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Abstract

Significance: Hydrogen sulfide (H2S) at the right concentration is associated with numerous health benefits in
experimental organisms, ranging from protection from ischemia/reperfusion injury to life span extension. Given
the considerable translation potential, two major strategies have emerged: supplementation of exogenous H2S
and modulation of endogenous H2S metabolism.
Recent Advances: Recently, it was reported that hepatic H2S production capacity is increased in two of the best-
characterized mammalian models of life span extension, dietary restriction, and hypopituitary dwarfism, leading
to new insights into dietary and hormonal regulation of endogenous H2S production together with broader
changes in sulfur amino acid (SAA) metabolism with implications for DNA methylation and redox status.
Critical Issues: Here, we discuss the role of dietary SAAs and growth hormone (GH)/thyroid hormone (TH)
signaling in regulation of endogenous H2S production largely via repression of H2S generating enzymes
cystathionine c-lyase (CGL) and cystathionine b-synthase (CBS) on the level of gene transcription, as well as
reciprocal regulation of GH and TH signaling by H2S itself. We also discuss plasticity of CGL and CBS gene
expression in response to environmental stimuli and the potential of the microbiome to impact overall H2S
levels.
Future Directions: The relative contribution of increased H2S to health span or lifespan benefits in models of
extended longevity remains to be determined, as does the mechanism by which such benefits occur. None-
theless, our ability to control H2S levels using exogenous H2S donors or by modifying the endogenous H2S
production/consumption equilibrium has the potential to improve health and increase ‘‘shelf-life’’ across
evolutionary boundaries, including our own. Antioxid. Redox Signal. 28, 1483–1502.

Keywords: hydrogen sulfide, dietary restriction, aging, growth hormone, thyroid hormone, cystathionine
c-lyase

Introduction

Hydrogen sulfide (H2S) gas elicits a classic U-shaped
biological dose/response typical of hormetic com-

pounds (24). This includes detrimental pathological condi-
tions at severely elevated or reduced levels, but beneficial

effects at physiological or supraphysiological concentrations
(Fig. 1) (82, 181, 189).

H2S has historically been associated with toxicity at high
levels. Environmental and/or occupational exposure to ele-
vated concentrations of H2S can lead to irritation, respira-
tory distress, and even death (102). Extreme H2S conditions

1Department of Cellular and Molecular Medicine, Cleveland Clinic Lerner Research Institute, Cleveland, Ohio.
2Division of Endocrinology, Diabetes and Metabolism, Beth Israel Deaconess Medical Center and Harvard Medical School, Boston,

Massachusetts.
3Department of Genetics and Complex Diseases, Harvard T.H. Chan School of Public Health, Boston, Massachusetts.

ANTIOXIDANTS & REDOX SIGNALING
Volume 28, Number 16, 2018
ª Mary Ann Liebert, Inc.
DOI: 10.1089/ars.2017.7434

1483



correlate with mass extinctions throughout geobiological
history (92, 94, 123). Toxic levels can also be generated
aberrantly in mammals by dysregulation of endogenous H2S
metabolism, resulting in a range of pathologies from in-
flammation (103, 184) to b cell dysfunction and diabetes
(167). Mechanistically, H2S toxicity in eukaryotes has been
attributed to inhibition of mitochondrial respiration and in-
duction of oxidative stress (31, 79, 86).

Too little H2S also has negative consequences. Mice with
genetic defects in endogenous H2S generating enzymes cy-
stathionine c-lyase (CGL, also known as cystathionase, CTH,
or CSE) or cystathionine b-synthase (CBS) are susceptible to
hypertension (70, 190), neurodegenerative disorders (127),
vascular complications associated with diabetes (167), and
symptoms of osteoporosis (110). Because CGL and CBS
have functions in addition to H2S production, it is important
to note that addition of exogenous H2S corrects many of these
problems in rodent knockout models, consistent with a spe-
cific role for H2S. In humans, reduced circulating H2S levels
correlate with, and may be causally related to, cardiovascular
disease (90).

While too much or too little H2S is detrimental, exposure to
supraphysiological levels of H2S can be beneficial. For ex-
ample, in rodents, H2S induces a hypoxia-resistant metabolic
state resembling torpor (13), increases vasodilation of blood
vessels and lowers blood pressure (197), protects against is-
chemia/reperfusion injury to multiple organs, including the
heart (39) and liver (78), improves insulin sensitivity (188),
delays cognitive decline in animal models of Alzheimer’s
disease (52), and alters many other physiological endpoints
with medical relevance (181). In lower organisms including
yeast and worms, exogenous H2S extends longevity (65, 114).
These benefits of exposure to supraphysiological levels of
H2S likely occur through distinct biological mechanisms,
including posttranslational modification and functional al-
teration of cellular targets such as ion channels (110, 118) and
growth factor and hormone receptors (171, 196), with many
more likely yet to be deciphered.

Given the considerable translational potential of increased
H2S in a number of biomedical areas (27, 136, 166), two

major strategies have emerged: supplementation of exoge-
nous H2S and modulation of endogenous H2S production.
Each approach has unique challenges. Exogenous H2S sup-
plementation is conceptually the most straightforward, with
multiple different forms of H2S already available, from the
short-acting gas itself (13) or aqueous forms of the H2S salt
NaHS (2) to long-acting, slow-release H2S donors (100, 131).
Nonetheless, toxicity at high levels and the corrosive and
malodorous nature of the gas present challenges (6, 57). H2S
is also highly reactive, so that even in orally available, slow-
release formulations, targeted delivery to the proper cell type
at the optimal dose, once this is fully elucidated, may be
challenging to achieve.

The alternate approach to increasing H2S levels is to
modulate endogenous production and/or consumption. On
the production side, this could include modulation of ex-
pression, posttranslational modification, subcellular locali-
zation, allosteric regulation, and/or substrate-level control of
H2S producing enzymes. Several examples of each of these
are known. Acetylcholine and vascular endothelial growth
factor both increase H2S production in endothelial cells by
activating cognate receptors and increasing calcium/
calmodulin-dependent CGL activation (126, 190). In vascu-
lar smooth muscle cells, CGL translocates upon endoplasmic
reticulum (ER) stress to mitochondria (48), where concen-
trations of cysteine, a substrate for H2S production, are
highest. In the liver, hypoxia increases mitochondrial CBS
levels and H2S production by preventing oxygenation of its
heme cofactor and thus inhibiting degradation by Lon pro-
tease (172). CBS activity is also stimulated by the methionine
cycle intermediate S-adenosylmethionine via allosteric reg-
ulation (157). Inhibition of phosphodiesterase PDE5 with the
drug tadalafil is best known for stimulating nitric oxide
production, but also increases H2S production, in part,
through cyclic guanosine monophosphate-dependent protein
kinase G activation in the heart, which may work to increase
CGL transcription via activation of the transcription factor
SP1 (145). Tadalafil also activates H2S production in podo-
cytes by increasing CGL protein levels (97). The antidiabetic
drug metformin boosts H2S production in several mammalian

FIG. 1. Biological hormetic dose/
response of H2S exposure. H2S,
shown in molecular form with one
yellow circle (sulfur) and two smal-
ler circles (hydrogen), displays a
multiphasic dose/response. Adverse
effects and conditions (shown in red)
arise from too little or too much H2S
exposure. Beneficial effects (shown
in green) occur at specific H2S ex-
posure and/or production capacity
levels. The potential exists for both
negative and positive responses to
occur simultaneously at either end of
the beneficial H2S exposure range;
H2S, hydrogen sulfide. To see this
illustration in color, the reader is
referred to the web version of this
article at www.liebertpub.com/ars
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tissues, although the mechanism remains unknown (185). In
conclusion, there is clear evidence that endogenous H2S
production is regulated on multiple levels.

On the consumption side, a major mechanism of H2S re-
moval occurs in mitochondria via the sulfide quinone oxi-
doreductase (SQR), a complex II-like component of the
mitochondrial electron transport chain that catalyzes the first
step in H2S oxidation to thiosulfate (12, 64, 93). SQR also
passes electrons donated by H2S to coenzyme Q, thus
promoting proton pumping by the mitochondrial electron
transport chain for cellular bioenergetics (48, 74, 93, 111,
117). Like H2S producing enzymes CBS and CGL that are
expressed in different cells/tissues (83), SQR displays tissue-
specific expression, with high activity in the gut and liver, and
low activity in the brain (108). In addition to SQR, sulfur
dioxygenase (ethylmalonic encephalopathy 1 protein
[ETHE1]) is involved in sulfide oxidation to thiosulfate,
which can be readily excreted (64). Because ETHE1 and
SQR (as part of the mitochondrial electron transport chain)
have direct and indirect oxygen requirements, respectively,
H2S consumption and thus steady-state H2S levels can be
affected by oxygen tension. Pathophysiological states such as
hypoxia can trigger a rapid increase in H2S by modulating
both production via CBS stabilization and removal via inhi-
bition of oxygen-dependent detoxification by SQR/ETHE1.
Finally, exposure of worms lacking SQR to H2S results in
inhibition of protein translation via a mechanism involving
phosphorylation and inactivation of the translational initia-
tion factor eIF2a by the amino acid sensing kinase general
control nondepressible 2 (GCN2) (68).

While many studies report benefits of exogenous H2S,
including ongoing clinical trials of the H2S donor and poly-
sulthionate SG1002 in the context of cardiomyopathy (89),
precision manipulation of endogenous H2S levels is currently
hampered by our limited knowledge of mechanisms con-
trolling production and consumption, thus representing a
major roadblock to progress on this complementary front.

Recently, the finding that hepatic H2S production capacity
is increased in two of the best-characterized mammalian
models of life span extension, dietary restriction (DR) (65)
and hypopituitary dwarfism (66), has led to new insights into
regulation of endogenous H2S levels. In this review, we
summarize the role of sulfur amino acids (SAA) and endo-
crine signaling in control of endogenous H2S production,
focusing mostly on the production side via regulation of
expression of CGL. We discuss the importance of H2S in
these longevity models, including the potential role of H2S as
an intermediate in nutrient and endocrine/paracrine feedback
control. In addition, we demonstrate the plasticity of CBS and
CGL gene transcription in response to numerous stimuli,
including diet, hormones, drugs, radiation, and disease using
the NCBI GEO Profiles database. Finally, we discuss the
potential impact of H2S on longevity extension.

Measuring Sulfide Levels

Before discussing the regulation of endogenous H2S pro-
duction, it is important to consider the techniques used to
measure H2S in biological samples and their limitations. The
steady-state H2S level present in a cell, organ, or extracellular
fluid is a function of enzymatic H2S production and con-
sumption (Fig. 2). At neutral pH, H2S, with a pKa1 of *6.9,

is in equilibrium with HS- at an *1:1 ratio. This is important
because H2S, but not HS-, can pass readily through cell
membranes into extracellular fluids and evaporates easily
from aqueous solution, and thus can be lost (or trapped for
later measurement if care is taken) in the gas headspace above
a biological sample. It also allows the use of pH to maintain
sulfide in solution (HS- at basic pH) or to release it into the
gas phase (H2S at mildly acidic pH). The term sulfide is used
heretofore when referring to both H2S and HS- species.

FIG. 2. Measuring H2S in biological samples. Steady-state
sulfide levels are determined by the balance of intracellular
production and consumption pathways. H2S dissolves read-
ily in aqueous solution, but is also lipophilic and volatile, and
can easily cross cell membranes (dotted line) and move be-
tween cells or into the gas phase above a sample. Sulfide is
present in various pools (bound, acid-labile) that can be dis-
tinguished based on their biochemical properties. Bound sul-
fide consisting of persulfides and polysulfides attached to
proteins can be released as free sulfide under reducing con-
ditions, while acid-labile sulfur attached to iron/sulfur clusters
present in iron/sulfur proteins can be released under acidic
conditions. Free sulfide present in a biological sample equil-
ibrates in liquid and gas phases depending on pH, and can be
measured by a number of different techniques as indicated. 3-
MST, 3-mercaptopyruvate sulfurtransferase; CBS, cystathione
b-synthase; CGL, cystathione-c-lysase; ETHE1, ethylmalonic
encephalopathy 1 protein; GC, gas chromatography; FPD,
flame photometric detection; MB, methylene blue method;
MBB, monobromobimane; RPLC, reverse-phase liquid chro-
matography; SCD, sulfur chemiluminescence detection; SQR,
sulfide quinone oxidoreductase. To see this illustration in
color, the reader is referred to the web version of this article at
www.liebertpub.com/ars
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Sulfide present in biological samples exists in different
pools that can be distinguished based on their biochemical
properties. In addition to free sulfide, H2S can exist as sulfane
sulfur, a pool that is functionally defined based on the liber-
ation of free H2S in the presence of a reducing agent such
as dithiothreitol or tris(2-carboxyethyl) phosphine. Sulfur
present in iron/sulfur clusters can also give rise to free H2S
under acidic conditions (pH <5.4), as can nonenzymatic re-
duction of molecular sulfur, however, the contribution of
these sources to free H2S pools under physiological condi-
tions remains unclear.

Techniques to measure absolute concentrations of sulfide
present in biological samples have been reviewed extensively
(61, 71, 119, 122, 170, 181). They can be grouped into two
major categories based on whether the sulfide being mea-
sured is present in liquid or gas phases. H2S gas trapped/
released into the headspace above its source can be measured
by gas chromatography followed by flame photometric
detection or sulfur chemiluminescence detection (177).
Measuring sulfide in the liquid phase often requires prior
derivatization to stabilize sulfide, for example, in the methy-
lene blue method in which lead acetate reacts with sulfide to
form lead sulfide, and then, in the presence of N,N-dimethyl-p-
phenylenediamine under acidic conditions forms methylene
blue, which can be detected by absorbance in a spectro-
photometer with a lower detection limit of 1 lM (72, 161).
Monobromobimane also reacts with and stabilizes sulfide in
solution, which can then be detected by its fluorescence after
reverse-phase liquid chromatography with a lower detection
limit in the nM range (152). More recently, a number of
fluorescent dyes have been reported that react specifically
with H2S in vitro and in vivo, as well as a mass spectrometry-
based probe targeted to mitochondria that can be used in vivo
(4). Finally, electrochemical polarographic (122) or amper-
ometric (190) probes can be used in vivo to directly measure
changes in steady-state levels over time in response to per-
turbations such as hypoxia without sulfide derivatization.

Depending on the experimental design, sulfide measure-
ments can report on either maximal production capacity or
actual steady-state levels. Measurements of maximal pro-
duction capacity in the presence of excess substrate and co-
factor, typically done in cell-free lysates/extracts, utilize a
variety of techniques to measure H2S in liquid or gas phase as
described above. Because such measurements generate much
more H2S than is present under physiological conditions, they
can be performed in relatively high throughput using a va-
riety of detection methods (e.g., lead acetate). They also lend
themselves to the use of enzyme inhibitors (e.g., pro-
pargylglycine [PAG] for CGL; aminooxyacetic acid for
CGL, CBS, or cysteine aminotransferase [CAT]; aspartate
for CAT) and substrates that can help dissect the nature of the
H2S-producing activity. A major disadvantage is that they do
not report on the actual amount of H2S being generated in the
sample in vivo. This is typically done in fresh or frozen
samples from cells, tissues, or organs in which sulfide gen-
eration and consumption pathways are intact, and substrates
for sulfide production present at physiological levels. After
extraction and derivatization, sulfide is measured using a
variety of techniques appropriate for either solution- or gas-
based sulfide measurements. This also allows for measure-
ment of different sulfide pools (bound; acid-labile) following
appropriate extraction. A limited number of techniques that

permit rapid detection of free sulfide in living biological
samples (e.g., sulfide amperometric electrodes or polaro-
graphy in circulating blood) further allow measurement of
changes in steady-state free sulfide levels, for example, upon
hypoxia. Nonetheless, quantitative assessment of intracellu-
lar H2S levels particularly in vivo remains challenging for a
host of reasons, including the volatile and highly reactive
nature of the molecule and interference from other thiol-
containing molecules (121, 122).

DR and Nutrient-Based Regulation of Endogenous
Transsulfuration Pathway and H2S Production

DR describes a variety of nutritional interventions in
which reduced total calorie or nutrient intake is associated
with health benefits, generally including life span extension in
experimental organisms. DR also consistently protects against
diseases for which age is the prime risk factor, including
cancer, neurodegeneration, inflammatory/autoimmune disor-
ders, and cardiovascular disease. DR has pleiotropic beneficial
effects on multiple physiological systems, from glucose ho-
meostasis to inflammation to oxidative stress resistance, some
or all of which may contribute to its longevity and health
effects (46, 160).

Experimental DR regimens vary widely. Classic calorie
restriction (CR) regimens in rodents involve enforced re-
striction of total food intake by 20–60%. CR is also some-
times referred to as intermittent fasting (IF) because animals
quickly eat their allotment of food and thus spend the re-
maining time between meals in a fasted state. Animals on
CR/IF regimens are typically fed the same diet as the ad
libitum fed controls and thus at a fixed ratio of calories from
fat, carbohydrates, and protein, making it difficult to separate
the effects of nutrient restriction from those of reduced en-
ergy intake. Nonetheless, adding back essential amino acids
(EAA) to food restricted flies abrogates longevity benefits
(53), likely through effects on nutrient signaling pathways
independent of their calorie content.

Other DR regimens that restrict (or dilute) specific nutri-
ents, including protein or EAAs, without periods of enforced
food restriction can also extend life span and health span
across evolutionary boundaries (99, 159). Restriction of the
EAA methionine (methionine restriction [MR]) is one of the
best-studied examples in which restriction of an individual
EAA can alter physiology and extend longevity. MR con-
sistently extends life span in multiple experimental organ-
isms, including yeast, worms, flies, rodents, and human cells
in culture (18, 23, 80, 91, 96, 124, 143). Classical MR regi-
mens in rodents, in which cysteine is absent due to its me-
thionine sparing effects (a better name would thus be ‘‘sulfur
amino acid restriction’’), result in a 42% increase in mean and
44% increase in maximum life span (141), as well as im-
provements in stress resistance and metabolic fitness (1, 26,
101, 163). Restriction of the EAA tryptophan can also extend
life span in rodents (147), while restriction of branched chain
amino acids can have metabolic benefits, including improved
glucose homeostasis and body composition (43).

Multiple molecular mechanisms have been proposed to
account for DR benefits. These nonmutually exclusive path-
ways include reduced anabolic signal transduction via insulin/
insulin-like growth factor-1 (IGF-1) and mechanistic target
of rapamycin (mTOR); activation of adaptive redox response
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pathways; improved metabolic function and nutrient utili-
zation; increased autophagy; and an overall reduction in
macromolecular damage from reactive oxygen and nitrogen
species (45, 156). Nonetheless, the relative contribution of
such molecular, metabolic, and physiological changes to
longevity benefits remains poorly understood, as do the re-
lationships between CR, MR, EAA restriction, and other DR
regimens.

Recently, we reported that H2S production capacity is in-
creased in multiple experimental models of DR and associ-
ated with multiple DR benefits, adding it to the list of
potential molecular mechanisms underlying DR action (65,
67). In mice, we found that 1 week of 50% CR increases
endogenous hepatic H2S production and improves resistance
to the acute multifactorial stress of hepatic ischemia/re-
perfusion injury. In this model, H2S production and stress
resistance correlate with increased CGL expression on the
mRNA and protein levels, are prevented by pharmacological
inhibition of CGL with the chemical inhibitor PAG or by
genetic ablation of CGL, and augmented by CGL over-
expression independent of diet. Interestingly, constitutive
activation of mTOR in hepatocytes blocks DR-mediated
hepatic stress resistance (60) and simultaneously suppresses
CGL expression and H2S production capacity in the liver. In
worms, flies, and yeast, H2S production capacity is aug-
mented by organism-appropriate DR regimens, including
genetic models of reduced food intake in worms (eat 2), MR
in flies, and reduced glucose in yeast (65).

While this study was the first to explicitly link augmented
endogenous H2S to pleiotropic DR benefits, it is consistent
with a number of findings regarding age-related changes in
H2S and expression of H2S-producing enzymes in the context
of longevity and DR. In fruit flies, life span extension via DR
correlates with increased expression and activity of CBS in
whole fly homogenates and is blocked by knockdown of CBS
or inhibition of CGL with PAG, while either total body or
neuron-specific overexpression of CBS is sufficient to extend
life span (81). In rats, there is an aging-related decline in CGL
and CBS expression and H2S production in multiple tissues,
and this is abolished by long-term 10–40% CR from 8 to 38
months of age (135). Similarly, 30% CR for 6 months in rats
attenuates renal aging, boosts CGL and CBS expression, and
increases H2S production in the kidneys (182). Even short-
term DR in rats, in the form of SAA restriction for 1 week,
results in increased hepatic CGL expression (155). In mice,
SAA metabolic pathways are significantly affected on the
transcriptional level by DR in multiple tissues (165). Twenty
to forty percent CR results in a dose-dependent increase in
hepatic H2S production in both male and female mice of
different strain backgrounds, correlating with improved
health, although intriguingly, not always with extended lon-
gevity (116). Caloric restriction between 0% and 40% for 3
months in male mice increases hepatic CGL expression in a
dose-dependent manner (35), while SAA restriction for 5
weeks elevates hepatic CGL and CBS expression (130).

How does diet influence H2S generation, and by what
mechanism is H2S increased on DR? One mechanism of in-
creased H2S production is by transcriptional regulation of
CBS and CGL. Regulation of these genes is best understood
in the context of de novo cysteine biogenesis via the trans-
sulfuration pathway (TSP), the presence of which explains
why cysteine is considered a nonEAA. The first step is the

condensation of homocysteine with serine to form cy-
stathionine by CBS. Cystathionine is then hydrolyzed to
cysteine (and a-ketobutyrate + ammonia) via CGL (Fig. 3).
When cysteine levels are low, CGL is upregulated at the
mRNA and/or protein level via increased protein expression
of activating transcription factor 4 (ATF4) (98, 154, 155),
which binds to sequences in the first intron of CGL to activate
transcription under stress conditions, including amino acid
deprivation (115). In liver-derived cells, cysteine deprivation
induces ATF4 expression via the amino acid deprivation
sensor GCN2 (98), a kinase that senses uncharged tRNAs and
controls translation via phosphorylation of the translation
initiation factor eIF2a (50). Cysteine can then be used in
protein, glutathione, or taurine biosynthesis. Mouse embry-
onic fibroblasts lacking ATF4 show little or no CGL tran-
script or protein (36) and require the addition of cysteine or
other antioxidants for growth (58). ATF4 expression is in-
creased on CR or SAA restriction (105, 155), and likely plays
a role in increased H2S production, in part, through tran-
scriptional control of the H2S generating enzyme CGL in the
liver and potentially other cells/organs (65, 130, 146), al-
though the formal genetic requirement remains to be tested.

It is important to note that while CBS and CGL are both
major H2S producers, H2S production is not a by-product of
de novo cysteine biogenesis via the TSP. Rather, H2S is
produced by a different series of reactions catalyzed by the
same proteins with overlapping substrates and products
(Fig. 3). CBS produces H2S from homocysteine and cysteine,
and is the predominant H2S-producing enzyme in the kidney
and brain under normal physiological substrate concentra-
tions (28). In the liver, H2S production by CGL dominates
(29), in part, due to CGL protein levels being 60-fold higher
than CBS (83). While the catalytic efficiency for H2S pro-
duction by CGL is higher with homocysteine than cysteine,
under normal physiological conditions in the liver, cysteine is
the predominant substrate for H2S production (29). Im-
portantly, the catalytic efficiency for cysteine production
from cystathionine by CGL is 30 times higher than H2S
generation from cysteine (29). In other words, conditions
favoring de novo cysteine biogenesis via TSP are different
from those favoring H2S production from cysteine, consistent
with TSP and H2S production being separable processes.
Whether these two processes are mutually exclusive within a
given cell, or can occur at the same time in different sub-
cellular compartments, remains to be elucidated.

What is the relationship between TSP and H2S produc-
tion, and does an increase in one necessarily affect the
other? In other words, if DR increases TSP activity to re-
plenish cysteine levels, increased cysteine utilization for
H2S generation presents an apparent paradox. In fact, while
the substrate preferences for H2S generation by CGL and
CBS are described (157), the sources of free cysteine (or
homocysteine) for H2S production are not known. Thus, one
potential answer to this apparent paradox is that cysteine for
protein translation or glutathione biosynthesis produced de
novo by the TSP is in a distinct cellular pool or subcellular
compartment than free cysteine fueling H2S production.
Substrate for H2S generation may instead come from lyso-
somes via autophagy or via proteolysis, both of which are
expected to increase on DR. If cysteine pools are distinct, it
may be possible for cysteine generated de novo from TSP to
drive glutathione and/or taurine biosynthesis in the same
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cell at the same time as H2S production is increased. Future
studies are required to shed light on metabolic flux through
TSP and H2S biosynthetic pathways as a function of diet,
including DR.

Contrary to DR, dietary interventions such as high-fat
diets (HFD), which can precipitate obesity, metabolic syn-
drome, and shortened life expectancy, have opposite effects
on TSP gene expression and H2S production capacity. For
example, mice fed a HFD for up to 16 weeks exhibit re-
duced CGL expression in the liver, lung, and aortic endo-
thelium, with diminished H2S biosynthesis in liver, kidney,
and lung tissues (129). Rats fed HFD for 18 weeks exhibit
increased plasma homocysteine concentrations and de-
creased hepatic enzymatic activities of CBS and CGL (17).
Rats fed a Western diet (21% fat) versus control chow (6%
fat) for 12 weeks display decreased CGL expression and
H2S in aortic tissue, and this correlates with decreased en-
dothelial function and increased reactive oxygen species in
this tissue (76).

Exercise appears to reverse some of the negative impacts
of HFD feeding on TSP activity and H2S production. For
example, in addition to improvements in body weight, he-
patic steatosis, and glucose homeostasis, exercise restores
CBS and CGL expression in the liver and H2S bioavailability
in the plasma and liver in mice fed HFD for 24 weeks (180).
Exogenous H2S reduces lipid accumulation, injury, and fi-

brosis in the kidneys of mice on HFD (186), suggesting that
H2S itself may contribute to these benefits.

In addition to effects of macronutrient intake, dietary mi-
cronutrients can also affect TSP activity and H2S production.
In Dahl rats, a high-salt diet induces hypertension and di-
minishes renal CBS expression and endogenous H2S content,
while supplementation with H2S reverses effects on hyper-
tension and aortic remodeling (70). Chronic intake of the
artificial sweetener aspartame for 90 days in mice reduces
hepatic TSP metabolites cysteine, S-adenosylmethionine,
and S-adenosylhomocysteine, as well as CGL on the mRNA
and protein levels (40).

The bioactive form of vitamin B6, pyridoxal phosphate
(PLP), is required as a co-factor for CGL and CBS enzymatic
activities, with CGL displaying greater sensitivity to PLP
deficiency than CBS. As a segment of the U.S. population is
considered PLP insufficient (10–12%) or slightly insufficient
(10–15%) (54), it brings to light the possibility that dietary
PLP, or the lack thereof, can affect human health via control
of endogenous H2S production. Interestingly, the metabolite
1-amino D-proline (1ADP), which is found in the common
dietary foodstuff flaxseed, is a PLP antagonist, and rats fed a
diet with 10 mg 1ADP/kg diet display reduced enzymatic
activities of CBS and CGL (113). A summary of dietary
effects on TSP and endogenous H2S production is presented
in Figure 4.

FIG. 3. Transsulfuration and H2S production are separable pathways. Transsulfuration reactions (blue) consist of
condensation of homocysteine (HomoCys) derived from the methionine cycle with serine by CBS to form cystathionine.
CGL then cleaves cystathionine to form cysteine (Cys) and the by-products a-KB and ammonia. H2S is produced from
alternate reactions of CBS and CGL (orange) utilizing homocysteine or cysteine as substrate. H2S is also produced
indirectly from cysteine via stepwise deamination to 3MP by cysteine/aspartate amino transferase (CAT) and sulfhydration
of 3-meracaptopyruvate sulfur transferase. H2S is released on reduction of sulfhydrated 3-MST, for example, by reduced
thioredoxin (Trx). a-KB, a-ketobutyrate; 3MP, 3-methlypyruvate. To see this illustration in color, the reader is referred to
the web version of this article at www.liebertpub.com/ars
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Finally, H2S can also be generated on cysteine oxidation
via 3-mercaptopyruvate sulfurtransferase (3-MST), which
can produce H2S in the presence of a reducing agent from 3-
mercaptopyruvate following deamination of cysteine by
CAT (153). CAT (but not 3-MST) is a PLP-dependent en-
zyme like CBS and CGL, however, little is known about
dietary regulation of H2S production by this cysteine oxida-
tion pathway.

Although the focus up to this point has been primarily on
the interaction of diet and endogenous H2S production in
cells, tissues, and organs of eukaryotic cells, bacteria con-
stituting our gut microbiome also produce H2S. Sulfate-
reducing bacteria (SRB) such as those from the Desulfovibrio
genus use inorganic sulfate as a terminal electron acceptor for
respiration, thus generating H2S (25). A wide range of bac-
teria can also generate H2S via degradation of organic sulfur
in the form of cysteine through cysteine desulfhydrase ac-
tivity present in homologues of eukaryotic CBS, CGL, and
CAT/3-MST enzymes. Interestingly, H2S generation by
bacteria protects them from antibiotic-induced oxidative
damage (150). The presence of high levels of SRB or other
H2S producing bacteria such as Fusobacterium is associated
with proinflammatory disorders, including inflammatory
bowel disease (both ulcerative colitis and Crohn’s disease),
colorectal cancer, and irritable bowel syndrome (25, 158).
Nonetheless, H2S can also protect gut barrier function
through modulation of the host inflammatory response in a
rodent model of colitis (179), and thus, it remains unclear
whether elevated H2S associated with inflammation in the gut
is causative of disease or merely an epiphenomenon.

Diet can influence both the composition of the microbiome
and its propensity to produce H2S. Individuals with low
bacterial richness and diversity have an increased potential
for H2S formation from SRB, and are also more likely to be
obese and insulin resistant, gain more weight over time, and
have increased inflammatory phenotypes (95). Rodents with
symptoms of metabolic syndrome induced by HFD also show
higher levels of SRB in gut microbiota (194). Mice fed a diet
high in fat and simple sugars, as well as the dietary supple-

ment chondroitin sulfate, are associated with increased cecal
levels of Desulfovibrio and H2S production, but without
compromised gut barrier function (140). Diets high in animal
protein are also associated with increased fecal H2S con-
centrations independent of fat and sugar intake (112). Inter-
estingly, humans on a calorie-restricted (50% fewer calories
than their control counterparts), mostly plant-based, diet have
greater phylogenic diversity in their fecal microbial popula-
tions than controls (55), although the levels of H2S are yet to
be established.

Host responses to changes in gut microbiome-derived H2S
are also beginning to be characterized. Induction of gut
bacterial H2S production via high-protein diet feeding results
in an increase in SQR gene expression in host colonocytes
(12). Eukaryotic cells, and in particular colonocytes, have the
ability to utilize H2S as an electron donor to fuel ATP pro-
duction via this mitochondrial electron transport chain pro-
tein (93). Thus, the increase in SQR in response to augmented
bacterial H2S production is indicative of a host adaptive re-
sponse to either detoxify H2S or utilize it as an inorganic fuel
source for ATP production. In gnotobiotic mice lacking a
microbiome, H2S levels are reduced in plasma, adipose, and
lung tissues, and CGL activity is reduced in many organs
(151) consistent with bidirectional effects of microbiome and
host on sulfide metabolism (Fig. 4). Future studies should
thus consider the effects of dietary macro- and micronutrient
composition on both host and microbiome sulfide metabo-
lism and TSP activity.

Long-Lived Hypopituitary Dwarfism and Growth
Hormone/Thyroid Hormone Regulation of Endogenous
TSP-Dependent H2S Production Capacity

Disruption of the hypothalamic–pituitary axis signaling via
spontaneous or induced mutations results in dwarfism, but also
extreme longevity, increased stress resistance and improved
metabolic fitness in a number of rodent models (10, 149), in-
cluding genetic deficiency in growth hormone releasing hor-
mone (GHRH) (164) or its receptor (growth hormone releasing

FIG. 4. Dietary regimens or ingredients that modulate host and microbiome production of H2S. The effects of
different dietary regimens or components on host CBS or CGL activity, or H2S production, are shown in green (stimulatory)
and red (inhibitory). Diets in green that increase microbiome diversity (green) also decrease H2S production, while those
shown in red either decrease microbiome diversity or increase the potential for H2S generation by sulfate reducing bacteria
such as Desulfovibrio (yellow). Inorganic sulfate in the form of common nutraceutical chondroitin sulfate, but also abundant
in many plant sources, can increase microbiome H2S production, but does not necessarily perturb gut function. 1ADP, 1-
amino D-proline. To see this illustration in color, the reader is referred to the web version of this article at www
.liebertpub.com/ars
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hormone receptor, aka little mouse) (42); the anterior pituitary
developmental transcription factors Pit1 (Snell dwarf) (42) or
Prop1 (Ames dwarf) (19) or the receptor for growth hormone
(GHR) (32, 33). In addition, there is a significant inverse cor-
relation in both small and large mammals between thyroid
hormone (TH) levels and life expectancy (16). Hence, states
that allow for decreased growth hormone (GH) and TH sig-
naling offer prolongevity and antiaging benefits.

In humans, polymorphisms in the thyroid gland receptor
for thyroid-stimulating hormone (TSH) resulting in increased
TSH but decreased TH production and signaling are associ-
ated with extreme longevity in centenarian studies (7, 8, 75,
142). Furthermore, humans with defective GHR signaling
(Laron dwarfism), while not apparently longer lived, are re-
sistant to several aging-related diseases, including type 2 dia-
betes and cancer (56). Conversely, increased TH signaling
through active triiodothyronine (T3) binding to the TH
receptor (TRs) beta isoform results in DNA damage and pre-
mature senescence, two major drivers of aging and aging-
related pathologies (193). Likewise, transgenic overexpression
of GH in rodents results in large size, hyperinsulinemia, insulin
resistance, and decreased life expectancy (11).

What is the mechanistic relationship between longevity
extension by DR and hypopituitary dwarfism? Reduced GH/
TH signaling leads to CR/MR-like alterations in SAA and
energy metabolism without altering food intake (20), while
DR alters hypothalamic activation of the pituitary gland (34,
41) and lowers GH (47) and TH signaling (44). This could be
due, in part, to a reduction in DR in the adipose-derived hor-
mone leptin, which is implicated in control of hypothalamic
thyrotropin-releasing hormone (TRH) levels during fasting
via melanocortin and neuropeptide Y signaling (176). Protein
restriction decreases GH release from the pituitary and blunts
pituitary responsiveness to GHRH (59). Fasting also directly
targets the liver and alters the metabolism and bioavailability
of TH (77, 187) as well as expression of GHR (162).

Functional interaction studies indicate that benefits of CR or
MR on longevity and metabolic fitness are dampened or ab-
rogated entirely in hypopituitary or growth hormone receptor
knockout (GHRKO) dwarf mice (5, 14, 15, 22). Conversely,
GH supplementation concurrent with DR reverses several of the
metabolic effects of DR (30, 51). Together, these data suggest
that the mechanisms of DR underlying increased life span
and health span work primarily, or at least significantly,
through modulation of the hypothalamic–pituitary axis and GH
production.

Recently, we identified increased H2S production as another
commonality between DR and hypopituitary dwarfism.
Hepatic CGL expression and H2S production are elevated in
long-lived genetic mouse models of reduced GH and/or TH
signaling in vivo and in cultured cells on serum withdrawal, a
model of reduced growth factor signaling in vitro (66). Ne-
gative regulation of hepatic H2S production by GH and TH is
additive and occurs via distinct mechanisms. TH acts primarily
via TRs in the liver to repress CBS and CGL gene expression,
while GH acts via GHR signaling to control substrate-level
H2S production, likely via negative regulation of autophagy.
As discussed above, autophagy is a potential source of free
cysteine for H2S generation independent of de novo cysteine
biogenesis via the TSP. Hepatic H2S production is also in-
creased in long-lived mouse models overexpressing FGF21
(195) or lacking IRS-1 (148). FGF21 regulates both GHR (73)

and TH (37) signaling, and is induced on DR (101). IRS-1 is a
docking protein that facilitates insulin and IGF-1 signaling, but
is also implicated in GHR signaling (106).

Similar to our previous study linking H2S to DR, this was
the first study to explicitly associate GH and TH signaling
with regulation of endogenous H2S production in the liver.
While any causality between health benefits observed in
dwarf mice and increased H2S production remains to be es-
tablished, regulation of H2S production by GH and TH is
consistent with a larger body of work linking these hormones
to a broader regulation of SAA metabolism, including TSP
and glutathione metabolism, as described below.

The connection between GH and TH on SAA metabolism
was first observed in hypophysectomized or thyroidecto-
mized/radioiodine ablated rats, in which changes in activities
of TSP and transmethylation pathway (TMP) enzymes were
noted (62, 63). Similar effects on SAA metabolism are present
in long-lived genetic models of GH and TH deficiency despite
normal calorie and SAA intake. For example, in Ames dwarf
mice, hepatic TSP enzyme activities, as well as those of the
TMP involved in methionine-dependent methyl donation and
methionine recycling, are significantly increased (173),
leading to a decrease in steady-state levels of the universal
methyl donor, SAM, and an increase in metabolic flux of
methionine through the TSP (20, 174). Increased flux is ac-
companied by increased expression of TMP and TSP genes,
including CBS and CGL in the liver and increased methionine
flux through the TSP in the brain and kidney. SAA metabo-
lism is also altered in similar directions in Snell dwarf mice
(178). Similar to hypopituitary dwarf mice, GHRKO and
growth hormone releasing hormone knockout mice show
perturbations in metabolic and gene expression signatures of
SAA and glutathione pathways, including increased expres-
sion of CBS and CGL (3, 21). Pharmacological inhibition of
TH production results in similar changes in hepatic SAA
metabolism, CGL expression, and H2S production (66).

Changes in hepatic SAA metabolism described above are
coincident with increased expression of TMP and TSP genes,
including CBS and CGL, which are likely driven, in part, by
ATF4. ATF4 is increased on the protein (but not mRNA)
level in multiple genetic and dietary models of longevity (88,
105). While the mechanism in dietary models is likely via
GCN2 kinase activation as discussed above, the mechanism
in hypopituitary models remains unknown. However, mouse
models of subclinical hypothyroidism display increased ER
stress (199), a known trigger of ATF4 activation (49). Our
recent finding that hepatic ATF4 is also increased specifically
in the hypothyroid state (66) suggests a direct or indirect role
of TH signaling in ATF4-mediated regulation of CGL.
Nonetheless, mechanistic details of ATF4 stabilization under
hypothyroid states and direct evidence of a causal role of
ATF4 in hypothyroid-induced H2S production remain to be
tested in these models.

How could H2S specifically contribute to extended lon-
gevity? A variety of nonmutually exclusive possibilities are
likely. H2S is best characterized by its ability to post-
translationally modify exposed cysteine or disulfide residues
on the surface of target proteins, including membrane re-
ceptors, thus altering their structure, stability, and/or func-
tion. For example, H2S regulates multiple physiological
endpoints via sulfhydration of ATP-dependent potassium
channels (KATP channels) present on specific cell types as
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discussed previously (85, 198). On vascular smooth muscle
cells, stimulation of KATP channels results in vasorelaxation
(128), while in pancreatic beta cells, KATP stimulation by H2S
decreases insulin secretion (192). Thus, increased H2S could
contribute to alterations in lipid metabolism and insulin
sensitivity observed in these long-lived mouse models via
effects on KATP channel activity in these or other cell types.

H2S may also contribute to the reduction of hormones
negatively associated with longevity, including IGF-1. Re-
cently, we found that H2S is required for the reduction of
circulating IGF-1 and thyroxine (T4) levels found in drug-
induced hypothyroidism or upon fasting (66). H2S may also
contribute to the decrease in serum T3, T4, blood glucose,
and oxygen consumption in rats and chickens fed garlic and
garlic-derived polysulfides (134, 168, 169, 175). This role of
H2S in the negative regulation of TH and GH action, and thus
positive regulation of its own production, is consistent with
the ability of NaHS supplementation to increase renal CBS
and CGL expression and activity and to improve H2S bio-
availability in kidney, plasma, and urine of aged mice (69).
Future studies will be required to determine the mechanism
by which H2S contributes to the downregulation of these
hormones, and whether it involves KATP channel polarization
or some other mechanism.

Finally, epigenetic changes could also serve as a link be-
tween increased transmethylation and H2S production in
dwarf models, with implications for longevity. Treatment of
hypopituitary mice with GH early in life abrogates longevity
benefits, presumably through epigenetic changes that occur
in the presence of GH during this narrow developmental
window (125). Intriguingly, hepatic H2S production capacity,

which remains high in 18-month-old dwarf mice, is also re-
duced late in life by early-life GH exposure (66). Whether
this is a result of epigenetic changes in TSP genes themselves
or some other mechanism, for example, changes in hypo-
thalamic inflammation (144), remains to be seen. A summary
of hormonal regulation of endogenous H2S production and
the interaction with DR in animals is given in Figure 5.

In summary, genetic models of longevity due to per-
turbations in GH and TH signaling lead to profound alter-
ations in SAA metabolism, including the expression of H2S
generating enzymes CGL and CBS, particularly in the liver.
Similar changes are observed on DR. An integrated and
composite model of the regulation and cross talk between
GH, TH, diet, and H2S is presented in Figure 6.

Plasticity of TSP Gene Expression in Response
to Different Stimuli: An Unbiased Approach
Using the NCBI GEO Profiles Database

We next used an unbiased approach to identify factors
affecting TSP gene expression with the potential to modulate
H2S production in human, mouse, and rat tissues and cells
using the NCBI Gene Expression Omnibus (GEO Profiles)
Database (9, 38). Table 1 summarizes the reported effects of
nutrition, hormone activity, drugs, environmental and oc-
cupational pollutants, medical treatments, and health-related
conditions on CGL and CBS gene expression. A wide range
of stimuli affect TSP gene expression. In terms of dietary
influences, red meat consumption in humans is associated
with decreased CGL expression in the colon of irritable

FIG. 5. Hormonal control of hepatic H2S production capacity occurs at multiple levels of regulation. Hypothalamic
GHRH and thyrotropin-releasing hormone (TRH) induces GH and TSH production/release from the pituitary gland. TSH
stimulates the production of T4 in the thyroid gland, which is a precursor to the active form of TH, T3. GH and TH
positively regulate each other, and both suppress endogenous H2S production in the liver via independent and additive
mechanisms. GH acts via growth hormone receptor (GHR), the adaptor protein IRS-1, and intracellular signal transduction
via the JAK2/STAT5 pathway to inhibit H2S production, in part, through substrate-level control via negative regulation of
autophagy. T3 binds to THR to negatively regulate CGL and CBS gene expression, as well as the transcriptional activator of
CGL expression, ATF4. DR can also increase H2S production through numerous effects, including activation of ATF4 via
the amino acid deprivation sensing response via GCN2 and p-eIF2a, as well as by increasing FGF21 expression (green), as
well as effects on hypothalamic signals resulting in suppressed production/release and/or signaling of GHRH and TRH.
ATF4, activating transcription factor 4; DR, dietary restriction; GCN2, general control nondepressible 2; GH, growth
hormone; GHRH, growth hormone releasing hormone; T3, triiodothyronine; T4, thyroxine; TH, thyroid hormone; THR,
thyroid hormone receptor; TSH, thyroid-stimulating hormone. To see this illustration in color, the reader is referred to the
web version of this article at www.liebertpub.com/ars
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bowel disease patients, but not in control patients (GDS3471/
217127_at/CTH). In mice, HFD (GDS4783/10503023/Cth),
ketogenic diet (GDS2738/1426243_at/Cth), ‘‘fast food diet’’
(GDS3232/1426243_at/Cth), high-salt diet (GDS1545/D17370_
at/Cth), and zinc deficiency (GDS4614/1367838_at/Cth) are all
associated with a reduction of CGL expression in various tis-
sues, while fasting increases CGL expression in the liver
(GDS3893/9031/Cth). CGL expression in the liver is also
subject to circadian control (GDS3084/1367838_at/Cth).
Whether or not the circadian-related expression pattern is due
to the periodicity of feeding and/or physiological changes
during the course of 24 h is yet to be determined.

Endocrine and hormonal influences on CGL and CBS
expression are also evident in the GEO Profiles database. In
human papillary thyroid carcinoma, CGL expression is de-
creased compared to adjacent normal tissue (GDS1665/
206085_s_at/CTH), while CBS expression is decreased in
human MCF7 breast cancer cells on silencing of the estrogen
receptor expression (GDS4061/212816_s_at/CBS). Serum/
growth factor withdrawal increases CGL expression in hu-
man smooth muscle cells, while GH addition to male rats
decreases hepatic CGL expression (GDS862/8.2.2.19/Cth).
Finally, leptin supplementation (GDS3653/ILMN_2733193/
Cth) and retinoic acid treatment (GDS799/2827/Cth) de-
crease CGL expression in liver and smooth muscle cells,
respectively. Future experiments are required to better un-
derstand how these changes in TSP gene expression impact
H2S production in vivo.

H2S in Longevity Extension

CBS and CGL are multifunctional proteins with important
roles in H2S generation, but are also directly responsible for
de novo cysteine biogenesis, with indirect effects on protein
translation, central one-carbon metabolism, and cellular re-
dox state. Such pleiotropic effects will make it difficult and

time-consuming to dissect the specific contribution of en-
dogenous H2S to health and longevity phenotypes in the
context of DR or long-lived mutants in rodent model systems.
Nonetheless, data are rapidly accumulating in support of the
ability of exogenous H2S to slow the aging process and ex-
tend longevity across evolutionary boundaries.

Longevity extension by H2S was first shown in the nema-
tode worms Caenorhabditis elegans. Exposure to 50-ppm H2S
in air during early development and continuing throughout life
extends mean life span by 70% (114). Treatment early in
adulthood with the H2S donor molecule and garlic constituent
diallyl trisulfide also extends worm longevity in a skn-1-
dependent manner (133) as does the slow-releasing H2S donor
GYY4137 (137). Deletion of the H2S generating enzyme
mpst-1 (3-MST) reduces worm life span, and this can be res-
cued with exogenous H2S in the form of GYY4137 (138).
Increased H2S production is also required for extended lon-
gevity on removal of germ cells (183), a distinct model of
longevity extension in worms. In the yeast Saccharomyces
cerevisiae, the presence of exogenous H2S donors NaHS and
GYY4137 during early logarithmic growth extends yeast
chronological life span (65).

While the effects of exogenous H2S on rodent longevity
are not yet known, there is an aging-dependent decline in
endogenous H2S in tissues from wild-type rats (135) and
mice (69) that is attenuated by exogenous H2S supplemen-
tation (69). Exogenous H2S in the form of injected NaHS or
inhaled H2S also prevents neurodegeneration and neurovas-
cular dysfunction in mouse models of Parkinson’s induced by
intracerebral homocysteine injection or administration of the
neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine,
respectively (84, 87). On a cellular level, CGL deficiency in
mouse embryonic fibroblasts results in premature replicative
senescence, a cellular model of aging, and this is rescued by
H2S (NaHS) supplementation (191).

H2S can also extend life span and defer senescence in
plants. During postharvest of the daylily flower, endogenous
H2S production is diminished due to decreased activities of
the plant H2S-producing enzymes L- and D- cysteine de-
sulfhydrases, coinciding with senescence of the plant. Exo-
genous NaHS blocks the decrease in endogenous H2S
production, slows senescence, and extends postharvest life of
daylilies (109). H2S also alleviates postharvest senescence of
broccoli while activating expression of antioxidant defense-
related genes (104). Treatment of grapes with a 1 mM NaHS
solution decreases rotting and threshing, maintains antioxi-
dant systems, and prevents senescence-related breakdown of
chlorophyll and accumulation of carotenoid (120). Kiwi fruit
senescence and tissue softening are similarly delayed and
antioxidant systems maintained with NaHS treatment in a
dose-dependent manner (200).

What are the implications of exogenous H2S exposure on
humans? While acute high-dose exposures are lethal, the
health effects of chronic low-dose exposure remain incon-
clusive (107). For example, a series of epidemiological
studies on people from Rotorua, New Zealand, with long-
term exposure to elevated levels of ambient H2S (average of
*20 ppb, with a range of 0–64 ppb), found that people in the
upper quartiles of H2S exposure had slightly improved psy-
chomotor reaction times and episodic memory (139), without
any association with cognitive dysfunction, mood impair-
ment, or peripheral neuropathy (132, 139).

FIG. 6. Dietary and hormonal control of H2S in lon-
gevity regulation. DR stimulates endogenous H2S produc-
tion directly through energy and nutrient sensing pathways
and/or indirectly through suppression of GH and TH pro-
duction and signaling. Inhibition of GH and TH signaling is
sufficient to activate H2S production pathways, resulting in a
positive feedback loop. H2S can act through multiple mo-
lecular-, cellular-, and organismal-level mechanisms to in-
crease fitness and longevity. To see this illustration in color,
the reader is referred to the web version of this article at
www.liebertpub.com/ars
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Conclusions

At the right concentration, exogenous H2S has clear
health benefits, including longevity extension in experi-
mental model organisms. Increased endogenous H2S pro-
duction is common to numerous experimental models of
extended longevity, including genetic models with shared
defects in GH and/or TH signaling (Ames, Snell, GHRKO,
FGF21o/e, IRS-1KO), as well as various forms of DR, along
with broader changes in SAA metabolism with implications
for DNA methylation and redox status. The relative contri-
bution of increased H2S to health span or life span benefits in
these models remains to be determined, as does the mecha-
nism by which it occurs. In conclusion, our ability to control
H2S levels using exogenous H2S donors or by modifying
the endogenous H2S equilibrium has the potential to in-
crease ‘‘shelf life’’ across evolutionary boundaries, including
our own.
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Methionine restriction slows down senescence in human
diploid fibroblasts. Aging Cell 13: 1038–1048, 2014.

92. Kump L, Pavlov A, and Arthur M. Massive release of hy-
drogen sulfide to the surface ocean and atmosphere during
intervals of oceanic anoxia. Geology 33: 397–400, 2005.

93. Lagoutte E, Mimoun S, Andriamihaja M, Chaumontet C,
Blachier F, and Bouillaud F. Oxidation of hydrogen sul-
fide remains a priority in mammalian cells and causes
reverse electron transfer in colonocytes. Biochim Biophys
Acta 1797: 1500–1511, 2010.

94. Lamarque JF, Kiehl JT, and Orlando JJ. Role of hydrogen
sulfide in a Permian-Triassic boundary ozone collapse.
Geophys Res Lett 34: 1–4, 2007.

95. Le Chatelier E, Nielsen T, Qin J, Prifti E, Hildebrand F,
Falony G, Almeida M, Arumugam M, Batto JM, Kennedy
S, Leonard P, Li J, Burgdorf K, Grarup N, Jorgensen T,
Brandslund I, Nielsen HB, Juncker AS, Bertalan M, Le-
venez F, Pons N, Rasmussen S, Sunagawa S, Tap J, Tims
S, Zoetendal EG, Brunak S, Clement K, Dore J, Kleer-
ebezem M, Kristiansen K, Renault P, Sicheritz-Ponten T,
de Vos WM, Zucker JD, Raes J, Hansen T, Meta HITc,
Bork P, Wang J, Ehrlich SD, and Pedersen O. Richness of
human gut microbiome correlates with metabolic markers.
Nature 500: 541–546, 2013.

96. Lee BC, Kaya A, Ma S, Kim G, Gerashchenko MV, Yim
SH, Hu Z, Harshman LG, and Gladyshev VN. Methionine
restriction extends lifespan of Drosophila melanogaster
under conditions of low amino-acid status. Nat Commun
5: 3592, 2014.

97. Lee HJ, Feliers D, Mariappan MM, Sataranatarajan K,
Choudhury GG, Gorin Y, and Kasinath BS. Tadalafil in-
tegrates nitric oxide-hydrogen sulfide signaling to inhibit
high glucose-induced matrix protein synthesis in podo-
cytes. J Biol Chem 290: 12014–12026, 2015.

98. Lee JI, Dominy JE, Sikalidis AK, Hirschberger LL, Wang
W, and Stipanuk MH. HepG2/C3A cells respond to cys-
teine deprivation by induction of the amino acid depri-
vation/integrated stress response pathway. Physiol
Genomics 33: 218–229, 2008.

99. Lee KP, Simpson SJ, Clissold FJ, Brooks R, Ballard JW,
Taylor PW, Soran N, and Raubenheimer D. Lifespan and
reproduction in Drosophila: new insights from nutritional
geometry. Proc Natl Acad Sci U S A 105: 2498–2503, 2008.

100. Lee ZW, Zhou J, Chen CS, Zhao Y, Tan CH, Li L, Moore
PK, and Deng LW. The slow-releasing hydrogen sulfide
donor, GYY4137, exhibits novel anti-cancer effects
in vitro and in vivo. PLoS One 6: e21077, 2011.

101. Lees EK, Król E, Grant L, Shearer K, Wyse C, Moncur E,
Bykowska AS, Mody N, Gettys TW, and Delibegovic M.
Methionine restriction restores a younger metabolic phe-
notype in adult mice with alterations in fibroblast growth
factor 21. Aging Cell 13: 817–827, 2014.

102. Lewis RJ and Copley GB. Chronic low-level hydrogen
sulfide exposure and potential effects on human health: a
review of the epidemiological evidence. Crit Rev Toxicol
45: 93–123, 2015.

103. Li L, Bhatia M, Zhu YZ, Zhu YC, Ramnath RD, Wang ZJ,
Anuar FB, Whiteman M, Salto-Tellez M, and Moore PK.
Hydrogen sulfide is a novel mediator of lipopolysaccharide-
induced inflammation in the mouse. FASEB J 19: 1196–
1198, 2005.

104. Li SP, Hu KD, Hu LY, Li YH, Jiang AM, Xiao F, Han Y,
Liu YS, and Zhang H. Hydrogen sulfide alleviates post-
harvest senescence of broccoli by modulating antioxidant
defense and senescence-related gene expression. J Agric
Food Chem 62: 1119–1129, 2014.

1498 HINE ET AL.



105. Li W, Li X, and Miller RA. ATF4 activity: a common
feature shared by many kinds of slow-aging mice. Aging
Cell 13: 1012–1018, 2014.

106. Liang L, Zhou T, Jiang J, Pierce JH, Gustafson TA, and
Frank SJ. Insulin receptor substrate-1 enhances growth
hormone-induced proliferation. Endocrinology 140:
1972–1983, 1999.

107. Lim E, Mbowe O, Lee AS, and Davis J. Effect of envi-
ronmental exposure to hydrogen sulfide on central nervous
system and respiratory function: a systematic review of
human studies. Int J Occup Environ Health 22: 80–90,
2016.

108. Linden DR, Furne J, Stoltz GJ, Abdel-Rehim MS, Levitt
MD, and Szurszewski JH. Sulphide quinone reductase
contributes to hydrogen sulphide metabolism in murine
peripheral tissues but not in the CNS. Br J Pharmacol
165: 2178–2190, 2012.

109. Liu D, Xu S, Hu H, Pan J, Li P, and Shen W. Endogenous
hydrogen sulfide homeostasis is responsible for the alle-
viation of senescence of postharvest daylily flower via
increasing antioxidant capacity and maintained energy
status. J Agric Food Chem 65: 718–726, 2017.

110. Liu Y, Yang R, Liu X, Zhou Y, Qu C, Kikuiri T, Wang S,
Zandi E, Du J, Ambudkar IS, and Shi S. Hydrogen sulfide
maintains mesenchymal stem cell function and bone ho-
meostasis via regulation of Ca(2+) channel sulfhydration.
Cell Stem Cell 15: 66–78, 2014.

111. Luna-Sanchez M, Hidalgo-Gutierrez A, Hildebrandt TM,
Chaves-Serrano J, Barriocanal-Casado E, Santos-Fandila
A, Romero M, Sayed RK, Duarte J, Prokisch H, Schuelke
M, Distelmaier F, Escames G, Acuna-Castroviejo D, and
Lopez LC. CoQ deficiency causes disruption of mito-
chondrial sulfide oxidation, a new pathomechanism asso-
ciated with this syndrome. EMBO Mol Med 9: 78–95,
2017.

112. Magee EA, Richardson CJ, Hughes R, and Cummings JH.
Contribution of dietary protein to sulfide production in the
large intestine: an in vitro and a controlled feeding study
in humans. Am J Clin Nutr 72: 1488–1494, 2000.

113. Mayengbam S, Raposo S, Aliani M, and House JD. A
Vitamin B-6 antagonist from flaxseed perturbs amino acid
metabolism in moderately Vitamin B-6-deficient male
rats. J Nutr 146: 14–20, 2016.

114. Miller DL and Roth MB. Hydrogen sulfide increases
thermotolerance and lifespan in Caenorhabditis elegans.
Proc Natl Acad Sci U S A 104: 20618–20622, 2007.

115. Mistry RK, Murray TV, Prysyazhna O, Martin D, Bur-
goyne JR, Santos C, Eaton P, Shah AM, and Brewer AC.
Transcriptional regulation of cystathionine-c-lyase in en-
dothelial cells by NADPH oxidase 4-dependent signaling.
J Biol Chem 291: 1774–1788, 2016.

116. Mitchell SJ, Madrigal-Matute J, Scheibye-Knudsen M,
Fang E, Aon M, Gonzalez-Reyes JA, Cortassa S, Kaushik
S, Gonzalez-Freire M, Patel B, Wahl D, Ali A, Calvo-
Rubio M, Buron MI, Guiterrez V, Ward TM, Palacios HH,
Cai H, Frederick DW, Hine C, Broeskamp F, Habering L,
Dawson J, Beasley TM, Wan J, Ikeno Y, Hubbard G,
Becker KG, Zhang Y, Bohr VA, Longo DL, Navas P,
Ferrucci L, Sinclair DA, Cohen P, Egan JM, Mitchell JR,
Baur JA, Allison DB, Anson RM, Villalba JM, Madeo F,
Cuervo AM, Pearson KJ, Ingram DK, Bernier M, and de
Cabo R. Effects of sex, strain, and energy intake on
hallmarks of aging in mice. Cell Metab 23: 1093–1112,
2016.
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Abbreviations Used

1ADP¼ 1-amino-D-proline
3-MST¼ 3-mercaptopyruvate sulfurtransferase

ATF4¼ activating transcription factor 4
CAT¼ cysteine aminotransferase
CBS¼ cystathionine b-synthase
CGL¼ cystathionine-c-lyase

CR¼ calorie restriction
CTH¼ cystathionase

DR¼ dietary restriction
EAA¼ essential amino acids

ER¼ endoplasmic reticulum
ETHE1¼ ethylmalonic encephalopathy 1 protein
GCN2¼ general control nondepressible 2

GH¼ growth hormone
GHR¼ growth hormone receptor

GHRH¼ growth hormone releasing hormone
GHRKO¼ growth hormone receptor knockout

H2S¼ hydrogen sulfide
HFD¼ high-fat diet

IF¼ intermittent fasting
IGF-1¼ insulin-like growth factor-1

KATP channel¼ATP-dependent potassium channel
MR¼methionine restriction

mTOR¼mechanistic target of rapamycin
PAG¼ propargylglycine
PLP¼ pyridoxal phosphate

SAA¼ sulfur amino acids
SQR¼ sulfide quinone oxidoreductase
SRB¼ sulfate reducing bacteria

T3¼ triiodothyronine
T4¼ thyroxine
TH¼ thyroid hormone

THR¼ thyroid hormone receptor
TMP¼ transmethylation pathway
TRH¼ thyrotropin-releasing hormone
TSH¼ thyroid-stimulating hormone
TSP¼ transsulfuration pathway
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