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The Cysteine Dioxgenase Knockout Mouse:

Altered Cysteine Metabolism in Nonhepatic Tissues
Leads to Excess H,S/HS™ Production and Evidence
of Pancreatic and Lung Toxicity
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Abstract

Aims: To define the consequences of loss of cysteine dioxygenase (CDO) on cysteine metabolism at the tissue
level, we determined levels of relevant metabolites and enzymes and evidence of H,S/HS™ (gaseous hydrogen
sulfide and its conjugate base) toxicity in liver, pancreas, kidney, and lung of CDO~/~ mice that were fed either
a taurine-free or taurine-supplemented diet. Results: CDO™’~ mice had low tissue and serum taurine and
hypotaurine levels and high tissue levels of cysteine, consistent with the loss of CDO. CDO~/~ mice had
elevated urinary excretion of thiosulfate, high tissue and serum cystathionine and lanthionine levels, and evi-
dence of inhibition and destabilization of cytochrome ¢ oxidase, which is consistent with excess production of
H,S/HS™. Accumulation of cystathionine and lanthionine appeared to result from cystathionine f-synthase
(CBS)-mediated cysteine desulfhydration. Very high levels of hypotaurine in pancreas of wild-type mice and
very high levels of cystathionine and lanthionine in pancreas of CDO™/~ mice were observed, suggesting a
unique cysteine metabolism in the pancreas. Innovation: The CDO~/~ mouse model provides new insights into
tissue-specific cysteine metabolism, particularly the role of pancreas in metabolism of excess cysteine by CBS-
catalyzed reactions, and will be a useful model for studying the effects of excess endogenous production of H,S/
HS™. Conclusion: The CDO ™/~ mouse clearly demonstrates that H,S/HS ™~ production in tissues can exceed the
capacity of the animal to oxidize sulfide to sulfate and demonstrates that pancreas and lung are more susceptible
to toxicity from endogenous H,S/HS ™ production than are liver and kidney. Antioxid. Redox Signal. 19, 1321-1336.

Introduction 3-sulfinylpyruvate, which gives rise to pyruvate and sulfite
(42, 46, 47). Sulfite (SO527) is further oxidized to sulfate
(SO4%7) by the mitochondrial sulfite oxidase (SUOX) (10, 39).

"I THE OXIDATION OF the sulfur atom of the sulfur amino
Thus, the major excretory forms of amino acid sulfur are

acids, methionine and cyst(e)ine, occurs by both direct

oxidation and desulfhydration-oxidation pathways in mam-
mals (21, 46, 47). As shown in Figure 1, the major catabolic
pathway for removing cysteine involves the dioxygenation of
cysteine to cysteine sulfinate by cysteine dioxygenase (CDO)
(42, 46, 47). Cysteine sulfinate undergoes further metabolism
by decarboxylation to hypotaurine, which is further oxidized
to taurine, or transamination to the putative intermediate

urinary sulfate and taurine (1, 17).

Cysteine can also undergo desulfhydration, which is
mainly catalyzed by the transsulfuration enzymes, cy-
stathionine f-synthase (CBS) and cystathionine y-lyase (CTH)
(6, 21, 40, 41). Desulfhydration pathways result in release of
the sulfur atom of cyst(e)ine as hydrogen sulfide (H,S/HS™);
the major form of hydrogen sulfide in cells and physiological
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Innovation

Cysteine dioxygenase (CDO) is expressed in liver, pan-
creas, kidney, lung, and white and brown adipose tissues,
allowing these tissues to metabolize excess cysteine to sul-
fate and taurine. Disruption of CDO expression leads to
abnormal accumulation of sulfide/sulfane sulfur products
and evidence of H,S/HS™ (hydrogen sulfide and its con-
jugate base) toxicity. H,S/HS™ production in the CDO ™/~
mouse clearly exceeds the animal’s capacity to oxidize sul-
fide to sulfate. Pancreas and lung are particularly suscepti-
ble to endogenous H,S/HS™ toxicity, whereas liver and
kidney appear to be somewhat protected. Furthermore, the
potential usefulness of elevated serum cystathionine and
lanthionine levels as biomarkers for excess cysteine de-
sulfhydration by cystathionine f-synthase is established.

fluids is HS™, which is in equilibrium with H,S(aq). De-
sulfhydration of the keto acid of cysteine is catalyzed by 3-
mercaptopyruvate sulfur transferase (MPST), although this
reaction requires a reducing agent such as thioredoxin or di-
hydrolipoic acid to release H,S/HS™ from the MPST-bound
persulfide formed from the substrate (33). The importance of
cysteine transamination/MPST in cysteine desulfhydration is
probably limited by the extent of cysteine transamination (42,
43). H,S/HS™ formed as a result of these desulfhydration
pathways is considered an important “gaseous” signaling
molecule, such as nitric oxide and carbon monoxide (29, 34,
36). The sulfide released in these pathways is further oxidized
to sulfate in the mitochondria, perhaps with thiosulfate
(S505%7) as an obligate intermediate (14, 19, 30, 52). Two
molecules of hydrogen sulfide are converted to one molecule
of thiosulfate, and thiosulfate is subsequently cleaved by
GSH-dependent thiosulfate reductase to yield sulfite +H,S
(42, 52). The sulfite is oxidized to sulfate by SUOX, as for
sulfite generated in the CDO-mediated pathway of cysteine
catabolism, but the outer sulfur atom released as H,S must
undergo another cycle of sulfide oxidation (42, 52).

Studies of CDO function in cells and animals (46, 50, 51)
indicate that the most important functions of the CDO path-
way are its role in maintaining low cysteine levels, which, in
turn, prevents excess metabolism of cysteine to H,S/HS™ by
the alternative desulfhydration pathways, and its role in
taurine synthesis. In our initial characterization of CDO
knockout mice (51), we found that loss of CDO activity re-
sulted in very low plasma and hepatic taurine levels (i.e., 2%
to 7% of wild-type control levels, respectively) and elevated
plasma and hepatic cysteine levels (i.e., 200% and 150% of
wild-type control levels, respectively). We also observed that
taurine supplementation had little effect on the clinical and
metabolic phenotype other than returning hepatic and plasma
taurine levels to normal, indicating that the phenotype may be
dependent on excess metabolism of cysteine by the alternative
desulfhydration pathways.

Since CDO 1is expressed in certain nonhepatic tissues
and can be up-regulated in those tissues in the absence of
hepatic CDO expression (45, 50), we further investigated the
metabolism of cysteine in various tissues known to express
CDO using both wild-type and CDO~/~ mice and taurine-
free and taurine-supplemented diets, with an emphasis on
evidence for changes in the extent of cysteine catabolism via

ROMAN ET AL.

Methionine
S-Adenosylmethionine
S-Adenosylhomocysteine

Homocysteine
Cystathionine f-synthase erine

Cystathionine

Costathionine ""’”’” or. Ketobutyrate + NH,*

Cysteine

Cystathionine G-synthase
Cystathionine j-lyase eine dioxygenase

Cysteinesulfinate

Sun'f‘ de

qwnone Aspartate Cysteinesulfinate
reductase feysteinesulfinate, decarboxylase
R-S5H R-SSH aminotransferase
Sulfur | Persulfide ¢
transf dioxyg
_sogz- Crnmnanan 5032' Hypotaurine
§S0,%" .
Thiosulfate | ~ Sulfite % ?
reductase oxidase 0...
GSH ;"

HS™ +8505% sulfiteoxidase SO, Taurine
FIG.1. Metabolism of methionine sulfur and cysteine by
direct oxidation and desulfhydration-oxidation pathways.
The direct oxidation pathway is usually the major route for
disposal of excess cysteine, as indicated by the heavy lines and
arrows. Little is known about the reaction by which hypo-
taurine is converted to taurine.

desulfhydration pathways. In addition, since the literature
is confusing with regard to the localized expression of CDO in
mouse tissues, we determined the expression of CDO in murine
tissues, taking advantage of CDO ™/~ tissues to use as a control
for potential false positives from nonspecific antibody binding.

Results
The localization of CDO in murine tissues

CDO is expressed in hepatocytes, with expression being
greater in perivenous than in periportal cells (Fig. 2a). CDO is
expressed throughout both the exocrine and endocrine pan-
creas (Fig. 2c), in the loop of Henle and proximal convoluted
tubules of the kidney (Fig. 2e, g, h) and in the parenchymal cells
of the lungs (Fig 2i, k). CDO is also expressed in the cytoplasm
of white (Fig. 2g) and brown adipocytes (not shown).

The effects of CDO knockout and taurine
supplementation on body weight and feed intake

Animals (pups and dams) had free access to a semipurified
diet with or without supplemental taurine from birth until
postnatal day (PND) 42. At PND42, pups were switched to
diets enriched in cystine and methionine but otherwise similar
to the taurine-free or taurine-supplemented diets received
before PND42. These higher sulfur amino acid diets were fed
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FIG. 2. Immunohistochemical detection of CDO in wild-type mouse tissues using tissues of CDO knockout mice as
controls for nonspecific staining. (a) CDO*/" liver shows the presence of CDO throughout the parenchyma, with more
intense staining surrounding the central vein (C) than the portal area (P), the latter identified by the presence of two or more
vessels that comprise the portal complex (hepatic artery, bile duct, lymphatic vessel, and portal vein). () CDO*/* pancreas
with diffuse staining throughout exocrine acini (A) and within the endocrine islets (I). (e, g, h) CDO™ /+ kidney with intense
CDO staining in both convoluted and straight portions of the proximal tubule (P) as identified by cells with central eu-
chromatic nuclei and brush border. The proximal tubules of juxtamedullary nephrons show the most intense staining,
followed by less intense staining in the cortical nephron proximal tubules. Significantly less staining is seen in the distal
tubule (D) as characterized by its euchromatic eccentric nuclei, small cytoplasm, and larger lumen. No staining was observed
in glomeruli (G) or inner medulla, including the medullary papilla (*). (i, k) CDO*/* lung shows punctate CDO staining
throughout the alveolar pneumocytes (arrows), but no specific staining was seen in the bronchiolar epithelium (B). Specificity
of the CDO antibody is clearly demonstrated by lack of CDO staining in the CDO™ /= liver (b), pancreas (d), kidney (f), and
lung (j, 1). All sections were counterstained with hematoxalin (blue). All scale bars represent 50 yum. CDO, cysteine dioxy-
genase. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars

from PND42 to the end of the experiment at PND56. As shown

taurine-free diet had low taurine levels compared with
in Table 1, CDO~/~ mice were smaller than CDO*/™ mice.

CDO™/* mice, with liver values being less than 5%, kidney

Mice lost between 1% and 7% of their initial body weight during
the 2-week period on the higher sulfur amino acid diets, with
male mice losing more weight than female mice and taurine-
supplemented mice losing more weight than unsupplemented
mice. Total feed intake and feed intake per unit body weight
were not affected by genotype or taurine supplementation.

The effects of CDO knockout and taurine
supplementation on taurine and hypotaurine levels

Consistent with the lack of flux through the CDO-depen-
dent pathway for taurine synthesis, CDO~/~ mice fed the

and serum values being less than 15%, and lung and pan-
creas values being less than 40% of the respective control
values (Fig. 3A). Tissue and serum taurine levels in taurine-
supplemented null mice were the same or higher than those
in unsupplemented wild-type mice. Taurine levels were
lower in the kidney of male wild-type mice than in the kid-
ney of female wild-type mice, regardless of diet.
Hypotaurine levels were low, less than 7% of wild-type
levels, in all four tissues of CDO~/~ mice, regardless of
whether the diet contained taurine (Fig. 3B). The proportio-
nately greater drop in hypotaurine levels than in taurine
levels in tissues of CDO~’~ mice compared with wild-type
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b= controls, especially in pancreas and lung, reflects the fact that
L § < hypotaurine is an intermediate in the biosynthesis of en-
<< ;5 = n dogenous taurine. Interestingly, there was a significant
@ :8 s é (p<0.0005) overall effect of taurine supplementation on liver
E % _ and kidney hypotaurine levels, with hypotaurine being lower
2 A I S s P in taurine-supplemented mice than in their nonsupplemented
= S| &L 2S s 2 counterparts. For wild-type mice, the hepatic hypotaurine
5 8 vV V.oV level was higher in male mice than in female mice, regardless
2 S s = of diet, and kidney and lung hypotaurine levels were higher
é g /R <<‘/> in male mice fed the taurine-free diet than in their female
~ | E. counterparts.
o ~ s g Unexpectedly, hypotaurine levels varied markedly among
i S0 3 tissues. Those in the pancreas were 71- and 60-times those in
§ & liver for female and male mice, respectively, whereas kidney
g <+ 9 and lung had levels that ranged from 1.9- to 5.0-times the
Al ©o a2 hepaticlevels. In liver, kidney, and lung of wild-type mice, the
a § . H H H hypotaurine levels were less than 3% of the taurine levels in
£ = -2 a g the same tissue, whereas hypotaurine levels in the pancreas of
) g at A= wild-type mice were 33% (female) and 86% (male) of the
& N § ~ = pancreatic taurine levels. The identification of the hypotaurine
a5 i R = S g peaks obtained by HPLC of samples from pancreas and other
g = ;-ol :}l Ill g ‘g tissues was substantiated by conversion to taurine when
o = N — : = § samples were treated with H,O, and is consistent with the
E = ! S = dramatic reduction in size of the hypotaurine peak in tissues
Z = o e S § “é of CDO~/~ mice.
A= S3 s 3 g Western blots for CDO, cysteine sulfinate decarboxylase
B S kS o oM 2 (CSD), cysteamine (2-aminoethanethiol dioxygenase [ADO]),
3 N o < S < £ and taurine transporter SLC6A6 are shown in Figure 3C. CSD
< S e g catalyzes the second step of the CDO pathway for taurine
2 8 3 © — el § by synthesis, converting cysteine sulfinate to hypotaurine. ADO
E > T S o c o %D oxidizes cysteamine to hypotaurine in an alternative pathway
SR S 1 5 f tauri duction vi A synthesis and break
S| = - o I % 5 of taurine production via coenzyme A synthesis and break-
‘ = Q7 a T down. SLC6AG6 is responsible for taurine uptake by tissues.
~ z g CDO, of course, was present in tissues from wild-type but not
@) o — = 8 > CDO™/~ mice. Other effects of genotypes included higher
8 = fl < _C‘_>| <-|:->| é CSD and SLC6A6 abundances in liver of null mice, especially
nl 2 g 0 oy 8 Q 5 in those fed the taurine-free diet, in which CSD and SLC6A6 in
z ¥ =7 o g 2 liver of CDO™/~ mice averaged 15- and 13-fold, respectively,
* E - g the levels in liver of CDO*/* mice. Lung SLC6A6 abundance
b S N S 8 3 was 8% to 40% more in CDO ™/~ mice than in wild-type mice.
A :? + <5 S 5 2 Taurine supplementation affected CSD and SLC6A6 abun-
(i § 2 S N = g dances in liver, with both being higher in mice fed taurine-free
o 2| o Z g = diets than in their taurine-supplemented counterparts; these
g s - R effects were much larger for null mice (11- to 54-fold) than for
E Moo 3« 8 £ a wild-type mice (1- to 3-fold). Thus, the up-regulation of these
R i f| _Cﬁ _Cﬁ 5 5 enzymes paralleled decreases in hepatic taurine and hypo-
ol 2| s 8 g y p P yP
a i N =) 58 taurine levels in liver. Interestingly, CDO, CSD, ADO, and
i i -~ . . . . .
o S o - =S s 5 SLC6A6 abundances in the kidney were higher in male mice,
a = O . . . . .
z| 3 o S = whereas kidney taurine levels were higher in female mice.
: = = i s 2 J‘él g Other effects of sex included higher CSD in the liver of fe-
=z N ! + H + o+ €73 male mice fed the taurine-free diet and slightly higher
= NS S & < in the lung of female mice compared wi eir male
2| £ S S & E g SLC6AG in the lung of female mi pared with their mal
E o R §ed counterparts.
a g 5 255
2 223 T2
. £°2 . . 3:;0 =S The effect of CDO knockout and taurine
— | . . .
o o6 & % _54'; 3 -gg s supplementation on cysteine and glutathione levels
o s D - - S 2 a8 c
E bt:o = ;g v o E = 55 T Levels of nonprotein bound cysteine in liver, pancreas, and
[/ o] . . — /= .
.8 %4 § "§ § ?‘j S g0 lung and levels of total cysteine in serum of CDO~/~ mice
i go CSETEL w 220 were significantly higher than those in CDO*/* mice, with
T E & ?DTE ?DTE b ' 8 tissue levels being 2- to 4-times wild-type levels and serum
RV A A levels being 1.1- to 2.3-times wild-type levels, depending on
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FIG. 3. Tissue and serum
taurine and hypotaurine levels
and abundance of CDO, CSD,
ADQO, and SLC6A6 in female
and male null mice and female
and male wild-type mice fed a
diet enriched in sulfur amino
acids without or with supple-
mental 1% (w/w) taurine. (A,
B) Taurine and hypotaurine
levels. Values are means +SEM
for seven mice. Values for a gi-
ven tissue that are not denoted
with the same letter are signifi-
cantly different (p<0.05) by
Tukey’s test. Numerical values
and details of the statistical
analysis are given in Supple-
mentary Table S1. (C) Western
blots for CDO, CSD, ADO, and
SLC6A6. Blots are for pooled 10000 -
samples (equal amounts of 5000
protein from each of seven mice
in the group). Efforts to mea-
sure pancreatic CSD and
SLC6A6 levels were not suc-
cessful due to nonspecific anti-
body reactions. Western blots
were quantified and normal-
ized by actin, and the data were
analyzed by a general linear
model for the three categorical
variables: genotype (N, null; W,
wild-type); taurine supple-
mentation (—, no taurine; +,
with taurine); sex (F, female; M,
male); and some two-way in-
teractions. Differences signifi-
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the diet-sex group (Fig. 4A). There was little effect of genotype
on kidney cysteine levels, which are usually 8- to 9-times those
in liver. In pancreas and lung of male CDO™ /- mice, taurine
supplementation significantly reduced cysteine levels
(p<0.05). Male CDO™/~ mice on the taurine-free diet had
higher kidney cysteine levels, whereas male CDO ™~ /= mice on
the taurine-supplemented diet had lower serum cysteine
levels compared with their female counterparts. Glutathione
levels varied much less than cysteine levels (Fig. 4B). There
was an overall effect of genotype on glutathione levels in liver,
with levels being 14% to 33% higher in null mice than in wild-
type mice of the same sex and diet group. Similarly, pancreas
glutathione levels were 14% to 70% higher in null mice than in
their wild-type counterparts, although differences did not
reach significance for the individual mean comparisons. He-
patic glutathione levels were consistently higher in male mice
than in their female counterparts.

The effect of CDO knockout and taurine
supplementation on production of sulfide/sulfane
sulfur in tissues

Although H,S/HS™ is readily formed and measured when
tissue preparations or desulfhydration enzymes are incubated
with substrate in vitro, assessment of H,S/HS™ levels in tis-
sues of intact animals is difficult (18, 53). The ability of HyS to
readily move through lipid membranes results in rapid loss of
sulfide from the cell, with HS™ shifting to H,S(aq) as H,S
escapes. In addition, HS™ is readily removed by oxidation to
thiosulfate, sulfite, and sulfate, keeping H,S/HS™ levels in the
low nanomolar range. Furthermore, cysteine sulfur can also
be incorporated into the sulfane sulfur pool, which includes
protein-bound persulfides as well as thiosulfate. Thus, we
used indirect [i.e., thiosulfate excretion, cytochrome c oxidase
(COX) inhibition] rather than direct measures to assess the
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extent of H,S/HS™ production in mouse tissues. Greater flux
of cysteine through desulfhydration pathways in CDO™/~
mice was indicated by elevated levels of urinary thiosulfate
that were 4.5-times those in CDO*/* mice (Fig. 5A). Since
many of the COX subunits undergo rapid degradation sub-
sequent to enzyme destabilization by H,S/HS™ binding (7),
we measured the abundance of COX subunits 4 and 5b to
further assess the consequence of increased H,S/HS™ pro-
duction. The overall effect of genotype on COX4 and COX5b
indicated that liver, pancreas, and kidney of CDO™ /= mice had
significantly lower abundances of these subunits than wild-
type mice (ANOVA, p<0.05, see Supplementary Table S1;
Supplementary Data are available online at www liebertpub
.com/ars), but not all individual mean comparisons were sig-
nificantly different. COX4 and COX5b subunit abundances
were most markedly affected in pancreas, in which levels in
CDO null mice ranged from 17% to 53% of levels in CDO*/*
mice (Fig. 5B, C). Regardless of genotype or diet, COX4 and
COX5b abundances were consistently lower in male liver than
in female liver but higher in male kidney than in female kidney
(ANOVA, p<0.05, see Supplementary Table S1).

The effect of CDO knockout on tissue levels
of substrates and products of desulfhydration enzymes

The major enzymes involved in cysteine desulfhydration
are CTH and CBS. The major reactions, both transsulfuration

and desulfhydration, catalyzed by these enzymes are shown
in Figure 6. To further assess the effect of changes in substrate
concentrations on cysteine desulfhydration, we measured the
levels of homocysteine, which serves both as a cosubstrate for
CBS-catalyzed transsulfuration and desulfhydration and as a
substrate for CTH-catalyzed desulfhydration, and serine,
which serves as a cosubstrate with homocysteine for CBS-
catalyzed transsulfuration (Fig. 7A, B). Neither liver nor
pancreas homocysteine levels were affected by genotype.
Hepatic homocysteine levels tended to be higher in taurine-
supplemented mice than in unsupplemented mice of the same
genotype and sex (ANOVA, p <0.0001, Supplementary Table
S1). Serum homocysteine levels in CDO™/~ mice were only
15% to 30% of those in wild-type mice. Homocysteine levels in
kidney and lung were below the limits of accurate measure-
ment with our assay. Serine was elevated in kidney of male
and female CDO~/~ mice, in pancreas of female CDO ™/~
mice, and in liver of male CDO ™/~ mice fed the taurine-free
diet compared with CDO™/* mice fed the same diet, but
serine levels in kidney, pancreas, and liver did not differ be-
tween genotypes for mice fed the taurine-supplemented diet.
Serine levels in serum and lung were not affected by genotype
regardless of diet. Thus, the major desulfhydration substrate
that consistently increased in all tissues of null mice was
cysteine itself. Since methionine is a precursor of homo-
cysteine, we also measured methionine levels, and there
were no differences in methionine levels in tissues of null and
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wild-type mice within any of the sex and diet groups (Fig. 7C).
The ratio of S-adenosylmethionine to S-adenosylhomocysteine
was determined for pancreas but did not differ among any of
the groups (mean ratio of 2.5; see Supplementary Table S1).
Products of desulfhydration reactions, in addition to H,S/
HS™, include cystathionine, lanthionine, and serine from re-
actions catalyzed by CBS and o-ketobutyrate and pyruvate
from reactions catalyzed by CTH and transamination/MPST.
Null mice had much higher levels of cystathionine and lan-
thionine in tissues and serum than did wild-type mice (Fig.
8A, B). Both cystathionine and lanthionine were markedly
elevated in pancreas of null mice; in the pancreas, lanthionine
was 20-times and cystathionine was 8.5-times the levels
present in wild-type mice. Similarly, serum levels were con-
sistently elevated in null mice, with cystathionine levels being
3.0- to 5.5-fold levels in wild-type mice and lanthionine levels

Il Wild-type/-Taurine

[] cDO Null/-Taurine a
[ wild-type/+Taurine ab
[] cDO Null/+Taurine

Male Female Male Female Male

being 4.6- to 8.3-fold levels in wild-type mice. Cystathionine
and lanthionine levels were consistently higher in lung of null
mice compared with their wild-type controls (1.7- to 5.3-fold
control for cystathionine and 2.3- to 3.4-fold for lanthionine),
with the effects being greater for null mice fed the un-
supplemented diet. For the kidney, cystathionine and lan-
thionine levels were also consistently higher for null mice than
for their wild-type controls (2.7- to 8.5- fold for cystathionine
and 2.1- to 3.8-fold for lanthionine), with effects being greater
for male mice than for female mice. There were also significant
overall trends for higher cystathionine (1.1- to 5.0-fold, AN-
OVA, p<0.0005, Supplementary Table S1) and lanthionine
(2.7-t09.7-fold, ANOVA, p <0.0001, Supplementary Table S1)
levels in liver of CDO™/~ mice. Liver lanthionine was sig-
nificantly elevated in null female mice fed either diet and in
null male mice fed the taurine-free diet compared with their
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FIG. 6. Major pathways for production of hydrogen sulfide (H,S/HS™) from sulfur-containing amino acids, methionine,
and cysteine. Methionine sulfur is used to synthesize cysteine via the transmethylation plus transsulfuration pathways. The
reduced thiol sulfur of cysteine can be released as H,S/HS™ by the action of CTH, CBS, or possibly by transamination of
cysteine to mercaptopyruvate coupled with the action of MPST and reducing agents such as thioredoxin or dihydrolipoate.
Due to its much higher molar abundance compared with CBS and due to the marked effects of CTH deficiency on H,S/HS™
production, CTH is thought to be the major enzyme that catalyzes cysteine desulfhydration in mammalian tissues other than
brain. The major desulfhydration reaction catalyzed by CTH is o,f-elimination of cysteine to form H,S+ pyruvate+NH;
(reaction #1.) At equimolar concentrations of CTH and CBS and near-physiological substrate concentrations, the major
cysteine desulfhydration reaction is the condensation of cysteine and homocysteine to form cystathionine (reaction #3). The
quantitative importance of these two reactions is indicated by the heavy arrows. Other reactions that may contribute to H,S/
HS™ production include the desulfhydration of homocysteine by CTH (reaction #2), the condensation of two molecules of
cysteine to form lanthionine + H,S (reaction #4), the desulfhydration of cysteine by CBS (reaction #5), or the transamination of
cysteine and desulfhydration of mercaptopyruvate (pathway #6). Based on the work of Chiku et al. (6) and Singh et al. (41).

CBS, cystathionine f-synthase; CTH, cystathionine y-lyase.

wild-type counterparts (Fig. 8B), but differences in liver cy-
stathionine between null and wild-type mice in a given sex
and diet group did not reach significance (Fig. 8A). The lesser
apparent effects of CDO knockout on cystathionine levels in
liver are likely due to the very high rate of basal cystathionine
production in liver due to the liver’s high capacity for me-
thionine transsulfuration (27, 31). Tissue alanine levels were
also measured (not shown) and were unaffected by genotype
in any tissue.

Taurine supplementation had no effect on cystathionine or
lanthionine levels in any tissue or serum of wild-type mice but
resulted in significantly lower levels of cystathionine and
lanthionine in some tissues of null mice. Significant effects of
taurine were observed for pancreas, kidney, lung, and serum
cystathionine levels in null male mice; pancreas and lung
lanthionine levels in null male mice; lung cystathionine levels
in null female mice; and kidney and lung lanthionine levels in
null female mice. For CDO ™/~ mice, but not wild-type mice,
males had higher kidney cystathionine and kidney lanthio-
nine levels than their female counterparts.

Compared with other tissues, pancreas had much higher
cystathionine and lanthionine levels, regardless of genotype,
sex, or diet. Cystathionine levels in the pancreas were up to
30-fold those in other tissues of wild-type mice and up to 75-
fold those in other tissues of null mice. Similarly, lanthionine

levels in the pancreas were up to 9-fold those in other tissues
of wild-type mice and up to 58-fold those in other tissues of
null mice.

As shown in Figure 8C and Supplementary Table S2, the
abundance of pancreatic CBS was 30% to 50% higher in
CDO~/~ mice than in CDO*/* mice in the same sex/diet
group. In male, but not in female, mice, the abundance of
kidney CBS was 10% to 20% higher in CDO*/* mice than in
CDO~/~ mice. CBS abundance in kidney of male mice was
100% to 140% higher than for female mice of the same sex/
diet group, consistent with the higher cystathionine and lan-
thionine levels in kidney of male mice (Fig. 8A, B). In contrast,
hepatic CBS abundance was 25% to 37% higher, and lung CBS
abundance was 12% to 66% higher in female mice than in their
male counterparts.

CTH abundance was affected by the genotype in kidney of
mice fed the taurine-free diet, with wild-type mice having
25% to 43% higher levels. CTH abundance in the pancreas
was affected by sex with male mice having 8% to 40% higher
CBS than female mice in the same genotype/diet group.
MPST abundance was affected by genotype in the liver, with
null mice having 11% to 70% more MPST compared with
wild-type mice in the same diet/sex group. MPST abundance
was affected by sex in the lung, with female mice having 12%
to 66% higher levels.
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Since tissue levels of H,S/HS ™ depend on its rate of removal
as well as rate of production, we screened for the abundance of
several sulfide-metabolizing enzymes (Fig. 9). The relative
abundances of sulfide quinone reductase (SQRD), persulfide-
dioxygenase (ethylmalonic encephalopathy 1 [ETHEL1]), thio-
sulfate sulfur transferase (TST), and SUOX are shown in Figure
9 and Supplementary Table S1. Significant effects of genotype
were observed in pancreas and lung, with pancreas TST being
50% higher in null females and 13% higher in null males than in
wild-type mice and with both lung TST and lung SQRD being
50% higher in null mice than in wild-type mice. An effect of
dietary taurine was observed for ETHE1 abundance in the
pancreas, which was 25% higher for mice fed the taurine-free
diet than for taurine-supplemented mice. Effects of sex were

Female Male
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observed for ETHE1 (higher in female liver and pancreas;
higher in male kidney), TST (higher in female liver; higher in
male lung), and SUOX (higher in female liver; higher in male
kidney).

Discussion

The immunohistochemistry of liver CDO is consistent with
previous reports that the highest expression of CDO is in the
liver (15, 45, 46, 49) In addition, the greater abundance of CDO
in centrilobular hepatocytes than in periportal hepatocytes is
consistent with the higher levels of CDO and CSD activities
and greater capacity for taurine synthesis that were previ-
ously observed in centrilobular hepatocytes (2). Lower levels
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FIG. 9. Relative abundance of sulfide oxidizing enzymes in tissues of female and male null mice and female and male
wild-type mice fed a diet enriched in sulfur amino acids with or without supplemental 1% (w/w) taurine. Western blots
for SQRD, ETHEI, TST, and SUOX are for pooled samples (equal amount of protein per mouse in each group). Western blots
were quantified and normalized by actin, and the data were analyzed by a general linear model for the three categorical
variables: genotype (N, null; W, wild-type); taurine supplementation (—, no taurine; +, with taurine); sex (F, female; M,
male); and some two-way interactions. Differences significant at p <0.05 are indicated as the direction of difference. Relative
intensities of the bands are reported in Supplementary Table S2. ETHEI1, ethylmalonic encephalopathy 1; SUOX, sulfite
oxidase; TST, thiosulfate sulfur transferase.
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of CDO protein have been reported for pancreas, kidney, and
lung, and lower levels of CDO mRNA have been reported for
kidney and lung (14, 45, 46, 49, 50), consistent with our
identification of CDO in these tissues. It should be noted,
however, that somewhat different subcellular localizations of
CDO in these tissues have been reported (32, 47); the dis-
crepancies are at least partially due to the use of biotinylated
secondary antibodies in the earlier work. In the work shown
here, we used a nonbiotin detection system and also used
tissues of CDO ™/~ mice as a control for nonspecific staining.

One of the end products of cysteine metabolism by the
CDO pathway is taurine. Taurine is reported to be involved in
cell volume regulation, neuromodulation, antioxidant de-
fense, protein stabilization, and immunomodulation (5, 38, 56,
57). Taurine was severely depleted in liver of CDO™ /=~ mice
fed a taurine-free diet, as previously reported (50, 51). A
dramatic up-regulation of hepatic CSD and SLC6A6 in
CDO~/~ mice fed the taurine-free diet, but not in CDO~/~
mice fed the taurine-supplemented diet, is consistent with
previous observations of inverse associations of taurine with
CSD in liver (37, 51) and with SLC6A6 in kidney (13). Al-
though taurine levels in nonhepatic tissues were also de-
pleted, the substantially lesser degree of depletion of taurine
in pancreas and lung compared with liver was unexpected.
Mice had access to taurine from their CDO*/~ dams during
gestation and suckling but had no source of exogenous tau-
rine after weaning; so, taurine present in tissues was either
synthesized by a CDO-independent pathway or transferred
from the dam before weaning. Hypotaurine in the tissues of
null mice was presumably formed via the alternative pathway
of taurine synthesis (cysteine —coenzymeA — cysteamine —
hypotaurine — taurine) or by decarboxylation of cysteine
sulfinate formed by nonenzymatic oxidation of cysteine (8).
Since hypotaurine levels in the pancreas and lung of CDO ™/~
mice were extensively depleted, similar to those in liver and
kidney, it seems likely that pancreas and lung may retain their
taurine pools more efficiently than liver and kidney in the face
of a taurine deficiency.

The relatively high levels of hypotaurine in pancreas, kid-
ney, and lung of wild-type mice are consistent with these
nonhepatic tissues playing important roles in taurine bio-
synthesis in the animal. These observations challenge the
view that the liver is the only major site of taurine biosyn-
thesis, as does our previous observation that liver-specific
knockout of CDO does not result in taurine depletion (50). The
very high levels of hypotaurine in pancreas of wild-type mice
could indicate that hypotaurine per se carries out an important
function in the pancreas, possibly as an antioxidant (12). Very
high levels of hypotaurine, as well as relatively high ratios of
hypotaurine to taurine, have been observed in epididymal
fluid, seminal plasma, and sperm; in these cases, hypotaurine
has been suggested to play important roles in sperm matu-
ration and capacitation, antioxidation and volume regulation
(16, 20). Clearly, tissue levels of hypotaurine are measureable
with current HPLC methods, and they serve as a better indi-
cator of tissue capacity for taurine synthesis than do taurine
levels, because hypotaurine, unlike taurine, is not obtained
from the diet or present in the more oxidized plasma com-
partment.

CDO knockout resulted in elevated cysteine levels in serum
and tissues. Cysteine levels in CDO~/~ mice were, on aver-
age, 1.7-times control in the serum, 2-times control in the liver,
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3-times control in the lung, and 4-times control in the pan-
creas. Kidney cysteine levels, which were already high rela-
tive to those in other tissues, were about 50% higher in null
males than in wild-type males but were not different between
null and wild-type females. Although cysteine levels were
markedly elevated in CDO™ /= mice, glutathione levels were
only 14% to 70% higher in liver and pancreas of null mice and
not different in lung, kidney, or serum of null mice compared
with wild-type controls. The limited effect of genotype on
glutathione levels in tissues was somewhat unexpected given
the close correlation that is frequently observed between
cysteine and glutathione concentrations in tissues, particu-
larly under conditions of sulfur amino-acid deficiency.
However, mice in this study received a diet with a slight ex-
cess of sulfur amino acids; so, even wild-type mice had rela-
tively high cysteine and glutathione levels. In addition,
glutamate-cysteine ligase activity is down-regulated when
cysteine levels are high, and this limits the ability of the cell to
remove excess cysteine by glutathione synthesis (27, 28).
Thus, the capacity for glutathione synthesis was close to sat-
urated in tissues of all mice in this study so that CDO ™/~ mice
could not dispose of much additional cysteine by converting it
to glutathione.

In our initial characterization of the CDO~/~ mouse (51),
we found a slight elevation in plasma sulfate levels and evi-
dence for excess H,S/HS™ production. Thus, we wanted to
evaluate the hypothesis that a lack of CDO results in elevated
cysteine levels, which, in turn, result in excess flux of cysteine
through desulfhydration pathways, leading to increased ex-
posure of tissues to sulfide and sulfane sulfur compounds.
The desulfhydration enzymes function physiologically at
substrate concentrations far below their K,,, values and, thus,
are very sensitive to an increase in cysteine concentration (3, 4,
6,40, 41, 59). H,S/HS™ has been shown to play a regulatory
role in a number of physiological processes, including va-
sorelaxation, inflammation and cell survival, with the major
mode of signaling currently believed to involve modification
of oxidized cysteine residues of target proteins to form cys-
teine persulfide residues (35). Although exogenous H,S/HS™
has long been recognized to have lethal and sublethal effects
on humans and animals, consideration of the physiological
and pathophysiological effects of endogenous H,S/HS™
production has been minimal (53).

An increase in Hp,S/HS™ production or tissue levels in
CDO™/~ mice was confirmed by a marked increase in urinary
excretion of thiosulfate and by loss of COX4 and COX5b
subunit abundance in liver, kidney, and pancreas. Thiosulfate
is a metabolite formed in the mitochondria by the transfer of
enzyme-bound persulfide sulfur (formed from H,S/HS™ by
SQRD) to sulfite (30, 48); when thiosulfate production exceeds
its further oxidation to sulfate, thiosulfate accumulates in
plasma and is excreted in the urine. A well-known feature of
H,S/HS™ toxicity is the inhibition of COX activity due to
rapid heme a inhibition, and this has, more recently, been
shown to result in destabilization of the enzyme with accel-
erated long-term degradation of COX subunits (7). Both of
these indirect measures of H,S/HS™ toxicity have been vali-
dated in Ethel™/~ mice and in humans with ethylmalonic
encephalopathy, a rare autosomal recessive disorder caused
by mutations in the ETHEI gene, which encodes the mito-
chondrial persulfide (sulfur) dioxygenase (7, 11, 48). Pre-
sumably, sulfite produced by the CDO-mediated pathway can
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serve as the acceptor of the sulfane sulfur generated from sul-
fide in the SQRD-catalyzed reaction when mitochondrial sul-
fite production is prevented by disruption of the ETHE1 gene.

Supplementation of the diet with taurine did not signifi-
cantly affect any of the parameters used to assess sulfide
production. Overall, the phenotype of the CDO~/~ mouse
seems largely unrelated to taurine status (51). Clearly, taurine
supplementation does little to abate H,S/HS™ toxicity.
However, the possibility that lack of hypotaurine impairs
some unique function that is not served by taurine itself, and
which hence would not be rescued by taurine supplementa-
tion, has not yet been tested.

It seems likely that the elevated flux through desulfhydra-
tion reactions in null mice is due mainly to elevated cysteine
levels, although the increase in CBS abundance in pancreas
of null mice likely also contributed to the increase in H,S/HS™
production in pancreas. It seems unlikely that elevated
homocysteine levels were driving increased flux through de-
sulfhydration pathways, because tissue homocysteine levels
were not significantly different between wild-type and CDO ™/~
mice and as serum homocysteine levels in CDO~/~ mice were
consistently less than 30% of levels in wild-type mice.

Although it is commonly stated that H,S/HS™ production
in liver and most other peripheral tissues is catalyzed by CTH
(21, 29, 58), our observations of elevated cystathionine and
lanthionine levels indicate substantial cysteine desulfhydra-
tion by CBS in pancreas, kidney, liver, and lung. As shown in
Figure 6, the thioethers cystathionine and lanthionine are
formed when cysteine and either homocysteine or another
molecule of cysteine, respectively, are condensed with release
of H,S. Lanthionine levels were much lower than cystathio-
nine levels, consistent with kinetic studies showing that the
condensation of two molecules of cysteine is much less fa-
vorable than the condensation of cysteine with homocysteine
(41). Lanthionine and cystathionine levels in tissues followed
similar patterns, with both being higher in CDO null mice
than in wild-type mice and with the molar ratio of lanthionine
to cystathionine being in the range of 0.01 to 0.1 for all tissue
and serum samples. In pancreas and liver, the ratio of lan-
thionine to cystathionine averaged 0.026 and 0.014, respec-
tively, which is very close to the 0.017 predicted by
kinetic simulations for CBS-catalyzed H,S/HS™ production
(560 1M serine, 100 uM cysteine, 10 uM homocysteine, and pH
7.4) (41). Although cystathionine and lanthionine can po-
tentially be produced from cysteine by CTH-catalyzed reac-
tions, reactions leading to these products are unfavorable
under physiological conditions and predicted to account for
less than 0.2% of the total CTH-catalyzed desulfhydration
reactions (6).

A role of CBS in H,S/HS™ production is also consistent
with the expression of high levels of CBS in pancreas, liver,
and kidney (46). In particular, CBS appears to play a large role
in H,S/HS™ production from cysteine in pancreas as evi-
denced by the very large fold-elevations of cystathionine and
lanthionine in pancreas of CDO™/~ mice compared with
wild-type mice and by this being the only tissue in which CBS
abundance was higher in CDO™/~ mice than in wild-type
mice. Cystathionine levels exceeding 200nmol/g were
reached in pancreas of CDO ™/~ mice compared with levels of
~50nmol/g for pancreas of wild-type mice or 12nmol/g for
liver of wild-type mice. Likewise, lanthionine levels exceeding
7nmol/g were reached in pancreas of CDO™/~ mice com-
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pared with levels of ~1nmol/g for pancreas of wild-type
mice or 0.2 nmol/g for liver of wild-type mice (Fig. 8). Striking
sex differences in both cystathionine and lanthionine levels in
kidney, with male mice having three- to five-times the levels
in their female counterparts, along with the higher abundance
of CBS in kidney of male mice compared with female mice,
further supports the conclusion that CBS is an important
contributor to H,S/HS™ production and that cystathionine
and lanthionine accumulate in vivo under conditions of en-
hanced CBS-catalyzed cysteine desulfhydration (Fig. 8). Our
results suggest that serum, as well as tissue lanthionine levels,
could be useful specific biomarkers for H,S/HS™ production
by CBS. Serum lanthionine levels in CDO ™~ /= mice, although
low, were about 6-times those in wild-type mice, and the
observed range of values for individual mice did not overlap,
being 0.05 to 0.11 uM for wild-type compared with 0.20 to
0.60 uM for CDO ™/~ mice.

Although we were not able to assess the contribution of
CTH to H,S/HS™ production with the approach followed in
this study, the fact that cystathionine levels were elevated in
pancreas, kidney, lung, and serum of CDO™ /=~ mice indicates
that cystathionine production in these tissues exceeded the
capacity of CTH to cleave cystathionine to cysteine plus
o-ketobutyrate and ammonia. Although CTH-catalyzed for-
mation of homolanthionine from two molecules of homo-
cysteine is an unfavorable reaction, representing less than
0.5% of CTH-mediated desulfhydration (6), it might be pos-
sible in future work to use homolanthionine as a biomarker
for H,S/HS™ production by CTH. Thiosulfate excretion in the
urine may also be a reasonable indicator of overall H,S/HS™
exposure. A 3.5-fold excess of thiosulfate was observed in the
urine of the CDO ™/~ mice, and excess excretion of thiosulfate
has also been observed in Ethel =/~ mice (48); in children with
ethylmalonic encephalopathy, caused by loss-of-function
mutations of the ETHEI gene encoding mitochondrial
persulfide dioxygenase (9); and in individuals with Down
syndrome (trisomy 21), who have an extra copy of the CBS
allele (22).

A clear conclusion from this work with the CDO™/~ mouse
is that the animal’s capacity to produce H,S/HS™ exceeds its
capacity to oxidize sulfide to sulfate. Excess levels of H,S/
HS™ also occur in the individuals with loss-of-function mu-
tations of ETHE1 and in the Ethel knockout mouse (48). The
similarities in the phenotypes of the CDO knockout mouse
and the Ethel knockout mouse support the conclusion that
excess H,S/HS™ rather than deficient taurine is responsible
for much of the clinical phenotype of the CDO ™/~ mouse. The
CDO~/~ mouse model also provides new insights into tissue
specificity for H,S/HS™ production and H,S/HS™ toxicity,
especially in the context of chronic postnatal exposure of tis-
sues to high cysteine levels. The capacity for H,S/HS™ pro-
duction appears to be high in pancreas, kidney, and liver but
low in lung, whereas the abundance of the ETHE1 persulfide
dioxygenase was high in liver and kidney, moderate in pan-
creas, and low in lung. The high capacity of liver and kidney
to oxidize sulfide to sulfite may protect the liver and kidney
from H,S/HS™ toxicity, whereas the moderate capacity of
pancreas to oxidize sulfide along with its high capacity for
H,S/HS™ production and the very low capacity of lung to
oxidize sulfide may contribute to greater vulnerability of
pancreas and lung to HyS/HS™ toxicity. Sex differences in
the relative abundance of enzymes involved in cysteine and
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H,S/HS™ metabolism were noted in some cases, most nota-
bly higher levels of enzymes involved in cysteine catabolism
in kidney of male mice but higher levels of enzymes involved
in sulfide oxidation in liver of female mice.

A critical function of CDO appears to be to remove cysteine
by a pathway in which the sulfur atom is oxidized in the first
step. Control of cysteine levels by regulation of CDO is nec-
essary to maintain low sulfide/sulfane sulfur levels, and low
basal sulfide levels may facilitate the ability of tissues to use
H,S/HS™ as a signaling molecule. H,S/HS™ regulates a
broad spectrum of physiological events (34, 36, 54, 55). There
is much potential for using pharmacological agents or phy-
tochemicals to deliver H,S/HS™ in the treatment of a variety
of disorders, including hypertension, cardiovascular disease,
obesity, diabetes, inflammatory bowel disease, and cancer.
The inhibition of COX by H,S/HS™ is well known, and excess
H,S/HS™ may additionally interfere with oxidation of car-
bon-based substrates by the electron transport chain because
of precedence of SQRD over Complex I (26). Knowledge of
potential benefits of H,S/HS™ needs to be tempered by
an understanding of potential adverse effects and geno-
type considerations, especially if long-term use of sulfide-
delivering drugs is to be considered. This work with the
CDO knockout mouse is an important contribution to the
elucidation of effects of endogenous H,S/HS™ production.

Materials and Methods
Animals

All experimental procedures involving live animals were
conducted with the approval of the Cornell University In-
stitutional Animal Care and Use Committee (No. 2009-0138).
Mice were housed in a pathogen-free barrier facility main-
tained at 23°C and 45%-50% humidity, with a 10-h dark pe-
riod (from 20:00 h to 6:00h). CDO*/ ~ mice (51) were crossed
to generate CDO~/~ and CDO™/* mice; 14 mice of each sex
and each genotype (total of 56 mice; 7 mice per group) were
used for this experiment. Genotyping and breeding were
performed as previously described (51).

Mice (or their dams) had unrestricted access to a basal
taurine-free or taurine-supplemented diet from birth to
PND42 and to a sulfur amino acid-enriched taurine-free or
taurine-supplemented diet from PND42 to PND56 (Table 2).
From PND42 to PND56, food intake and body weight were
measured over 2-day increments.

Sample collection

Spot urine collection (25) was performed during the second
week that mice were on the high-sulfur amino-acid diet. Urine
was frozen immediately on collection. Between 10:00 and
14:00h on PND56, mice were euthanized with isoflurane,
blood was drawn via cardiac puncture, and liver, kidneys,
pancreas, and lungs were removed and immediately frozen in
liquid nitrogen. Blood was centrifuged at 18,000 g, and serum
was removed and frozen in liquid nitrogen. Tissues and se-
rum were stored in liquid nitrogen until analysis.

Measurement of amino acids and metabolites

Serum total aminothiols and tissue nonprotein bound
aminothiols (thiols plus disulfides, after reduction) were
measured by HPLC as previously described (50). Briefly,

TaBLE 2. COMPOSITION OF MOUSE DIETS

Fed to pups from PND42 to PND56

Fed to lactating dams and to pups from PND1 to PND42

High sulfur amino acids/+ taurine

Basal/+ taurine High sulfur amino acids/— taurine

Basal/— taurine

g/kg diet

Sterile vitamin-free casein

L-Cystine

L-Methionine
Taurine

Cornstarch
Dyetrose

R

g

—

<

-

Q

5

g

0)5§

v ED

IR
]

8= =2

5.9 oH

NhOAR <

Rat

g %%
£ £%
§ o
2588
'Shgg
=< = O on
SS9
I,Q'-‘-i—'
C?;SJPT‘,
£E% 3
<UKRK

Y
w
[]
()

1.24 g methionine

“For reference, the standard AIN93G diet formulation for rodents provides 9.3 methionine equivalents per kg, provided by 200g casein and 3.0g cystine. 1g cystine
equivalents. The National Research Council estimates of the growth requirement and the maintenance requirement for rodents are 9.8 g and 2.3 g sulfur amino acids per kg diet, respectively.

PND, postnatal day.
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acid supernatants or serum were treated with tris(2-
carboxyethyl)phosphine to reduce disulfides, and thiols were
derivatized with 7-fluorobenzo-2-oxa-1,3-diazole-4-sulpho-
nate. Chromatography was carried out on a C18 reversed-
phase column with a mobile phase of 100mM potassium
phosphate buffer (pH 2.1) with 5% (vol/vol) acetonitrile.
Fluorescence of derivatives in the eluate was detected using
an excitation wavelength of 385nm and an emission wave-
length of 515 nm.

Taurine and hypotaurine were measured by HPLC as
previously described (50). Samples were derivatized with
o-phthaldialdehyde (OPA) and separated on a C18 column by
gradient elution using 50 mM potassium phosphate buffer
(pH 7.0) with 3.5% (vol/vol) tetrahydrofuran with or without
40% (vol/vol) acetonitrile. Detection of OPA-derivatized
compounds was performed using excitation and emission
peaks at 360 and 455 nm, respectively.

Cystathionine, serine, alanine, methionine, and lanthionine
were determined by LC-MS/MS using a commercially
available kit for amino-acid analysis (EZ:faast; Phenomenex)
as previously described (24). Sample preparation according to
the manufacturer’s instructions involved a solid-phase ex-
traction step, derivatization with propyl chloroformate, and
extraction into an organic solvent before LC-MS/MS analysis.
S-adenosylmethionine and S-adenosylhomocysteine levels in
pancreas were measured according to the LC-MS/MS meth-
od previously published (23) based on chromatographic
separation on a Hypercarb column filled with porous gra-
phitic carbon stationary phase.

Other assays

Urine was deproteinated using an Amicon Ultra 0.5ml
centrifugal filter with a 3kDa cutoff (Millipore Corp.) and
assayed for thiosulfate (39) and for creatinine (urinary Crea-
tinine Assay Kit; Cayman Chemical).

Western blotting

Tissue samples were homogenized in four volumes of
TNES buffer [50 mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA,
and 0.5% Nonidet P-40] supplemented with Complete pro-
tease inhibitor and PhosSTOP phosphatase inhibitor “cock-
tails” (Roche). Homogenates were centrifuged at 18,000 g for
20 min at 40°C, and the total protein concentration of the su-
pernatant fraction was determined using the BCA Protein
Assay Kit (Thermo Scientific Pierce). Fifty micrograms of
protein per lane was resolved by SDS-PAGE and transferred
onto a 0.45-um Immobilon PVDF membrane (Millipore
Corp.). Membranes were blocked using blocking buffer for
near-infrared fluorescent westerns (LI-COR Biosciences) and
blotted for immunoreactive proteins. Individual samples
were analyzed for COX4 and COX5b, whereas pooled sam-
ples (n=7, equal amounts of total protein) were screened for
proteins involved in taurine synthesis and uptake, cysteine
desulfhydration, and sulfide oxidation. The CDO and ADO
antibodies were generated as previously described (8, 44), and
the CSD antibody was a gift from Dr. Marcel Tappaz (Institut
National de la Santé et de la RechercheMédicale). Other pri-
mary antibodies were obtained from commercial sources:
COX5b and COX4 (Abcam), CBS, SQRDL, SUOX and TST
(Proteintech Group), CTH (Norvus Biologicals), MPST (Santa
Cruz Biotechnology), actin (Cell Signaling), ETHE1 (Thermo
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Scientific), and SLC6A6 (TAU11-A; Alpha Diagnostic Inter-
national). An infrared fluorescent dye-labeled secondary an-
tibody (IRDye; LI-COR Biosciences) and the Odyssey direct
infrared imaging system and software (LI-COR Biosciences)
were used to visualize and quantify the relative abundance of
each protein.

Immunohistochemistry

Mice were anesthetized with isoflurane and perfused by
cardiac puncture for 15 min with 4% (v /v) paraformaldehyde.
Tissues were excised, embedded, and sectioned. After epitope
retrieval via exposure to 0.025% (w/v) trypsin and blocking of
endogenous peroxidase by exposure to 3% (v/v) H,O,, sec-
tions were exposed to affinity-purified polyclonal anti-CDO
(1:500) and then to InmPRESS anti-rabbit IgG (Vector Labs).
After application of ImmPACT NovaRED (Vector Labs),
sections were counterstained with hematoxalin. Images were
obtained using an Olympus BX50 microscope with a Moticam
2300 cMOS camera (Motic North America).

Statistical analysis

Results of measurements on individual mice are expressed
as means+SEM (n=7). Results for measurements on indi-
vidual tissues samples or mice were analyzed as a full facto-
rial model by three-way ANOVA using JMP version 10 (SAS,
Cary, NC). Post hoc comparisons among means were made by
Tukey’s test. Differences were considered significant at
p <0.05 for main effects (genotype, sex, and diet) and at p<0.1
for interactions. Numerical values and statistical details are
reported in Supplementary Table S1. For western blots of
pooled samples, statistical analysis was run as a general linear
model for the three categorical variables (genotype, diet, and
sex) and some two-way interactions. Effect tests with F values
significant at p<0.05 are noted in the figures; relative band
intensities and all F values significant at p <0.1 are reported in
Supplementary Table S2. Data for cystathionine, lanthionine,
taurine, and hypotaurine levels and data for the hepatic
abundances of CSD and SLC6A6 were transformed to square
roots before statistical analyses.
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