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Hydrogen Sulfide as an Endogenous Modulator of Biliary
Bicarbonate Excretion in the Rat Liver

KIMIHITO FUJII, TADAYUKI SAKURAGAWA, MISATO KASHIBA,
YASOO SUGIURA, MIEKO KONDO, KAYO MARUYAMA,
NOBUHITO GODA, YUH NIMURA, and MAKOTOQO SUEMATSU

ABSTRACT

Cystathionine ¥-lyase (CSE) is an enzyme bhu{lyzing cystathionine and cysteine to yield cysteine and hydro-
gen sulfide (H,S), respectively. This study aimed to examine if H,S generated from the enzyme could serve as
an endogenous regulator of hepatobiliary function. Gas chromatographic analyses indicated that, among rat
organs herein examined, liver constituted one of the greatest components of H,S generation in the body, at 100
pmol/g of tissue, comparable to that in kidney and 1.5-fold greater than that in brain, where roles of the gas in
the regulation of neurotransmission were reported previously. At least half of the gas amount in the liver ap-
peared to be derived from CSE, because blockade of the enzyme by propargylglycine suppressed it by 50%.
Immunohistochemistry revealed that CSE occurs not only in hepatocytes, but also in hile duct. In livers in
vivo, as well as in those perfused ex vive, treatment with the CSE inhibitor induced choleresis by stimulating
the basal excretion of bicarhonate in bile samples, Transportal supplementation of Na¥S at 30 pmob/L, but
not that of N-acetylcysteine as a cysteine donor, abolished these changes elicited by the CSE inhibitor in the
perfused liver. The changes elicited by the CSE blockade did not coincide with alterations in hepatic vascular
resistance, showing liitle involvement of vasodilatory effects of the gas in these events, if any. These results
first provided evidence that H,S generated throngh CSE modulates biliary bicarbonate excretion and is thus a
determinant of bile salt-independent bile formation in the rat liver. Antioxid. Redox Signal, 7, 788794,

INTRODUCTION

molecule in ncural and vascular systems. It is produced mainly
by two types of pyridoxal 5'-phosphate-dependent enzymes

YSTEINE METABOLISM in the liver has been shown to con-

tribute greatly to detoxification processes through multi-
ple mechanisms. Following reduction and decarboxylation
processes, this aming acid is converted to tautine, the com-
pound used for conjugation of bile acids. Cysteine setves as a
substrate for synthesis of glutathione through reactions of glu-
tamate ligase and glutathione synthase, and is also used to
generate sul fate through aspartate transferase and suifite oxi-
dase; these two compounds have well heen shown to play an
important role in detoxification of xenobiotics such as aceta-
minophen. Another important substance generated upon cysteine
metabolism in vive is hydrogen snlfide (H,S). This gaseous
compound has recently been shown to account for a signaling

responsible for metabolistn of L-cysteine: cystathionine y-lyase
(CSE; EC 4.4.1.1) and cystathionine B-synthase (CBS; EC
4.2.1.22). In other words, although the primary role of the
two enzymes is to constitute the transsulfuration pathway that
provides cysteine through biotransformation of methionine
derived from nutrition, both CSE and CBS are able to use cys-
teine as the substrate to generate H,S. The gas synthesized by
CBS in brain has been reported to execute neural fransduc-
tion. On the other hand, CSE-derived H,S was shown to relax
vascular smooth muscle cells through its ability to increase
the conductance of potassium channels (22); in this study,
H,S released from the enzyme blocked vasoconstriction of rat
aortic rings elicited by glibenclamide, a blocker of the ATP-

Department of Biochemistry and Integrative Medical Biology, Scheol of Medicine, Keio University, Tokyo, Japan,
Division of Surgical Oncalogy, Department of Surgery, Nagoya University Graduate School of Medicine, Nagoya, Japan.
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gated K* channel. Furthermore, the CSE activities bave been
reported to be altered under disease conditions; the activity in
the liver is reduced in patients with liver cirrhosis and in those
exposed to surgical insults or acquired immune deficiency syn-
drome (8, 10, 20). On the other hand, experimental models of
vitamin B, deficiency or streptozotocin-induced diabetes re-
vealed alterations in CSE in the liver under these disease con-
ditions (6, 15). Until now, however, effects of such alterations
in the activities on organ functions and roles of H,S under
these circumstances have not been fully investigated yet,

This study was designed to focus first on differences in
contribution of CSE to tissuc H,$ generation; the data indicated
that the liver constifutes one of the largest organ components
for the gas gencration in the body. Based on this result, we
further attempted to examine if H,S derived from the enzyme
could play a role in the cegulation of hepatobiliary function,
The current results first provided evidence that the liver uti-
lizes this gaseous substance as a modulatory detenminant of
biliary bicarbonate excretion.

MATERIALS AND METHODS

In vivo and ex vivo determination of
bile constituents

The expetimental protocols herein described were approved
by our institutional guidelines provided by the Animal Care
Committee of Keio University School of Medicine. Male Wistar
rats weighing 220-260 g (CLEA Japan, Tokyo, Japan) were
allowed free access to laboratory chow and tap water, and were
fasted for 24 h prior to experiments. As described elsewhere,
rats were anesthetized with an intramuscwlar injection of pen-
tobarbital sodium at 50 mg/kg, and their commeon bile ducts
were cannulated to collect bile samples. Bile output was mon-
itored in vive according to our previous method (7). When
necessary, tivers of these rats were perfused ex vivo with the
oxygenated Krebs—Henseleit buffer at a constant flow rate of
4 ml/min/g of liver in a single-pass mode (14). Bile samples
collected through a canaulation were used to determine con-
centrations of total bile salts, phospholipids, pH values, and
bicarbonate (HCO,-) according to previous methods described
elsewhere (7, 14).

Experimental protocols

Propargylglycine (PPG) was used as a potent inhibitor of
CSE. PPG was dissolved in physiological saline as a vehicle
and administered intraperitoneally at a dose of 300 mmol/g of
body weight at 4 h prior to the preparation for bile duct can-
nulation. Bile was collected every 10 min until the end of ex-
periments according to our previous method (7). In the case
of experiments using the ex vivo perfused preparation, livers
were excised from the PPG-treated rats and perfused with the
Krebs-Henseleit buffer containing 100 pmol/L PPG teo avoid
a possible reduction of the enzyme blockade due to elimina-
tion of the reagent from the system. To examine effects of the
intraperitoneal injection of the CSE inhibitor on endogenous
H,8 generation, we determined tissue contents of the gas in
vivo, Livers were excised and snap-frozen at 4 h after the treat-
ment with PPG or vehicle, and the samples were minced with
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4% tetracholic acid to remove proteins. Amounts of H,S in
the liver tissues were determined by gas chromatography ac-
cording to previous methods described elsewhere (4). In sep-
arate scts of experiments, bile output was monitored every 10
min after establishinent of the bile duct cannulation, and con-
centrations and fluxes of bile constituents were compared be-
tween the control and PPG-treated groups. To examine if ef-
fects of PPG are attributable to a reduction of the reaction
product of CSE such as H, 8, we examined effects of supple-
mentation of NaHS, a soluble donor of the gas at desired con-
centrations, in the buffer for the ex vive perfusion system. As
a control sct of the experiments, we compared effects of the
same concentrations of N-acetyleysteine (NAC), a cysteine
donor. In experiments using isolated ex vivo perfused livers,
sodium taurocholate was added to the buffer at desired con-
centrations in a range between 0 and 30 umol/L, Using data
collccted from these experiments, the bile acid-independent
fraction of bile output was deternined by plotting bile output
as a function of biliary output of bile salts in the samples: the
value of the output at the y-intercept (zero concentration of bile
salts) was regarded as the bile acid-independent fraction (2),

Immunohistochemistry

Liver tissues also served as samples for immunohisto-
chemistry. An anti-CSE antibody was prepared by immuniza-
tion to chicken of the C-terminal peptide CYGGTNRYFR-
RVASE, the sequence of which is identical to that of the rat
enzyme. The antibody was purified from the antiserum using
affinity chromatography as described elsewhere (3), The speci-
ficity of the antibody was confirmed by western blot analy-
ses. For immunchistochemistry, rat livers were removed to
prepare OCT compound-embedded frozen sections (7 pm). The
scctiong were immunostained with the anti-CSE antibody using
the Vectastain ABC kit (Vector Laboratories), as previously
described (5). Semiserial sections were stained with the anti-
CSE antibody or with the anti-rat keratin 19 monoclonal anti-
body (MAB1675; Chemicon, Temecula, CA, US.A.) to ex-
amine colocalization of the enzyme with biliary epithelium
and hepatocellular bile canaliculi, when necessary.

Statistical analyses

The statistical significance of data among different exper-
imental groups was determined by one-way ANOVA and
Fisher’s multiple comparison test. p < 0.05 was considered
significant,

RESULTS

Liver constitutes the largest organ component for
CSE-derived H,S generation

Figure | Dlustrates tissve contents of H,S in different organs,
The control liver treated with vehicle contained ~80 pmol/g
of tissuc of the gas (Fig. [ A). Livers from rats pretreated with
1.5 mg/kg PPG, an inhibitor of CSE, suppressed the constitu-
tive levels of the gas by 50%. The dose of PPG used in this
experiment appeared to be sufficient enough to block the en-
zyme, as indicated by dose responses of the H,S contents as a
function of doses of the inhibitor (Fig. IB), When the tissue gas
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FIG. 1. Effects of administration of PPG, an inhibitor of
CSE, on fissue contents of H,S in vivo. (A) The effects o\( the
PPG administration on hepatic H,S contents, PPG was intra-
peritoneally injected at 1.5 mg/kg at 4 h prior to the experiments.
Data indicate means = SE of more than eight scparate experi-
ments. *z < 0,05 as compared with the vehicle-treated control
group. (B) Dose-dependent effects of PPG on the basal H,S con-
tents in rat livers. (C) Differences in the sensitivity to PPG admin-
istration among organs. Open and filled bars represent the tissue
H,S contents in the vehicle- and PPG-treated groups, respee-
tively. Data indicate means + SE of four separate experiments.
*p < 0.05 as comparcd with the vehicle-treated control group,
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contents wete compared among different organs (Fig, 1C), liver
appeared to constitute the largest organ component for en-
dogenous H,$ production; the level was comparable to that
measured in the kidney and 1.5-fold greater than that in the
brain. So far as judged by sensitivity to PPG, the gas genera-
tion in the liver and kidney depended largely on CSE, whereas
that in other organs, such as brain, lung, and spleen, seemed
CSE-independent; the finding is consistent with previous ob-
servations in mouse brain tissues where CBS constitutes a
major seurce for the gas generation (1).

CSE-derived H,S is a determinant of the basal bile
output and biliary HCO - excretion

Figure 2 demonstrates protein expression of CSE in rat liver
tissues. Western blot analyses indicated that the purified poly-
clonal antibody used in this study specifically recognized the
enzyme at 40 kDa (Fig, 2A). [Immunohistochemisiry using the
same antibody revealed that the most intense reactivities were
seen in periductal regions of portal iads, whereas walls of he-
patic arterial walls and terminal portal veins displayed little te-
activities, if any. [n addition, a modest expression of CSE was
notable in hepatocytes, indicating intralobular homogeneity in
its exptession (Fig. 2B), whereas nonspecific IgG did not stain
the slice (Fig. 2C). Figure 2D and E illustrates scmiscrial sec-
tions stained with the anti-CSE and anti-keratin 19 antibadies,
respectively. As seen, cytokelatin-positive ductular stractures
connecting to bile canaticular networks near the portal triad ex-
hibited notable CSE expression, whereas an artery adjacent to
the portal vessel did not display evident immunoreactivities.
The staining disappeared when the anti-CSE antibody was ab-
sorbed by adding the antigen peptide (data not shown).
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FIG.2. Expression of CSE in the rat liver. (A) western blot analyses using the anti-rat CSE antiserum (Jane a)and the affinity
column-purified antibody (lane b). m: molecular markers. Note a single band in lane b. (B and €) Intralobular distribution of CSE
in the rat liver stained with the purified anti-CSE antibody and with nonspecific chicken IgG, respectively. p and ¢; portal and
central venules, (D and E) High magnification of a representative slice stained with the anti-CSE antibody and with the anti-
keratin 19 antibody, respectively. a and b: artery and biliary duet. Bars = 50 pmm.
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TaBLE 1, EFFECTS OF BLOCKADE OF CSE BY PP ON BASAL
BILE QUTPUT AND BILIARY HCO,~ EXCRETION
Biliary HCO,-
Basal bile output concentration
Groups {umin/g of liver) {mmol/L)
Vehicle (n=6) 1.73 £ 009 279+12
PPG (1= 6) 2,11 £0.05* 33007

*p <0.05 as compared with the vehicle-treated control group.

We determined the effects of systemic administration of
PPG on bile output and biliary constituents in vivo according
to the identical protocol used in Fig. 1. As shown in Table 1,
the PPG administration significantly stimulated basal bile
output by 15%. The biliary concentration of HCO,~ was also
significantly clevated in the PPG-treated group. As PPG in-
hibits CSE and could not only reduce endogenous H,S, but
also modify cysteine metabolism, it is necessary to examine
the direct effects of exogenous H,$ administration on hepato-
biliary function, However, such experiments were difficult,
because the administration of NaHS, the H,S-donating reagent,
is known to change systemic blood pressure in vivo through
its vasorelaxing action {22). We thus used livers perfused ex
vivo with the taurocholate-free Krebs solution to prove roles
of CSE-derived H,S in the basal bile excretion.

As illustrated in Fig. 3, the hepatic vascular resistance was
comparable among four groups tested (e.g., vehicle, PPG,
PPG + NaHS, and PPG + NAC). Under these circumstances,
the basal bile output was significantly elevated by 20% in per-
fused livers of the PPG-treated rats as comparcd with those
treated with vehicle, This response was slightly greater than
that obscrved in the experiments i vivo (Table 1), presumably
because the perfusion of the organ was carried out under
cholate-free conditions, as discussed later in Results. The
choleretic response elicited by the PPG treatment was repressed
by coperfusion of NaHS$ at 30 pmol/L, the concentration being
comparable to the PPG-sensitive fraction of the gas genera-
tion. On the other hand, coperfusion of the same concentra-
tion of NAC, a reagent entering cells to yield cysteine, did not
alter the CSE-elicited choleretic response. Like the afore-
mentioned observations in vive (Table 1}, the PPG treatment
significantly enhanced biliary HCO, - concentrations, and coper-
fusion of 30 pmol/L NaHS completely attenuated the changes
in the perfused rat livers, On the other hand, the NAC coper-
fusion did nat repress the PPG-induced clevation of the HCO,-
concentration (Fig. 3B).

As HCOQ, - serves as a putative constituent yielding the driv-
ing force for bile formation, we determined if the bile acid-
independent bile formation is elevated in livers of the PPG-
treated groups. As seenin Fig, 4, where the output was plotted
as a function of biliary fluxes of bile salts, the y-intercept of
the line for the PPG-pretreated groups became markedly de-
creased and dissociated from that for the control groups. The
difference between the two groups became smaller with in-
creasing fluxes of bile salts, but the difference was still evi-
dent when the flux of bile salts reached the physiologic levels
(70 nmol/min/g of liver). Such a dependency of the PPG ef-
fect on bile salts was consistent with the current data indicat-
ing differences in the cholerctic responses between in vivo
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FIG. 3. Effects of the CSE blockade by PPG and supple-
mentation of NaHS on the basal bile output and biliary
HCO,~ cencentration in ex vive perfused rat livers. PPG at
1.5 mg/kg was administered in vivo intraperitoneally at 4 h
prior to the isolation of the perfused liver. Either NaHS or NAC
was perfused ex vivo into the liver at a concentration of 30
pmol/L, when necessary. Data indicate means = SE of seven to
nine scparate experiiments in each group, *p < 0.05 as com-
pared with the vehicle-treated group; tp < 0.05 versus the PPG-
treated group.

(Tablc 1) and ex vive (Fig. 3) perfused livers. We further in-
vestigated whether biliary output of glutathione, another major
constituent for bile acid-independent bile formation, could
also be elevated under the blockade of CSE., As seenin Fig, 5,
total amounts of glutathione excreted into bile was comparable
among the three groups, suggesting that this constituent plays
ligtle role in generation of the osmotic driving force, if any.
Interestingly, the ratio between reduced and oxidized forms
of glutathione (GSH/GSSG) was significantly elevated by the
CSE blockade with PPG. Moreover, the PPG-induced eleva-
tion of GSH/GSSG in bile was further elevated with coperfu-
sion with 30 mmol/L. NaHS. As one might expect, the PPG
pretreatment significantly caused a reduction of tota] glutathione
presumably through inhibition of the transsulfuration path-
way. The PPG-elicited decrease in hepatic glutathione contents
was unchanged upon administration of NaHS$, suggesting that
the event is not mediated by endogenous H,S. Among the three
groups, >90% of glutathione was present as the reduced form
{data not shown). These results suggest that suppression of
CSE-derived H,$ accelerates biliary excretion of GSH, whereas
its hepatic contents are reduced. Morcover, exogenous sup-
plementation of the gas under the CSE blockade further increases
its excretion into bile, Physiologic implications of this phe-
nomenon will be mentioned later in the Discussion. Cotlectively,
the present results suggest that H,8 endogenously gencrated
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+ SE of seven to nine separate experiments in each group. *p <
0.05 as compared with the vehicle-treated group; tp <0.05 ver-
sus the PPG-treated group.
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FUJIIETAL.
by CSE modulates the basal excretion of HCO,- inbile, play-

ing a role in the regulation of the basal bile output through
mechanising dependent on bile acid-independent choleresis.

DISCUSSION

The present study first provided evidence for the presence

- of considerable amounts of H,S in the liver, Furthermore, the

gas appeared to serve as an endogenous modulater of the basal
bile formation in the liver. Mechanisms for regulation of the
basal bile formation involve the bile acid-independent process
rather than bile acid-dependent one. Several lines of the cur-
rent data support this concept: First, the effect of blockade of
CSE, the enzyme producing ~50% of the basal H,$ genera-
tion, causes an increase in the bile acid-independent bile out-
put ex vivG and in vive, Second, as judged from data from ex
vivo perfused livers, the difference in the excretion between
PPG-treated and -untreated groups becomes increased as the
biliary excretion of bile salts is reduced (Fig. 4), suggesting
that the bile acid-independent fraction plays a major role.
Thirdly and most importantly, between the two major biliary
constituents for this fraction, HCO, -, but not glutathione, is
elevated upon the CSE blockade and repressed by supplemen-
tation with H,$, indicating that the former is attributed to gen-
erating the driving force for the bile formation. These results
collectively suggest that stimulation of HCO,~ plays an im-
portant role in the bile acid-independent choleresis elicited by
suppression of CSE-derived H,S gencration.

Asg scen in alterations in hepatic and bilary contents of
glutathfone, PPG not only suppressed CSE-detived H,8, but
also reduced the glutathione contents. As the decrease in the
hepatic glutathione contents was not restored by supplemen-
tation of NaHS§, this event is not mediated by the gas, but oc-
curs as a consequence of CSE-dependent transsulfuration
processes. Of interest is that biliary excretion of total glu-
tathione [reduced (GSH) and oxidized (GSSG) forms of glu-
tathione] was unchanged despite the reduction in their hepatic
contents, Furthermore, the relative amounts of GSH in bile
were increased with supplementation of NaHS. Considering
biechemical properties of the gas as a potent reductant with
smal] molecular weight, this result raised a possibility that
exogenously administered H,S is utilized to increase reduc-
ing equivalents for GSH in bile. Several possibilities should
be taken into account for mechanisms by which H,S increases
the ratio of GSH/GSSG in bile: First, the blockade of CSE by
PPG could inhibit the conversion of cystcine into H,S and
thereby save this amino acid for the glutathione synthesis even
when the supply of the substrate from the transsulfuration
pathway is inhibited. Secondly, H,S could be used dircctly as
a reducing equivalent to increase GSH in bile. Thus, the role
of CSE-mediated conversion of cysteine into H,S for a fail-
safe mechanism to maintain the reducing equivalent deserves
further studies to provide evidence that the gas serves as a
novel endogenous reductant.

Among gaseous substances detected in mammalian tissues,
H,S has recently been suggested to account for a novel neu-
rovascular transmitter, although receptor mechanisms for the
gas signal transduction remain largely unknown. The current
results first suggest that the liver could have the ability to ex-
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ecute remodeling of HCO,~ excretion and increase the basal
bile formation when exposed to disease conditions causing a
decrease in the enzyme activity; such circumstances involve
cirthosis and surgical insults as previously reported both ex-
perimentally and clinically (8, 20). When considering effects
of other gaseous mediators on the quality control of bile ex-
cretion, which were previously reported from our laboratory
and other, it is not unreasonable to hypothesize that the liver
could utilize multiple gases to regulate biliary function under
physiologic and pathologic conditions. In the rat model of en-
dotoxemia, nitric oxide {(NO) suppresses oxidative phospho-
ryltation via blockadc of mitochondrial cytochrome ¢ oxidase,
and thercby down-regulates bile acid-dependent bile formation
(17, 19). Although mechanisms for transcriptional regulation
of the CSE expression remain largely unknown, previous stud-
ies revealed that exposure to excess NO caused up-regulation
of the CSE expression in aortic tissues and increased endoge-
nous generation of H,S to medulate the vascular tone. As shown
in the current study, the excess dose of exogenous NaHS sup-
plementation reduced the basal bile output, suggesting that
H,S causes cholestasis with its excess amounts. In this con-
text, quantitative determination of these two gases in the endo-
toxemic liver deserves further studies provided that the func-
tignal link of their overproduction to biliary function can be
demenstrated.

On the other hand, the current results together with our pre-
vious data collectively suggest that a reduction of H,S and an
increase in carbon monoxide (CO) share common roles in the
regulation of bile formatton in that both events stimulate ¢xcre-
tion of bile constituents besides bile salts. CO at micromolar
levels not only modulates sinuscidal tone (18), but also has the
ability to induce choleresis and to stimulate bitiary excretion of
major organic anions such as glutathione and bilirubin-TXa
through mechanisms itvolving multidrug resistance protcin 2
(13). Such effects of CO on biliary excretion occur in a con-
centration-specific manner, and excess concentrations of the
gas repress the choletetic response and lead to cholestasis
through the increase in paracellular junctional permeability and
suppression of bile canalicular contractility (1, 16). In con-
trast to CSE, heme oxygenase-1 is up-regulated by surgical in-
sults or by liver cirrhosis, and the parenchyma is exposed to
high concentrations of CO (9, 12, 21). Thus, undet disease con-
ditons, overpreduced CO and reduced H,S could cooperatively
increase the bile acid-independent fraction of bile output through
increased excretion of organic anions and HCO,-, respectively.
Although physiologic implication of the current observations
remains to be fully understood, such remodeling of a quality of
bile could benefit the increasing solubility of organic anions or
protect against cholestasis possibly occurring under the afore-
mentioned disease conditions. Further investigation is neces-
sary to examine if alterations of these gases could regulate a
quality of bile cooperatively with modulation of H,S genera-
tion under a variety of hepatobiliary disease conditions,
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CBS, cystathionine B-synthase; CO, carbon monoxide; CSE,
cystathionine y-lyase; GSH, reduced form of glutathione,
GS5G, oxidized form of glutathione; HCO,-, bicarbonate;
H,S, hydrogen sulfide; NAC, N-acetyleysteine; NO, nitric oxide;
PPG, propargylglycine,
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Cadmium Exposure Alters Metabolomics of
Sulfur-Containing Amino Acids in Rat Testes

YASQO SUGIURA,! MISATO KASHIBA,! KAYO MARUYAMA,!
KOICHI HOSHIKAWA 2 RYOKQ SASAKI2 KAZUYOSHI SAITO,?
HIDEO KIMURA,3 NOBUHITO GODA,! and MAKOTO SUEMATSU!

ABSTRACT

This study aimed to examine distribution of cystathionine B-synthase (CBS) and cystathionine +-lyase (CSE),
the hydrogen sulfide (H,S)-generating enzymes, and metabolomic alterations in sulfur-containing amino acids
in rat testes exposed to stressors, Immunohistochemistry revealed distinct distribution of the iwo enzymes:;
CBS occurred mainly in Leydig cells and was also detectable in germ cells, whereas CSE was evident in Ser-
toli cells and immature germ cells involving spermatogonia. The amounts of CSE and CBS in testes did not
alter in response to administration of cadmium chloride, an antispermatogenic stressor leading to apoptosis.
Metabolome analyses assisted by liquid chromatography equipped with mass spectrometry revealed marked
alterations in sulfur-containing amine acid metabolism: amounts of methionine and cysteine were significantly
elevated concurrently with a decrease in the ratio between S-adenosylhomocysteine and S-adenosylmethion-
ine, suggesting expansion of the remethylation cycle and acceleration of methyl donation. Despite a marked
increase in cysteine, amounts of H,S were unchanged, leading to a remarkable decline of the H,S/cysteine
ratio in the cadmium-treated rats. Under such circumstances, oxidized glutathione (GSSG) was significantly
reduced, whereas reduced glutathione (GSH) was well maintained, and the GSIVGSSG ratio was consequently
elevated, These results collectively showed that cadmium induces metabelomic remodeling of sulfur-containing
amine acids even when the protein expression of CBS or CSE is not evident. Although detailed mechanisms
for such a remodeling event remain unknown, our study suggests that metaholomic analyses serve as a power-
ful taol to pinpoint a critical enzymatic reaction that regulates metabolic systems as a whole. Antioxid. Redox
Signal. 7, 781-787.

INTRODUCTION

TEST[S is an organ characterized by active utilization of
sulfur-containing amino acids. Metabolites derived from
sulfur-containing amino acids have been shown to contribute
to detoxification against noxious stressors, as well as to matu-
ration of testicular getm cells, through multiple mechanisms.
Cysteine metabolism plays a central role in such mechanisms
(3,8, 9, 14, 26). This amino acid serves as a substrate for syn-
thesis of glutathione through reactions of glutamate ligase

and glutathione synthase, and is also used to gencrate sulfate
through aspartate transferase and sulfite oxidase. Another im-
portant substance generated upon cysteine metabolism in vivo
is hydrogen sulfide (H,S). This gascous compound has recently
been shown to account for a signaling molecule in neural and
vascular systems (7, 10, 12, 13, 32). It is produced mainly by
two types of pyridoxal 5'-phosphate-dependent enzymes re-
sponsible for metabolism of L-cysteine: cystathionine y-lyase
(CSE; EC 4.4.1.1) and cystathionine B-synthase (CBS; EC
4.2.1.22) (1, 2, 15, 30). Although the primary role of the two

'Department of Biochemistry and Integrative Medical Biology, Schoo! of Medicine, Keio University, Tokyo, Japan.
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enzymes is to constitute the transsul furation pathway that uti-
lizes homocysteine to synthesize cysteine, both CSE and CBS
are able to use cysteine as the substrate to generate H,S (10,
13). Among the aforementioned amino acid derivatives, glu-
tathione plays a central role in the regulation of spermatogen-
esis. Male mice deficient in y-glutamyltranspeptidase exhibit
testicular atrophy concurrently with oligozoospermia (16). The
fluid excreted from seminiferous tubules contains ample glu-
tathione S-transferase, which contributes to the transport of
testosterong into the fluid, The excretion of the protein is pri-
mary supported by Sertoli cells (21). Roles of methionine
metabolism in maturation of testicular germ cells have been
examined extensively; S-adenosylmethioning (SAM) decar-
boxylase constitutes a major pathway for biosynthesis of poly-
amines, which is essential for maturation of Sertoli cells and
germ cells (26).

Although these lines of information suggest active utiliza-
tion of remethylation and transsul furation pathways in testes,
the whole picture of metabolic remodeling in these biochemi-
cal pathways has not been fully investigated under stress con-
ditions, Furthermore, the distribution of the enzymes respon-
sible for metabolism of methionine and cysteine has been largely
unknown in the testis at present. Furthermore, effects of ex-
posure to stressors causing oligozoospermia on functional
outcome of metabolic remodeling in the sulfur-containing amino
acids and H,S have not fully becn examined. This study was
designed to investigate distribution of CBS and CSE and to
examine stress-induced metabolic responses of sulfur-containing
amino acids and their derivatives in this organ.

MATERIALS AND METHODS

Establishment of polyclonal antibodies against rat
CBS and CSE

To generate polyclonal antibodies against rat CSE, poly-
peptides for the C-terminus of each enzyme were synthesized
as immunoantigens and injected into rabbits. The peptide
used for immunization to obtain the anti-CSE antibody was
VYGGTNRYFRRVASE (1, 2). We also used a polyclonal anti-
body against CBS, which was prepared in previous studies
(13). The antiserum for CSE was purified by affinity purifi-
cation using a commercially available kit (UltraLink Immuno-
mobilization kit, Pierce, Rockford, IL, U.S.A.). For western
blot analyses, rat tissues were collected from testes and livers,
homogenized in lysing buffer (50 mmol/L Tris-HC1, pH 7.6,
150 mnwl/L NaCl, 1% NP40, 1 mmol/L phenylmethylsulfonyl
fluoride, 5 pg/ml aprotinin, 5 pg of pepstatin, 5 pg/ml leu-
peptin), and subjected to western blot analyses as described
previously (6, 22).

Immunohistochemistry

Male Wistar rats were fasted overnight and anesthetized
with an intramuscular injection of 50 mg/kg pentobarbital
sodium. The testes of rats treated with an intraperitoneal in-
jection of CdCl, at a dose of 20 pg/kg or with vehicle were
removed and fixed for 4 h at 4°C in periodate—lysine—
paraformaldehyde solution as described previously (6, 22).
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The samples were washed sequentially for 4 h with phosphate-
buffered saline (PBS) containing 10, 15, and 20% sucrose,
embedded in OCT compound and processed for preparing 4-
mm slices to apply anti-CBS or -CSE antibody at a final con-
centration of 1 pg/mt at 4°C, After several washes with PBS,
the sections were stained with a biotinylated anti-rabbit IgG
for 1 h {Vectastain Elite ABC kit, Vector Laboratories, Inc.,
Burlingame, CA, U.8.A.). To inhibit endogenous peroxidase
reactions, the samples were pretreated with 0.3% hydrogen
peroxide in cold methanel for 30 min and subsequently incu-
bated with avidin and horseradish peroxidase-conjugated biotin
for 30 min. Finally, 0.1 mg/m] diaminobenzidine tetrahydro-
chioride was applied to sections for 3 min, The sections were
counterstained with methyl green after fixation with 20%
formaldehyde for 20 min. In some experiments, the antibod-
ies preabsorbed with an cxcess of antigens in advance were
applied for immunchistochemistry as negative controls,

In separate sets of experiments, sections of testes were
double-stained by a method using diamincbenzidine and nickel
chloride according to our previous method (6, 22) to examine
cell types expressing CBS or CSE. To this end, we applied the
antibody apainst adrenal 4 binding protein (Ad4BP), an in-
tranuclear DNA-binding protein expressed in steroidogenic
cells (a gift from Professor Kenichiro Morohashi, National
Institute of Molecular Biology, Okazaki, Japan). As described
previously (21), this antibody allowed us to stain nuclei of
Leydig cells and Sertoli cells. Leydig cells are located in the
interstitial space of seminiferous tubules, whereas Sertoli cells
stand in the distal bascment region of the tubules. Because of
such anatomical topography of these cells, the AJ4BP stain-
ing led us to distinguish easily Sertoli cells from Leydig cells
and also from testicular germ cells in the tubules (22). By this
protocol, cells reacting only with the initial primary antibody
were stained light brown, whereas those reacting with the sec-
ond primary antibody were stained bright purple. When react-
ing with both primary antibodies simultaneously, cells were
identified as thosc stained dark brown.

Sulfur-containing amine acid metabolome
analyses in testes of CdCl,-treated rats

Amounts of H,S in tissues were determined by gas chro-
matography according to previous methods described elsewhere
(12, 13). To determine amounts of metabolites in remethyla-
tion and transsulfuration pathways, HPLC was used with three
different detection systems. Approximately 1 g of the testes
was homogenized in 10 ml of 10% trichloroacetic acid (TCA;
Sigma, Inc,, St. Louis, MO, U.S.A.) containing | mdd EDTA.
The homogenate was then centrifuged at 15,000 rpm for 15
min at 4°C, and that supernatant was collected and stored at
~80°C. Amounts of cysteine were determined by HPLC
with fluorimetric detection and isocratic elution, The last step
was derivatization with 7-fluorobenzene-2-oxy-1,3-diazolic-
4-ammonium sulfate {SBD-F; Wako, Inc., Tokyo, Japan) (0.3
g/L 500 mAM potassium borate, pH 11.5) at 60°C for 60 min.
The HPLC system (Shimazu, Kyoto, Japan) was used with a
SIL-10Advp automatic sample injector and an RF-10AXL
fluorescence detector, Chromatographic separation was per-
formed on an ODS column (CI8, 250 X 4.6 mm) using 0.1 &
potassiwm dihydrogen phosphate as mobile phase at a flow
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rate of 1 ml/min and a coluinn temperature of 30°C. The fluo-
rescence of the separated compounds was detected with a
detector adjusted for excitation at 385 nm and emission at
515 nm. Amounts of the compounds were calculated with a
calibration curve established by measurements of known con-
centrations of the standard compounds (4, 20). Contents of
methionine, $AM, §-adenosylhontocysteine (SAH), cystathio-
nine, scrine, and tzuring were determined by a liquid chro-
matography assisted by double mass spectrometry (AP? 3000
LC-MS/MS) system. TCA-treated hepatic samples were pre-
column-derivalizated with a Waters AccQ-Fluor Reagent Kit
{Waters, Milford, MA, U.S.A ) to detetmine these compounds.
To determine hepatic SAM levels, hepatic samples were added
to 100-fold 100 mM ammonium acetate. Chromategraphic
separation was performed on an Atlantis column (dc18, 2.1 X
150 mm) using 5 mdf ammonium acetate, acetonitrile as mo-
bile phase at a flow rate of 1 ml/min, and a column tempera-
ture of 30°C.

Statistical analyses

Differences in mean values among groups were examined
by Fishers multiple comparison analyses combined with
ANOVA. p < 0.05 was considered statistically significant.

RESULTS

Immunohistochemical detection of CBS and CSE
in rat testes

The specificity of the polyclonal antibody against CBS used
in the current study was characterized using rat liver lysates
by western blot analysis. As seen in Fig, 1A, a major band
was observed at 63 kDa in the liver, suggesting the specificity
to use this antibody for immunodetection. The CBS expres-
sion was unchanged in the liver of the cadmium-treated rats.
When using the lysate derived from testes, CBS was unde-
tectable irrespective of the presence or absence of the cad-
mium exposure, suggesting a paucity of the protein expres-
sion in the whole organ. The anti-CSE antibody used in the
current study was identical to that used in our other study (5),
and western blot analyses for the liver revealed that the ex-
pression of CSE, as recognized at 40 kDa, in the intact liver
was unchanged irrespective of the stimulus, such as cadmivin,
We thus hypothesized that these enzymes could be expressed
locally in particular cell types, and attempted to examine the
cellular localization immunohistochemically. Figure 1B-D il-
lustrates representative pictures showing localization of CBS
in the control and CdCl,-treated rat testes. As seen in low-
power images {Fig. 1B), CBS occurred mainly in cells in the
interstitial space and in the basement membrane of seminifer-
ons tubules. We then examined if CBS is localized in Leydig
cells and Sertoli cells. To distinguish these cells from others,
immunostaining with Ad4BP, a nuclear transcriptional factor
for steroidogenic cells, was conducted with CBS staining using
double immunohistochemistry. As seen in Fig. 1C, Leydig cells
in the interstitial space {arrows) expressed this enzyme abun-
dantly, The cells expressing CBS notably in the basement
membrane of the tubules were Sertoli cells as characterized by
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FIG.1. Characterization of antibodies used in the study and
immunohistochemistry illustrating the expression of CBS in
rat testes, (A) Westemn blot analysis showing specificity of the
anti-CBS and anti-CSE antibodies. CBS and CSE were evident in
the liver samples at 63 kDa and 40 kDa, respectively. V, vehicle-
treated controls, Cd, cadmium-treated groups; m, molecular
markers. (B) Immunchistochemical analysts of the topographic
distribution of CBS in the rat testis. (C) Double inununostaining
with Ad4BP (purple) and CBS (brown), Note marked expression
of the enzyme in Ad4BP-positive cells in the interstitial space,
suggesting the presence of CBS in Leydig cells, (D) Effects of ad-
ministration of CdCl, on the expression of CBS in rat testes, Note
the absence of alterations. Bars = 100 pm,

their shape with cell processes protruding toward the central
region of tubules (Fig. 1C). At the same time, immature germ
cells adjacent to Sertoli cells express the enzyme modestly, On
the other hand, mature germ cells observed in the central re-
gion of tubules express the enzyme little, if any (Fig, 1B). Such
distribution patterns and immunoreactivitics were unchanged
in response to exposure to CdCl,, so far as judged at 12 h
after the administration (Fig. 1D). These results suggest that
testicular CBS is expressed in a cell type-specific manner, re-
sulting in the failure of detection by western blot analyses.
As seen in Fig. 1A and also in our other article in this Forum
(5), the anti-rat CSE antisera were purified through an affin-
ity column and turned out to be usable for specific detection
of the antigen at 40 kDa, Using the same antibody, distribu-
tion of CSE was examined in testes. As indicated in Fig, 2A,
CSE was abundantly expressed in vascular walls in the inter-
stitial space of testes, as well as in Sertoli cells, which consti-
tute the basement membrang of the tubules. The localization
of CSE was also notable in immature germ cells occurting in
the marginal regions of the tubules (Fig. 2B), Furtherimore,
the enzyme expression in the individual cells appeared to be
condensed in muclei, whercas the expression in cytoplasm of these
cells was relatively modest. Like that of the CBS expression,
the response of the CSE expression was not altered by expo-
sure to CdCl, (data net shown). Collcctively, these results
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