider-
able ambiguity in literature regarding the terms describing free H2S.
Besides inorganic sulfide, hydrogen sulfide, sulfide and total sulfide
are used. Whitfield et al. [27] denotes the sum of H2S and HS− as
total sulfide. However, this is confusing because other reports also
use this term for ALS or DLS. We prefer to use the term “free H2S” for
denoting the sum of H2S and HS−. It is not known whether H2S, HS−,
or both are biologically active. Even the other forms of H2S, ALS and
DLS, might contribute to the biological activity. Precautions must
A. Tangerman / J. Chromatogr. B 877 (2009) 3366–3377 3367
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prevent volatilization of H2S in the open air, thereby escaping detec-
tion. After withdrawal from the patient, the sample (blood, urine)
was immediately injected in evacuated vials after which the H2S-
containing gas phase was sampled quantitatively and measured by
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ig. 1. Pathways of production of VSCs from methionine and cysteine in mammalia
ynthase, reactions 2 by cystathionine �-lyase, reactions 3 by thiol S-methyltransfer
ercaptan oxidase). CysSH, cysteine; RSH, thiol; RSSR, disulfide.

as chromatography (GC) [28]. It is difficult to quantitatively mea-
ure free H2S in serum or plasma because appreciable amounts will
scape during the process of centrifugation. Free H2S is the only
orm of H2S present in gaseous samples (breath, flatus).

.1.1.2. Acid-labile sulfide (ALS). ALS is the form from which H2S is
iberated when a biological matrix is treated under acidic condi-
ions. Two terms, namely acid-labile sulfide and acid-labile sulfur,
re used [25]. The latter term is misleading because the acid-labile
T would also fall under the acid-labile sulfur. It has been estab-

ished that ALS is contained in iron–sulfur clusters of non-heme
ron–sulfur proteins (e.g. ferredoxins) [25,29]. However, not all ALS
s contained in iron–sulfur clusters. When free H2S, if present, was
ot completely removed before ALS determination, ALS might be
ontaminated with free H2S. Removal of free H2S from aqueous
amples can be done by purging the solution with nitrogen, forcing
he free H2S to escape in the open air.

.1.1.3. Dithiothreitol-labile sulfide (DLS). DLS is the form from
hich H2S is liberated when a biological matrix is treated with

ithiothreitol (DTT). This form belongs to the class of biological
ulfane sulfur. Sulfane sulfur atoms are defined as divalent sulfur

toms bonded only to other sulfur, except that they may also bear
onizable hydrogen at some pH values [30–33]. The following labile
ulfane compounds have been shown to be involved in biochemical
ystems [25,29,32]: elemental sulfur (S8) associated with protein,
ydrodisulfides, frequently called persulfides (R–SSH), polysul-
ues (above) and by bacteria (below). Reactions 1 are catalyzed by cystathionine �-
action 4 by l-methionine �-lyase, and reaction 5 by methanethiol oxidase (methyl

fides (R–Sn–R) where n ≥ 3, polythionates (−O3S–Sn–SO3
−) where

n ≥ 1, thiosulfate (SSO3
2−), and thiosulfonates (R–S(O2)S−). Vari-

ous physiological functions of sulfane sulfur have been reported, in
particular of persulfides.

Not all sulfane compounds do release H2S on treatment with
DTT. Sulfide liberated from proteins by DTT (DLS) appears to include
persulfides (protein–S–SH) and elemental sulfur. Instead of DLS,
many other terms, such as protein-associated sulfur, protein-bound
sulfur, tissue-bound sulfide, bound sulfur, sulfide liberated by DTT
(or reduction), and non-acid-labile sulfide, have been used in the
literature [25]. Again, just as described for ALS, DLS might be
contaminated with free H2S, if present, when free H2S was not
completely removed before DLS determination.

1.1.2. Forms of MT (CH3SH)
In contrast to H2S, much less is known about the physiological

significance of MT and of the various forms of MT. Most of it comes
from our group [9,15,28,34–38]. Besides free MT, an acid-labile MT
(ALM) and a dithiothreitol-labile MT (DLM) were found. The exact
structures of ALM and DLM are not yet known. MT may also exist
in its oxidized form DMDS (CH3SSCH3). No special attention in this
review will be given to the latter one.
1.1.2.1. Free MT. MT is a very weak acid with a pKa of 10.4. At physi-
ologic pH 7.4, nearly all MT exists in the undissociated volatile form.
Very minor amounts (one thousandth) are present as the anion
(CH3S−). Therefore, just as described above for free H2S, precau-
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ions must be taken to measure free MT in aqueous samples (blood,
rine) to prevent volatilization of MT in the open air, thereby escap-

ng detection. Free MT is the only form of MT present in gaseous
amples (breath, flatus).

.1.2.2. Acid-labile MT (ALM). ALM is the form from which MT is lib-
rated when a biological matrix is treated under acidic conditions.
LM was first detected in serum and urine [28]. Diaflo ultrafil-

ration experiments showed that its molecular weight was below
00. At that time, methyl-�-D-thioglucuronide was proposed to
e a possible candidate. The exact nature is still unknown but
xperiments with DEAE-Sephadex column chromatography have
hown that ALM consists of at least two compounds. When free
T, if present, was not completely removed before ALM deter-
ination, ALM might be contaminated with free MT. Removal of

ree MT from aqueous samples can be done by purging the solu-
ion with nitrogen, forcing the free MT to escape in the open
ir.

.1.2.3. Dithiothreitol-labile MT (DLM). DLM is the form from which
T is liberated when a biological matrix is treated with DTT. DLM
as detected in serum [9,28] and urine [9,10]. In serum, part of
T is bound to proteins in a disulfide linkage: protein–S–SCH3,

nd part as a disulfide linkage to a compound X: X–S–SCH3 (X yet
nknown). The first form reacts with DTT at neutral pH and the
econd form at pH 10. In urine, MT is bound via a disulfide linkage
o the compound X with a molecular weight <500: X–S–SCH3. Just
s described for ALM, DLM might be contaminated with free MT,
f present, when free MT was not completely removed before DLM
etermination.

.1.3. Forms of DMS (CH3SCH3)

.1.3.1. Free DMS. In contrast to the thiols H2S and MT, containing
reactive –SH group, DMS is a neutral molecule which does not

eact with proteins and which is quite stable in various biologi-
al matrices. Free DMS is the only form known which is present in
ammals. In plants, two precursors of DMS have been found, viz.
-methylmethionine [39], also known as vitamin U, and dimethyl-
ulfoniopropionate [17,39]. Both belong to the class of sulfonium
ons and can be catabolyzed to DMS after thermal or enzymatic
egradation. DMS has an important role in flavoring many cooked
egetables and beer [39].

able 1
broad scheme of the procedures for measuring the various forms of the VSCs.

ree concentrations of VSCs in blood, tissues, urine and feces

- No preceding chemical modification of the sample.
- To prevent losses of the free gaseous VSCs, immediate transfer of the sample into a sto
- Exhaustive sampling of the free VSCs by consecutive headspace samplings.
- Preconcentration of the headspace samplings onto Tenax trap tubes, followed by GC a
- Breath and flatus only contain free VSCs.
- DMS only exists in its free form in all biological matrices.

ound concentrations of the VSCs H2S and MT in blood, plasma, urine and feces

cid-labile forms
- First removal of free VSCs by purging the sample with nitrogen.
- Collection of the sample in a stoppered 15 ml vial.
- Release of the VSCs by pretreatment of the sample with HCl.
- Preconcentration of the released VSCs by headspace sampling onto Tenax trap tubes,

sample for GC.

ithiothreitol-labile forms
- First removal of free VSCs by purging the sample with nitrogen.
- Collection of the sample in a stoppered 15 ml vial.
- Release of the VSCs by pretreatment of the sample with DTT and then with three time
- Preconcentration of the released VSCs by headspace sampling onto Tenax trap tubes,
877 (2009) 3366–3377 3369

2. Experimental (authors newly presented experiments)

Our procedures for measuring the various forms of VSCs are
summarized in Table 1. A detailed description is given in the text.

2.1. Free concentrations of the VSCs in blood and urine

Free concentrations of VSCs in blood and urine were measured
by GC in essentially the same way as described for DMS in blood
[28]. Complete release of DMS from blood required 8 consecutive
samplings of 60 ml of headspace gas. For the more volatile H2S and
MT, 3 headspace samplings were already sufficient for a recovery
of more than 90%. For routine measurements one might also apply
one headspace gas sampling of 60 ml. In that case the GC outcome
has to be corrected for the recovery in that first sampling [28].

2.2. Bound forms of H2S and MT in serum and urine

DLS and ALS in serum and urine were measured in essentially
the same way as described for DLM and ALM, respectively, in serum
and urine [9,28]. DLS: To 50–250 �l serum or urine in a stoppered
15 ml vial were added 250 �l of DTT (10 mg/ml = 65 mM) in 0.1 M
Tris (pH 8). The mixture was vortexed for 10 s and left at room tem-
perature for 1 min. The H2S was then released into the headspace
by addition of 50–100 �l of 3 times diluted acetic acid, sampled
quantitatively as shown above (Section 2.1) and measured by GC.
Addition of diluted acetic acid facilitates the release of H2S into
the headspace. Without acid addition the H2S can also be sampled
quantitatively by consecutive sampling. The concentration of DTT
(65 mM) may vary (2–65 mM) without a different outcome in DLS.
ALS: To 50–250 �l serum or urine in a stoppered 15 ml vial were
added 250 �l of 5 M HCl. The mixture was vortexed for 10 s and left
at room temperature for 1 min. The released H2S was then sampled
quantitatively (see Section 2.1) and measured by GC.

2.3. Bound forms of H2S and MT in tissues

Tissues of male Wistar rats (1 g) were homogenized with 2 ml of
0.25 M sucrose in 20 mM Tris (pH 7.4) with an all glass tissue grinder

(Potter-Elvehjem). DLS, DLM, ALS and ALM in tissue homogenates
were measured in essentially the same way as described for DLM
and ALM in serum and urine [9,28]. DLS and DLM: To 100 �l tissue
homogenate in a stoppered 15 ml vial were added 250 �l of DTT
(10 mg/ml = 65 mM) in 0.1 M Tris (pH 8). The mixture was vortexed

ppered 15 ml vial, after sample collection from the patient.

nalysis.

followed by GC analysis, or, in case of feces, direct injection of a headspace

s diluted HAc to facilitate this release.
followed by GC analysis, or direct injection of a headspace sample for GC.
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Fig. 2. Bathtub method for quantitative flatus sampling. (A) Collection of one flatus
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or 10 s and left at room temperature for 2 min. The H2S and MT were
hen released into the headspace by addition of 100 �l of 3 times
iluted acetic acid, sampled quantitatively as shown above (Section
.1) and measured by GC. Experiments were also performed with
.5 mM DTT. Because tissues normally also contain ALS, acidifica-
ion with diluted acetic acid might have released some ALS. Tissues
ere therefore also treated with only diluted acetic acid, without
rior DTT treatment. The outcome of the latter reaction must be
ubtracted from that of the first reaction to obtain the DLS value.
LS and ALM: To 100 �l tissue homogenate in a stoppered 15 ml
ial were added 100 �l of 5 M HCl. The mixture was vortexed for
0 s and left at room temperature for 1 min. The released H2S was
hen sampled quantitatively (see Section 2.1) and measured by GC.

.4. Fecal H2S

.4.1. Total H2S (sum of free and bound H2S)
Fecal material was collected in a plastic bag during defecation.

he bag was immediately closed, thereby expelling any air. The
eces was analyzed as quickly as possible. Feces (1 g) was trans-
erred into a 15 ml glass vial, containing 5 ml of 0.5 M zinc acetate to
rap all the sulfide including the free H2S. The vial was closed with a
ubber septum and capped with an aluminum cap. After vigorously
ortexing, 0.2 ml of the homogeneous suspension was transferred
o another capped empty 15 ml vial by means of a 1 ml syringe with
blunt needle (i.d. 1 mm). The H2S was then completely released

nto the headspace by addition of 0.3 ml of 6 M HCl. After vortexing
or 10 s, 1 ml of headspace was withdrawn from the vial and directly
njected in the GC for H2S analysis.

.4.2. Free H2S
Fecal material was collected as described above. Feces (1 g) was

ransferred into a 15 ml glass vial, containing 5 ml of 0.1 M phos-
hate buffer (pH 7.0). The vial was closed immediately and the
ixture was homogenized by vortexing, after which the headspace
as sampled quantitatively by consecutive samplings of 60 ml of
eadspace gas [28]. The headspace samplings were concentrated
nto Tenax trap tubes and measured by GC. For fecal suspensions
ith high concentrations of H2S, smaller amounts can be injected

n the GC.

.4.3. Bound H2S
Feces (1 g) was transferred into a 15 ml glass vial, containing

ml of 0.1 M phosphate buffer (pH 7.0). The vial was closed and the
ixture was homogenized by vortexing, after which 0.2 ml of the

omogeneous suspension was transferred to another empty 15 ml
ial by means of a 1 ml syringe. This 0.2 ml sample was flushed with
itrogen for 5 min, to remove free H2S. The vial was then capped
nd the bound H2S was released into the headspace by addition of
.3 ml of 6 M HCl and measured by GC as described for total H2S.

.5. Flatus

.5.1. Flatus perception thresholds
Perception threshold values are normally assessed by injection

f an odorant into the nostril of panel members [40]. However,
n the odor recognition of a flatus, the nose of the observer
f a flatus is in most instances at least at 1 m from the bot-
om of the offender. A dilution of a flatus of 100 ml into 4–8 m3

as been assumed before the smell reaches the nose, result-
ng in a dilution factor of 40000–80000. The theoretical flatus

erception threshold values have now been defined as the percep-
ion threshold values [40] times the dilution factor of 4–8 × 104.
he experimental flatus perception threshold value has been
efined as the lowest concentration of the odorant where all
anel members detected any odor, when 100 ml of an odorant
in a measuring beaker. (B) Transfer of a known volume of pure flatus from the mea-
suring beaker into a 60 ml sampling syringe. 1, The bottom of the flatus supplier; 2,
flatus; 3, measuring beaker (500 ml); 4, bathtub, filled with water; 5, 60 ml sampling
syringe.

mixture was delivered from a large 250 ml syringe in about 1 s,
1 meter beneath the nose of the panel members, mimicking a
flatus emission. The theoretical and experimental flatus percep-
tion thresholds of the VSCs lie in the same range, indicating
that the assumed dilution factor has the right order of magni-
tude.

2.5.2. Bathtub flatus sampling
We developed a bathtub method for quantitative flatus sampling

(Fig. 2).
The volunteers submerged the lower part of their body in a warm

bath each time they felt an urge to deflate. The flatus emission was
completely sampled by catching all the flatus bubbles in a mea-
suring beaker, which was submerged, fully filled with water and
turned upside down before the emission. After some practice, it is
very easy to quantitatively sample all the bubbles. The volume of
the emission was the same as the volume of the displaced water
in the measuring beaker. Part of the pure flatus was then sampled
by means of a large 60 ml sampling syringe. For storage, 10 ml of
flatus was then collected in an evacuated 15 ml glass vial sealed
with an aluminum cap and containing 1 g of the drying agent cal-
cium chloride. Without this drying agent, a sharp fall in H2S and
to a minor extent in MT was observed, due to reaction of the thiols
with the water [41] in the humid flatus emission. The concentra-
tions of all VSCs remained stable for at least one week during storage
above calcium chloride. The contents of the glass vial were sampled
quantitatively by means of a 60 ml syringe, preconcentrated onto
Tenax trap tubes and analyzed by GC [28,34]. Gaseous H2S and MT,
especially at low concentrations, may adhere to several materials,
e.g. glass [42,43]. Breath samples are therefore stored in polyethy-
lene foil (mylar) balloons [43] and not in glass vials. The use of glass
vials in flatus research satisfied the need for quantitative recoveries
of the VSCs, probably because of the much higher concentrations of
VSCs in flatus compared with breath. Nevertheless, it is advisable to
use polypropylene or polyethylene materials in all handlings with
VSCs.

3. Analysis of the VSCs

3.1. General remarks

The results from literature will be compared with the results
from our group, some results already published and some presented
here for the first time. In the latter case, the assay methods used

have been described in Section 2. The assay methods from litera-
ture for sulfide will not been described here in detail, because this
was already done in an excellent review in 2002 by Ubuka [25]
and supplemented in 2008 by Whitfield et al. [27]. In short, the
four most used methods to detect sulfide are colorimetric assays



togr. B

(
h
t
t
c
m
i
H
c
b
s
f
o
p
w

v
a
e
a
g
p
g
b
w
(
r
[
a

b
m
i
i
e
l
P
T
r
i
D
i
I
t
d
a
t
i
i
a
t
b

t
r
t
T
t
1
w
[
t
A
t
t
t

A. Tangerman / J. Chroma

mainly the methylene blue method), ion selective electrode assays,
igh-performance liquid chromatography (HPLC) and GC. The first
wo methods always use acidic conditions with the consequence
hat they also include ALS in their measurements. These assays
an therefore not distinguish between free H2S and ALS and cannot
easure free H2S. The methylene blue method is also subjected to

nterference with colored substances, lowering its sensitivity. The
PLC methods are neither direct methods and also require a chemi-

al modification, such as the conversion of sulfide to, e.g. methylene
lue or thionine, before measurement and are therefore also not
uited to measure free H2S. GC is a direct method and can measure
ree H2S without a chemical modification. GC might be the method
f choice to detect the various forms of H2S. Recently [27,44], a
olarographic H2S sensor was used to directly measure free H2S
ithout a chemical modification, also with promising results.

Analysis of VSCs, especially that of H2S, can be very tricky and
arious artifacts must be avoided. Many studies have not been
ware of these artifacts, resulting in falsely elevated or reduced lev-
ls of VSCs. H2S and MT, containing a reactive thiol (–SH) group,
re very reactive compounds and adhere to several materials, e.g.
lass [42]. Therefore, liquid samples (e.g. blood, urine) should be
referably stored in inert polypropylene or polyethylene vials and
aseous samples (e.g. breath and flatus) in polyethylene foil (mylar)
alloons [43]. The latter are aluminum foil balloons, coated inside
ith the inert polyethylene. Care must also be taken to avoid rubber

in septa or stoppers of reaction vials or blood vials and in the bar-
el seal of disposable syringes) which might adsorb or release VSCs
43,45]. When using syringes during analyses, all-plastic syringes
re the preferred ones.

Many studies apply a harsh chemical treatment (strong acid or
ase, respectively) before analysis of H2S [27]. Some of these treat-
ents might give rise to artificially elevated H2S levels. For example,

t is known that mixing concentrated sulfuric acid with water (2:1)
s a highly exothermic process. We found that this process in a blank
xperiment sometimes gave rise to artificially, highly elevated H2S
evels up to 80 �M, excluding the use of sulfuric acid in H2S analyses.
robably, concentrated sulfuric acid contains trace amounts of H2S.
he widespread use of DTT to release H2S from DLS also sometimes
esulted in high blanks for H2S, especially in older DTT solutions and
n DTT solutions with a higher pH (≥9). Therefore, freshly prepared
TT solutions should always be used. These experiments stress the

mportance of using appropriate blank experiments in all analyses.
n such a blank experiment, we found that relevant low concentra-
ions of H2S in the headspace above water in a closed vial rapidly
ecreased within minutes. The lost H2S could not be recovered by
ddition of acid (ALS) or DTT (DLS). It is known that in aqueous solu-
ions H2S may react with oxygen dissolved in the water resulting
n elemental sulfur and/or sulfuric acid [41]. It is therefore highly
mportant to quickly measure H2S once it has been released from
queous matrices (e.g. blood, urine). MT is much less subjected to
hese artifacts than H2S whereas analysis of DMS is relatively easy
ecause the neutral DMS is quite stable in biological matrices.

In all our analyses of VSCs in biological matrices we used
he technique of GC, applying dynamic headspace sampling onto
eplaceable Tenax trap tubes [28,34,37,38]. These are glass trap
ubes (length 8 cm), containing 200 mg Tenax GC (80–100 mesh).
enax is a perfect material to adsorb the VSCs. For blood, serum,
issues, urine and feces, reactions were performed in stoppered
5 ml glass vials. After release of the VSCs, quantitative sampling
as performed by consecutive samplings of 60 ml of headspace gas

28]. All these samplings were concentrated onto one Tenax trap

ube maintained in liquid nitrogen (cryogenic preconcentration).
ll the VSCs were completely adsorbed onto the Tenax [34]. The trap

ube was then transferred into the injection port of the GC where
he adsorbed VSCs were thermally liberated (200 ◦C) directly into
he carrier gas stream and transferred to the GC column (20% SE-
877 (2009) 3366–3377 3371

30 on Chromosorb P 60–80 mesh). After GC separation, the VSCs
were detected by means of a flame photometric detector (FPD).
For routine measurements one might also apply one headspace
gas sampling of 60 ml instead of quantitative sampling by exhaus-
tive consecutive samplings of the headspace gas. In that case the
outcome should be corrected for the recovery in that first sam-
pling [28]. This recovery depends on the biological matrix used and
the VSC of interest and amounted between 40 and 80%. Instead
of headspace gas sampling by hand, one might also apply the often
used technique of flushing the headspace gas with a stream of nitro-
gen directly onto adsorbent traps. For gaseous biological matrices
(breath, flatus) a known volume is simply concentrated onto the
Tenax trap tube for GC. For GC analyses of VSCs in biological matri-
ces, dynamic headspace sampling onto sorbent trap tubes is the
preferred technique, giving very low detection limits. For example,
for 1 ml of an aqueous sample (blood, urine) one calculates a detec-
tion limit for H2S of 5 nM, when using the absolute GC detection
limit of 5 pmol for H2S [34]. Static (equilibrium) headspace injec-
tion is commonly used for GC determination of volatiles in solid
and liquid samples. Since this technique relies on the analyte parti-
tioning between the sample and headspace, and uses a fixed small
injection volume, it does not provide adequate detection limits in
this field. The GC technique with FPD detection, applying dynamic
headspace sampling onto replaceable Tenax trap tubes, is one of
the most reliable and suited techniques for detection of VSCs in
biological material. Once released, the gaseous VSCs are imme-
diately transferred into the trap tubes. There is no interference
with other compounds or with the biological material. Represen-
tative chromatograms have been presented in several publications
[28,34,38,85,87]. The same GC column is now in use for more than
20 years in our laboratory, without any deterioration.

3.2. VSCs in blood, serum and tissues

VSCs, especially the thiols H2S and MT, behave differently in a
biological matrix containing proteins than in a matrix without pro-
teins. Therefore, blood, serum and tissues will be discussed as a
single group, apart from urine, breath, feces and flatus.

3.2.1. H2S in blood, serum and tissues
3.2.1.1. Free H2S. Most reports, while claiming to measure sulfide
levels in blood or tissue, do measure the other forms of H2S, viz. ALS
and DLS, whereas free H2S might be the biologically most active
form of H2S, when serving as a blood-borne signaling molecule
[21–24,26,27]. Free H2S was not found in human serum [46,47],
and rat tissues [29,48]. Nagata et al. [49] did not find free H2S in
blood of control rats and of humans but did find markedly increased
values in blood and some tissues in autopsied rats and humans
with elapsed time after death. Furne et al. [26], using GC with FPD
detection, found very low levels of free H2S in brain (14 nM) and
liver tissue (17 nM) of mice and in human blood of an estimated
100 pM. Whitfield et al. [27] used a polarographic H2S sensor [44]
to directly measure H2S gas in blood and plasma without any chem-
ical modification other than adding an anticoagulant. They did not
detect any free H2S in blood and plasma of various animals and
found that exogenously applied sulfide was rapidly removed. Using
the described GC technique, we also directly measured H2S gas in
blood and plasma without any chemical modification and neither
detected any free H2S in blood and serum of men and rats nor in
tissues of rats.

In vitro experiments by us have shown that, just as was described

for free MT [15,28], addition of free gaseous H2S to human or rat
serum or plasma gave a complete binding of H2S to proteins, prob-
ably as persulfides (protein–S–SH). A quantitative recovery of H2S
was obtained from DLS by addition of DTT. Similar results were
obtained by Ogasawara et al. [46] by spiking human serum with
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a2S or elemental sulfur. However, addition of free gaseous H2S to
hole blood did not result in the formation of any DLS in plasma.

he H2S was completely oxidized by the red blood cells. Heme cat-
lyzed sulfide oxidation to elemental sulfur, thiosulfate or sulfate
50–52] is probably a much faster process than the formation of
ersulfides. In in vitro experiments, we did not find any exchange
etween DLS in plasma and red blood cells. Incubation of the DLS-
ontaining plasma (DLS: 41.5 �M, artificially elevated by addition of
ree gaseous H2S to the plasma) during 2 h with the original red cell
raction did not change the concentration of the DLS in plasma (DLS:
0.1 �M). These results do not support the theory of Evans [51] that
ree H2S, when injected into the circulation, is first carried for a
ime in plasma, after which it slowly penetrates into the red blood
ells, where it is destroyed in reactions with oxyhaemoglobin. Our
esults suggest that free H2S immediately enters the red cell where
t becomes oxidized. This fast process is the main reason why free

2S is normally absent in whole blood or serum. The same holds
or free MT [15]. Evans [51] showed that a very short transient exis-
ence of free H2S in blood may appear after in vivo injection of large
oses of H2S into the bloodstream of cats and rabbits, as was con-
luded from the appearance of H2S in the expired air in the first 15 s
fter injection. Slow injection of the same doses did not show any
race of H2S in the expired air, indicating that metabolism of free
2S by blood is a fast process, normally preventing the escape of
2S from blood into expired air. Curtis et al. [53] stated that blood

s not the principle site of H2S oxidation in vivo. This probably also
epends on the dose of H2S injected.

.2.1.2. ALS and DLS. The described methods to detect bound sul-
de do not always distinguish between ALS and DLS. This is highly

mportant because ALS and DLS probably have complete different
hysiological functions. As a component of non-heme iron–sulfur
roteins, ALS functions in electron transfer in the mitochondrial
lectron-transfer system and in enzyme activity (for references see
25]). Probably, not all ALS is contained in iron–sulfur clusters. More
iological importance has been ascribed to DLS (sulfane sulfur, per-
ulfides, [30–33]).

Many reports claim to measure “sulfide” in tissues [54–57] and
erum or blood [47,58–60] without mentioning that in fact they
easured ALS. For example, Goodwin et al. [55] determined sulfide

n brain tissue by first binding the sulfide as zinc sulfide by addition
f zinc acetate to the sample. It is unlikely that zinc acetate traps
LS and it has not been ascertained if zinc acetate traps ALS. They

hen added strong acid (6 M HCl) to release the H2S out of the zinc
ulfide after which a continuous flow gas dialysis system was used
o separate the sulfide from the biological matrix and to measure
he sulfide by ion chromatography. Addition of strong acid not only
eleases H2S out of the zinc sulfide but also H2S out of ALS. It is
ossible and even plausible that the measured sulfide completely
xisted as ALS. This holds for all the methods performed under
cidic conditions, such as the often used methylene blue method
o measure sulfide [25,27]. This method is performed at a pH < 1
nd therefore also measures ALS. Only a limited amount of reports
29,46,48,61–63] clearly distinguish between the analysis of ALS
nd DLS.

Ogasawara et al. [46] did not find ALS in human serum and
ery small amounts (0.16 �M) in red blood cells [61]. Others also
eported low values of ALS in human serum (1.3 �M, [47]) and
hole blood (<1.5 �M [59]). Lindell et al. [58] reported ALS val-

es of 1.3–18.8 �M in blood of non-fatal cases of H2S poisoning and
cAnalley et al. [59] of 50–117 �M in the blood of fatal cases. Whit-
eld et al. [27] stated that there is a very clear demarcation in blood
ulfide levels reported in studies published before or after 2000. The
arlier studies all show low plasma or blood values of 2 �M or less.
tudies after 2000 reported plasma or blood sulfide levels between
0 and 300 �M. All these latter studies use “acidic” methods and
877 (2009) 3366–3377

therefore also include ALS in their measurements. These high val-
ues are highly unlikely. They are based on colorimetric assays or ion
selective electrode assays, each of which use a harsh chemical treat-
ment (strong acid and sometimes also strong base) before analysis.
The majority of the latter studies used the methylene blue method,
a method subjected to interfering colored substances from blood
[25] and therefore less suited for biological samples.

The ALS values in tissues (brain, liver, kidney, lung, heart,
spleen [29,48,54–57,62]) varied between 6.8 and 274.1 nmol/g
(0.23–9.32 �g/g). A large variation was seen between the outcome
in the various reports (for a compilation see also Table 1 in [25]). For
example, Ogasawara et al. [29] reported a value of 26 nmol/g for ALS
in liver whereas Ubuka et al. [48] gave a value of 112.2 nmol/g. The
reports of Ogasawara et al. [29] and Warenycia et al. [62] were the
only ones found which clearly differentiated between ALS and DLS
in rat tissues. The ALS values were generally lower than the DLS val-
ues, except for heart tissue [29], where high ALS values (129 nmol/g)
were found and no “bound sulfur” or DLS. Although we did not study
the ALS form in detail, we found that in tissues addition of three
times diluted acetic acid (pH 3) did release smaller amounts of H2S
(7–15 nmol/g) from liver, kidney and heart. Addition of a stronger
acid (6 M HCl, pH < 1) released higher amounts of H2S. Release of
H2S out of the iron–sulfur clusters proceeds better at lower pH.

Ogasawara et al. [46] found that DLS was the only form of H2S
present in human serum and in various animal sera in concen-
trations usually below 2 �M. They showed that this DLS existed
exclusively in the high-molecular-weight fraction of serum and that
some part of DLS existed in the persulfide form (protein–S–S−).
Using the triphenylphosphine method, no protein-associated sulfur
or sulfane sulfur was detected in human or rat plasma and ery-
throcytes [63] (below or near the detection limit of 0.3 �M). Both
reports [46,63] reported fairly high values of DLS or sulfane sulfur
in rat tissues (4.2–324.1 nmol/g).

We measured low concentrations of DLS in serum of nor-
mal men (0.97 ± 0.22 �M, mean ± SD, n = 9) and rats 0.8 ± 0.6 �M
(n = 10), comparable with literature values. However, elevated
concentrations were found in men with hepatic encephalopa-
thy (3.38 ± 3.38 �M, n = 11) and highly elevated concentrations of
serum DLS were found [64] in rats with acute fulminant hepatic
failure due to thioacetamide administration [65] (22.3 ± 10.6 �M,
n = 17) and in rats with hepatic encephalopathy due to 80% or total
liver ischemia. The liver remained in the body during liver ischemia
[66]. In these latter rats, the DLS gradually increased until death to
values of about 100 �M, 14–20 h after the start of ischemia [64].
In one experiment it was shown that ALS was also elevated in the
serum of these rats (22.8 �M). In rats with 100% hepatectomy, no
elevation at all was seen during the 6 h until death. These results
indicate that encephalopathy is not the cause of DLS elevation
because no DLS elevation was seen in the encephalopathic rats after
100% hepatectomy. Deterioration of liver cells is most likely the
cause of DLS elevation. The H2S formed during deterioration will
become bound to proteins as DLS and will leak out of the deterio-
rating cell into the bloodstream. Indeed, deterioration might lead to
elevated DLS levels. Highly elevated DLS levels (10–140 �M) were
also found by us in serum which was kept at room temperature
for several days. DLS levels remained constant for at least one year
during preservation of serum at −20 or −80 ◦C.

We measured DLS concentrations in rat tissues, varying from
11 nmol/g for spleen to 189 nmol/g for kidney. It was found that the
levels were highly dependent on the concentration of DTT used in
the reaction, on the reaction temperature and on the duration of the

reaction. This was not the case for the DLS levels in serum which
were fairly constant. Firstly, deterioration of tissue might lead to
artificially elevated DLS levels. Secondly, leakage of enzymes out
of the tissues might react with the reactant DTT, giving artificially
elevated H2S levels out of DTT. DTT is also a thiol, containing two
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hiol groups. When lowering the DTT concentration to 1.5 mM, no
LS was measured in fresh tissues. These results cast doubts about

he reliability of the high DLS values found in tissues. Such a phe-
omenon of dependency of DLS levels on the DTT concentration
sed was found earlier [67].

The absence or very low concentrations of free H2S found in
lood and tissues prompted Furne et al. [26], Whitfield et al. [27]
nd from the same group Olsen in a recent review [68] to cast doubts
bout H2S serving as a blood-borne signaling molecule. They com-
ared their values of free H2S with the much higher values found in

iterature. However, these latter values do not contain free H2S but
LS and/or DLS. The relatively high values of ALS and DLS might be
rtificially elevated. Many methods do use a harsh chemical treat-
ent with strong acid or base. The influence of such a treatment on

he values of ALS and DLS is not known. However, it was shown that
he use of alkaline conditions might result in desulfuration of pro-
eins via alkaline hydrolysis, resulting in artificially elevated whole
lood sulfide levels of 100 �M, instead of the 2 �M when apply-

ng a method without alkalization of the blood [27,69]. We strongly
elieve that the methodology to measure ALS and DLS has to be
efined, in order to determine their possible physiological role. Free
2S in blood and tissues is very low or absent. Given that virtu-
lly all in vitro studies have required a concentration of 100 �M
2S to alter cell function and to induce a biological effect, the very

ow blood and tissue concentrations of free H2S are insufficient for
2S to serve as a blood-borne signaling molecule. Its role should
e reconsidered, using validated methods to measure the various

orms of H2S. Dynamic GC might be a powerful tool to explore this
eld in more detail.

.2.2. MT in blood, serum and tissues
Numerous methods, including GC, have been described for

etection of H2S. For the detection of MT and also of DMS in bio-
ogical material, GC is the only appropriate method to detect and
dentify these VSCs. Most research comes from our group.

.2.2.1. Free MT. Free MT was absent in blood [10,15,28] and tis-
ues of healthy men and rats. MT, when added to blood, was
lmost completely oxidized to thiosulfate and sulfate [15]. H2S
as an intermediate in this process. Only very minor amounts

f DMS were formed, the latter through thiolmethylation of MT
11]. Same oxidation processes of MT were seen in cecal mucosa
12,13]. Addition of free gaseous MT to human or rat serum or
lasma gave a complete binding of MT to proteins (high-molecular-
eight fraction) in the form of DLM (protein–S–SCH3) [15,28]. A
early quantitative recovery of MT was obtained from DLM by
ddition of DTT. However, addition of free gaseous MT to whole
lood did result in the formation of only 1–2% of DLM in plasma.
he MT was almost completely oxidized by the red blood cells.
eme catalyzed oxidation is probably a much faster process than

he formation of DLM. Same oxidation processes were found for
ree H2S (see above). In in vitro experiments, we did not find any
xchange between DLM in plasma and red blood cells. Incuba-
ion of the DLM-containing plasma during 2 h with the original
ed cell fraction did not change the concentration of the DLM in
lasma.

Only a short transient existence of free MT in blood may appear
hen blood is subjected to large doses of MT. A very short transient

xistence of free MT in blood was observed after in vivo injection of

arge doses of MT into rats, as was concluded from the appearance
f MT in the expired air in the first 2 min after injection [35]. Very
mall amounts of free MT (5–9 nM, just above the detection limit of
nM) were detected in blood of cystinotic patients, 2–3 h after oral

ysteamine intake [70]. The formation of MT is an unwanted side
roduct of cysteamine.
877 (2009) 3366–3377 3373

3.2.2.2. ALM. This form was first detected [28] in the serum
of normal persons (0.22 ± 0.04 �M). Slightly elevated concentra-
tions were found in serum of liver cirrhotics (0.41 ± 0.19 �M).
Preliminary experiments have revealed that ALM was always
elevated (0.4–1.9 �M) in the plasma of patients with cys-
tathionine �-synthase (CBS) deficiency [71] and in patients
with isolated persistent hypermethioninemia due to glycine
N-methyltransferase deficiency (3.5 �M) [72], together with eleva-
tions of S-adenosylmethionine, the most important methyl donor.
Formation of ALM may well depend upon some methyl transfer
reaction. No ALM was detected in rat tissues.

3.2.2.3. DLM. This form was first detected [28] in the serum of nor-
mal persons (0.16 ± 0.03 �M). Minor elevations of DLM were found
in serum of liver cirrhotics without and with hepatic encephalopa-
thy [73]. No differences were observed between the different grades
of encephalopathy. No elevations were observed in the serum of
rats and dogs with hepatic encephalopathy [35]. Because DLM
is a relative measure of exposure to MT, it was concluded that
the often suggested role of MT in the pathogenesis of hepatic
encephalopathy is probably minor or insignificant. Highly elevated
concentrations in serum, up to 41 �M, were found in patients with
isolated persistent hypermethioninemia due to hepatic methionine
adenosyltransferase (MAT) deficiency [9,10,36]. This was ascribed
to an elevated transamination of methionine, at methionine con-
centrations exceeding 300–350 �M, leading to elevated MT and
DLM, the latter also known as MT mixed disulfides. ALM, and its
probable precursor S-adenosylmethionine, were not elevated in
these patients. Both ALM (see above) and DLM are elevated in
plasma of patients with both highly elevated levels of methionine
and S-adenosylmethionine (DLM in CBS deficiency: 0.8–19.5 �M;
DLM in glycine N-methyltransferase deficiency: 29.9 �M [72]). No
DLM was detected in rat tissues.

Some reports relate l-methionine toxicity with elevated
transamination, leading to elevated MT levels [74,75]. Toxicity of
MT has been ascribed to inhibition of certain enzymes [76,77].

3.2.3. DMS in blood, serum and tissues
Due to its neutral nature, DMS is stable in blood. Free DMS

is the only VSC detected in blood of normal persons in very low
concentrations (<7 nM), close to the GC detection limit [28]. Ele-
vated blood DMS levels were found in cirrhotics (7–50 nM, [28,78]),
in a patient with isolated persistent hypermethioninemia due to
hepatic MAT deficiency (96 nM, [10]), in patients and with extra-
oral halitosis (10–80 nM, [38]) and in cystinotic patients due to
cysteamine treatment (298–617 nM, [70]). All these patients suf-
fered from blood-borne extra-oral halitosis due to the presence
of DMS in their alveolar air. No DMS was detected in tissues of
rats.

3.3. VSCs in urine

Various reports describe the GC profiling of volatile compounds
in urine and their application to metabolic investigations [79]
but besides our research, little is known about the presence of
VSCs in urine. “Normal” concentrations of free gaseous H2S, MT
and DMS are very low and generally below the GC detection
limit of 3 nM. Elevated concentrations of DMS up to 1645 nM
were found in patients with isolated persistent hypermethion-
inemia [10,36]. Elevated concentrations of MT (56 nM) and DMS
(70 nM) were found in a patient with extra-oral halitosis [38], in

cystinotic patients due to cysteamine treatment (MT: 15–160 nM;
DMS: 160–659 nM, [70]), and in patients with CBS-deficiency (MT:
22–389 nM; DMS: 8–120 nM). Huge elevations of MT (about 11 �M)
and DMS (8–23 �M) have been reported in the urine of humans
after eating asparagus [80]. This urine also contained elevations of
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ree H2S (own observations) and of DMDS. The pungent urinary
dor was mainly ascribed to MT and was not present in all humans
fter eating asparagus.

ALS and DLS were absent in urine of normals. The urine always
ontained ALM (reference range: 1.4–5.2 mmol/mol creatinine) and
LM (1.2–4.6 mmol/mol creatinine). Elevations of ALM and DLM

n blood or serum also resulted in elevated concentrations in
rine: CBS deficiency with concomitant high plasma methionine:
LM: 7.5–107, DLM: 2.4–128 mmol/mol creatinine; glycine N-
ethyltransferase deficiency [72]: ALM: 120, DLM: 256 mmol/mol

reatinine; MAT deficiency [10,36]: ALM: normal values, DLM:
.9–992 mmol/mol creatinine.

Elevations of ALM and DLM in urine are much more pronounced
han elevations in blood or serum. Storage of urine samples at
20 ◦C showed that these forms of MT are stable for many years.
nalyses in urine are therefore a powerful tool to explore and con-
rm metabolic disorders in methionine metabolism.

.4. VSCs in breath

VSCs in breath are present in only the free gaseous forms. Hal-
tosis or bad breath is a concern to millions of people [37,81]. The
SCs H2S, MT and DMS play the main role in the cause of halitosis.
onzetich was the great pioneer in this field [82]. The odor thresh-
ld concentrations of VSCs are extremely low, in fact they are the

owest of all chemicals known [37,40]. The thresholds of objection-
bility amount to 4 nM for H2S, 0.5 nM for MT and 1 nM for DMS
1 nM = 24 ppb) [38].

The three primary methods for measuring halitosis are
rganoleptic measurements (sniffing), sulfide monitors and GC
83]. Research in this field got an enormous boost by the devel-
pment of the Halimeter [84], a sulfide monitor which measures
he sum of the VSCs. However, the Halimeter cannot differentiate
etween the various VSCs and is almost insensitive to DMS [38].
C with FPD detection is by far the method of choice in halito-

is research [34,37,85]. However, a standard GC is an expensive
pparatus, needs trained personnel and is therefore not suited
or the clinical practice. Recently, a portable gas chromatograph
ralChromaTM has been marketed, to detect the VSCs [86]. This
pparatus is relatively cheap ($6000) and is very easy to use. It
nly needs electricity and the apparatus can be used everywhere. It
ight become the apparatus of choice in the field of halitosis. It is a

ery sensitive apparatus, it can detect all three VSCs and it perfectly
ifferentiates between intra- and extra-oral halitosis [87].

There are two forms of real halitosis, viz. intra-oral halitosis (oral
alodor) and extra-oral halitosis. Most reports now agree that the
ost frequent sources of halitosis (80–90%) exist within the oral

avity and include bacterial reservoirs such as the dorsum of the
ongue, saliva and periodontal pockets, where anaerobic bacteria
egrade sulfur containing amino acids to produce the foul smelling
SCs, in particular H2S and MT. Comparison of the concentrations
f H2S and MT in breath [38] and in the more concentrated mouth
ir [88] with their thresholds of objectionability lead to the con-
lusion that MT is the predominant causative factor of intra-oral
alitosis, where patients have bad breath from the mouth but not

rom the nose. In extra-oral halitosis or blood-borne halitosis [37],
atients have bad breath from both the mouse and the nose (alve-
lar air). While intra-oral halitosis is largely caused by MT and to a

esser extent by H2S, these compounds can hardly be found in extra-
ral blood-borne halitosis, where DMS is often the main cause of
alitosis.
In vitro experiments have shown [15] that the thiol MT, con-
aining a free–SH group, immediately reacts with whole blood
ithin seconds, resulting in irreversible binding and oxidation by

ed blood cells, thereby preventing transportation of MT from the
lood into alveolar air and thus into breath. The same holds for
877 (2009) 3366–3377

H2S. Only a short transient existence of free MT in blood may
appear when blood is subjected to large doses of MT. Small amounts
of free MT were detected in blood (5–9 nM) and alveolar breath
(2–3 nM) of cystinotic patients, 1–3 h after oral cysteamine intake
[70]. Huge breath DMS levels, up to 83 nM, were measured in
these patients. DMS is a neutral molecule which is stable in whole
blood and can be transported from blood into alveolar air and
breath. Extra-oral halitosis due to elevated breath DMS was also
found in a patient with isolated persistent hypermethioninemia
due to MAT deficiency (DMS: 5.86 nM; normals: 0.13–0.65 nM)
[10]. In fact, the bad breath in this patient, visiting the clinic for
his bad breath, put us on the scent of the new metabolic disor-
der of isolated persistent hypermethioninemia [36]. We recently
found a new form of extra-oral blood-borne halitosis caused by
DMS, probably due to a hitherto unknown metabolic disorder
(breath DMS: 0.5–2.5 nM) [38]. Halitosis due to elevated DMS in
the breath of cirrhotics (0.5–14.1 nM) is known as fetor hepaticus
[78].

Some other volatiles found in blood-borne halitosis, e.g. acetone
in diabetes, trimethylamine in the rare fish odor syndrome and allyl
methyl sulfide after garlic consumption [37], are also stable in whole
blood.

Breath analysis by GC or GC coupled with mass spectrometry
(MS) is a non-invasive diagnostic tool which might give valuable
information in some systemic diseases, metabolic disorders, cancer
and some medications [37,89–91].

3.5. VSCs in feces

All three VSCs H2S, MT and DMS are present in feces. Moore et
al. [92] found that one of the major fecal odorants was MT. H2S is
the most predominant VSC in feces. It is produced in the human
large intestine through bacterial metabolism, firstly by reduction
of sulfate-reducing bacteria [5] and secondly by the fermenta-
tion of sulfur-containing amino acids, cysteine and methionine
[4–7]. H2S can also be formed out of MT, probably catalyzed by
methanethiol oxidase [16]. Levitt’s group [12,13] found that in cecal
mucosa MT was first demethylated to H2S and H2S was then oxi-
dized to thiosulfate and sulfate. They stated that in cecal mucosa
formation of H2S out of MT is more pronounced than methy-
lation of MT to DMS by the enzyme thiol S-methyltransferase
[11,93]. This latter enzyme is also capable of converting H2S into
MT.

The presence of the very toxic H2S in the colon has been impli-
cated in the pathogenesis of ulcerative colitis by Roediger et al. [94]
and Levine et al. [95], although this was later disputed by the group
of Roediger [96]. However, their analysis method is subjected to
criticism (see below). An accurate and sensitive method for the
determination of H2S in feces is required in order to evaluate its
role in bowel pathophysiology.

H2S exists in feces in its free form and in the bound form, proba-
bly as sulfides of iron or other metal ions, to the insoluble particulate
fraction of feces [97,98]. The bound H2S is acid labile and is quantita-
tively released under strong acidic conditions. The free toxic form of
H2S in feces amounts to less than 5% of total H2S [97,98] (mean total
H2S: 0.8 �mol/g wet weight [98]), resulting in a free H2S concen-
tration of less than 0.04 �mol/g. Moore et al. [96] reported falsely
elevated free fecal H2S concentrations of about 50% of total H2S. For
free H2S estimation, they extracted feces with 1 M NaOH solutions
and used the basic supernatant fraction, following centrifugation of
the NaOH slurries, for the free H2S estimation. The same was done

by Florin [99], also leading to falsely elevated free H2S values in
feces. We found that such a procedure also extracts large amounts
of fecal bound H2S (50% or more) into the NaOH solution and thus
into the free H2S fraction. In vitro in rat and human colonocytes,
Roediger et al. [94] have shown that HS− (or free H2S) at 2 mM
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nhibits butyrate oxidation and Christl et al. [100] showed that HS−

t 1 mM significantly increases cell proliferation rates. These con-
entrations are 25–50 times higher than the experimentally found
ree H2S concentration of less than 0.04 �mol/g [98], corresponding
o about 0.04 mM. Under normal conditions, the free H2S concentra-
ion is probably too low to exert a toxic effect in the colon. However,
he free H2S concentration might become elevated at high fecal sul-
de levels, as was shown by us [98]. In vitro incubation of a fecal
uspension with 50 mM cysteine resulted in high total H2S levels of
6 �mol/g wet weight. Now, only 2.3 �mol/g (3.5%) was present in
he bound fraction and 62.5 �mol/g (96.5%) as free H2S. It was con-
luded that the bound fraction was probably limited to 2.3 �mol/g.
his binding limit is dependent on the number of binding places

n feces, e.g. of the amount of iron and other sulfide binding sub-
tances.

Three methods have been described for the determination of H2S
n feces, viz. the methylene blue (MB) method [99,101], microdis-
illation with ion chromatography [60] and GC with specific sulfur
etection [98,102]. The spectrophotometric MB method was first
eveloped to measure sulfide in water [103]. Florin [99] used this
ethod for feces and claimed to distinguish between the free and

ound H2S. He found a mean total sulfide level of 0.66 �mol/g and
falsely elevated (see above) free H2S level of 0.17 �mol/g (26%

f total). This method is not suited for distinguishing between the
wo H2S forms. Moreover, the MB method in fecal material is sub-
ected to several interferences, such as the presence of interfering
olored substances and the turbidity caused by particulate fecal
atter. Fecal slurries were diluted 25–50 times, to circumvent this

roblem. Strocchi et al. [101] developed a modified MB method and
iluted the fecal sample 200 times, which also lowered the sen-
itivity. In our hands, both methods gave a fecal sulfide detection
imit of 0.4 �mol/g feces, which is by far not sensitive enough. Many
ecal samples have total sulfide levels below 0.4 �mol/g. Richard-
on et al. [60] used microdistillation with ion chromatography. This
ethod only measured total sulfide levels in a group of 15 volun-

eers (0.11–0.72 �mol/g wet weight). As expected, production of
SCs in feces is largely dependent on the diet [104,105]. Intake
f protein from meat elevated total sulfide 2–4 times [60]. GC is
y far the preferred method to detect very low H2S concentra-
ions in feces. Using our dynamic GC technique, it was possible to
istinguish between free (less than 0.04 �mol/g) and bound H2S
0.8 �mol/g) [98]. The detection limit of this GC method for fecal

2S amounted to 0.5 nmol/g, which is about 800 times more sensi-
ive than the MB method. Furne et al. [102] also used the reliable GC
echnique. Using equilibrium headspace injection, they measured
mean total H2S value of 1.38 ± 0.46 �mol/g in fecal samples of ten
ealthy subjects.

Although focus in fecal VSC research is completely on the toxic
2S, we also measured the less toxic MT and DMS in fecal mate-

ial. MT also exists in feces in its free and acid-labile bound form.
lthough fecal total MT concentrations are smaller than those of
2S (in 2 experiments: 3 and 12 times smaller), its free concentra-

ion (22 and 54% of total MT) was about 3 times higher than that
f H2S in both experiments. This was also seen in headspace sam-
les above fresh fecal human material. The difference between the
ehavior of H2S and MT in feces must be explained by the differ-
nce in binding strength. H2S binds much stronger as sulfides to
etal ions of, e.g. iron and zinc than MT does. This is the reason
hy MT has a much higher percentage of the free form (22 and 54%

f total MT) than H2S (less than 5% of total H2S). The neutral DMS
s only present in its free form. Its free concentration may vary, just

s those of H2S and MT, and is dependent on the diet used. The
MS concentration in headspace samples above fresh fecal human
aterial (n = 6) was about 2 times smaller than that of MT. Small

oncentrations of DMDS, the oxidation product of MT, were also
een in fecal headspace samples.
877 (2009) 3366–3377 3375

Future research in this field should focus on reliable measure-
ments of both free and bound H2S. Thus far, the dynamic GC method
is the only method to achieve these requirements [98].

3.6. VSCs in flatus

There are some excellent reviews about flatulence or flatology
[106,107]. The flatus has a bad reputation because of its sound and
especially of its odor. It receives more attention in the popular sca-
tological literature than in the scientific one, as is evident from the
following phrase about its noise: “Beans, beans, the musical fruit,
The more you eat, the more you toot”.

The total 24-h volume of flatus produced varied widely among
subjects from 476 to 1491 ml. The volume of one individual fla-
tus emission varied between 33 and 125 ml [108] or between 17
and 375 ml [109]. Most scientific publications have focused on the
quantitatively important (>99%) odorless gases (oxygen, nitrogen,
carbon dioxide, hydrogen, methane). The odor results from trace
components. In the past, skatole and indole, ammonia, short chain
fatty acids, H2S [3] and mercaptans have been stated to contribute
to the odor [92]. In a GC-MS analysis of the odor of human flatus,
Moore et al. [92] found that MT was one of the major fecal odor-
ants. In a semi-quantitative analysis of VSCs in human flatus [110],
we found that H2S, MT and DMS were present in most emissions,
in concentrations high above their recognition threshold odor con-
centrations [40], especially for MT and DMS. Small concentrations
of DMDS were present in a few emissions. It was concluded that a
combination of sulfur volatiles is probably the major cause of the
odor of human flatus. Concentration and composition of VSCs in
the flatus of the same person varied widely, probably dependent
on the diet used. Suarez et al. [111] developed a quantitative GC
method to measure the VSCs in human flatus. Flatus samples were
collected via a rectal tube that was connected to a gas-impermeable
bag. The tube was inserted in the rectum and each passage was col-
lected in a separate bag. H2S was the predominant sulfur gas in
flatus (1.06 ± 0.2 �M), followed by MT (0.21 ± 0.04 �M) and DMS
(0.08 ± 0.01 �M). They found that H2S showed the strongest cor-
relation with odor intensity, followed by MT and DMS. The odors
of H2S, MT and DMS were respectively described as “rotten eggs”,
“decomposing vegetables” and “sweet”.

We developed a bathtub method for quantitative flatus sampling
(Fig. 2). This flatus is known in the popular literature as the “bathtub
fart” and is the only flatus you can see by the bubble or bubbles.
The VSCs in the flatus sample were measured by GC. The results are
shown in Table 2.

The mean concentrations of all three VSCs in flatus were
high above their perception threshold and also above their 100%
recognition threshold levels. The flatus concentrations were about
200–1000 times higher than those in breath of patients with halito-
sis [38]. Luckily, flatus becomes normally diluted before it reaches
the nose of the observer. Taking into account this dilution, it appears
that the concentrations of H2S and DMS were in most instances
below their flatus perception threshold values. In contrast, the con-
centration of MT in flatus was mostly much higher than its flatus
perception threshold. Experimental gas mixtures with an MT level
above the flatus perception threshold of 50 nM had a similar pun-
gent odor as most of the flatus emissions. It is therefore concluded
that MT is mainly responsible for the foul pungent odor of flatus.
In their study, Suarez et al. [111] found that H2S had the strongest
correlation with odor intensity. Their mean H2S value was about 5
times higher than that of MT, whereas in our study these VSCs had

about the same concentrations, with MT mostly somewhat higher.
The composition of VSCs in flatus in our study agrees well with
that found in fecal headspace (see above), also showing higher val-
ues for free MT. Possibly, the use of a diet rich in pinto beans in
the Suarez study might have elevated H2S levels. Nevertheless, the
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Table 2
Odor characteristics of the VSCs in human flatus.

H2S MT DMS

Concentration (n = 28) 149 ± 56 216 ± 44 144 ± 24
(range) (0–995) (3–1066) (4–166)
Flatus volume (ml, mean ± SEM) 84 ± 16 (range: 5–300 ml)
Perception thresholda 0.01 0.0004 0.008
100% Recognition thresholdb 42 1.5 4.2
Threshold of objectionabilityc 4 0.5 1
Theoretical flatus perception thresholdd 400–800 16–32 320–640
Experimental flatus perception thresholde 750 50 750

Data are expressed in nM (mean ± SEM, 1 nM = 24 ppb), except for flatus volume (ml). The VSCs have been measured as described in Section
2.5.

a The lowest threshold from Ref. [40].
b r as be
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Concentration at which 100% of an odor panel defined the odo
c Threshold concentration of an odorant producing an objection
d Perception threshold times a flatus dilution factor of 4–8 × 104

e See Section 2.5.

dor characteristics of H2S and MT are such that even at a 5 times
ower concentration for MT, MT has still a stronger foul odor than

2S and should still be mainly responsible for the foul odor.
The size of the first morning flatus (193 ± 69 ml, range:

0–300 ml, n = 7) was significantly larger than a flatus during the
ay (45 ± 37 ml, range: 5–130 ml, n = 21), indicating that during the
ight, there is a considerable buildup of flatus gas in the large intes-
ine.

Flatulence is a medical matter of no small import, e.g. in patients
ith a stoma where flatus is discharged uncontrolled from a stoma.
nowing the compounds responsible for the foul odor has lead to

he development of devices to reduce flatus odor [112].

. Conclusions

Sulfur is a biologically active element. The biological significance
f sulfur volatiles, especially H2S, has received great attention. The
oul odor of the sulfur volatiles is a striking characteristic and plays
major role in bad breath, feces and flatus. Detection of these VSCs
ight give valuable information in some systemic diseases and
etabolic disorders. Despite its highly toxic properties, H2S has

een lately recommended to become a new gasotransmitter (blood-
orne signaling molecule), based on high concentration found in
ealthy tissues. However, there is much doubt about the reliability
f the assay methods used. Determination of VSCs, especially that of
2S, is a cumbersome procedure. Analysis of H2S is often hindered
y numerous artifacts, as there are: the instability of sulfide, its high
olatility, its great susceptibility to oxidation, its adherence to vari-
us materials (e.g. glass), and the erroneous release of sulfide out of
ome rubbers used or out of the often used reagent DTT. This might
ead to artificially elevated or lowered levels and explains the large
iscrepancy among the various reports. Moreover, most reports do
ot differentiate between the three most important forms: free H2S,
cid-labile and dithiothreitol-labile sulfide. These three forms prob-
bly have completely different biological functions and methods
hould distinguish between these forms. Therefore, new reliable
ethods should be used to measure these three forms and to eluci-

ate the chemical structure of labile sulfide, in order to get more
nsight in the physiological role of the various forms. Gas chro-

atography can be the method of choice to measure the VSCs.

. Abbreviations used
SCs volatile sulfur compounds
2S hydrogen sulfide
T methanethiol
MS dimethyl sulfide
ing representative of the odorant.
mell [38].
ection 2.5.

DMDS dimethyl disulfide
ALS acid-labile sulfide
DLS dithiothreitol-labile sulfide
GC gas chromatography
DTT dithiothreitol
ALM acid-labile methanethiol
DLM dithiothreitol-labile methanethiol
HPLC high-performance liquid chromatography
FPD flame photometric detector
CBS cystathionine �-synthase
MAT methionine adenosyltransferase
MS mass spectrometry
MB methylene blue

Acknowledgements

I want to thank Henk Blom (VU University Medical Center, Ams-
terdam), Harvey Mudd (NIMH, Bethesda, USA) and Edwin Winkel
(University Medical Center, Groningen) for their stimulating co-
operation during several years of research in this field.

References

[1] M.H. Stipanuk, P.W. Beck, Biochem. J. 206 (1982) 267.
[2] M.H. Stipanuk, Ann. Rev. Nutr. 6 (1986) 179.
[3] E. Kirk, Gastroenterology 12 (1949) 782.
[4] H. Sogaard, Acta Vet. Scand. 16 (1975) 31.
[5] G.R. Gibson, G.T. Macfarlane, J.H. Cummings, Gut 34 (1993) 437.
[6] H. Tanaka, N. Esaki, K. Soda, Biochemistry 16 (1977) 100.
[7] N.J. Hayward, T.H. Jeavons, A.J.C. Nicholson, A.G. Thornton, J. Clin. Microbiol. 6

(1977) 187.
[8] R.D. Steele, N.J. Benevenga, J. Biol. Chem. 254 (1979) 8885.
[9] H.J. Blom, G.H.J. Boers, J.P.A.M. van den Elzen, W.A. Gahl, A. Tangerman, Clin.

Sci. 76 (1989) 43.
[10] W.A. Gahl, I. Bernardini, J.D. Finkelstein, A. Tangerman, J.J. Martin, H.J. Blom,

K.D. Mullen, S.H. Mudd, J. Clin. Invest. 81 (1988) 390.
[11] R.A. Weisiger, L.M. Pinkus, W.B. Jakoby, Biochem. Pharmacol. 29 (1980) 2885.
[12] M.D. Levitt, J. Furne, J. Springfield, F. Suarez, E. DeMaster, J. Clin. Invest. 104

(1999) 1107.
[13] J. Furne, J. Springfield, T. Koenig, E. DeMaster, M.D. Levitt, Biochem. Pharmacol.

62 (2001) 255.
[14] N.J. Benevenga, Adv. Nutr. Res. 6 (1984) 1.
[15] H.J. Blom, A. Tangerman, J. Lab. Clin. Med. 111 (1988) 606.
[16] G.M.H. Suylen, P.J. Large, J.P. van Dijken, J.G. Kuenen, J. Gen. Microbiol. 133

(1987) 2989.
[17] T. Niki, M. Kunugi, A. Otsuki, Mar. Biol. 136 (2000) 759.
[18] R.O. Beauchamp, J.S. Bus, J.A. Popp, C.J. Boreiko, D.A. Andjelkovich, CRC Crit.

Rev. Toxicol. 13 (1984) 25.
[19] G. Ljunggren, B. Norberg, Acta Physiol. Scand. 5 (1943) 248.
[20] M.F. Tansy, F.M. Kendall, J. Fantasia, W.E. Landin, R. Oberly, W.J. Sherman, J.
Toxicol. Environ. Health 8 (1981) 71.
[21] S. Fiorucci, E. Distrutti, G. Cirino, J.L. Wallace, Gastroenterology 131 (2006) 259.
[22] C. Szabo, Nat. Rev. Drug Discov. 6 (2007) 917.
[23] M. Leslie, Science 320 (2008) 1155.
[24] M.L. Morrison, J.E. Blackwood, S.L. Lockett, A. Iwata, R.K. Winn, M.B. Roth, J.

Trauma 65 (2008) 183.



togr. B

[

[
[

[
[

[

[
[

A. Tangerman / J. Chroma

[25] T. Ubuka, J. Chromatogr. B 781 (2002) 227.
[26] J. Furne, A. Saeed, M.D. Levitt, Am. J. Physiol. Regul. Integr. Comp. Physiol. 295

(2008) R1479.
[27] N.L. Whitfield, E.L. Kreimier, F.C. Verdial, N. Skovgaard, K.R. Olson, Am. J. Phys-

iol. Regul. Integr. Comp. Physiol. 294 (2008) R1930.
[28] A. Tangerman, M.T. Meuwese-Arends, J.H.M. van Tongeren, J. Lab. Clin. Med.

106 (1985) 175.
[29] Y. Ogasawara, S. Isoda, S. Tanabe, Biol. Pharm. Bull. 17 (1994) 1535.
[30] A.M. Westley, J. Westley, Anal. Biochem. 195 (1991) 63.
[31] J.L. Wood, Adv. Exp. Med. Biol. 148 (1982) 327.
[32] J.I. Toohey, Biochem. J. 264 (1989) 625.
[33] M. Iciek, L. Wlodek, Pol. J. Pharmacol. 53 (2001) 215.
[34] A. Tangerman, J. Chromatogr. 366 (1986) 205.
[35] H.J. Blom, R.A.F.M. Chamuleau, J. Rothuizen, N.E.P. Deutz, A. Tangerman, Hep-

atology 11 (1990) 682.
[36] S.H. Mudd, H.L. Levy, A. Tangerman, C. Boujet, N. Buist, A. Davidsen-Mundt,

L. Hudgins, K. Oyanagi, M. Nagao, W.G. Wilson, Am. J. Hum. Genet. 57 (1995)
882.

[37] A. Tangerman, Int. Dent. J. 52 (2002) 201.
[38] A. Tangerman, E.G. Winkel, J. Clin. Periodontol. 34 (2007) 748.
[39] M.J. Pimenta, T. Kaneta, Y. Larondelle, N. Dohmae, Y. Kamiya, Plant Physiol. 118

(1998) 431.
[40] K. Verschueren, Handbook of Environmental Data on Organic Chemical, 2nd

edn., Van Nostrand Reinhold Company, New York, Cincinnati, Toronto, London,
Melbourne, 1983, p. 42.

[41] A.H. Nielsen, J. Vollertsen, T. Hvitved-Jacobsen, Water Environ. Res. 78 (2006)
275.

[42] F.L. Suarez, J.K. Furne, J. Springfield, M.D. Levitt, J. Dent. Res. 79 (2000) 1773.
[43] E.G. Winkel, A. Tangerman, J. Breath Res. 2 (2008) 017011.
[44] J.E. Doeller, T.S. Isbell, G. Benavides, J. Koenitzer, H. Patel, R.P. Patel, J.R. Lan-

caster Jr., V.M. Darley-Usmar, D.W. Kraus, Anal. Biochem. 341 (2005) 40.
[45] A. Tangerman, Clin. Chem. 41 (1995) 1541.
[46] Y. Ogasawara, K. Ishii, T. Togawa, S. Tanabe, Anal. Biochem. 215 (1993) 73.
[47] T. Togawa, M. Ogawa, M. Nawata, Y. Ogasawara, K. Kawanabe, S. Tanabe, Chem.

Pharm. Bull. 40 (1992) 3000.
[48] T. Ubuka, T. Abe, R. Kajikawa, K. Morino, J. Chromatogr. B 757 (2001) 31.
[49] T. Nagata, S. Kage, K. Kimura, K. Kudo, M. Noda, J. Forensic Sci. 35 (1990) 706.
[50] B. Sorbo, Biochim. Biophys. Acta 38 (1960) 349.
[51] C.L. Evans, Quart. J. Exp. Physiol. 52 (1967) 231.
[52] M.A. Powell, A.J. Arp, J. Exp. Zool. 249 (1989) 121.
[53] C.G. Curtis, T.C. Bartholomew, F.A. Rose, K.S. Dodgson, Biochem. Pharmacol. 21

(1972) 2313.
[54] M.W. Warenycia, L.R. Goodwin, C.G. Benishin, R.J. Reiffenstein, D.M. Francom,

J.D. Taylor, F.P. Dieken, Biochem. Pharmacol. 38 (1989) 973.
[55] L.R. Goodwin, D. Francom, F.P. Dieken, J.D. Taylor, M.W. Warenycia, R.J. Reiff-

enstein, G. Dowling, J. Anal. Toxicol. 13 (1989) 105.
[56] J.C. Savage, D.H. Gould, J. Chromatogr. 526 (1990) 540.
[57] T.W. Mitchell, J.C. Savage, D.H. Gould, J. Appl. Toxicol. 13 (1993) 389.
[58] H. Lindell, P. Jäppinen, H. Savolainen, Analyst 113 (1988) 839.
[59] B.H. McAnalley, W.T. Lowry, R.D. Oliver, J.C. Garriot, J. Anal. Toxicol. 3 (1979)

111.
[60] C.J. Richardson, E.A.M. Magee, J.H. Cummings, Clin. Chim. Acta 293 (2000) 115.
[61] Y. Ogasawara, K. Ishii, T. Togawa, S. Tanabe, Analyst 116 (1991) 1359.
[62] M.W. Warenycia, L.R. Goodwin, D.M. Francom, F.P. Dieken, S.B. Kombian, R.J.

Reiffenstein, Arch. Toxicol. 64 (1990) 650.
[63] U. Hannestad, S. Margheri, B. Sörbo, Anal. Biochem. 178 (1989) 394.
[64] A. Tangerman, in: F. Bengtsson, B. Jepppsson, T. Almdal, H. Vilstrup (Eds.),

Hepatic Encephalopathy and Metabolic Nitrogen Exchange, CRC Press, Boca
Raton, 1991, p. 259.

[65] C. Zimmermann, P. Ferenci, C. Pifl, C. Yurdaydin, J. Ebner, H. Lassmann, E. Roth,

H. Hörtnagl, Hepatology 9 (1989) 594.

[66] D.K. Bosman, J.G. de Haan, J. Smit, G.G.A. Jorning, M.A.W. Maas, R.A.F.M.
Chamuleau, J. Hepatol. 9 (1989) 49.

[67] A. Tangerman, G. Bongaerts, R. Agbeko, B. Semmekrot, R. Severijnen, J. Clin.
Pathol. 55 (2002) 631.

[68] K.R. Olsen, Biochim. Biophys. Acta (2009), April 8, Epub.

[
[

877 (2009) 3366–3377 3377

[69] S.U. Khan, G.F. Morris, M. Hidiroglou, Microchem J. 25 (1980) 388.
[70] M. Besouw, H. Blom, A. Tangerman, A. de Graaf-Hess, E. Levtchenko, Mol.

Genet. Metab. 91 (2007) 228.
[71] S.H. Mudd, H.L. Levy, J.P. Kraus, in: C.R. Scriver, A.L. Beaudet, D. Valle, W.S.

Sly (Eds.), The Metabolic and Molecular Bases of Inherited Disease, 8th edn.,
McGraw-Hill, New York, 2001, p. 2007.

[72] S.H. Mudd, R. Cerone, M.C. Schiaffino, et al., J. Inherit. Metab. Dis. 24 (2001)
448.

[73] H.J. Blom, P. Ferenci, G. Grimm, S.H. Yap, A. Tangerman, Hepatology 13 (1991)
445.

[74] M. Regina, V. Korhonen, T.K. Smith, L. Alakuijala, T.O. Eloranta, Arch. Biochem.
Biophys. 300 (1993) 598.

[75] J.T. Dever, A.A. Elfarra, J. Pharmacol. Exp. Ther. 326 (2008) 809.
[76] A. Finkelstein, N.J. Benevenga, J. Nutr. 116 (1986) 204.
[77] W.N. Valentine, J.I. Toohey, D.E. Paglia, M. Nakatani, R.A. Brockway, Proc. Natl.

Acad. Sci. U. S. A. 84 (1987) 1394.
[78] A. Tangerman, M.T. Meuwese-Arends, J.B.M.J. Jansen, Lancet 343 (1994) 483.
[79] G.A. Mills, V. Walker, J. Chromatogr B. 753 (2001) 259.
[80] R.H. Waring, S.C. Mitchell, G.R. Fenwick, Xenobiotica 17 (1987) 1363.
[81] E.G. Winkel, in: J. Lindhe, N.P. Lang, T. Karring (Eds.), Clinical Periodontology

and Implant Dentistry, 5th edn., Blackwell Munksgaard, Oxford, 2008, p. 1325.
[82] J. Tonzetich, Arch. Oral Biol. 16 (1971) 587.
[83] A.M.W.T. van den Broek, L. Feenstra, C. de Baat, J. Dent. 35 (2007) 627.
[84] M. Rosenberg, G.V. Kulkarni, A. Bosy, C.A.G. McCulloch, J. Dent. Res. 11 (1991)

1436.
[85] A. Tangerman, M.T. Meuwese-Arends, J.H.M. van Tongeren, Clin. Chim. Acta

130 (1983) 103.
[86] M. Hanada, H. Koda, K. Onaga, K. Tanaka, T. Okabayashi, T. Itoh, H. Miyazaki,

Anal. Chim. Acta 475 (2003) 27.
[87] A. Tangerman, E.G. Winkel, J. Breath Res. 2 (2008) 017010.
[88] S. Awano, S. Koshimune, E. Kurihara, K. Gohara, A. Sakai, I. Soh, T. Hamasaki, T.

Ansai, T. Takehara, J. Dent. 32 (2004) 555.
[89] A. Manolis, Clin. Chem. 29 (1983) 5.
[90] C.L. Whittle, S. Fakharzadeh, J. Eades, G. Preti, Ann. N. Y. Acad. Sci. 1098 (2007)

252.
[91] M. Phillips, N. Altorki, J.H. Austin, R.B. Cameron, R.N. Cataneo, J. Greenberg, R.

Kloss, R.A. Maxfield, M.I. Munawar, H.I. Pass, A. Rashid, W.N. Rom, P. Schmitt,
Cancer Biomark. 3 (2007) 95.

[92] J.G. Moore, L.D. Jessop, D.N. Osborne, Gastroenterology 93 (1987) 1321.
[93] W.J. Babidge, S.H. Millard, W.E.W. Roediger, J. Clin. Pathol. 48 (1995) 641.
[94] W.E.W. Roediger, A. Duncan, O. Kapaniris, S. Millard, Gastroenterology 104

(1993) 802.
[95] J. Levine, C.J. Ellis, J.K. Furne, J. Springfield, M.D. Levitt, Am. J. Gastroenterol. 93

(1998) 83.
[96] J. Moore, W. Babidge, S. Millard, W. Roediger, Dig. Dis. Sci. 43 (1998) 162.
[97] O. Bergeim, A.H. Hanszen, L. Pincussen, E. Weiss, J. Infect. Dis. 69 (1941) 155.
[98] A. Tangerman, F.M. Nagengast, Gastroenterology 106 (1994) A634.
[99] T.H.J. Florin, Clin. Chim. Acta 196 (1991) 127.
100] S.U. Christl, R.D. Eisner, G. Dusel, H. Kasper, W. Scheppach, Dig. Dis. Sci. 41

(1996) 2477.
101] A. Strocchi, J.K. Furne, M.D. Levitt, J. Microbiol. Methods 15 (1992) 75.
102] J. Furne, J. Springfield, T. Koenig, F. Suarez, M.D. Levitt, J. Chromatogr. B 754

(2001) 253.
103] J.D. Cline, Limnol. Oceanogr. 14 (1969) 454.
104] M. Hiele, Y. Ghoos, P. Rutgeers, G. Vantrappen, D. Schoorens, Gastroenterology

100 (1991) 1597.
105] T. Jiang, F.L. Suarez, M.D. Levitt, S.E. Nelson, E.E. Ziegler, J. Pediatr. Gastroenterol.

Nutr. 32 (2001) 534.
106] M.D. Levitt, J.H. Bond, Ann. Rev. Med. 31 (1980) 127.
107] D.F. Danzl, J. Emerg. Med. 10 (1992) 79.

108] J. Tomlin, C. Lowis, N.W. Read, Gut 32 (1991) 665.
109] F. Suarez, J. Furne, J. Springfield, M. Levitt, Am. J. Physiol. 272 (1997) G1028.

[110] A. Tangerman, Gastroenterology 104 (1993) A283.
[111] F.L. Suarez, J. Springfield, M.D. Levitt, Gut 43 (1998) 100.
[112] H. Ohge, J.K. Furne, J. Springfield, S. Ringwala, M.D. Levitt, Am. J. Gastroenterol.

100 (2005) 397.


	Measurement and biological significance of the volatile sulfur compounds hydrogen sulfide, methanethiol and dimethyl sulfide in various biological matrices
	Introduction
	Definition of the various forms of the VSCs
	Forms of H2S
	Free H2S
	Acid-labile sulfide (ALS)
	Dithiothreitol-labile sulfide (DLS)

	Forms of MT (CH3SH)
	Free MT
	Acid-labile MT (ALM)
	Dithiothreitol-labile MT (DLM)

	Forms of DMS (CH3SCH3)
	Free DMS



	Experimental (authors newly presented experiments)
	Free concentrations of the VSCs in blood and urine
	Bound forms of H2S and MT in serum and urine
	Bound forms of H2S and MT in tissues
	Fecal H2S
	Total H2S (sum of free and bound H2S)
	Free H2S
	Bound H2S

	Flatus
	Flatus perception thresholds
	Bathtub flatus sampling


	Analysis of the VSCs
	General remarks
	VSCs in blood, serum and tissues
	H2S in blood, serum and tissues
	Free H2S
	ALS and DLS

	MT in blood, serum and tissues
	Free MT
	ALM
	DLM

	DMS in blood, serum and tissues

	VSCs in urine
	VSCs in breath
	VSCs in feces
	VSCs in flatus

	Conclusions
	Abbreviations used
	Acknowledgements
	References


