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Sulfide-detoxifying enzymes in the human colon are decreased
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Ramasamy, S., S. Singh, P. Taniere, M. J. S. Langman, and
M. C. Eggo. Sulfide-detoxifying enzymes in the human colon are
decreased in cancer and upregulated in differentiation. Am J Physiol
Gastrointest Liver Physiol 291: G288–G296, 2006. First published
February 23, 2006; doi:10.1152/ajpgi.00324.2005.—H2S is highly
toxic and selectively inhibits butyrate oxidation in colonocytes. Inef-
fective detoxification may result in mucosal insult, inflammation, and
ultimately in colorectal cancer (CRC). Rhodanese can detoxify H2S
and is comprised of two isoenzymes: thiosulfate sulfurtransferase
(TST) and mercaptopyruvate sulfurtransferase (MST). Using specific
antisera to discriminate TST from MST, we found that only TST
could detoxify H2S. In sections of normal colon, both enzymes were
located on the luminal mucosal surface, and they were expressed in
the colonocytes but not in the mucin-secreting goblet cells. Expression
of both enzymes was focally lost in ulcerative colitis and markedly
reduced in advanced colon cancer, the disease progression correlating
with the decreased expression of MST and TST. In HT-29 cells, a
human colon cancer cell line, TST activity and expression were
significantly increased by butyrate and by histone deacetylase inhibi-
tion, agents that promote HT-29 cell differentiation. Sulfide (0.1 mM)
also increased TST activity, but higher sulfide concentrations (0.3–3
mM) were toxic. Preincubation in butyrate to increase TST expres-
sion, decreased sensitivity of the cells to sulfide toxicity. We conclude
that decreased expression of TST (or MST) is a tumor marker for
CRC. TST expression is increased in colonocyte differentiation.
Dysregulation of TST expression and activity resulting in inability to
effectively detoxify could be a factor in the cell loss and inflammation
that accompany ulcerative colitis and ultimately then in CRC.

colorectal cancer; thiosulfate sulfurtransferase; butyrate; HT-29

IN THE HUMAN COLON, anaerobic bacteria produce hydrogen
sulfide (H2S) (25), which inhibits the oxidation of short-chain
fatty acids (SCFA) (18, 19). SCFAs are the main energy source
(�70% ) for colonocytes (18) and also contribute 5–10% of the
total energy supplies in humans. Inhibition of their oxidation in
the colon will result in colonocyte starvation and death, result-
ing in inflammation. This, the “energy deficiency” hypothesis
of Roediger (18), is postulated to lead to ulcerative colitis
(UC). Many studies have shown that patients with UC have
increased colorectal cancer (CRC) risk, with Prior et al. (16)
estimating this as an 11-fold excess. On the basis of these
studies, we suggest that the expression of enzymes important in
sulfide detoxification is essential to preserve a healthy mu-
cosa and that derangements in expression may accompany UC
and CRC.

We recently showed that colonic mucosal rhodanese can
detoxify hydrogen sulfide (15) and thus might protect against
mucosal injury. Rhodanese is a mitochondrial enzyme, present
in all living organisms from bacteria to humans, and is thought
to play a central role in cyanide detoxification (12, 28, 29).
Cloning data have shown the presence of two isoenzymes:
thiosulfate sulfurtransferase (TST; E.C.2.8.1.1) and mercapto-
pyruvate sulfurtransferase (MST; E.C.2.8.1.2) of very similar
size and biochemical properties (13, 14). Both MST and TST
can transfer sulfur from either mercaptopyruvate or thiosulfate
to mercaptoethanol or potassium cyanide (KCN), respectively,
but they differ markedly in their Km for these reactions (13,
14). In an elegant study using gene arrays to examine differ-
ences in gene expression in colonic mucosa from cancerous
and normal tissues, Birkenkamp-Demtroder et al. (3) identified
TST as a potential tumor marker (3, 4). Confirmatory data of
TST protein or activity assays were not, however, presented,
and data of MST regulation were not reported. To date,
discrimination of MST and TST has not been attempted, and it
is not known whether it is MST or TST that is important in the
detoxification of H2S. In this study, we have used specific
antisera to determine the contribution of each isoenzyme to
H2S detoxification. We used these antisera to examine local-
ization of MST and TST in normal colon and to compare the
expression levels in paired normal and tumor tissue. Colonic
samples from UC patients at various phases of disease severity
were also examined.

We determined the regulation of expression of MST and
TST in the colonic cancer cell line HT-29, which can use
butyrate as an energy source (8). We examined the effects of
sulfide and butyrate on the activity and expression of the two
enzymes and the ability of butyrate to protect cells against
sulfide toxicity. We then explored whether any effect of bu-
tyrate in protecting cells against sulfide damage is likely to be
through protection as an energy source or as a modulator of
histone acetylation.

MATERIALS AND METHODS

Cell culture and treatments. The human colon cancer cell line
HT-29 was maintained in phenol red-free RPMI 1640 medium
(Sigma, Poole, UK) supplemented with 10% FCS (First Link, Bir-
mingham, UK) and antibiotics (100 U/ml penicillin G and 100 �g/ml
streptomycin sulfate) and incubated in a humidified atmosphere of 5%
CO2-95% air at 37°C. For the experiment, cells were seeded in
25-cm2 tissue culture flasks (double seal, Iwaki, Japan). When cells
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were 70% confluent, they were incubated in 2 mM sodium butyrate
for 24 h. The cell layer was washed with Hank’s balanced salt solution
(HBSS) before incubation in 5 ml medium containing varying doses
of sodium hydrogen sulfide, (NaHS �H2O) (Sigma). To minimize the
loss of volatile NaHS �H2O, the caps were sealed, and medium pH was
maintained by the addition of 10 mM HEPES (pH 7.0).

Assays of cell viability. The ability of propidium iodide (PI) to enter
permeabilized, dead cells but not living cells was used to determine
cell viability. PI intercalates with double-stranded DNA, which am-
plifies fluorescence. After 24 h of preincubation with and without 2
mM butyrate, cells were treated with varying doses of NaHS (Alfa
Aesar, UK) for 24 h. Floating cells were transferred into 15-ml tubes
and centrifuged, and the pellet was resuspended in 0.2 ml RPMI
containing 10 �g/ml PI (Sigma). The adherent cells were washed with
HBSS and incubated in 1 ml of RPMI medium containing 10 �g PI
for 10 min. Adherent cells were washed with HBSS and removed
from the dish with 0.125% trypsin in Ca/Mg-free HBSS. PI fluores-
cence of the floating and the adherent cell fractions was measured
(522 nm excitation, 612 nm emission) using a FLUOstar OPTIMA
plate reader (BMG Labtech, Aylesbury, UK). Floating and adherent
cells were combined and frozen at �80°C to disrupt nuclei, and PI
(final concentration 10 �g/ml) was added for 30 min for an assay of
total DNA. The percentage of sulfide-induced cell cytotoxicity was
calculated by dividing the sum of PI fluorescence of the floating and
adherent cells by the total cell PI fluorescence reading after freeze-
thaw treatment.

Preparation of cell homogenate. Cells were washed twice with
HBSS to remove serum and placed on ice with 500 �l of cell lysate
buffer containing 0.1% Triton X-100 in HBSS for 3 min. The lysed
cells were scraped from the flask and centrifuged at 13,000 rpm for 15
min in a cold room; the supernatant was transferred to a fresh tube and
used for immunoprecipitation, enzyme assay, and Western blotting.

Immunoprecipitation of MST and TST. HT-29 cell lysate (30 �l)
was incubated overnight at 4°C with 2 �l of custom-made specific
rabbit polyclonal antibodies, raised to epitopes at the COOH termini
of TST and MST (Eurogentec, Seraing, Belgium). A Blast search was
used to design the antigens for TST {[C]KEGHPVTSEPSRPE} and
MST {[C]KEGHPVTSEPSRPE}. Cysteine [C] is added to the NH2

terminus for an attachment via m-maleimidobenzoic acid N-hydroxyl-
succinimide ester to keyhole limpet hemocyanin. The antigens are
unique and found only in TST and MST, respectively. The TST and
MST complexes were immunoprecipitated with protein A conjugated
to agarose (Santa Cruz Biotechnology, Santa Cruz, CA). Immunopre-
cipitates were separated by centrifugation for 30 s at 4°C. After the
immunoprecipitates were washed three times with 0.1% Triton X-100
in HBSS, antigens were dissociated from the agarose-protein A beads
by boiling in sample buffer as described in Western blots.

Immunohistochemistry. Immunostaining of 4-�m, paraffin-embed-
ded, formaldehyde-fixed colonic sections was performed as described
previously using the ABC technique (17). Fifteen samples (paired
normal and disease) both for UC and for cancer were stained for MST
and TST and counterstained with hematoxylin. The tumor tissues
were staged according to the pTNM pathological classification (22).
Comparisons were made between the proportion of positively staining
cells in paired sections of normal and cancerous tissue. Ten fields
were examined at high power, and results were expressed as the
percentage of positively staining cells compared with the normal
control.

Enzyme assays. Principles of the assays were based on the colori-
metric method for the determination of thiocyanate formation (23,
24). TST activity was measured using sodium thiosulfate (Na2S2O3)
as substrate, as described by Aminlari and Gilanpour (1) based on the
work of Sorbo (23, 24). The assay mixture contained 50 mM
Na2S2O3, 50 mM KCN, 40 mM sodium glycine buffer (pH 9.2), and
10–20 �l cell homogenate or 0.1–0.5 �l rhodanese (Sigma, R1756) in
a final volume of 150 �l with Milli-Q water. The MST assay was
based on a modification of the Vachek and Wood method (26) and

Jarabak’s method (9) using freshly prepared 3-mercaptopyruvate as
the sulfur donor and cyanide as the sulfur acceptor. The assay mixture
contained 225 mM 2-methyl-2-aminopropanediol (Bis buffer), 15 mM
sodium 3-mercaptopyruvate, and 12.5 mM KCN and 10–20 �l cell
homogenate in a final volume of 100 �l with Milli-Q water. The H2S
detoxification assay was based on the TST assay, using freshly
prepared NaHS �H2O, at a final concentration of 50 mM as substrate
in place of Na2S2O3. NaHS �H2O was dissolved in ethanol to remove
putative contaminants of sodium thiosulfate and sodium sulfide
(Na2S), neither of which is soluble in ethanol. The small amount of
ethanol-insoluble material was removed by centrifugation. The reac-
tions were initiated at 37°C for 10 min by adding KCN. After the
incubation, reactions were terminated by the addition of 50 �l of
13.9% formaldehyde followed by 0.025 M ferric nitrate (150 �l). The
reaction product of ferric thiocyanate was detected at 460 nm in a
plate reader. Each sample was assayed in triplicate, and a cell lysate
buffer control was subtracted from the values.

Two commercial preparations of rhodanese were used: a highly
purified preparation (Sigma R1756–130 U/mg) and an impure prep-
aration (Sigma R1425–13 U/mg). These were assayed for TST and
MST activity. The impure preparation was active in both enzyme
assays, whereas the highly purified preparation only possessed TST
activity.

Western blots. The cytoplasmic protein concentration of cell ho-
mogenates was determined using the Bio-Rad DC protein microassay
kit (Bio-Rad Laboratories, Hempstead, UK) with BSA as standard.
Proteins (100 �g) were heated at 100°C for 15 min in sample buffer
containing 2% SDS, 10% 2-mercaptoethanol, 10% glycerol, and 62.5
mM Tris �HCl (pH 6.8), with bromophenol blue. Proteins were sepa-
rated by electrophoresis on 15% SDS-polyacrylamide gels with a
7.5% stacking gel as described previously (17). Custom-made, affin-
ity-purified, specific rabbit polyclonal antibodies to 15-amino acid
sequences in TST and MST were used with enhanced Lumi Glo
chemiluminescent substrate (KPL) for detection. Confirmation of
equal loading was shown by stripping the membranes in 2% SDS, 1%
2-mercaptoethanol, and 62.5 mM Tris �HCl, pH 6.8, at 60°C for 30
min and reprobing with antisera to actin (The Binding Site, Birming-
ham, UK). Densitometry was performed and quantified using Total
lab v2005 1D densitometry analysis software (Nonlinear Dynamics
Limited). Corrections were made for differences in protein loading
using the actin internal control, although these did not differ by �2%.

Statistical analysis. Statistical calculations were performed using
Instat software package (Graphpad software). Duplicates or triplicate
samples were used for all assays. Experiments were repeated at least
twice, and data were analyzed using ANOVA and the Tukey-Kramer
multiple-comparisons posttest.

RESULTS

Characterization of the antibodies to MST and TST. To
determine the specificity of TST and MST antibodies, lysates
from HT-29 cells were incubated with either MST or TST

Fig. 1. Western immunoblotting of immunoprecipitates of mercaptopyruvate
sulfurtransferase (MST) and thiosulfate sulfurtransferase (TST) from HT-29
cell lysates, probed with antisera to MST and TST. The 55-kDa IgG band was
evident in the immunoprecipitates but is not shown on the blot for clarity.
Arrows � immunoprecipitates.
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antisera and immunoprecipitated with protein A-agarose. The
washed immunoprecipitates were analyzed by Western immu-
noblotting. Blots were probed with either MST or TST anti-
sera, and the data are shown in Fig. 1. MST antisera only
recognized MST immunoprecipitates and not TST immuno-
precipitates. Conversely, probing Western blots with TST
antisera showed reactivity only in TST immunoprecipitates and
no reactivity in MST immunoprecipitates, confirming that the
antisera were specific.

Effect of MST and TST on the detoxification of NaHS �H2O.
In these experiments, NaHS �H2O was used in place of Na2S
(15) because it is soluble in ethanol. We used its differential
solubility in ethanol to separate NaHS �H2O from Na2S and
from sodium thiosulfate, the normal substrate of TST, neither
of which is ethanol soluble. Using a commercial preparation of
rhodanese, which did not express MST activity, we examined
the effect of increasing concentrations of NaHS �H2O on prod-
uct formed as shown in Fig. 2. Background controls were
performed at each concentration of NaHS �H2O and subtracted
from sample. At concentrations �100 mM, linearity was lost.
Controls using heat-treated enzyme (56°C, 30 min) or TST
treated with 0.1% SDS showed loss of all activity against
NaHS �H2O as substrate and against Na2S2O3 (data not shown).
In controls substituting ovalbumin at the same concentration as
TST, there was no product formation. The rate of product
formed using NaHS �H2O was considerably less than that
formed from Na2S2O3 when equivalent substrate concentra-
tions (50 mM) were used (196 vs. 6,600 nmol �U�1 �min�1).

To determine the individual contribution of MST and TST in
the detoxification of H2S, we immunoprecipitated TST and
MST from an impure rhodanese preparation. This preparation
contained both MST and TST activity when assayed. The TST
antiserum was mixed overnight at 4°C with the enzyme prep-
aration, and the antigen/antibody was removed with protein
A-agarose. MST is less stable than TST, and incubations with
MST antiserum were continued for 1 h at room temperature
before the removal of the antigen/antibody complex with
protein A-agarose. The supernatants were used in enzyme
assays to determine their ability to detoxify NaHS �H2O, mer-
captopyruvate, and thiosulfate. Controls were enzyme incu-
bated identically except that the antisera were omitted. Results
are expressed relative to the activity in these controls for all
assays.

Table 1 shows that immunoprecipitation and removal of
TST from the preparation abolished �90% of the activity of

the preparation against NaHS �H2O and against Na2S2O3 (TST
assay) as substrates. MST activity was hardly affected and was
�95% of the control. Conversely, when MST activity was
immunoprecipitated from the reaction, there was no loss of
enzyme activity against NaHS �H2O or Na2S2O3, whereas MST
activity was lost. We conclude that TST is responsible for
detoxification of H2S.

Comparison of TST and MST in normal colon and tumor
tissue and in UC. Figure 3, A-D, shows sections of normal
colon sections for TST (Fig. 3, A and C) and MST (Fig. 3, B
and D). Figure 3, A and B, are high-power magnifications
showing a cross-sectional view of colonic crypt. In neither
figure were goblet cells immunostained (marked with arrows),
but the absorptive colonocytes showed strong cytoplasmic
staining. Figure 3, C and D, which shows the crypts, demon-
strates that the mucosal surface is heavily stained, but cells at
the crypt base are unstained. The distribution of staining for
both MST and TST (Fig. 3, C and D) was very similar.

Matched pairs (n � 15) of normal and colonic adenocarci-
noma staged according to the pTNM pathological classification
(tumor invasion, nodal involvement, metastases) were exam-
ined by immunohistochemistry. Representative sections of co-
lon cancer are shown in Fig. 3, E and F. The percentage of cells
staining positive for TST with tumor stage is shown in Table 2.
In all tumors, staining was �50% of the paired control. The
percentage of positively stained cells decreased as tumor stage
increased. Similar results were found for MST. Figure 3, G and
H, shows staining for TST and MST in a section where normal,
dysplastic tissue, and cancer coexist. This section exemplifies
the pattern of staining in normal � dysplasia � cancer and
suggests that loss of MST and TST is an early event in the
multistep process leading to colon carcinogenesis.

For UC (Fig. 3I), the mucosa, when present, stained for both
MST and TST, whatever the severity of the active inflamma-
tion. In some instances, the number of positive cells (see Fig.
3, K and L) varied within the same section, suggesting regu-
lation of enzyme expression.

Regulation of TST and MST activity and expression in vitro
in HT-29 cells. The effects of butyrate (2 mM) on TST and
MST activity and expression are shown in Fig. 4, A and B,
respectively. Also shown on this figure are the effects of
suberoylanilide hydroxamic acid (SAHA; 5 �M), a specific
inhibitor of histone deacetylase enzymes (HDAC). Cells were
incubated for 24 h with the agents, and activities were deter-
mined in the lysates as described in the MATERIALS AND METH-
ODS. TST activity was significantly increased by butyrate
(42%) and SAHA (34%) in HT-29 cells. There was no signif-

Fig. 2. Ability of a purified preparation of rhodanese expressing only TST
activity to detoxify NaHS �H2O. An ethanolic extract of NaHS �H2O was
freshly prepared, and increasing concentrations were incubated with enzyme.

Table 1. Effect of immunoprecipitation of TST or MST from
a rhodanese preparation on assays for NaHS, TST and MST

%Control
NaHS Assay,

%
TST Assay,

%
MST Assay,

%

TST immunoprecipitated (n � 3) 7.8�0.1 9.1�0.1 95.7�2.4
MST Immunoprecipitated (n � 1) 94.2�0.7 92.8�1.3 6.4�0.2

Values are means � SD. Experiments performed in duplicate. NaHS assay
uses 50 mM NaHS:H2O as substrate, thiosulfate sulfurtransferase (TST) assay
uses 50 mM Na2S2O3 as substrate, and mercaptopyruvate sulfurtransferase
(MST) assay uses 225 mM mercaptopyruvate as substrate.
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icant effect on MST activity. The effects of SAHA at 24 h were
identical to those of butyrate.

The effects on enzyme activity were reflected in the Western
blot analyses showing enzyme expression (Fig. 4B). Densitom-

etry measurements of Western blots of two separate experi-
ments, corrected for actin expression, showed that TST expres-
sion was increased by 2.31 � 0.18-fold (mean � SD, n � 2)
by butyrate and that MST expression was increased 1.15 �

Fig. 3. TST and MST expression in normal colon, in colorectal cancer (CRC) and in ulcerative colitis (UC). A and B: normal tissue stained for TST and MST,
respectively (�400). C and D: normal tissues stained for TST and MST, respectively (�100). E and F: CRC tissues stained for TST and MST (�100). G and
H: staining for TST and MST, respectively, in section showing normal (red arrow), dysplastic (white arrow), and cancer (black arrow) tissue (�260). I-L: colon
sections from a patient with UC stained for TST and MST. K and L (�100): the heterogeneous staining for TST and MST, respectively, found in some UC
sections. Scale bar, 200 �m.
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0.01-fold. After SAHA treatment, there was a 1.67 � 0.11-fold
increase for TST expression and for MST; the fold increase
was 1.19 � 0.11.

To distinguish the effects of butyrate as an energy source for
colonocytes from its effects as an inhibitor of HDAC, we
determined the effect of acetate, a two-carbon SCFA, which,

similar to butyrate, is metabolized by the cells but does not
possess HDAC inhibitory activity (7). Cell were treated with
various doses of acetate (0–30 mM) for 24 h. TST and MST
activities were measured in cell lysates, but there were no
significant effects (data not shown).

Effect of sulfide on TST and MST activity and expression in
HT-29 cells. To investigate the effects of sulfide on TST and
MST activities and enzyme expression, HT-29 cells were
treated with and without NaHS �H2O at various doses (0.1, 0.3,
and 1 mM) for 24 h as shown in Fig. 5. Sulfide at low
concentrations (0.1 mM) increased TST (28%) and MST
(29%) activity significantly at 24 h, but higher concentrations
of sulfide (1 mM) reduced enzyme activity significantly (Fig.
5A). Densitometry measurements of Western blots (shown in
Fig. 5B) showed that 0.1 mM NaHS �H2O increased TST
expression by 1.51 � 0.07-fold (mean � SD, n � 3) and MST
expression by 1.47 � 0.18-fold (mean � SD, n � 3). At 0.3
mM, TST expression was not significantly different from
untreated controls (0.96 � 0.22), and higher doses were inhib-
itory. Regulation of MST expression was similar.

Time course of toxicity of sulfide on TST and MST activity
and expression in HT-29 cells. HT-29 cells were exposed to 2
mM NaHS �H2O for varying times to determine the time course
of its toxicity measured both as enzyme activity and as protein
expression (Fig. 6). For both TST and MST, there was a
significant decrease in activity by 16 h. The Western blots
showed considerable degradation of MST within 4 h of addi-
tion of NaHS �H2O, although expression of the full-length form
was maintained. For TST, Western blots showed considerable
degradation at 16 h. For both enzymes, the activity reflected the
expression of the full-length forms.

Effect of butyrate preincubation on NaHS �H2O effects on
TST and MST activity and expression in HT-29 cells. To
determine whether by inducing TST expression with butyrate
in HT-29 cells, cells could be protected from sulfide toxicity,
cells were preincubated with butyrate (2 mM) for 24 h to allow
increased enzyme expression, before the addition of various
doses (0.1, 0.3, 1, and and 3 mM) of NaHS �H2O. TST and

Fig. 4. Effect of butyrate and suberoylanilide hydroxamic acid (SAHA) on
TST and MST activity and expression in HT-29 cells. A: TST and MST
activities were measured after 24 h treatment with and without butyrate (2
mM) and SAHA (5 �M). B: Western immunoblotting showing TST and MST
expression in HT-29 cell lines treated with and without butyrate or SAHA.
Actin was used as an internal control of protein loading. Open bars for control
and solid bars for butyrate (2 mM) and dotted bars for SAHA (5 �M).
Statistical analyses were carried out using ANOVA and Tukey-Kramer mul-
tiple-comparisons posttest (n � 6).

Fig. 5. Effect of sulfide on TST and MST activity and expression in HT-29
cells. TST and MST activities were measured after 24 h treatment with various
doses of NaHS �H2O. Western immunoblotting (beneath) shows TST and MST
expression in HT-29 cell lysates following treatment with NaHS �H2O. Open
bars for TST and solid bars for MST. Statistical analyses were carried out using
ANOVA and Tukey-Kramer multiple-comparisons posttest (n � 3).

Table 2. Percentage of cells staining positive for TST
with tumor stage (T2–T4)

% Positive N T2 T3 T4

100 15 0 0 0
21–50 0 3 0 0
11–20 0 1 1 0
1–10 0 1 3 3

0 0 0 0 3

Numbers refer to number of patients. N, normal sample; T, tumor sample.
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MST activities were measured as shown in Fig. 7, A and B,
respectively. TST and MST expression is shown in Fig. 7C.

When incubated with 0.3 mM NaHS �H2O, HT-29 cells not
preincubated with 2 mM butyrate showed a marked and sig-
nificant decrease in TST activity as shown in Fig. 7A. In
contrast, when preincubated in butyrate, there was no inhibi-
tory effect of sulfide on TST activity at this concentration of
NaHS �H2O. The dose-response curve had been shifted to the
right by butyrate preincubation. Higher concentrations of
NaHS �H2O (�1 mM) were inhibitory, although in the bu-
tyrate-preincubated cells, some rescue was evident.

For MST, butyrate preincubation did not significantly affect
the toxicity of NaHS �H2O as shown in Fig. 7B. Although the
cells were slightly less susceptible to the inhibition by
NaHS �H2O when preincubated with butyrate, these effects
were not significant.

Western blotting (Fig. 7C) showed that when cells were not
preincubated in butyrate, there was dose-dependent degrada-
tion of full-length TST and MST. When preincubated in
butyrate, despite the loss of enzyme activity (shown in Fig. 7,
A and B), the integrity of both TST and MST structure was
maintained.

Effects of butyrate preincubation on cytotoxicity in
NaHS �H2O-treated HT-29 cells. The morphology of cells pre-
incubated with or without 2 mM butyrate and treated with or
without 1.0 mM NaHS �H2O for 24 h is shown in Fig. 8.
Treatment with NaHS �H2O alone for 24 h was clearly cyto-
toxic, and the cells were floating (Fig. 8A compared with Fig.
8B). There is obvious cell shrinkage due to their detachment,
the nuclei are dark, and the surrounding cytoplasm is translu-
cent. With butyrate alone (Fig. 8C), there were changes in
morphology, but cell shrinkage was not present, and the cells
remained adherent. In those cells preincubated in butyrate and

treated with NaHS �H2O, again, the cells remained adherent
(Fig. 8D) and did not demonstrate the cytotoxicity seen in the
cells not preincubated in butyrate (Fig. 8B). Some translucent
cells are seen, but fewer than in NaHS �H2O alone.

Cytotoxicity was also assayed by the binding of PI to
cellular DNA, which is indicative of cell membrane permeabi-
lization and cell death (30). Compared with control cultures,
butyrate increased the amount of cellular DNA available to
bind PI, i.e, cell death, by 15.8%. This was not unexpected,
because butyrate is known to increase apoptosis in HT-29 cells
(21). In cells incubated in NaHS (Alfa Aesar, UK) for 24 h,
there was a dose-dependent increase in PI-bound DNA that
reached 57.6% at 0.3 mM NaHS. This agreed with our obser-
vations using the microscope, which showed that cells were
readily detached from the cell culture dish at this NaHS
concentration. Preincubation in 2 mM butyrate for 24 h before
24 h treatment with 0.03 mM or 0.1 mM NaHS completely
prevented the NaHS-stimulated rise of cell death of 13.4% and
46.5%, respectively. At 0.3 mM NaHS, butyrate reduced the
57.6% increase in cell death to 17.3%, compared with appro-
priate controls. At higher doses of NaHS, the protective effects
of butyrate, although maintained, were less marked.

DISCUSSION

We have prepared antisera specific for MST and TST that
allows us to discriminate these isoenzymes of rhodanese. We
found that TST by itself, but not MST, was able to use
NaHS �H2O as a substrate. There was no evidence of cooper-
ativity between the enzymes in effecting the detoxification of
NaHS �H2O. Our data do not preclude the existence of other
colonic enzyme(s) capable of detoxifying sulfide, but we have
identified one candidate enzyme. Immunohistochemical stain-
ing of sections of normal colonic epithelium showed that TST
and MST were expressed predominantly in the cytoplasm of

Fig. 6. Time course of toxicity of sulfide on TST and MST activity and
expression in HT-29 cells. TST and MST activities were measured after
treatment with sulfide (2 mM) at various time points. Western immunoblotting
(beneath) shows the time course of effect of sulfide (2 mM) on TST and MST
degradation in HT-29 cells. Open bars for TST and solid bars for MST. *P �
0.05, **P � 0.01, and ***P � 0.001 were considered significant.

Fig. 7. Effect of butyrate preincubation on NaHS �H2O effects on TST and
MST activity and expression on HT-29 cells. A: TST activity in cell lysates
from cells treated with or without 24 h preincubation with 2 mM butyrate and
incubation with various doses of NaHS �H2O. B: MST activity in cell lysates
from cells treated with or without 24 h preincubation with 2 mM butyrate and
incubation with various doses of NaHS �H2O. C: Western immunoblotting
showing TST and MST expression in HT-29 cell lysates following the
treatment described in A and B. Statistical analyses were carried out using
ANOVA and Tukey-Kramer multiple-comparisons posttest (n � 2).
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the surface epithelium and the proximal part of the crypts
where differentiation is highest. The bases of the crypts, where
the pluripotent stem cells reside, were unstained by both
antibodies. We hypothesize that the differentiated cells at the
crypt surface are exposed to luminal H2S and require means to
detoxify this.

To explore this hypothesis, we used a human colon cancer
cell line and examined MST and TST expression when the
cells were induced to differentiate with butyrate. The activity
and expression of TST was significantly increased by butyrate.
Enzyme expression was increased more substantially than
enzyme activity following butyrate treatment, which may be
related to other effects of butyrate. Butyrate has been shown to
induce markers of cell differentiation, e.g., alkaline phospha-
tase activity, brush-border hydrolases, (20, 27) as well as
apoptosis. The balance between increasing differentiation
while promoting apoptosis may be delicate and offers an
explanation for the disparity in the activity/expression profile.
MST activity and expression were not regulated markedly by
butyrate under any conditions. These data show a separation in
the regulation of the expression of the two isoenzymes. Al-
though human TST and human MST show 32% similarity in
their amino acid sequence and they are located adjacent to each
other on the same chromosome (22q13.1), they are derived
from different genes. Their subcellular localization differs (8),
MST being cytoplasmic and TST mitochondrial, which is
consistent with separation of function. Similarly, their tissue
distribution also differs.

The effect of butyrate on colonocytes is complex. Butyrate
can be catabolized by colonocytes, which provide them with
energy, but butyrate can also function as an inhibitor of histone

deacetylases. To control for the effects of butyrate as a fuel
supply, we substituted acetate, which, similar to butyrate, is an
SCFA catabolized by colonocytes but, unlike butyrate, does
not inhibit histone deacetylases (7, 20). Acetate had no stim-
ulatory effect on TST expression, indicating that the predom-
inant mode of action of butyrate was as an inhibitor of histone
deacetylases. To confirm this, we used SAHA, a more specific
histone deacetylase inhibitor, and showed that SAHA was able
to mimic the effects of butyrate. As for butyrate, enzyme
expression was increased more substantially than enzyme ac-
tivity, although the disparity was less marked than for butyrate.
SAHA was less effective than butyrate in both assays. Again,
the effects on MST activity and expression were minimal.

Low concentrations of sulfide (0.1 mM) increased TST and
also MST activity and expression in HT-29 cells. Higher
concentrations were toxic within 4 h, and rapid degradation of
MST to a species of 15 kDa was seen. TST was also degraded
in colonocytes treated with NaHS �H2O, but it was more stable,
and marked degradation was not seen until 16 h postaddition.
Cytotoxicity data using PI as a marker of cell permeability and
damage confirmed these findings, dose-dependent significant
increases in cell death being seen with sulfide. In 1.0 mM
sulfide, most cells were nonadherent and PI assays showed
almost 100% cell death. Under the conditions described in this
paper, sulfide is clearly cytotoxic; however, when we per-
formed similar experiments on cells cultured on 96-well plates
sealed with alumaseal (Sigma), sulfide was not cytotoxic using
either this assay and/or by observation. We conclude that the
effects observed are critically dependent on experimental pro-
tocol. Leschelle et al. (10) did not find profound cytotoxic
effects in their experiments in HT-29 cells, but rather an

Fig. 8. Morphological effects of 24 h
NaHS �H2O treatment with and without 24 h
butyrate (2 mM) pretreatment on HT-29
cells. A: control. B: 1 mM NaHS �H2O. C: 2
mM butyrate-pretreated control. D: 2 mM
butyrate pretreatment with 1 mM
NaHS �H2O.
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adaptive response to preserve cell viability, although they
found acute inhibitory effects on substrate oxidation and cyto-
chrome-c oxidase. They reported that sulfide was unstable in
cell culture medium, and we also found this; although under
our conditions, even less sulfide remained, with only 15 �
0.1% of 1 mM sulfide remaining after 1 h. We confirmed that
sulfide levels in media showed a much more rapid decline in
polystyrene tissue cultureware than in polypropylene, which
had previously been reported by Furne et al. (6). Deplancke
and Gaskins (5), using rat intestinal cells (IEC-8), found that
treatment with NaHS �H2O between 1 and �5 mM for 4 h
increased the fraction of cells in G2M, suggesting no toxicity,
although high concentrations (5 mM) were toxic (5). Others
have found that sulfide is cytotoxic (2, 5, 11). Although there
seems to be agreement that sulfide inhibits metabolic functions,
the conflicting data on cytotoxicity may be reconciled through
experimental variations in attainable sulfide concentrations,
alternative energy sources available, reactive oxygen species
produced, prevailing antioxidant levels, prevailing oxygen ten-
sions, and other factors as yet unrecognized.

Because butyrate enhanced TST activity, we examined the
effects of a 24 h pretreatment with butyrate on the ability of
HT-29 cells to detoxify sulfide. Butyrate pretreatment shifted
the dose-response curve to the right, and cells were able to
withstand exposure to 0.3 mM NaHS �H2O for 24 h, whereas in
its absence, enzyme activity was decreased by 50%. These
experiments demonstrate that by inducing colonocyte differen-
tiation, greater resistance to the toxic effects of sulfide is
realized. The increased viability of the cells was also demon-
strated by the lack of degradation of TST and MST in the
butyrate-pretreated cells. Without butyrate pretreatment, we
found that the cells rapidly degraded TST, but this degradation
was prevented in the pretreated cells. The decreased cytotox-
icity of sulfide in the butyrate-pretreated cells was particularly
striking when cell morphology of HT-29 cells was examined.
These effects were also evident in the PI assays measuring
cytotoxicity, where butyrate completely prevented NaHS-in-
duced cytotoxicity at 0.03 and 0.1 mM and significantly pre-
vented the effects of higher doses.

These data showed that TST expression is regulated in
colonocyte differentiation, which can be promoted by butyrate
in vitro (and possibly also in vivo), and that this can protect the
colonocytes from sulfide-induced cytotoxicity. We therefore
examined whether dysregulation of expression occurred in UC
and in CRC. In the UC patients where the mucosa was present,
TST was expressed. In some sections, however, we observed
that the mucosa was stained heterogeneously and some areas
had much lighter staining. It is impossible to deduce whether
this reduction is the initiating event in the onset of UC or
merely correlates with the disease process; however, in the
normal mucosa, all the crypt surfaces showed the same strong
positivity. For all of the colon cancers examined, both TST and
MST expression were markedly reduced and the decrease in
expression was correlated to the depth of infiltration. These
data support the findings of Birkenkamp-Demtroder et al. (3, 4)
that TST is a tumor marker for colon cancer. They showed
marked reductions in TST mRNA expression for cancer from
Dukes’ stages A-D compared with normal. Whether MST was
also expressed on their gene array is not clear, but our data
suggest that similar to TST, MST expression is lost in malig-
nancy.

In the human colon, failure of colonocytes to differentiate
appropriately may increase the exposure of colonocytes and
other cells in the crypt to the toxic effects of luminal H2S. This
could result in cell death and the inflammation seen in UC.
Persistent insult may result in the genetic changes seen in CRC.
Elevations in H2S, due to perturbations in sulfate-reducing
bacteria, and/or inadequacies in its detoxification, due to re-
ductions in TST expression, may lead to or aggravate inflam-
matory bowel disease that may ultimately progress to CRC.
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