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Abstract

Significance: Statins (3-hydroxy-3-methylglutarylcoenzyme A reductase inhibitors) are commonly used in the
treatment of cardiovascular diseases. Statins reduce plasma low-density lipoproteins, inhibit inflammatory re-
action, improve endothelial function, ameliorate oxidative stress, and reduce platelet activity. Consequently,
statins markedly decrease the risk of acute cardiovascular events. H,S is synthesized in all layers of the vascular
wall, including the endothelium, smooth muscle cells, and perivascular adipose tissue (PVAT). Recent Advances:
Recent studies demonstrate that PVAT-derived H,S decreases vascular tone by activating Karp and/or KCNQ
potassium channels in smooth muscle cells. Lipophilic atorvastatin, but not hydrophilic pravastatin, increases
net H,S production in PVAT by inhibiting its mitochondrial oxidation, and augments the anticontractile effect of
PVAT. Inhibition of H,S metabolism results from atorvastatin-induced decrease in coenzyme Q, which is a
cofactor of H,S oxidation by sulfide:quinone oxidoreductase. In contrast to H,S, statins do not impair mito-
chondrial oxidation of organic substrates. Critical Issues: Taking into account antiatherosclerotic and anti-
inflammatory effect of H,S, the gas may mediate some of the beneficial effects of statins on the cardiovascular
system. In addition, specific statins differ in their ability to enhance H,S signaling. Future Directions: Since both
statins and H,S reduce ischemia-reperfusion injury, the possible effect of statins on H,S oxidation in other tissues
such as the heart and the kidney needs to be examined. Inhibition of H,S metabolism may be a new therapeutic
strategy to improve H,S signaling, especially in the mitochondrial compartment. Antioxid. Redox Signal. 17, 81-94.

Statins: Mechanism of Action and Clinical Application Although this effect is negligible in humans, in some mam-
malian species such as the rat, it is very marked and over-

TATINS ARE COMPETITIVE INHIBITORS of 3-hydroxy-3- comes statin-induced inhibition of the enzyme; consequently,
methylglutarylcoenzyme A (HMG-CoA) reductase—a statins have little or no effect on plasma cholesterol concen-
rate-limiting enzyme in cholesterol synthesis—which con- tration in the rat. Currently used statins may reduce plasma
verts HMG-CoA to mevalonate (22) (Fig. 1). The first statin, LDL cholesterol by 30%—40% in patients with primary (ge-
mevastatin, was discovered in the 1970s by the Japanese netically-determined) and secondary hypercholesterolemia.
microbiologist, Akira Endo, in the fermentation broth of Since elevated LDL cholesterol is a major risk factor of ath-
Penicillium citrinium during the search of potential new sup- erosclerosis, statins effectively reduce the incidence of acute
pressors of lipid metabolism. The first clinically used statin, cardiovascular events in both primary and secondary pre-
lovastatin, discovered in Aspergillus terreus in 1978, was ap-  vention of ischemic heart disease and cerebrovascular diseases
proved by Food and Drug Administration for the treatmentof ~ (51, 52). Therefore, statins are among the most widely used
hypercholesterolemia in 1987. By inhibiting HMG-CoA re- medications in cardiovascular disorders. Apart from reducing
ductase in the liver, statins up-regulate the expression of the LDL cholesterol, statins exert other beneficial effects on plas-
low-density lipoprotein receptor (LDL-R), thus accelerating ma lipid profile such as a decrease in triglyceride concentra-
the metabolism of LDLs. Statin-induced intracellular choles- tion, lowering of atherogenic small dense LDL, and an
terol depletion results in the activation of sterol regulatory increase in the antiatherogenic high-density lipoproteins (74).
element-binding protein-2 (SREBP-2)—the sterol-sensitive However, effects of statins extend far beyond their impact
transcription factor that up-regulates the expression of LDL-R  on cholesterol synthesis. Indeed, mevalonate, the product of
in maintaining intracellular cholesterol balance. SREBP-2 also  statin-inhibited reaction, is also the precursor of many other
up-regulates the expression of HMG-CoA reductase, par- biologically active molecules (Fig. 1). The best known of them,
tially counteracting the hypocholesterolemic effect of statins.  farnesyl- and geranylgeranyl-pyrophosphates, are attached to
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FIG. 1. Mevalonate cascade. Statins
inhibit the rate-limiting enzyme of
the mevalonate cascade, 3-hydroxy-3-
methylglutaryl coenzyme A (HMG-
CoA) reductase, which converts
HMG-CoA to mevalonate. Mevalonate
is the precursor of many biologically
important compounds (see text for
details). Broken lines represent the ab-
breviated multi-step reactions.
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various proteins in the process referred to as protein iso-
prenylation, which is catalyzed by protein farnesyl- and ger-
anylgeranyltransferases, respectively. The most important
isoprenylated proteins are those belonging to the small GTP-
binding (small G protein) family. Among them, Ras proteins,
which are farnesylated, are involved in signal transduction
by growth factor receptors and activate mitogen-activated
protein kinase cascade. In contrast, Rho proteins, which are
geranylgeranylated, regulate vesicle transport, assembly,
and activation of phagocytic and nonphagocytic NADPH
oxidases, cytoskeleton reorganization, and activation of
Rho-dependent kinase, which regulates smooth muscle cell
contractility and growth. Inhibition of protein farnesylation
and/or geranylgeranylation is responsible for lipid-indepen-
dent or “pleiotropic” effects of statins such as amelioration of
oxidative stress, improvement of endothelial nitric oxide (NO)
production, inhibition of adhesion protein expression, and
leukocyte migration, decreased synthesis of proinflammatory
cyto- and chemokines, inhibition of cell hypertrophy /prolif-
eration (including antihypertrophic effect on vascular smooth
muscle cells crucial for growth of atherosclerotic plaque), and

beneficial modification of coagulation/fibrinolysis balance
(6). Pleiotropic effects contribute significantly to antiathero-
sclerotic properties of statins, which are evident not only in
patients with hypercholesterolemia but also in those with
normal cholesterol levels (51, 55). Lipid-independent effects
of statins are responsible for stabilization of atherosclerotic
plaque and mediate rapid improvement of prognosis in sta-
tin-treated patients with acute coronary syndromes or cere-
bral stroke, which is evident before any effect on the lipid
profile appears. In addition, due to their pleiotropic effects,
statins are beneficial in animal models of and in humans with
other pathologies such as ischemia-reperfusion injury, heart
failure, osteoporosis, Alzheimer disease, multiple sclerosis,
and rheumatoid arthritis (6).

In contrast to cholesterol and isoprenyl pyrophosphates,
inhibition of other mevalonate derivatives is rather involved
in adverse effects of statins. Coenzyme Q (CoQ) consists of a
benzoate ring originating from tyrosine and polyisoprene
side chain synthesized from farnesyl pyrophosphate. The
predominant form (about 95%) of CoQ in humans is CoQ;
containing 10 isoprene units in the side chain, whereas in the
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rat, CoQq predominates. CoQ exists in either reduced (ubi-
quinol) or oxidized (ubiquinone) form; transition between
them allows it to function as an electron carrier in the mito-
chondrial respiratory chain. CoQ accepts electrons from mi-
tochondrial complex I (NADH:ubiquinone oxidoreductase)
and complex II (succinate:quinone oxidoreductase) and
transfers them to complex III (ubiquinone:cytochrome c re-
ductase). In addition, ubuquinol is an important lipid-soluble
antioxidant in plasma membranes and plasma lipoproteins.
CoQ is the only endogenous lipid-soluble antioxidant in
mammals and the only one that on oxidation may be re-
generated to its active reduced form by animal enzymes.
Many studies have demonstrated that statins decrease plasma
and tissue CoQ concentration in experimental animals and
humans.

Other important mevalonate derivatives that may be in-
hibited by statins are oxysterols—endogenous agonists of
liver X receptors (LXRs). LXR are ligand-activated transcrip-
tion factors that stimulate the expression of genes involved in
the regulation of cholesterol export from cells, its reverse
transport from peripheral tissues to the liver and biliary ex-
cretion. LXR are activated by (1) some intermediates of cho-
lesterol synthesis, that is, desmosterol and zymosterol, (2) the
product of a “shunt pathway” of cholesterol synthesis, 24(S),
25-epoxycholesterol (24,25-EC), (3) oxygenated cholesterol
derivatives synthesized from cholesterol by cholesterol hydrox-
ylases: 24(S)-hydroxy-, 25-hydroxy, and 27-hydroxycholesterol
(Fig. 1). Several studies have demonstrated that statins decrease
plasma and tissue concentrations of at least some oxysterols, in
particular, 24,25-EC (5).

In addition, farnesylpyrophosphate is a substrate for do-
lichol synthesis. Dolichols are polyisoprenoid alcohols con-
sisting of 16-21 isoprene subunits and are essential carriers of
oligosaccharides for enzymatic protein glycosylation—an
important post-translational modification that determines
protein trafficking and function. Until now, statins have been
documented to suppress insulin receptor and insulin-like
growth factor 1 (IGF-1) receptor glycosylation, resulting in
reduced insulin- and IGF-1 stimulated glucose uptake in cul-
tured adipocytes (60), and to inhibit glycosylation of eryth-
ropoietin receptor in cultured erythroblastoma cells (19).

Isopentenyl pyrophosphate (Fig. 1) is also attached to
adenosine-37 of selenocysteine-tRNA by tRNA isopentenyl-
transferase. This modification is essential for decoding UGA
as a selenocysteine rather that a stop codon, which is crucial
for selenoprotein synthesis. It has been demonstrated that
lovastatin inhibits selenocysteine-tRNA synthesis and re-
duces selenoprotein content in cultured Xenopus oocytes (69).
Recently, Kromer and Mossmann (29) have demonstrated
that atorvastatin, cerivastatin, and lovastatin inhibit de novo
synthesis of two selenoproteins, glutathione peroxidase 1 and
4, in cultured hepatoma HepG2 cells, rendering these cells
more sensitive to proapoptotic effect of reactive oxygen spe-
cies. In contrast, statins did not change the level of the other
selenoprotein, thioredoxin reductase. It has been suggested
that inhibition of selenoprotein synthesis may contribute to
some common (i.e., myopathy, hepatotoxicity) and rare (hy-
pothyroidism) side effects of statins, because clinical presen-
tation of statin-induced myopathy closely resembles that of
selenium deficiency-induced myopathy, and selenocysteine-
containing enzymes, iodothyronine deiodinases, are crucial
for thyroid hormone metabolism (42). However, the effect of
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statins on selenoprotein synthesis in vivo has not been studied
so far.

Finally, it has been suggested that statins may inhibit syn-
thesis of heme A—the specific heme molecule being a pros-
thetic group of cytochrome c oxidase. Heme A is synthesized
from heme B—the most common type of heme contained, for
example, in hemoglobin—in a two-step reaction. First, heme B
is farnesylated to heme O at the C2 position by heme farne-
syltransferase (also called Cox10; the 10" subunit of cyto-
chrome c oxidase), and then hydroxyl group at the C8 position
of heme O is oxidized to carboxyl group by Cox15. Cyto-
chrome c oxidase contains two heme A molecules, both are
bound to the Cox1 subunit (33). Knockout of Cox10 or Cox15
genes results in cytochrome c oxidase deficiency clinically
manifesting as severe myopathy, cardiomyopathy, encepha-
lopathy, and lactic acidosis—case reports of such symptoms
in statin-treated patients have been described (5). Statins
could inhibit synthesis of heme A by depleting farnesylpyr-
ophosphate; however, this possibility has not been studied
so far.

Statins may be divided into two groups: hydrophilic
(pravastatin and rosuvastatin) and lipophilic (simvastatin,
lovastatin, fluvastatin, atorvastatin, and pitavastatin).
The structure of statins currently used in clinical practice is
demonstrated in Figures 2 and 3, and their solubility in
Figure 4. Cerivastatin, withdrawn from the market in 2001
due to many cases of fatal rhabdomyolysis, is also lipophilic.
Lovastatin is a natural fungal metabolite, simvastatin and
pravastatin are synthesized from lovastatin by chemical
modifications, and the remaining statins are completely syn-
thetic compounds. Hydrophilic statins poorly permeate
plasma membranes and act primarily in the liver, because
they are transported to hepatocytes by organic anion trans-
porters. Since about 50% of LDL is metabolized in the liver,
hydrophilic statins effectively reduce plasma LDL cholesterol
level but have less pleiotropic extrahepatic effects. In contrast,
lipophilic statins easily permeate plasma membranes and are
active not only in the liver but also in extrahepatic tissues.
Consequently, lipophilic statins have more pleiotropic effects
in peripheral tissues as well (59).

Simvastatin and lovastatin are used as HMG-CoA reduc-
tase inactive lactone prodrugs; they are converted in vivo to
active open acid forms by paraoxonase 3 (PON3)—an esterase
belonging to the three-member PON family. In contrast, other
statins are used in active acid forms. Simvastatin, lovastatin,
and atorvastatin are metabolized in the liver by cytochrome
P450 (CYP) 3A4 isoform. Fluvastatin is not metabolized by
CYP3A4 but by CYP2C9. Pravastatin and rosuvastatin are
excreted in substantial amounts in the urine in the unchanged
form, and rosuvastatin is also partially metabolized by
CYP2C9. These pharmacokinetic differences determine the
half-life of specific statins and their possible interactions with
other CYP-metabolized medications (59).

Hydrogen Sulfide: Synthesis and Function
in the Vascular Wall

Among three known enzymatic pathways of H,S forma-
tion, catalyzed by cystathionine f-synthase (CBS), cystathio-
nine y-lyase (CSE), and the concerted action of cysteine
aminotransferase (CAT) and 3-mercaptopyruvate sulfur-
transferase (3-MST), the latter two are operative in the
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FIG. 2. Structure of hydro-
philic statins.

vascular wall (Fig. 5). Early studies suggested that CSE is
expressed exclusively in vascular smooth muscle cells and is
the only source of HyS in the cardiovascular system (79).
However, more recent studies indicate that the situation is
much more complex. First, CSE was found in mice endothelial
cells (76), and CSE-mediated H,S production is stimulated by
cholinergic agonists, making this gasotransmitter one of the
possible endothelium-derived relaxing factors. In addition,
both 3-MST and CAT are present in rat aortic endothelial cells,
and these cells can generate H,S from cysteine only in the

presence of 2-oxoglutarate—an obligatory co-substrate of
CAT—suggesting that the 3-MST dependent pathway is the
only source of H,S in endothelial cells in this species (57).
However, in a recent study (23), expression of CSE in endo-
thelial cells of rat mesenteric arteries was documented by
immunohistochemical methods. In addition, endothelial de-
nudation markedly reduced cysteine-induced vasorelaxation,
indicating that endothelial CSE may be a predominant source
of vascular H,S in small resistance vessels. In bovine pulmo-
nary artery endothelial cells, both CBS and 3-MST but not CSE
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FIG. 3. Structure of lipophilic statins.
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FIG. 4. Solubility of statins. Logarithms of octanol-to-
water distribution coefficients (logD) are presented for each
individual drug according to ref. (59). Negative values are
characteristic for hydrophilic and positive for lipophilic sta-
tins. For lovastatin and simvastatin, used clinically as the
inactive precursor lactones, logD values are presented for
both lactone (white bars) and acid forms (black bars).

are expressed (47). H,S concentration in plasma and aortic
tissue is markedly reduced in CSE knockout mice, thus
demonstrating that CSE is the principal source of H,S in the
cardiovascular system (76).

Although in vitro studies suggest that CSE can synthesize
H,S also from homocysteine and that the contribution of
homocysteine increases in hyperhomocysteinemia (12), it is
unclear whether homocysteine serves as a H,S precursor
in vivo. Recently, it has been demonstrated that concentration
of free H,S (i.e., excluding sulfane sulfur and acid-labile sul-
fur) in the murine aortic wall is 20200 times higher than in
many other tissues, including the brain, liver, heart, kidney,
and striated muscles, thus indicating that H,S plays an im-
portant role in vascular homeostasis (34).

The best-characterized role of H,S in the cardiovascular sys-
tem is the regulation of vascular tone. Currently available data

CAT )
L-Cys
_/

CSE | 3.MST
L-Cys H,S 3-MP

FIG. 5. Enzymatic synthesis of H,S in the vascular wall.
In both smooth muscle cells (middle) and perivascular adi-
pocytes (top), H,S is produced from L-cysteine (L-Cys) by
cystathionine y-lyase (CSE). In endothelial cells (bottornt), H,S
may be synthesized by either CSE or cysteine aminotrans-
ferase (CAT) and 3-mercaptopyruvate sulfurtransferase (3-
MST) with 3-mercaptopyruvate (3-MP) as the intermediate
product.
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allow concluding that H,S has a complex and concentration-
dependent effect of vascular tone (Fig. 6) with vasoconstriction
at a lower and vasodilation at a higher concentration (1, 70).
However, the precise mechanisms through which H,S regu-
lates vascular tone demonstrated in various studies depends
on animal species, vascular bed, and experimental conditions
(measurement of isometric or isotonic tension, agonists in-
duced to predilate or preconstrict the vessels before studying
the effect of H,S, etc.) [see ref. (4) for review]. H,S-induced
vasoconstriction may results from (1) inhibition of L-arginine
transport to endothelial cells by cationic aminoacid trans-
porter, (2) attenuation of protein kinase B/Akt-induced
phosphorylation of endothelial nitric oxide synthase (eNOS),
(8) direct inhibition of eNOS, (4) scavenging of NO to form
inactive nitrosothiol, (5) inhibition of adenylate cyclase and
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FIG. 6. Mechanisms of vascular tone regulation by H,S.
H,S may dilate blood vessels by activating different types of
potassium channels, that is, ATP-inhibited (Katp), inwardly
rectifying (Kir), voltage—sensmve (Kv), KCNQ, and large
conductance Ca”-activated (BKc,). By suppressing cyto-
chrome c oxidase, H,S may inhibit ATP synthesis leading to
the de-repression of K5 rp channels. Vasodilation may also be
mediated by activation of HCO;™ efflux through the
HCO; /Cl™ exchanger, inhibition of c¢GMP-degrading
phosphodiesterase (PDE), angiotensin-converting enzyme
(ACE), and NADPH oxidase (NOX)—the source of nitric
oxide (NO) scavenger, superoxide (O, °). Finally, by stim-
ulating endothelial cell small- and intermediate-conductance
Ca®*-activated potassium channels (SK¢, and IKc,), H,S
may trigger endothelium-dependent hyperpolarization. On
the other hand, H,S may constrict blood vessels by inhibiting
adenylate cyclase, scavenging NO to form nitrosothiol, in-
hibiting L-arginine (L-Arg) transport to endothelial cells and
eNOS activity, as well as by stimulating efflux of superoxide,
which then binds NO to form peroxynitrite (ONOO ™) in the
extracellular space. Effects of H,S resulting in vasodilation
and vasoconstriction are shown in green and red, respec-
tively. (To see this illustration in color the reader is referred
to the web version of this article at www.liebertonline.com/
ars). sGC, soluble guanylyl cyclase; eNOS, endothelial nitric
oxide synthase.
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decrease in intracellular cyclic AMP in smooth muscle cells, (6)
stimulation of anion exchanger-2 (AE-2) in smooth muscle
cells leading to import of Cl1~ ions and export of superoxide
anion (O;7); the latter scavenges NO to form peroxynitrite
(37), (7) phospholipase A,-mediated release of arachidonic
acid, or its cyclooxygenase-independent metabolites by en-
dothelial cells (14).

The main mechanism of H,S-induced vasorelaxation is
direct stimulation of ATP-sensitive K* channels (Katp) in
smooth muscle cells. Indeed, vasorelaxant effect of H,S in vitro
and hypotensive effect in vivo are markedly attenuated or
completely abolished by Ka1p antagonist, glibenclamide (79),
and H,S increases Karp channel’s open probability in intact
vascular smooth muscle cells (61). H,S stimulates Kartp
channels by sulfhydrating thiol (-SH) to persulfide (-SSH)
groups of extracellularly localized cysteine residues within
the channels itself or in the accompanying subunit, sulfonyl-
urea receptor (24). The involvement of other types of K*
channels, that is, voltage-gated (Kv), KCNQ, inwardly recti-
fying (Kir) and large-conductance Ca®*-activated (BKc,) has
also been suggested by some studies (2, 10, 23, 54). Other
effects of H,S on vascular smooth muscle cells have been
demonstrated, including (1) stimulation of AE-2 resulting in
CI'/HCO5 exchange and cell acidification, (2) reduced affin-
ity of AT; receptors for angiotensin II, (3) inhibition of ATP
synthesis and vasorelaxation induced by energy depletion
and/or derepression of Karp channels, (4) inhibition of
NADPH oxidase (NOX)—the main source of NO-scavenging
superoxide anion in the cardiovascular system, and (5) inhi-
bition of cGMP and/or cAMP-hydrolyzing phosphodiester-
ases [reviewed in ref. (4)]. Some studies suggest that
vasodilating effect of H,S may be partially endothelium de-
pendent and mediated by either NO (78) or endothelial small-
and intermediate-conductance calcium-activated potassium
channels (SKc, and IKc,); the evidence of the involvement of
endothelium-derived hyperpolarizing factor (11, 14). In ad-
dition, H,S suppresses renin secretion by renal juxtaglo-
merular apparatus (39), and decreases angiotensin-converting
enzyme activity in endothelial cells (30).

Despite these controversies, there is little doubt that the
principal cardiovascular effect of H,S in vivo is vasorelaxation.
Indeed, intravenously administered H,S solution or its inor-
ganic (NaHS) or organic (GYY4137) donors decrease blood
pressure, whereas CSE inhibitor has the opposite effect (36,
79). Moreover, according to some (76), although not all (21),
studies, blood pressure is significantly elevated in CSE™/~
mice. Vascular CSE-H,S pathway is suppressed in experi-
mental models of hypertension, such as spontaneously hy-
pertensive rat and hypertension induced by chronic eNOS
blockade (4).

In addition to regulating vascular tone and blood pressure,
HsS inhibits atherogenesis by multiple mechanisms (Fig. 7). In
particular, H,S suppresses proliferation and stimulates apo-
ptosis of vascular smooth muscle cells, decreases extracellular
matrix formation in the vascular wall, and inhibits synthesis
of pro-inflammatory cytokines and adhesion proteins (4, 49,
71). In addition, H,S suppresses oxidative modification of
LDLs by inhibiting reactive oxygen species (ROS)-generating
enzymes, NOX and myeloperoxidase, direct scavenging of
ROS, and destruction of already formed lipid hydroperoxides
(31, 43, 44). Moreover, H,S protects endothelial cells from
oxidative insults induced by various factors (3, 64, 75). Finally,
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FIG. 7. The main mechanisms through which H,S in-
hibits atherogenesis. ECs, endothelial cells; SMC, smooth
muscle cells; NOX, NADPH oxidase; ROS, reactive oxygen
species.

H,S suppresses platelet aggregation (77), inhibits uptake of
oxidatively modified lipoproteins by macrophages (80), and
up-regulates anti-inflammatory and antiatherogenic heme
oxygenase-carbon monoxide system in endothelial cells and
macrophages (49).

Several studies indicate that H,S inhibits atherogenesis
in vivo. In particular, plasma H,S concentration and its pro-
duction in the aortic wall are significantly reduced in apoli-
poprotein E knockout mice—a well-established experimental
model of hyperlipidemia and atherosclerosis (68). Interest-
ingly, aortic CSE expression is up-regulated in these animals,
which may be a compensatory response to H,S deficiency.
Administration of exogenous NaHS reduces, whereas CSE
inhibitor, propargylglycine (PAG), aggravates atherosclerotic
lesions in these animals. Similarly, H,S deficiency was ob-
served in rats treated with high doses of vitamin D and nic-
otine to induce vascular calcifications, and NaHS reduced
vascular lesions in this model (35, 73). Down-regulation of
CSE-H,S pathway was also demonstrated in balloon-induced
injury of rat carotid artery—a model of vascular restenosis—
and treatment with NaHS ameliorated neointimal hyperpla-
sia in the injured vessel (41).

H,S in Perivascular Adipose Tissue as a Vasodilator

Most large and small arteries are surrounded by adipose
tissue referred to as perivascular adipose tissue (PVAT).
PVAT is a part of visceral adipose tissue and consists of both
white and brown adipocytes. Brown adipocytes contain large
amounts of mitochondria and are highly metabolically active,
they also express uncoupling protein-1 at the high level and,
thus, may oxidize fatty acids or other substrates in the un-
coupled manner, that is, energy is dissipated as heat rather
than stored in ATP (50). Although neglected in most studies
concerning the regulation of vascular tone, PVAT is an inte-
gral part of the vascular wall. It was first demonstrated in 1991
that rat aortic rings with PVAT were less responsive to con-
stricting effect of norepinephrine than aortic rings without
PVAT; however, the effect was initially attributed to norepi-
nephrine uptake by adipocytes or sympathetic endings lo-
calized in PVAT. In 2002, Lohn et al. (38) demonstrated that
vasoconstricting effects of angiotensin II, serotonin and
phenylephrine (an o;-adrenergic agonist) were also smaller in
aortic rings with PVAT than in those without PVAT, and
suggested that periadventitial adipose tissue secretes humoral
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relaxing factor which they named adipose tissue-derived re-
laxing factor (ADRF). It was demonstrated that ADRF activity
is not accounted for by NO, adenosine, and cyclooxygenase-
or cytochrome P450-dependent arachidonate derivatives.
Furthermore, vasodilating effect of ADRF was abolished by
high, depolarizing extracellular K" concentrations, suggest-
ing the involvement of potassium channels. In addition, the
effect of ADRF was at least partially attenuated by Karp
channel blocker, glibenclamide (38). Apart from rat aortic
rings, subsequent studies demonstrated the anticontractile
effect of periadventitial fat on peripheral arteries that play a
more significant role in the regulation of systemic vascular
resistance than large conduit vessels (65).

In 2009, Fang et al. (17) demonstrated that incubation of
homogenates of rat periaortic adipose tissue (PAAT) with
cysteine in the presence of pyridoxal 5"-phosphate resulted in
H,S formation. H,S production in PAAT itself was compa-
rable to that in the aortic wall with removed PAAT, and was
inhibited by 65%-75% with CSE inhibitors, PAG or f-cyano-L-
alanine. These data suggest that CSE is the main source of H,S
in PVAT. In addition, the expression of CSE in PAAT was
demonstrated by Western blotting, and CSE protein was
found in adipocytes by immunohistochemistry (17). H,S
concentration measured by sulfur-sensitive electrode was
twofold higher in the incubation medium of PAAT + than of
PAAT - rat aortic rings. It should be noted that 3-MST de-
pendent pathway of H,S production could not be detected in
that study, because 2-oxoglutarate was not added to the in-
cubation medium. Thus, it cannot be excluded that 3-MST
dependent pathway is also operative in the adipose tissue.

Demonstration of H,S synthesis in PAAT led to the hy-
pothesis that it can mediate ADRF activity. Indeed, increase in
aortic tension induced by serotonin or phenylephrine was
lower in PAAT+ than in PAAT- rat aortic rings, and in
PAAT - rings, this anticontractile effect could be mimicked by
exogenous H,S. The mixture of L-cysteine and pyridoxal 5’-
phosphate augmented, whereas CSE inhibitors abolished the
anticontractile effect of PAAT, while having no effect on
vascular tone of PAAT — rings. The anticontractile effect of
PAAT was not affected by endothelial removal or NO syn-
thase inhibitor, L-NAME, but was abolished by glib-
enclamide. Moreover, transfer of incubation/culture medium
from PAAT+ aortic rings or isolated periadventitial adipo-
cytes to PAAT — rings reduced constricting effect of phenyl-
ephrine, serotonin or angiotensin II, and this effect could not
be observed if donor PAAT was preincubated with CSE in-
hibitors before medium collection. Taken together, these re-
sults indicate that H,S produced in PAAT by CSE reduces
vasoconstriction by activating Karp channels in vascular
smooth muscle cells (17).

Subsequently, Schleifenbaum et al. (54) have demonstrated
that the presence of PVAT also impairs serotonin-induced
contractility of rat mesenteric artery. In contrast to aortic
rings, the anticontractile effect of PVAT on the mesenteric
artery was not affected by Katp channel antagonist, but was
reduced by nonspecific inhibitor of voltage-sensitive K*
channels, 4-aminopyridine, as well as by the specific antago-
nist of Kv7.x (KCNQ) channels, XE991. In contrast, XE991 had
no effect on serotonin-induced contraction of mesenteric ar-
tery rings with removed PVAT. Similarly to aorta, antic-
ontractile effect of PVAT on mesenteric artery was abolished
by CSE inhibitors. In addition, NaHS relaxed mesenteric ar-
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tery rings without PVAT, and this effect was inhibited by
XE991. Taken together, these data indicate that PVAT-derived
H,S reduces vascular tone also in small resistance arteries;
however, in contrast to aorta, its effect is not mediated by
Katp but rather by KCNQ channels. It was also demonstrated
that KCNQ channel activators such as retigabine or
VRX0621688 induced more prominent vasorelaxation of
PVAT- rings or PVAT + rings treated with CSE inhibitor in
comparison to PVAT + rings not treated with CSE inhibitors.
These results indicate that KCNQ channel-mediated vasor-
elaxing mechanism is “saturated” by PVAT-derived H,S un-
der physiological conditions. Thus, KCNQ channel activators
might be especially useful vasodilators when CSE-H,S path-
way in PVAT is impaired.

Given the role of PVAT-derived H,S in the regulation of
vascular tone, it is interesting if and how the CSE-H,S path-
way is modulated by hemodynamic factors. Fang et al. (17)
have demonstrated that phenylephrine, serotonin, and an-
giotensin II increased H,S production from L-cysteine in iso-
lated PAAT. In contrast, these vasoconstrictors reduced H,S
production in aortic rings without PAAT. Since stimulation
of H,S release was observed in isolated PAAT without adja-
cent aortic wall, it could not result from vasoconstriction
itself but rather from the direct effect of these mediators on
adipose cells.

In experimental hypertension induced in the rat by con-
striction of the abdominal aorta, H,S synthesis and CSE ex-
pression in the aortic wall without PAAT was unchanged in
comparison to control normotensive animals; however, H,S
production and CSE expression in PAAT increased by 70%
and 130%, respectively. Plasma H,S level was also slightly
higher in hypertensive animals. Thus, the CSE-H,S system in
PAAT could be a back-up vasodilatory mechanism, which is
up-regulated in response to both acute effect of vasocon-
strictors and chronic hypertension.

Effect of Statins on H,S in PVAT

Taking into account antihypertensive and antiatherogenic
properties of H,S, elevating, its level could be a potential
novel therapeutic strategy for cardiovascular diseases. How-
ever, H,S donors currently used in research are not suitable
for pharmacotherapy. Inorganic salts, such as NaHS or Na,S,
are converted to H,S in aqueous solutions, but this process
results in rapid formation of large supraphysiological
amounts of H,S. In addition, these salts easily undergo
spontaneous oxidation in solutions, and the fraction of
undissociated membrane-permeable H,S is highly pH-
dependent. Consequently, it is very difficult to precisely
control tissue concentration especially in the in vivo setting.
Several H,S-releasing derivatives of anti-inflammatory and
other currently used drugs such as diclofenac, naproxen, as-
pirin, mesalamine, valproic acid, and sildenafil have been
synthesized. However, these derivatives retain the activity of
a parent compound and, in addition, dithiolethione moiety
used as a H,S-releasing group has some H,S-independent
effects. Organic H,S-releasing compounds without other ac-
tivities such as GYY4137 are available (36). However, these
agents are now at the early stage of experimental research and
their clinical application is at best a matter of future.

Nevertheless, H,S may also be modulated by currently
used cardiovascular medications but, until now, very little is
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known about it. Therefore, we examined the effect of statins—
one of the most commonly used drugs in cardiovascular
medicine—on H,S formation in the vascular wall (72). We
performed this study in healthy normolipidemic rats. Al-
though statins do not reduce plasma cholesterol in the rat, this
species is a good model to study cholesterol-independent
pleiotropic effects of statins. In addition, in the rat, statins
decrease plasma triglycerides, and this effect correlates with
the extent of LDL-cholesterol reduction in humans (28). We
used two representative statins: hydrophilic pravastatin and
lipophilic atorvastatin, and administered them for 3 weeks at
doses of 20 and 40 mg/kg/day, respectively; these doses of
prava- and atorvastatin exert comparable effects on the lipid
profile (reduction of triglycerides by about 30%-35%). Then,
we examined H,S formation catalyzed by aortic media and
PAAT homogenates under optimal conditions (saturating L-
cysteine and pyridoxal 5’-phosphate concentrations). Before
homogenization, endothelium was removed to avoid possible
interactions between H,S and NO of endothelial origin.
Consistently with results obtained by Fang et al. (17), we ob-
served that aortic media and PAAT homogenates were able to
synthesize H,S from L-cysteine and this synthesis was almost
completely abolished by CSE inhibitor. We found that only
atorvastatin, but not pravastatin, increased H,S production in
PAAT, whereas neither statin had any effect in the aortic
media. Both statins increased H,S production in the liver.
Thus, we identified new pleiotropic lipid-independent effect
of statins in the vascular wall (72).

To examine whether the effect of atorvastatin has any im-
plications for vascular tone, we studied phenylephrine-
induced contractility of endothelium-denuded aortic rings.
We found that although contraction induced by high KCI
concentration was independent of the presence of PAAT, and
was not modified by statin treatment, phenylephrine-induced
contractility was attenuated in rings containing PAAT in
comparison to those with removed PAAT (Fig. 8). This an-
ticontractile effect of PAAT was abolished by either PAG or
glibenclamide that had no significant effect on the contrac-
tility of PAAT - rings. In addition, PAAT+ rings isolated
from atorvastatin but not from pravastatin-treated animals
exhibited less contractility in response to phenylephrine. In
contrast, atorvastatin treatment had no effect on the contrac-
tility of PAAT — rings (Fig. 8). Preincubation of PAAT + aortic
rings isolated from atorvastatin-treated rats with either PAG
or glibenclamide increased phenylephrine-induced contrac-
tility and eliminated the difference between atorvastatin-
treated and control rats. Taken together, these results indicate
that PAAT-derived H,S decreases vascular tone by activating
Kartp channels, and atorvastatin treatment augments this ef-
fect (72).

Mechanism of Statin-Induced Increase in H,S

Recent studies indicate that steady-state tissue H,S level is
very low, because the gasotransmitter is rapidly oxidized in
mitochondria. Hydrogen sulfide was known to be oxidized
by some bacteria; however, its metabolism by eukaryotic
mitochondria is a relatively novel finding (8). H,S is the first
and the only currently known inorganic substrate for eu-
karyotic mitochondria that can provide energy for ATP syn-
thesis. H,S is first oxidized to the level of elemental sulfur
(sulfane sulfur of protein—SSH groups) by sulfide:quinone
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FIG. 8. Contraction of isolated rat aortic rings with intact
(PAAT+, white squares) or removed (PAAT-—, black
squares) periaortic adipose tissue in response to phenyl-
ephrine. On the horizontal axis is presented negative loga-
rithm of phenylephrine (PE) concentration and on the
vertical axis percent of contraction induced by PE in com-
parison to maximal contraction induced by 60mM KCl.
Aortic rings were isolated from control rats (fop panel, A) and
rats treated with atorvastatin for 3 weeks (bottom panel, B).
Intact PAAT reduced contractility in both groups. There was
no difference in PE-induced contractility of PAAT— rings
between groups; however, contractility of PAAT + rings was
smaller in atorvastatin-treated rats. *p<0.05, **»<0.001 in
comparison to contractility of control PAAT + rings induced
by the same PE concentration [reproduced with permission
from ref. (72)]. PAAT, periaortic adipose tissue.

oxidoreductase (SQR). The enzyme transfers electrons from
H,S to ubiquinone where they enter mitochondrial respira-
tory chain. Further steps of H,S oxidation are catalyzed by
sulfur dioxygenase (ETHE1, enzyme deficient in inherited
ethylmalonic encephalopathy) that oxidizes elemental sulfur
to sulfite (SO5%7), and sulfite oxidase which oxidizes sulfite to
sulfate (SO427). The involvement of additional enzymes
(thiosulfate sulfurtransferase and thiosulfate reductase) and
thiosulfate (5,052 ") as the intermediate was suggested but is
not definitely proved (20).

In our initial experiments just described, H,S formation
was measured in postnuclear tissue supernatants that con-
tain both cytosol (where CSE is localized) and mitochondria.
Thus, the net H,S production is measured under these con-
ditions and was the difference between gas synthesis and
metabolism. To elucidate which of these processes is affected
by statins, we measured H,S production separately also in
postmitochondrial supernatants. We found that H,S formation
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in postmitochondrial supernatants of both PAAT and liver was
higher than in postnuclear supernatants. In addition, H,S
production from L-cysteine in postmitochondrial supernatant
was not affected by statins. Statins had no effect on CSE activity
toward its primary substrate, L-cystathionine, measured in
PAAT and liver (72). The difference in H,S formation between
postmitochondrial and postnuclear supernatants is a putative
mitochondrial H,S oxidation. Neither statin had any effect on
H,S oxidation calculated in this manner in the aortic media,
whereas atorvastatin, but not pravastatin, reduced it in PAAT.
The calculated H,S oxidation in the liver was higher in both
prava- and atorvastatin-treated rats than in control animals (72).

Subsequently, we repeated these experiments in the incu-
bation medium which was deoxygenated by bubbling with
the N, gas. H,S formation in postmitochondrial supernatants
measured in deoxygenated buffer tended to be slightly higher
(10%—-15%) than in normally oxygenated buffer; this differ-
ence presumably represents spontaneous H,S oxidation. In
contrast, H,S formation in postnuclear supernatants mea-
sured under anoxic conditions was much higher than mea-
sured under normoxic conditions. The difference between
H,S formation between postmitochondrial and postnuclear
supernatants measured under anoxic conditions was close to
0 and was not affected by statins either in PAAT or in the liver
(72). These results are consistent with previous findings that
mitochondrial H,S oxidation is compromised under hypoxic
conditions (32).

To further confirm that the difference in H,S formation
between postmitochondrial and postnuclear supernatants
indeed represents mitochondrial H,S oxidation, we measured
this difference in livers obtained from control rats in the
presence of inhibitors of mitochondrial complex I (rotenone),
complex III (myxothiazole), or complex IV (potassium cya-
nide). We found that both myxothiazole and KCN, but not
rotenone, reduced calculated H,S oxidation by at least 80%
(68). These results are consistent with the mechanism of mi-
tochondrial H,S oxidation in which complex I is not involved
(8). Taken together, these data indicate that statins increase
net H,S formation by inhibiting its mitochondrial metabolism,
buthave no effect on its cytosolic synthesis. To further confirm
this conclusion, we isolated mitochondria from fresh liver
samples, incubated them in the presence of 5uM NaHS,
and measured sulfide concentration to calculate the rate of
H,S catabolism. Using this approach, we confirmed that H,S
was more slowly oxidized by liver mitochondria isolated
from both prava- and atorvastatin-treated than from control
rats (72).

Mechanism of Statin-Induced Inhibition
of Mitochondrial H,S Oxidation

The only currently known factor that may affect mito-
chondrial H,S oxidation is hypoxia. However, hypoxia could
not be responsible for reduced H,S oxidation in statin-treated
rats, because we measured it at a fixed level of buffer oxy-
genation. The next possibility which we considered was that
statins reduce the activity of SQR—the first and possibly the
rate-limiting enzyme in H,S metabolism. To address this is-
sue, we measured SQR activity in isolated liver mitochondrial
membranes in the presence of saturating CoQ concentration.
However, neither prava- nor atorvastatin had any effect on
SOR activity (72).
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Next, we asked which products of the mevalonate cascade
are responsible for the effect of statins. To answer this ques-
tion, we supplemented statin-treated rats with various me-
valonate products or the mevalonate itself at doses which,
according to previous studies, restored their concentrations to
control levels. We found that only mevalonate itself, farnesol,
and CoQy (the major CoQ species in the rat) normalized mi-
tochondrial H,S oxidation in the liver of atorvastatin or
pravastatin-treated rats and in PAAT of atorvastatin-treated
rats (13). In contrast, squalene and geranylgeraniol failed to
normalize H,S production. Similarly, synthetic LXR agonist,
TO901317, also did not restore mitochondrial H,S oxidation in
statin-treated rats. These results suggest that statins compro-
mise H,S oxidation by reducing CoQ, because both mevalo-
nate and farnesol, but nor squalene or geranylgeraniol, are
CoQ precursors (Fig. 1). In addition, we found that both
prava- and atorvastatin decreased CoQy concentration in
plasma and liver, whereas only atorvastatin did so in PAAT.
Administration of exogenous CoQ) in statin-treated rats also
improved NaHS oxidation by isolated liver mitochondria
(72). Finally, if isolated liver mitochondria were preincubated
with synthetic CoQq before placing them in NaHS-containing
solution, NaHS oxidation was improved in mitochondria
isolated from statin-treated animals but not from control rats
(72). Supplementation with CoQy had no effect on phenyl-
ephrine-induced contraction of PAAT — aortic rings in either
control or atorvastatin-treated rats. In addition, CoQg did not
change phenylephrine-induced contraction of PAAT + rings
isolated from rats not treated with atorvastatin. However,
CoQy supplementation increased contractility of PAAT+
rings in atorvastatin-treated rats (72). In conclusion, these
results indicate that statins compromise H,S oxidation by
depleting CoQ.

Inhibition of Mitochondrial H,S Oxidation
by Statins: Specific Effect or Generalized
Mitochondrial/Dysfunction?

Since statins reduced mitochondrial H,S oxidation, it is
important if this effect is specific for H,S or results from
generalized impairment of mitochondrial function. In theory,
statins could impair mitochondrial function by (1) decreasing
CoQ and reducing the activity of CoQ-dependent respiratory
complexes], II, and /or III, (2) depleting heme A—a prosthetic
group of cytochrome c oxidase, (3) reducing the amount of
mitochondria in the cell.

Impairment of mitochondrial function is commonly ob-
served in inherited CoQ deficiency (40). However, in these
disorders, CoQ concentration in plasma and tissues is ex-
tremely low, usually below 10% of normal level. Decrease in
CoQ after statin treatment, if observed, is much more mod-
erate, rarely exceeding 30%—40%. If statins impair mitochon-
drial function by depleting CoQ remains highly controversial.
In some studies, statin-induced mitochondrial dysfunction
was observed, but this effect was usually associated with the
development of side effects such as severe myopathy or
hepatotoxicity, or was observed in vitro when high concen-
trations of statins were used. For example, Paiva et al. (48)
observed that high-dose simvastatin treatment reduced
combined activity of complex II and complex III (i.e., succi-
nate: cytochrome ¢ oxidoreductase) in skeletal muscle biop-
sies of patients with hypercholesterolemia. Combined activity
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of complex ITand IIT or complex I and Il is a reliable marker of
CoQ availability because this activity relies on endogenous
ubiquinone, in contrast to the measurement of individual
activities of these complexes when exogenous CoQ is sup-
plied at the saturating concentrations. However, in that study,
(48) individual activities of complex I and IV were also re-
duced, and citrate synthase activity (a marker of mitochondria
density in the cell) was lower in statin-treated patients, sug-
gesting that simvastatin decreased mitochondrial density ra-
ther than impaired mitochondrial function. On the other
hand, Duncan et al. (16) examined mitochondrial enzymes in
two patients with symptomatic simvastatin-induced myopa-
thy. In both of them, total activity of complex II and III was
normal despite significant reduction of ubiquinone level (16).
Similarly, lovastatin reduced CoQ concentration in cultured
rat astrocytes by 50% but had no effect on complex I or
complex IT+1II activities (16). Nakahara ef al. found that, de-
spite 70% reduction of CoQ in skeletal muscles of simvastatin-
or pravastatin-treated rabbits, combined activities of complex
I+1I and IT+1II as well as individual activity of cytochrome c
oxidase was normal (45). On the other hand, Tavintharan et al.
(63) have demonstrated that simvastatin reduced CoQ in
cultured HepG2 hepatocytes by 90%, which was associated
with the decrease in ATP synthesis by as much as 80%; this
effect was abolished by adding exogenous CoQ to the incu-
bation medium. Decrease in ATP production induced by
atorvastatin was also observed in cadriomyocyte mitochon-
dria of guinea-pigs (15), and in myoblasts cultured in the
presence of simvastatin, lovastatin, or fluvastatin, but not
pravastatin or rosuvastatin (66). Thus, it is controversial
whether statins can impair mitochondrial respiratory chain by
suppressing CoQ synthesis. In addition, some studies suggest
that statins may alter the amount of mitochondrial in the cell.
For example, Schick et al. (53) have demonstrated that treat-
ment with high doses of simvastatin or atorvastatin reduced
mitochondrial DNA copy number in skeletal muscles of hy-
percholesterolemic patients. In contrast, fluvastatin increased
citrate synthase activity—a marker of mitochondria density—
in human HepG2 cells as well as in freshly isolated rat
hepatocytes (67).

To examine whether statins specifically inhibit H,S oxida-
tion or have a general detrimental effect on mitochondrial
function, we isolated mitochondria from the liver of statin-
treated rats and measured oxidation of NaHS as well as of
organic substrate of complex II, succinate. We measured two
markers of mitochondrial function: ATP production and mi-
tochondrial membrane potential (Ay,,). Ay, is potential dif-
ference across inner mitochondrial membrane, between
mitochondrial matrix and mitochondrial intermembrane
space (negative potential in the matrix). During electron
transport through the mitochondrial respiratory chain, pro-
tons (H") are also transferred from the matrix to the inter-
membrane space. The resulting H" gradient provides energy
for ATP synthesis and makes mitochondria the most nega-
tively charged organelles in the cell with a Ay, from —150 to
—180mV. Thus, Ay, is a global marker of electron transport
efficacy. We measured Ay, in suspended liver mitochondria
by lipophilic cationic fluorescent probe, JC-1 (13). This probe
accumulates in negatively charged space of mitochondrial
matrix and changes not only the intensity but also the char-
acter of fluorescence in a concentration-dependent manner. In
diluted solutions, JC-1 exists as monomers, which, when ex-
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cited with the wavelength of 488nm, emit green light at
535nm. When JC-1 concentration increases, aggregates are
formed that exhibit maximal emission within the orange
range (595nm). The ratio between intensity of orange-to-
green fluorescence increases very sharply with increasing JC-1
concentration, which, inside mitochondria, is proportional to
AYn. To measure Ay, we incubated suspended liver mito-
chondria with 1 uM JC-1 in the presence of either succinate or
NaHS, and then measured fluorescence at both wavelengths
to calculate this ratio. We found that Ay, measured in the
presence of succinate was similar in control and statin-treated
rats. In contrast, Ay/,,, measured in the presence of NaHS was
significantly lower in statin-treated in comparison to the
control group (13). In addition, the highly significant corre-
lation between Ay, in the individual samples and the rate of
NaHS oxidation was observed. Similar results were obtained
when ATP synthesis by isolated mitochondria was assessed.
These results indicate that statins specifically reduce H,S ox-
idation while having no effect on oxidation of organic sub-
strates. We suggest that this specificity may be accounted for
by different K,;, values of SOR versus complex I/complex II for
CoQ; however, this hypothesis requires further research.
Since under physiological conditions H,S constitutes only a
minor fraction of mitochondrial substrates, this effect of sta-
tins is unlikely to impair ATP production and cell energy
status but is related only to H,S signaling. In addition, statins
did not reduce either citrate synthase activity or cytochrome c
content in liver or PAAT (13), indicating that reduced H,S
oxidation did not result from the decrease in mitochondria
density per cell.

Statins, H,S, and Regulation of Insulin Sensitivity

Enzymatic H,S synthesis is not confined to PVAT. Indeed,
H.S is synthesized from L-cysteine also by epidydimal, peri-
renal, and brown adipose tissue in the rat (18). Both CSE ex-
pression and H,S synthesis were also observed in cultured rat
epidydimal adipocytes and preadipocytes, and H,S produc-
tion from cysteine was by 30% higher in mature fat cells than
in preadipocytes (18).

In freshly isolated rat epidydimal adipocytes, HS in solu-
tion (10-1000 uM) reduced basal and insulin-stimulated up-
take of glucose as well as of nonmetabolizable 2-deoxyglucose
in a time- and concentration-dependent manner (18). Al-
though H,S concentration used in that study was relatively
high, the effect seems to be physiologically relevant, because
it was reproduced when adipocytes were incubated in the
presence of cysteine and pyridoxal 5-phosphate to in-
crease endogenous H,S formation. Moreover, either PAG or
p-cyano-L-alanine not only abolished cysteine + pyridoxal
phosphate-induced reduction of glucose uptake, but also
reduced baseline H,S production in adipocytes and stimu-
lated glucose uptake either in the absence or in the presence of
insulin. These data indicate that H,S produced under physi-
ological conditions regulates glucose uptake and insulin
sensitivity of adipocytes.

In primary culture of epidydimal rat adipocytes, high
concentrations of glucose reduced H,S production in a time-
and concentration-dependent manner (18). Thus, negative
feedback regulatory mechanism between glucose and H,S
may exist in the adipose tissue, with H,S inhibiting glucose
uptake, and glucose inhibiting the CSE-H,S pathway.
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Furthermore, CSE expression and H,S production in adipose
tissue was up-regulated in rats fed high fructose diet for 12
weeks, which is a widely used experimental model of insulin
resistance (18). In addition, the significant negative correlation
between H,S production and insulin-stimulated glucose up-
take in the adipose tissue was observed (18). These observa-
tions suggest that CSE-H,S system in adipose tissue may
contribute to insulin resistance in the metabolic syndrome. In
addition, H,S inhibits insulin secretion by activating Karp
channels in pancreatic f-cells (62).

Several recent studies have demonstrated that statins
modulate insulin sensitivity in a drug-specific manner. Al-
though the results are controversial, most studies indicate that
hydrophilic pravastatin may improve insulin sensitivity and
reduce the incidence of type 2 diabetes, whereas lipophilic
statins have the opposite detrimental effects [for review, see
refs. (26, 27)]. Effect of statins on insulin sensitivity and car-
bohydrate metabolism is of high clinical significance. Insulin
resistance is an important risk factor of cardiovascular dis-
eases, and diabetes mellitus is one the most common causes of
hyperlipidemia; thus, many statin-treated patients suffer from
impaired insulin sensitivity and glucose intolerance.

Recently, we have demonstrated that pravastatin in-
creased, whereas atorvastatin reduced insulin sensitivity
measured by hyperinsulinemic euglycemic clamp in the rat
(Beltowski ef al., manuscript submitted for publication). In
addition, pravastatin reduced fasting plasma nonesterified
fatty acids and glycerol concentrations, which are the markers
of adipose tissue lipolysis in vivo, whereas atorvastatin had
the opposite effect. Since inhibition of lipolysis is one of the
principal effects of insulin, these results indicate that pravas-
tatin improves whereas atorvastatin impairs insulin sensitiv-
ity of the adipose tissue.

The mechanism(s) through which atorvastatin impairs in-
sulin sensitivity of adipocytes is currently unclear. In vitro,
lipophilic statins have been demonstrated to suppress differ-
entiation of preadipocytes to more insulin sensitive mature
adipocytes, decrease glycosylation of insulin receptors and
their translocation to the plasma membrane, and to suppress
insulin-induced trafficking of glucose transporter GLUT4
from intracellular stores to the plasma membrane (5). How-
ever, all these effects were observed at high statin concentra-
tions, far exceeding those found in the blood of statin-treated
patients. It is unclear whether atorvastatin (and possibly other
lipophilic statins) increases H,S level in other adipose tissue
depots in the similar manner as it does in PVAT. If this is the
case, detrimental effect of lipophilic statins on insulin sensi-
tivity could be mediated by H,S. However, it should be noted
that other adipose tissue depots contain less or no brown
adipocytes, and white adipocytes contain less mitochondria
than brown fat cells. Thus, the rate of mitochondrial oxidation
may have a less significant effect on H,S availability in sub-
cutaneous or in non-PVAT visceral adipose tissue depots. The
possible role of H,S in detrimental effect of atorvastatin on
insulin sensitivity is currently under research.

Inhibition of H,S Oxidation: A New Target
for Pharmacotherapy?

Currently, several possibilities are considered to augment
the beneficial effects of H,S on the cardiovascular system: (1)
stimulation of H,S synthesizing enzymes, (2) supplying more
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substrate (L-cysteine) for H,S synthesis, and (3) administra-
tion of exogenous H,S or its donors. Each of these strategies
has well-known limitations. Statins are the first and are cur-
rently the only drugs shown to increase H,S level by inhibit-
ing its metabolism. However, other potential strategies to
pharmacologically inhibit H,S breakdown are possible, such
as administration of SQR inhibitors (56). Inhibiting H,S oxi-
dation may be an interesting variant of H,S-directed phar-
macotherapy. First, as exemplified by our results, statins
affect H,S metabolism in a drug- and tissue-specific manner,
determined by physical properties (and possibly pharmaco-
kinetics) of individual drugs. In addition, inhibiting H,S oxi-
dation is expected to stimulate H,S-mediated signaling most
effectively in tissues with highest SQR activity and, in general,
high oxidative metabolism such as the heart, while having less
or no effect on tissues with low SQR level such as the brain
(32). In contrast, H,S or its donors are expected to increase H,S
level in a less tissue-dependent manner, and rather should be
more effective in those with low SQR activity. In addition,
after in vivo administration, a large fraction of H,S released
from the donors may bind to hemoglobin or other hemopro-
teins, limiting its intracellular availability. H,S donors are also
more likely to impair mitochondrial oxidation of organic
substrates, because SQR may compete with complexes I and II
for a common pool of CoQ. Indeed, in the presence of high
HoS concentration, complexes I and Il may even operate in the
reverse manner, that is, reducing rather than oxidizing their
substrates (8). Such a possibility is unlikely if SQR is inhibited.
Moreover, intracellular compartmentalization may be the
advantage, that is, inhibiting H,S oxidation will increase its
concentration in mitochondria more markedly than in other
intracellular compartments. That H,S has some specific roles
in mitochondria is supported by several observations. First,
H,S is synthesized in mitochondria in a 3-MST-dependent
pathway, and in some tissues such as the brain, this is the
main source of the gas (58). Second, H,S increases reduced
glutathione concentration in mitochondria more than in other
organelles (25). Third, stimulation of mitochondrial Karp
channels may be the important mechanism of H,S-mediated
inhibition of ischemia-reperfusion injury of the heart and
other organs, for example, the kidney (9). Fourth, moderate
inhibition of cytochrome c oxidase by intramitochondrial H,S
may also be a significant mechanism of cytoprotection (7).
Finally, hypoxia increases HyS level first of all in mitochon-
dria, and oxygen sensing is now considered one of the prin-
cipal roles of H,S (46). Combining H,S donors with agents
suppressing its H,S oxidation may be the other therapeutic
option. Such a combination could allow potentiating the H,S-
elevating effect of each individual component in the syner-
gistic manner and to reduce their doses and avoid undesirable
side effects. It should be noted that H,S, in contrast to NO and
CO, is the only gasotransmitter which is enzymatically me-
tabolized giving us this additional opportunity to control its
level. However, it should be kept in mind that inhibiting H,S
oxidation is a potential hazard for tissues such as colonic mu-
cosa where effective metabolic gas clearance is essential to
avoid the toxicity of H,S generated by the commensal bacteria.
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CYP = cytochrome P450
eNOS = endothelial nitric oxide synthase
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PAG = propargylglycine
PVAT = perivascular adipose tissue
PON = paraoxonase
ROS = reactive oxygen species
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SREBP-2 = sterol regulatory element-binding protein-2




