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Cadmium Exposure Alters Metabolomics of
Sulfur-Containing Amino Acids in Rat Testes

YASOO SUGIURA,! MISATO KASHIBA,' KAYO MARUYAMA,!
KOICHI HOSHIKAWA,2 RYOKO SASAKI,2 KAZUYOSHI SAITO,?
HIDEO KIMURA,?* NOBUHITO GODA,! and MAKOTO SUEMATSU!

ABSTRACT

This study aimed to examine distribution of cystathionine 3-synthase (CBS) and cystathionine y-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 two enzymes:
CBS occurred mainly in Leydig cells and was also detectable in Sertoli cells and germ cells, whereas CSE was
evident in Sertoli 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 re-
vealed marked alterations in sulfur-containing amino acid metabolism: amounts of methionine and cysteine
were significantly elevated concurrently with a decrease in the ratio between S-adenosylhomocysteine and S-
adenosylmethionine, 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 GSH/GSSG ratio was
consequently elevated. These results collectively showed that cadmium induces metabolomic remodeling of sul-
fur-containing amino 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 metabolomic analyses
serve as a powerful tool to pinpoint a critical enzymatic reaction that regulates metabolic systems as a whole.
Antioxid. Redox Signal. 7, 781-787.

INTRODUCTION

TESTIS 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 germ 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 generate sulfate
through aspartate transferase and sulfite oxidase. Another im-
portant substance generated upon cysteine metabolism in vivo
is hydrogen sulfide (H,S). This gaseous 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
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enzymes is to constitute the transsulfuration 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
testosterone 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-adenosylmethionine (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 transsulfuration 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 been 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-HCI, pH 7.6,
150 mmol/L NacCl, 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 at 12 h 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-
pm slices to apply anti-CBS or -CSE antibody at a final con-
centration of 1 pg/ml 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.S.A.). To inhibit endogenous peroxidase
reactions, the samples were pretreated with 0.3% hydrogen
peroxide in cold methanol for 30 min and subsequently incu-
bated with avidin and horseradish peroxidase-conjugated biotin
for 30 min. Finally, 0.1 mg/ml diaminobenzidine tetrahydro-
chloride 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 excess of antigens in advance were
applied for immunohistochemistry as negative controls.

In separate sets of experiments, sections of testes were
double-stained by a method using diaminobenzidine 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 against 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 basement region of the tubules. Because of
such anatomical topography of these cells, the Ad4BP 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 those stained dark brown.

Sulfur-containing amino 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 1 mM EDTA.
The homogenate was then centrifuged at 15,000 rpm for 15
min at 4°C, and the 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 mM 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 (C18, 250 X 4.6 mm) using 0.1 M
potassium dihydrogen phosphate as mobile phase at a flow
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rate of 1 ml/min and a column 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, SAM, S-adenosylhomocysteine (SAH), cystathio-
nine, serine, and taurine were determined by a liquid chro-
matography assisted by double mass spectrometry (API 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 determine these compounds.
To determine hepatic SAM levels, hepatic samples were added
to 100-fold volume 100 mM ammonium acetate. Chromato-
graphic separation was performed on an Atlantis column
(dc18, 2.1 X 150 mm) using 5 mM ammonium acetate, ace-
tonitrile as mobile phase at a flow rate of 1 ml/min, and a col-
umn temperature of 30°C.

Statistical analyses

Differences in mean values among groups were examined
by Fisher’s 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 expression
was unchanged in the liver of the cadmium-treated rats. When
using the lysate derived from testes, CBS was undetectable ir-
respective of the presence or absence of the cadmium expo-
sure, suggesting a paucity of the protein expression 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 expression of CSE,
as recognized at 40 kDa, in the intact liver was unchanged ir-
respective of the stimulus, such as cadmium. We thus hypoth-
esized that these enzymes could be expressed locally in par-
ticular cell types, and attempted to examine the cellular
localization immunohistochemically. Figure 1B-D illustrates
representative pictures showing localization of CBS in the
control and CdCl,-treated rat testes. As seen in low-power im-
ages (Fig. 1B), CBS occurred mainly in cells in the interstitial
space and in the basement membrane of seminiferous tubules.
We then examined if CBS is localized in Leydig cells and
Sertoli cells. To distinguish these cells from others, immuno-
staining with Ad4BP, a nuclear transcriptional factor for steroido-
genic cells, was conducted with CBS staining using double im-
munohistochemistry. As seen in Fig. 1C, Leydig cells in the
interstitial space (arrows) expressed this enzyme abundantly.
The cells expressing CBS notably in the basement membrane
of the tubules were Sertoli cells (arrowheads) as characterized
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by their shape with cell processes protruding toward the cen-
tral 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 immunoreactivities 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 membrane of the tubules. The localization
of CSE was also notable in immature germ cells occurring in
the marginal regions of the tubules (Fig. 2B). Furthermore,
the enzyme expression in the individual cells appeared to be
condensed in nuclei, whereas 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 not shown). Collectively, these results
suggest that both CBS and CSE did not alter greatly in re-
sponse to the heavy metal stressor so far as judged from the
protein expression.

Analyses of sulfur-containing amino acid
metabolism and H,S generation

Table 1 illustrates metabolomic profiles of alterations in con-
tents of sulfur-containing amino acids and their derivatives in
testes of CdCl,-treated rats. Data were collected at 12 h after
the administration of the reagent. As seen, administration of

TABLE 1. ANALYSES OF SULFUR-CONTAINING
AMINO ACID METABOLISM IN RAT TESTES
TREATED WITH VEHICLE AND CDCL,

Metabolites Vehicle CdCl,
Remethylation metabolites
Methionine 252+2.8 114.6 + 8.2%*
S-Adenosylmethionine 24.1+1.1 22.8+23
S-Adenosylhomocysteine 1.6 +0.2 22+0.1*
Homocysteine ND ND
Serine 427.4+31.4  694.6 £ 63.7*
Transsulfuration metabolites
Cystathionine 12.6 £0.7 9.4+ 1.4*
Cysteine 295+7.1 132.1 £ 16.5%
H,S 19.6 £ 0.7 19.2+1.8
GSH 2531+ 89 2300 + 79
GSSG 284 + 14 128 + 13*
Taurine 1,182 + 140 1,021 £102

Data (in nmol/g of tissue) represent means + SD of four to
13 separate experiments.

*p < 0.05 as compared with data collected from the vehicle-
treated control rats.
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FIG. 1. Characterization of antibodies used in the study and
immunohistochemistry illustrating the expression of CBS in
rat testes. (A) Western 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) Immunohistochemical analysis of the topographic
distribution of CBS in the rat testis. (C) Double immunostaining
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 (arrows). Arrow-
heads; Sertoli cells. (D) Effects of administration of CdCl, on the
expression of CBS in rat testes. Note the absence of alterations.
Bars =100 pm.

CdCl, induced a significant elevation of contents of methion-
ine, SAH, serine, and cysteine. By contrast, contents of cys-
tathionine and the oxidized form of glutathione (GSSG) were
significantly decreased. On the other hand, terminal products
of the transsulfuration pathway such as H,S and taurine were
unchanged in response to the exposure to CdCl,. Homocys-
teine, a product standing at the intersection between remethy-
lation and transsulfuration pathways, was undetectable in tes-
ticular samples so far as determined by the present analyses.
The observation that testicular contents of cysteine were sig-
nificantly elevated by the CdCl, exposure led us to examine if
this event coincided with alterations in contents of sulfur-
containing compounds in the plasma component. As seen in
Table 2, the administration of CdCl, significantly decreased
plasma contents of homocysteine and cysteine, while induc-
ing no notable changes in glutathione. Interpretation of these
events will be discussed later in the Discussion.

As the contents of metabolites could be altered as a function
of those of their upstream substrates, we analyzed the ratio val-
ues of the contents such as SAH/SAM and reduced glutathione
(GSH)/GSSG to estimate alterations in methyl donation and
redox regulation of glutathione, respectively. In addition, as
H,S is synthesized through the reactions of CBS and/ or CSE,
which consume cysteine as the common substrate, the ratio be-
tween H,S and cysteine was calculated and compared between
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FIG. 2. Localization of CSE in the rat testis. (A) Low-
power representative picture showing immunohistochemical
analysis indicates the localization of CSE in the rat testis. (B)
High-power representative picture showing the enzyme expres-
sion. Note the presence of CSE in Sertoli cells and immature
germ cells standing close to the seminiferous tubules, whereas
mature cells located in the central portion of the tubules exhibit
little expression, if any. Note marked expression of CSE in vas-
cular smooth muscle cells in the interstitial space (arrows in B).
Bars = 100 pm.

the control and cadmium-treated groups. As summarized in
Fig. 3, total amounts of the substrates for the remethylation
cycle in the cadmium-treated group became 2.5-fold greater
than those of the control group. Under these circumstances, the
SAH/SAM values were significantly elevated, suggesting ac-
celeration of methyl donation in the cadmium-exposed testes.
The cadmium exposure also turned out to elicit marked
changes in the transsulfuration pathway. As indicated in a
marked reduction of the H,S/cysteine ratio, amounts of the gas
generated in the tissue appeared to be far smaller than those ex-
pected from the elevation of cysteine contents. Another impor-
tant change occurring at the transsulfuration processes is a

TABLE 2. ALTERATIONS IN PLASMA CONCENTRATIONS OF
HoMOCYSTINE, CYSTEINE, AND GLUTATHIONE IN RAT
TESTES TREATED WITH VEHICLE AND CDCL,

Plasma concentrations Vehicle Cdcl,
Homocystine 9.8+0.5 8.1+0.5%
Cystine 178.8 £6.0 147.9 £ 4.0*
Glutathione 21.2+0.9 19.6 0.7

Data (in pmol/L) represent means + SD of five or six
separate experiments for each group.

*p < 0.05 as compared with data collected from the vehicle-
treated control rats.
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modest decrease in total glutathione (GSH + 2GSSG), which
coincided with a marked elevation of the GSH/GSSG ratio.
Consequently, in the testes exposed to CdCl,, H,S generation is
relatively down-regulated, whereas GSH appears to be well
preserved. These results suggest that remodeling of sulfur-con-
taining amino acids elicited by CdCl, involves preservation of
the antioxidative capacity of glutathione.

DISCUSSION

This study first demonstrated distribution patterns of CSE
and CBS in testes of rats. In this organ, these enzymes oc-
curred in distinct topographic patterns. According to the clas-
sic concept for cysteine metabolism, CSE and CBS coopera-
tively execute biotransformation of sulfur-containing amino
acids such as methionine into cysteine. In this context, Sertoli
cells appear to play an important role in the amino acid me-
tabolism, because both enzymes are colocalized with abun-
dant expression. This fact is reasonable in that the cells are
known to require ample amounts of glutathione to maintain
their capacity to nurse germ cells for spermatogenesis (16,
18, 22). The anatomical distribution of these enzymes re-
vealed in the current study led us to suggest putative path-
ways for methionine metabolism; because of its biochemical
feature as an essential amino acid supplied through circula-
tion from nutritional resources, methionine could access Ser-
toli cells directly or be captured primarily by Leydig cells to
be converted to cystathionine and then secondarily transferred
to Sertoli cells where both enzymes are colocalized.

Although such an intercellular pathway for amino acid trans-
fer has not been investigated in the current study, the role of
Leydig cells as a putative gateway to facilitate methionine
metabolism is likely to be of great physiologic relevance. Pre-
vious studies revealed that testicular germ cells abundantly
express antioxidative enzymes such as glutathione peroxidase
and thioredoxin reductase (16, 23, 26). Considering that nu-
tritional support via the bloodstream in the interstitial space
plays a crucial role in maintenance of spermatogenesis, it is
not unreasonable to speculate that both Leydig cells and Ser-
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toli cells cooperatively execute the delivery of cysteine and
H,S as reductants to strengthen antioxidative capacity of the
germ cells for a quality control of spermatogenesis.

To further clarify mechanisms for metabolic remodeling of
sulfur-containing amino acid derivatives, we quantitatively
determined the metabolites using metabolomic approaches.
Metabolomic information that covers the whole products of
remethylation and transsulfuration pathways led us to specu-
late the role of CBS as a critical enzymatic step causing the
cadmium-induced changes in the metabolites; first, the expo-
sure to CdCl, significantly expanded amounts of substrates
for the remethylation cycle (2 remethylation cycle) and ap-
peared to facilitate methyl donation, as judged from the SAH/
SAM ratio. Of importance is a reduction of the tissue cys-
tathionine contents, suggesting the inhibition of the CBS activity.
Despite such a decrease in the substrate for CSE, the cysteine
contents were significantly elevated. Considering that cystine
could access the intracellular space through the cystine trans-
porter (11), the results suggest that the cadmium exposure
could increase the testicular contents of cysteine through ac-
tive uptake of the substrates from the circulation rather than
through up-regulation of intratesticular delivery of the upstream
substrate from the remethylation pathway. During these pro-
cesses, maintenance of testicular H,S concentration could help
the entry of cysteine through the transporter (13).

As down-regulation of the enzyme per se secondarily greatly
alters the expression of diverse genes (24), it is difficult to
understand entire mechanisms for alterations in metabolites
in the current experimental model (24). However, so far as
judged from the aforementioned results, metabolome analy-
ses given by the current study led us to hypothesize that CBS
could serve as a putative target for the CdCl,-induced remod-
eling of the methionine metabolism in the testes. Such a hy-
pothesis is in good agreement with another observation that the
ratio of H,S/cysteine was significantly reduced upon the ex-
posure. Recent studies suggest multiple mechanisms by which
CBS alters its catalytic activities: such mechanisms involve
proteolytic cleavage of the enzyme by cytokines (33) or mod-
ulation of the activity by binding of adenosine ligands to its CBS
domain, suggesting the enzyme senses cellular energetics (25).
Another possible effector of the CBS activity is carbon monox-
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ide (CO) derived from heme oxygenase, the gaseous monox-
ide that regulates neurovascular function (17, 19, 28). We have
recently revealed that Leydig cells serve as a sensor for de-
tecting exposure to heavy metal stressors such as cadmium
and mediate down-regulation of spermatogenesis under stress
conditions (22). To sense the stressors, the cells induce heme
oxygenase-1 and increase CO as an alert signal for triggering
germ cell apoptosis (22). Although molecular mechanisms by
which CO tranduces signals involve soluble guanylate cyclase
or mitogen-activated protein kinase, we recently collected evi-
dence for the ability of the gas to inhibit the activity of CBS
(Hoshikawa et al., unpublished observations), in agreement
with previous experiments using the purified CBS enzyme in
vitro (31). If CO derived from Leydig cells could inhibit CBS
in the same cells, biotransformation of methionine into cys-
teine and/or glutathione could largely be compromised to trig-
ger germ cell apoptosis. Although further investigation is ob-
viously necessary to specify which mechanisms could actually
contribute to metabolic remodeling of the cadmium-exposed
testes, the current results showed the potential usefulness of
metabolomic approaches to pinpoint putative molecular can-
didates that play a critical role in metabolic regulation in vivo.
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saline; SAH, S-adenosylhomocysteine; SAM, S-adenosylme-
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