H,S as a Physiologic Vasorelaxant:
Hypertension in Mice with Deletion
of Cystathionine y-Lyase
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Studies of nitric oxide over the past two decades have highlighted the fundamental importance
of gaseous signaling molecules in biology and medicine. The physiological role of other gases such
as carbon monoxide and hydrogen sulfide (H,S) is now receiving increasing attention. Here we
show that H,S is physiologically generated by cystathionine y-lyase (CSE) and that genetic
deletion of this enzyme in mice markedly reduces H,S levels in the serum, heart, aorta, and other
tissues. Mutant mice lacking CSE display pronounced hypertension and diminished endothelium-
dependent vasorelaxation. CSE is physiologically activated by calcium-calmodulin, which is a
mechanism for H,S formation in response to vascular activation. These findings provide direct
evidence that H,S is a physiologic vasodilator and regulator of blood pressure.

itric oxide (NO) and carbon monoxide
| \ | (CO) are established physiologic mes-
senger molecules, and NO has an impor-
tant role as an endothelial cell-derived relaxing
factor (EDRF) and regulator of blood pressure
(1, 2). Indirect evidence has implicated another
endogenous gasotransmitter, hydrogen sulfide
(H»S), in similar functions (3—7). H,S can be
produced by cystathionine y-lyase (CSE) or cys-
tathionine B-synthase (CBS) (3, 4), but definitive
evidence for either of these enzymes in the phys-
iologic formation of H,S is lacking.

To investigate the role of H,S as a phys-
iologic vasorelaxant and determinant of blood
pressure, we generated mice with a targeted de-
letion of the gene encoding CSE (8) (fig. S1, A
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Fig. 1. Phenotype of CSE male knockout mice. (A) Reduced H,S production
from aorta and heart tissues in CSE™~ mice and CSE™* mice. Number of
mice are given for each group; n = 16. (B) Reduced serum H,S level in
CSE™™ mice and CSE™* mice (n = 8 to 10). (C) Age-dependent increase
in blood pressure of CSE”~ mice and CSE™* mice (n = 12). (D) H,S admin-

to C). The homozygous (CSE™) and heterozy-
gous (CSE ") mutant mice were viable, fertile,
and indistinguishable from their control wild-
type littermates (CSE"") in terms of growth
pattern. CSE mRNA and protein were absent
in heart, aorta, mesenteric artery, liver, and kid-
neys of CSE”" mice (fig. SI, D and E). En-
dogenous H,S levels in aorta and heart of
homozygous mutant male mice (CSE™") were
both decreased by about 80% (Fig. 1A), and
H;,S levels in aorta and heart of heterozygous
mutant male mice (CSE 7") were both decreased
by about 50%. Serum H,S levels in CSE " mice
and CSE”" mice were reduced by about 50 and
20%, respectively (Fig. 1B). Female CSE™ mice
showed a similar decline in H,S levels (fig. S2, A
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and B). The residual H,S in serum may reflect
nonenzymatic reduction of elemental sulfur to
H,S or H,S generated from other tissues that
express CBS, another H,S-generating enzyme
@3, 5,9.

CSE mutant mice developed age-dependent
hypertension. Beginning at 7 weeks of age, both
male (Fig. 1C) and female (fig. S2C) CSE™~
mice displayed a higher blood pressure than age-
matched wild-type (WT) mice. Blood pressure in
the mutant mice peaked at more than 135 mm
Hg when the mice were 12 weeks of age; this
was almost 18 mm Hg higher than that in con-
trol mice. Heterozygous CSE ™" mice also showed
elevated blood pressure beginning at 7 weeks of
age. The rise in blood pressure was similar in
homozygous and heterozygous mice until the
mice were 10 weeks of age; after this point,
the blood pressure of CSE”~ mice was about
10 mm Hg higher than that of CSE™" mice.
Blood pressure levels assessed by the tail-cuff
method were confirmed by direct monitoring
of arterial blood pressure through intra-carotid
artery catheterization (fig. S3A). Heart rates
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istration lowers systolic arterial blood pressure in 10-week-old CSE™~ mice
(n =13 to 15). (E) Increased plasma homocysteine level in CSE”~ mice and
CSE™* mice (n = 19). (F) Decreased plasma L-cysteine level in CSE”~ mice
and CSE™* mice (n = 15). All results are means + SEM. *P < 0.05 versus WT;
#P < 0.05 versus heterozygote.
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were similar in mutant and WT mice. In humans,
CSE activity increases rapidly after birth, reach-
ing adult levels when infants are about 3 months
of age (10, 11). The age-dependent hypertension
of the mutant mice paralleled the ontogeny of
CSE in mice, increasing to peak adult levels 3
weeks after birth (/2). Endogenous H,S levels in
brains from CSE™™ mice were similar to WT
mouse values (fig. S3B), consistent with evi-
dence that CSE is not the source of brain H,S
(3, 5, 11, 12), and this similarity suggests that
the hypertension in the mutant mice is not due
to alterations in the central nervous system. In
addition, endothelial NO synthase (eNOS) pro-
tein was not decreased in CSE™ mice, which
indicated that the hypertension was not due to a
loss in NO-mediated vasorelaxation. Kidney archi-
tecture was also preserved in the CSE™" mice,
which signifies that the elevation in blood pressure
was not caused by renal damage (fig. S4).

H,S relaxes blood vessels and lowers blood
pressure by opening ATP-sensitive K channels
in vascular smooth muscle (4, 13, 14). We ex-
plored whether exogenous H,S could influence

Fig. 2. Impaired endothelial function in CSE
mutant mice. Contraction of mesenteric artery
evoked by phenylephrine (A) and relaxation of
mesenteric artery by sodium nitroprusside (B),
H,S (C), and methacholine (D). n = 15 for each
group. All results are means = SEM. *P < 0.05
versus WT; #P < 0.05 versus heterozygote. (E) En-
dothelial removal abolishes methacholine-induced
relaxation of mesenteric artery. No relaxation oc-
curs in vessels of WT or mutant mice after stripping
of the endothelium. For CSE™~ mice, n = 8; and for
CSE*"™* mice, n = 9. (F) Immunohistochemical local-
ization of CSE to arterial endothelium (black arrows)
is abolished in CSE™ mice. Scale bars, 20 pum.

the hypertension of CSE™~ animals. Intravenous
bolus injections of NaHS, an H,S donor (4, 3, 15),
elicited dose-dependent transient decreases in
systolic blood pressure of both anesthetized CSE '~
and CSE"" mice (Fig. 1D). The magnitude of
decline was greater in mutant versus WT mice,
which suggested that the former have a heightened
sensitivity to H,S. NaHS injections did not alter
the heart rate of WT or mutant mice. Intravenous
bolus injections of ammonium (39 pumol/kg) or
pyruvate (39 umol/kg), the two other products of
CSE activity (3, 16), did not influence blood
pressure or heart rate. Plasma levels of oxobuta-
noate, an intermediate in the catabolism of cysta-
thionine by CSE, were similar in CSE”~ and
CSE"" mice (fig. S3C).

CSE deficiency may elicit accumulation of
homocysteine and diminished levels of L-cysteine
(I7). In 10-week-old male CSE™" mice, plasma
homocysteine and L-cysteine levels were, respec-
tively, about 18 and 0.8 times the levels seen in
age-matched WT mice, whereas the levels in
CSE™* mice were, respectively, about 2.0 and
0.8 times those in WT mice (Fig. 1, E and F).
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A similar decrease in L-cysteine levels was ob-
served in female CSE™~ mice (fig. S2E). To
ascertain whether the hypertension of CSE™~
mice reflects hyperhomocysteinemia (/8), we
administered L-methionine to WT mice in their
drinking water for 6 weeks. This intervention
augmented plasma homocysteine levels (fig.
S3D), but did not alter blood pressure (fig.
S3E). Also, while plasma homocysteine levels
in male CSE™" mice were nine times higher
than those in male CSE”" mice (Fig. 1E), blood
pressure in the two genotypes was similar (Fig.
1C). Moreover, female and male CSE™ dis-
played similar blood pressures (fig. SSA), despite
females having six times the plasma homo-
cysteine levels and homocysteine/cysteine ratios
seen in males (Fig. 1E and figs. S2D and S5B).
Thus, homocysteine is unlikely to be the prin-
cipal determinant of hypertension in the CSE
mutant mice.

We next investigated whether hypertension
in the CSE™~ mice reflected alterations in the
vascular redox state. Analysis of vascular tissue
indicated that the levels of superoxide anion, a
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reactive oxygen species (ROS) that regulates
vascular tone, were not significantly different
in CSE” versus WT mice (fig. S6A). Glutathi-
one (GSH) levels were moderately decreased in
the aorta and mesenteric artery beds of the mutant
mice (fig. S6B), possibly as a result of the modest
decreases seen in L-cysteine levels. As substan-
tially greater decreases of GSH are not associated
with hypertension, it is unlikely that GSH plays a
major role in the hypertension of CSE mutant
mice (/9).

To investigate mechanisms underlying CSE™
hypertension, we examined blood vessel re-
sponses of the mutant mice. Phenylephrine con-
tracts blood vessels by activating a-adrenoceptors
in vascular smooth muscle, whereas H,S and NO
directly relax the muscle (4, 20). By contrast,
relaxation after cholinergic stimulation reflects
influences on endothelium (27). Phenylephrine
evoked contraction of mesenteric arteries to a
similar extent in WT and CSE ™~ mice (Fig. 2A),
and the NO donor sodium nitroprusside produced
a similar vasorelaxation response in mutant and
WT mesenteric arteries (Fig. 2B). H,S more
potently relaxed mesenteric arteries of CSE™~
mice, with a median inhibitory concentration
(ICs0) of 75 uM, as compared with WT mice
(ICs0 = 120 uM), consistent with supersensitivity
associated with diminished formation of endog-
enous H,S (Fig. 2C). By contrast, methacholine-
induced relaxation of mesenteric arteries that had
been constricted by phenylephrine was markedly
impaired in mutant mice (Fig. 2D), and endo-

thelial removal abolished methacholine relaxation
of both WT and mutant arteries (Fig. 2E). Immu-
nohistochemistry experiments revealed that CSE
protein predominantly localized to the endothe-
lium, with faint staining in smooth muscle (Fig.
2F). In an earlier study, we had shown that CSE
mRNA is expressed in vascular smooth muscle
(4). Our reexamination of these data revealed
that CSE mRNA is also expressed in the endo-
thelium. Thus, H,S displays properties character-
istic of an EDREF. It is formed in endothelium, and
prevention of its synthesis impairs relaxation elic-
ited by a neurotransmitter that acts via the endo-
thelium, but does not impair effects of agents
that act directly on smooth muscle. The extent
to which H,S, NO, or CO contribute to EDRF
activity in different vascular beds is unclear.
How does endothelial stimulation generate
H,S? eNOS and heme oxygenase-2 (HO-2),
the biosynthetic enzymes for NO and CO, re-
spectively, are activated by calcium-calmodulin
(1, 22). Thus, endothelial activation by substances
such as acetylcholine or bradykinin elicits forma-
tion of inositol 1,4,5-trisphosphate, which releases
intracellular calcium to stimulate formation of NO
or CO. We found a similar mode of regulation for
CSE. Using recombinant CSE, we demonstrated
its direct binding to calmodulin, which was abol-
ished by the calcium chelator EGTA and the
calmodulin antagonist W7 (Fig. 3A). Catalytic
activity of pure CSE was increased more than
twofold by calcium and calmodulin, but not by
either substance alone (Fig. 3B), a level of stim-

REPORTS I

ulation similar to the NO- and CO-generating
enzymes eNOS (23) and HO-2 (22). Calcium-
dependent regulation of CSE was also evident in
endothelial cells, which contain abundant levels of
CSE (Fig. 3C). H,S formation by these cells was
markedly augmented by the calcium ionophore
A23187, with the increase blocked by the calcium
chelator BAPTA [1,2-bis(2-aminophenoxy)ethane-
N,N,N'",N'tetraacetic acid] and by W7 (Fig. 3D).
These agents markedly reduced basal levels of
H,S, which indicated that H,S generation by CSE
is physiologically regulated by calcium-calmodulin.

Endothelial-dependent vasorelaxation reflects
muscarinic cholinergic activation of eNOS (24).
We demonstrated similar regulation of H,S for-
mation. Thus methacholine treatment of endo-
thelial cells tripled H,S levels (Fig. 3E), an effect
blocked by the anticholinergic drug atropine.
Depletion of CSE by RNA interference markedly
diminished the enhancement of H,S formation
by methacholine and A23187 and lowered basal
levels of H,S (Fig. 3F).

In summary, we have established CSE as the
physiologic source of H,S in multiple tissues, es-
pecially the vascular system. Mice genetically
deficient in this enzyme display marked hyper-
tension, comparable to that of eNOS™" mice
(24-26). Our findings are consistent with the
previous observation that administration of the
CSE inhibitor p,L-propargylglycine elevates blood
pressure (27). H,S has properties in common with
physiologic EDRFs. Thus, blood vessel relaxation
in response to muscarinic stimulation is profound-

Fig. 3. CSE is activated by calcium-calmodulin upon musca- A B = 250 N
rinic cholinergic stimulation of vascular endothelial cells. (A) .g T
Calmodulin binds CSE in vitro in the presence of caldum 2 mm). €55 -~ + + + + g 20
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human umbilical vein endothelial cells (HUVECs). (D) CSE is
activated in BAECs treated with the calcium ionophore A23187
(1 uM) for 10 min. Incubation beforehand with the acetoxy- C
methylester of the intracellular calcium chelator BAPTA (BAPTA-AM.
50 wM) or W7 (50 uM) for 30 min prevents CSE activation. n = 3.
*P < 0.05 versus A23187 treatment; #P < 0.05 versus control.
(E) CSE is strongly activated in BAECs treated with the muscarinic
agonist methacholine (MCh, 1 uM) for 10 min. The activation is
twice as much as with similar concentrations of A23187. The
stimulatory effect of MCh is abolished by the muscarinic an-
tagonist atropine (50 uM) (n = 3 or 4). *P < 0.05 versus control;
#P < 0.05 versus all other groups. (F) CSE is the endogenous H,S
generator in BAECs. Transfecting cells with 100 nM CSE-specific
short interfering RNA (CSE-siRNA) for 48 hours markedly di-
minishes the enhanced H,S production observed with A23187
(1 uM) or MCh (1 pM). Western blotting showed that CSE
protein is decreased about 60 to 70% by CSE-siRNA (n = 3).
*P < 0.05.
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ly reduced in CSE-deficient mice. Moreover, CSE
is predominantly localized to the endothelial layer
of blood vessels. The EDRF activity of H,S re-
flects muscarinic activation of intracellular calcium
release, with calcium-calmodulin physiologically
stimulating CSE. NO-mediated EDRF activity
arises through a similar mechanism.

Although NO is well established as an EDRF,
in numerous vascular beds EDRF activity is only
partially diminished by NO synthase inhibitors
and in mice lacking the gene for eNOS (28, 29).
In our experiments, EDRF activity of murine
mesenteric arteries from mutant mice lacking
CSE was reduced by about 60%, which suggests
that H,S functions as an EDRF in this vascular
bed. The similar elevation of blood pressure in
mice with CSE and eNOS knockouts implies
that H,S influences vascular systems under-
lying peripheral resistance to an extent com-
parable to the action of NO. A physiologic role
for H,S in regulating blood pressure raises the
possibility that pharmacologic enhancement of
H,S formation could be an alternative approach
for treatment of hypertension.
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TMEM16A, A Membrane Protein

Associated with Calcium-Dependent
Chloride Channel Activity

Antonella Caputo,” Emanuela Caci, Loretta Ferrera,” Nicoletta Pedemonte,? Cristina Barsanti,*

Elvira Sondo,* Ulrich Pfeffer, Roberto Ravazzolo," Olga Zegarra-Moran,” Luis ]. V. Galietta

1,24

Calcium-dependent chloride channels are required for normal electrolyte and fluid secretion,
olfactory perception, and neuronal and smooth muscle excitability. The molecular identity of these
membrane proteins is still unclear. Treatment of bronchial epithelial cells with interleukin-4 (IL-4)
causes increased calcium-dependent chloride channel activity, presumably by regulating expression
of the corresponding genes. We performed a global gene expression analysis to identify membrane
proteins that are regulated by IL-4. Transfection of epithelial cells with specific small interfering
RNA against each of these proteins shows that TMEM16A, a member of a family of putative plasma
membrane proteins with unknown function, is associated with calcium-dependent chloride current,
as measured with halide-sensitive fluorescent proteins, short-circuit current, and patch-clamp
techniques. Our results indicate that TMEM16A is an intrinsic constituent of the calcium-dependent
chloride channel. Identification of a previously unknown family of membrane proteins associated with
chloride channel function will improve our understanding of chloride transport physiopathology and
allow for the development of pharmacological tools useful for basic research and drug development.

lectrogenic chloride transport across cel-
Elular membranes is mediated by ion chan-

nels, which have been classified on the
basis of their mechanism of activation. Accordingly,
there are CI” channels regulated by cyclic adeno-
sine monophosphate (cAMP), Ca**, cell-volume
changes, and membrane potential (/). Ca'-
activated CI™ channels (CaCCs) are involved in im-
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Genova 16148, Italy. “Centro di Biotecnologie Avanzate, Genova
16132, ltaly. 3National Cancer Research Institute, Genova
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*To whom correspondence should be addressed. E-mail:
galietta@unige.it

portant physiological processes such as electrolyte/
fluid secretion, smooth muscle excitability, and ol-
factory perception, but their molecular identity is
still unclear and controversial (2, 3). The proteins
that have been proposed as main constituents of
CaCCs include CLC-3 (4), bestrophins (3, 6), and
members of the chloride channel, calcium-activated
(CLCA) family (7, 8). CLCA proteins are unlikely
candidates because they are secreted into the extra-
cellular medium (9). CLC-3 and bestrophin gene
expression cause the appearance of CI™ currents
that lack the typical voltage dependence of CaCCs
(2, 3, 10, 11). Therefore, it is likely that the molecu-
lar identity of CaCCs remains only partially defined.

Long-term stimulation of airway epithelial
cells with interleukin-4 (IL-4) causes a marked
increase in Ca®"-activated CI” secretion (12) (fig.
S1). Because this effect may be caused by in-
creased mRNA levels of the corresponding chan-
nel gene, we used this response to identify the
proteins constituting the CaCC. Therefore, we
performed a microarray-based gene expression
analysis on resting and IL-4—treated bronchial
epithelial cells and found a large set of proteins
whose corresponding mRNA is markedly up-
regulated by the cytokine (/3). These proteins
included chemokines, cell adhesion molecules,
transcription factors, other regulatory factors, and
a group of putative membrane proteins with un-
known functions (TMTC3, TSPANS, KIAA1126,
SIDT1, and TMEM16A) that show different lev-
els of stimulation by IL-4 (fig. S1). Up-regulation
by IL-4 was confirmed by real-time reverse tran-
scription polymerase chain reaction (RT-PCR).
For example, TMEM16A mRNA was increased
approximately sevenfold after IL-4 treatment.

To further analyze these candidate channels by
gene silencing, we used CFPAC-1, a pancreatic
cell line with abundant CaCC activity (/4), and
CFBE410-, a cell line derived from human bronchial
epithelium (75). We transfected small pools of small
interfering RNA (siRNA) against each of the puta-
tive membrane proteins up-regulated by IL4. sSiRNA
against TMCS, an unknown membrane protein with
possible channel function but not affected by 1.4,
served as a control. siRNA-transfected CFPAC-1 and
CFBE410- cells were assessed for CaCC activity
with an assay based on a halide-sensitive yellow flu-
orescent protein (YFP) (16, 17). Cells with stable
YFP expression were stimulated with uridine 5'-
triphosphate (UTP) (100 uM), which elicits a
purinergic receptor-mediated increase of intra-
cellular Ca®*. The Ca®" increase triggered a rapid
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