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Chapter 1 Introduction

1.1 Understanding ageing: then, now and future

Our understanding of the ageing process has developed dramatically since
early civilisation. Across many ancient cultures, the lifespan of an individual was
thought to be determined by divine beings. Perhaps the most well-known of
these deities are the three sisters of fate in Greek mythology known collectively
as the Moirai [1]. Each of the sisters was said to play a part in spinning,
allocating, and cutting the thread of life, essentially determining the lifespan for
all individuals. Equivalents to these sisters of fate are found in early Roman,
Norse, Celtic, and Baltic belief systems [2]-[5]. This interpretation of lifespan as
rigid and pre-determined as also found in the Christian bible, wherein it is stated
that “A person’s days are determined; you have decreed the number of his
months and have set limits he cannot exceed”, Book of Job 14:5. Despite these
beliefs, modern societies have arrived at the consensus that human ageing and
lifespan are in fact pliable to a variety of external factors. It is difficult to point
to any specific moment where the collective wisdom shifted. Perhaps it was
already present in ancient cultures, indeed the influence of a version of the
fountain of youth myth across cultures [6] suggests a willingness to believe in
longevity-boosting interventions. In the 4t Century BC the Greek philosopher
Aristotle looked to the extreme variance in animal lifespan and attempted to
rationalise these observations by examining the influence of sex, lifestyle, size,
habitat, and breeding status on longevity [7]. This comparative biology approach
to gerontology has grown since the time of Aristotle and remains a central pillar

in ageing research to this day [8].

Some of the most compelling evidence that ageing is plastic has emerged
from ecological studies of extremely long-lived organisms that appear to elude
the ageing process almost entirely. For instance, it was discovered in 1998 that
Lomatia tasmanica, a Tasmanian shrub that exists as a population of single
clonal origin spreading over 1.2 km is at least 43600 years old [9]. Other
organisms that helped expand our understanding of ageing are those of the
genus hydra, a collection of cnidarian polyps that generated much intrigue in
1744 when their extensive regenerative capabilities were first reported by
Abraham Trembley [10]. It was not until the work of Paul Brien in 1953 that the
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utility of this incredible regenerative capacity was tested in the context of
ageing, work that cemented hydra as a powerful model for understanding ageing
ever since [11], [12]. With regard to vertebrates, the Greenland shark
(Somniosus microcephalus) is reportedly the most long-lived, with an estimated
maximum lifespan as high as 400 years, as calculated through radiocarbon dating
of eye lens nuclei from 28 female sharks [13]. Several mammalian species also
display extraordinary longevity, such as the naked mole rat (Heterocephalus
glaber), a rodent native to east African countries with a maximum lifespan of
over 30 years in captivity, more than 9 times the maximum lifespan of
laboratory rats [14]. In fact, the naked mole rat’s longevity is so extraordinary
that it is the only mammal to violate Gompertzian mortality law i.e. they have
no increase in age-specific hazard mortality with age, irrespective of sex or

breeding status [15].

Given these examples of extreme longevity across taxa, it is natural to
question the maximum lifespan for humans. Jeanne Calment was born in
Provence, France in 1875 and lived to be 122 years and 164 days of age [16]. She
was the oldest person to have ever lived and represents the maximum
achievable human lifespan as we know it. Globally, maximum life expectancy
has increased at a rate of 2.5 years per decade in a near-linear fashion since
1840 [17]. The driver of this increase over the past 4 decades appears to be
primarily through reductions in mortality arising from cardiovascular disease
[18]. A 2012 report published by the United Nations Population Fund and
HelpAge International estimated that the proportion of the global population
that is over the age of 60 will rise from 11% to 20% by 2050, in light of
improvements in healthcare, sanitation, education, and nutrition [19]. However,
it should also be noted that the yearly increase in life expectancy in several
high-income countries has slowed in recent years and some countries have even
seen a small reduction in average life expectancy [20]. This stagnation in life
expectancy appears to be driven by elevated mortality in people over 65 years of
age due to cardiovascular, respiratory, and nervous system diseases [21].
Additionally, social inequality in lifespan has become an area of particular focus
in recent years, with multidisciplinary approaches being developed to address
the socioeconomical conditions that cause those in low-income areas to have a

shorter than average lifespan [20].
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The next development in our modern understanding of ageing was our
appreciation of the importance of intrinsic and extrinsic factors in modulating
lifespan. Through extensive data collection and international collaboration,
scientists have been able to establish the existence of 5 ‘blue zones’, regions
where the local populace have abnormally long lifespans and improved late-life
health when compared to other nearby populations and global averages [22],
[23]. Studies of these populations have identified specific dietary, lifestyle, and
genetic factors that appear to drive the observed longevity across these
populations [23]. For instance, diets in ‘blue zones’ are often rich in plant-based
nutrition, meat is eaten less than 6 times a month, portion sizes are small, and
people do not eat to full satiety [23]-[25]. By definition, these ‘blue zones’
contain an abnormally high concentration of centenarians and supercentenarians
(people >100 or >110 years old, respectively), however centenarians also occur
in regions other than the ‘blue zones’. The occurrence of centenarians outside
of ‘blue zones’ allows us to examine their longevity without the confounding
factors of a shared lifestyle and environment. Interestingly, genetic studies of
centenarians have identified several mutations that are consistent in both ‘blue
zones’ and the general population including mutations in the genes FOX03A,
APOE, IGF1, IGF1R, and PARP1 [26]. Other epidemiological studies have also
identified 7 genes within the mammalian target of rapamycin (mTOR) signalling
pathways to be associated with human longevity and late-life health [27].
However, epidemiological studies in twins have estimated that heritable traits
account for less that 27% of longevity in both males and females [28]. The
implication from these studies is that there is contribution from both intrinsic
genetic traits and extrinsic lifestyle factors that consistently improve human

longevity [29].

This brings us to the present moment, where we are equipped with the
knowledge that extreme longevity is evident in several organisms, and that
human lifespans are subject to influence from multiple factors. However,
researchers in the field of ageing are divided into broadly three categories of
thought regarding the future of human longevity [30]. The first group believe
that while the 20t and 215t centuries have seen extraordinary increases in the
mean and maximum lifespan in humans, we are already close to the limit of

human longevity or may have already achieved it [31], [32]. The second group



Chapter 1 18

believe that while improvements in infant and maternal mortality rates have
brought us to our current average human lifespan, there remain many
unexploited interventions that will propel human lifespan further, potentially to
several hundred years of age [33]. While these first two groups are essentially at
odds with one another, a third group has emerged that contains members of
both. This group proposes that extension in lifespan is either unnecessary or
suboptimal without a concomitant increase in healthspan, which is defined as
the proportion of time that an individual spends free from disease across their
lifetime [34]-[36]. Irrespective of which group(s) one is a member of, the
progress towards these goals is dependent on a greater understanding of the

fundamental biology that underpins ageing.
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1.2 Biological roles for Hydrogen Sulfide

This thesis considers the potential role of hydrogen sulfide (H.S) as a
biological signalling molecule that exhibits control over many aspects of the
fundamental biology of ageing. The following section describes the history,
chemistry, and biology of H;S, and collects the evidence for its role in ageing

and age-related diseases.

1.2.1 A history of H2S

Our understanding of H,S was originally developed in the context of
occupational medicine as a potent hazardous gas. Many species of bacteria
produce HS as they putrefy decaying organic matter, this can result in toxic
concentrations of the gas in enclosed spaces [37]. Sewer workers in the 1700s
would disturb decaying matter as they worked, causing the gas to escape and
resulting in irritation of their eyes and even blindness in some cases [38]. These
accounts were collected by Bernardino Ramazzini in his seminal treatise on
occupational medicine De Morbis Artificum Diatriba, which was translated to
English in 1940 [38]. Describing the exposure of sewer workers to H,S he
evocatively details that “these foul exhalations wage ruthless war, and they
attack so cruelly with their piercing stings that they rob them of life, that is to
say of light”. By the 1770s, the volume of HyS gas exuded by the antiquated
sewage system in Paris, France caused eye irritation and rapid asphyxiation in
members of the public [39]. As HS is a by-product of several modern chemical
processes, the occupational risk of HzS has only increased. In 1950, an accident
at a gasoline production plant in Poza Rica, Mexico caused the release of HyS gas
into the atmosphere, resulting in the death of 22 people and hospitalizing 320
others within 20 minutes of release [40]. 52 American workers lost their lives
due to H;S-poisoning in the workplace in the years 1993-1999 and deaths occur
to this day [41]. The symptoms associated with exposure to various
concentrations of H,S are summarised in Table 1. Most dramatically, the
accumulation of H,S in the upper levels of the ocean and subsequent expulsion
into the atmosphere is a proposed mechanism for the end-Permian extinction
event 250 million years ago [42], [43]. Considering this well-characterised
toxicity, reports of endogenous H;S production in mammalian systems seem at

first counterintuitive. Such observations existed as early as the 1942 [44],
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however no attempt to interrogate or understand the implications of this
observation were made until the 1990s. Our understanding of the functional role
of H2S in normal physiology was actuated upon publication of work by Abe &
Kimura in the mid-nineties which described three major findings: HyS is
produced in healthy human brains, the enzyme cystathionine-B-synthase (CBS) is
the major producer of H,S in this tissue, and neurons exposed to a specific
concentrations of H,S had improved neuronal function [45]. With a functional
role for HyS established in neural tissue several key findings over the subsequent
decades have matured our appreciation of functional H,S in several organs
including stimulation of smooth muscle relaxation and vasorelaxation [46], [47],
modulation of the inflammatory response [48], stimulation of angiogenesis [49],
and interaction with other gaseous neurotransmitters [50], [51]. An exhaustive

timeline detailing advances in this field was compiled by Szabo in 2017 [52].
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Table 1 Health impact of exposure to various concentrations of H2S
Adapted from OSHA guidelines, United States Department of Labor [53]

Concentration (ppm)

0.00011-0.00033

0.01-5

20

100

500-700

700-1000

Symptoms/Effects

Typical background concentrations

Odour threshold, becoming more offensive at 3-5 ppm. Prolonged
exposure may cause nausea, tearing of the eyes, headaches, or loss of
sleep. Airway problems (bronchial constriction) in some asthma
patients.

Possible fatigue, loss of appetite, headache, irritability, poor memory,
dizziness.

Coughing, eye irritation, loss of smell after 2-15 minutes (olfactory
fatigue). Altered breathing, drowsiness after 15-30 minutes. Gradual
increase in severity of symptoms over several hours. Death may occur
after 48 hours.

Collapse in 5 minutes. Serious damage to the eyes in 30 minutes.
Death after 30-60 minutes.

Rapid unconsciousness within 1 to 2 breaths, death within minutes.
Near instant death at concentrations above 1000 ppm
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1.2.2 Chemical properties of H2S

H,S is a colourless, toxic, corrosive gas, which is denser than air and has a
potent odour of rotten eggs. This toxicity arises from inhibition of cytochrome C
oxidase (complex IV of the electron transport chain) resulting in a shutdown of
cellular aerobic respiration [54]. H.S is a member of the dihydrogen
chalcogenide family of compounds, which comprise two hydrogen atoms bound
to a chalcogen atom. These compounds are polar molecules with bent geometry
[55]. Whilst water is another dihydrogen chalcogenide compound, its chemistry
is highly influenced by hydrogen bonding between molecules that is not present
in other members of the family, giving water highly anomalous properties [56].
As such, the chemical properties of H,S are closer to those of the other members
of the dihydrogen chalcogenides, including hydrogen selenide, hydrogen
telluride and hydrogen polonide [57]. As a discreet, uncharged molecule HS is
lipid-soluble and can easily pass through plasma membranes, especially when
dissolved in lipophilic solvents [58]. H.S readily acts as a reducing agent, forming
HS- which can react to form many chemical species in biological tissues with a
broad range of oxidation states [59]. The oxidation state of sulfur atoms across
compounds present in biological settings is summarised in Table 2. The best
studied sulfide species in biology are broadly described by three groups: free
sulfides (including H,S gas and acid-labile sulfide), metal-sulfide clusters (most
commonly sulfur atoms bound to iron centres), and sulfane sulfide (sulfur atoms
bound to at least one other sulfur in a chain) [60]. Upon reaction with metal
ions, H2S commonly forms insoluble, solid precipitates which have been
exploited to measure HyS for decades; most notably in the use of paper
impregnated with lead (llI) acetate which reacts to form lead (Il) sulfide [61],
[62].
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Table 2 Formal oxidation state of sulfur atom(s) in common biological sulfur species.

Based on [59].

Formal Oxidation State of Sulfur Atom(s)

-2 -1 0 +2 +4 +6 Multiple
HS  RSSR  S0orSs 5=0 50,  SOs  H-SZS0SZH
Hydrogen Disulfide  Elemental Sulfur Sulfur Sulfur Poly Sulfides
Sulfide bonds Sulfur Monoxide Dioxide  Trioxide
HS R-S-OH H2S0, H,S0s H2S04 [S°-S40;3]*
Hydrosulfide Sulfenic Sulfoxylic  Sulfurous  Sulfuric Thiosulfate
Anion Acid Acid Acid Acid
R-S-H SO~ SO4>
Thiol Sulfite Sulfate
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1.2.3 Endogenous Production of H2S

Enzymatic production of H,S in mammalian tissues requires sulfur-
containing amino acids (SAA), specifically methionine and cysteine, as substrates
[63], [64]. Methionine cannot be synthesised de novo in mammals and must be
consumed in the diet. In contrast, cysteine can be synthesised from methionine
via conversion to homocysteine and also consumed through diet. Homocysteine
conversion into cysteine is referred to as the transsulfuration pathway (first
described in the context of plant metabolism, in which cysteine is converted to
homocysteine [65]). From cysteine, H,S is produced by two distinct canonical
enzymatic pathways: directly through activity of two pyridoxal-5’-phosphate
(PLP)-dependent enzymes, cystathionine-y-lyase (CSE, or CGL) and
cystathionine-beta-synthase (CBS), or indirectly through stepwise conversion into
3-mercaptopyruvate by L-cysteine:2-oxoglutarate aminotransferase (CAT) and
then HyS by 3-mercaptopyruvate sulfurtransferase (MPST, or TUM1) [66]. The
latter pathway is referred to the PLP-independent pathway as although CAT is
PLP-dependent, MPST is not. These pathways are further distinguished by their
sub-cellular localisation. CSE and CBS operate predominately within the cytosol,
although both can translocate to the mitochondria under certain stress
conditions [67]. For instance, CSE translocates to the mitochondria during
hypoxia, promoting H,S production within mitochondria and subsequently
increasing ATP production [68]. Human MPST exists in two distinct isoforms,
TUM1-1Iso1 which is exclusively found within the cytosol and TUM1-1so2, a splice
variant encoding an additional 20 amino acid mitochondrial-targeting sequence
[69]. Specific activity of mitochondrial MPST is two to three times higher than
cytosolic MPST in rat liver [70]. While the pathways described above exclusively
use the L-enantiomer of cysteine as a substrate, Kimura et al. discovered a PLP-
independent pathway for the production of HyS from D-cysteine (mainly in
cerebellum and kidney homogenates) through the action of MPST and D-Amino
acid oxidase in mitochondria and peroxisomes, respectively [71]. While L-
cysteine is the predominant, naturally occurring enantiomer of cysteine,
common food processing practices rapidly racemise L-cysteine through heat and
alkaline treatments, resulting in up to 44% conversion to D-cysteine [71]. The

biologically relevant extent of this D-cysteine pathway remains unclear but
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presents an interesting alternative to the canonical mammalian production of
H2S.
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1.2.4 Endogenous Disposal of H2S

Supraphysiological concentrations of HzS can be toxic, so efficient
removal of HS is performed by a suite of mitochondrial enzymes, collectively
termed the sulfide oxidation unit (SOU) [72]. It has been shown that SOU
actively catabolises H,S when intracellular concentrations exceed 10 nM in intact
cells, with more restrictive thresholds observed in proximity to mitochondria
[73]. However, determining a precise definition of supraphysiological H>S levels
remains challenging due to limitations in detection methods and tissue and
species specificity [74]. While the precise order of events and sulfur species
involved in HyS oxidation is still unclear, the disposal of H;S consists of a series
of oxidative reactions coupled to components of the electron transport chain
within the mitochondria, ultimately yielding sulfate which is excreted in the
urine. The first step in this pathway is the oxidation of H;S by the flavoprotein
sulfur:quinone oxidoreductase (SQR) catalytic cycle whereby the flavin co-factor
is cyclically reduced by H,S and oxidized by ubiquinone, with coenzyme Q acting
as an electron acceptor [75]. It is through coenzyme Q that H,S metabolism is
coupled to ATP generation by oxidative phosphorylation, making H,S a rare
example of an inorganic compound capable of fuelling mammalian oxidative
phosphorylation [76]. The product of this enzymatic cycle is the generation of
SQR-persulfide intermediates, which are transferred primarily to glutathione
(GSH) in human tissues, generating glutathione persulfide (GSSH) [77]. SQR is
also capable of catabolising H,S to produce thiosulfate from sulfite, although low
tissue levels of sulfite makes it unclear whether this reaction accounts for a
substantial proportion of physiological SQR activity in mammals, despite SQR
having orders of magnitude greater reactivity with sulfite compared to GSH [78].
GSSH is oxidized by ethylmalonic encephalopathy 1 (ETHE1) or thiosulfate
sulfurtransferase (TST) to form sulfite or thiosulfate, respectively. ETHE1 is a
sulfur dioxygenase, consuming O; and water as substrates to oxidise H2S [79].
TST may then reversibly convert thiosulfate to sulfite which is irreversibly
oxidised into sulfate by sulfite oxidase (SUOX). Both sulfate and thiosulfate are
removed via the circulatory system and then ultimately excreted in the urine
[80]. Overall, disposal of 1 H2S molecule requires consumption of 0.75
02 molecules: 0.5 by ETHE1 and 0.25 by Complex Il [72]. The enzymatic

generation of H,S from SAAs and its subsequent removal are detailed in Figure
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1. Of note, as mature red blood cells typically lack mitochondria, they utilize a
methemoglobin pathway for the disposal of H,S by conversion of H,S into
thiosulfate and polysulfides [81]. It remains an open question as to whether the
methemoglobin pathway for H,S oxidation found within red blood cells is utilised

in other tissues in mammals.
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Figure 1 Substrate, intermediates, and enzymes involved in the endogenous production and
disposal of H2S.

The blue region represents the cytosol, the orange region represents the matrix of a mitochondrion.
The transsulfuration pathway cycles methionine into homocysteine first, followed by enzymatic
conversion of homocysteine into cysteine. From cysteine, H2S is generated in the cytosol by CSE
and CBS. H2S can also be generated within mitochondria by the action of MPST on 3-MP, a
metabolite of cystine. H2S can freely permeate membranes including the mitochondrial
membranes. H2S disposal is carried out in mitochondria by several enzymes that comprise the
sulfide oxidation unit (SOU). The precise mechanism of the SOU remains a subject of active
research, the species and steps shown here represent just one proposed mechanism. Ultimately
H2S is oxidised into sulfate which is subsequently excreted in urine.

MAT: Methionine adenosyl-transferase, ATP: Adenosine triphosphate, PPi: Inorganic
pyrophosphate, X: Methyl group acceptor, MT: Methyltransferase, SAHH: S-adenosyl
homocysteine hydrolase, BHMT: Betaine-Homocysteine S-Methyltransferase, N3-Methyl THF:
Trimethylglycine betaine, THF: Betaine, CBS: Cystathionine-p-synthase, CSE: Cystathionine-y-
lyase, NH3: Amine, a-KB: alpha ketobutyrate, PLP: pyridoxal 5'-phosphate, Vit B6: Vitamin B6,
GOT: Glutamic-Oxaloacetic Transaminase, a-KG: alpha ketoglutarate, 3-MP: 3-Mercaptopyruvate,
MPST: 3-Mercaptopyruvate Sulfurtransferase, SQR: Sulfur-Quinone oxidoreductase, Qox:
Oxidised co-enzyme Q, Qred: Reduced co-enzyme Q, G-S-SH: Glutathione persulfide, ETHE1:
Ethylmalonic encephalopathy 1 protein, TST: Thiosulfate Sulfurtransferase, SUOX: Sulfite Oxidase,
Cox: Oxidised cytochrome C, Cred: Reduced cytochrome C.
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1.2.5 Bacterial Production of H2S

Putrefaction of decaying organic matter in anaerobic conditions results in
the production of H,S [82]. This is due to the action of a wide range of sulfate
reducing bacteria (SRB) which utilize sulfate as a terminal electron acceptor for
respiration, with the concomitant production of H,S [83]. There is a wide range
of such SRB within the microbiome of the human colon, primarily of the genus
Desulfovibrio in the class d-Proteobacteria [84]. Endogenous production of H,S in
bacteria is catalysed by orthologs of CSE, CBS, and MPST [85]. The interactions
between groups of bacteria are complex and poorly understood. SRB use a wide
range of substrates including lactate, hydrogen, short-chain fatty acids, and
amino acids, which places them in direct competition with other bacterial
species such as hydrogenotrophic bacteria, methanogens and acetogens.
However, SRB appear to dominate the use of hydrogen in the microbiome as they
are capable of catabolizing hydrogen at concentrations far lower than other
hydrogenotrophic species [86]. It is difficult to directly measure the proportion
of H,S produced by bacteria compared to endogenous enzymatic production in
tissues. Germ-free mice have 50% less measurable HS in faecal samples
compared to control mice and are capable of altering SRB-activity to
compensate for the impairment in enzymatic H;S production following a PLP-
deficient diet [87]. H2S gas produced by the microbiome in the gut can enter
proximal human tissues or the bloodstream [88]. For instance, high levels of SRB-
derived H;S inhibits butyrate oxidation, the major source of energy production in
intestinal colonocytes [89]. Furthermore, there is evidence that bacterial-
derived H,S can reduce arterial blood pressure in rats [90], and contradictory
evidence points to either a therapeutic or causative role of H,S in inflammatory
bowel disease and colorectal cancer [91]. Additionally, there is potential for diet
to influence the relative abundance of SRB, as diet has been shown to modify
microbiome composition in general [92]. However, no significant effect of short-
term adoption of diets either enriched for or deficient in SAAs was observed on
relative SRB populations in stool samples from healthy human volunteers [93],
and future studies employing longer term dietary interventions and greater
statistical power are required to further clarify this question. Finally, it has been
proposed that bacterial production of HyS protects the bacteria against oxidative

stress and may contribute to antibacterial resistance [94]. For example, Shatalin
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et al. developed novel small molecule inhibitors of bacterial CSE and found
these inhibitors improved antibiotic potency against Staphylococcus

aureus and Pseudomonas aeruginosa in vitro and in mice [94], supporting the
theory that endogenous production of H;S in bacteria might contribute to
antibacterial resistance. Research using germ-free mice is one approach that
may help provide more information regarding the relevance of SRB-derived H;S

in whole-animal metabolism and physiology.
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1.2.6 Signalling Modalities of H2S
1.2.6.1 Post-Translational Modification (Persulfidation)

Protein modification by H,S is a reversible post-translational modification
that can occur on any cysteine residue. Overall, the thiol group (R-SH) present in
cysteine is indirectly changed to a persulfide group (R-S-SH), a process known as
persulfidation or sulfhydration. The thiol group must first be oxidised to form
thiol derivatives such as sulfenic acid (R-SOH), a disulfide (R-S-S-R) or S-
nitrosothiol (R-SNO), which can then react with H,S to create a persulfidated
protein residue. A schematic showing the various thiol derivatives H,S can react
with and their subsequent products are shown in Figure 2, adapted from [95].
Persulfides are highly reactive, with a nucleophilic terminal sulfur atom and an
electrophilic inner sulfane sulfur atom [96]. Persulfidation of cysteine residues
causes conformational changes in protein structure that alter protein activity
such as the regulation of Kelch-like ECH-associated protein 1 (Keap1), which has
well characterised conformational regulation through alterations of cysteine
residues [97], [98]. Keap1 is the major inhibitor of the nuclear factor erythroid
2-related factor 2 (NRF2)-mediated antioxidant response element. In vitro
approaches have shown alteration of cysteine residues on Keap1 following
exposure to H;S leading to inactivation of KEAP1, but currently there is no
agreement on the precise residue(s) persulfidated in this process [97], [98].
Another established persulfidation target is the Kir6.1 subunit of Katp channels
which confer cardioprotective effects when activated by H,S [99]. An extensive
review of the chemistry of persulfides, their molecular targets, and role in
various tissues and diseases was compiled by Filipovic and colleagues in 2017
[100]. Persulfides decay under biologically relevant conditions, which poses a
challenge in the identification, measurement, and characterisation of
persulfidated species in biological contexts. The half-life of Cys-S-SH is
approximately 35 min at 37°C [101]. Spontaneous removal of persulfides is
caused by a disproportionation reaction between two persulfides to form a
number of sulfur-containing species including: elemental sulfur, thiols,
polysulfanes and/or H,S [101]-[103]. Additional processes that can break down
persulfides include homolysis by heat or light and enzymatic removal by the
thioredoxin system. Given these constraints it is difficult to achieve a full

understanding of the dynamics of protein persulfidation as most methods take a
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“snap-shot” of global persulfidation at one time. Despite these limitations, our
understanding of the extent of protein modification by persulfidation,
collectively termed the persulfidome, is growing. In Arabidopsis thaliana, for
example, 5% of the proteome was found to be persulfidated using modified tag-
switching protocol that employed methylsufonylbenzothiazole (MSBT) to block
both thiol and persulfide groups within the sample [104]. This was then followed
by addition of CN-biotin which does not react with MSBT adducts of thiol origin
and therefore allows for streptavidin-based pull-down of persulfidated proteins
[104]. Additionally, proteomic studies in wild-type mice have found 10-25% of
hepatic proteins to be persulfidated under physiological homeostasis [105].
Comprehensive work by Zivanovic et al. showed that a high degree of hepatic
protein persulfidation is associated with extended lifespan, augmented by
dietary restriction, and diminished with age; these trends were conserved across
model organisms [106]. Bithi et al. described tissue-specific changes in the
persulfidome of mice exposed to 50% dietary restriction and in mice homozygous
null for CSE [107]. As persulfidation can in principle occur on any cysteine
residue, and is a highly dynamic, reversible post-translational modification,
there is enormous scope for HS to modify proteins in a variety of biological

settings.
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A H2S cannot directly modify thiol groups (i.e. cysteine residues). The thiol group must first be
oxidised into a disulfide (disulfide bond formation), sulfenic acid (S-Sulfenylation), glutathiolated
cysteine (S-Glutathiolation), or a S-Nitroso Cysteine (S-Nitrosation). From these oxidised thiol
groups H2S can react to form persilfides, thiols, and a variety of by-products dependent on the type
of oxidized thiol it is reacting with. The sulfur atom from the H2S molecule is highlighted in orange
to show where in the product it incorporates. B Persulfidation is a reversible post-translational
modification and can be readily removed by action of glutathione and thioredoxin.

ROS: Reactive oxygen species, GSH: Glutathione, NO: Nitric oxide, NOH: Nitroxyl, SNOH:
Thionitrous acid, GSSH: Glutathione persulfide, Trx-S-: Thioredoxin.
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1.2.6.2 Binding with Metal Centres

HS is capable of binding to multiple metal ions, the most direct signalling
modality in its repertoire. Upon binding, the coordination, charge, and oxidation
states of the metal ion may be altered [108]. Such reactions become biologically
relevant in the context of metalloproteins which contain metal centres in their
quaternary structure. Metalloproteins represent a significant percentage of all
mammalian proteins, with recent estimates suggesting that approximately 6,600
human proteins are metalloproteins [109], or approximately a third of all protein
products. H,S reaction with haemeproteins is well established, particularly with
ferric haemoglobins but also metmyoglobins, methemoglobins, and peroxidases
[110]. In fact, the much-discussed toxicity of HS is a result of its highly efficient
inhibition of cytochrome c oxidase (COX, also known as Complex IV in the
electron transport chain). COX is a dimer formed of subunits that include two
heme, two copper, one magnesium and one zinc centre [111]. Inhibition of COX
by H2S occurs in a biphasic manner under a complex series of reactions with the
haem and copper centres, forming intermediates that are currently unresolved
[112]. Furthermore, HyS inhibits angiotensin converting enzyme by binding to a
zinc atom at the active site, with dose-dependent inhibition of this enzyme
demonstrated in protein lysates from human endothelial cells [113].
Interestingly, binding with haem centres in haemoglobin may be the major H,S
clearance pathway in red blood cells (RBCs) [81]. It is established that RBCs do
produce endogenous H,S, primarily through MPST, but as most mammals lack
mitochondria within their RBCs, they then do not possess the canonical
clearance mechanisms (see section 1.2.4). Unchecked, H,S production in the
trillions of RBCs within the circulation would inevitably result in a lethal build-up
of H,S. However, it appears that a cycle of reactions between H,S species and
haemoglobin results in oxidation of H,S into reactive sulfur species (RSS) such as
thiosulfate and hydropolysulfides [81]. A similar process appears to occur

between H,S and myoglobin in cardiac and skeletal muscle [114].
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1.2.6.3 Interaction with Other Gasotransmitters

HS is not alone as a gasotransmitter. Other compounds with similar
properties are carbon monoxide (CO) and nitric oxide (NO). These gases are also
toxic at high concentrations, are produced endogenously, and can freely
permeate plasma membranes to exert biological effects. All three
gasotransmitters are highly reactive producing various metabolites that are
collectively termed RSS, reactive oxygen species (ROS), and reactive nitrogen
species (RNS). It has become clear that these reactive chemical species can
react with metabolites and derivatives of the other gasotransmitter molecules to
form a densely interconnected web of products sometimes collectively termed
the reactive species interactome. For instance, H,S, NO and their derivatives
react to form a family of nitrothiol compounds, resulting in modulation of
signalling pathways [115]. Furthermore, each gasotransmitter can regulate the
production of the other two gasotransmitters (Figure 3). H,S stimulates NO
production through transcriptional, translational, and post-translational
interventions in the NO synthesis pathway, with reports of both elevation and
suppression of NO production [116]. The mechanism by which H,S elevates CO
production is still an area of active research but appears to involve activation of
the Nrf2-mediated response (see section 1.2.6.1) upregulating heme oxygenase
isoforms which generate CO [117]. These chemical species and intermediates are
highly dynamic which makes measuring and understanding the exact processes
involved in H2S5-NO-CO crosstalk challenging. What is clear is that such cross-talk
is an important signalling modality across a diverse range of organisms,
influencing plant growth and ripening for example [118], [119]. In mammals, the
dynamics and functions of H,S-NO-CO cross-talk are best understood in the
cardiovascular system where they exert control over inflammation, angiogenesis,
vasodilation and protection from ischemia-reperfusion injury [120], [121]. An
interesting case study in the complexity of gasotransmitter crosstalk is
demonstrated by the regulation of the activity of soluble guanylate cyclase
(sGC), a hemeprotein. Overall, the three gasotransmitters all increase sGC
activity, but the biochemistries involved in this outcome are distinct. NO is an
exceptionally strong activator of sGC, augmenting sGC activity over one
hundred-fold [122]; in contrast, CO is a far weaker activator of sGC [123]. Due to
this disparity in potency and binding strength, NO and CO compete for

dominance in their interaction with sGC: when NO concentrations are low CO is
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the predominant activator of sGC; but when NO concentrations are high CO
actually inhibits NO-induced elevation of sGC activity [121]. Distinct from this,
H2S does not directly activate sGC but instead has been shown to reduce the
heme moiety from Fe3* to Fe?*in human recombinant sGC. CO and NO only
interact with Fe?* sGC, thus H,S facilitates the activity of the other two gases by
increasing the available pool of Fe?* sGC [124]. Thus, all three gases work to
elevate sGC activity but there is considerable nuance in how this is achieved.
The remainder of this introduction will focus on the effects of just one
gasotransmitter, HyS, in health, disease and ageing. However, considering the
intricate and overlapping effects of all three gasotransmitters, we must be
mindful of the possibility that any effects attributed to H;S may in reality belong

to the unity of all three gasotransmitters.
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Figure 3 Established interactions between H2S, CO, and NO signalling pathways.

Each gasotransmitter is capable of regulating the other two. Pointed arrows represent a
stimulatory effect. Flat headed arrows indicate an inhibitory effect. H2S: Hydrogen sulfide, NO:
Nitric oxide, CO: Carbon monoxide, CBS: Cystathionine-p-synthase, CSE: Cystathionine-y-
lyase, MPST: 3-Mercaptopyruvate sulfurtransferase, eNOS: Endothelial NO synthase, HO:
Heme oxygenase, sGC: Soluble guanylyl cyclase, PKG: Protein kinase G, cGMP: Cyclic
guanosine monophosphate
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1.3 H2S and Ageing

1.3.1 Role of H2S in Normative Ageing

Exploration of the processes that underlie ageing is most easily
understood under the guidance of the hallmarks of ageing [125], a landmark
review that proposed nine discrete categories of biological processes that are
conserved in organismal ageing. A recent review by Perridon et al. considered
the impact of HzS on each of these hallmarks in turn and collected evidence
showing direct, H;S-mediated protection from all ageing hallmarks except for
telomere attrition, for which no studies had been published [66]. This
introduction will not aim to repeat the work previously published but instead
assess subsequent publications concerning the effect of H;S on specific tissue
ageing. Whilst it is probable that the dynamics of H,S production and activity are
altered throughout age in most tissues of the body, recent papers have focussed

on a few select organ systems including the heart, brain, and kidneys.

1.3.1.1 Cardiovascular Ageing

The typical progression of cardiovascular ageing is initiated by endothelial
dysfunction, leading to vascular dysfunction, increased severity of
atherosclerosis, and subsequently cardiovascular diseases (CVDs) including
stroke, hypertension, and coronary heart disease [126]. Key molecular
mechanisms that drive this pathological progression are under the influence of
HS including: signalling through Nrf2, SIRT1, and AMP-activated protein kinase
(AMPK)/mTOR; activation of potassium channels; and regulation of
mitochondrial biogenesis by the peroxisome proliferator-activated receptor-y
(PPARY) coactivator-1a (PGC-1a) [127]. Furthermore, exposing cells and mice to
H2S can ameliorate age-associated vascular ageing [128]. Treatment of cultured
endothelial cells with nicotinamide mononucleotide (NMN, an NAD*-elevating
supplement) improves vascular remodelling in response to ischemic injury and
enhances endurance and capillary density in old mice, effects that are
augmented by co-treatment with H;S-donating compounds [128]. The
augmentation of vascular health by NAD* and H2S boosting treatment is
unsurprising due to the convergence of these signalling pathways through SIRT1.

However, the same authors also reported that treatment with HyS in isolation
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enhanced basal mitochondrial respiration levels in HUVEC cultures, an effect not
seen when using NMN [128]. This indicates that H;S has protective effects
independent of NAD. Other evidence for a protective role for H,S in cardiac cell
culture models include improved glucose utilization, improved metabolic
efficiency of glycolysis and the citric acid cycle, and protection against induced
cardiomyocyte hypertrophy [129]. Furthermore, CSE expression and H;S
production were found to be reduced in a model of aged primary rat
cardiomyocytes [130]. Treatment of these cells with sodium hydrosulfide (NaHS,
a H,S-donating compound) improved cardioprotection in response to ischemia-
reperfusion events via inhibition of mitochondrial permeability transition pore
opening and improved mitochondrial membrane potential [130]. Peleli et al.
used a mouse model with knock-out (KO) of MPST, one of the three enzymatic
producers of HyS (see section 1.2.3), to study the effect on sulfur-containing
chemical species [131]. In these MPST KO mice there was no significant effect on
H2S, polysulfides, or sulfane sulfur level in heart tissue, nor did it affect blood
pressure or vascular reactivity relative to wild-type controls, but elevation of
several cardiac ROS markers was seen [131]. However, while some positive
cardioprotective phenotypes were observed in these mice at 2-3 months of age
(including protection from ischemia-reperfusion injury, IRI), deleterious
phenotypes (including hypertension, cardiac hypertrophy, reduced myocardial
nitric oxide production) were reported at 18 months of age [131]. The authors
suggest that the cardioprotective effects in young mice could be explained by
increased cardiac ROS levels providing a pre-conditioning against IRI, whereas at
old age it appears that ablation of MPST is deleterious to heart function. This
study is the first to investigate the cardiovascular phenotype in MPST KO mice
and further studies should aim to extend understanding in the role and

pathophysiology of MPST in the onset of age-related heart disease.
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1.3.1.2 Neurological ageing

As neuromodulation was the first functional role described for endogenous
H2S in humans [45], it is unsurprising that H,S is implicated as a key player in
brain ageing. One conduit for multiple neuropathological processes is the
receptor for advanced glycation end-products (RAGE). RAGE is among several
receptors that bind to advanced glycation end-products, proteins and lipids that
have been modified by reaction with sugar molecules in a non-enzymatic manner
that accumulate in tissue with age, including the brain [132]. It should be noted
that while the transmembrane forms of RAGE are implicated in neurotoxic
signalling, soluble forms of RAGE have instead been shown to confer
neuroprotective effects, in part due to inhibition of membrane-associated RAGE
[133]. RAGE also binds to beta-amyloid, engendering deleterious effects and, as
such, has drawn interest as a potential target in the treatment of Alzheimer’s
disease [134]. Treatment with exogenous HS in cells has been shown to inhibit
stabilisation of membrane-associated RAGE dimers; the modality for this
inhibition was direct persulfidation of a cysteine residue on RAGE [135]. Beyond
RAGE signalling, other ageing processes are subject to H;S regulation in neural
cell systems. In a cell culture model of hyperglycaemia-induced hippocampal
senescence, treatment of cells with a H;S donor resulted in a reduction of
senescence markers and improved autophagic flux in a SIRT1-dependent manner
[136]. HJS also influences synaptic plasticity, as shown by Abe & Kimura’s work
on H,S-facilitated long term potentiation (LTP) [45]. Thus, stimulation of N-
Methyl-D-aspartic acid (NMDA) receptors in active rat hippocampal synapses was
augmented by AdoMet, a CBS activating compound [45]. More recently, Lu and
colleagues [137] screened a group of aged mice on cognitive ability and showed
CBS protein levels were significantly lower in the group with impaired cognition
and that the cognitive impairment in these mice was rescued following
administration of a HyS donor (NaHS). These effects were associated with altered
sensitivity of metabotropic glutamate receptors to local calcium levels [137],
likely due to H,S modulation of neuronal calcium homeostasis [138]. Similarly,
the ability of rats to learn an adaptive associative response to fear conditioning
was dependent on endogenous HzS production by CBS [139]. When CBS was
inhibited by hydroxylamine or amino-oxyacetate, amygdalar and hippocampal
H2S levels were reduced, NMDA-receptor mediated LTP was significantly

impaired, and cued fear conditioning responses were dampened. All these
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effects were rescued by application of H,S donor compounds, even in the
presence of CBS inhibitors, indicating that the loss of H;S production is what
mediates these effects. In agreement, a similar reduction in fear conditioning-
stimulated LTP due to reduced tissue H;S production and reversal of this effect
by application of a sulfide donor was observed in synaptic plasticity in aged rats
[140]. H:S also modulates the biological response to ischemic stroke, which
accounts for over 80% of all strokes [141]. Both endogenous and exogenous
sources of H;S confer neuroprotective effects at low doses and deleterious
effects at higher doses. For instance, H,S production via CBS is greatly elevated
following stroke and inhibitors of CBS activity reduced infarct volume in rat
models of stroke, whereas administration of H,S donating compounds increased
infarct volume [142]. However, elevated H,S activity ameliorated deleterious
pro-inflammatory response coordinated by microglia, a major contributor to the
cerebral IRI pathology. Inhalation of a low dose of H,S for 3 hours immediately
after induced cerebral IRl in rats resulted in suppression of this inflammation
response through protein kinase C-dependent reduction in aquaporin 4 protein
expression, resulting in a reduction in ischemia infarct size and improved

neurobehavioral outcomes [143].

1.3.1.3 Renal ageing

H2S production in the kidney is driven by CSE and CBS activity with
expression of these enzymes concentrated particularly in the proximal tubule
[144]. As H,S production through these enzymes is part of the transsulfuration
pathway there is overlap with homocysteine metabolism which is associated with
mortality in late-stage kidney disease [145]. Given the kidney’s role in filtering
blood content, it is unsurprising that they are sensitive to nutritional intake.
Various studies demonstrated a link between diet composition and renal ageing,
with amino acid content emerging as a key driver. Dietary restriction (DR) is the
most well characterised intervention for improving health and lifespan (see
section 1.3.2.1) and typically involves a reduction in gross calories consumed
within a set period [146]. However, recent studies have highlighted a specific
requirement for restriction of essential amino acids (EAA) in DR protocols for
renal protective effects to occur [147]. In a study by Yoshida et al. mice were
placed under ‘simple DR’ (40% reduction in calorie intake) and DR with

supplementation of EAAs (DR+EAA) or non-essential amino acids (DR+NEAA)
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[148]. They found that while DR and DR+NEAAs groups displayed extended
lifespan and protection from tubulointerstitial lesions, these effects were lost in
groups subjected to DR+EAA supplementation. More specifically, they found that
excluding methionine from the EAA supplementation was sufficient to restore
DR-induced benefits in longevity, kidney aging and oxidative stress, and was
correlated with an increase in tissue H2S levels and increased CSE gene
expression. Wang et al. similarly found that methionine restriction alone was
sufficient to extend lifespan and improve markers of renal ageing in mice. Their
mechanistic investigations suggest that AMPK-dependent H,S signalling protected
kidney tissue from onset of senescence [149]. Additionally, various histological
and functional markers of renal ageing were described in both male and female
marmosets between ~3 and 16 years of age, with these changes correlating with
an age-associated reduction in CBS protein levels across both sexes, although a
significant reduction in HzS production was observed only in male marmosets
[150]. Another major consequence of renal ageing is acute kidney injury (AKI),
which is driven in part by IRI [151]. A single incidence of AKI has profound
implications for mortality; hospital patients with AKI commonly have 30-40%
mortality rates and as high as 60% for AKI patients admitted to intensive care
units [152]. Renal IRl can be ameliorated by the action of H;S and NO signalling
which improve blood flow by causing local vasodilation, inhibiting inflammatory

cytokines, and reducing ROS production [153].
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1.3.2 H2S in Lifespan Extension

Ageing is plastic and modifiable by a variety of environmental, genetic,
and pharmaceutical interventions [146]. This section will consider established
lifespan extension interventions and assess the potential mechanistic role of H,S

in their modulation of biological ageing.

1.3.2.1 H:2S in Dietary Restriction

Dietary restriction (DR) is an umbrella term for a panel of interventions
that have been known to consistently improve longevity across taxa for more
than 100 years [154]-[156]. The conservation of this response suggests an
evolutionary origin of longevity through DR, best understood through the
framework of the disposable soma, mutation accumulation, and antagonistic
pleiotropy theories of ageing, among others [157], [158]. A summary of common
dietary restriction protocols is given in Table 3. In addition, DR typically confers
significant health benefits, and improves late-life health by reducing the
incidence and/or trajectory of a number of age-related pathologies, including
cognitive decline, metabolic syndrome, cardiovascular disease and many cancers
[154], [159]. Many of these health benefits are also observed in non-human
primates exposed to life-long DR [159]. However, longevity gained by long term
DR comes at the cost of neurological health, with cognitive defects found in rats
and atrophy of grey matter volume in primates [160], [161]. Critically, many of
the positive health benefits found in model organisms under DR are replicated in
humans under DR protocols that carefully supply 100% of essential daily
nutrients, but the impact on lifespan is currently unknown [154], [155]. The
application of DR as a preventive therapeutic tool in humans is promising [162]
but remains a challenge, largely due to the difficulty in avoiding accidental
malnutrition. Additionally, DR is known to come at a cost in humans with not
inconsiderable drawbacks including infertility, sarcopenia, osteoporosis, and
reduced immunity [163]. As such, the challenges of applying DR in the wider
human population are prohibitive and we may be better served by gaining an
understanding of the mechanisms that underlie DR and designing therapeutics

targeting them more selectively.
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Table 3 Description of common dietary restriction protocols

Method Abbreviation Description

Ad Libitum

Weight Maintenance

Dietary Dilution

Calorie Dilution

Protein Dilution

Calorie Restriction

Dietary Restriction

Protein Restriction

Methionine Restriction

Intermittent Fasting

Every-Other-Day
Feeding

AL

WM

DD

CcD

PD

CR

DR

PR

MR

EOD

Food freely available, potential for overeating
and onset of obesity. Often used as a control

group.

Animals given small (5-10%) reduction in food to
prevent onset of obesity

Inert indigestible component forms part of
dietary intake, maintains feed volume but
reduces calories

Overall calorific content is reduced, often offset
by an increase in dietary proteins

Overall protein content reduced. Sometimes
limited to essential amino acids

Reduction in overall calorie intake with same
food volume. Animal is incapable of meeting
total daily energy requirements

Reduction in overall food intake volume, feed
composition is same as AL. Animal is incapable of
meeting total daily energy requirements

Reduction in overall protein intake with same
food volume. Sometimes limited to essential
amino acids

Restriction of essential amino acid Methionine
exclusively. Total calorie and other amino acid
intake is the same as AL

Fasting periods of 24 hours without access to
food. Number of fasting periods is 50% or less of
the total days in the protocol

Fasting periods of 24 hours without access to
food every second day.
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Our understanding of the mechanisms that underpin the effect of DR on
lifespan remain imprecise despite decades of investigations. Several studies
identified H,S as a potentially conserved mechanism underlying DR-induced
longevity and healthspan improvements. In a series of seminal papers led by Dr
James Mitchell, the positive effects of multiple DR regimes were dependent on
elevated H,S production in yeast, worms, fruit flies and mice [164]-[168]. It is
also clear that the effects attributed to DR can largely be recapitulated by the
excision of specific dietary components from the diet, even if total calorific
intake is maintained [169]. Such interventions include restriction of total
protein or tryptophan intake, but perhaps the best studied is methionine
restriction, which appears to be closely tied to the transsulfuration pathway and
H2S homeostasis [154]. Lifelong methionine restriction in mice protected against
renal senescence and elevated endogenous H,S production, with complementary
in vitro assays indicating a mechanistic role for H;S in this protection [149].
Given that the sulfur-containing amino acids (methionine and cysteine) are the
canonical sources for endogenous de novo H,S production, it is perhaps
unsurprising that restriction of methionine modulates H2S production. However,
it is counterintuitive that restriction of the dietary source for de novo HxS
synthesis ultimately results in elevation of H,S levels; a conundrum that has
several possible solutions but no concrete answer to date [165]. One resolution
to this apparent contradiction is that DR reduces hypothalamic-pituitary
signalling, which functions partly through the inhibition of H,S production by
growth hormone and thyroid hormone at the transcriptional and protein levels
respectively [170]. As such, DR-mediated reduction in growth and thyroid
hormone release may reduce inhibition of H,S production enzymes. One
alternative explanation for the observation that reduced calorie intake elevates
H>S levels despite reduced pools of SAAs is that elevation of autophagic
processes under nutrient-limiting conditions generates the substrate pool for H,S
biogenesis. DR and fasting interventions have been shown to elevate autophagy
processes across tissues in mice and humans [171]. Indeed, induction of HyS
biogenesis under DNA damage stress has been demonstrated to be a autophagy-
dependent response in vitro [172], and cysteine pools are maintained through
autophagic processes in pancreatic cancer [173]. Methionine has also been
shown to indirectly inhibit induction of autophagy by elevating S-

adenosylmethioine (SAM) levels, which in turn promotes methylation of protein
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phosphatase 2A, leading to autophagy inhibition[174]. Together, these studies
support the premise that elevated autophagy replenishes the cellular cysteine
pool, allowing for the generation of H,S under nutrient-limiting conditions. More
studies that directly measure H,S levels under such conditions are required to

definitively support this.

1.3.2.2 H>S in Dwarf Mouse Models

Beyond dietary interventions, various mutations in model organisms
confer significant longevity and healthspan benefits. In fact, the Ames dwarf
mouse has the longest extension in lifespan achieved by genetic, dietary, or
pharmaceutical intervention with mean and maximal lifespan increase of over
45% in both sexes [175]. The dwarf mouse models have genetic disruption of
anterior pituitary gland function either through mutations in transcription
factors like Pit1 and Prop1 (as in the Snell and Ames dwarf mice models,
respectively) or in growth hormone signalling receptors such as growth hormone
receptor and growth hormone releasing hormone receptor, both of which result
in long lived dwarf mice [175]-[177]. There have been relatively few studies that
tie the reduced pituitary signalling phenotype to the action of HS, with the
notable exception of Hine et al. who showed that both the Snell and Ames dwarf
models had upregulation of H;S production pathways [170]. This is in part due to
ablation of the transcriptional regulation of CSE and CBS expression by thyroid
hormone signalling and through substrate availability control by autophagic
processes respectively, in Dwarf mice [170]. This correlates well with previous
research that used labelled metabolites to demonstrate an increase in flux of
methionine through the transsulfuration pathway in Ames mice [178]. These
studies unveiled a rerouting of metabolism through transsulfuration in the liver,
brain, and kidneys of the mice with a concomitant, but non-significant, increase
in hepatic CSE gene expression compared to wild type controls [178]. Hepatic
CSE specific activity is also elevated in Ames mice [179]. The expected result of
this altered metabolism is that the Ames mice will have an elevated pool of
cysteine from which H,S can be generated, which may contribute to the findings
of Hine et al. that these mice have improved H>S production capacity [170].
Interestingly, while restriction of dietary methionine extended lifespan and
increased hepatic HS levels in many models, the Ames models showed no

increased lifespan on a methionine-restricted diet [180]. H.S levels have not
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been measured in Ames mice under methionine-restricted conditions, however
Brown-Borg et al. showed that much of the rerouting of metabolic processes
through transsulfuration observed in Ames mice was unaffected by methionine
restriction [181]. This was opposed to the expected upregulation of
transsulfuration as seen in wild-type animals on methionine restriction [181].
From this we could infer that intact growth hormone signalling is essential for
‘sensing’ dietary amino acid abundance and plays an important role in
coordinating altered metabolism in response to differential methionine
abundance. Further work is required to assess if H,S plays a role in this proposed
mechanism for growth hormone regulation of methionine metabolism as well as

in the extraordinary lifespan extension of growth hormone mutant mice.
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1.3.3 H2S in Longevity through Pharmaceutical Intervention

Longevity is plastic in response to a variety of pharmaceutical
interventions, and chief among these are inhibitors of nutrient sensing pathways
such as Rapamycin (targets mTOR signalling), and the anti-diabetic drugs
Metformin (targets AMPK signalling) and Acarbose (targets IIS signalling) [154].

HS signalling overlaps with all of these mechanisms.

1.3.3.1 Rapamycin and mTOR Signalling

Within the context of mTOR signalling, H,S can be either stimulatory or
inhibitory, as recently reviewed [182]. This is counterintuitive as both H,S and
Rapamycin were implicated as pro-longevity molecules and therefore we might
anticipate they would both act upon the mTOR pathway in a similar manner i.e.
suppression of mTOR activity. This is the case in some instances, such as a study
in brain tissue from diabetic mice where treatment with a H;S donor elevated
protein synthesis by inhibiting mTOR signalling and increasing autophagic
processes [183]. Further, exogenously increased H;S concentration induces
autophagy in cells and is associated with inhibition of TOR activity [184], [185].
However, contradictory studies showed an anti-autophagic role for H;S via mTOR
signalling with myriad effects ranging from rescuing high-fat diet induced liver
disease, protecting against diabetic myopathy, stimulating angiogenesis, and
stimulating osteoclastogenesis [186]-[189]. Along with conflicting results in
mTOR signalling, we lack a full appreciation of the effect of Rapamycin on H,S
production pathways. To date only one study has investigated this, using
Rapamycin in Saccharomyces cerevisiae and human cells [190]. The authors
found that Rapamycin inhibited H,S production through depression of CSE and
CBS gene transcription in both cell models, indicating a conserved role of
Rapamycin in regulating H2S generation [190]. More work is required to test how
conserved this response to Rapamycin treatment is across tissues and species.
There also remains a lack of studies that combine Rapamycin and HxS-donors.
Such approaches offer an additional understanding of how these compounds co-
interact with mTOR signalling. One example of such an approach used a human
hepatocellular carcinoma cell line and treatment with Rapamycin and a HS-
donor separately or in combination [191]. Wang et al. also found that both

treatments inhibited mTOR signalling and stimulated anti-tumour autophagic and
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pro-apoptotic pathways and were additive when used in combination. The sum
of work performed by researchers has confirmed the theory that longevity
through Rapamycin inhibition of mTOR is subject to regulation by H,S. However,
further studies are required to dissect out the precise conditions where HxS
modulates mTOR in alighment with Rapamycin, in opposition, or whether there

is @ more nuanced interaction between these molecules.

1.3.3.2 Metformin and AMPK signalling

Metformin is another putative lifespan-extending drug that interacts with
HS signalling. Metformin’s mechanism of action remains only partially resolved,
but appears to operate largely through activation of AMPK (which in turn inhibits
mTOR and IIS signalling pathways) [192]. Early studies showed that there was a
correlational link between metformin treatment in mice and elevation of H,S
levels in brain, heart, kidney, and liver tissues [193]. Following this discovery,
the role of H,S in the pharmacological activity of AMPK signalling and metformin
treatment was studied in earnest and this body of work was collected in a 2017
review [194]. How metformin increases H,S levels is becoming increasingly
apparent and appears related to the ability of metformin to remodel DNA
methylation patterns [195]. Work by Ma et al. showed that a high methionine
diet (methionine forming 2% of diet) resulted in elevation of plasma
homocysteine levels and a reduction in plasma H:S levels, effects that were
rescued by metformin treatment [196]. Complementary cell culture assays
suggest that metformin treatment removes homocysteine-stimulated
hypermethylation of the CSE promotor region, resulting in greater mRNA and
protein expression of CSE and elevation of H,S production [196]. Similarly, a
metabolomics study in rats found that metformin treatment ameliorated
oxidative liver damage caused by exposure to bisphenol A through elevation of
CSE and CBS levels [197]. Our emerging understanding of the transcriptional
control of HyS producing genes presents a clear connection between metformin
and HzS production. However, as the modes of action of metformin remain only
partially understood, more work is required to fully understand the interplay

between HS, AMPK signalling, and metformin.
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1.3.3.3 IIS signalling

Acarbose inhibits carbohydrate digestion and glucose absorption and is
known to extend maximum lifespan in male and female mice, but only extends
median lifespan in males [198]. There is currently a lack of studies interrogating
the interaction of Acarbose with H,S. This presents a potentially fruitful area of
novel research as HS is already known to modulate insulin signalling and whole-
animal glucose metabolism across tissues, cellular processes that appear
intimately linked with longevity [199]. As with other sighalling pathways, the
effects of HyS are complex, with independent studies reporting either protective
or deleterious effects [200]. The endogenous production of H,S in adipose cells
was first described by Feng et al. who showed that elevated CSE expression and
H2S production was correlated with insulin resistance in rats, suggestive of a
deleterious diabetic phenotype associated with HxS expression in adipocytes
[201]. Similar results were found in a hepatocyte cell line and primary mouse
hepatocyte studies which showed that supraphysiological levels of H;S, either
through H,S donor compounds or adenovirus-induced overexpression of CSE,
negatively impacted glucose uptake and storage as glycogen [202]. These effects
were attributed in part to inhibition of both the AMPK and IIS signalling pathways
[202]. Finally, pancreatic beta-cells under chronic exogenous H;S treatment
exhibited suppression of insulin secretion and were protected against oxidative
stress-induced apoptosis via elevated glutathione content and reduced ROS
[203]. The authors suggest that this cytoprotection may constitute a homeostatic
response to maintain islet beta-cell numbers in the presence of cytotoxic
extracellular glucose concentrations (which is common in patients with
uncontrolled Type 1 diabetes), but at the cost of reduced insulin secretion [203].
However, many other studies implicate a protective role of H,S in insulin
signalling pathways. Studies in a mouse myoblast cell model of insulin resistance
found a reduction of HyS production, despite elevation in CSE protein levels
[204]. Treatment of these cells with exogenous H>S improved insulin sensitivity
and mitochondrial function in part through phosphorylation and activation of the
insulin receptor pathway [204]. CSE activity and H2S production in adipocytes
also mediated translocation of glucose transporter 4 (GLUT4), an essential step
in the effective uptake and utilisation of glucose [205]. Work by Xue et al.
showed that H,S donor treatment increased activation of insulin receptor and

improved glucose uptake in adipocytes and myocytes and that chronic H,S donor
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treatment decreased blood glucose, improved insulin sensitivity and glucose
tolerance, and elevated phosphorylation of insulin signalling pathway enzymes in
a diabetic rat model [206]. However, the beneficial effect of H;S donors on
whole animal carbohydrate metabolism is contradicted by Gheibi et al. who
showed that chronic administration of H2S donor compounds in a type 2 diabetic
rat model resulted in dose-dependent impairment of glucose tolerance, pyruvate
tolerance, and insulin secretion [207]. These two rat studies underline the
importance of H,S donor concentration in interpretation of the biological effects
of HyS. The Xue et al. paper used NaSH over the range of 168-670 pug/Kg/day for
10 weeks, whereas the Gheibi et al. study used a higher range of 280-5600
pg/Kg/day for 9 weeks. The majority of the deleterious effects of chronic NaHS
treatment reported by Gheibi et al. were found in the highest dosage groups,
indicating that their treatment range may well approach the dosage at which
NaHS begins to confer deleterious or toxic side-effects. The often-contradictory
work compiled to date shows that the interaction between H;S and the
molecular, cellular, and physiological role of insulin signalling remains poorly
understood and contradictory. As such, any potential overlap between H,S and
Acarbose in improving longevity and late-life health remains unresolved and
more work is required to investigate this potentially lucrative signalling

commonality.
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1.4 The Potential for H.S Therapeutics against Ageing

With the accumulated evidence that H,S is central to physiology and
pathology across species and tissues, the inevitable question is whether we can
leverage our understanding of H,S to design translational interventions,
potentially even as a treatment against ageing [208]. Studies that show clinically
relevant roles for H,S in age-related diseases have fuelled this discussion. One
such example is critical limb ischemia (CLI), the end stage of peripheral arterial
disease which is fast becoming a major morbidity in the aging population, with
incidence increasing at twice the rate of global population growth and a higher
global incidence than cancer, dementia, HIV/AIDs, and heart failure [209]. Islam
et al. examined gastrocnemius tissues sampled from post-amputation limbs of
patients with CLI to interrogate regulation and signalling of H,S in these patients
[210]. CLI patients showed decreased transcription of CSE, CBS, and MPST
mMRNAs, reduced H,S and sulfane sulfur levels, a reduction in NRF2 activity and
transcription of its target genes such as catalase and glutathione peroxidase and
an increase in markers of oxidative stress such as malondialdehydes and protein
carbonyls [210]. While their study was limited by the difficulty in obtaining
human control samples from amputees without CLI, the results show a
potentially pathological role of dysregulated H,S production and signalling in a
clinical setting. Further work is required to develop this understanding and
attempt H,S-based therapies for this growing clinical population. Another major
clinical presentation in the ageing population is the increased risk of
osteoporosis. A genome wide association study (GWAS) identified nonsynonymous
single nucleotide polymorphisms in the HxS oxidising enzyme gene SQR as a
susceptibility variant in postmenopausal osteoporosis in Korean women [211].
Validation studies in a preosteoblast cell line found overexpression of this
variant improved markers of osteoblast differentiation [211]. The study did not
have a direct measure of H,S in individuals with this variant and so could not
determine for certain if the variant resulted in an increase or decrease in the
H>S oxidation activity of SQR. Nonetheless, this implicates H>S in osteoblast
maintenance. This is supported by other studies that have described conflicting
roles for H,S in bone remodelling [212], [213]. Further, a GWAS meta-analysis of
age-related hearing impairment identified CSE as one of the 7 loci that was

reproducibly identified as a candidate in the onset of hearing loss [214], while
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another identified a variant in the promotor region of CBS in peripheral
neuropathy caused by chemotherapy treatment of multiple myeloma [215].
These studies help foster the potential for H,S-based therapies as they suggest a
role for HyS in many age-related pathologies and provide novel targets for drug

development.

The emerging understanding of how H,S exerts influence over clinically
relevant biological processes raises hopes for the development of a new class of
therapeutics. However, several major obstacles prevent this from being
immediately achievable. The chemical nature of H,S itself poses the greatest
challenge to its use as a therapy. The volatility of HzS impedes its study in basic
research as H,S gas readily escapes into the air on the bench. Further, as HyS
reacts so readily with a wide range of other chemical species, it would prove
challenging to control off-target effects in a potential H,S-based therapy. Of
greatest concern, however, is the powerful inhibition of COX by HS. It has been
proposed that the regulation of H,S production and oxidation is so well
conserved across species largely due to the necessity to precisely modulate
intracellular HyS levels to avoid toxicity by COX inhibition. There may be some
hope, however, that chronic administration of H;S need not be toxic. Reed et al.
investigated cognitive outcomes in the urban population of Rotorua, New
Zealand where residents have been exposed to unusually high atmospheric
concentrations of volcanic H,S for decades [216]. As HS is a known
environmental toxin, they spilt the study population into quartiles based on
estimated H,S exposure, with the hypothesis that the highest exposure quartile
(31-64 ppb) would have reduced cognition compared to the lowest quartile (0-10
ppb). However, they found that areas of the city with the lowest exposure to
ambient H2S had no significant reduction in measures of cognition while those
exposed to the highest levels of ambient H;S actually showed better
performance in reaction time and the digit symbol tests [216]. Related studies
on the population of Rotorua found no association between HzS exposure and
asthma risk, peripheral neuropathy, cancer incidence, and actually indicated a
potential protective effect against Parkinson’s disease [217]-[220]. While these
studies are indicative of safe, long-term exposure to H;S in humans, there are
limitations in their design including the difficulties in estimating the ambient H,S

levels throughout the decades, misclassification of individuals into the wrong
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exposure group, and it is impossible to confirm causality for any of the observed
effects as the studies were epidemiological in nature. These limitations
necessitate further study to best understand the therapeutic window for safe
and effective H,S exposure. The challenges of H,S therapies and the positive and
negative considerations for each of the established H,S-donating compounds was
reviewed recently [221]. Given these challenges, any progress in the
development of H,S therapies is contingent on better measurements of tissue
H2S concentrations in vivo, improved resolution of flux through H,S production,
oxidation, and signalling, establishment of the therapeutic window for HxS
compounds, and innovations in the administration and targeting of H,S in
therapies. These are not insubstantial open questions for the field but given the
rapid rise in interest of H,S biology in recent years, our understanding of these

questions is likely to expand greatly.
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1.5 Future Directions and Conclusions

Increasing evidence shows that HS is integral to multiple healthspan- and
lifespan-extending interventions, whether dietary, pharmacological, or genetic
in nature. This is due to the capability of H;S to participate in a multitude of
biological processes by virtue of its diverse signalling modalities. There is a high
degree of evolutionary conservation across taxa to produce H,S itself through the
transsulfuration pathway and in the signalling pathways it interacts with.
Together, these attributes implicate H:S as a powerful modulator of healthspan,
severity of disease, and longevity. However, there are many aspects of our
understanding that remain vague. Most prominently, due to the short half-life
and chemical promiscuity of HS it is extremely challenging to obtain accurate
measures of H;S and related chemical species in vivo. This limitation means that
while we are increasingly certain of a correlation between H;S and various
markers of longevity, it is difficult to ascertain which specific chemical species
confers the observed effects and where these effects are occurring at the tissue,
cellular or even sub-cellular level. In addition, while this review has focussed on
the many beneficial effects of HS, it should not be forgotten that excessive
levels of H,S are extremely toxic in biological systems. As such, future research
should focus on better understanding the precise mechanisms by which HxS
operates and the development of more sophisticated methods for measuring in
vivo H,S levels. Only once these advancements are made can we begin in earnest

to work towards H,S-based therapeutics.
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Chapter 2 Methods and Materials

2.1 Mouse models

2.1.1 ILSXISS recombinant inbred mouse strains, dietary
restriction and experimental design

The ILSXISS strains TejJ89, TejJ48 and TejJ114 were purchased from the
Jackson Laboratory (Bar Harbour, Maine, URL: http://www.informatics.jax.org)
as breeding pairs and experimental cohorts subsequently bred at The University
of Glasgow. As previously discussed [222], female mice from strains TejJ89,
TejJ48 and TejJ114 showed repeatable directional effects (TejJ89 lifespan
extension under DR, TejJ48 lifespan unaffected under DR, TejJ114 lifespan
shortening under DR) on lifespan following 40% dietary restriction (DR) across 2
independent studies, but that no strain-specific differences in lifespan were
reported when these mice were maintained on an ad libitum (AL) diet [223],
[224]. It should be noted that several potential shortcomings to experimental
design of these original studies have been identified [225], not least that 40% DR
may simply be sub-optimal in TejJ48 and TejJ114, and that lifespan extension in
these strains is likely to be seen at a higher or lower level of DR; these dose-
response experiments are still to be undertaken [225]. However, for the
purposes of this study | was interested in whether there was a relationship
between H,S production and reported lifespan under 40% DR. Female mice were
used for all experiments because lifespan was only determined in females across
both original studies [223], [224]. In addition, | also examined components of the
HS signaling network in female C57BL/6J mice that followed a similar long-term
40% DR protocol, to further examine potential strain-specific effects. It has
previously been shown that hepatic H;S production is increased female C57BL/6J
mice under 40% DR [226]. All mice were maintained from weaning onwards at
22+2°C and on a 12L/12D cycle (lights on 0700-1900h) in groups of 4 mice within
shoebox cages (48cmx15cmx13 cm), with AL access to water and standard chow
(CRM(P), Research Diets Services, LBS Biotech, UK; Atwater Fuel Energy-protein
22%, carbohydrate 69%, fat 9%). 10% DR was introduced in a graded fashion from
10 weeks of age and then held at 40% DR from 12 weeks onwards, with the food
intake of the DR cohorts was adjusted on a weekly basis relative to the average

weekly AL food intake of the appropriate (strain-specific) AL controls [222],
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[227]. Following 10 months of 40% DR (13 months of age) female mice were
fasted overnight and culled using cervical dislocation under a UK Home Office
Project Licence (60/4504) and following the “principles of laboratory animal
care” (NIH Publication No. 86-23, revised 1985). Tissues were immediately

dissected out, snap-frozen in liquid nitrogen and stored at -80°C until use.
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2.1.2 Hutchinson Gilford Progeria Syndrome (HGPS) animal
model, high-fat diet, and experimental design

Mice carrying the human HGPS single-base mutation (LMNA®%096-/+) were
generated on a C57BL/6N background by Prof. Carlos Lopez-Otin (Universidad de
Oviedo, Spain) [228]. Heterozygous LMNAS%®0%G-/+ female and male mice were
obtained from the Otin lab and subsequently bred in the laboratory of Prof.
Susana Gonzalo (Saint Louis University, MO, US) to generate wild type (WT)
control mice and homozygous LMNAG609G+/66096+ mice  referred to simply as
G609G mice hereafter [229]. All animal studies were approved (protocol #2299)
and conducted in accordance with the Animal Studies Committee at Saint Louis
University. Mice were housed at a constant temperature of 23°C with food and
water provided ad libitum under a 12:12 light-dark cycle. Litter mates of G609G
genotype were randomly assigned into one of two diet groups and fed either
regular chow (RC) or high fat diet (HFD) immediately post-weaning
(approximately 3 weeks of age)- diet composition for diets is provided in Table
4. Mice were culled by cervical dislocation at either 70 days (WT, males, n=4),
100 days (G609G RC, females, n=4) or 150 days (G609G HFD, females, n=4).
Immediately following death, the liver was collected, snap-frozen in liquid
nitrogen and stored at -80°C. Tissue samples were subsequently shipped to

University of Glasgow for analysis.
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Table 4 Composition of regular chow and high fat diet [229]

Regular Chow (RC) High fat diet (HFD)
Supplier LabDiet ResearchDiets
Diet Reference Number 5053 D12492
kcal/g 3 5.2
Protein (% kcal) 24.5 20
Carbohydrates (% kcal) 62.4 20

Fat (% kcal) 13.1 60
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2.1.3 RNA Polymerase lll heterozygous knock out animal model

2.1.3.1 Dietary restriction and experimental design

C57BL/6N-Polr3bem7(IMPC)Tcp mice (henceforth referred to as Polr3b
Het KO mice) were generated by The Centre for Phenogenomics (Toronto,
Canada) as breeding pairs and experimental cohorts subsequently bred at The
University of Glasgow. Mice were maintained from weaning onwards at 22+2°C
and on a 12L/12D cycle (lights on 0700-1900h) within individually ventilated
cages (48cmx15cmx13 c¢cm), with AL access to water and standard chow (CRM(P),
Research Diets Services, LBS Biotech, UK; Atwater Fuel Energy-protein 22%,
carbohydrate 69%, fat 9%). For mice in the dietary restriction experiment, n = 8
mice from WT or Het genotypes were assigned into DR or AL groups at 7 months
of age such that there was no difference between mean body weights in each
group. 1 mouse in the Het DR group was culled due to recurrent severe
dermatitis and genital ulceration before onset of DR feeding. The DR groups
were kept individually housed for an adjustment period of 4 weeks. DR groups
were fed daily a fraction of the daily intake of their AL control cohorts.
Specifically, DR groups were fed a 10% reduction in food intake by weight
compared to AL control groups for 1 week, followed by a 20% reduction in food
intake by weight compared to AL control groups for 1 week, and finally a 40%
reduction in food by weight compared to AL control groups for 4 weeks. The
food intake of the AL groups was measured weekly. Prior to culling all mice were
fasted overnight and their body weight and recorded. Body temperature was also
recorded by restraining mouse and measuring body temperature just above
genitals using a TZP No Touch infrared thermometer (The Packaging Zone,
England, UK). Mice were culled using cervical dislocation under a UK Home
Office Project Licence (PDBDC7568) and following the “principles of laboratory
animal care” (NIH Publication No. 86-23, revised 1985). Tissues were
immediately dissected out, snap-frozen in liquid nitrogen and stored at -80°C

until use.
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2.1.3.2 Genotyping

The Polr3b Het KO mice have an 8bp insertion in the Polr3b gene, close to
the start of exon 6 (TCCAGTGT at Chromosome 10 positive strand 84632456 bp,
GRCm38) which is predicted to cause a frameshift mutation with early
truncation (¢.305_306insTCCAGTGT; p.R103Pfs*3). Primers were designed to
carry out PCR specific for the WT or mutant allele (Table 5). The forward
primers for both WT and mutant sequences recognise a site present in both the
WT and Het alleles, while the reverse primers are specific for either WT or Het
allele but should not bind to both. Some non-specific bands are produced by the
Het primers in WT samples, but these are bigger than the expected PCR product.
DNA was isolated from mouse ear samples by digestion in 500 uL lysis buffer (100
NM Tris, 5 mM EDTA, 0.2% SDS, 200mM NaCl, pH 8.5) supplemented with 10 uL
proteinase K (25 mg/mL) for 3 hours at 55°C. Solutions were centrifuged at
13,000 g for 20 min at 4°C. The supernatant was reserved to a fresh tube
containing 500 uL chilled isopropanol and inverted gently three times. This
solution was centrifuged at 13,000 g for 20 min at 4°C to produce a DNA-
containing pellet. The supernatant was discarded, and the pellet was
resuspended in 500 uL of 70% ethanol. The solution was centrifuged again at
13,000 g for 5 min at 4°C, the supernatant was discarded, and the pellet was
allowed to air dry for 3 hours. The pellet was resuspended in 100 uL TE buffer
(10mM Tris, 1 mM EDTA, pH 8.0), incubated at 37°C for 30 min, and then stored
at 4°C. The DNA sample was diluted 1:10 before PCR genotyping. Cycling
conditions for PCR were: initial denaturing at 95°C for 10 mins, followed by 35
cycles at 95°C for 30 sec, 53°C for 35 sec, 72°C for 65 sec. After cycling a final
extension at 72°C for 5 min was performed and samples were stored at 4°C until
run on a 2% agarose gel for 90 min with 100 bp ladder and visualised by
ultraviolet transillumination in a ChemiDoc imager (BioRad, CA, US).
Representative images of PCR products are shown in Figure 4. Ear samples were
taken from all experimental mice at time of cull and genotype confirmed by this

method.
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Table 5 Primer sequences for genotyping WT and Polr3b Het KO mice

Target Allele  Forward Primer Reverse Primer E.X pected band
size (bp)

WT AGGCTGCTGTGCACTGTATT GACGGCACTGGAGCAGAAT 82

Polr3b HET KO TCAGTGGGGAAAGTTCAGGC TCAGACGGACACTGGACACT 110
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WT allele

Het allele

Figure 4 Genotyping of Polr3b Het KO mice

Representative genotyping PCR of WT and Het mouse DNA derived from ear samples. The top
panel shows results for PCR amplification of the WT Polr3b allele. The bottom panel shows PCR
amplification for the mutant Polr3b allele.
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2.1.1 Assignment of mice into experimental groups

Prior to dietary restriction (DR), wild-type (WT) and Polr3b heterozygous
knock-out (Polr3b Het KO) mice were assigned into experimental groups at 7-
months of age and individually housed. These experimental groups were WT
mice on ad libitum (AL) diet (WT AL), WT mice on DR (WT DR), Polr3b Het KO
mice on AL (Het AL), and Polr3b Het KO mice on DR (Het DR). Mice were
allocated into each experimental group within a genotype such that there was
no difference in mean body weight between groups (Error! Reference source not
found.a) at the start of the experiment. Two-way ANOVA analysis found no
significant diet (F(1,28) = 0.060, p = 0.808) or genotype (F(1,28) = 0.051, p =
0.823) effect on mean initial body weight prior to onset of the experiment. Food
intake over 1 week was measured for each mouse on AL diet and the average
daily food intake was calculated (Error! Reference source not found.b). An
unpaired t-test found no significant difference between the average daily food
intake of WT AL mice compared to Het AL mice (p = 0.326) over a 1-week

monitoring period prior to onset of DR protocol.
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Figure 5 Experimental groups were assigned so there was no difference in mean body
weight prior to onset of DR protocol

A Mean body weight prior to onset of DR protocol. B Average daily food intake of AL-fed mice
measured over 1-week prior to onset of DR protocol. WT data in black, Het data in pink. Bars
represent mean values. Error bars represent standard error of the mean.
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2.2 Hydrogen sulfide (H.S) measurements

2.2.1 Lead acetate assay of H2S production capacity

Measurement of H,S levels was performed in liver homogenates according
to the previously described method [230]. Briefly, 100 mg of flash-frozen liver
tissue was lysed in passive lysis buffer. Protein concentration was determined by
BCA assay (G Biosciences, MO, USA) and 100 ug of protein was loaded into a 96-
well plate. 150 uL of reaction solution containing 10 mM L-cysteine and 1 mM
pyridoxal-5’-phosphate was added to the protein. Filter paper that had
previously been cut to the size of the plate, soaked in 20 mM lead(ll)acetate
trihydrate for 20 min, then dried under vacuum, was then securely attached to
the plate. The assembled plate was incubated at 37°C for 1 hr. H,S sulfide gas
produced during this time collects in the head space between the top of the
solution in the well and the lead(ll)acetate paper, forming a brown-black
substrate on the paper. The amount of H;S generated in each sample was

quantified by densitometry analysis of the brown-black substrate (ImageJ).
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2.2.2 Mito A measurement of mitochondrial H2S Level

MitoA and MitoN were quantified in mouse blood using liquid
chromatography tandem mass spectrometry (LC-MS/MS). Mice received a tail
vein IV injection of 50 nM mitoA in 0.9% saline (100 pL). MitoA was given 1.5 hr
to distribute into mitochondria. Mice were culled by cervical dislocation 90 min
after administration. Liver was excised and flash frozen in liquid nitrogen. MitoA
and MitoN were extracted from tissue by homogenization of liver (50 mg)
enriched with 5 pg d15-MitoN (95% ACN, 210 pL) which was used as an internal
standard (IS). Homogenates were centrifuged (16,000 g, 10 min, RT) and the
supernatant was transferred to a clean tube and stored on ice. The pellet was
re-extracted (95% CAN, 210 pL), spun down again (16,000 g, 10 min, RT) and the
supernatants were combined and incubated at 4°C for 30 min. Calibration
standards comprise MitoA and MitoN standards ranging from 0.01 to 10 pg in 500
HL 95% ACN. 500 pL of the supernatants and calibration standards were loaded
onto an ISOLUTE PLD+ protein and phospholipid removal plate (Biotage,
Sweden). Samples and standards were pulled through the plate under vacuum
into a 2 mL deep-well 96-well plate. Wells were dried completely at 40°C under
N2 and resuspended in 100 uL 20% ACN, 0.1% FA. The plate was shaken at (250
rpm, 20 min) to ensure reconstitution. Liquid chromatography-Mass
Spectrometry was performed on an I-class Acquity LC system-Xevo TQS triple
quadrupole mass spectrometer (Waters, Warrington, UK). Samples were kept at
10°C and injected onto an Acquity UPLC BEH C18 column fitted with a 0.2 pm
filter (1 x 50 mm, 1.7 ym, Waters). Chromatographic separation of mitoA and
mitoN was achieved using mobile phase A composition: water:ACN, (95:5, 0.1%
FA), mobile phase B: ACN:water (90:10, 0.1% FA). LC mobile phases were infused
at 200 pyL/min using the gradient: 0- 0.3 min, 5% B; 0.3-3 min, 5-100% B; 3- 4
min, 100% B, 4.0- 4.10, 100-5% B; 4.10- 4.60 min, 5% B. MS/MS analysis was
performed under positive ion mode (Source spray voltage, 3.2 kV; cone voltage,
125 V; ion source temperature, 100 °C). Curtain and collision gas were nitrogen
and argon, respectively. Analytes were detected by multiple reaction monitoring
(MRM). MitoA undergoes neutral loss of N2 to a nitrene (precursor ion). For
quantification the following transitions were used: MitoA, m/z 437.2 ->183.1;
MitoN, m/z 439.2 - 120.0; d15-MitoN, 454.2 > 177.1 m/z. MassLynx 4.1

software was used to integrate the peak area of the analytes MitoA, MitoN and
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the d15-MitoN internal standard. Response was calculated by normalizing sample
peak areas to the IS peak area. By comparison of sample responses to calibration
standard responses the mass of each analyte in the tissue sample was
calculated. The mass of analyte was normalised to the mass of tissue

homogenizer and MitoN/MitoA ratio was calculated.
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2.3 Reverse Transcriptase quantitative-PCR

RNA was isolated from liver tissue by addition of 500 pL TRIzol (Life
Technologies, USA) to sections of liver tissue and homogenized using a glass-glass
homogeniser. Samples were moved to screw top Eppendorf and 150 pL
chloroform added. Samples were then spun by centrifuge at over 8000 g and the
supernatant containing the RNA isolate was taken to a fresh Eppendorf. RNA
cleanup was performed according to instructions provided in RNAeasy Mini Kit
(Qiagen, Germany), including the optional DNase digestion step. First strand
synthesis of cDNA was performed by incubating 2 pg of RNA (quantified by
spectrophotometry using Nanodrop 1000 UV-Vis spectrophotometer,
ThermoScientific, MA, US) with 0.333 pL 3 pg/pL Random Primer Mix (Invitrogen)
in a total volume of 15 pL with RNAse-free water at 70°C for 5 min using a MJ
research PTC-200 Peltier Thermal Cycler (Biorad, CA, US). Synthesis of cDNA was
then performed by adding 10 pL master mix (1 yL Promega M-MLV reverse
transcriptase, 5 uL Promega M-MLV 5x buffer, 5 yL pooled 10mM dNTPs, and
0.625 pL RNAseOUT 40 units/pL) to the first stand sample and heating to 37°C
for 1 hour. Samples were then diluted 1:1 with PCR-grade water and used
directly for RT-qPCR. RT-qPCR was performed in a 384-well PCR plate. Each well
contained 1 pl cDNA, 0.25 pL 10mM upper primer, 0.25 pyL 10mM lower primer,
3.5 yL PCR-grade water and 5 pL QuantiFast SYBR green PCR master mix
(Qiagen, UK). PCR reaction was performed using a 7900HT Fast Real-Time PCR
System (Applied Biosystems, CA, US). PCR profile was as follows: 95°C for 5
minutes; 94°C for 30 seconds, 60°C for 30 seconds, 72°C for 30 seconds for 40
cycles; 72°C for 5 mins. Fold change was calculated following the AACt method
and expressed as 2°22¢t, The endogenous control gene was p2M, which has been
previously shown to be an appropriate housekeeping control gene for studies
that alter diet [231]. Primers were designed using the UPL Library Assay Design
Centre (Roche) and BLASTn (NCBI) and primer sequences are provided in Table
6.
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Table 6 Primer sequences used in RT-qPCR experiments

CBS: Cystathionine-p-synthase, CSE: Cystathionine-y-lyase, TST: Thiosulfate Sulfurtransferase,
MPST: 3-Mercaptopyruvate Sulfurtransferase, ETHE1: Ethylmalonic encephalopathy 1 protein,
SUOX: Sulfite Oxidase, 28S: 28S rRNA, 5S: 5S rRNA, 7SL: Signal recognition particle RNA, B1
consensus: primer that binds to approximately 100 B1 family genes, f2M: beta-2 microglobulin

Length
Gene Name Amplicon of Intron Forward Primer Sequence Reverse Primer Sequence
(nt) spanned
(nt)
CBS 84 903 gctgggcacactctctcac caggcctggtctcgtgat
CSE 78 985 catgctaaggccttcctcaa ctcagccagactctcatatcctc
TST 82 5208 ccagctggtggactctcg gtggcccgagtctagtect
MPST 85 2772 cttgccgagtgecttcac gcctaggagatgctcagattg
ETHE1 88 11056 gattccatccgcetttggac ggtcgttcaggacaaaggtg
SUOX 131 257 ttccacaggccatcagagt ccatctccgagtccttgagt
28s cccgacgtacgcagttttat ccttttctggggtctgatga
55 ggccataccaccctgaacgc cagcacccggtattcccagg
7SL gtgtccgcactaagttcggcatcaatatgg — tattcacaggcgcgatcccactactgatc
Pre-tRNA Leu gtcaggatggccgagtggtctaaggcgece  ccacgectccatacggagaccagaagaccc
Pre-tRNA Tyr ccttcgatagctcagctggtagagcggagg cggaattgaaccagcgacctaaggatctec
B1 Consensus tggtggtgcatgectttaat cctggtgtcctggaactcact
B2M 75 acagttccacccgcectcacatt

tagaaagaccagtccttgctgaag
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2.4 Western blotting

Protein lysate was obtained by homogenisation of liver tissue in 1 mL ice
cold RIPA buffer (Radio Immunoprecipitation Assay Buffer; 150 mM sodium
chloride, 1% NP-40 or Triton X-100, 0.5% sodium deoxycholate, 0.1% sodium
dodecyl sulphate, 50 mM Tris, pH 8) containing protease and phosphatase
inhibitors (Halt™ Protease and Phosphatase Inhibitor Cocktail, Thermo Fisher
Scientific, UK; phenylmethylsulfonyl fluoride, Sigma Life Sciences, Germany;
cOmplete Mini EDTA-free protease inhibitor cocktail, Merck, NJ, US) using a
glass-glass homogeniser. Homogenate was left on ice for 40 min and then spun
by centrifuge at over 8000 g for 10 minutes at 4°C. The supernatant was
collected and used as protein lysate. Protein concentration was assessed by BCA
assay (G Biosciences, MO, USA) and 20 ug of protein was loaded per well into
homemade 4-12% bis-tris polyacrylamide gels. Precision Plus Protein™ Dual Xtra
Standards protein marker (BioRad, CA, US) were added to a well on each gel.
Proteins were separated by electrophoresis at 90 V for 90 mins and then
transferred onto nitrocellulose membrane at 0.25 V for 1 hour. Membranes were
stained with Ponceau-S (Sigma Life Sciences, Germany), briefly washed in
deionised water and the resulting total protein stain was captured using a
Chemidoc™ XRS System (BioRad, CA, US). The Ponceau-S stain was removed by
1XTBST (Tris-Buffered Saline Tween?®) and the membrane was blocked with 5%
milk in 1XTBST for 40 min. The membrane was washed 5 times with 1xTBST for 5
mins under constant shaking. Primary antibodies (AbCam, Cambridge, UK) were
added to the membrane in 5% BSA in 1xTBST. CSE (ab151769) and ETHE1
(ab174302) primary antibodies were used at 1:1000 dilution, CBS (ab135626),
MPST (ab85377), and SQR (ab155320) were used at 1:500 dilution and total
OXPHOS rodent cocktail (ab110413) was used at 1:10000 dilution. Phospho-
IR/IGF1R (Tyr1162, Tyr1163) Polyclonal Antibody (44-804G, Invitrogen, MA, US)
was used at 1:1000 dilution. Primary antibodies were allowed to incubate with
the membrane overnight at 4°C, under constant shaking. Anti-rabbit secondary
antibody (Anti-rabbit IgG Alexa Fluor 680 conjugate, Abcam ab186696) was used
at 1:10000 dilution in 5% BSA in 1xTBST as the secondary antibody for all blots.
The secondary was allowed to incubate with the membrane for 1 hour, under
constant shaking. The membrane was washed 5 times with 1xTBST for 5 mins,

under constant shaking before addition of all antibodies and before imaging by
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an Odyssey M Fluorescent imager (LiCor, NE, US). Protein signals were quantified
using densitometry software (ImageStudio; LiCor, NE, US) and normalised to the

total protein signal of their respective lane.
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2.5 Activity assays

2.5.1 MPST activity assay

3-Mercaptopyruvate sulfurtransferase (MPST) activity was determined by
measuring thiocyanate production capacity as described previously for
Thiosulfate sulfurtransferase (TST) rhodanese activity [232], except that sodium
3-Mercaptopyruvate (3-MP) was used as a substrate instead of sodium
thiosulfate. In a 96-well plate, 20 ug of protein lysate in RIPA was mixed with 10
WL 200 mM 3-MP (Santa-Cruz, UK) and taken to 90 pL with 500mM potassium
phosphate pH 5.5 buffer. Samples were incubated at 37°C for 2 min before
addition of 10 pyL 500 mM potassium cyanide. A calibration curve of 50, 25, 10, 5,
2.5, 1, 0.5, 0.25, 0.1 mM potassium thiocyanate solutions was also prepared and
exposed to the same conditions as above excluding the addition of potassium
cyanide. The reaction was allowed to occur for 5 minutes at 37°C before
termination by addition of 11 L of 38% formaldehyde to all wells. Thiocyanate
production was visualised by addition of 125 pL Fe(NO3)3/26% HNOs where an
orange-brown solution formed. Results were quantified by measuring absorbance
for 460 nm light in a spectrophotometer (Multiscan GO Microplate
Spectrophotometer, Thermo Scientific, MA, USA). All samples were performed in

duplicate and the average 460 nm absorbance was calculated.



Chapter 2 74

2.5.2 TST activity assay

Thiosulfate sulfurtransferase (TST) rhodanese activity was determined by
measuring thiocyanate production capacity as previously described [233]. The
assay was performed in a 96-well plate, where 20 pg of protein lysate was
added. The reaction was initiated by the addition of 10 pyL 500 mM thiosulfate
and taken to 90uL with 500mM potassium phosphate pH 5.5 buffer. After a 2 min
incubation at 37°C 10pL 500mM potassium cyanide was added to each sample. A
standard curve of 0.1, 0.25, 0.5, 1, 2.5, 5, 10, 25, 50 mM potassium thiocyanate
solutions was also prepared following the same conditions as above but without
the addition of potassium cyanide. The reaction proceeded for 5 min at 37°C and
was stopped by the addition of 11uL of 38% formaldehyde. Lastly, 125 pL
Fe(NO3)3/26% HNOs was added which produced a colorimetric change. Results
were quantified by spectrophotometry, measured at 460 nm absorbance. All

samples were performed in duplicate, calculating the average absorbance.
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2.6 Glucose homeostasis measurements

2.6.1 Blood glucose, insulin, and insulin resistance
measurements

Fresh blood was collected from mice at cull following a 15-hour fasting
period. Blood glucose measurements were taken immediately from whole blood
by OneTouch Ultra Easy blood glucose monitor (LifeScan, CA, US). Plasma was
collected from whole blood to determine insulin levels. Plasma was isolated by
centrifugation of whole blood at 3000 g for 7 min. Plasma samples were stored
at -20°C until insulin concentration was determined by Rat/Mouse Insulin ELISA
(Merck Millipore, Sigma Aldrich, EZRMI-13K) following manufactures instructions.
Insulin resistance (IR) is estimated using the homeostatic model assessment
(HOMA) methodology, HOMA-IR index = [fasted glucose (mmol/L) x fasted insulin
(mlU/L)]/22.5) [234].
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2.6.2 Glucose tolerance test

Glucose tolerance test (GTT) was performed as described previously [235].
Briefly, 1 week prior to cull, mice were fasted overnight by transferring mice to
clean cages with no food or faeces in cage and AL access to drinking water. Mice
were weighed and baseline (t = 0) fasted blood glucose (mM) was recorded by
blood samples (<5 uL) from caudal vein venesection by scalpel blade. From a 20%
D-glucose solution, 2g of glucose/kg body mass was injected intraperitoneally.
Blood glucose levels were measured at 15, 30, 60, and 120 minutes after glucose
injection by gently reopening caudal vein cut and taking sequential blood
samples (<5 uL). At the end of the GTT experiment the mice were provided food
and water in their home cage and were observed for any abnormal behaviour.
The area under the curve (AUC) of the blood glucose trace for each mouse was
calculated using the trapezoid rule and a linear interpolation method from Prism
Software (GraphPad, CA, US).
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2.7 Statistical Analysis

Unless otherwise stated, all statistical analyses were performed using Prism
6 (GraphPad Inc., La Jolla, CS, USA) software. Data were first analysed by
Grubbs outlier test with alpha set to 5%. Any removed outliers are noted in
figure legends. Statistical significance was determined by performing 2-way
ANOVA analysis with Tukey’s correction for post-hoc multiple comparison tests. *
denotes a post-hoc p value of < 0.05, ** denotes a p value of < 0.01, and ***

denotes a p value < 0.001, and **** denotes a p value < 0.0001.
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Chapter 3 The impact of dietary restriction on
hydrogen sulfide levels in female recombinant
inbred ILSXISS mice

3.1 Abstract

Modulation of the aging process by dietary restriction (DR) across multiple
taxa is well established. While the exact mechanism through which DR acts
remains elusive, the gasotransmitter hydrogen sulfide (H.S) may play an
important role. | employed a comparative-type approach using females from
three ILSXISS recombinant inbred mouse strains previously reported to show
differential lifespan responses following 40% DR. Following long-term (10
months) 40% DR, strain TejJ89 — reported to show lifespan extension under DR —
exhibited elevated hepatic H2S production relative to its strain-specific ad
libitum (AL) control. Strain TejJ48 (no reported lifespan effect following 40% DR)
exhibited significantly reduced hepatic H;S production, while H,S production was
unaffected by DR in strain TejJ114 (shortened lifespan reported following 40%
DR). These differences in HS production were reflected in highly divergent gene
and protein expression profiles of the major H2S production and disposal
enzymes across strains. Increased hepatic H,S production in TejJ89 mice was
associated with elevation of the mitochondrial H2S-producing enzyme 3-
mercaptopyruvate sulfurtransferase (MPST). These findings further support the
potential role of H,S in DR-induced longevity and indicate the presence of
genotypic-specificity in the production and disposal of hepatic H,S in response to
40% DR in mice.
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3.2 Introduction

3.2.1 DR, Hydrogen Sulfide, and Aging

Empirical evidence has existed for over a century that dietary restriction
(DR) increases lifespan and healthspan across multiple species [154]-[156]. In
mice, significant strain-specific differences in lifespan exist [236], [237] and
genetic background may consequently play an important but under-appreciated
role in how particular strains respond to DR [225], [226], [238]-[240]. For
example, two independent studies have reported that recombinant inbred
ILSXISS mice show significant strain-specificity in longevity following 40% DR
[223], [224], and phenotypic parameters linked to the ageing process, such as in
mitochondrial function and adiposity, have been shown to differ between ILSXISS
strains under 40% DR [222], [241]. Precisely how DR facilitates its beneficial
effects on lifespan and healthspan have proved challenging to elucidate,
although many mechanisms have been proposed [154], [165], [242]-[244]. One
such putative mechanism is the gasotransmitter hydrogen sulfide (H.S). Direct
manipulation of H,S levels through genetic, pharmacological or environmental
means can modulate lifespan in invertebrate models [165], [245]-[248] and
elevated hepatic H;S production appears to be a conserved phenotype in long-
lived mouse models, including DR and various genetic mutants [170], [226].
Pharmacological elevation of H,S also ameliorates age-associated
atherosclerosis, fibrosis, cognitive decline and kidney dysfunction in rodents
[128], [249], [250], partially ameliorates the progeroid phenotype in Werner
syndrome fibroblasts [251] and senescence in endothelial cells [252].
Furthermore, DR-induced protection from ischemia-reperfusion injury was
abrogated in mice treated with an inhibitor of cystathionase-y-lyase (CSE), the
major hepatic H;S-producing enzyme [253], and longevity in mice following
methionine restriction was associated with increased H,S production and a
reduction in various senescence markers within the kidney [149]. Consequently,
it has been proposed that elevation of endogenous H,S may play a prominent

role in the lifespan and healthspan effects of DR [165].

Here, | employed a comparative-type approach [222] in which |
determined hepatic H,S production and levels of key enzymes involved in H,S

metabolism (see Figure 6) in female mice from three genetically distinct
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recombinant inbred ILSXISS strains exposed to long-term (10 months) 40% DR.
These strains have previously been reported to show variable lifespan responses
to 40% DR ranging from life-extension to life-shortening relative to strain-
specific ad libitum controls [223], [224]. The work comprising this thesis chapter
has been published in a peer-reviewed journal [254], the published version is

included in Appendix II.



Chapter 3 81

Methionine
S~ MAT1a, MT, BHMT1,BHMT2, SAHH
A
Homocysteine CBS

A

Cystathionine CSE

SH

'
Je

o

Protein Cvsteine
Persulfidation y
N\
;/oo
S
H ~ \H /®Q %'\
Hydrogen
Sulfide (H2S)
SQR
G-S-SH \ETHE 1
TST
Sulfite
= SUOX
Thiosulfate / i
Sl Q-
o7 N
Sulfate
(excreted)

Figure 6 Molecular pathways involved in the production and elimination of H2S.

Molecular pathways involved in the enzymatic production of HzS from amino acid metabolism and
subsequent elimination of H2S by components of the sulfide disposal unit. Enzymes in red. MAT1a:
Methionine Adenosyltransferase 1A, MT: Methyl transferase, SAHH: S-Adenosylhomocysteine
hydrolase, BHMT1: Betaine-Homocysteine S-Methyltransferase 1, BHMT2: Betaine-Homocysteine
S-Methyltransferase 2, CBS: Cystathionine-p-synthase, CSE: Cystathionine-y-lyase, GOT1:
Glutamic-oxaloacetic transaminase 1, MPST: 3-Mercaptopyruvate Sulfurtransferase, SQR:
Sulfide:Quinone oxidoreductase, TST: Thiosulfate Sulfurtransferase, ETHE1: Ethylmalonic
encephalopathy 1 protein, SUOX: Sulfite Oxidase.
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3.2.2 ILSXISS Recombinant Inbred Mouse Strains

Breeding of the ILSXISS recombinant inbred (RI) mouse strains was initially
developed to aid quantitative trait loci analysis experiments. An eight-way cross
of several mouse strains (A, AKR, BALB/c, C3H/2,C57BL, DBA/2, IsBi and RIll)
were selective bred for their sensitivity to ethanol [255]. This led to the
establishment of two highly inbred strains, inbred long sleep (ILS) and inbred
short sleep (ISS). The ILS and ISS strains were cross bred for over twenty
generations leading to establishment of a panel of 71 RI ILSXISS strains [255].
This breeding strategy ensured that each sub-strain would possess a unique
combination of ILS or ISS haplotype at each genetic loci. For the purposes of this
study, ILSXISS strains were exploited for their highly unusual responses to DR
regimes. In two independent studies, it was discovered that the majority of the
ILSXISS sub-strains were either unresponsive to DR in terms of lifespan or
experienced a significant shortening of lifespan under DR [223], [224]. This
divergence in response from mice of a distinct yet comparable genetic
background presents an invaluable tool to dissect the nature of DR-responses
with respect to longevity. This study employed the use of three female ILSXISS
mouse strains on 10-month 40% DR: TejJ89 (increased lifespan on DR), TejJ48
(no effect of DR on lifespan) and TejJ114 (decreased lifespan on DR). These
strains were selected as they showed reproducible response in lifespan between
the two studies and there was no significant difference in lifespan on DR in free-
fed ab libitum controls. Female mice were used as male ILSXISS lifespan had

only been studied in one DR experiment.
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3.3 Aims and hypothesis

Hypothesis

Hydrogen sulfide (H.S) production is essential for dietary restriction (DR)
benefits to manifest in ILSXISS strains. As previous reports have found that
ILSXISS strains experience divergent responses to DR with respect to lifespan, |
hypothesis they will differentially metabolise H,S. As DR-induced longevity only
occurs in TejJ89 mice, | predicted that DR causes an increase in HxS levels in
Tej89 mice and either be unaffected or decreased in TejJ48 and TejJ114 mice. |
expect there will be divergent regulation of HzS production and clearance on DR

in these mouse strains.
Aims

1. Determine hepatic H,S production capacity in TejJ89 and TejJ114 mice on
10-month 40% DR in ILSXISS mouse strains

2. Evaluate the effect of 10-month 40% DR on the transcriptional and
translational regulation of enzymes central to H,S production and

elimination in ILSXISS mouse strains
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3.4 Results

3.4.1 Genotype-specific hepatic H2S production following 40% DR
in female ILSXISS mice

Using the lead acetate method to determine hepatic H,S production [164],
[230], | observed a significant genotype effect (F=12.243, p<0.001) but no
treatment effect (F=0.150, p=0.701) (Figure 7). However, a significant
genotype*treatment interaction was detected (F=13.833, p<0.001) across the
ILSXISS mice. Post-hoc analysis indicated that H,S production was significantly
elevated by 40% DR in strain TejJ89 (p=0.005), but significantly reduced by 40%
DR in strain TejJ48 (p=0.031) relative to their strain-appropriate AL controls
(Fig. 1a and 1b). In addition, H;S production was significantly elevated in strain
TejJ89 relative to strains TejJ48 (p=0.022) and TejJ114 (p<0.001). This genotype
effect was primarily driven by significantly elevated H,S production in TejJ89
under 40% DR compared to all other groups, with no differences in H,S
production detected between ILSXISS strains under AL feeding (Figure 7a and
Figure 7b). | also determined H,S production within the kidneys of these mice
(Figure 7c). No significant treatment effect was detected (F=1.540, p=0.0221).
but a significant genotype effect on kidney H;S production was seen (F=3.294,
p=0.047), being significantly elevated in strain TejJ89 relative to strain TejJ48
(p=0.050).



Chapter 3 85

>

B 89 48 114
AL DR AL DR AL DR

80000~ | ] [

60000+ =

20000+ °

Hydrogen Sulfide
Production (AU)
'S
S
S
']

89AL B89DR 48AL 48DR 114AL 114DR

2.0%108- Genotype*
D ~
TS 1.5%108+
5<
@ g ° LX) ¢
S B 1.0x108+ °
(2] Y [ ]
£3 e =+
23 om0 s I
2 5.0x107 o ee® )
.:. —=L— ° ®e0
0.0 Se°

L] L] L] L] ] L
89AL 89DR 48AL 48DR 114AL 114DR

Figure 7 Strain-specificity exists in hepatic H2S production following 40% dietary restriction
in female ILSXISS mice

A Hepatic H2S production levels in TejJ89, TejJ48 and TejJ114 mice on AL or 40% DR, as
quantified by densitometry analysis of lead acetate assay results. B Representative photos of lead
acetate precipitates formed in the assay; darker precipitates indicate higher hepatic H2S production
capacity. TejJ89 data in orange, TejJ48 data in grey, TejJ114 data in blue. Error bars represent
SEM. *p<0.05, **p<0.01. D Renal H2S production levels in AL and DR TejJ89, TejJ48 and TejJ114
mice as quantified by densitometry analysis of lead acetate assay results. Error bars represent
SEM. *p < 0.05. Genotype (TejJ89, TejJ48 or Tejd114).
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3.4.2 Transcript levels of H.S-production and -elimination
proteins in ILSXISS mice following 40% DR

In order to better understand the enzymatic pathways regulating
endogenous H,S (see Figure 6) across different ILSXISS strains maintained under
AL or 40% DR, | determined gene expression levels of a suite of H,S-producing
and -eliminating proteins (Figure 8a-k). Cse, Cbs and Mpst transcript levels
(Figure 8a-c) were unaffected by both genotype and treatment (see Table 7 for
all statistical output). However, a significant genotype*treatment interaction
effect was observed for both Cbs (Figure 8b, F=4.737, p=0.017) and Mpst
(Figure 8c, F=6.734, p=0.004), with lower expression in strain TejJ89 under AL
feeding relative to strain TejJ114 under Al feeding (p=0.008 and p=0.024 for Cbs
and Mpst respectively). Got 1 (Figure 8d) and Ethe1 expression (Figure 8e)
differed significantly with genotype (F= 7.185, p=0.003 and F=10.445, p<0.001
for Got 1 and Ethe1 respectively) but not by treatment, with strain TejJ48
having significantly lower Got1 and Ethe1 expression relative to strains TejJ89
and TejJ114 (p<0.01, in all cases). Tst expression levels (Figure 8f) showed a
significant genotype (F=6.659, p=0.004), but no treatment effect, but with
reduced expression in TejJ89 mice compared to TejJ114 mice (p=0.003). A
significant Tst genotype*treatment interaction was also detected (F=6.745,
p=0.004), with AL TejJ89 mice having significantly lower Tst expression levels
compared to AL TejJ114 mice (p<0.001), and 40% DR reducing Tst expression in
Tej114 mice (p=0.007) relative to TejJ114 controls (Figure 8f). While no
significant genotype nor treatment effect on Suox expression was detected
(Figure 8g and Table 7), a significant genotype*treatment interaction effect was
observed (F=5.694, p=0.008), again with AL TejJ89 mice having significantly
reduced expression relative to AL TejJ114 mice (p=0.035), and 40% DR
significantly reducing Suox expression in Tej114 mice relative to AL TejJ114
mice (p=0.008). Mat1a (Figure 8h) did not show any significant genotype effect
(F=1.069, p=0.356) but a significant treatment effect was detected (F=5.3183,
p=0.030), being significantly decreased by 40% DR across all ILSXISS strains. No
significant genotype or treatment effects were detected for Bhmt1, Bhmt2 or
Sahh (Figure 8i-k, Table 7).
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Figure 8 ILSXISS mouse strains exhibit differential transcriptional regulation of H2S-production
and elimination enzymes following 40% DR.

Hepatic mMRNA gene expression (presented as Delta Ct values, a lower DeltaCt indicates a higher
number of MRNA transcripts for that gene) of H2S-producing (A-D), H2S-eliminating (E-G), and
methionine to cysteine conversion (H-K) genes in TejJ89, TejJ48 and TejJ114 in AL and DR mice
measured by RT-gPCR. TejJ89 data in orange, TejJ48 data in grey, TejJ114 data in blue, Error bars
represent SEM. *p<0.05, **p< 0.01, ***p<0.001. Genotype (TejJ89, TejJ48 or Tejd114) and Treatment
(AL or DR). See Table S1 for statistical output from GLM. Cse: Cystathionine-y-lyase, Cbs:
Cystathionine-B-synthase, Mpst: 3-Mercaptopyruvate Sulfurtransferase. Got1: Glutamic-oxaloacetic
transaminase 1, Ethe1: Ethylmalonic encephalopathy 1 protein, Tst: Thiosulfate Sulfurtransferase,
Suox: Sulfite Oxidase, Mat1a: Methionine Adenosyltransferase 1A, Bhmt1: Betaine-Homocysteine S-
Methyltransferase 1, Bhmt2: Betaine-Homocysteine S-Methyltransferase 2, Sahh: S-
Adenosylhomocysteine hydrolase.
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3.4.3 Protein levels of H2S-production enzymes in ILSXISS and
C57BL/6J mice following 40% DR

Studies in C57BL/6J mice have repeatedly shown that generation of hepatic
HaS is driven primarily through CSE and CBS, with CSE appearing to be the
predominant enzymatic source (e.g. [256]). | subsequently compared hepatic
protein levels of CSE, CBS and MPST in TejJ89, TejJ48 and TejJ114 mice to
levels in C57BL/6J mice under AL and 40% DR. CSE protein levels (Figure 9a)
were significantly affected by genotype (F=14.845, p<0.001) and treatment
(F=5.559, p=0.024), with a significant treatment*genotype interaction also
present (F=5.990, p=0.002). CSE levels were significantly higher in C57BL/6J
mice relative to all ILSXISS strains (p<0.001, in all cases), with no strain-specific
differences in CSE levels observed between ILSXISS strains. CSE protein levels
were elevated by 40% DR but only significantly so in C57BL/6J mice (p=0.002).
Hepatic CBS levels were also affected by genotype (F=6.451, p=0.001) but not by
treatment (F=0.037, p=0.848), with TejJ89 mice having increased levels relative
to both TejJ114 (p=0.002) and C57BL/6J (p=0.016) mice (Figure 9b). MPST levels
were significantly altered by both genotype (F=12.984, p<0.001) and treatment
(F=8.812, p=0.005), with a significant genotype*treatment interaction (F=9.848,
p<0.001) also observed (Figure 9c). Hepatic MPST levels were significantly
elevated in TejJ89 mice compared to all other genotypes (p<0.001, in all cases).
The elevated HS levels observed in TejJ89 mice under 40% DR was associated
with a significant elevation in hepatic MPST levels relative to TejJ89 AL mice
(Figure 9c, p<0.001), but 40% DR did not alter MPST levels significantly in any
other genotype compared to their appropriate AL controls. | subsequently
determined hepatic MPST activity within the ILSXISS mouse strains (Figure 9d),
but no genotype (F=0.144, p=0.707) nor treatment (F=2.755, p=0.081) effect was
observed. These findings show that genotype-specific differences exist in protein
levels of the primary cellular H,S generating enzymes CSE, CBS and MPST within
mouse liver (Figure 9a-c). The increased HS levels following 40% DR in strain
TejJ89 was associated with an increase in MPST protein levels, but not in CSE
(significantly elevated in C57BL/6J mice under 40% DR) or CBS levels, and that
protein levels of these enzymes were unresponsive to 40% DR in both strain
TejJ48 and Tejl114.
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Figure 9 40% DR significantly increases Cystathionine gamma-lyase (CSE) within the liver of
C57BL/6J mice but significantly increases 3-Mercaptopyruvate sulfurtransferase (MPST) within the

liver of TejJ89 mice.

Hepatic protein levels of CSE (A), Cystathionine-B-synthase (CBS, B) and MPST (C) in TejJ89 (n=6), TejJ48
(n=4), TejJ114 (n=6) and C57BL/6J (n=4) AL and 40% DR mice. TejJ89 data in orange, TejJ48 data in grey,
TejJ114 data in blue, C57BL/6J data in light grey. Error bars represent SEM. *p<0.05, **p< 0.01, ***p<0.001.
Genotype (TejJ89, TejJ48, TejJ114 or C57BL/6J) and Treatment (AL or DR). D 3-Mercaptopyruvate
sulfurtransferase (MPST) activity in liver as determined by thiocyanate production capacity in AL and DR
TejJ89, TejJ48 and Tejd114 mice. *p<0.05 Genotype (TejJ89, TejJ48 or Tejd114).
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3.5 Discussion

A reduction in the intake of calories or in the intake of macro- or
micronutrients, termed here as dietary restriction (DR), is currently the most
widely employed experimental intervention to modulate ageing. Indeed, DR has
been shown to extend lifespan and healthspan in an evolutionary diverse group
of organisms [154], [257] and has also been shown to provide a number of
beneficial effects in humans [258], [259]. However, it is still not understood how
DR mechanistically elicits its beneficial effects. In addition, a number of studies,
particularly in mice, report that the DR-response on lifespan and healthspan can
vary across different mouse strains [223], [224], [226], [227], [236], [240], [260],
[261]. Better understanding of the basis of this genetic variation to DR is
important if | hope to translate experimental findings from (typically) highly

inbred mouse models to highly genetically heterogenous humans [225].

In this study | investigated the potential relevance of H,S in DR-induced
lifespan by comparing genetically distinct ILSXISS recombinant inbred mouse
strains that have been reported to show significant variation in their lifespan
under 40% DR, from life extension to no response, through to life shortening
[223], [224]. A number of studies have now reported genetic or pharmacological
interventions that modulate H,S levels can profoundly impact longevity in model
organisms [165], [245]-[248] and protect against age-associated dysfunction
[149], [250], [252]. In addition, increased hepatic H,S is a conserved phenotype
in long-lived mouse models [170], is increased significantly by DR in C57BL/6J
and DBA/2 mice [164], [226] and is essential for mediating the beneficial effects
of DR [164]. | found that hepatic H,S was only elevated in female mice from
strain TejJ89 under long-term 40% DR; TejJ89 is the single ILSXISS strain in this
study reported to show DR-induced longevity [223], [224]. In contrast, strain
TejJ48 - reported to be refractory to 40% DR [223], [224] - showed a significant
reduction in hepatic H.S when exposed to 40% DR. In strain TejJ114 - reported to
show lifespan shortening under 40% DR [223], [224] - | observed no DR-associated
difference in hepatic H,S production relative to AL mice. However, no treatment
nor interaction effect was observed in kidney H;S production, suggesting tissue-
specificity exists in the impact of DR on H2S production in mice in contrast to
findings (H2S concentration) previously reported in following DR in F344 rats

[262]. In addition, significant strain-specificity in H;S production was also
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observed, being elevated in strain TejJ89 relative to both TejJ48 and TejJ114
for liver and elevated in TejJ89 compared to TejJ48 for kidney. These findings
indicate that TejJ89 mice show a similar correlation between increased hepatic
H2S production and significantly extended lifespan that has been reported in
other mouse strains such as C57BL/6J and DBA/2 [226]. Consequently, these
findings do further support the premise that elevated hepatic H;S levels may be
an important mediator of the beneficial effects of DR [164], [165].

To further investigate the potential processes underlying these strain-
specific differences in H2S following 40% DR, | examined a suite of H,S-producing
and -degrading enzymes at the protein and transcript level within the ILSXISS
mice. The predominately cytosolic enzymes cystathionine y-lyase (CSE or CGL)
and cystathionine B-synthase (CBS) are the main sources of H,S within cells
[263], and mice carrying genetic defects in these enzymes are prone to a
number of pathologies [166]. In particular, elevated hepatic H,S following DR
correlates with transcript and protein levels of CSE [264], [265], and similarly
CSE levels are elevated in several long-lived mouse mutants [170]. Perhaps
surprisingly, | did not observe any genotype or treatment effects on transcript
levels of Cse, Cbs or Mpst, although several significant genotype and genotype
by treatment interaction effects (Cbs, Mpst, Tst, Suox) were detected, typically
with TejJ89 AL mice having significantly reduced expression compared to
TejJ114 AL mice. At the protein level, CSE was significantly elevated in
C57BL/6J mice compared to all ILSXISS strains, with 40% DR further increasing
CSE levels within the liver of C57BL/6J mice but DR not having any effect on CSE
levels in ILSXISS mice. Hepatic CBS protein levels were unaffected by 40% DR
across all genotypes studied. Given that both CSE and CBS levels were
unaffected by 40% DR in strain TejJ89 despite the DR-associated increased in H,S
production, | subsequently investigate 3-mercaptopyruvate sulfurtransferase
(MPST). This is the he third H;S-producing enzyme within cells but that has been
much less characterised compared to CSE and CBS, particularly in the context of
ageing and DR. CSE and CBS primarily remain cytoplasmic under normal
physiological conditions, whereas MPST can localise to mitochondria and exhibits
a profound influence over mitochondrial-specific metabolism and HS levels
[266]. Further, while CSE and CBS work in concert to convert homocysteine into

HS via step-wise reactions, MPST generates H>S from a distinct substrate, 3-
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mercaptopyruvate [267], [268]. | found MPST to be significantly increased in the
liver of TejJ89 mice under 40% DR, although unaffected by DR in strains TejJ48,
TejJ114 or in C57BL/6J mice, graphically represented in Figure 10. Precisely
why C57BL/6J mice and TejJ89 mice appear to have distinct mechanistic routes
(elevated CSE or MPST respectively) to achieve the same outcome of elevated

hepatic H2S under DR still needs to be determined.

There are of course some caveats to these findings, not least that this
work is highly correlational. As discussed elsewhere, the variation in phenotypic
responses to DR is quite broad [225], [226], [240] and | only examined one sex
and only three strains of ILSXISS mice, albeit strains that represent the variety of
lifespan responses reported in the original studies [223], [224]. | was vigilant in
the choice of strains in this comparative study, choosing those that showed a
similar direction of response across both studies. In addition, and as discussed in
detail elsewhere [225], significant differences in experimental design and
husbandry practices existed between the original studies. Consequently, a fuller
investigation of the lifespan response to DR in ILSXISS mice, particularly under
graded levels of DR is warranted, but will be a major undertaking [225]. In
addition, it will also be interesting to investigate precisely how H;S production
varies in different tissues and in different cellular locations following DR, which
may be made more feasible with the advent of novel chemical probes to
determine H,S in vivo [269], [270]. However, irrespective of these caveats | have
importantly shown that endogenous H:S levels and associated signalling
pathways differ significantly across particular mouse genotypes when exposed to
long-term 40% DR. These data suggest that, similar to previous reports,
increased H,S production and/or metabolism is a conserved mechanism through
which DR acts to increase lifespan in mice [165], [170], but the precise cellular
processes that regulate H,S production and elimination under DR appear highly

strain- (and potentially tissue-) specific.
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Figure 10 Proposed mechanism to account for differential responses to DR in
ILSXISS recombinant inbred and C57BL/6J mouse strains

Tejd89 and C57BL/6J mice experience lifespan extension on DR, TejJ114 have shorter
lifespans on DR. DR increases hepatic H2S levels in Tej89 and C57BL/6J mice, through
elevation of MPST and CSE respectively. Tej114 mice do not exhibit elevated H2S levels
following DR. Therefore, DR-induced longevity appears to correlate with increased H2S
production across mouse strains but the precise enzymatic production is strain-specific.
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3.6 Conclusions

In summary, | have demonstrated that ILSXISS strains that demonstrate
different lifespan response to DR also show divergent hepatic H2S metabolism
profiles. This is mirrored by differential transcriptional and translational
expression of major HzS-producing and elimination enzymes on 10-month 40%
DR. While the most common driver of hepatic H,S production in c57BL/6J mice is
CSE, | have identified upregulation of MPST as the major enzymatic source of H,S
in ILSXISS mice following 10-month 40% DR. TejJ114 mice, which have shorter
lifespans on DR, display evidence of decreased beta-oxidation and an increase in
senescence on DR, effects not present in TejJ89 mice. These data suggest that,
similar to previous reports, increased HxS production and/or metabolism is a
general mechanism through which DR acts to increase lifespan in mice [165],
[166] but the precise cellular processes that regulate H,S production and

elimination are species, strain, and tissue specific.
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3.7 Supplemental tables
Table 7 RT-qPCR data analysis output.

All data (raw delta CT values) were analysed using a general linear modelling (GLM) approach with
genotype (Tejd89, TejJ48 and Tejd114) and treatment (AL or DR) introduced as fixed factors, and a
post-hoc Bonferroni test employed for multiple comparisons. In all cases, non-significant
interactions (p>0.05) within the GLM analyses were removed in order to obtain the best-fitting
model. Significant (p<0.05) p values are indicated in bold. Cse: Cystathionine-y-lyase, Cbs:
Cystathionine-B-synthase, Mpst: 3-Mercaptopyruvate Sulfurtransferase, Got1: Glutamic-oxaloacetic
transaminase, Ethe1: Ethylmalonic encephalopathy 1 protein, Tst: Thiosulfate Sulfurtransferase,
Suox: Sulfite Oxidase, Mat1a: Methionine adenosyltransferase, Bhmt1: Betaine-homocysteine
methyl transferase-1, Bhmt2: Betaine-homocysteine methyl transferase-2, Sahh: S-adenosyl

homocysteine hydrolase.

Gene name Genotype effect  Treatment effect Genotype*treatment
interaction

Cse F=2.159, p=0.133  F=0.492, p=0.488 —

Cbs F=3.193, p=0.056  F=0.110, p=0.743  F=4.737, p=0.017
Mpst F=1.619, p=0.216  F=0.003, p=0.958  F=6.734, p=0.004
Got1 F=7.185, p=0.003  F=2.608, p=0.117  —

Ethe1 F=10.445, p<0.001 F=2.405, p=0.133  —

Tst F=6.659, p=0.004 F=2.142, p=0.154  F=6.745, p=0.004
Suox F=1.281, p=0.294 F=2.707, p=0.111 F=5.694, p=0.008
Mat1a F=1.069, p=0.356  F=5.183, p=0.030 —

Bhmt1 F=0.684, p=0.512  F=2.172, p=0.151 —

Bhmt2 F=2.008, p=0.152  F=2.325, p=0.138  —

Sahh F=0.865, p=0.431 F=0.614, p=0.440 —
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Table 8 RT-gPCR primer sequences
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Primers were designed using the UPL Library Assay Design Centre (Roche) and BLASTn (NCBI).
Cbs: Cystathionine-B-synthase, Cse: Cystathionine-y-lyase, Got1: Glutamic-oxaloacetic
transaminase 1, Tst: Thiosulfate Sulfurtransferase, Mpst: 3-Mercaptopyruvate Sulfurtransferase,
Ethe1: Ethylmalonic encephalopathy 1 protein, Suox: Sulfite Oxidase, Mat1a: Methionine
adenosyltransferase, Bhmt1: Betaine-homocysteine methyl transferase-1, Bhmt2: Betaine-
homocysteine methyl transferase-2, Sahh: S-adenosyl homocysteine hydrolase.

Gene Amplicon Intron Intron Forward Primer Reverse Primer

. span
Name (nt) Spanning (nt) Sequence Sequence
Cbs 84 Y 903 gctgggcacactctctcac caggcctggtctcgtgat
Cse 78 Y 985 catgctaaggccttcctcaa ctcagccagactctcatatcctc
Got1 97 Y 2350  ttcagtttcaccggcttga agccgcacatgttgatcc
Tst 82 Y 5208  ccagctggtggactctcg gtggcccgagtctagtect
Mpst 85 Y 2772  cttgccgagtgecttcac gcctaggagatgctcagattg
Ethe1 88 Y 11056 gattccatccgctttggac ggtcgttcaggacaaaggtg
Suox 131 Y 257 ttccacaggccatcagagt ccatctccgagtccttgagt
Mat1a 74 Y 5133  tctgaggcgctctggtgt cctgcatgtactgaactgttacct
Bhmt1 96 Y 2419  cggcttcagaaaaacatgg gattctgccagtattcctttctg
Bhmt2 83 Y 1758  gacaagctggaaaacagagga cgtgcaatgtcacaagcag
Sahh 95 Y 1568  acccagataaataccctgttgg cagcttcacattcagcttge
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Chapter 4 Optimisation of Mass Spectrometry-
Based Methods for Detecting H.S Levels in vivo
using the MitoA Probe

4.1 Abstract

Hydrogen sulfide (H.S) is a gasotransmitter molecule that has profound
influence over a diverse panel of biological processes. However, there is
currently an absence of assays that specifically and accurately measure HxS
levels in vivo. One novel approach to measuring H,S in vivo is a molecular probe
called MitoA designed by Prof. Richard Hartley (University of Glasgow, UK). This
probe is injected intravenously into the bloodstream and within hours it
passively localises to the mitochondrial compartment of cells across nearly all
tissues. The MitoA compound reacts irreversibly with HyS, to form a new
compound, MitoN. Tissue samples are then analysed by liquid chromatography
tandem mass spectrometry (LC/MS/MS). The ratio of MitoN to MitoA is a precise
and specific proxy measurement of the amount of H;S that was present in vivo.
When attempting this method in mice, | found that extensive method
development was required to optimise the sample preparation and analysis of
MitoA in liver samples by LC/MS/MS. Further, | sought to design a desorption
electrospray ionization (DESI) imaging method using MitoA in liver tissue sections

which would allow spatial resolution of H,S concentration across tissue sections.
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4.2 Introduction

4.2.1 Why Measure Hydrogen Sulfide?

The gas hydrogen sulfide (H2S) is now well established as a major
signalling molecule in mammalian systems [52], [256], [266]. H.S is a small
gaseous molecule that can freely permeate through membranes, is endogenously
produced, and has defined functions at physiological concentrations [58]. Due to
these characteristics, H,S is widely regarded as the third ‘gasotransmitter’
alongside nitric oxide (NO) and carbon monoxide [271]. Primarily, H,S operates
through posttranslational modification of proteins - specifically by persulfidation
of cysteine residues [95]. Other modes of action include complex interaction
with NO signalling [51], [121], and direct bonding to metal centres such as iron
atoms within metalloproteins, which are ubiquitous in biology [99]. Through
these modes of signalling, H,S activity can influence a variety of biological
processes. For instance, application of exogenous H,S-donor compounds confers
cardioprotective effects again ischemia-reperfusion injury in rats, induce a
suspended-animation state in mice, and can ameliorate dysregulated
proteostasis in human fibroblast derived from Werner Syndrome patients [185],
[251], [272], [273].

Within the context of ageing research, H;S has received particular
attention due to its potential role in the healthspan and lifespan-extending
intervention of dietary restriction (DR) [208], [274]. DR typically results in
sizeable extension of lifespan and healthspan across taxa from yeast to non-
human primates [154], but despite decades of investigation, the precise
molecular mechanism(s) that underlie the beneficial effects of DR remain
elusive[275]. DR protocols are often a simple percentage reduction in available
food compared to ab libitum (AL) fed controls, this is known as calorie
restriction (CR) and commonly involves a 20-40% reduction in gross daily calorie
intake. One alternative DR protocol is sulfur-containing amino acid (SAA)
restriction (SAAR), wherein gross calorific intake is maintained between
experimental and control groups, but the SAAR group have depleted methionine
and cysteine amino acid in their diet. Critically, it has been shown that most DR
protocols including SAAR result in elevated endogenous H;S production, and

genetical modified mice that cannot endogenously produce H,S do not
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experience any health benefit from DR diets [164]. Therefore, it is likely that
reduced metabolism of SAAs is in part are causative of CR health benefits. One
such metabolic process that is SAA dependent is the endogenous enzymatic
production of H,S from cysteine and methionine [63], [64]. However, the precise
nature of the role H,S plays in DR interventions is poorly understood. As such,
studies of H,S levels in DR experiments are of critical need and may help
elucidate the mechanisms by which DR modulated lifespans. One key
outstanding question is the mechanism by which a reduction in dietary SAAs, the
substrate for endogenous H,S generation, results in elevated HS levels. Several
explanations for this unintuitive observation have been proposed. For instance,
DR protocols reduce hypothalamic-pituitary signalling through growth hormone
and thyroid hormone, both of which both of which inhibit the activity of HxS-
generating enzymes via through post-translational restriction of essential
substrates and post-transcriptional regulation of H,S production enzymes,
respectively [170]. Another potential explanation is that DR and fasting
interventions elevate autophagy in tissues in mice and humans, which provides
the pool of SAAs needed for H,S generation despite a reduction in dietary SAA
intake [171]. The development of improved H,S detection methods will be
crucial to determine the precise mechanisms by which nutrient-limiting diets
elevate H;S production and could yield valuable novel targets for improving

health and longevity.
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4.2.2 Challenges in Measuring Hydrogen Sulfide

Measuring tissue HyS levels using currently established methods is
challenging because it is a highly reactive compound and physiological sulfur
species are highly dynamic [276]. A summary of common biological sulfur redox
states is presented in Table 2. Sulfur pools in biological systems can be broadly
grouped into three categories: free sulfide i.e. H;S, acid labile sulfide i.e. Fe-S
clusters, and sulfane sulfur i.e. persulfides [277]. Depending on the sample
preparation conditions any combination of these sulfur pools may be excluded
from analysis. For instance, the pool of free sulfide compounds includes H,S,
bisulfite (HS"), and sulfide (5%), three chemical species which have some
common reactivities but are distinct in others [278]. The chemical composition
of the free sulfide pool is shifted towards HS in acidic conditions and S? in
alkaline conditions [278]. Therefore, detection method that alters sample pH or
is more sensitive for one sulfide species than the others may inaccurately report
the biological sulfide levels [278]. Furthermore, aqueous solutions of HyS are
highly volatile and passive loss of H,S during sample preparation is unavoidable
[279]. Therefore, simply measuring HxS levels in blood samples may poorly
represent the sulfur status within organs of an animal. Combined, these factors
make detection methods for H,S highly influenced by experimental condition.
For instance, quantification of H;S levels by monobromobimane derivation is
sensitive to pH, oxygen concentration, reaction vessel, and presence of trace
metals [276]. In addition, all sample preparation techniques must account for
the rapid loss of HxS from samples through oxidation and volatilization [276]. As
such, careful consideration must be given in experimental design to ensure the
desired sulfide measurement is being recorded. A summary of the selected
methods to measure HyS levels in animal tissues and their associated advantages
and disadvantages are presented in Table 9. A comprehensive review of

emerging HyS detection methods was compiled recently by Ibrahim et al. [280].
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Table 9 Summary of current methods to detect H2S in biological samples and their
advantages and disadvantages

Method Advantages Disadvantages Reference
Lead Acetate Reaction Simple, medium throughput, Measurement of H.S [230]
Formation of lead- can be used with variety of production capacity rather
sulfur precipitate tissue types, simple than H:S levels
methodology
Monobromobimane Medium throughput, can be  Low specificity for HzS [281]
Reaction Generates used with variety of tissue
sulfur diamine, types, simple methodology
measured by HPLC
Amperometric/Polarog Specific for H:S, also Low throughput [282]
raphic Probe measures Oz levels, can be
H2S Specific Membrane  used with variety of tissue
types
N,N-dimethyl-p- Medium throughput, can be  Can be used with plasma [283]
phenylenediamine used with variety of tissue samples only
Sulfate Reaction types, simple methodology
Colourimetric
generation of
methylene-blue
Fluorescent Sensors Cell permeable, high Limited by specificity for Hz2S [284]
Sulfide-specific sensitivity, capable of in as opposed to other sulfur-
Fluorescent dyes vivo measurements containing compounds, low
throughput
lon-Selective Good selectivity for S* ions Low sensitivity, required pH > [285]

Electrode

Specific detection of
S% jons in solution
using a crystalline
membrane

11 to generate S;- ions but
this also frees sulfide from
bound cysteine groups,
artificially inflating results,
low throughput
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4.2.3 MitoA, A Novel in vivo Exomarker for Hydrogen Sulfide

Here, | report the optimisation and use of the recently developed MitoA
exomarker probe, designed by Prof. Richard Hartley (University of Glasgow,
Scotland, UK) [269]. The MitoA compound reacts with HS in a highly specific
manner to form a new compound termed MitoN (Figure 11a). MitoA rapidly
localises to mitochondria without requiring enzymatic import by taking
advantage of the existing membrane potential differences across plasma and
mitochondrial membranes (Figure 11b) [286]. As such, a tail vein injection of
MitoA into a mouse leads to the MitoA compound rapidly accumulating in the
mitochondria of the liver, heart, brain and kidney within 20 min, upon which the
local H2S concentration will result in a proportion of the MitoA reacting to form
MitoN [269]. Subsequently, by extracting the compounds from tissues and
analysing them via mass spectrometry the relative abundance of MitoA and
MitoN can be calculated. In addition, deuterated versions of both compounds
have been synthesised (termed d15-MitoA and d15-MitoN) in which the 15
hydrogens on the triphenyl phosphonium group have been exchanged for
deuterium [269]. By spiking in a known concentration of these deuterated
internal standard (IS) into the samples and preparing a standard curve of known
concentrations of MitoA and MitoN, the absolute concentration of each analyte
can be determined and used as a proxy measure for the mitochondrial H,S level
in vivo [269]. This approach has been used to measure mitochondrial H;S levels
in gill, liver, brain, and muscles tissue samples from Atlantic Molly (Poecilia
mexicana) [287], and in brain tissue from mice, rats and squirrels (Ictidomys

tridecemlineatus) [288].
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Figure 11 Biochemical basis of MitoA

A Schematic showing the reaction between MitoA and HzS to form MitoN. B Diagram detailing
the localisation of MitoA to the mitochondria in mammalian tissues. Figure source: Arndt et al.,

2017.




Chapter 4 105

4.2.4 Thiosulfate sulfurtransferase knock out (TST KO) mouse
model

Thiosulfate transferase (TST, also known as Rhodanese) is a nuclear
encoded mitochondrial protein that detoxifies cyanide by transferring a sulfur
group from thiosulfate onto cyanide, producing thiocyanate and sulfite [289].
However, it has also emerged that TST has a role in the metabolism of H,S. The
first stage HyS oxidation it catalysed by the mitochondrial enzyme
sulfide:quinone oxidoreductase which transfers the sulfur atom primarily to
glutathione, generating glutathione persulfide (GSSH) [77]. TST then uses GSSH
as a substrate for the transfer of a sulfane sulfur to a sulfite molecule,
generating thiosulfate which is ultimately excreted in the urine [80]. TST has
drawn recent attention when Morton et al. identified it as an adipose-specific
antidiabetic gene [232]. This was achieved using polygenic mouse strains
divergently selected over 60 generations for either a fat (F) or lean (L)
phenotype with regards to adiposity and lean body mass, resulting in F and L
mouse strains that have the same lean body mass but a large difference in body
fat percentage (23% body fat in F mice compared to 4% body fat in L mice) [290],
[291]. Using these F and L strains, Morton et al. found that expression of TST in
adipocytes was correlated with lower fat mass and lower fasted blood glucose
levels, and transgenic adipocyte TST overexpression in mice was protective
against high fat diet induced obesity and insulin resistance [232]. TST has several
molecular functions that may underpin its promotion of a lean phenotype,
chiefly in the modulation of mitochondrial function, where it localises. This
includes alteration of mitochondrial oxidative phosphorylation complexes | and Il
[292], [293], the degradation of reactive oxygen species in mitochondria [294],
and unfolded TST may potentially be involved in the mitochondrial import of 5S
ribosomal RNA [295]. The role of TST in managing HS levels is complicated. It is
known that TST forms part of the sulfide oxidation unit, however the precise
mechanistic sequence involved remains an area of active research. Morton et al.
found that whole blood H;S levels were greatly elevated in TST/- mice compared
to controls by a monobromobimane derivisation method [232], however hepatic
H>S levels were unaffected by transgenic TST knock out across multiple H,S
detection methods [296]. To further elucidate the production of H,S in the
context of TST null mice, | optimised an LC/MS/MS method for the analysis of

tissue samples from TST/- mice injected with MitoA and attempted an imaging
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mass spectrometry method to spatially resolve H;S levels in hepatic tissue

samples.
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4.3 LC/MS/MS Method Development

Analysis of MitoA, MitoN and their deuterated ISs in murine liver has been
reported in the initial proof-of-concept paper describing the functionality of
MitoA by Arndt et al. [269]. However, this approach had not yet been replicated
by any other group. | received lab-synthesised MitoA, MitoN, d15-MitoA, and d15-
MitoN compounds from Prof. Richard Hartley’s group (University of Glasgow,
UK), to enable me to apply the same methodology in the detection of
mitochondrial H;S levels in hepatic samples from a transgenic TST KO mouse
model. The analysis of these compounds by liquid chromatography tandem mass
spectrometry (LC/MS/MS) was performed at the Mass Spectrometry core facility
at the Queen’s Medical Research Institute (University of Edinburgh, UK) with
help and support from Natalie Homer, Ruth Andrew, Scott Denham, and Shazia
Khan. The analysis used the same liquid chromatography (LC) parameters but
required optimisation and validation of the mass spectrometry (MS) parameters
and sample preparation methodology. This chapter will detail the method
development for the optimized LC/MS/MS analysis of MitoA in hepatic tissues.
Additionally, | attempted to use MitoA-injected liver tissue sections in an
imaging MS experiment. The imaging experiment was ultimately unsuccessful,

but the method development is described in section 4.4.

The following experimental parameters were consistent across all
experiments described in this chapter. Analytes and tissue samples were
analysed in positive ion mode using an Acquity UPLC BEH C18 column (1 x 50
mm, 1.7 um; Waters, Wilmslow, UK) with a Waters UPLC filter (0.22 um) in a
Waters I-Class HPLC in tandem with a triple-quadropole mass spectrometer
(Waters, Xevo TQ-S). Specific settings for LC/MS/MS analysis are detailed in
Table 10.
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Table 10 MS Settings for all LC/MS/MS analysis

Parameter Setting
LC Program Time 4.5 min
LC Solvent A 95% water, 5% ACN, 0.1% FA
LC Solvent B 90% ACN, 10% water, 0.1% FA

Solvent Gradient

Injection Volume
Source Spray Voltage
Cone Voltage

lon Source

Collision Energy

0.2 L/min, gradient: 0- 0.3 min, 5% B; 0.3-3
min, 5-100% B; 3- 4 min, 100% B, 4.0- 4.10,
100-5% B; 4.10- 4.60 min, 5% B

10 pL

3.2 kv

125V

100 °C

75V
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4.3.1 MS Tuning of Analytes

Tuning of a mass spectrometer to specific analytes allows for optimisation
of experimental parameters to improve detection of those analytes [297].
Parameters that commonly require optimization include cone voltage, collision
energy, and source spray voltage [297]. | used Intellistart™ software (Waters,
Wilmslow, UK) to tune the MS system to all four analytes: MitoA, MitoN, d15-
MitoA, and d15-MitoN. Standards of each analyte were prepared at 5 nM in 20%
ACN 0.1% FA directly infused into the MS. The Intellistart™ software optimised
experimental parameters for the detection of these analytes and determined the
most prevalent mass transitions for each compound (Table 11). These mass
transitions are a characteristic pattern of masses produced by the ionized
analyte fragmenting down into daughter ions [297]. The mass transitions
highlighted in bold indicate the transitions | selected to identify each compound
in all downstream analyses, these transitions were from different masses to
those utilized by Arndt et al in their analysis [269]. The chromatograms for each
analyte and the associated transitions are shown in Figure 12. Chromatograms
for MitoA, MitoN and d15-MitoN demonstrate that these compounds have peaks
arising from the desired transitions only i.e. when tuning the MitoA analyte,
peaks were only detected from a parent ion of the correct mass for MitoA
(437.16 m/z) and not from any other mass. | found strong signals for all mass
transitions that were identified by the MS Tune software for each analyte.
However, for d15-MitoA, peaks were observed for transitions relating to the d15-
MitoA transition but also from MitoA transitions Figure 12. The relative signal
intensity of these peaks were 2.02x10° and 1.09x10* respectively. This is
indicative of contamination of the d15-MitoA compound with MitoA, likely due to
impurities in the chemical synthesis of the d15-MitoA compound. The d15-MitoA
compound was a viscous, oily substance of yellow-brown colour and visually
appeared less pure than the d15-MitoN compound which was a fine power of one
consistent colour. The d15-MitoN compound only had one strong peak for the
expected d15-MitoN transition Figure 12. As the contamination peak in d15-
MitoA is approximately 20x smaller than the desired peak and the compound is
used at a much lower concentration in sample analysis (100 pM for analysis
compared to 5 nM in this experiment), it is not expected that the impurity of

this IS will significantly affect downstream analysis. LC retention times for MitoA
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and its deuterated IS were identical at 2.02 min while MitoN and d15-MitoN both
had a retention time of 1.66 min. These retention times were maintained across

all transitions recorded for all four compounds.



Chapter 4 111

Table 11 Summary of parent and daughter ions for each compounds as identified by MS
Tune software

Daughter ions highlighted in bold are the ones selected as the characteristic transition for each
compound in all downstream analysis. All values reported as m/z.

MitoA MitoN d15-MitoA d15-MitoN
Parent  Daughter Parent  Daughter Parent  Daughter Parent  Daughter
lon lons lon lons lon lons lon lons
437.16 183.06 439.16 120.06 452.22 191.11 454.22 120.06
346.22 177.20 361.29 177.13
175.13 183.11 113.11 191.17
92.11 92.11

65.13 65.13
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Figure 12 MS Tuning chromatograms for the Mito A and Mito N analytes and the d15-MitoA and
d15-MitoN internal standards

Chromatograms on the left shown peaks arising from direct infusion of each analyte into the mass
spectrometer (top to bottom: MitoA, d15-MitoA, MitoN, d15-MitoN). Each compound should only
display strong peaks for itself. On the right chromatograms are shown for each of the transitions
identified by the MS Tune programs for each compound. Analytes were prepared at 5 nM in 20% ACN
0.1% FA. The x-axis in all graphs represents retention time, with the y-axis representing signal
intensity.
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4.3.2 Analyte Calibration Curves

Next the preparation of a calibration curve for each analyte in the
presence of IS was assessed. Good linearity is required for quantification of
analytes in tissue samples and generation of a calibration curve allows for
determination of the limit of detection (LOD) for each analyte [298]. MitoA and
MitoN compounds were prepared from 0.025 - 100 ng/100 puL in 95% acetonitrile
(ACN) 0.1% formic acid (FA). All calibration curve standards included 2 ng of
both the IS compounds, d15-MitoA and d15-MitoN. The signal arising from each
analyte is determined by measuring signals arising from the mass transitions
highlighted in Table 11. Response of MitoA is normalised to the d15-MitoA signal
and MitoN relative to d15-MitoN. Calibration curves, retention times, signals
achieved from analytes and ISs and the calculated responses are detailed for
MitoA (Figure 13) and MitoN (Figure 14). Both curves exhibited good linearity
(R% = 0.9992 for MitoA and 0.9986 for MitoN). Both MitoA and MitoN were
detectable at the lowest concentration used in this experiment of 0.025 ng/100
uL. As such, the LOD of each compound was found to be sub 0.025 ng/100 pL.
However, this LOD is determined from analytes prepared in pure solution and
without the confounding components that arise in samples prepared from tissue
homogenate. As such the next step was to assess if the compounds are

detectable after extraction from hepatic tissue samples.
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MitoA Concentration (ng/100uL)
Standard Conc. Area RT IS Area é?r Response Ca(l:cou'!'it-ed %Dev S/N
(ng/100pL) (ng/100pL )
0.025 14397.756  2.01  91806.594  1.99 0.157 0.0 10.5 320.509
0.050 15550.067  2.01  92704.223  1.99 0.168 0.1 4.6 277.892
0.100 16925.090 2.01  91451.810  1.99 0.185 0.1 -8.5 386.759
0.250 24915.221 2.01 100012.985 1.99 0.249 0.2 -5.4 724.156
0.500 35879.922  2.01  95480.299  1.99 0.376 0.5 4.6 914.213
1.000 55175.000  2.01  96851.023  1.99 0.570 1.0 -3.8 1519.229
2.500 122367.047 2.01 98919258  1.99 1.237 25 -1.1 2355.841
5.000 218791.234  2.01  95067.711  1.99 2.301 4.9 2.4 5419.872
10.000 414987.969 2.01  92935.035 1.99 4.465 9.8 22 6593.480
25.000 1067721.000 2.01  93958.054  1.99 11.364 25.4 1.5 10731.647
50.000 2009589.875 2.01  86670.067  1.99 23.187 52.1 4.3 9261.728
100.000 3666611.750 2.01 84471274  1.99 43.407 97.9 2.1 16367.178

Figure 13 Calibration curve and supporting table for MitoA standards

Standards were prepared from 0.025-100 ng/100 pL in a deep-well 96-well plate containing 100 pL
20% ACN 0.1% FA and analysed by LC/MS/MS. RT: Retention time, IS: Internal standard, %Dev:
Percentage relative standard deviation, S/N: Signal to noise ratio, ACN: Acetonitrile, FA: Formic
acid.
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MitoN Concentration (ng/100uL)
Standard IS Calculated
Ar RT IS Ar R n 9
Conc. ea S Area RT esponse Conc. %Dev S/N
(ng/100uL) (ng/100uL)
0.025 183.267 1.67  91806.594  1.64 0.002 0.0 -23.6 3.664
0.050 372.356 1.66  92704.223  1.64 0.004 0.1 0.3 9.011
0.100 613.379 1.66  91451.810  1.64 0.007 0.1 -8.5 19.179
0.250 1928.889 1.66  100012.985 1.64 0.019 0.3 14 52.953
0.500 3473.989 1.66  95480.299  1.64 0.036 0.5 9.6 126.398
1.000 6212.794 1.66  96851.023  1.64 0.064 1.0 25 124.246
2.500 17340.246  1.66  98919.258  1.64 0.175 27 7.4 531.570
5.000 30797.764 1.66  95067.711  1.64 0.324 5.0 -0.6 526.281
10.000 59635.082 1.66  92935.035  1.64 0.642 9.9 -1.4 1660.293
25.000 159020.266 1.66  93958.054  1.64 1.692 26.0 4.1 3317.180
50.000 294879.281 1.66  86670.067  1.64 3.402 52.3 4.6 5757.737
100.000 530746.125 1.66  84471.274  1.64 6.283 96.6 -3.4 7705.985

Figure 14 Calibration curve and supporting table for MitoN standards

Standards were prepared from 0.025-100 ng/100 pL in a deep-well 96-well plate in 100 uL 20%
ACN 0.1% FA and analyzed by LC/MS/MS. RT: Retention time, IS: Internal standard, %Dev:
Percentage relative standard deviation, S/N: Signal to noise ratio, ACN: Acetonitrile, FA: Formic

acid.
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4.3.3 Analysis of Hepatic Tissue Samples

Next, | sought to determine if the MitoA and MitoN analytes could be
detected after extraction from murine hepatic tissue samples. To do this, a 11-
week old C57BL/6J male mouse was injected with 100 uL of 50 nM MitoA via a
tail vein injection. After 1.5 hr the mouse was culled by schedule 1 cervical
dislocation and cessation of circulation was confirmed by cutting the femoral
artery. The liver was dissected and flash frozen in liquid nitrogen. Extraction of
MitoA and MitoN and spiking of the solution with internal standards was
performed as described in Figure 15a. Briefly, 50 mg of liver tissue was
homogenized in 210 uL 95% ACN supplemented with the deuterated ISs. The
homogenate was moved to a fresh Eppendorf tube and centrifuged at 16,000 g
for 10 min at 4°C. The supernatant was reserved to a fresh Eppendorf tube and
the pellet was resuspended in 50 uL 95% ACN, centrifuged at 16,000 g for 10 min
at 4°C and the supernatant was pooled with the previous extraction. This was
step was repeated one more time before the extracted solution was passed
through a 0.2 um filter, dried under vacuum, and finally resuspended in 100 uL
20% ACN 0.1% FA. The resuspended sample solution was added to a deep-well
96-well plate and analysed alongside a calibration curve of MitoA and MitoN
standards Figure 15b. Both analytes were detectable in this extracted solution,
with a calculated concentration of MitoA and MitoN of 0.025 and 0.095 ng/100
uL, respectively. From these data the [MitoN]:[MitoA] ratio in this hepatic
sample is 0.095/0.025 = 3.748. This confirms that both analytes are detectable
from hepatic tissue and can be quantified by use of spiked ISs in the sample

preparation.
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Conc. Conc.
(ng/100uL) (ng/100uL)
0.025 46102523 1.97 550100.875 1.96 0.084 976.882
0.050 47755.004 1.97 497239.688 1.96 0.096 0.055594 11.2 2119.909
0.100 60372.941 1.97 521205.219 1.96 0.116 0.152841 52.8 1438.199
0.250 60513.258 1.97 450942.000 1.96 0.134 0.243045 2.8 1349.475
0.500 89502.719 1.97 470073.906 1.96 0.19 0.519206 38 1067.669

<« 1000 138608.469 1.97 451028.406 1.96 0.307 1.093628 9.4 3166.438

(=]

."E: 2.500 279485.531 1.98 456653.750 1.96 0.612 2590731 36 5295.802
5.000 548112.000 1.98 433039.938 1.96 1.266 5.802470 16.0 4604.582
10.000 1086689.750 1.97 435626.031 1.96 2.495 11.839841 18.4 15579.533
25.000 2408732.500 1.97 464722.563 1.96 5.183 25.049433 0.2 16194.231
50.000 5594257.500 1.97 468735.844 1.96 11.935 58.221186 16.4 34602577
100.000 8145245.500 1.97 448251.250 1.96 18.171 88.861532 111 23819.695
Liver Sampl 18950.232 1.98 210792.609 1.96 0.09 0.025426 225.928
0.025 7453.576 1.63 1751663.500 161 0.004 263.353
0.050 12495.171 1.63 1659098.500 1.61 0.008 0.039249 215 352.706
0.100 24631.729 1.63 1697724.000 1.61 0.015 0.129050 29.1 454.205
0.250 39049.746 1.63 1669547.375 1.61 0.023 0.243348 2.7 1389.730
0.500 82545.219 1.62 1730247.750 161 0.048 0.556327 11.3 1738.583

= 1000 159405.781 1.63 1634802.875 161 0.098 1.197277 19.7 2875.507

o

§ 2.500 385047.219 1.63 1706655.750 1.61 0.226 2.846066 13.8 4604.587
5.000 782240.313 1.63 1601661.125 161 0.488 6.228115 24.6 5985.674
10.000 1521264.875 1.63 1547327.250 161 0.983 12.595899 26.0 6073.588
25.000 3435282.000 1.63 1632576.375 1.61 2.104 27.024252 8.1 17952.071
50.000 6834877.000 1.62 1470649.625 161 4.648 59.757616 19.5 13040.736
100.000 9089187.000 1.63 1394817.750 161 6.516 83.810718 -16.2 24883.308
Liver Sampl 5009.926 1.66 421463.75 1.65 0.012 0.095308 37.754

Figure 15 Analysis of hepatic tissue sample

A Diagram showing sample preparation protocol for the preparation of the MitoA-injected hepatic
tissue sample. B Calibration curve and supporting table for MitoA and MitoN standards. Standards
were prepared from 0.025-100 ng/100uL in a deep-well 96-well plate in 100 uL 20% ACN 0.1% FA.
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4.3.4 Matrix and Recovery Effects

Having confirmed that all four analytes were detectable after extraction
from mouse liver tissue, | next sought to determine if it was possible to improve
the detection of these analytes. The use of trace analysis techniques such as
LC/MS/MS on tissue samples is often impeded by contaminants arising from the
tissue sample (matrix effects) and the difficultly in extracting all of the analyte
from the tissue (recovery effects) [299], [300]. | then undertook an experiment
to determine the signal loss arising from each of these effects by preparing
solutions containing the d15-MitoA and d15-MitoN ISs under three different
protocols termed pre-spike, pure solution, and post-spike (Figure 16a). Peak
area for analytes prepared by each protocol was calculated (Figure 16b,
summarised in Table 12) and used to evaluate the contribution of matrix and
recovery effects to the overall loss of signal in tissue sample according to
equations 1 and 2 (Table 13).

ResponsePure Solution
ResponsePost Spike

Matrix ef fects (%) = ( 1) x100 — Equation 1

ResponsePost Spike

Recovery effects (%) = ( )xlOO — Equation 2

Responsel’re Spike

From these data it is apparent that there is highly efficient recovery of
the analytes from tissue samples, 94.65% for MitoA and 98.25% for MitoN. These
data indicate that the sample preparation method of homogenisation,
centrifugation, filtration, drying, and then resuspension incurs only a modest
loss of both MitoA and MitoN. However, there were significant matrix effects
which result in a large reduction in signal for both MitoA (-46.16%) and MitoN (-
61.21%). This indicates that filtration of the tissue homogenate through a 0.22
um filter is insufficient to completely remove components of the tissue matrix,
which results in ion suppression [301]. Less volatile components in the tissue
matrix cause ion suppression of the analytes of interest (here, MitoA and MitoN)
by impeding droplet formation and/or evaporation and thereby reducing the
amount of ions that reach the MS detector [301].



Chapter 4 119

Table 12 Peak areas of peaks arising from Mito A and Mito N in standards prepared by each
method. All values given in arbitrary units.

Sample Preparation Method

Pre Spike Post Spike Pure Solution
MitoA: 685062 723779 1272393
MitoN: 2595789 2641969 6692047

Table 13 Summary of calculated matrix and recovery effects

MitoA MitoN
Recovery Effects (%) 94.65 98.25
Matrix Effects (%) -46.16 -61.21
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Figure 16 Determination of matrix and recovery effects

A Diagram showing standard preparation by three different protocols to determine recovery and
matrix effects. B Integrated chromatographic peaks for MitoA and MitoN in each of the three
standards. Peak areas for each compound are summarized in Table 12. The x-axis in all graphs
represents retention time, the y-axis in all graphs represents signal intensity.
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4.3.5 Impact of Resuspension on Recovery

One suspected source of reduced recovery was loss of analyte during the
drying and final resuspension steps of sample preparation, which can often result
in reduced analyte signal in LC/MS/MS analysis due to incomplete solubilisation
of the dried analyte or sedimentation of analyte to the bottom of the sample
well [302], [303]. To determine the reduction in signal from this process a
solution containing 2ng of both d15-MitoA and d15-MitoN was prepared with or
without the drying and resuspension steps (Figure 17a). There was no significant
change in signal intensity or retention time between the resuspended and non-
resuspended standards, 2.7x107 and 2.9x10” respectively (Figure 17b). This
indicates that drying and resuspending the analytes has a very limited impact on

recovery.
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Figure 17 Impact on resuspension of standards and analytes on recovery

A Diagram showing standard preparation protocol for standards to determine the effect of drying
and resuspending analytes for analysis. B Chromatographic peaks arising from MitoA and MitoN
in standards either with or without a resuspension protocol. There is no significant change in

signal intensities between methods. The numbers in red represent the maximum signal intensity
recorded in each chromatogram. The x-axis in all graphs represents retention time, the y-axis in

all graphs represents signal intensity.
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4.3.6 Phospholipid Extraction

Due to the matrix effects quantified described in section 4.3.4, | then
investigated the use of an Isolute PLD+ phospholipid removal plate (Waters,
Wilmslow, UK) to extract phospholipids from sample solutions prior to analysis.
Phospholipids are major constituents of biological membranes [304], and are the
primary source of matrix effects in MS analysis of analytes extracted from tissue
samples [305]. The PLD+ phospholipid extraction plate uses a protein crash and
filtration method to removal phospholipid contaminant arising in tissue samples
[306]. To observe the effect of phospholipid extraction, six standards of d15-
MitoA and d15-MitoN were prepared. One group of three standards were
prepared and analysed as described in Figure 16a (described as non PLD+
extracted in this experiment), and another group of three standards was
prepared similarly except the standards were pulled through a Isolute PLD+ plate
under vacuum, dried and resuspended in 100 uL 20% ACN 0.1% FA before
injection into the LC/MS/MS (described as PLD+ extracted in this experiment).
Chromatograms for all standards prepared are shown in Figure 18. There were
no strong peaks found in the characteristic phospholipid mass range for the PLD+
phospholipid extracted pure solution standard or the non-extraction pure
solution. This is as expected, as neither of these standards contain liver tissue
and as such no phospholipids should be present to contaminate the standards.
However, strong peaks in the characteristic phospholipid mass range were
observed in the pre-spike and post-spike standards that were not PLD+
extracted. Phospholipid peaks were not detectable in pre-spike and post-spike
standards that were PLD+ extracted. These data indicate that standards
prepared from tissue samples are contaminated with phospholipids, even after
filtration through 0.22 um filters, but that this contamination is no longer
detectable after use of an Isolute PLD+ extraction plate. The phospholipid
extraction did result in a modest reduction in signal of the analytes (The pure
solution had a signal intensity of 1.9x107 without Isolute PLD+ extraction and
1.0x107 after extraction). Given these findings, a PLD+ extraction step was

included in all subsequent sample preparation methods for LC/MS/MS analysis.
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Figure 18 Comparison of chromatograms with or without PLD+ Extraction

LEFT: Chromatographic peaks arising from analytes of interest and phospholipid contaminants in
standards without Isolute PLD+ extraction. Phospholipid peaks are only visible in the two standards
that are prepared with the inclusion of hepatic tissue.

RIGHT: Chromatographic peaks arising from analytes of interest and phospholipid contaminants in
standards following Isolute PLD+ extraction. No major phospholipid peaks are visible in any of the
standards. All standards were prepared in 100 uL 20% ACN 0.1% FA. ACN: Acetonitrile, FA:
Formic acid.

The numbers in red represent the maximum signal intensity recorded in each chromatogram. The
x-axis in all graphs represents retention time, the y-axis in all graphs represents signal intensity.



Chapter 4 125

4.3.7 Measurement of Hydrogen Sulfide Levels in Transgenic
Mice Injected with MitoA

In order to determine the efficacy of the developed method, | applied the
method to liver samples from transgenic mice with thiosulfate sulfurtransferase
(TST) enzyme knocked out. Briefly, 11-week old C57BL/6J wild-type (n=6) or TST
KO (n=6) male mice were injected with 100 uL of 50 nM MitoA via tail vein
injection. After 1.5 hr the mice were culled by schedule 1 cervical dislocation
and cessation of circulation was confirmed by cutting the femoral artery. Liver
samples were dissected and flash frozen in liquid nitrogen. Extraction of MitoA
and MitoN and spiking of the solution with internal standards was performed as
described for the ‘post-spike’ method (Figure 16a), with an additional PLD+
extraction step immediately prior to resuspension. The resuspended sample
solution was added to a deep-well 96-well plate and analysed alongside a
calibration curve of MitoA and MitoN standards (Figure 19). Both analytes were
detectable in this extracted solution for all samples except from one C57BL/6J
wild-type sample (likely due to failed intravenous injection of MitoA) which was

excluded from analysis.



Chapter 4 126

6000
e MitoA R2=0.99
~e MitoN R2=0.99
8 4000
c
o
o
0
&, 2000
PP
g PP S v v v
R & # o
Concentration (pg/100uL)
Standard Area RT IS Area IS RT Response Calculated %Dev S/N
Conc. Conc.
(ng/100uL) (ng/100uL)
1 13.98 1.95 16735.365 1.58 0.001 2.6949 169.5 1.254
2 7.608 1.96 32815.355 157 0.000 0.427789 -82.9 0.787
5 169.256 1.91 169182.938 157 0.001 3.315007 -33.7 13.907
10 146.967 1.92 92414.977 1.58 0.002 5.530835 -44.7 9.844
25 1434.077 1.92 186918.25 1.58 0.008 28.377674 13.5 82.226
<
S 50 1876.124 1.92 120347.578 1.58 0.016 58.11801 16.2 129.973
S 100 3753.729 1.91 120249.688 157 0.031 116.820761 16.8 287.240
250 2111.627 1.92 54256.523 157 0.039 145.757954 -41.7 87.153
500 8636.711 1.92 98056.211 157 0.088 330.427812 -33.9 644.447
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Figure 19 Calibration curve for final analysis of hepatic tissue samples

Calibration curve and supporting table for MitoA and MitoN standards. Standards were prepared
from 1-5000 ng/100 ulL in a deep-well 96-well plate in 100 uL 20% ACN 0.1% FA. ACN:
Acetonitrile, FA: Formic acid.
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From these data the concentration of each analyte in solution was
calculated using TargetLynx (Waters, Wilmslow, UK) quantification software and
normalising to the mass of tissue homogenized for analysis. The [MitoN]:[MitoA]
ratio in each hepatic sample was calculated, these data are summarised in
Figure 20a. For comparison, the same mouse liver samples were used in a lead
acetate assay. This assay measures H;S production capacity ex vivo and is the
most commonly used method in the literature [230]. Briefly, protein homogenate
was prepared in lysis buffer from flash-frozen liver samples and loaded into a 96-
well plate. The protein lysates were mixed with a reaction solution containing 10
mM L-cysteine and 1 mM pyridoxal-5’-phosphate hydrate which are the substrate
and co-factor for CSE and CBS-dependant H;S production, respectively. The plate
is tightly covered with filter paper that was soaked in 20 mM lead(ll) acetate and
dried. As H,S accumulates in the head of the plate wells it reacts with the
lead(ll)acetate in the filter paper at 37°C for 1-2 hr to produce a brown-black
precipitate. The density of colour change produced in each well is a
measurement of the H;S produced in that well. TST wt and KO liver protein
samples were prepared in triplicate with 20 ug of liver protein lysate per well,
incubated for 2 hr at 37°C and density of precipitate formed was quantified by
LiCor Image Studio™ (Figure 20b). The results presented in Figure 20a and
Figure 20c show a similar upward trend in hepatic mitochondrial HxS levels in
vivo and H,S production capacity ex vivo, with the latter being significantly
upregulated. Simple linear regression analysis found a weak correlation (R? =
0.399) between these data (Figure 20c).
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Figure 20 Hepatic H2S production in hepatic mouse samples

A MitoN/MitoA ratio calculated from concentration of MitoA and MitoN in each sample. A higher
MitoN/MitoA ratio indicates more H2S was present in the tissue in vivo. B H2S production capacity
measured by lead acetate assay using the same liver samples used in LC/MS/MS analysis. C
Correlation of H2S detected by lead acetate and MitoA methodologies. Error bars represent SEM.
Statistical significant determined by two-sample unpaired t-test with alpha = 0.05. Grubbs outlier
test with alpha = 0.05 identified no outliers. * = p<0.05.
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There are several explanations for why the results presented here do not
directly mirror one another. First, the lead acetate method employs
supraphysiological concentrations of substrates for H,S production [230]. This is
intentional as the assay aims to determine the maximal production capacity of
the sample [230]. By contrast, the MitoA method does not stimulate any H,S
generating enzymes but instead passively measures the concentration of
mitochondrial H;S in tissue [269]. Second, the substrates and co-factors
employed in the lead acetate method selectively hyperactivate two H,S-
generating enzymes (Cystathionine-y-lyase and Cystathionine-p-synthase) but do
not stimulate 3-Mercaptopyruvate sulfurtransferase (MPST) activity [267]. As
such, the assay is a measurement of the maximal enzymatic activity of two just
two of the HyS-generating proteins. Finally, MPST is the only H;S-generating
enzyme that can localise to mitochondria in normal physiological conditions and,
as such, it is the activity of MPST that is being selectively measured by
quantifying the extent of MitoA conversion into MitoN [307]. In this light, the
two assays can be considered complimentary to one another: lead acetate assay
to measure cytosolic maximal HzS production, MitoA to determine absolute H,S

levels in mitochondria.
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4.4 Imaging mass spectrometry method development

Given the successful development and optimisation of a LC/MS/MS method
utilizing MitoA, | next examined the potential use of MitoA for MS imaging
techniques. Such a method would allow spatial resolution of H,S concentration
across tissue sections. The liver is a major site of HxS production, and H,S
directly influences hepatic lipid metabolism, ATP production, and disease
pathogenesis [256]. It has also become clear that hepatocytes in the liver are
functionally defined across the porto-central axis [308], [309]. Essentially, the
liver is arranged into lobules with portal tracts at the periphery and a central
vein at the centre, and hepatocytes have different functionality dependent on
their location within the lobule. This paradigm is termed liver zonation and an
increasing number of studies have defined the molecular functionality of
hepatocytes dependent on their zonation in terms of glycolysis, -oxidation, and
iron homeostasis [308], [309]. To date, no studies had determined H,S levels
across the hepatocyte zonation axis. Thus, | attempted to combine the MitoA
probe with imaging MS techniques to answer this unmet question, however, the
method development was ultimately unsuccessful. | have detailed the method

development and discussed potential reasons as to why this was the case.
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4.4.1 Direct infusion of analytes

First, the MitoA and MitoN analytes were directly infused into the MS to
establish if they were readily detected by the MS used for imaging experiments
(Synapt G2-Si QToF (Waters Corporation, Manchester, UK). The analytes were
prepared at 0.1 ug/mL in 50% ACN 0.1% FA and infused into the spectrometer at
2 uL/min flow rate. Mass spectra for each compound are presented in Figure 21.
Strong, gaussian peaks were detected for both MitoA (at 465.1737 m/z) and
MitoN (at 439.1864 m/z).
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Figure 21 Mass spectra for direct infusion of MitoA and MitoN into MS

Mass spectra generated by direct infusion of MitoA (A) and MitoN (B) into mass spectrometer.
Standards of each analyte were prepared at 0.1 ug/mL in 50% ACN and 0.1% FA and
subsequently infused into the spectrometer at 2 uL/min flow rate. The numbers in red represent the
maximum signal intensity recorded in each chromatogram. The x-axis represents retention time
and the y-axis represents signal intensity.
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4.4.2 Analyte spotting on glass slide

After establishing that the analytes were detectable on the MS, | next
moved to imaging the analytes on a glass plate by desorption electrospray
ionization (DESI) MS imaging. DESI imaging allows for label-free measurement of
analytes from complex samples, including hepatic tissue sections [310]. For this
initial investigation, analytes were spotted onto glass slides at 0.001-100 ug/mL
and dried under vacuum. The slide was then imaged using a DESI platform (2D
Prosolia DESI source) with DESI solvent of 98% MeOH 0.1% FA infused at 2.5
uL/min. MS resolution was set to 10000, mass window 0.02 m/z, and number of
intense peaks selected was 100. Additionally lock mass was used with caffeine
internal standard at mass 556.27 m/z. The images produced at both 100x100 and
200x200 pum resolution are shown in Figure 22. From these images we can see
that the limit of detection (LOD) for MitoA is 0.01 ug/mL and 0.1 pg/mL for
MitoN. This confirms that both analytes can be imaged using DESI MS, however
the LOD is high compared to commonly reported LODs for detecting analytes in

liver tissue by imaging MS techniques [311].
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Figure 22 DESI MS imaging of MitoA and MitoN analytes on a glass slide

Image acquired by DESI MS imaging of a glass slide with MitoA and MitoN analytes spotted and
dried onto the surface at 0.001-100 ug/mL. Resolution was set to 200x200 or 100x100 um.
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4.4.3 Analyte spotting on hepatic tissue

Next, | investigated whether the analytes were still detectable when
spotted onto mouse hepatic tissue sections and established a LOD for each
analyte on hepatic tissue. For this, flash-frozen mouse liver was sectioned to 10
um thickness using a cryostat (Leica CM1520, Leica Biosystems) and adhered to a
glass slide. Then 0.5 plL aliquots containing MitoA and MitoN in 98% MeOH 0.1%
FA at 0.001-5 ug were spotted onto the liver section and then dried under
vacuum. The location of each spot is shown in Figure 23a. The slide was then
imaged using a DESI platform (2D Prosolia DESI source) with DESI solvent of 95%
MeOH infused at 2.5 uL/min. MS resolution was set to 10000, mass window 0.02
m/z, and number of intense peaks selected was 100. Additionally lock mass was
used with caffeine internal standard at mass 556.27 m/z. The images produced
for MitoA and MitoN signals are shown in Figure 23b and Figure 23c,
respectively. From these images we can see that the LOD on hepatic tissue

sections is 0.1 ug/mL for both MitoA and MitoN.
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Figure 23 DESI MS imaging of MitoA and MitoN analytes on hepatic tissue section

A Location and concentrations of each analyte spot on the liver sample. Both MitoA and MitoN
were included in each spot at the concentration indicated, 0.001-5 ug/mL. Standards were prepared
in 98% MeOH 0.1% FA then dried under vacuum B DESI imaging of signals arising from MitoA. C
DESI imaging of signals arising from MitoN.
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4.4.4 Imaging of MitoA-injected hepatic tissue

Finally, the DESI MS method was applied to tissues sample from a mouse
injected with MitoA. Briefly, 11-week old C57BL/6J wild-type (n=6) or TST KO
(n=6) male mice were injected with 100 uL of 50 nM MitoA via tail vein injection.
After 1.5 hr the mice were culled by schedule 1 cervical dislocation and
cessation of circulation was confirmed by cutting the femoral artery. Liver
samples were dissected and flash frozen in liquid nitrogen. A liver tissue section
at 10 um thickness was prepared by cryostat and adhered to a glass plate.
Additionally, two other liver sections were adhered to the plate at the same
thickness: one for optimisation of DESI machinery prior to analysis and another
large tissue section to allow the spotting of a calibration curve of the MitoA and
MitoN analytes. The layout of the slide is shown in Figure 24a, while the
concentration of the seven calibration standards and their location on the tissue
section are shown in Figure 24b and Figure 24c. As previously, 0.5 uL aliquots
containing MitoA and MitoN standards in 98% MeOH 0.1% FA were spotted onto
the liver section and then dried under vacuum. The slide was then imaged using
the DESI platform with DESI solvent of 95% MeOH infused at 2.5 uL/min. MS
resolution was set to 10000, mass window 0.02 m/z, and number of intense
peaks selected was 100. Additionally, lock mass was used with caffeine internal
standard at mass 556.27 m/z.
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Tissue section

A Sample for for calibration B
optimization curve

¥ v

Sample for
imaging

Spot # Mito A Mito N
(ng/ml) (ng/ml)

1 500 0

2 400 100
3 350 150
4 250 250
5 150 350
6 100 400
7 0 500

Figure 24 Set up of slide and calibration standards for analysis of MitoA-injected hepatic
tissue section

A Slide layout for analysis. B Layout of calibration curve standards on hepatic tissue sample. C
Concentration of MitoA and MitoN standards in each spot. Standards were prepared in 98% MeOH
0.1% FA then dried under vacuum
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Mass spectra for the detection of MitoA and MitoN in each standard curve
spot are shown in Figure 25a. Images showing this data are also given for MitoA
and MitoN in Figure 25b and Figure 25c, respectively. The calibration curve for
these standards is given in Figure 25d. The calibration curve produced by this
experiment has strong linearity (R? = 0.9985), indicating this is a robust method
to quantify MitoA and MitoN signals on hepatic tissue sections without the need

for infusion of deuterated standards.
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Figure 25 Calibration curve of MitoA and MitoN standards spotted onto hepatic tissue
section for the quantification of MitoA-injected hepatic tissue section

A Mass spectra for MitoA and MitoN signals in each calibration standard curve. B DESI Imaging of
signals arising from MitoA. C DESI imaging of signals arising from MitoN. D Calibration curve
quantifying signals arising from MitoA and MitoN standards spotted onto hepatic tissue section.
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Unfortunately, no signal was detected for MitoA or MitoN from the MitoA-
injected tissue sample (Figure 26). It appears likely that MitoA is simply not
detectable by DESI MS imaging at the concentration used in this experiment. As
our lab is not licensed to attempt higher concentrations of a lab synthesized
compound for animal welfare considerations the development of an imaging MS

methodology using MitoA was suspended.
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A Sample

B MitoA

C MitoN

Figure 26 Attempted detection of MitoA and MitoN from MitoA-injected hepatic tissue
section

A Digital image showing tissue section from mouse injected with MitoA prior to cull. B DESI
imaging of signals arising from MitoA, none detectable. C DESI imaging of signals arising from
MitoN, none detectable.
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4.5 Summary

H2S has emerged as a powerful modulator of many biological processes. As
such, study of this molecule has attracted great interest. However, the main
obstacle preventing a deeper understanding of the biological role of H,S lies in
the difficulty of accurately measuring H>S levels in biological sample. As a
reactive gaseous molecule, H,S rapidly is degraded during sample preparation
and readily diffuses into the atmosphere. Current methods for determining HxS
levels are limited to ex vivo measurements that may not accurately reflect the
concentration within tissues of living organisms. To answer this unmet need a
novel probe called MitoA was developed by Prof. Richard Hartley (University of
Glasgow, UK) which allows for accurate measurements of in vivo mitochondrial
H2S levels by injection of the compound into an organism, extraction of
compounds from tissue samples, and then determination of analyte
concentration by mass spectrometry-based analysis. To date, the only previous
study using this methodology in mice was a proof-of-concept study conducted by
Hartley et al. | applied the MitoA probe to a mouse model with genetic knock
out of thiosulfate sulfurtransferase (TST KO), a mitochondrial protein that
improves insulin sensitivity under obesogenic stress and is involved in the
oxidation and disposal of HS. The TST KO is a novel mouse model which has
unresolved metabolism of H,S compared to wild-type controls. In my analysis of
MitoA-injected samples of TST KO mice | optimized the mass spectrometry and
sample preparation protocols. The result was a working method that allowed
measurement of in vivo mitochondrial H,S levels and revealed subtle differences
in reported H»S levels as measured by MitoA and another commonly used
cytosolic H,S measurement technique. The results have clarified the metabolism
of HS in this model and contributed to the understanding of the subcellular
localisation of H,S production and published as part of a study in Cell Reports
[312]. Further to this, | attempted to develop an imaging mass spectrometry
methodology to yield spatial resolution of H;S across tissue sections.
Unfortunately, the method development was unsuccessful due to the
concentration of analytes in the sample being below the detection threshold of
the mass spectrometer. Due to animal licensing limitations, | could not carry out
the required dosing study to determine a detectable concentration for the

analytes.
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Chapter 5 Exploring the Role of Hydrogen
Sulfide in a Mouse Model of Hutchinson-Gilford
Progeria Syndrome

5.1 Abstract

Progeria syndromes are rare diseases characterised by greatly accelerated
biological ageing, of which Hutchinson-Gilford progeria syndrome (HGPS) is the
best studied. Current treatments are limited, and most patients die before 15
years of age. Hydrogen sulfide (H2S) is an important gaseous mediator of
mammalian physiology. HyS interacts with several processes that appear to
modulate ageing, and treatment with H,S can ameliorate several hallmarks of
ageing in model organisms. To date, the regulation of H,S in HGPS has not been
characterised. In this study | used the G609G mouse model, which has the
equivalent causative mutation of human HGPS, maintained on either regular
chow (RC) or high fat diet (HFD). HFD has been shown to dramatically extend
lifespan in G609G mice. | examined transcript, protein and enzymatic activity
levels of the pathways that regulate hepatic H,S production and disposal. G609G
mice on RC diet were found to have reduced H;S production capacity within the
liver, with a compensatory elevation in mRNA transcripts associated with H,S
production enzymes such as cystathionine-y-lyase (CSE). However, both H;S
levels and CSE protein were rescued in G609G fed HFD relative to G609G RC
mice. The study presented here provides further evidence that H,S signalling has
a role in ageing, in that a disease of accelerated ageing can be characterised by
a marked reduction in hepatic H,S production which is restored by HFD. As
current treatment for patients with HGPS have failed to confer significant
improvements to symptoms or lifespan, the need for novel therapeutic targets is
acute and the regulation of H;S through dietary means may be a promising new

avenue for research.
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5.2 Introduction

5.2.1 Progeria Syndromes

Progeroid syndromes are set of genetic disorders characterized by a
shortened lifespan and development of biological alterations normally associated
with advanced age such as hair loss, frailty, and atherosclerosis [313]. Studies of
these progeroid diseases can yield valuable insight into the biology of healthy
normative ageing [314]-[316]. While all diseases of Progeria are extremely rare,
the most common human progeria is Hutchinson-Gilford progeria syndrome
(HGPS), with a prevalence of 1 in 20 million [317]. HGPS is an example of a
laminopathy, a set of diseases caused by mutations in the lamin A (LMNA) gene
which encodes for Lamin proteins [318], [319]. Lamins are a class of fibrous
filaments which provide vital structural support to the nucleus by lining and
mechanically stabilising the inner nuclear membrane and anchoring chromatin
and transcription factors to the nuclear periphery [320]. There are two types of
lamins in the mammalian genome: A-type (Lamin A and Lamin C) which result
from splicing of the LMNA gene, and B-type (Lamin B1 and Lamin B2) encoded by
LMNB1 and LMNB2 genes, respectively [319]. Lamin-C is directly translated from
the LMNA mRNA, while lamin-A is initially synthesised as a precursor that is post-
translationally processed to produce mature lamin-A [319]. Canonically,
maturation of pre-lamin A is initiated by farnesylation of the -CAAX by farnesyl
transferase (FTase), with the three terminal amino acids subsequently cleaved
by an endoprotease, leaving a terminal cysteine which is then methylated [321].
Finally, a metalloprotease (Zinc metalloproteinase STE24, ZMPSTE24) cleaves
fifteen C-terminal residues, including the farnesylated and methylated cysteine,
thus producing the mature lamin-A [321]. However, in HGPS, the canonical
maturation of lamin proteins is derailed by a single-base mutation (GGC>GGT) in
exon 11 of LMNA gene [320], [322]. This mutation activates a cryptic splice site
and results in the deletion of 50 residues near the C-terminus of pre-lamin-A,
including the ZMPSTE24 recognition site [321]. This leads to a permanently
farnesylated and methylated lamin-A isoform, named progerin (Figure 27). The
expression of progerin disrupts the nuclear membrane by binding to lamin-A, and
has been shown in mouse models to stimulate expression of senescence markers
such as senescence-associated beta-galactosidase and is associated with

dramatically reduced lifespan [323].
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A. Normal pre-lamin A processing B. Abnormal pre-lamin A processing
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Figure 27 Physiological and pathological pre-lamin A processing and maturation.

A In healthy cells the pre-lamin A precursor protein undergoes several processing steps to produce
mature lamin A which then associates with the nuclear envelope. B In patients with HGPS, a
mutation in LMNA gene activates a cryptic splice site leading to aberrant splicing which ultimately
results in the deletion of 50 amino acids near the C-terminus of pre-lamin A. This truncated protein
product is farnesylated and methylated as with healthy pre-lamin A processing. However, the
truncated pre-lamin A cannot undergo the final processing step of C-terminal cleavage. This results
in accumulation of permanently farnesylated and methylated lamin A isoform, termed progerin.
Progerin accumulation at the nuclear envelope disrupts the nuclear lamina network and is
characterised by irregular nuclear morphology as seen by microscope images. ZMPSTE24, zinc
metalloproteinase STE24; ICMT, isoprenylcysteine carboxyl methyltransferase; RCE1, Ras
Converting CAAX Endopeptidase 1; FTase, farnesyltransferase; HGPS, Hutchinson-Gilford
progeria syndrome (Adapted from [324]).
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Other organelles that are altered in HGPS include mitochondria, which
have been linked to changes to the metabolic profile of patients, including
reduced fat stores and reduced ATP production [325]. Fibroblasts from patients
with HGPS have reduced expression of cytochrome C, complex IV component
cytochrome C oxidase subunit 1, and complex V [326]. These alterations are
associated with reduced mitochondrial membrane potential, increased
cytochrome c oxidase activity, and metabolic reprogramming from oxidative
phosphorylation to glycolysis [327]. Examination of HGPS fibroblasts under high-
resolution microscopy reveals an increase in swollen or fragmented mitochondria
and a reduction in mitochondrial mobility in HGPS fibroblasts [328]. Many of
these effects appear to be directly driven by the expression of progerin, which
results in reduced expression of PGC-1a and elevated complex | activity which
drives overproduction of superoxide anion [329]. Additionally, the reduction in
mature Lamin A due to progerin production appears partially causative. This was
demonstrated in lentiviral knockdown of the LMNA gene in healthy human
fibroblasts which resulted in elevation of basal ROS levels and mitochondrial
membrane potential depolarisation, leading to apoptosis [330]. Cellular
disruption of mitochondrial dynamics is also a central driver of multiple ageing
hallmarks across species [331]. Progerin also accumulates across tissue during
physiological ageing due to spontaneous activation of the cryptic splice site in
HGPS, which suggests that normal ageing and progeroid syndromes may share
some common molecular processes [322]. Moreover, many of the hallmarks of
physiological ageing are observed in HGPS patients such short stature, low body
weight, hair loss, lipodystrophy, scleroderma, decreased joint mobility, and
osteolysis [324]. Combined, the link between progerin accumulation and
hallmarks of ageing, the manifestation of age-related diseases in HGPS patients,
the expression of progerin during normal ageing, and the well-characterized
genetic defects in HGPS make it an attractive model to help understand human

ageing [332].
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5.2.2 Progeria Mouse Models and Diet

As discussed, mutations in the LMNA gene cause the accumulation of
progerin in the nuclear lamina, driving HGPS progression. The most common of
these mutations is the point mutation ¢.1824C>T;p.Gly608Gly in the human
LMNA gene and a mouse model exists with an equivalent 1827C>T;p.Gly609Gly
mutation in the Lmna gene, known as Lmna®609G+/6609G+ or simply G609G [228].
The G609G mouse model was created by Carlos Lopez-Otin and captures much of
the human HGPS disease phenotype, including the mitochondrial dysfunction
phenotype [326], [332], [333] and the aberrant splicing events associated with
HGPS [228]. However, the G609G model does not fully capture the range of
pathologies observed in patients with HGPS. One major phenotype of HGPS in
humans alopecia and the leading cause of death (>90%) is myocardial infarction
or other cardiovascular pathologies such as stroke [334]. In the G609G mouse
model hair loss is incomplete and the major cause of death is cachexia and
starvation [229]. One explanation for the lack of cardiovascular pathology in
G609G mice is the highly atheroprotective profile of blood lipids in mice in
general [335]. Most mouse models have a lower plasma cholesterol
concentration and a higher ratio of high-density lipoprotein relative to low
density lipoprotein, compared to humans [335]. This makes many mouse models
resistant to high-fat diet (HFD) induced atherosclerosis, which necessitates
transgenic inactivation of Apoe to induce pathology (this is true in G609G mice
too [336]). Beyond genetic manipulation, diet has emerged as an intervention
central to the progeroid phenotype. Therapeutically, a low methionine diet in
G609G mice has been shown to extend lifespan and reprogram transcriptional
regulation of DNA damage repair and the metabolism of bile lipid/acid levels to
be more like non-HGPS control mice compared to G609G maintained on regular
chow diet (RC) [337]. Interestingly, a low methionine diet is also an established
intervention for the elevated of H2S production in mice, conferring multiple
health benefits and lifespan extension [165]. Consideration should also be given
to the typical dietary intake of patients with HGPS. The Progeria Research
Foundation (California, US) notes that patients with HGPS consume sufficient
calories in small, frequent meals, and suggests the use of “nutritious and high
calorie foods and supplements” [338]. Indeed, G609G mice on regular chow (RC,
24.5% protein, 62.4% carbohydrate, 13.1% fat, 3 kcal/g) diet have a mean
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survival approximately 110 days, however when fed a high cholesterol diet
(15.2% protein, 42.7% carbohydrate, 42.0% fat, 4.5 kcal/g) from 1 month of age
onwards this was extended to 169 days [229]. More strikingly, G609G mice on a
high-fat diet (HFD, 20.0% protein, 20.0% carbohydrate, 60.0% fat 5.2 kcal/g) had
an average lifespan of 193 days. Surprisingly, G609G mice did not appear
susceptible to the negative effects of HFD. Indeed, G609G HFD mice had
significantly lower serum glucose and plasma insulin levels compared to WT HFD
mice, with levels actually being more comparable to WT and G609G mice on RC
[229]. Furthermore, glucose tolerance of G609G HFD was improved compared to
G609G RC fed mice [229]. However, the HFD feeding in G609G mice, leading to a
longer-life, more fully captured the phenotype of human HGPS, with onset of
previously unseen pathologies including full body alopecia, skeletal dysplasia and
aortic wall stiffening (Figure 28). As such, the application of HFD in G609G mice
may be considered as therapeutic (as is greatly extends lifespan compared to RC
controls) but also may prove useful if employed as standard animal care
conditions for G609G to more fully recapitulate the disease phenotype seen in
patients with HGPS.

Studies in mice have shown that ex vivo H,S production is negatively
affected across tissues under the stress of HFD feeding, with a correlated
reduction in the protein levels of H,S-generating enzyme cystathionine-y-lyase
(CSE) [339]. HFD mice that undergo 24 weeks of moderate exercise had
increased hepatic H,S production and Cse mRNA transcripts and amelioration of
hepatic steatosis and fibrosis compared to non-exercised controls, which is
suggestive of a relationship between H;S and the protective effects of exercise
against HFD-induced non-alcoholic fatty liver disease [265]. Additionally,
intraperitoneal injection of the H,;S donating compound sodium hydrosulfide
(NaHS) mitigated against markers of renal injury caused by HFD-induced obesity
in mice [340]. Collectively, these data indicate that the deleterious effects of
HFD in mice are associated with a reduction in HxS production. However, given
that HFD is beneficial for the health and lifespan of G609G mice compared to an
RC diet, understanding the metabolism of H,S within the unique context of
G609G mice on HFD may help further our understanding of the role of diet and

H.S in progeria.
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Figure 28 G609G mice maintained on high-fat diet have doubled lifespan and better mimic
the phenotype of human HGPS than those fed regular chow (RC) diet

A LEFT, G609G RC-fed mice near death at 100 days old; MIDDLE, G609G HFD-fed mice at 150
days old; RIGHT, G609G HFD at 200 days of age. These representative pictures clearly
demonstrate progressive alopecia across the whole animal, one of the major phenotype in HGPS
patients that is not seen in RC fed G609G mice on RC diet. B Kaplan—Meier plots comparing
survival curves between WT and G609G mice fed RC, HFD, HCD or HPD are shown. Note that
while HFD has the most pronounced impact on survival (average lifespan of 111 days on RC
compared to 193 days on HFD), HCD also produces a significant extension in maximal lifespan.
HPD fails to alter lifespan. Regardless of diet, all G609G mouse groups have drastically shorter
lifespans compared to WT controls (WT controls were fed a RC diet).

RC, regular chow; HFD, high-fat diet; HCD, high-cholesterol diet; HPD, high-protein diet; HGPS,
Hutchinson-Gilford Progeria Syndrome. (Images and data from Kreienkamp et al., 2019 [234].
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5.2.3 H2S in Progeria

Therapeutic treatments for patients with progeroid diseases remain
lacking, with an average life expectancy of humans with HGPS typically being
under 15 years [341]. Current treatments include farnesyltransferase inhibitors,
rapamycin analogues, sulforaphane, and vitamin D analogues which all have
clear impacts on disease symptoms but have yet to provide substantial
improvements to patient lifespan or incidence of comorbidities [341]. While no
studies have investigated the role of H,S in HGPS to date, there is known overlap
between H;S and the mechanisms that underpin rapamycin, sulforaphane, and
vitamin D treatment. In this section | will describe the known role for H;S in the
mechanisms of these treatments when studied in conditions other than HGPS.

Whether HS has similar roles in the context of HGPS is currently unestablished.

Rapamycin is an inhibitor of mammalian target of rapamycin (mTOR)
complex 1 (mTORC1), and H2S can either stimulate or inhibit mTOR signalling
[182]. This is counterintuitive as both H,;S and rapamycin are implicated as pro-
longevity molecules and therefore we might anticipate they would both act upon
the mTOR pathway in a similar manner i.e. suppression of mTOR activity. This
has been found in some instances, such as studies in the Zucker diabetic rat
model where culture of ex vivo brain slices with NaHS, a H;S donor, decreased
protein aggregation through inhibition of mTOR signalling and increased
autophagy [183]. In addition, exogenous administration of several H2S donors
induced autophagy in rat pancreatic exocrine cells and was associated with
inhibition of TOR phosphorylation at serine 2448 [184], [185]. In contrast, H,S
has also been shown to activate mTOR with myriad effects ranging from
stimulating angiogenesis in vascular endothelial cells via the micro RNA miR-640,
by stimulating osteoclastogenesis in monocyte/macrophage-like cells (Raw
264.7) by phosphorylating mTOR and inhibiting autophagy [187], [189]. Along
with conflicting results on how H,S influences mTOR signalling, we also lack a
full appreciation of the effect of rapamycin on HxS production pathways. To date
only one study has investigated the effect of rapamycin on HS, this study did so
in Saccharomyces cerevisiae and in human HelLa and 293T cell lines [190].
Rapamycin inhibited H;S production through depression of cystathionase-y-lyase
(CSE) and cystathionine-B-synthase (CBS) gene transcription in both cell models

and in the yeast homologs of these genes [190]. There is a lack of studies that
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combine Rapamycin and HzS-donors. Such studies would help develop our
understanding of how these compounds may co-interact on the mTOR signalling
pathway. One example of such an approach used a human hepatocellular
carcinoma cell line and treatment with Rapamycin and a H;S-donor separately or
in combination [191]. They found that both treatments inhibited mTOR signalling
and stimulated anti-tumour autophagic and pro-apoptotic pathways, with an

additive effect when both were used in combination.

Sulforaphane is an isothiocyanate compound found naturally in cruciferous
vegetables [342]. HGPS patient fibroblasts cultured in sulforaphane-rich media
showed amelioration of the HGPS phenotype, with normalised nuclear
morphology, enhanced proteostasis, and elevated proliferation [343]. The
mechanism through which sulforaphane operates appears to involve the
generation of H2S when dissolved in a solution, with sulforaphane treatment
elevating HS levels upon addition cell culture, and tissue homogenates [342],
[344]. Given that sulforaphane is a compound that is essentially a naturally
occurring H,S donor there have been a surprisingly limited number of studies
that directly monitor HS levels following sulforaphane treatment, and none in
the context of HGPS. Treatment with or ingestion of sulforaphane-rich vegetable
homogenates has been shown to be a promising treatment in Alzheimer’s disease
and boosts antiviral responses of natural killer cells in human clinical trials
[344], [345]. Furthermore, sulforaphane treatment in a human prostate cancer
cell line was found to impede cancer cell survival via H,S-mediated JNK and
MAPK signalling [342]. Finally, the activity of sulforaphane has been attributed
largely to mechanisms that are also modified by HS, such as potent activation of
nuclear factor erythroid 2-related factor 2 (NRF2) by modification of Kelch Like
ECH Associated Protein 1 (KEAP1) [98], [346] and inhibition of insulin signalling
[200], [347]. Indeed a diet rich in sulforaphane improves markers of skin health
in young and aged mice through micro RNA34a-dependent activation of NRF2
response, the same microRNA that is elevated by H,S and confers protection
against hepatic ischemia-reperfusion injury in young and old rats by augmenting
the NRF2 response [348], [349]. These data support the hypothesis that
sulforaphane and HS sulfide operate through similar molecular pathways. As

sulforaphane generates HS in solution, the sub-optimal treatment of HGPS with
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sulforaphane may be improved by a greater understanding of the influence of
H2S in HGPS.

Vitamin D and related compounds have also been used in the treatment of
HGPS [350], and some evidence exists for a commonality between vitamin D and
H2S in their modes of action. Vitamin D treatment in mice has been shown to
elicit a dose-dependent elevation of tissue H;S levels in kidney and brain [351].
Cell culture studies found that H,S formation was central to Vitamin D-induced
protection of adipocytes from inflammation and impaired glucose utilization due
to high glucose culture conditions [205]. Finally, a population study found a
correlation between reduced plasma H;S and Vitamin D levels in African
American type-Il diabetics compared to Caucasians with type-Il diabetes, and in
vitro studies in monocyte culture also found an elevation of CSE expression and

H2S production following Vitamin D treatment [352].

Together, the strong overlap between proven treatments for HGPS and
established molecular mechanisms under the influence of H2S (mTOR signalling,
NRF2 response, and vitamin D signalling) it is surprising there have been so few
studies addressing the role of HyS in the management of HGPS. While there has
been no research directly linking H,S to HGPS, there has been work published in
another progeria syndrome, Werner Syndrome (WS). In human WS fibroblasts, it
was shown that the cellular morphological phenotype, characterised by
increased protein aggregation, high levels of oxidative stress and nuclear
dysmorphology, was ameliorated by sodium hydrosulfide (NaHS) treatment
[251].The beneficial effects of NaHS treatment were proposed to be due to
inhibition of mTOR, as rapamycin treatment displayed similar effects to NaHS
treatment with respect to protein aggregation, oxidative stress and nuclear
morphology. Furthermore, the enzymes involved in endogenous production of
H2S were downregulated in WS cells, suggesting that reduced H,S levels may play
a role in WS phenotype [251]. Overall, this study hints to the importance of H,S
production in WS progeria and stresses the importance of further research across

all progeroid diseases.
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5.3 Aims and hypothesis

Hypothesis

In this chapter | examined tissue samples from a Hutchinson-Gilford
Progeria Syndrome (HGPS) mouse model, referred to as G609G. G609G mice fed
a high-fat diet (HFD) have a significant extension in lifespan compared to those
fed a regular chow (RC) diet. As H,S is associated with longevity, | expected
hepatic production of H2S to be reduced in the G609G mice compared to wild-
type (WT) controls. | expected that G609G mice on HFD would have partial
rescuing of their sulfide production mechanisms compared to RC fed mice, but

that H3S levels would still be lower than those found in WT control mice.
Aims

1. Investigate the production capacity of H,S in hepatic tissue from G609G

mice on RC and HFD, compared to WT controls.

2. Examine the transcriptional regulation of H;S production and disposal

enzymes on RC and HFD, compared to WT controls.

3. Investigate the protein abundance of H;S production and disposal enzymes

on RC and HFD, compared to WT controls.

4. Investigate the abundance of proteins essential of mitochondrial oxidative

phosphorylation on RC and HFD, compared to WT controls.
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5.4 Results

5.4.1 Hepatic H2S capacity in progeroid and WT mice

To test the initial hypothesis that hepatic H;S production capacity would
be reduced in G609G mice and enhanced by HFD, | applied the lead acetate
assay to hepatic tissue protein homogenates from all samples (Figure 29). A
representative image of this precipitate is shown in Figure 29a. A significant
difference between groups was found (H = 6.659, p = 0.020) with Dunn’s
multiple comparisons determining a significant reduction in H,S production
capacity between WT and G609G RC samples (p = 0.041) but not between WT
and G609G HFD (p = 0.210). There was no significant difference in H,S
production capacity between G609G mice on either diet (p > 0.999). The assay
was performed using 100 ug of hepatic protein lysate per well in triplicate. The
validity of loading each well with this mass of protein was assessed by measuring
the linearity of signal intensity produced over a range of protein loadings, from
50 - 400 ug per well (Figure 29b). A least squares fit regression model confirms
a strong linearity in assay output compared to protein loading across the range

studied (R? = 0.94) indicating the method is robust over this range.
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Figure 29 H2S production is downregulated in G609G samples compared to WT

A Hepatic H2S production capacity assay assessed in protein lysates from WT, G609G RC and G609G
HFD mice. Data quantified by densitometry analysis of lead acetate assay results. A representative
image of the lead sulfide precipitate that form as the output of the lead acetate assay is shown beneath
the plot. Darker precipitates indicate higher hepatic H2S production capacity in the tissue sample. WT
data shown in black, G609G RC data shown in pink, G609G HFD data shown in green. B Calibration
curve showing lead acetate assay output intensity across a range of protein loadings from the same WT
RC liver tissue sample. Line of best fit generated by least-squares fit model demonstrates a strong
linearity across different protein loadings. Statistical significance was determined by Kruskal-Wallis non-
parametric ANOVA test with alpha = 0.05, with Dunn’s correction for multiple comparison. Grubbs
outlier test with alpha = 0.05 was performed; one outlier was removed in G609G RC group. Histograms
denote mean values with error bars representing standard error of the mean (SEM). * = p < 0.05
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5.4.2 Transcriptional regulation of H,S-production and disposal enzymes

Given the significant reduction in hepatic H,S production capacity in
G609G RC mice compared to WT controls, | then investigated whether major
components of the enzymatic H,S production and disposal processed were
altered (Figure 30). Transcript levels of Cse were found to be significantly
increased in G609G mice on both diets compared to WT controls (p = 0.005 and p
= 0.007, respectively). Cbs expression was similarly elevated in G609G RC mice
relative to WT controls (p = 0.028) but was not different between HFD-fed
G609G mice relative to WT mice (p = 0.558). Cse and Cbs comprise the cytosolic
endogenous H,S production pathway in mammals, however, a distinct pathway
for HzS generation in mitochondria is mediated by Mpst. No difference in Mpst
transcript levels were seen between WT and G609G RC mice (p = 0.216) but
were significantly reduced in G609G HFD mice relative to WT controls (p =
0.005). There was no significant difference between G609G mice on RC
compared HFD diet for Cse, Cbs, or Mpst gene expression. | also probed for
genes that regulate the oxidation and disposal of HyS. Ethe1 expression was
significantly reduced in G609G HFD mice (p = 0.003) compared to WT mice but
not different in G609G RC mice relative to WT mice (p = 0.525). Tst expression
was found to be significantly reduced in both G609G RC and G609G relative to
WT mice (p = 0.047 and p = 0.021 for RC and HFD fed G609G mice, respectively).
Finally, Suox expression was not different in G609G mice on either diet when
compared to WT mice (p = 0.128 and p = 0.340 for RC and HFD fed G609G mice,

respectively).
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Figure 30 Gene expression of selected H2S production and removal enzymes

Mean fold change in hepatic mMRNA gene expression of H2S producing enzymes Cse, Cbs, Mpst
(A) and H2S disposal enzymes Ethe1, Tst and Suox (B) as measured by RT-qPCR. Relative
expression values were calculated using the 2-22Ct method. WT data shown in black, G609G RC in
pink, G609G in Green. Statistical significance determined by one-sample t-test comparing the fold
change to a theoretical mean of one. Grubbs outlier test with alpha = 0.05 was performed, no
outliers removed. Bars show mean values with error bars representing standard error of the mean.
Cse: Cystathionine-beta-lyase, Cbs: Cystathionine-Beta-synthase, Mpst: 3-Mercaptopyruvate
Sulfurtransferase, Ethe1: Ethylmalonic encephalopathy 1 protein, Tst: Thiosulfate
Sulfurtransferase, Suox: Sulfite Oxidase. * = p < 0.05, ** = p < 0.01
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5.4.3 Protein abundance of H.S-production and -disposal
enzymes

The protein levels of major HxS producing and disposal enzymes were also
measured (Figure 31 and Figure 32, respectively). A significant difference
between groups in CSE protein levels was found (H = 8.115, p = 0.003), Figure
31a. Dunn’s multiple comparisons determined a significant reduction in CSE
protein levels between G609G RC and G609G HFD samples (p = 0.0134) but no
significant difference between any other groups. No differences in protein levels
were observed for either CBS (H = 3.598, p = 0.1778) or MPST (H=2.192, p =
0.370) between groups as shown in Figure 31b and Figure 31c. As with CSE,
protein levels of TST (Figure 32a) were found to be significantly different
between groups (H = 8.115, p = 0.0031), with post hoc testing determining a
significant difference between G609G RC and G609G HFD mice (p = 0.0134) only.
ETHE1 levels (Figure 32b) did not differ between groups (H = 0.7308, p =
0.7463).
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Figure 31 Hepatic protein levels of H2S producing enzymes

Western blotting of hepatic protein lysates quantified by densitometry analysis and expressed
relative to total protein loading for A CSE, B CBS, and C MPST. WT data shown in black, G609G
RC in pink, G609G HFD shown in green. Statistical significance was determined by Kruskal-
Wallis non-parametric ANOVA test with alpha = 0.05, with Dunn’s correction for multiple
comparison. Grubbs outlier test with alpha = 0.05 was performed, no outliers removed. Bars
show mean values with error bars representing standard error of the mean (SEM). * = p < 0.05.
CSE: Cystathionine-beta-lyase, CBS: Cystathionine-Beta-synthase, MPST: 3-Mercaptopyruvate
Sulfurtransferase.
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Figure 32 Hepatic protein levels of H2S disposal enzymes

Western blotting of hepatic protein lysates quantified by densitometry analysis and expressed
relative to total protein loading for A TST and B ETHE1. WT data shown in black, G609G RC in
pink, G609G HFD shown in green. Statistical significance was determined by Kruskal-Wallis non-
parametric ANOVA test with alpha = 0.05, with Dunn’s correction for multiple comparison.
Grubbs outlier test with alpha = 0.05 was performed, no outliers removed. Bars show mean
values with error bars representing standard error of the mean (SEM). * = p < 0.05. ETHE1:
Ethylmalonic encephalopathy 1 protein, TST: Thiosulfate Sulfurtransferase.
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5.4.4 Determination of TST activity in hepatic protein lysates

Gene expression analysis showed that TST mRNA transcripts were
significantly reduced in G609G mice on both diets compared to WT controls
(Figure 30b). However, at the protein level there was a divergence in levels of
TST protein between G609G groups, with TST significantly elevated in G609G
HFD compared to G609G RC (Figure 32a). In light of these divergent results, |
used a TST activity assay to interrogate the effect of genotype and diet on the
rhodanese activity of TST (Figure 33a). Statistical analysis determined no
significant difference between groups (H = 5.115, p = 0.074), despite a modest
downwards trend in G609G HFD TST activity compared to WT controls and G609G

RC mice.
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Figure 33 TST activity assay in hepatic fractions

A The activity of TST protein in hepatic protein lysates as measured by a thiocyanate production
capacity assay. 20ug of liver protein lysates was loaded per well in triplicate. WT data shown in
black, G609G RC in pink, G609G HFD in green. Bars represent mean thiocyanate production
with error bars representing standard error of the mean (SEM). B Calibration curve using
potassium thiocyanate standards. Linearity determined by least-squares fit model with R? =
0.9956. Statistical significance was determined by Kruskal-Wallis non-parametric ANOVA test
with alpha = 0.05, with Dunn’s correction for multiple comparison. Grubbs outlier test with alpha =
0.05 was performed, no outliers removed. TST: Thiosulfate Sulfurtransferase.
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5.4.5 Protein levels of OXPHOS complexes in progeroid and WT
mice

Finally, | blotted for components of the oxidative phosphorylation
(OXPHOS) pathway: Complex | (NADH-coenzyme Q oxidoreductase), Complex Il
(succinate-Q oxidoreductase), Complex Il (gq-cytochrome c oxidoreductase) and
Complex V (ATP synthase) as shown in Figure 34. No significant differences
between groups in Complex | (H = 2.000, p = 0.397), Complex Il (H=2.192, p =
0.370) or Complex Ill (H=3.417, p = 0.195) protein levels were observed, with
significant variation within each group observed for these complexes (Figure
34). For Complex V however, there was a significant difference in protein levels
between groups (H = 7.636, p = 0.004), with Complex V protein levels
significantly elevated in HFD-fed compared to RC-fed G609G mice (p = 0.017),
with non-significant differences between and G609G RC mice (p=0.343) or WT
controls and G609G HFD mice (p = 0.602).
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Figure 34 Western blot analysis of OXPHOS subunits in G609G RC, G609G HFD relative to
WT mice

Western blotting of hepatic protein lysates quantified by densitometry analysis and expressed
relative to total protein loading for A Complex |, B Complex Il, C Complex Ill, D Complex V. WT
data shown in black, G609G RC in pink, G609G HFD shown in green. Statistical significance was
determined by Kruskal-Wallis non-parametric ANOVA test with alpha = 0.05, with Dunn’s
correction for multiple comparison. Grubbs outlier test with alpha = 0.05 was performed, no
outliers removed. Bars show mean values with error bars representing standard error of the
mean (SEM). * = p < 0.05. Complex I: NADH-coenzyme Q oxidoreductase; Complex Il:
succinate-Q oxidoreductase; Complex lll: g-cytochrome ¢ oxidoreductase; Complex V: ATP
synthase.
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5.5 Discussion

5.5.1 H2S production is downregulated in a mouse model of HGPS

Recent studies investigating the role of hydrogen sulfide (H2S) in ageing
and age-related diseases have demonstrated that elevated H,S levels appear
essential for dietary restriction benefits [164], [170], [274], are a conserved
phenotype in long-lived mouse models [164], [170], and that a reduction in
tissue HS levels is observed with age across model organisms [127], [252]. To
date no studies have directly measured H,S production in Hutchinson-Gilford
Progeria Syndrome (HGPS) despite the emerging understanding that H,S may be
central to longevity and healthy ageing, and despite commonalities in the
signalling modalities of H,S and several established HGPS treatments (see section
5.2.3).

To address this lack of understanding, this preliminary study used the
HGPS mouse model G609G [353] to investigate regulation of H,S level in the
context of HGPS and test the hypothesis that a reduction in hepatic HxS
production underlies HGPS pathology. The G609G has a pronounced lifespan
extension on high-fat diet (HFD) compared to regular chow (RC) [229]. As such
both diets were investigated to determine if H;S production was subject to
dietary influence. | utilised the lead acetate method [230] to assay ex vivo HyS
production capacity, as this method provides a reliable measurement of
cytosolic H,S production, has been used extensively across model systems which
allows for easy comparison with previous reports, and is easily modifiable to
detect a high dynamic range of H,S production capacities [230]. These data show
a significant reduction in H.S production capacity in G609G mice on RC
compared to WT controls and a non-significant reduction in G609G HFD
compared to WT controls. Broadly, these results are in line with the hypothesis
that this HGPS model will have reduced H>S production on RC diet, with a partial
rescue in mice fed HFD. The lack of a significant reduction in the HFD fed mice
is contrary to previous studies as HFD in WT mice has been shown to reduce
plasma H,S levels and lower activity of CSE, CBS and MPST in liver [354]. While
these data do indeed show that the G609G HFD do not have a significant
reduction in H,S production capacity relative to WT controls, these data are

derived from a low sample size and should be interpreted with caution. A repeat
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of this experiment with sufficient power would support my findings that G609G
on HFD have a partial rescue of HyS production capacity compared to G609G RC.
Indeed, post-hoc power analysis on my preliminary date suggests that a sample
size of at least 11 is required to have the statistical power to determine a
significant difference between groups (Prism 9 software, GraphPad Inc., La
Jolla, CS, US; 2-sided test, o = 0.05, desired power = 0.8), which is significantly
more that the sample size of 4 used in this experiment. However, given the data
available it is possible to say that hepatic H,S production is reduced compared to
WT control in a mouse model of progeria on RC but this is non-significant in HFD-
fed G609G mice.
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5.5.2 Progeria model mice exhibit a transcriptional compensation
in response to reduced H:S levels

Given the discovery that hepatic H,S production is compromised in G609G
mice, transcriptional control of H;S production and disposal enzymes was
assessed. The H,S production gene Cse is canonically the major producer of HxS
in hepatic tissues [253], and was found to be significantly elevated in G609G
mice on both RC and HFD compared to WT controls. Cbs is also expressed in liver
tissue but far less than Cse (see [253]) and was found here to be significantly
upregulated in G609G RC but not in G609G HFD. Similarly, Mpst gene expression
was found to be significant reduced in G609G HFD mice compared to WT
controls. Collectively, these data present a confounding transcriptional
landscape in G609G mice. As H,S production was shown to be significantly
reduced in G609G RC livers, these data demonstrating elevated expression in
some HyS producing genes were unexpected. These data may point to a futile
compensatory elevation of HyS producing enzymes in response to reduced HxS
levels. A compensatory mechanism of this type has been reported in rats which
were injected in the heart with a synthetic catecholamine (isoproterenol) to
generate a model of human myocardial infarction [355]. Hearts treated with this
compound had reduced H>S content in myocardium and plasma sample compared
with controls, however Cse gene expression was upregulated [355]. One
potential explanation for these findings is that transcriptional regulation of Cse
and Cbs expression can be altered by reactive oxygen species (ROS). Studies
have shown that ROS, and hydrogen peroxide in particular, are capable of
elevating expression of Cse [356]. This is likely an antioxidative mechanism that
seeks to elevate H;S so that HxS can scavenge ROS, such a mechanism has been
observed in rat livers which elevated H,S to ameliorate oxidative damage [357].
Crucially, it has been demonstrated previously that G609G mice on RC have
chronic elevated ROS production and as such this may stimulate upregulation of
Cse [358]. Interestingly, this ROS-H,S axis has been proposed as a potential
component of the mitohormesis theory: low levels of stressors (e.g. ROS) result
in upregulation of protective mechanisms (e.g. H;S signalling) which in-turn
results in long term improvements in cell function [359]. However, studies in
human cells derived from patients with another progeria syndrome (Werner’s
Syndrome, WS) found that CSE and CBS mRNA expression was reduced compared

to healthy controls [251], unlike the findings | have presented here. Similar to



Chapter 5 169

the G609G model, cells from patients with WS are also characterised by a
significant reduction in ROS detoxification components superoxide dismutase and
glutathione [360], [361]. As this study in cells from WS patients is the only other
study to measure HS levels in any progeria condition to date, there is no
equivalent study in rodent models to compare my findings with. More studies are
required to determine if this compensatory elevation in gene expression of HyS-
generating genes is found in any other models of progeria diseases, or if it is
found in other animal models more generally. Within these G609G mice
however, it appears that post-transcriptional processes prevent the elevation in
transcription of H,S production genes from elevating HS levels, precluding any

beneficial effects of chronic elevated ROS in these mice.
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5.5.3 Compensation of reduced H:S levels in G609G mice is
blocked at the protein level

To gain better understanding of the regulation of H,S production | then
quantified protein levels of H,S producing and disposal enzymes. In contrast to
my transcriptional data, no significant changes in CSE protein levels in G609G RC
or G609G HFD mice were observed relative to WT controls, but there was a
significant increase in G609G HFD mice compared to G609G RC mice. Previous
studies have found that CSE protein levels may be controlled at the
transcriptional level by repression of Cse gene expression [170]. However, such
an explanation does not account for the data presented here, where Cse mRNA
transcripts are significantly upregulated in G609G mice on both diets but protein
abundance of CSE appears diet dependent, being elevated on HFD in G609G mice
compared to RC G609G and WT controls. One potential explanation is that the
extent of post-translational degradation of CSE was different between groups.
Ubiquitination is an established mechanism by which CSE stability is controlled
and it has been demonstrated that CSE ubiquitination and degradation is
promoted by superoxide anions [362]. Indeed, the difference between RC and
HFD-fed G609G mice in CSE protein stability could also be explained by the
observation that, unlike most oxidative damage compounds, superoxide anion
generation in rodent liver is reduced by HFD, [363]. As such, future studies
should look to measure ROS production (in particular superoxide anion),
superoxide dismutase (SOD) activity, or markers of oxidative damage as these
may help understand both the transcriptional and post-translational regulation
of CSE enzyme. To summarise, while HFD in WT mice has deleterious effects on
H2S metabolism and general metabolism [339], in G609G mice it appears to be
beneficial [229]. This may reflect the importance of nutrient rich diets in human
patients with HGPS, where “nutritious and high calorie foods and supplements”
are recommended [338]. Moreover, increased CSE protein levels were shown to
be positively corelated with increased lifespan in DR mice [170], a relationship
that is mirrored in the data presented here for G609G mice on HFD.
Consequently, the elevated CSE protein levels in G609G HFD support prior
evidence suggesting that HFD is beneficial in this model of human HGPS,
increasing their lifespan [320]. Protein levels of TST, a H2S catabolising enzyme,
followed the same pattern of abundance seen for CSE protein i.e. a significant

increase in G609G HFD mice compared to G609G RC mice. However, when
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assessing the activity of this enzyme no difference was found between groups, in
fact a downwards trend in TST activity was found in G609G HFD mice despite an
increase in TST protein levels in these mice. TST has recently emerged as a
protein that protects against deleterious effects of type 2 diabetes and
metabolic stressors, including HFD, by enhancing mitochondrial function and
degrading ROS [232]. Given the maintenance of TST activity in G609G HFD mice
compared to G609G RC and WT groups, it is unlikely that the beneficial effects
of TST on mitochondrial function or oxidative damage will be felt in G609G HFD

mice, despite their increase in TST protein levels.

In summary, G609G mice on RC diet have a significant reduction in HzS
production capacity which is associated with lower levels of CSE protein, despite
transcriptional upregulation of Cse, coupled with a maintenance in H,S disposal
enzyme protein levels and activity. However, on HFD there was no significant
reduction in H,S production capacity compared to WT mice, an increase in both
Cse expression and CSE protein levels and no alteration in the activity of TST, a
key H2S oxidation enzyme. One potential explanation for the effect of diet on
H2S metabolism is through HFD-induced elevation in oxidative damage [364],
[365], which is capable of modifying both the transcriptional and post-
translational regulation of enzymes in the H2S metabolism pathway and
ultimately modulated tissue H,S levels [186], [265], [340]. This indicates that the
atypical positive effect of HFD on lifespan in G609G mice is mirrored by an
atypical elevation of H,S metabolism pathways in response to HFD. These data
are in agreement with the growing number of studies that have identified
elevated H,S production as correlated with, or essential for, lifespan extension
[127], [164], [262], [366].
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5.5.4 Mitochondrial oxidative phosphorylation (OXPHOS) protein
abundance in G609G mice

Mitochondrial dysfunction, including decreased OXPHOS capacity and
elevated oxidative damage, has emerged as one of the key hallmarks of ageing
[367]. Furthermore, it has been shown previously that fibroblasts from patients
with HGPS have a dramatic reduction in OXPHOS protein abundance such as
subunits of complexes Il and IV [326]. The data presented here shows that
protein levels of OXPHOS complexes |, II, or Ill proteins were maintained relative
to control mice in G609G mice on both diets. However, a significant difference
between RC and HFD-fed mice was seen for complex V (ATP synthase), with a
significant elevation in the HFD-fed mice. Interestingly, studies in HepG2 and
HEK293 cell lines have shown that both endogenous and exogenous sources of
H>S directly modified complex V (via post-translational persulfidation on
cysteine residues 244 and 294) to stimulate elevated ATP synthase activity [368].
Other studies have described an additional pathway via sirtuin signalling by
which HzS modifies complex V to improves mitochondrial function [369]. As HFD
G609G mice have elevated expression of complex V compared to RC-fed G609G
mice and no significant change in HyS production capacity compared to WT mice,
it is possible these effects combine to greatly elevated ATP synthase activity in
G609G mice on HFD compared to RC-fed G609G mice. The data here give some
indication that diet can alter the ATP generating capacity of G609G mice,
however more studies are required to investigate the impact of these changes in

protein on cellular respiration and ATP concentration.
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5.6 Conclusions

This study demonstrates that H.S metabolism is differentially regulated in a
mouse model of HGPS, and the regulation of proteins central to the production
and disposal of H,S are responsive to dietary composition. Overall, HFD feeding
appeared to partially rescue G609G mice from a phenotype of diminished HxS
production by elevating CSE expression at the protein and transcriptional level,
while maintaining protein activity of H;S disposal enzyme such as TST. This study
was designed due to the lack of understanding in the mechanistic targets of
known treatments against HGPS and the established mechanisms by which H,S
influences cellular processes. Furthermore, as we have increasing appreciation
of the role of HyS as a regulator of healthy ageing it is necessary to address the
lack of studies directly measuring H2S metabolism in the context of progeria.
The pilot study presented here is the first to study H,S metabolism in the
context of HGPS and builds on the single study of H,S in Werner’s Syndrome
[251]. The data acquired here confirms some aspects of the role of HzS in HGPS
but raises more questions about the mechanisms. Studies in primary cell culture
and animal models that knock down/out or overexpress CSE would assist in
proving a mechanistic role for HyS in the first instance. Lentiviral constructs for
the overexpression of progerin in mammalian cells are already established (see
[370]) and could help clarify any direct relationship between progerin protein
levels and a reduction in tissue H,S. Subsequent application of H,S donating
compounds (such as NaHS and GYY4137 [371]) could then be used to investigate
if exogenous HyS treatment can rescue the progeroid phenotype, establish
causation and a potential therapeutic window. Given my finding that OXPHOS
complex V was significantly elevated in G609G mice on HFD compared to RC,
high-resolution respirometry techniques in progerin overexpressing cell lines or
primary cell cultures from G609G mice would allow determination of
mitochondrial function [372]. Furthermore, the regulatory patterns observed in
these samples could be explained by alterations in the oxidative stress
experienced in each study group. Assays to measure the redox state of samples
as well as their production of specific ROS species would provide insight into the
dynamics in oxidative stress in these mice. As described previously, there is an
established role for the superoxide anion in the transcriptional control of H5S.

Superoxide anion is a by-product of OXPHOS respiration, and as a ROS species
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that is elevated in progeroid mice and reduced on HFD, experiments that
monitor the generation and disposal of this compound are of particular interest
in the context of G609G mice on RC or HFD. Indeed, exogenous delivery of
superoxide would also be a vital experiment to elucidate the molecular patterns
found in this work, but would require access to live G609G mice. Finally, a key
limitation in this study was statistical power. This was due to the apparent
difficulty in housing a colony of mice with the G609G mutation by my
collaborators in the USA [353]. These mice are infertile, have an abundance of
comorbidities, and due to their small size have limited tissue available. As such,
the sample sizes available for this pilot study were very small. The statistical
power of this study would be improved by having approximately 11 mice per
group and including a WT HFD cohort to allow 2-factor ANOVA analysis of the
results. Regardless, the work presented here addresses an area of research that
remains critically understudied and provides new evidence that the accelerated
ageing phenotype observed in HGPS may be partially explained by a reduction in

hepatic H2S levels.
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Chapter 6 RNA Polymerase lll and Dietary
Restriction in the Regulation of Hydrogen
Sulfide

6.1 Abstract

RNA Polymerase Ill (Pol Ill) is one of three mammalian RNA polymerases
that together transcribe much of the cellular transcriptional and translational
machinery. Knockdown of Pol Il in flies and worms extends lifespan downstream
of mammalian target of rapamycin (mTOR), an established highly conserved
lifespan determinant. It is currently unknown whether knockdown of Pol Ili
extends lifespan in mice. Given that the gasotransmitter H,S correlates
positively with longevity across taxa, and that hepatic H,S is elevated in long-
lived mice, | investigated H,S in putative long-lived Pol Il (Polr3b Het KO) mice
and wild type (WT) mice of both sexes. H,S production was elevated only in male
Polr3b Het KO mice relative to WT controls. These mice were maintained on a
C57BL/6N background, a strain not previously studied in the context of H,S
signalling or dietary restriction (DR). Male WT and Polr3b Het KO mice were
exposed to 1-month 40% DR and then cytosolic and mitochondrial H,S production
and components of the H;S signalling pathway were examined. | found that both
DR and Polr3b Het KO elevated cytosolic hepatic sulfide production in an
additive manner. However, mitochondrial H,S levels were positively associated
with Polr3b Het KO and negatively associated with DR. Together, my data
indicate that DR has a specific effect on H,S production that appears dependent
on cellular location and that DR and Polr3b KO appear to work through distinct

pathways to elevate cytosolic H2S production.
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6.2 Introduction

6.2.1 RNA Polymerase lll

RNA polymerase Ill (Pol Ill) is responsible for the translation of several
hundred noncoding RNAs in response to nutrient availability, growth signals and
cellular stress [373], [374]. Chief among these are ribosomal RNA (rRNA) sub-
units such as 5S rRNA and transfer RNAs (tRNA) [375]. Other translational
products of Pol Ill include U6 splisosomal RNA, RNaseP/RNaseMRP, 7SL and 7SK
RNA, vault RNA, y RNA, SINEs, many microRNAs, regulatory antisense RNAs and
small nucleolar RNAs [376]. Collectively, these transcripts have significant
influence over a number of cellular processes including ribosomal biogenesis, the
translation of mRNA transcripts into proteins, and the splicing of mRNA
transcripts [376], [377]. Global mediation of Pol Il activity is performed by the
transcription factor Maf1, a downstream signalling molecule at a terminus of the
mammalian target of rapamycin (mTOR) signalling network (Figure 35). Maf1
inhibits RNA polymerase | and Pol Ill activity and can either activate or repress
RNA polymerase Il activity, dependant on the specific gene sequence [378],
[379]. The activity of Maf1 is controlled by mTOR complex 1 (mTORC1) [380],
[381]. When hyperphosphorylated during periods of nutritional surplus and
mTORC1 activation, Maf1 is localised to the cytosol and Pol III activity is
unimpeded [382]. Dephosphorylation of Maf1 results in it localising to the
nucleus where it prevents Pol Ill gene transcription. This is achieved by directly
binding to Pol Il or through association with the Pol Il transcription factor B
(TFIIB) subunit TFIIIB-related factor 1 (BRF1), preventing interaction between
TFIIIB, Pol Il and Pol Il promotor sequences [382]-[385]. A summary of Pol IlI
transcriptional machinery is presented in Figure 36 [386]. Due to its role in
essential cellular processes, Pol Il is highly conserved in eukaryotes [375], [387].
Transcription of 55 rRNA and tRNAs account for approximately 15% of total
cellular RNA synthesis and both profoundly influence cellular metabolism [388].
Pol 11l is expressed in most tissues in mammals to the extent that it is commonly
used as a ‘housekeeping gene’ in cellular biology experiments [389], [390].
Indeed, numerous Pol Il tRNA transcripts (including at least one tRNA isoform
per amino acid residue) are also considered ‘housekeeping genes’ due to the
consistency in Pol Il expression and activity, even under environmental stressors
[389], [390].
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Figure 35 Diagram representing key sections of mTOR signalling pathways through mTOR
complex 1 (MTORC1) and mTOR complex 2 (mTORC?2)

mTORC1 and mTORC?2 are activated through endothelial growth factor receptor
signalling and Insulin/Insulin-like signalling pathways, respectively, as well as nutrient
availability (not shown). Through inhibition of Maf1, mTORC1 senses growth factors and
encourages greater translation of proteins and non-coding RNAs via RNA polymerase IlI
and S6K. Other stimuli affecting mTORC1 activity include hypoxia and DNA damage.
Ras: Rat sarcoma virus protein, Grb2: Growth factor receptor-bound protein 2, SOS:
Son of sevenless, Raf: Rapidly accelerated fibrosarcoma protein, MEK: Mitogen-
activated protein kinase kinase, Erk: extracellular-signal-regulated kinase, RSK:
Ribosomal S6 kinase, TSC: tuberous sclerosis protein, Rheb: Ras homolog enriched in
brain, IRS: Insulin receptor substrate, PI3K: Phosphatidylinositol 3 kinase, PTEN:
Phosphatase and tensin homolog detected on chromosome 10, PIP-:
Phosphatidylinositol (4,5)-bisphosphate, PIPs: Phosphatidylinositol (3,4,5)-triphosphate,
PDK1: Phosphatidylinositol dependent kinase 1, Akt: Protein kinase B, Foxo1/3a:
Forkhead box type O 1/3a protein, S6K: S6 kinase, S6: Ribosomal protein S6, PKCa:
Protein kinase C, SGK: serum and glucocorticoid-regulated kinase, ULK: unc-51 like
autophagy activating kinase, REDD1: regulated in development and DNA damage
response 1, AMPK: adenosine monophosphate-activated protein kinase.
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Figure 36 Transcription machinery for some Pol lll gene products

Different transcriptional complexes are formed with Pol Ill depending on the target gene. TFIIIB1,
Transcription factor for RNA polymerase Ill B1; BRF1, TFIlIB-related factor 1; BDP1, B double
prime; TBP, TATA binding protein; TFIIIC, Transcription factor for RNA polymerase C; TFIIIA,
Transcription factor for RNA polymerase A; ICR, Internal control region; DSE, Distal sequence
element; PSE, proximal sequence element; TFIlIB2, Transcription factor for RNA polymerase B2;
BRF2, TFIlIB-related factor 2. Adapted from Arimbasseri & Maraia, 2016.
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6.2.2 RNA Polymerase lll and Ageing

Beyond its central role in general cell maintenance, Pol Il activity has
emerged as a modulator of longevity [391]. This is perhaps unsurprising given
that maintaining homeostasis in the translation of mRNA into proteins is a
conserved longevity determinant across species [392], [393]. Protein synthesis
rates and Pol Il activity are also subject to regulation by mammalian target of
rapamycin (mTOR) signalling [380], and reduced signalling through mTOR has
been demonstrated as a longevity determinant [394]. Studies have shown that a
reduction in mTOR signalling has a beneficial effect on lifespan in mice, and
inhibition of mTOR orthologs extends lifespan in S. cerevisiae, C. elegans, and
Drosophila [395][396]-[398]. Dietary restriction (DR) protocols limit availability
of nutrients and can reduce mTOR activity [399], [400]. However, this reduction
in mTOR activity on DR is tissue-specific [401], [402]. DR remains the most
studied longevity intervention and produces pronounced extensions in lifespan
and healthspan, although the precise mechanism/s underlying its effects has
remained elusive. During DR, there is a significant reduction in the abundance of
growth factors and nutrients available to the cell [403]. Signalling through mTOR
senses this reduction and responds by reducing transcription of proteins that are
involved in non-essential cellular activities related to anabolism, and
encouraging catabolic processes such as autophagy and mitophagy [403]. Given
this, it is expected that Pol Il activity is reduced under DR but few studies have
directly examined this. The inhibitory effect of short (19 hour) and medium (40
hour) term fasting on the activity of RNA polymerases | and Il has been described
[404], but not for Pol Ill. Modulation of Pol Il itself, downstream of mTOR, has
also been shown to influence longevity in model organisms [391]. Filer et al
investigated tissue and cell-specific reductions in Pol Ill in yeast, flies and worms
[405], showing that gut-specific reduction of Pol Ill in adult flies and worms
resulted in extended lifespan and recapitulated many of the healthspan benefits
observed with reduced mTOR signalling [405]. Pol Il inhibition within intestinal
stem cells of adult flies alone was sufficient to ameliorate age-associated gut
pathology [405]. Together, these results indicate that Pol Il itself may be a
promising novel therapeutic target for longevity. However, no studies to date

have examined the effect of Pol Ill deficiency on longevity in mice.
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Longevity has been assessed in the context of reduced activity of the Pol
[l inhibitor protein MAF1. Unexpectedly, Maf1 KO female mice, but not male,
were significantly longer lived when maintained on a chow diet [406]. Male Maf1
KO mice were leaner than WT mice and resistant to high-fat diet (HFD) induced
obesity [407], HFD studies were not undertaken in female Maf1 KO mice. It was
suggested that the HFD-resistant phenotype in males was due to inefficiency in
energy usage caused by unchecked Pol Il activity. Specifically, Maf1 KO mice
displayed futile RNA cycling, a highly energy demanding process, due to
enhanced Pol Il activity [407]. The energy to support this futile RNA cycling was
apparently provided through elevated autophagy and lipolysis, and this highly
catabolic state protected against HFD-induced obesity [407]. However, the
precise role of Maf1 in longevity appears complex. Studies in yeast have shown
that Maf1 deletion actually shortens lifespan, but that DR-induced longevity is
dependent on Maf1 expression [408]. Contrary to this, Mafr1 KO in worms
extends lifespan but had no influence on DR-induced longevity [409]. As MAF1
regulates the activity of all three RNA polymerases, it is unclear if the effects
described above are due to modulated Pol Il activity specifically. These results
suggest that mediation of lifespan through Maf1 is complex and controlled by

distinct regulatory mechanisms across species.
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6.2.3 The role of hydrogen sulfide (H2S) in ageing, dietary
restriction, and RNA Polymerase lll

As mentioned earlier within this thesis, H,S is a gasotransmitter capable
of influencing diverse biological processes including neuronal function [45],
smooth muscle vasorelaxation [46], [47] modulation of the inflammatory
response [48], and stimulation of angiogenesis [49]. This is achieved through
diverse signalling modalities available to H;S. These include post translational
modification of protein cysteine groups (termed persulfidation) [95], binding to
metal centres in metalloproteins [108], and interaction with the other
gasotransmitters: carbon monoxide and nitric oxide [115]. H,S is produced
endogenously from enzymatic catabolism of the sulfur-containing amino acids,
methionine and cysteine [63], [64]. Enzymes involved in this include
cystathionine-gamma-lyase (CSE, or CGL), cystathionine-beta-synthase (CBS),
and 3-mercaptopyruvate sulfurtransferase (MPST) [66]. CSE and CBS exist almost
exclusively in the cellular cytoplasm, whereas MPST can localise to both the
cytoplasm and mitochondria [69], where its H,S-generating activity is greater
[70]. Enzymatic catabolism of H,S is performed by a suite of mitochondrial
enzymes known as the sulfide oxidation unit (SOU) [72], as summarised in Figure
1. Ageing has been shown to be subject to regulation by H,S, with accumulating
evidence demonstrating H,S-mediated protection against all hallmarks of ageing,

except for telomere shortening for which no studies had been published [66].

It is through DR studies that our appreciation of the role of H,S in ageing is most
fully developed. It has been known for over 100 years that DR extends lifespan
across taxa [154]-[156], confers significant health benefits, and improves late-
life health by reducing the incidence and/or trajectory of a number of age-
related pathologies, including cognitive decline, metabolic syndrome,
cardiovascular disease and many cancers [154], [159]. While the benefits of DR
in healthy ageing present an interesting therapeutic intervention [162], side
effects such as infertility, sarcopenia, osteoporosis, and reduced immunity make
applying DR protocols in humans untenable [163]. The need to understand the
downstream mechanistic effectors of DR is pressing. HS could be one such
effector of DR as the beneficial effects of DR have been shown to depend on
elevated H,S production in diverse models from yeast to mice [164]-[168] and

H2S production is also elevated in long-lived mouse mutants [170]. The
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mechanism by which DR elevates H,S is currently unresolved. One proposal is
that the elevation of autophagy under nutrient-limiting conditions [171],
generates the substrate pool for H,S biogenesis. Additionally, H,S itself can
inhibit mTOR signalling to alter cellular metabolism and promote autophagy
[183], [184], [185], and the mTORC1 inhibitor rapamycin inhibits H,S production
through depression of CSE and CBS gene transcription [190]. However,
contradictory studies showed an anti-autophagic role for HzS via mTOR signalling
[186]-[189]. Together these studies paint a complex picture of DR/mTOR/H.S
signalling and further research is required to determine the precise conditions by
which H,S inhibits or stimulates mTOR. Beyond mTOR signalling, DR may also
confer beneficial ageing effects through elevated activation of nuclear factor
erythroid 2-related factor 2 (NRF2) [410]. H2S can also modulate NRF2 activity
through persulfidation of cysteine residues on Kelch-like ECH-associated protein
1 (Keap1) [97], [98], which is the major inhibitor of NRF2. This shared influence
of NRF2 activity might by another mechanism by which H,S acts as an effector of
DR.

To date, no studies have investigated the effect of reduced Pol Il
expression on H,S. Given that both Pol Il and H>S are regulated by DR and mTOR
signalling, and both have an established role in healthy ageing, more research is
required to elucidate if these powerful modulators of cellular processes are
indeed causative of longevity. In this study | examined regulation of H,S
production in Polr3b Het KO mice, a putative long-lived mouse model. | found
that hepatic H,S production capacity was only elevated in male Polr3b Het KO
mice. As | have previously published pronounced strain-specificity in HxS
production under DR (Chapter 3, [254]), and as the impact of DR on H;S has not
been measured in C57BL/6N mice, | placed male C57BL/6N wild-type (WT) and
Polr3b Het KO mice under 1-month 40% DR and examined measures of H;S
production, gene transcription, protein levels, and the NRF2 antioxidant
response. The WT DR group acted as a positive control to determine whether the
effects of DR on H,S reported in other WT mouse strains is replicated in
C57BL/6N mice.
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6.3 Aims and hypothesis

Background

Reduction in RNA polymerase Il (Pol IIl) results in extension in lifespan in
flies and worms. Dietary restriction (DR) has been shown to support healthy
metabolism and extend lifespan across species. DR is sensed by mammalian
target of rapamycin (mTOR) signalling, which controls the Pol Il inhibitor Maf1.
Hydrogen sulfide (H.S) levels in tissues positively correlate with DR and longevity
across species and stimulate protective antioxidant responses including NFE2-
related factor (NRF2).

Hypothesis

In mice with heterozygous knock out of the Pol Il sub-unit Polr3b (Polr3b
Het KO mice), which is a putative long-lived model, | predicted that hepatic
production of H,S would be elevated relative to wild-type (WT) mice, but that
this increase would not be additive with DR due to redundancy in molecular
pathways. To this end | placed male WT and Polr3b Het KO mice under both ad
libitum (AL) feeding and 1-month of 40% DR.

Aims

1. Investigate the impact of DR in mice in both WT and Polr3b Het KO mice
on the production and disposal of hepatic H,S in the cytosolic and
mitochondrial compartments using both the lead acetate and MitoA

approaches.

2. Determine the effect of DR in both WT and Polr3b Het KO mice on glucose
homeostasis, body weight, body temperature (data in Appendix I), gene
expression of Pol Il target genes and in parameters linked to antioxidant

protection and oxidative damage.
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6.4 Results

6.4.1 Polr3b Het KO mice have the same physiological response
to DR as WT

| placed WT and Het mice under 4-weeks of 40% dietary restriction (DR) to
examine if the expected disruption of translational machinery in Polr3b Het KO
mice shared molecular mechanisms with the reduced protein synthesis of mice
under DR conditions. Body weight was measured in both DR and ad libitum (AL)
groups weekly during the DR intervention period (10% reduction in food available
compared to AL groups in week 1, 20% reduction in week 2, then 40% reduction
in weeks 3-6) in male WT and male Polr3b Het KO mice (Figure 37a). No
statistical difference in body weight was found between WT and Polr3b Het
groups on the same diet. The body weights immediately prior to cull are
presented in Figure 37b, showing a significant decrease in mice on DR compared
to AL (F(1, 26) = 23.250, p < 0.0001), but no difference between genotypes (F(1,
26) = 0.007, p = 0.939). Post-hoc multiple comparison tests found a significant
difference between WT DR and WT AL groups (p = 0.0003), and Het DR and Het
AL groups (p = 0.0003).
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Figure 37 Changes in mouse weight under DR

A Changes in mean mouse body weight presented relative to initial bodyweight at onset of DR. B
Mean body weight immediately prior to cull at end of DR protocol. Statistical significance
determined by 2-way ANOVA with genotype and diet as factors and Tukey multiple comparisons
with alpha = 0.05. Grubb’s outlier test was performed with alpha = 0.05, no outliers removed. WT
data in black, Het data in pink. Bars/lines/dots represent mean value and error bars represent
standard error of the mean. AL: ad libitum, DR: Dietary restriction. * = p < 0.05, *** = p < 0.001,
**** = p <0.0001. D*** = two-way ANOVA main effect p < 0.001.
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6.4.2 Pol lll protein expression in Polr3b Het KO mice under DR

Hepatic protein levels of Pol Il were assessed by blotting for the Polr3b
subunit of Pol Ill, which is the sub-unit knocked-out in the Polr3b Het KO mouse
model used in these experiments (Figure 38a). A significant diet effect was
found (F(1, 26) = 12.300, p = 0.002), with a reduction in Polr3b protein levels
under DR diets compared to AL. There was no significant genotype effect
(F(1,26) = 3.015, p = 0.094) on Polr3b protein levels. Pairwise comparisons found
a significant reduction in Pol Ill protein between AL and DR fed animals of either
genotype (p = 0.009 for WT mice, p = 0.009 for Het mice). | also blotted for Maf1
protein, an inhibitor of Pol Il activity (Figure 38b). No significant diet (F(1,28) =
0.009, p = 0.924) or genotype (F(1,28) = 0.040, p = 0.843) effects were found in
MAF1 protein levels. Finally, | blotted for phosphorylated ribosomal protein Sé6
(pS6), a target of mTOR signalling upstream of Pol Il (Figure 38c). No significant
diet (F(1,12) = 1.330, p = 0.271) or genotype (F(1,12) = 1.270, p = 0.282) effects
were found for hepatic pSé protein levels. However, hepatic Ulk1 gene
expression was found to be significantly increased by diet (F(1,27) = 18.18, p =
0.0002). Multiple comparisons found a significant difference between WT AL and
WT DR groups (p = 0.0012), and Polr3b Het KO AL and Polr3b HetKO DR groups (p
= 0.0012). No genotype effect was found for Ulk1 gene expression (F(1,27) =
0.124, p = 0.728).
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Figure 38 Hepatic protein levels of Pol lll subunit Polr3b and Pol lll inhibitor Maf1

Hepatic protein levels of the Pol 11l subunit Polr3b (A), Maf1 (B), and pS6 (C) as measured by
western blotting. Data quantified by densitometry analysis and normalised to total protein
loading. D Relative hepatic gene expression of ULK1 as measured by RT-gPCR. Data presented
as raw Ct values of each gene. WT data in black, Het data in pink. Statistical significance
determined by 2-way ANOVA with genotype and diet as factors and Tukey multiple comparisons
with alpha = 0.05. Grubb’s outlier test was performed with alpha = 0.05, one outlier removed in
Het AL group. Bars represent mean value and error bars represent standard error of the mean.
AL: ad libitum, DR: Dietary restriction, ULK1: Unc-51 Like Autophagy Activating Kinase 1. ** =p
< 0.01. D* = two-way ANOVA diet main effect p < 0.05, D*** = two-way ANOVA diet main effect p

< 0.001.
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| measured hepatic gene expression of Pol Il target genes by RT-qPCR to
determine the effect of Polr3b Het KO and DR on Pol Ill activity. The ACt values
for each individual gene studied are given in Figure 39a-f (Note that a higher
ACt value indicates a lower expression of that mRNA transcript). For most of the
genes probed in this study there was no significant genotype or diet effect (see
Table 14 for full results), except for the B1 consensus probe, for which a
genotype x diet interaction was found (F(1,24) = 7.103, p = 0.014). Multiple
comparisons revealed a significant reduction in B1 consensus transcripts in Het
AL mice compared to WT AL (p = 0.043) and a reduction in WT mice on DR
compared to AL controls (p = 0.048).
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Table 14 Full results of two-way ANOVA analysis of hepatic gene expression of RNA
polymerase lll target genes

288S: 28S rRNA, 5S: 55 rRNA, 7SL: Signal recognition particle RNA, B1 consensus: primer that
binds to approximately 100 B1 family genes. Results in bold are considered statistically significant.
NS = non-significant.

Diet Effect (D) Genotype Effect (G) D x G Interaction

Gene Name F-Value P-Value F-Value P-Value F-Value P-Value
28S rRNA (1,26) 1.621 0.214 (1,26) 1.400  0.2472 NS NS
5S rRNA (1,27) 0.103 0.750 (1,27) 1.762 0.195 NS NS
7SL (1,27) 1.486 0.233 (1,27) 0.206 0.653 NS NS
pre-tRNA Leu (1,26) 0.328 0.572 (1,26) 0.337 0.567 NS NS
pre-tRNA Tyr (1,26) 0.374 0.546 (1,26) 0.200 0.659 NS NS
B1 Consensus (1,24) 1.267 0.272 (1,24) 1.403 0.248 (1,24) 7.103 0.014
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Figure 39 Hepatic gene expression of Pol lll target genes

Relative hepatic gene expression of Pol Il target genes measured by RT-qPCR. Data presented
as raw ACt values for each gene (A-F). Statistical significance determined by 2-way ANOVA
analysis of ACt values with genotype and diet as factors and Tukey multiple comparisons with
alpha = 0.05. Grubb’s outlier test was performed with alpha = 0.05, no outliers removed. WT data
in black, Het data in pink. Bars/lines/dots represent mean value and error bars represent
standard error of the mean. AL: ad libitum, DR: Dietary restriction. * = p < 0.05. 28S: 28S rRNA,
5S: 5S rRNA, 7SL: Signal recognition particle RNA, B1 consensus: primer that binds to
approximately 100 B1 family genes. DxG* = two-way ANOVA DietxGenotype interaction effect p

<0.05.
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6.4.3 Hydrogen sulfide (H2S) production is elevated in male but
not female Polr3b Het KO mice

As a novel mutant, H,S metabolism has not been measured in Polr3b het
KO mice. | used the lead acetate method to measure hepatic H,S production
capacity in 4-month male and female WT and Polr3b Het KO mice (Figure 40a).
Neither a genotype (F(1,20) = 4.066, p = 0.057) nor sex (F(1,20) = 0.739, p =
0.400) effect was found on H2S production capacity. However, there was a
significant genotype x sex interaction effect (F(1,20) = 5.580, p = 0.028).
Multiple comparison testing found that this interaction was driven by
significantly higher H;S production in male Het mice compared to male WT mice
(p = 0.027). Given these results | investigated cross-sectional H;S production
capacity in liver samples from male Polr3b Het KO mice at 4, 9, 12, and 17
months of age (Figure 40b). Significant age (F(3,30) = 4.899, p = 0.007) and
genotype (F(1,30) = 4.487, p = 0.043) effects were found, with multiple
comparisons showing elevation in Polr3b Het KO mice compared to WT, and a
significant decrease in HxS production capacity from 9 to 17 months of age in
both WT and Polr3b Het KO mice (p = 0.014 and p = 0.014, respectively).
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Figure 40 Hepatic H2S levels are modified by Pol Ill expression in male mice and decline

with age

A Hepatic H2S production capacity as measured by lead acetate method in male and female
mice. Statistical significance determined by 2-way ANOVA with genotype and diet as factors and
Tukey multiple comparisons with alpha = 0.05. Grubb’s outlier test was performed with alpha =
0.05, no outliers removed. B Hepatic H2S production capacity as measured by lead acetate
method in male mice at different age cross-sections. Statistical significance determined by 2-way
ANOVA with genotype and age as factors and Tukey multiple comparisons with alpha = 0.05.
Grubb’s outlier test was performed with alpha = 0.05, no outliers removed. WT data in black, Het
data in pink. Bars represent mean value and error bars represent standard error of the mean. AL:
ad libitum, DR: Dietary restriction. * = p < 0.05 between indicated groups. DxS* = two-way
ANOVA DietxSex interaction effect p < 0.05, A** = two-way ANOVA age main effect p < 0.01, G*
= two-way ANOVA genotype main effect p < 0.05.
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6.4.4 H2S production is differentially modulated by DR and
Polr3b Het KO dependent on cellular compartment

| next used the lead acetate assay to measure hepatic H;S production
capacity in WT and Polr3b Het KO mice under both AL and DR diets (Figure 41a).
Two-way ANOVA analysis determined that there was both a significant diet
(F(1,27) = 26.870, p < 0.0001) and genotype (F(1,27) = 8.330, p = 0.008) effect
on H,S production capacity, being elevated in DR mice relative to AL mice and
being elevated in Polr3b Het KO mice relative to WT mice. Using a multiple
comparison approach, | found that there was an elevation in H,S production
capacity in WT DR mice compared to WT AL mice (p = 0.0001), in Polr3b Het AL
mice compared to WT AL mice (p = 0.036), in Polr3b Het DR mice compared to
Polr3b Het AL mice (p = 0.0001), and in Polr3b Het DR mice compared to WT DR
mice (p = 0.036). Consequently, there was an additive effect of diet and Polr3b
Het KO on H,S production capacity suggesting that both interventions elevate

H2S production capacity through distinct mechanisms.

| then examined in vivo mitochondrial H;S levels by using the MitoA probe
and LC-MS/MS analysis as described in Chapter 4 (Figure 41b). Two-way ANOVA
analysis found a significant diet (F(1,25) = 8.034, p = 0.009) and genotype x diet
interaction effect (F(1,25) = 4.918, p = 0.036), but a non-significant genotype
main effect (F(1,25) = 0.026, p = 0.872). There appears to be a very modest
reduction in mitochondrial H.S levels in WT DR mice compared to WT AL, which
post-hoc testing revealed to be non-significant (p = 0.970). In Polr3b Het KO
mice under DR there is a significant reduction in mitochondrial HS levels (p =
0.009) compared to Polr3b Het KO mice on AL diet. As such, the main and
interaction effects identified by two-way ANOVA analysis appear driven by a
large reduction in Polr3b Het KO mice on DR relative to Polr3b Het KO mice on
AL. These data are in contrast with the lead acetate results described above,

where both diet and genotype elevated cytosolic H2S production capacity.
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Figure 41 Regulation of hydrogen sulfide levels is modified by both DR and Polr3b Het
KO, with divergence in regulation in the cytosolic and mitochondrial compartments

A Lead acetate assay measurements of hepatic cytosolic H2S production capacity. B
Mitochondrial H2S levels as determined by analysis of MitoA and MitoN concentrations in liver
samples. Statistical significance determined by 2-way ANOVA with genotype and diet as factors
and Tukey multiple comparisons with alpha = 0.05. Grubb’s outlier test was performed with alpha
= 0.05, no outliers removed. WT data in black, Het data in pink. Bars represent mean value and
error bars represent standard error of the mean. AL: ad libitum, DR: Dietary restriction. * = p <
0.05, ** = p <0.01, *** = p < 0.001. D*** = two-way ANOVA diet main effect p < 0.001, G** = two-
way ANOVA genotype main effect p < 0.01, D** = two-way ANOVA diet main effect p < 0.01,
DxG* = two-way ANOVA DietxGenotype interaction effect p < 0.05.
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| measured hepatic gene expression of H;S metabolism genes by RT-qPCR
to determine the effect of Polr3b Het KO and DR on transcriptional regulation of
key H;S production and disposal enzymes. The data is presented as ACt values
for each individual gene studied (Figure 42a-f, note that a higher ACt value
indicates a lower expression of that mRNA transcript). For most of the genes
probed in this study there was no significant genotype or diet effect (see Table
15 for full results). For the gene expression of the H,S producing enzyme Cbs, a
genotype x diet interaction was found (F(1,26) = 9.386, p = 0.005). Multiple
comparisons revealed a significant elevation in Cbs transcripts in WT DR mice
compared to WT AL (p = 0.021). Finally, a significant diet (F(1,25) =7.318, p =
0.012) and diet x genotype interaction effect (F(1,25) = 7.564, p = 0.011) was
found for Ethe1 gene transcripts, no genotype main effect was found (F(1,25) =
2.137, p = 0.016). Ethe1 encodes for a mitochondrial enzyme that comprises part
of the H;S disposal machinery. Multiple comparisons revealed a significant
elevation in Ethe1 transcripts in Polr3b Het KO mice under DR compared to
Polr3b Het KO mice under AL feeding (p = 0.006).
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Table 15 Full results of two-way ANOVA analysis of hepatic gene expression of H2S
production and disposal genes

196

Cse: Cystathionine-beta-lyase, Cbs: Cystathionine-Beta-synthase, Mpst: 3-Mercaptopyruvate
Sulfurtransferase, Tst: Thiosulfate Sulfurtransferase, Suox: Sulfite Oxidase, Ethe 1: Ethylmalonic
encephalopathy 1 protein. Results in bold are considered statistically significant. NS = non-

significant.

Gene Name
CSE

CBS

MPST

TST

SUOX
ETHE1

Diet Effect (D)

F-Value
(1,28) 3.096
(1,26) 1.494
(1,28) 3.485
(1,26) 0.011
(1,27) 0.491
(1,25) 7.318

P-Value
0.089
0.233

0.072
0.918
0.490
0.012

Genotype Effect (G)

F-Value
(1,28) 0.341
(1,26) 0.393
(1,28) 1.011
(1,26) 0.026
(1,27) 0.307
(1,25) 2.137

P-Value
0.564
0.536
0.323
0.874
0.584
0.156

D x G Interaction

F-Value
NS
(1,26) 9.386
NS
NS
NS
(1,25) 7.564

P-Value
NS
0.005
NS
NS
NS
0.011
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Figure 42 Hepatic gene expression of H.S metabolism genes

Relative hepatic gene expression of H2S metabolism genes measured by RT-gPCR. Data

presented as raw ACt values for each gene (A-F). Statistical significance determined by 2-way
ANOVA analysis of ACt values with genotype and diet as factors and Tukey multiple
comparisons with alpha = 0.05. Grubb’s outlier test was performed with alpha = 0.05, no outliers
removed. WT data in black, Het data in pink. Bars/lines/dots represent mean value and error
bars represent standard error of the mean. AL: ad libitum, DR: Dietary restriction. * = p < 0.05, **
= p < 0.01. Cse: Cystathionine-beta-lyase, Cbs: Cystathionine-Beta-synthase, Mpst: 3-
Mercaptopyruvate Sulfurtransferase, Ethe1: Ethylmalonic encephalopathy 1 protein, Tst:
Thiosulfate Sulfurtransferase, Suox: Sulfite Oxidase. DxG* = two-way ANOVA DietxGenotype
interaction effect p < 0.05. D* = two-way ANOVA diet main effect p < 0.05,
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| next blotted for protein levels of H2S metabolism proteins by western
blotting (Figure 43). There was no significant diet or genotype effect on the
protein levels of hydrogen sulfide production enzymes CSE, CBS, or MPST (Figure
43a-c, full statistical results shown in Table 16). For ETHE1 a significant diet
effect (F(1,12) = 12.000, p = 0.005) was found by two-way ANOVA analysis, but
there was a non-significant genotype effect (F(1,12) = 3.305, p = 0.094). Multiple
comparison analysis found a significant elevation in mean ETHE1 protein levels
between WT AL and WT DR mice (p = 0.021), and Polr3b Het KO AL and Polr3b
Het KO DR mice (p = 0.021). Finally, a significant genotype effect (F(1,12) =
4.963, p = 0.046) was found for protein levels of SQR, which was higher in Polr3b
Het KO mice compared to WT mice. No significant diet effect was found (F(1,12)
= 1.543, p = 0.238), and multiple comparisons found no significant difference in

mean SQR protein levels between any specific experimental group.
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Table 16 Full results of two-way ANOVA analysis of hepatic gene expression of H2S
production and disposal proteins

Cse: Cystathionine-beta-lyase, Cbs: Cystathionine-Beta-synthase, Mpst: 3-Mercaptopyruvate
Sulfurtransferase, Ethe1: Ethylmalonic encephalopathy 1 protein, SQR: Sulfur:quinone reductase.

Results in bold are considered statistically significant. NS = non-significant.

Protein Name
CSE

CBS

MPST

ETHE1

SQR

Diet Effect (D)

F-Value
(1,28) 3.619
(1,28) 0.273
(1,28) 0.235
(1,12) 12.000
(1,12) 1.543

P-Value
0.068
0.606
0.632
0.005
0.238

Genotype Effect (G)

F-Value
(1,28) 0.012
(1,28) 1.004
(1,28) 0.010
(1,12) 3.305

(1,12) 4.96

P-Value
0.915
0.325
0.921
0.094
0.046

D x G Interaction
F-Value P-Value

NS NS
NS NS
NS NS
NS NS
NS NS
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Figure 43 Hepatic protein levels of H.S metabolism proteins

Hepatic protein levels of H2S metabolism proteins measured by western blotting and normalised
to total protein loading. Statistical significance determined by 2-way ANOVA analysis with
genotype and diet as factors and Tukey multiple comparisons with alpha = 0.05. Grubb’s outlier
test was performed with alpha = 0.05, no outliers removed. WT data in black, Het data in pink.
Bars represent mean value and error bars represent standard error of the mean. AL: ad libitum,
DR: Dietary restriction. * = p < 0.05. Cse: Cystathionine-beta-lyase, Cbs: Cystathionine-Beta-
synthase, Mpst: 3-Mercaptopyruvate Sulfurtransferase, Ethe1: Ethylmalonic encephalopathy 1
protein, SQR: Sulfur:quinone reductase. D** = two-way ANOVA diet main effect p < 0.01, G* =
two-way ANOVA Genotype main effect p < 0.05.
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6.4.5 Oxidative damage in Polr3b Het KO mice under DR

As HyS is elevated in an additive manner by both DR and Polr3b Het KO, and
H2S confers antioxidative benefits, | examined markers of oxidative damage.
Protein carbonyl content was measured as an established marker of oxidative
damage (Figure 44a). Two-way ANOVA analysis found no diet effect (F(1,18) =
2.145, p = 0.160), although a significant genotype effect (F(1,18) = 14.14, p =
0.001) was seen, with protein carbonyl content lower in Polr3b Het AL mice
compared to WT mice. Multiple comparisons found a significant difference
between WT AL and Polr3b Het KO AL groups (p = 0.007), and WT DR and Polr3b
Het KO DR groups (p = 0.007). Gene expression of Nrf2 was measured by RT-
gPCR, however no diet(F(1,25) = 2.251, p = 0.146) or genotype (F(1,25) = 0.011,
p = 0.918) effects were found (Figure 44b). Similarly, in Sod1 gene expression
no diet(F(1,27) = 1.452, p = 0.239) or genotype (F(1,27) = 0.458, p = 0.504)

effects were found (Figure 44c).
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Figure 44 Evidence of reduced oxidative damage in Polr3b Het KO mice compared to WT
is not related to improved NRF2 expression

A Protein carbonyl content as measured in hepatic protein lysate. Relative hepatic gene
expression of NRF (B) and SOD1 (C) as measured by RT-qPCR. Data presented as raw Ct
values of each gene. Statistical significance determined by 2-way ANOVA analysis of Ct values
with genotype and diet as factors and Tukey multiple comparisons with alpha = 0.05. Grubb’s
outlier test was performed with alpha = 0.05. WT data in black, Het data in Pink. Bars/lines
represent mean value and error bars represent standard error of the mean. AL: ad libitum, DR:
Dietary restriction. ** = p < 0.01. NRF2: NFE2-related factor, SOD1: Superoxide dismutase. G**
= two-way ANOVA genotype main effect p < 0.01.
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6.5 Discussion

6.5.1 Polr3b Het KO results in incomplete reduction in Pol Il
activity

| examined Polr3b protein levels, as there are no published studies that
have examined Pol Il protein expression under DR in mice. | found that hepatic
Polr3b protein levels were reduced under DR in both WT and Het mice. Under DR
protein synthesis rates may be reduced, elevated, or maintained depending on
the tissue studied, age of organism, severity of restriction, and duration of
restriction [63], [411], [412]. Studies in 5-15 month old C57Bl/6 mice (specific
sub-strain not given) found that 60% DR significantly elevated hepatic protein
synthesis rates compared to AL controls [413]. Given that the Polr3b Het KO
mice were of a similar age and DR severity, it was unexpected to see a reduction
in Polr3b protein levels under DR feeding in both WT and Polr3b Het KO mice, as
it is assumed that protein synthesis rates will be increased. Further, levels of the
Polr3b sub-unit were not different in WT and Het mice. This was unexpected as
our Polr3b Het KO mice were designed with the intention of knocking down Pol
[l activity. The Polr3b gene was edited in our Polr3b Het KO mice such that
there was heterozygous insertion of an 8bp sequence (at a locus that encodes for
the codon for cysteine 103 in the protein sequence) which results in early
truncation of Polr3b transcripts. The insertion of this sequence was confirmed by
genotyping all mice used in this experiment post-mortem. The antibody used in
these experiments binds to an epitope that is downstream of the insertion codon
(approximately between amino acids 120-220) and is therefore expected to not
bind to Polr3b transcripts from the mutant allele. While protein levels of Polr3b
appear to be unaffected in Polr3b Het KO mice compared to WT, it is possible
that Polr3b protein transcribed from the mutant allele is inactive. To examine
the activity of Pol Ill | measured gene expression levels of several Pol Il target
genes as well as transcription of 285 ribosomal RNA (rRNA) which is transcribed
by RNA polymerase | as a control. Unexpectedly, most Pol Il target genes are
unaffected by Polr3b Het KO, except for B1 consensus genes which were reduced
as hypothesised. This is not unprecedented: Vorlander et al. demonstrated that
intestinal mutation of Polr3b in mice reduced expression of 55 rRNA and U6
snRNA but had no effect on expression of tRNAs [414]. Additionally, a variety of

mutations in Polr3b have been described and confer myriad effects (such as
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ataxia or neuropathy) dependent on which Pol Ill subunit interactions were
ablated by the mutations [415]. This demonstrates that the phenotype of Polr3b
mutants is dependent on the exact genetic alteration of the Polr3b locus and the
resulting mutant protein product. | also found that DR reduced expression of B1
consensus genes in WT DR mice compared to WT AL, but there was no additional
reduction in B1 gene transcription in Porl3b Het KO mice under DR compared to
Polr3b Het KO mice on AL diet. Pol Ill activity under DR in mice has not been
studied, although Pol Ill activity in yeast was reduced when changed from a rich
medium (100% yeast peptone with 2% glucose) to a nutrient-deprived medium
(15% yeast peptone with no glucose) for 12, 25, 75, or 180 min [416]. As such,
this reduction in gene transcription for B1 genes is indicative of a reduction of
Pol 1l transcription under DR in mice, but it is unclear why there is only a
significant difference in B1 genes and not the other Pol Il targets studies here.
The B1 gene family is a type short interspersed elements (SINE), which evolved
from 7SL RNA and is present in the genomes of all rodents [417], [418]. Some
explanation for this finding may be found by examining the distinct
transcriptional assemblies of the Pol Il transcription machinery for different
target genes, as illustrated in Figure 36. For example, the B1 consensus, tRNAs,
and 7SL genes are transcribed by type 2 Pol Il transcriptional machinery,
whereas 5S rRNA is transcribed using type 1 Pol Il transcriptional machinery
[419]. These machineries recognised different promotor sequences and recruit
different transcription factors dependent on the target gene [419]. It is possible
that the specific machinery required for transcription of B1 consensus genes is
dependent on POLR3B expression, whereas the other Pol lll target genes
examined here are not. However, the precise transcriptional complex
components that POLR3B protein interacts with are poorly defined in the
literature. Further resolution of the Pol Ill transcriptional machinery, with
particular focus on POLR3B, is essential for the full understanding on the impact

of Polr3b Het KO on Pol Il transcriptional activity.

The effect of Polr3b Het KO and DR on physiology and glucose homeostasis

was also measured in these mice. Results are given in Appendix I.
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6.5.2 DR induced elevation of H.S is independent of Pol lll activity

Experiments in flies and worms have demonstrated that knock down of Pol
[Il extends lifespan [405]; as such Polr3b Het KO in mice is a putative long-lived
model. It is established that lifespan extension through dietary or genetic means
is associated with increased endogenous H,S levels [164], and so | examined H;S
production in male and female mice with this genetic modification. In mice,
Polr3b Het KO in males resulted in a significant increase in hepatic HyS
production capacity, but there was no difference between female WT and Polr3b
Het KO cohorts. While some reports have shown consistent responses in H,S
metabolism between male and female animals [226], sexual dimorphism in
hepatic H2S production has been described in other studies. For instance,
C57BL/6 mice on every other day (EOD) diets exhibit sexual dimorphism, with
elevated hepatic H;S production capacity under EOD diet observed only in males
[420]. The authors proposed that the lack of hepatic H,S elevation in female
mice may contribute to the diminished benefits of EOD diet on late-life frailty in
females compared to males. Further, previous studies have described sexual
dimorphism in hepatic transcription of Pol Ill target genes, with male C57BL/6
mice exhibiting altered methylation of Ué splisosomal RNA and an increase in U6
expression compared to female C57BL/6 mice [421]. As such, the observation
presented here that Polr3b Het KO results in a sexually dimorphic elevation of
hepatic H2S production is not an unusual phenomenon. Cross-sectional analysis of
male mice at 4, 9, 12, and 17 months of age confirms that Polr3b Het mice have

elevated H,S production and this declines with age in both WT and Het mice.

Pol Il activity is downstream of the mTOR pathway, which itself is
responsive to dietary restriction (DR). It is established in multiple mouse strains
that DR elevates hepatic H,S levels and, in fact, many of the benefits of DR
appear dependent on hepatic HyS [164]. However, the precise molecular
mechanisms underpinning DR benefits remain unclear and no studies have
measured H,S levels in C57/BL6N mice under DR. With this observation that
Polr3b Het KO is sufficient to elevate hepatic H,S, | next investigated if reduced
Pol 11l activity could form part of the mechanism by which DR elevates H,S
catabolism. To examine this, | placed WT and Polr3b Het KO mice under 4-weeks
of 40% DR compared to ad libitum (AL) fed control mice under the hypothesis

that Polr3b Het KO mice under DR would exhibit no further extension in hepatic
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H2S production compared to AL fed Het mice due to redundancy in their
mechanisms for modifying H.S metabolism. Unexpectedly, | found that both DR
and Polr3b Het KO elevated hepatic H;S production capacity in an additive
manner. This finding suggests that, rather than Pol Ill activity operating
downstream of DR, each of these interventions independently results in an
elevation in H,S levels. Here, | confirm that DR in male C57/BL6N mice is
associated with increased hepatic H;S levels but also that Polr3b Het KO (a
putative lifespan extending genetic modification) is also independently capable
of increasing H,S levels in mice. Additionally, | used the Mito A in vivo probe to
measure mitochondrial H:S levels. Significant diet and diet x genotype
interaction effects were found, with DR reducing mitochondrial H,S levels
modestly in WT mice and far more significantly in Het mice. The Polr3b Het KO
mice on AL diet had an approximate 40% increase in mean mitochondrial H2S
levels compared to WT AL mice, however variation in the Het Al group is by far
the largest of those studied here (coefficients of variation: WT AL 39.77%, WT DR
60.11%, Polr3b Het KO AL 78.99%, Polr3b Het KO DR 165.6%). The beneficial
effects of HyS in protecting mitochondrial function are well established [76],
[252], [368], [369]. For instance, it has been shown that H2S protects against
ischemia-reperfusion injury through SQR-mediated transfer of electrons into the
electron transport chain [164]. Despite this, no previous studies have measured
the response of mitochondrial H,S to DR. Here, | present a novel finding that
unlike the cytosolic elevation in H2S production seen in this study (and in
Chapter 3) following DR, mitochondrial H;S levels are in fact reduced under DR
diet in both WT and Polr3b Het mice compared to AL controls. This uncoupling of
cytosolic and mitochondrial H2S metabolism could potentially be due to altered
activity of the pyridoxal-5’-phosphate (PLP) and PLP-independent enzymatic H,S
production pathways. The PLP-dependent enzymes cystathionine-gamma-lyase
(CSE) and cystathionine-beta-synthase (CBS) synthesise H,S directly from
cysteine whereas 3-mercaptopyruvate sulfurtransferase (MPST, or TUM1)
synthesises HS indirectly through stepwise conversion into 3-mercaptopyruvate
first by L-cysteine:2-oxoglutarate aminotransferase (CAT) and then into H,S by
MPST [66]. CSE and CBS operate predominately within the cytosol while
mammalian MPST exists in two distinct isoforms, TUM1-Iso1 which is exclusively
found within the cytosol and TUM1-Iso2, a splice variant encoding an additional

20 amino acid mitochondrial-targeting sequence [69]. | found no difference
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between genotype or diet groups in the expression of mitochondrial Mpst mRNA
or protein levels of MPST. This is unlike my findings in Chapter 3, where mRNA
and protein levels of MPST were elevated on DR in the TejJ89 sub-strain from
the ILSXISS panel of mouse strains. Alterations to expression of the enzymes that
comprise the sulfur oxidising unit (SOU) are unlikely to explain the observed
uncoupling of cytosolic and mitochondrial HzS levels as the SOU is localised to
mitochondria and catalyses the disposal of HzS from both cytosolic and
mitochondrial origin. Therefore, the divergence in mitochondrial H2S levels from
levels present in the cytosol under DR conditions could be due to reduced MPST
activity despite maintenance of protein abundance, however there is no clear
understanding of post-translational modification of MPST activity in the
literature to date [422]. Putative regulators of MPST activity include
phosphorylation sites at the N-terminus which may inhibit mitochondrial import
of MPST [423], and inactivation of recombinant MPST protein by hydrogen
peroxide (H20;) [424]. However, it is unclear if MPST retains its N-terminus
following mitochondrial import [307] and the physiological relevance of H;0,
inhibition of MPST generation of HS is disputed [425]. Future studies that
measure MPST protein levels in both cytosolic and mitochondrial fractions of
hepatic tissue homogenates may provide insight into the distribution of MPST
protein between these cellular compartments. | also investigated the regulation
of enzymes in the HS disposal pathway. Only transcription of Ethe1 is
differentially regulated in Polr3b Het KO DR mice compared to Polr3b Het KO AL,
but at the protein level DR elevates ETHE1 levels in both WT and Het animals
compared to AL-fed controls. Finally, protein levels of SQR were found to be
elevated in Polr3b Het KO mice compared to WT. Interestingly, the metabolism
of HyS by SQR is coupled to oxidative phosphorylation across mammalian tissues,
including liver [72], [426], [427]. Future studies could employ high-resolution
respirometry techniques to ascertain if the alterations in H,S production caused
by Polr3b Het KO and DR impact on mitochondrial respiration. As present, this
novel observation that mitochondrial H3S is reduced under DR has no clear

explanation.
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6.5.3 Oxidative damage is reduced in Polr3b Het KO mice
compared to WT

Given the antioxidative role of H;S as a reactive oxygen species (ROS)
scavenger and stimulator of the nuclear factor E2-related factor 2 (NRF2)
response [428], | next investigated whether there was a difference in oxidative
damage between experimental groups. Protein carbonyls are irreversible
alterations to proteins under oxidative conditions and serve are useful markers
of the extent of oxidative damage in a sample [429]. | found that Polr3b Het
mice had lower hepatic protein carbonyl content compared to WT mice. This
may in part be due to the antioxidative effect of H;S, which directly scavenges
ROS such as superoxide and hydrogen peroxide, and promotes the NRF2 response
[355], [430]. However, if HS was driving the reduction in protein oxidation we
would expect to see an additive effect of DR and genotype as previous data
showed an additive effect of these on H;S production capacity. Diet had no
effect on protein carbonyl content in both WT and Porl3b Het KO mice. This is a
common finding, as a majority of studies in the literature examining the effect
of DR on hepatic protein carbonyl content also found no effect [431]. To help
explain these findings | next examined hepatic Nrf2 and Sod2 expression. These
comprise two major components of the antioxidative response to ROS. However,
no effect was found for either DR diet or Polr3b Het KO in the expression of
these genes. As such, the reduced hepatic protein carbonyl content in Polr3b
Het KO may only be partially accounted for by the elevated H;S production
capacity in these mice. Future studies could measure other antioxidants such as
glutathione and catalase in samples from these Polr3b Het KO mice to more fully

characterise their antioxidative response compared to WT controls.
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6.6 Conclusions

| hypothesised that Polr3bHet KO mice would have an improved metabolic
phenotype but this would not be additive with DR due to shared molecular
pathways. However, no effect of Polr3b Het KO was found on any measures of
physiology or glucose homoeostasis measured here. Further, no additive effect
of DR and Polr3b Het KO was found on these measures. This suggests that,
despite being downstream of DR and mTOR signalling, reduced Pol Ill activity is
not central to the effects of DR on these measures. As Polr3b Het KO mice are
predicted to be long-lived, | also expected their production of H,S to be elevated
compared with WT controls. This was found in a measure of cytosolic H,S
production capacity and surprisingly was additive with DR, indicating the DR and
Polr3b Het KO elevate HyS production capacity via distinct mechanisms. | also
report here the first measurement of in vivo mitochondrial H;S under DR
conditions. | found that mitochondrial H;S was elevated in Het mice compared to
WT but negatively regulated by DR in both genotypes. There was no clear
explanation for this finding when examining the gene expression and protein
levels of H,S metabolising. Finally, | show here that protein oxidative stress is
reduced in Polr3b Het KO mice compared to WT, which may be driven by
elevated H;S levels in these mice. However, while H;S is elevated in an additive
manner by DR and Polr3b Het KO, reduced protein oxidative damage was not
additive. As such, the antioxidative properties of H,S can only partially explain
the improvement in antioxidative capacity. Exploration of other antioxidant

mechanisms is required to contextualise these findings.
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Chapter 7 General Discussion

HS is a gaseous molecule that has profound effects on many biological
processes [432]. It shares three properties with nitric oxide and carbon monoxide
that qualifies these gases as gasotransmitters: free permeation through
membranes, endogenous production, and possession of specific functions and
induced effects at physiological concentrations [51], [116], [120]. The effects of
H>S are achieved through a highly dynamic repertoire of signalling modalities.
These include persulfidation of cysteine residues, binding to metal centres,
interaction with other gasotransmitters, and scavenging of reactive oxygen
species, all of which result in H;S reacting to form other chemical species [95],
[110], [153]. Additionally, HS is sensitive to redox and pH conditions, is labile,
and many H,S derivatives have a relatively short half-life [278]. Generally, these
derivatives can be regarded as three distinct sulfide pools: free sulfides such as
H>S gas, acid-labile sulfides such as H,S molecules coordinated to metal centres,
and bound sulfane sulfides such as those found in persulfidated cysteine groups.
The reactivity of sulfur atoms in these pools are distinct, and methods that
measure H,S levels will often use experimental conditions that are unable to
detect sulfide levels from all three pools [281], [282]. Combined, these
properties make it extremely challenging to accurately measure HyS levels in

biological samples.

This difficulty in measuring HzS has become a crucial limitation in clarifying
the role of H,S in biological systems. To address this, in Chapter 4 | optimised
the sample preparation and mass spectrometry analysis of a novel HxS sensing
molecular probe, called MitoA. This probe molecule was designed by Prof.
Richard Hartley (University of Glasgow, UK) and allows for specific and sensitive
measurements of in vivo mitochondrial H,S levels across tissues [269]. My work
in this thesis helped improve the analytical methodology for use of this probe in
the analysis of mouse liver tissue. This was achieved by improving the sample
preparation method to exclude the confounding signals from phospholipid
contamination and altering the mass spectrometry parameters. The methodology
| developed was then applied to a transgenic mouse model of thiosulfate
sulfurtransferase (TST) knock-out (TST/") [232]. The expression of TST in

adipocytes is correlated with lower fat mass and lower fasted blood glucose
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levels [232]. It has also been shown via the monobromobimane method for H,S
detection that whole blood H;S levels were greatly elevated in TST/- mice
compared to WT controls, however multiple other methodologies for H,S
detection have found conflicting evidence for elevated H,S levels in liver tissue
from TST- mice [232]. | applied the MitoA and lead acetate methods to provide
further insight into the metabolism of HS in this mouse model. The results
indicated a distinct regulation of mitochondrial H;S levels compared to cytosolic
H,S production, with HS levels elevated in TST/- mice within the cytosolic
compartment but unchanged relative to WT control mice within the
mitochondrial compartment. | additionally attempted to develop an imaging
mass spectrometry method using MitoA. While a working method for the
detection of MitoA standards on liver tissue sections was achieved, the
concentration of MitoA injected into the mice was below the limit of detection
of the mass spectrometer. The determination of the correct MitoA injection
concentration could not be established as | did not have the required animal
experiment licencing. The investigation into mitochondrial HS levels in TST KO
mice has been published in Cell Reports ([312]) and is presented in full in

Appendix lll.

A shift has occurred over the past few decades as we have begun to
reconsider the principles of ageing. While previously ageing has been considered
as a distinct and incontrovertible aspect of life, we now think of ageing as a
plastic process and as the umbrella term for the many diseases associated with
old age such as cardiovascular disease, dementia, frailty, and cancers [34],
[157], [433]. A key distinction made by this new definition of ageing is the
principle that there are common underlying mechanisms that drive the onset and
progression of all diseases of ageing. There have been attempts to define and
categorise these underlying mechanisms of ageing, most prominently in the
publishing of the ‘hallmarks of ageing’; genomic instability, telomere attrition,
epigenetic alterations, loss of proteostasis, deregulated nutrient-sensing,
mitochondrial dysfunction, cellular senescence, stem cell exhaustion, and
altered intercellular communication [125]. It has become clear that both
lifespan and healthspan of organisms can be increased by genetic,
pharmacological, and environmental interventions [226], [331]. Examples of this

include dietary restriction protocols, rapamycin treatment, and genetic
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modification of conserved signalling pathways, most notably those pathways

involving nutrient sensing.

H2S has emerged as a molecule that that is capable of ameliorating the
ageing process [66]. For instance, elevated H;S levels are a requisite for the
beneficial effects of dietary restriction (DR) and longevity is associated with
elevated H,S levels across long-lived mutant mice [166], [226], [434]. These
observations have garnered interest in the role of H,S in ageing but several
pressing questions remain to be answered. Is there an exploitable overlap in the
therapeutic and toxicity windows of exogenous H,S to allow development of HS-
boosting drugs? What are the precise molecular targets of H,S that confer its
longevity promoting effects, and can these be targeted without altering
endogenous HS levels? In which tissues is elevated H;S protective against ageing
and in which does it become deleterious? Future research that addresses these
fundamental questions will help expand our understanding of this powerful
gaseous signalling molecule and perhaps bring new insight into the molecular

processes that control ageing.

Dietary restriction (DR) is the most well-established intervention to promote
longevity and enhance healthspan [239], [240], [275], with the beneficial effects
of DR highly conserved across wide evolutionary distances [239], [240], [275].
Despite this, some studies have reported non-significant or even detrimental
effects of DR on lifespan. An example of this is the ILSXISS panel of recombinant
inbred mouse strains, of which only a minority displayed lifespan extension
under DR [223], [224]. Additionally, while DR is a useful tool in animal models, it
is unrealistic for therapeutic use in humans due to poor adherence and negative
side-effects associated with long-term DR [435], [436]. Given these issues, a
greater understanding of DR is required to explain the diversity of responses
across ILSXISS strains, and to potentially allow for the development of DR
mimicking treatments that confer lifespan and healthspan benefits without the
negative consequences of DR. H,S has emerged as a putative effector of DR and
hepatic HxS levels are elevated in C57Bl/6N and DBA/2 mice under DR [226].
However, the association between H,S and DR has not been explored in other
mouse strains. In Chapter 3 | examined hepatic H,S levels in female mice from

three strains from the ILSXISS mouse panel: TejJ89 (which has extended lifespan
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under DR), TejJ48 (which shows no effect of DR on lifespan), and TejJ114 (which
has shortened lifespan under DR). | found that elevated hepatic H>S production
capacity was associated with DR only in TejJ89 mice. This finding provides
additional evidence that elevated H2S on DR is associated with longevity on DR.
Additionally, this is one of very few studies to monitor H,S production in female
mice, with the majority using only male mice in their experiments. Finally,
elevation of hepatic H;S in TejJ89 mice was associated with elevated 3-
mercaptopyruvate sulfurtransferase (MPST) protein levels, in contrast to most
reports that find that cystathionine-y-lyase (CSE) protein levels are what drives
elevated H,S production, which | was able to replicate in C57BL/6J mice. My
findings underline the importance of employing a diversity of mouse strains
when researching the molecular response to DR, as the current approach in
ageing of primarily using C57BL/6J mice might obscure subtle differences in
molecular processes driving DR-induced phenotypic changes for example. This
work was published in Geroscience (Official Journal of the American Aging

Association, [254]) in March 2020 and is presented in full in Appendix II.

A major limitation of this study is that the experimental design is
correlational in nature, with no mechanistic explanation for the observed
results. Treatment of AL and DR-fed ILSXISS mice with H,S-donating compounds
via injection or diet would allow determination of the causative role of H,S in
DR. Additionally, the results underline the importance of strain, phenotype, and
sex differences. As such, repeating these experiments in more diverse mouse
strains, such as additional ILSXISS sub-strains or male ILSXISS mice would further
elucidate the diversity of responses to DR in terms of H,S production and perhaps
better frame this research in the context of human genetic diversity. This study
also employed a single DR protocol (1-month 40% DR) however repeating this
study using different lengths and severity of DR would help establish the exact
reduction in dietary intake required to modify H,S production in ILSXISS mice.
There is also a wide variety of DR protocols beyond simple reduction in daily
food intake such as amino acid restriction, methionine restriction, intermittent
fasting, and time-restricted dieting. Replicating this study under these
alternative DR protocols would assist in identifying the precise dietary

intervention(s) that modulate H,S production.
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Progeroid syndromes are a group of rare conditions with diseases that
phenotypically resemble accelerated ageing [313], [315], [318]. The most
common progeroid disease is Hutchinson-Gilford progeria syndrome (HGPS)
which is characterised by multi-organ accelerated ageing [334]. Treatments are
critically lacking as most patients die at <15 years of age due to cardiovascular
pathologies such as myocardial infarction and stroke [334]. Treatment of HGPS is
a major unmet need, however some interventions are known to ameliorate some
aspects of the HGPS phenotype including rapamycin, vitamin D, and
sulforaphane [251], [343], [350]. Interestingly, HS is known to signal through
the same molecular pathways as these treatments, and treatment of fibroblasts
from another progeroid disease (Werner’s syndrome) with exogenous H,S was
found to be protective against the protein aggregation and oxidative stress
associated with the disease [251]. Despite this, no studies have directly
measured H,S levels or applied H;S-based treatments in HGPS patients or mouse
models of HGPS.

To address this lack of understanding, in Chapter 5 | performed a
preliminary study using the HGPS mouse model known as G609G. This model
replicates the genetic mutation present in most human HGPS patients and
results in dramatically reduced lifespan in mice [353]. G609G mice on high-fat
diet (HFD) have an average lifespan twice that of G609G mice maintained on
regular chow (RC) [229]. As such both diets were investigated to determine if
H2S production was reduced in G609G mice and whether diet, which is known to
affect lifespan in this model, similarly impacted on H,S production. | found a
significant reduction in HzS production capacity in G609G mice on RC compared
to WT controls but no significant difference between G609G fed HFD and WT
control mice as predicted. There was an elevation in protein levels of CSE in HFD
fed G609G mice compared to RC fed G609G mice which might explain the
difference in HyS production capacity between these groups. These data provide
preliminary evidence that hepatic H,S production is significantly reduced in a
progeroid mouse model and modulated by diet. This work is the first to examine
the production of H,S in the context of HGPS and expands our understanding of

the association between H,S and ageing.
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The major limitation of this study was the number of biological replicates
per group. Maintenance of mouse models of progeria syndromes such as G609G
mice is extremely challenging. These mice exhibit early onset of severe multi-
organ pathologies which requires attentive animal husbandry, and many mice
are culled for animal welfare considerations before experimental endpoints are
reached [353]. Only heterozygous G609G mice are fertile which requires larger
breeding programs to generate the required number of experimental mice. As
such, maintaining colonies with many G609G mice is prohibitive. Therefore, only
a limited number of samples could be provided by collaborators at St. Louis
University (MO, US) to support a preliminary investigation. Repeating these
experiments with more mice per group, including a WT group on HFD would
allow for two-way ANOVA analysis of results and enable identification of diet

effects, genotype effects, and DietxGenotype interactions.

RNA polymerase Il (Pol Ill) is one of three RNA polymerases that transcribe
the cellular transcriptional machinery [416]. Pol Il transcribes many non-protein
coding sequences in genomic DNA including 5S ribosomal RNA (rRNA), all transfer
RNAs (tRNAs), 7SL RNA, and U6 spliceosomal RNA [416]. Pol Il activity is
controlled by mammalian target of rapamycin (mTOR) signalling through the
protein MAF1 [382], [385]. Studies in flies and worms have shown that knock
down of Pol Il activity extends lifespan. Longevity in a mouse model of Pol Ili
knock down via heterozygous knock out of a major Pol Il sub-unit called Polr3b-
Polr3b Het KO mice is currently being determined in the Selman lab [405]. As the
Polr3b Het KO mice are a putative long-lived mouse model (significant
conservation exists across wide evolutionary distances in genetic pathways that
modulate lifespan) and as HxS production positively correlates with lifespan in
long-lived mouse mutants, | investigated regulation of hepatic H,S in these mice
in Chapter 6. | found that while no difference was observed in H;S production
between female WT and Polr3b Het KO mice, in male mice HzS production was
elevated in Polr3b Het KO mice relative to WT controls. Dietary restriction (DR)
is known to elevate hepatic H,S levels but its effect on mTOR/Maf1/Pol Il are
unclear. | have previously shown that the effect of DR on H,S production is
strain-specific and it is unknown how DR affects H,S production in C57BL/6N
mice, the strain that the Polr3b Het KO mice are maintained on. Consequently, |
placed male WT and Polr3b Het KO mice on 1-month 40% DR to examine if DR
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increased H,S production in this strain and whether the observed elevation in H,S
production in Polr3b Het KO mice was modulated by DR. | found that there was
an additive effect of these interventions on hepatic cytosolic H,S production
which suggests that DR and reduced Pol Il act in distinct pathways to increase
hepatic H,S production. The MitoA probe, described above and in Chapter 4, was
also employed to measure mitochondrial H2S production in vivo. This approach
revealed that while cytosolic H,S production was elevated by DR in both WT and
Polr3b Het KO mice, mitochondrial H;S production was reduced by DR. By
contrast, Polr3b Het KO resulted in elevation of HS levels in both the cytosolic
and mitochondrial compartments. These findings indicate that there is an
uncoupling of H,S metabolism between the cytosolic and mitochondrial
compartments under DR and is the first study to report a reduction in
mitochondrial H;S under DR. However, no clear explanation for the differences
in H2S metabolism in these subcellular compartments could be established by
quantification of protein and mRNA abundance of H,S-producing or disposal

enzymes.

The data presented here provide insight into the mechanisms that drive
elevation of H,S by DR and greater appreciation of the distinct response of
subcellular compartments to DR. The observation that Polr3b Het KO alone is
capable of elevating hepatic H;S production capacity in male mice may be
suggestive that this model may well be long-lived as has been described in other
long-lived mice including Ames and Snell dwarfs and insulin receptor substrate 1
null mice [170]. However, this will not obviously be confirmed until completion
of the lifespan study in these mice probably by late 2022. Repeating the DR
study in female mice would further clarify the role of DR and Pol Il in
metabolism of H,;S and further highlight any sexual dimorphism. Cytosolic and
mitochondrial H;S levels were also found to have divergent responses to DR in
Porl3b Het KO mice, with cytosolic production increasing and mitochondrial
levels decreasing. No clear explanation for the differences in H,S metabolism in
these subcellular compartments could be established by quantification of protein
and mRNA abundance of H,S-producing enzymes. Mechanistic studies in
fibroblasts from WT and Polr3b Het KO mice would help clarify the observed
difference in HxS production. Knockdown, inhibition, or deletion of each of the

three H,S producing enzymes and measuring H,S production in cell culture would
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directly interrogate the contribution of these enzymes to H,S anabolism.
Similarly, modifying the mitochondrial localisation sequence of Mpst to negate
its ability to localise to mitochondria would help confirm if MPST activity drives

the response in mitochondrial H2S levels to DR and Polr3b Het KO.
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7.1 Closing Remarks

It is also important to describe the extraneous circumstances that impacted
on some of the original aims that initially comprised this thesis. Chief among
these was the COVID-19 pandemic which has been present for 20 out of the 48
months of my PhD. Access to laboratory and animal housing facilities was
suspended from March 2020 until July 2020, preventing any practical work. After
July 2020 some restrictions remained in place which impacted on facilities
available and training opportunities, although these have eased partially since
Jan 2021. The restrictions on international travel impacted on two projects in
my PhD. | had intended to visit collaborators at the Karolinska Institute
(Stockholm, Sweden) for 5 months in summer 2020 to investigate the effect of
RNA polymerase Ill knock down in mice on mitonuclear communication. | had
visited the collaborators prior to this for 5 weeks in summer 2019 to learn the
techniques involved and generate preliminary data. The work would have
examined cytosolic and mitochondrial protein synthesis rates, ribosome and
mitoribosome assembly, and imaging of mitochondria to examine mitochondrial
fission and fusion. | was also scheduled to visit collaborators at St. Louis
University (MO, US) to complete complementary experiments in the G609G
mouse model of HGPS. With access to live G609G mice | planned to examine the
administration of H,S donor compounds and the MitoA probe to observe the
effect on mouse frailty, mitochondrial respiration, and mitochondrial H2S levels.
Separate from COVID-19, | had planned to maintain a progeria mouse model
cohort at the University of Glasgow (Scotland, UK). There mice were to be an
alternative HGPS model with knock-out of the protein ZMPSTE24 which results in
progerin protein accumulation. CRISPR gene editing of these mice to knock out
the HyS-disposal enzyme thiosulfate sulfurtransferase (TST) protein was
hypothesised to result in an elevation of endogenous H:S levels. This model
would have allowed me to investigate the effect of elevated endogenous H;S
production in the context of accelerated ageing in vivo. Monitoring the
physiology, metabolism, and frailty of these mice would reveal if elevated H;S
production ameliorated age-related pathologies. Unfortunately, the gene editing
required to generate these mice was unsuccessful over 3 attempts and

ultimately abandoned.
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Despite these issues, the results of this thesis have furthered our
knowledge of the role for H;S in mouse longevity by studying both long-lived
(DR), putatively long-lived (Polr3b Het KO) and short-lived (G609G) mouse
models. The primary findings from this work highlight that genotype, sex and
diet all influence H,S metabolism in mice (Figure 45), but that in general H,S
production correlated with lifespan as predicted. This association helps with the
growing understanding and appreciation that H,S may play an important role in
organismal lifespan. | believe that further research into the beneficial effect of
H2S might help reveal potential interventions and specific molecular targets that
may help improve survival and late-life health. Given the rapidly ageing
populations across the world and the increasing burden on health care services
of multimorbidity in old age, development of such novel therapeutics are of

extreme urgency.
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Lifespan Extension Lifespan Shortening
Mouse Model TejJ89 Polr3b Het KO TejJ114 G609G
Diet AL DR AL DR AL DR RC HFD
Cytosolic H,S = 0 0 ™ = J J =
Mitochondrial H;S | NA NA ) 2 NA NA NA NA

Figure 45 Elevated H:S is associated with longevity across mouse models and diets.

Summary of findings examining the relationship between H2S and longevity across mouse
models and diets. Two models of lifespan extension were used: the ILSXISS recombinant inbred
mouse sub-strain TejJ89 which has a longer lifespan extension under dietary restriction (DR),
and the putative long-lived mouse model Polr3b Het KO on ad libitum (AL) and DR diet. Two
models of lifespan shortening were used: the ILSXISS recombinant inbred mouse sub-strain
Tejd114 which is short-lived under DR, and the G609G mouse model of Hutchinson-Gilford
Progeria Syndrome (HGPS) which is a disease of pathological accelerated ageing under regular
chow (RC) and high fat diet (HFD). In all of these models, cytosolic hydrogen sulfide production,
as measured by the lead acetate metho, is positively correlated with longevity. Mitochondrial H2S
production was also examined by the novel MitoA in vivo exomarker, which revealed that
mitochondrial H2S levels were positively correlated with Polr3b Het KO but negatively with DR in
WT and Polr3b Het KO mice.



221

Appendix |: Physiological response and glucose
homeostasis in Polr3b Het KO mice on 1-month
40% DR

The following experiments were performed as part of the study into the
effect of heterozygous knock out of the RNA polymerase Il (Pol Ill) sub-unit
Polr3b (Polr3b Het KO) and 4-weeks 40% dietary restriction (DR) in mice
(Chapter 6).

7.2 Polr3b Het KO mice have the same physiological
response to DR as WT

| placed WT and Het mice under 4-weeks of 40% DR to examine if the
expected disruption of translational machinery in Polr3b Het KO mice shared
molecular mechanisms with the reduced protein synthesis of mice under DR
conditions. No significant difference in body length was found when comparing
diet (F(1,28) = 0.415, p = 0.168) or genotype (F(1,28) = 0.204, p = 0.655) (Figure
46a). Similarly, no significant difference was found in diet (F(1,27) = 0.415, p =
0.525) or genotype (F(1,27) = 0.010, p = 0.921) in terms of body temperature
(Figure 46b).
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Figure 46 Changes in mouse size and thermoregulation under DR

A Mean body length as measured on scruffed animals from tip of snout to anus. B Mean body
temperature as measured by infrared thermometer reading at gonadal region. Statistical
significance determined by 2-way ANOVA with genotype and diet as factors and Tukey multiple
comparisons with alpha = 0.05. Grubb’s outlier test was performed with alpha = 0.05, no outliers
removed. WT data in black, Het data in pink. Bars/lines/dots represent mean value and error
bars represent standard error of the mean. AL: ad libitum, DR: Dietary restriction. * = p < 0.05, ***
=p <0.001, *™* =p < 0.0001. D*** = two-way ANOVA main effect p < 0.001.
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7.3 Glucose homeostasis of Polr3b Het KO mice under
DR is comparable to WT controls

Fasted blood glucose was measured at cull from fresh blood samples
(Figure 47a). Two-way ANOVA analysis determined a significant diet effect
(F(1,28) = 4.864, p = 0.036), with mice on DR having reduced fasting blood
glucose levels compared to AL mice. However, no genotype effect was observed
(F(1, 28) = 3.048, p = 0.092). Plasma insulin levels were quantified by ELISA
(Figure 47b). Both diet (F(1,18) = 4.860, p = 0.041) and genotype (F(1,18) =
6.482, p = 0.020) effects were detected, however these were not additive. DR
reduced plasma insulin levels compared to AL and Polr3b Het KO mice had
elevated fasted plasma insulin levels compared to WT mice, regardless of diet.
There was a significant diet effect (F(1,19) = 5.345, p = 0.032) on insulin
resistance as estimated using the homeostatic model assessment insulin
resistance (HOMA-IR) method. DR fed mice had a lower average HOMA-IR levels
compared to AL fed mice (Figure 47c). No significant genotype effect (F(1,19) =
0.012, p = 0.916) was found for this measure of insulin resistance. Western
blotting of hepatic samples found no significant diet (F(1,12) = 12.000, p =
0.9118) or genotype (F(1,12) = 0.084, p = 0.778) effect on insulin receptor
phosphorylation (Figure 47d). However, a significant genotype x diet interaction
(F(1,12) = 4.929, p = 0.0464) was found for this analysis, where DR reduced
insulin receptor phosphorylation in WT mice but elevated it in Het mice. Glucose
homeostasis was also measured by glucose tolerance test 1 week prior to culling,
with area under the curve calculated for quantification (Figure 47e,f). A highly
significant diet effect was found (F(1,28) = 35.750, p < 0.0001) with glucose
tolerance greatly improved under DR diet. No genotype effect was found
(F(1,28) = 0.595, p = 0.447) in glucose tolerance.
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Figure 47 Glucose homeostasis in Polr3b Het KO mice under DR

A Fasted blood glucose levels from whole blood samples taken at cull. B Fasted blood insulin
levels quantified by ELISA analysis of plasma extracted from whole blood. C Homeostatic model
assessment (HOMA) of insulin resistance (IR) calculated from blood glucose and insulin levels. D
Protein levels of phosphorylated insulin receptor as measured by western blot and normalised to
total protein loading. E Mean blood glucose readings from glucose tolerance test (GTT). Blood
glucose measured from tail vein samples taken at 15, 30, 60, and 120 minutes following bolus
intraperitoneal injection of glucose. Dashed lines represent AL fed mice, solid lines represent DR
fed mice. F Average area under the curve (AUC) calculated from GTT traces. Statistical
significance determined by 2-way ANOVA with genotype and diet as factors and Tukey multiple
comparisons with alpha = 0.05. Grubb’s outlier test was performed with alpha = 0.05, no outliers
removed. WT data in black, Het data in pink. Bars/dots represent mean value and error bars
represent standard error of the mean. AL: ad libitum, DR: Dietary restriction. **** = p < 0.0001. D*
= two-way ANOVA diet main effect p < 0.05, G* = two-way ANOVA genotype main effect p <
0.05, D*** = two-way ANOVA diet main effect p < 0.001, DxG* = two-way ANOVA DietxGenotype
interaction effect p < 0.05.
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7.4 Polr3b Het KO in mice does not recapitulate
physiological or glucose homeostasis benefits of DR

Dietary restriction (DR) has a pronounced effect on mouse physiology and
glucose homeostasis [437]. Some of these effects are mediated by reduced
mammalian target of rapamycin (mTOR) signalling under DR diets, however, the
precise effector of the DR/mTOR pathway remains unclear. RNA polymerase Il
(Pol 111) is a critical mediator of cellular metabolism and controlled by mTOR
signalling through the inhibitory action of Maf1 [378]. As Pol Ill lies downstream
of mTOR signalling | hypothesised that heterozygous knock out of the second
largest Pol Il sub-unit Polr3b (Polr3b Het KO) would mimic the effects of DR on
mouse physiology. To examine this, WT and Polr3b Het KO mice were separated
into experimental groups and fed either ad libitum (AL) or 40% DR for 1 month.
However, no significant difference was found between WT and Polr3b Het KO
mice with respect to bodyweight, body length, food intake, or body temperature
in AL fed mice. Further, Polr3b Het KO mice on DR were indistinguishable from
WT mice on DR, and no additive effect of DR and Pol Il knock-down were found
for these metrics. Together, these data indicate that Polr3b Het KO did not
mimic the effects of DR with regards to whole-animal physiology nor did it
augment the effects of DR. Unexpectedly, phosphorylation of the mTOR
signalling protein ribosomal Sé6 (pS6) was not found to be affected by diet or
genotype in hepatic tissue lysates. This lack of elevated pSé level on DR
indicates that DR does not signal through mTORC1 in male WT C57BL/6N mice,
and this is unaffected by Polr3b Het KO. Additionally, H,S production capacity
was found to be elevated under DR in both WT and Polr3b Het mice. As H,S is
capable of inhibiting mTOR and promoting autophagy [183], [184], [185], this
may account for the lack of pSé observed here and the elevation of Ulk1 gene
expression in DR groups compared to AL groups. These data could indicate
strain-specificity in the physiological response of C57BL/6J mice (which are used
in the majority of studies on DR in mice), and C57BL/6N (which is the
background strain of the Polr3b Het KO mice). Irrespective, it appears that DR in
WR and Polr3b Het KO mice does not alter mTOR signalling.

| also examined glucose homeostasis in Polr3b Het KO mice under DR. DR
is known to reduce fasted blood glucose levels and improve insulin sensitivity

across mouse strains [227], [259], [438]. There was no improvement in Polr3b
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Het KO mice on AL when compared to WT AL mice with respect to fasted blood
glucose levels or glucose tolerance. Polr3b Het KO mice were found to have
higher fasted plasma insulin levels, but this did not result in higher insulin
resistance in the Het mice as calculated by HOMA. Additionally, Polr3b Het KO
mice on DR did not exhibit any additive beneficial effect of DR and Polr3b Het
KO on measures of glucose homeostasis. Both WT and Het mice under DR
displayed the expected beneficial effects of DR, with fasted blood glucose,
fasted blood insulin, insulin resistance, and glucose intolerance all improved
compared to their respective AL-fed control. Together, these data once again
indicate that Polr3b Het KO does not act as a DR mimetic for improved glucose
homeostasis. Future studies could examine other aspects of physiology such as
lean body mass, energy expenditure, or motor function. Additionally, given that
both DR and Pol Ill exhibit control over cellular metabolism, it would be useful

to measure autophagy and protein synthesis rates in these mice.
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Abstract Modulation of the ageing process by dietary
restriction (DR) across multiple taxa is well established.
While the exact mechanism through which DR acts
remains elusive, the gasotransmitter hydrogen sulphide
(H,S) may play an important role. We employed a
comparative-type approach using females from three
ILSXISS recombinant inbred mouse strains previously
reported to show differential lifespan responses follow-
ing 40% DR. Following long-term (10 months) 40%
DR, strain TejJ89—reported to show lifespan extension
under DR—exhibited elevated hepatic H,S production
relative to its strain-specific ad libitum (AL) control.
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Strain TejJ48 (no reported lifespan effect following
40% DR) exhibited significantly reduced hepatic H,S
production, while H,S production was unaffected by
DR in strain TejJ114 (shortened lifespan reported fol-
lowing 40% DR). These differences in H,S production
were reflected in highly divergent gene and protein
expression profiles of the major H,S production and
disposal enzymes across strains. Increased hepatic H,S
production in TejJ89 mice was associated with elevation
of the mitochondrial H,S-producing enzyme 3-
mercaptopyruvate sulfurtransferase (MPST). Our find-
ings further support the potential role of H,S in DR-
induced longevity and indicate the presence of
genotypic-specificity in the production and disposal of
hepatic H,S in response to 40% DR in mice.

Keywords Caloric restriction - Ageing - ILSXISS -
Longevity - Sulphide - Dietary restriction - 3-
mercaptopyruvate sulfurtransferase

Introduction

Empirical evidence has existed for over a century that
dietary restriction (DR) increases lifespan and
healthspan across multiple species (Fontana and
Partridge 2015; Picca et al. 2017; Weindruch and
Walford 1988). In mice, significant strain-specific dif-
ferences in lifespan exist (Turturro et al. 1999; Yuan
et al. 2009) and genetic background may consequently
play an important but under-appreciated role in how
particular strains respond to DR (Hempenstall et al.
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2010; Ingram and de Cabo 2017; Mitchell et al. 2016;
Mulvey et al. 2014; Selman and Swindell 2018;
Swindell 2012). For example, two independent studies
have reported that recombinant inbred ILSXISS mice
show significant strain-specificity in longevity follow-
ing 40% DR (Liao et al. 2010; Rikke et al. 2010), and
phenotypic parameters linked to the ageing process,
such as in mitochondrial function and adiposity, have
been shown to differ between ILSXISS strains under
40% DR (Liao et al. 2011; Mulvey et al. 2016).

Precisely how DR facilitates its beneficial effects on
lifespan and healthspan has proved challenging to elu-
cidate, although many mechanisms have been proposed
(Fontana and Partridge 2015; Hine and Mitchell 2015;
Kennedy et al. 2007; Mair and Dillin 2008; Masoro
2005). One such putative mechanism is the
gasotransmitter hydrogen sulphide (H,S). Direct manip-
ulation of H,S levels through genetic, pharmacological
or environmental means can modulate lifespan in inver-
tebrate models (Hine and Mitchell 2015; Miller and
Roth 2007; Qabazard et al. 2013; Shaposhnikov et al.
2018; Wei and Kenyon 2016) and elevated hepatic H,S
production appears to be a conserved phenotype in long-
lived mouse models, including DR and various genetic
mutants (Hine et al. 2017; Mitchell et al. 2016). Phar-
macological elevation of H,S has also been shown to
ameliorate age-associated atherosclerosis, fibrosis, cog-
nitive decline and kidney dysfunction in rodents (Das
et al. 2018; Lee et al. 2018; Zhan et al. 2018), and
partially rescued a progeroid phenotype in Wemer syn-
drome fibroblasts (Talaei et al. 2013) and senescence in
endothelial cells (Latorre et al. 2018). Furthermore, DR-
induced protection from ischemia-reperfusion injury
was abrogated in mice treated with an inhibitor of
cystathionase-y-lyase (CSE), the major hepatic H,S-
producing enzyme (Hine et al. 2015), and longevity in
mice following methionine restriction was associated
with increased H,S production and a reduction in vari-
ous senescence markers within the kidney (Wang et al.
2019). Consequently, it has been proposed that elevation
of endogenous H,S may play a prominent role in the
lifespan and healthspan effects of DR (Hine and
Mitchell 2015).

Here, we employed a comparative-type approach
(Mulvey et al. 2016) in which we determined hepatic
and kidney H,S production, and hepatic transcript and
protein levels of key enzymes involved in H,S metabo-
lism in female mice from three genetically distinct re-
combinant inbred ILSXISS strains exposed to long-term
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(10 months) 40% DR. These strains have previously
been reported to show variable lifespan responses to
40% DR ranging from life extension to life shortening
relative to strain-specific ad libitum controls (Liao et al.
2010; Rikke et al. 2010).

Methods
Animals

The ILSXISS strains TejJ89, TejJ48 and TejJ114 were
purchased from the Jackson Laboratory (Bar Harbour,
Maine, URL: http://www.informatics.jax.org) as
breeding pairs and experimental cohorts subsequently
bred at The University of Glasgow. As previously
discussed (Mulvey et al. 2016), female mice from strains
TejJ89, TejJ48 and TejJ114 showed repeatable direc-
tional effects (TejJ89 lifespan extension under dietary
restriction (DR), TejJ48 lifespan unaffected under DR,
TejJ114 lifespan shortening under DR) on lifespan fol-
lowing 40% DR across 2 independent studies, but that
no strain-specific differences in lifespan were reported
when these mice were maintained on an ad libitum (AL)
diet (Liao et al. 2010; Rikke et al. 2010). It should be
noted that several potential shortcomings to the experi-
mental design of these original studies have been raised
(Selman and Swindell 2018), not least that 40% DR may
simply be sub-optimal in TejJ48 and TejJ114, and that
lifespan extension in these strains is likely to be seen at a
higher or lower level of DR; these dose-response exper-
iments are still to be undertaken (Selman and Swindell
2018). However, for the purposes of this study, we were
interested in whether there was a relationship between
H,S production and reported lifespan following 40%
DR. Female mice were used for all experiments because
lifespan was only determined in female mice across both
original studies (Liao et al. 2010; Rikke et al. 2010). In
addition, we also examined components of the H,S
signalling network in female C57BL/6J mice that
followed a similar long-term 40% DR protocol, to fur-
ther examine potential strain-specific effects. It has pre-
viously been shown that hepatic H,S production is
increased female C57BL/6J mice under 40% DR
(Mitchell et al. 2016).

All mice were maintained from weaning onwards
at22+2 °C and on a 12L/12D cycle (lights on 0700—
1900 h) in groups of 4 mice within shoebox cages
(48 cmx 15 cm x 13 cm), with AL access to water
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and standard chow (CRM(P), Research Diets Ser-
vices, LBS Biotech, UK; Atwater Fuel Energy-
protein 22%, carbohydrate 69%, fat 9%). 10% DR
was introduced in a graded fashion from 10 weeks of
age and then held at 40% DR from 12 weeks on-
wards, with the food intake of the DR cohorts adjust-
ed each week relative to the average weekly AL food
intake of the appropriate age-matched and strain-
specific AL controls (Hempenstall et al. 2010;
Mulvey et al. 2016). Following 10 months of 40%
DR (13 months of age) female mice were fasted
overnight and culled using cervical dislocation under
a UK Home Office Project Licence (60/4504) and
following the “principles of laboratory animal care”
(NIH Publication No. 86-23, revised 1985). Tissues
were immediately dissected out, snap-frozen in liquid
nitrogen and stored at — 80 °C until use.

Hydrogen sulphide (H,S) production

Measurement of H,S production was performed in
liver and kidney homogenates according to a previ-
ously described protocol (Hine and Mitchell 2017).
Briefly, 100 mg of flash-frozen liver and kidney
were lysed in passive lysis buffer. Protein concen-
tration was determined by BCA assay (G Biosci-
ences, MO, USA) and 100 pg of protein lysate
was loaded into 96-well plate. A 150-pL reaction
solution containing 10 mM L-cysteine and 1 mM
pyridoxal-5'-phosphate was added to the protein ly-
sate. Filter paper that had previously been cut to the
size of the plate, soaked in 20 mM lead(Il)acetate
trihydrate for 20 min, then dried under vacuum, was
then securely attached to the plate. The assembled
plate was incubated at 37 °C for 1 h. H,S sulphide
gas produced during this time collects in the head
space between the top of the solution in the well and
the lead(I)acetate paper, forming a brown-black
substrate on the paper. The amount of H,S present
in each sample was subsequently quantified by den-
sitometry analysis (ImageJ) of the brown-black
substrate.

RNA extraction

RNA was isolated from liver tissue by addition of
500 pL of TRIzol (Life Technologies, USA) and subse-
quently homogenised using a glass-glass homogeniser.
Samples were transferred to screw top Eppendorf tubes

and 150 puL of chloroform added. Samples were then
spun by centrifuge at 8000g and the supernatant con-
taining the RNA isolate was taken to a fresh Eppendorf.
RNA cleanup was performed according to instructions
provided in RNAeasy Mini Kit (Qiagen, Germany),
including the optional DNase digestion step.

Reverse transcriptase quantitative-PCR

First strand synthesis of cDNA was performed by incu-
bating 2 pug of RNA (quantified by spectrophotometry
using Nanodrop 1000 UV-Vis spectrophotometer,
ThermoScientific, MA, US) with 1 pg Random Primer
Mix (Invitrogen) in a total volume of 15 pL with
RNAse-free water at 70 °C for 5 min using a MJ
research PTC-200 Peltier Thermal Cycler (Biorad, CA,
US). Synthesis of cDNA was then performed by adding
10 pL of master mix (1 pL Promega M-MLV reverse
transcriptase, 2ul. Promega M-MLV 5x buffer, 5 puL
pooled 10 mM dNTPs, 0.625 pL RNAseOUT 40 units/
pL and 1.375 pL nuclease free water) to the first stand
sample and heating to 37 °C for 1 h. Samples were then
diluted 1:1 with PCR-grade water and used directly for
RT-gqPCR. RT-qPCR was performed in a 384-well PCR
plate. Each well contained 1 pl of cDNA, 0.25 uL
10 mM upper primer, 0.25 pL. 10 mM lower primer,
3.5 uL of PCR-grade water and 5 pL of QuantiFast
SYBR green PCR 2x master mix (Qiagen, UK). PCR
reaction was performed using a 7900HT Fast Real-Time
PCR System (Applied Biosystems, CA, US). PCR pro-
file was as follows: 95 °C for 5 min; 94 °C for 30 s,
60 °C for 30 s, 72 °C for 30 s for 40 cycles; 72 °C for
5 min. The endogenous control gene was 32M, which
has been previously shown to be an appropriate house-
keeping control gene for mouse dietary restriction stud-
ies (Gong et al. 2016). Gene expression was calculated
by subtracting the Ct value for 32M from the Ct value
pertaining to the gene of interest in each sample. As
such, a lower ACt indicates a higher relative gene
expression of mRNA transcripts and vice versa. Primer
sequences are provided in Table S1.

Western blotting

Protein lysate was obtained by homogenisation of
liver tissue in 1 mL of ice cold RIPA buffer (Radio
Immunoprecipitation Assay Buffer; 150 mM sodium
chloride, 1% NP-40 or Triton X-100, 0.5% sodium
deoxycholate, 0.1% sodium dodecyl sulphate,
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50 mM Tris, pH 8) containing protease and phospha-
tase inhibitors (Halt™ Protease and Phosphatase In-
hibitor Cocktail, Thermo Fisher Scientific, UK;
phenylmethylsulfonyl fluoride, Sigma Life Sciences,
Germany; Complete Mini EDTA-free protease inhib-
itor cocktail, Merck, NJ, US) using a glass-glass
homogeniser. Homogenates were kept on ice for
40 min and then spun by centrifuge at 8000g for
10 min at 4 °C. The supernatant was collected and
used as protein lysate. Protein concentration was
assessed by BCA assay (G Biosciences, MO, USA)
and 20 pg of protein was loaded per well into home-
made 4-12% bis-tris polyacrylamide gels. Precision
Plus Protein™ Dual Xtra Standards protein marker
(BioRad, CA, US) were added to a well on each gel.
Proteins were separated by electrophoresis at 90 V
for 90 min and then transferred onto nitrocellulose
membrane at 0.25 V for 1 h. Membranes were stained
with Ponceau-S (Sigma Life Sciences, Germany),
briefly washed in deionised water and the resulting
total protein stain was captured using a Chemidoc™
XRS System (BioRad, CA, US). The Ponceau-S stain
was removed by using 1xTBST (Tris-Buffered Saline
Tween?®) and the membrane was blocked with 5%
milk in 1xTBST for 40 min. The membrane was
washed 5 times with 1xXTBST for 5 min under con-
stant shaking. Primary antibodies (AbCam, Cam-
bridge, UK) were added to the membrane in 5%
BSA in 1xTBST. CSE (ab151769) primary antibody
was used at 1:1000 dilution; CBS (ab135626) and
MPST (ab85377) were used at 1:100. Primary anti-
bodies were allowed to incubate with the membrane
overnight at 4 °C, under constant shaking. HRP-
linked anti-rabbit antibody (#7074; Cell Signalling
Technology, London, UK) was used at 1:2000 dilu-
tion in 5% BSA in IxTBST as the secondary anti-
body for all blots. The secondary antibody was
allowed to incubate with the membrane for 1 h, under
constant shaking. The membrane was washed 5 times
with 1XTBST for 5 min, under constant shaking
before addition of all antibodies and before imaging.
For imaging, membranes were coated with Clarity™
Western ECL substrate (BioRad, CA, US) reagent
and left to react for approx. 3 min before an image
was developed under chemiluminescent conditions
using a ChemiDoc™XRS System. Protein signals
were quantified using densitometry software
(ImageStudio; LiCor, NE, US) and normalised to
the total protein signal of their respective lane.

@ Springer

3-Mercaptopyruvate sulfurtransferase activity assay

3-Mercaptopyruvate sulfurtransferase (MPST) activ-
ity was determined in liver by measuring thiocya-
nate production capacity as described previously for
thiosulfate sulfurtransferase (TST) rhodanese activi-
ty (Morton et al. 2016), except that sodium 3-
mercaptopyruvate (3-MP) was used as a substrate
instead of sodium thiosulfate. In a 96-well plate,
20 pg of protein lysate in RIPA was mixed with
10 pL 200 mM 3-MP (Santa-Cruz, UK) and taken
to 90 uL with 500 mM potassium phosphate pH 5.5
buffer. Samples were incubated at 37 °C for 2 min
before addition of 10 pL 500 mM potassium cya-
nide. A calibration curve of 50, 25, 10, 5, 2.5, 1, 0.5,
0.25 and 0.1 mM potassium thiocyanate solutions
was also prepared and exposed to the same condi-
tions as above, excluding the addition of potassium
cyanide. The reaction was allowed to occur for
5 min at 37 °C before termination by addition of
11 pL of 38% formaldehyde to all wells. Thiocya-
nate production was visualised by addition of
125 puL Fe(NO3)3/26% HNO; where an orange-
brown solution formed. Results were quantified by
measuring absorbance for 460 nm light in a spectro-
photometer (Multiscan GO Microplate Spectropho-
tometer, Thermo Scientific, MA, USA). All samples
were performed in duplicate and the average 460 nm
absorbance was calculated.

Statistical analysis

All statistical analyses were performed using SPSS®
Version 25 (IBM®, New York, USA) and Prism 6
(GraphPad Inc., La Jolla, USA) software. All data
were analysed using a general linear modelling ap-
proach with treatment (AL or DR) and genotype
(TejJ89, TejJ48 and TejJ114 (and where indicated,
C57BL/6J)) introduced as fixed factors, and a post
hoc Bonferroni test used for multiple comparisons. In
all cases, non-significant interactions (p > 0.05) with-
in the GLM analyses were removed in order to obtain
the best-fitting model, with only significant interac-
tions reported. All data were analysed by Grubbs
outlier test with alpha set to 5%. Unless otherwise
described, all results are presented as mean + stan-
dard error of the mean (SEM), with p < 0.05 regarded
as statistically significant. * denotes p <0.05, **
denotes p <0.01 and *** denotes p <0.001.
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Results

Genotype-specific hepatic H,S production following
40% DR in female ILSXISS mice

Using the lead acetate method to determine H,S pro-
duction (Hine et al. 2015; Hine et al. 2017), we observed
a significant genotype effect (F'=12.243, p <0.001) but
no treatment effect ('=0.150, p=0.701) in the liver.
However, a significant genotype by treatment interac-
tion was detected (F=13.833, p<0.001). Post hoc
analysis indicated that H,S production was significantly
elevated by 40% DR in strain TejJ89 (p =0.005), but
significantly reduced by 40% DR in strain TejJ48 (p =
0.031) relative to their strain-appropriate AL controls
(Fig. 1a, b). In addition, H,S production was signifi-
cantly elevated in strain TejJ89 relative to strains TejJ48
(p=0.022) and TejJ114 (p <0.001). This genotype ef-
fect was primarily driven by significantly elevated H,S
production in TejJ89 under 40% DR compared with all
other groups, with no differences in H,S production
detected between ILSXISS strains under AL feeding
(Fig. 1a, b). We also determined kidney H,S production
(Fig. S1). No significant treatment effect was detected
(F=1.540, p=0.0221), but a significant genotype effect
on kidney H,S production was seen (F=3.294, p=
0.047), being significantly elevated in strain TejJ89
relative to strain TejJ48 (p = 0.050).

Transcript levels of H,S-production and -elimination
proteins in ILSXISS mice following 40% DR

In order to better understand the enzymatic path-
ways regulating hepatic endogenous H,S (see
Fig. 2) across different ILSXISS strains maintained
under AL or 40% DR, we determined gene expres-
sion levels of a suite of H,S-producing and -
eliminating proteins (Fig. 3a—i). Cse, Cbs and Mpst
transcript levels (Fig. 3a—c) were unaffected by both
genotype and treatment (see Table S2 for all
statistical output). However, a significant genotype
by treatment interaction effect was observed for both
Cbs (Fig. 3b, F=4.737, p=0.017) and Mpst (Fig.
3c, F=6.734, p=0.004), with lower expression in
strain TejJ89 under AL feeding relative to strain
TejJ114 under AL feeding (p=0.008 and p=0.024
for Cbs and Mpst respectively). Gotl (Fig. 3d) and
Ethel expression (Fig. 3e) differed by genotype
(F=7.185, p=0.003 and F=10.445, p<0.001 for

Gotl and Ethel respectively) but not by treatment,
with strain TejJ48 having significantly lower Gotl
and Ethel expression relative to strains TejJ89 and
TejJ114 (p<0.01, in all cases). Tst expression levels
(Fig. 3f) showed a significant genotype effect (F'=
6.659, p=0.004), with reduced expression in liver
of TejJ89 mice compared with TejJ114 mice (p =
0.003), but again no treatment effect was detected. A
significant 75t genotype by treatment interaction was
also detected (F'=6.745, p=0.004), with AL TejJ89
mice having significantly lower 75t expression levels
compared with AL TejJ114 mice (p<0.001), and
40% DR reducing 75t expression in Tejl14 mice
(»=0.007) relative to TejJ114 controls (Fig. 3f).
While no significant genotype nor treatment effect
on Suox expression was detected (Fig. 3g and
Table S2), a significant genotype by treatment inter-
action effect was observed (F=5.694, p=0.008),
again with AL TejJ89 mice having significantly re-
duced expression relative to AL TejJ114 mice (p =
0.035), and 40% DR significantly reducing Suox
expression in Tejl14 mice relative to AL TejJ114
mice (p =0.008). Matla (Fig. 3h) did not show any
significant genotype effect (F=1.069, p =0.356) but
was the only transcript that showed a significant
treatment effect (F'=5.3183, p=0.030), being sig-
nificantly decreased by 40% DR across all ILSXISS
strains. No significant genotype or treatment effects
were detected for Bhimtl, Bhmt2 or Sahh (Figs. 3i-k,
Table S2).

Protein levels of H,S-production enzymes in ILSXISS
and C57BL/6J mice following 40% DR

Studies in C57BL/6J mice have repeatedly shown
that generation of hepatic H,S is driven primarily
through CSE and CBS, with CSE appearing to be
the predominant enzymatic source (e.g. Mani et al.
2014). We subsequently compared hepatic protein
levels of CSE, CBS and MPST in TejJ89, TejJ48
and TejJ114 mice with levels in C57BL/6J mice
under AL feeding and 40% DR. CSE protein levels
(Fig. 4a) were significantly altered by both genotype
(F=14.845, p<0.001) and treatment (F=5.559, p=
0.024), with a significant treatment by genotype in-
teraction present (F=5.990, p =0.002). CSE levels
were significantly higher in C57BL/6J mice relative
to all ILSXISS strains (p <0.001, in all cases), with
no differences in CSE levels observed between
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Fig. 1 Strain-specificity exists in hepatic H,S production follow-
ing 40% dietary restriction in female ILSXISS mice. a Hepatic
H,S production levels in TejJ89, TejJ48 and TejJ114 mice on AL
or 40% DR, as quantified by densitometry analysis of lead acetate
assay results. b Representative images of lead acetate precipitates

ILSXISS strains. CSE protein levels were elevated by
40% DR but only significantly so in C57BL/6J mice
(p=0.002). Hepatic CBS levels were also affected by
genotype (F=6.451, p=0.001) but not by treatment
(F=0.037, p=0.848), with TejJ89 mice having in-
creased CBS levels relative to both TejJ114 (p =
0.002) and C57BL/6J (p=0.016) mice (Fig. 4b).
MPST levels were significantly altered by both ge-
notype (F=12.984, p<0.001) and treatment (F=
8.812, p=0.005), with a significant genotype by
treatment interaction effect (F'=9.848, p <0.001) al-
so observed (Fig. 4c). Hepatic MPST levels were
significantly elevated in TejJ89 mice compared with
all other genotypes (p<0.001, in all cases). The
elevated H,S levels observed in TejJ89 mice under
40% DR was associated with a significant elevation
in hepatic MPST levels relative to TejJ89 AL mice
(Fig. 4c, p<0.001), but 40% DR did not alter MPST
levels significantly in any other genotype compared
with their appropriate AL controls. We subsequently
determined hepatic MPST activity within our
ILSXISS mouse strains (Fig. S2), but no genotype
(F=0.144, p=0.707) nor treatment (F=2.755, p=
0.081) effect was observed. Our findings indicate that
significant genotype-specific differences exist in pro-
tein levels of the primary cellular H,S generating
enzymes CSE, CBS and MPST within mouse liver
(Fig. 4a—c). The increased H,S levels following 40%
DR in strain TejJ89 was associated with an increase
in MPST protein levels, but not in CSE (significantly
elevated in C57BL/6J mice under 40% DR) or CBS
levels, and that protein levels of these H,S generating

@ Springer

formed in the assay; darker precipitates indicate higher hepatic
H,S production capacity. TejJ89 data in orange, TejJ48 data in
black, TejJ114 data in blue. Error bars represent SEM. *p <0.05,
**p<0.01

enzymes were unresponsive to 40% DR in strains
TejJ48 and TejJ114.

Discussion

A reduction in the intake of calories or in the intake of
macro- or micronutrients, termed here as dietary restric-
tion (DR), is currently the most widely employed ex-
perimental intervention to modulate ageing. Indeed, DR
has been shown to extend lifespan and healthspan in an
evolutionary diverse group of organisms (Fontana and
Partridge 2015; Speakman and Mitchell 2011), and has
also been shown to provide a number of beneficial
health effects in humans (Fontana et al. 2004; Fontana
et al. 2007). However, it is still not understood how DR
mechanistically elicits its beneficial effects. In addition,
a number of studies, particularly in mice, report that the
DR effect on lifespan and healthspan can vary signifi-
cantly depending on genetic background (Forster et al.
2003; Goren et al. 2004; Hempenstall et al. 2010; Liao
et al. 2010; Mitchell et al. 2016; Rikke et al. 2010;
Swindell 2012; Turturro et al. 1999). It is believed that
better understanding of the basis of this genetic variation
during DR may be important if we hope to translate
experimental findings from (typically) highly inbred
mouse models to genetically heterogenous humans
(Selman and Swindell 2018).

In this study, we investigated the potential relevance
of Hydrogen sulfide (H,S) in DR-induced lifespan by
comparing genetically distinct ILSXISS recombinant
inbred mouse strains that have been reported to show
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Fig. 2 Molecular pathways involved in the enzymatic production
of H,S from amino acid metabolism and subsequent elimination of
H,S by components of the sulphide disposal unit. Enzymes in red.
MAT1a, methionine adenosyltransferase 1A; MT, methyl transfer-
ase; SAHH, S-adenosylhomocysteine hydrolase; BHMTI,
betaine-homocysteine S-methyltransferase 1; BHMT2, betaine-
homocysteine S-methyltransferase 2; CBS, cystathionine-f3-
synthase; CSE, cystathionine-y-lyase; GOT1, glutamic-
oxaloacetic transaminase 1; MPST, 3-mercaptopyruvate
sulfurtransferase; SQR, sulphide:quinone oxidoreductase; TST,
thiosulfate sulfurtransferase; ETHE1, ethylmalonic
encephalopathy 1 protein; SUOX, sulfite oxidase

significant variation in their lifespan under 40% DR,
ranging from life extension to no response, through to
life shortening (Liao et al. 2010; Rikke et al. 2010). A
number of studies have now reported genetic or phar-
macological interventions that modulate H,S levels can
profoundly impact longevity in model organisms (Hine
and Mitchell 2015; Miller and Roth 2007; Qabazard

et al. 2013; Shaposhnikov et al. 2018; Wei and
Kenyon 2016) and protect against age-associated dys-
function (Latorre et al. 2018; Wang et al. 2019; Zhan
et al. 2018). In addition, increased hepatic H,S is a
conserved phenotype in long-lived genetic mouse mu-
tants (Hine et al. 2017), is increased significantly by DR
in C57BL/6J and DBA/2 mice (Hine et al. 2015;
Mitchell et al. 2016) and appears essential for mediating
the beneficial effects of DR (Hine et al. 2015). We found
that hepatic H,S was only elevated in female mice from
strain TejJ89 under long-term 40% DR; TejJ89 is the
single ILSXISS strain in our study reported to show DR-
induced longevity (Liao et al. 2010; Rikke et al. 2010).
In contrast, strain TejJ48 reported to be refractory to
40% DR (Liao et al. 2010; Rikke et al. 2010) showed
a significant reduction in hepatic H,S when exposed to
40% DR. In strain TejJ114 reported to show lifespan
shortening under 40% DR (Liao et al. 2010; Rikke et al.
2010), we observed no DR-associated difference in
hepatic H,S production relative to AL mice. However,
no treatment nor interaction effect was observed in
kidney H,S production, suggesting tissue-specificity
exists in the impact of DR on H,S production in mice,
in contrast to findings (H,S concentration) previously
reported in F344 rats under DR (Wang et al. 2016). In
addition, significant strain-specificity in H,S production
was also observed, being elevated in strain TejJ89 rela-
tive to both TejJ48 and TejJ114 in the liver and elevated
in TejJ89 compared with TejJ48 in the kidney. Our
findings indicate that TejJ89 mice show a similar asso-
ciation between increased hepatic H,S production and
extended lifespan under DR reported in other mouse
strains such as C57BL/6J and DBA/2 (Mitchell et al.
2016). Consequently, our findings do further support the
premise that elevated hepatic H,S levels may be an
important mediator of the beneficial effects of DR
(Hine et al. 2015; Hine and Mitchell 2015).

To further investigate the potential processes under-
lying these strain-specific differences in H,S following
40% DR, we examined a suite of H,S-producing and -
degrading enzymes at the transcript and protein level
within ILSXISS mice. The predominately cytosolic en-
zymes cystathionine y-lyase (CSE or CGL) and cysta-
thionine (3-synthase (CBS) are the main sources of H,S
within cells (Carter and Morton 2016), and mice carry-
ing genetic defects in these enzymes are prone to a
number of pathologies (Hine et al. 2018). In particular,
elevated hepatic H,S following DR correlates with tran-
script and protein levels of CSE (Derous et al. 2017;
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Fig. 3 ILSXISS mouse strains
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Wang et al. 2016), and similarly CSE levels are elevated
in several long-lived mouse mutants (Hine et al. 2017).
Perhaps surprisingly, we did not observe any genotype
or treatment effects on transcript levels of Cse, Cbs or
Mpst, although several significant genotype and geno-
type by treatment interaction effects (Cbs, Mpst, Tst,
Suox) were detected, typically with TejJ89 AL mice
having significantly reduced expression compared with
TejJ114 AL mice. At the protein level, CSE was signif-
icantly elevated in C57BL/6J mice compared with all
ILSXISS strains, with 40% DR further increasing CSE
levels within the liver of C57BL/6J mice. However,
40% DR did not have any effect on hepatic CSE levels

@ Springer

in ILSXISS mice. Hepatic CBS protein levels were
unaffected by 40% DR across all genotypes studied.
Given that both CSE and CBS levels were unaffected
by 40% DR in strain TejJ89 despite the DR-associated
increase in H,S production, we subsequently investigate
3-mercaptopyruvate sulfurtransferase (MPST). This is
the third H,S-producing enzyme within cells but its role
has been much less well characterised relative to both
CSE and CBS, particularly in the context of ageing and
DR. CSE and CBS primarily remain cytoplasmic under
normal physiological conditions, whereas MPST can
localise to mitochondria and exhibits a profound influ-
ence over mitochondrial-specific metabolism and H,S
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levels (Kimura 2014). Furthermore, while CSE and
CBS work in concert to convert homocysteine into
H,S via step-wise reactions, MPST generates H,S from
a distinct substrate, 3-mercaptopyruvate (Renga 2011;
Tao et al. 2017). We found MPST to be significantly
increased in the liver of TejJ89 mice under 40% DR,
although it was unaffected by DR in strains TejJ48,
TejJ114 or in C57BL/6J mice. Precisely why C57BL/
6J mice and TejJ89 mice appear to have distinct mech-
anistic routes (elevated CSE or elevated MPST respec-
tively) to achieve the same outcome of elevated hepatic
H,S under 40% DR still needs to be determined.

There are of course some caveats to our findings, not
least that this work is highly correlational. As discussed
elsewhere, the variation in phenotypic responses to DR
across different mouse strains is quite broad (Mitchell
etal. 2016; Selman and Swindell 2018; Swindell 2012).
We examined females and then only in three strains of
ILSXISS mice, albeit strains that represent the variety of
lifespan responses reported in the original two studies
(Liao et al. 2010; Rikke et al. 2010). We were vigilant in
our choice of strains in this comparative study, choosing
those that showed a similar direction of response across
both studies. In addition, and as discussed in detail
elsewhere (Selman and Swindell 2018), significant dif-
ferences in experimental design and husbandry practices
existed between the original studies. Consequently, a

fuller investigation of the lifespan response to DR in
ILSXISS mice and the potential relevance of H,S pro-
duction, particularly under graded levels of DR, is war-
ranted, but will be a major undertaking (Selman and
Swindell 2018). In addition, it will also be interesting to
investigate precisely how H,S production varies in dif-
ferent tissues and in different cellular locations follow-
ing DR. These approaches may be made more feasible
with the advent of novel chemical probes to determine
H,S in vivo (Arndt et al. 2017; Lau et al. 2019). How-
ever, irrespective of these caveats, we have shown that
endogenous H,S levels and associated signalling path-
ways differ significantly depending on genetic back-
ground in mice under both AL and DR conditions.
Our data suggest that, similar to previous reports, in-
creased H,S production and/or metabolism is a con-
served mechanism through which DR acts to increase
lifespan in mice (Hine et al. 2017; Hine and Mitchell
2015), but the precise cellular processes that regulate
H,S production and elimination under DR appear highly
strain- (and potentially tissue-) specific.
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SUMMARY

Impaired hepatic glucose and lipid metabolism are hallmarks of type 2 diabetes. Increased sulfide production
or sulfide donor compounds may beneficially regulate hepatic metabolism. Disposal of sulfide through the sul-
fide oxidation pathway (SOP) is critical for maintaining sulfide within a safe physiological range. We show that
mice lacking the liver- enriched mitochondrial SOP enzyme thiosulfate sulfurtransferase (Tst~/~ mice) exhibit
high circulating sulfide, increased gluconeogenesis, hypertriglyceridemia, and fatty liver. Unexpectedly,
hepatic sulfide levels are normal in Tst~/~ mice because of exaggerated induction of sulfide disposal, with
associated suppression of global protein persulfidation and nuclear respiratory factor 2 target protein levels.
Hepatic proteomic and persulfidomic profiles converge on gluconeogenesis and lipid metabolism, revealing a
selective deficit in medium-chain fatty acid oxidation in Tst’~ mice. We reveal a critical role of TST in hepatic
metabolism that has implications for sulfide donor strategies in the context of metabolic disease.

INTRODUCTION metabolism are cardinal features of T2D (Consoli et al., 1989;

Lewis et al., 2002). Dysregulation of hepatic nutrient metabolism
The prevalence of type 2 diabetes (T2D) continues to soarin par-  in T2D is a promising area for therapeutic intervention because it
allel with that of obesity (World Health Organization, 2016). precipitates the more severe liver pathologies that manifest
Increased hepatic glucose production and aberrant hepatic lipid  along the spectrum of non-alcoholic fatty liver disease (NAFLD),

;:3., Cell Reports 37, 109958, November 9, 2021 © 2021 The Authors. 1
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steatosis, steatohepatitis, and hepatocellular carcinoma (Caron
et al.,, 2011).

Hydrogen sulfide (hereafter referred to as sulfide), an endoge-
nously produced gaseous signaling molecule (Abe and Kimura,
1996; Wang, 2012; Mishanina et al., 2015; Filipovic et al., 2017),
has recently emerged as a modulator of nutrient metabolism (De-
saietal.,2011; Szabo, 2011; Hine et al., 2015; Carter and Morton,
2016). Enzymatic sulfide production from sulfur amino acids is
catalyzed by cystathionine beta synthase (CBS), cystathionine
gamma lyase (CTH) (Chen et al., 2004; Singh et al., 2009), and
3-mercaptopyruvate sulfurtransferase (MPST) (Shibuya et al.,
2009; Mikami et al., 2011; Yadav et al., 2013). Thioredoxin-medi-
ated reduction of cysteine persulfides on proteins also regulates
free sulfide and cysteine persulfide levels (Wedmann et al., 2016).
Endogenously produced and exogenously administered sulfide
specifically influences hepatic glucose and lipid metabolism
(Mani et al., 2014; Pichette and Gagnon, 2016). Thus, in vitro,
treatment of murine hepatocytes with sodium hydrosulfide
(NaHS), or overexpression of rat Cth in HepG2 liver cells
increased glucose production through increased gluconeogen-
esis and reduced glycogen storage (Zhang et al., 2013).
Conversely, glucose production was lower in hepatocytes from
Cth gene knockout (Cth~'~) mice, which exhibit low sulfide pro-
duction (Zhang et al., 2013). Elevation of sulfide with NaHS
administration in vivo reduced cholesterol and triglyceride accu-
mulation in the liver of high-fat diet (HFD)-fed mice (Wu et al.,
2015). In contrast, inter-crossing of sulfide production-deficient
Cth™~ mice with the hyperlipidemic Apoe ™'~ mouse strain
(Cth~~Apoe™") produced a phenotype of elevated plasma
cholesterol following exposure to an atherogenic diet (Mani
et al.,, 2018). Consistent with their higher cholesterol, Cth™’
~“Apoe~’~ mice developed fatty streak lesions earlier than
Apoe '~ mice, and this effect was reversed by NaHS administra-
tion (Mani et al., 2013). Sulfide may also indirectly affect hepatic
nutrient metabolism through its effect on hepatic artery vasore-
laxation and, thus, liver perfusion (Fiorucci et al., 2005; Distrutti
et al., 2008). The apparently beneficial effects of sulfide adminis-
tration in multiple disease indications has led to a major drive to-
ward development of targeted H,S donor molecules as a thera-
peutic approach (Whiteman et al., 2011; Sestito et al., 2017).
However, an often overlooked aspect of net sulfide exposure,
key to the efficacy of therapeutic H,S donors, is that it is regulated
through its oxidative disposal. Thus, endogenous sulfide expo-
sure is actively limited to prevent mitochondrial respiratory
toxicity (Reiffenstein, 1992; Tiranti et al., 2009; Libiad et al.,
2018). Sulfide is oxidized rapidly (Hildebrandt and Grieshaber,
2008; Norris et al., 2011) through the mitochondrial sulfide oxida-
tion pathway (SOP), consisting of sulfide quinone oxidoreductase
(SQOR), persulfide dioxygenase (ETHE1/PDO), and thiosulfate
sulfurtransferase (TST; also known as rhodanese) (Hildebrandt
and Grieshaber, 2008; Jackson et al., 2012; Libiad et al., 2014).
The liver is highly abundant in SOP enzymes and is a major organ
of whole-body sulfide disposal (Norris et al., 2011). Mice lacking
the Ethe1 gene (Ethe1~/") die of fatal sulfide toxicity (Tiranti et al.,
2009), consistent with its critical role in sulfide oxidation and the
severe pathological consequences of unchecked sulfide buildup
in tissues. However, the importance of mitochondrial TST in the
SOP in vivo remains obscure. In contrast to Ethe? ™'~ mice,
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Tst™/~ mice were grossly normal despite exhibiting substantially
elevated blood sulfide levels, as implied by qualitative measures
(Morton et al., 2016). This revealed an important but distinct role
of TST in the SOP in vivo. Nevertheless, Tst™’~ mice showed an
apparently diabetogenic impairment of glucose tolerance (Mor-
ton et al., 2016), consistent with the concept that increased sul-
fide promotes hepatic glucose production (Zhang et al., 2013).
Because Tst deficiency is a model of chronic but viable sulfide
elevation, determining the molecular mechanisms driving the
aberrant metabolic profile can provide important insights into
the optimal range for therapeutic sulfide exposure, particularly
in light of the current interest in developing mitochondrially tar-
geted sulfide donors (Ger6 et al., 2016; Karwi et al., 2018). To
this end, we sought to define the effect of Tst deficiency on the
underlying molecular pathways that affect hepatic metabolism.

RESULTS

Tst /™ mice exhibit increased hepatic gluconeogenesis
and dyslipidemia despite mild peripheral insulin
sensitization

TST mRNA expression is highest in the liver (http://biogps.org/
#goto=genereport&d=22117; tissue hierarchy of expression
was validated in our own mouse substrain; Figure S1A). We
therefore hypothesized that liver TST deficiency was the prin-
cipal driver of the impaired glucose tolerance observed previ-
ously in Tst™'~ mice (Morton et al., 2016). Tst™’~ mice exhibited
higher glucose levels than C57BL/6J controls in response to
pyruvate challenge, consistent with higher hepatic glucose pro-
duction (Figure 1A). We next tested phosphoenolpyruvate car-
boxykinase (PEPCK) activity, a key enzyme of de novo hepatic
glucose synthesis, and found that it was higher in liver homoge-
nates from Tst ™'~ mice (Figure 1B). Next we performed a 1-h
13C,-pyruvate metabolite pulse incorporation experiment in iso-
lated hepatocytes cultured in '2C3-pyruvate-free medium. Hepa-
tocytes from Tst ™/~ mice displayed '3C labeling consistent with
increased metabolism of pyruvate to oxaloacetate, a critical
early step in gluconeogenesis. Specifically, aspartate, which is
derived from pyruvate via oxaloacetate, was increased signifi-
cantly in Tst™/~ hepatocytes (Figure 1C). A trend toward higher
13C; malate and lower '3C, acetyl-coenzyme A (CoA) was also
observed (Figures S1B and S1C). 3C; lactate was similar be-
tween genotypes, suggesting a similar activity of glycolytic
disposal of pyruvate through lactate dehydrogenase (Figures
S1B and S1C). Isotopologue distribution is shown in Figure S1C.
Total pool sizes for all measured metabolites were similar be-
tween genotypes (Figure S1D). Although not a direct measure
of glucose production, the data from in vitro hepatocytes sug-
gested skewing of hepatocyte metabolism toward gluconeogen-
esis, and we therefore investigated this possibility. Indeed,
consistent with increased endogenous glucose production in
Tst™/~ mice, fasting plasma glucose was higher in Tst~/~ mice
relative to 6J mice during the pre-clamp 3-H glucose tracer infu-
sion phase (60-90 min after the tracer) of euglycemic, hyperinsu-
linemic (EH) clamp experiments (Figure 1D; Table S1A). Higher
plasma glucose levels in Tst™’~ mice under these conditions
was not explained by lower glucose utilization in Tst™’~ mice;
glycogen synthesis and glycolysis were comparable between
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Figure 1. Tst deletion results in impaired
glucose and lipid metabolism

(A) Plasma glucose over 120 min, following pyruvate
(i.p., 1.5 mg/g) administration in overnight-fasted
C57BL/6J (black line, n=9) and Tst '~ (red line, n = 8)
ND-fed mice.

(B) Extinction of NADH, measured by absorbance at
340 nm, coupled to PEPCK activity from liver ho-
mogenates taken from C57BL/6J (white bar, n = 6)
and Tst™'~ (red bar, n = 6) ND-fed mice.

(C) Production of 3C (M+3) aspartate generated after
a 1-h pulse of 1 mM 3-carbon labeled *C (M+3) py-
ruvate in '2C pyruvate-free medium, expressed as a
percentage of the total amount of detected metabo-
lite, in primary hepatocytes from C57BL/6J (white
bars, n = 6) and Tst ™~ (red bars, n = 5) ND-fed mice.
(D) Blood glucose during the pre-clamp phase of the
EH clamp from C57BL/6J (black lines) and Tst '~ (red
lines) mice fed a control (ND, solid lines, n = 3, 6) or
high-fat diet (HFD, broken lines, n = 6, 7).

(E) Mean integrated radioactive glucose (inversely
related to whole-body glucose uptake) during a EH
clamp from ND-fed C57BL/6J control (white, n = 3)
and Tst ™'~ (red. n = 6) mice.

(F) Plasma glucose, expressed as percent of baseline
glucose, over 120 min following insulin (i.p., 1 mU/g)
administration in 4-h-fasted C57BL/6J (black line, n =
8) and Tst ™'~ (red line, n = 7) ND-fed mice.

(G) HPLC-quantified total and VLDL plasma triglyc-
eride in 4-h-fasted C57BL/6J (white bar, n = 6) and
Tst™'~ (red bar, n = 6) ND-fed mice.

(H) Representative light microscopy images of liver
sections stained with oil red O from normal diet (ND)-
fed or HFD-fed C57BL/6J and Tst~'~ mice. Magnifi-
cation is 40X.

13C, Aspartate

*%k

6J Tst™"

nsulin tolerance

120
Time (min)

6J Tst™"

(1) Analysis of the area of red staining (oil red O) after thresholding, using ImageJ, from ND-fed (no pattern, n = 3-4/genotype) or HFD-fed (hatched pattern, n = 4-5/

genotype) C57BL/6J (white bars) and Tst~'~ (red bars) mice.

Data are represented as mean + SEM. Significance was calculated using repeated-measures ANOVA (A and F), 2-way ANOVA (l), 3-way repeated-measures ANOVA
(D), or unpaired two-tailed Student’s ttest (B, C, E, and G); *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001. For (D), significant effects of time (****), diet (*) and genotype
(*) were found. For (F), the analysis was performed on absolute glucose values and demonstrated a significant effect of time (***) and an interaction between time and
genotype (*). ttests revealed that the decrement of glucose from baseline 30 and 60 min after insulin was greater in Tst~~ mice (*). For (I), no main genotype effect was
found, but a significant effect of diet (***) and an interaction (*) were found. Post hoc analysis using Sidak’s multiple comparison test shows an effect of diet on the 6J
controls (***), whereas no effect of diet is found on Tst ™'~ mice. See also Figures S1 and S2 and Table S1.

genotypes across 60-90 min (Table S1A). Glucose turnover, a
derived parameter used to infer glucose production, was also
comparable between genotypes (Table S1A). However, deriva-
tion of glucose turnover requires that glucose levels are stable
during the period in which it is calculated. In our pre-clamp base-
line period, a highly significant effect of time (Figure 1D) indicated
that this assumption was not met; thus, true endogenous
glucose production cannot be inferred from the glucose turnover
parameter in this instance. Combined with the pyruvate toler-
ance, PEPCK activity, and '3C;-pyruvate pulse data, higher fast-
ing glucose levels in Tst™’~ mice, given comparable glucose
utilization, are most likely due to higher endogenous glucose
production.

We next wished to explore whether the changes to glucose
metabolism were driven by insulin resistance. Liver glycogen, a
marker of long-term carbohydrate storage typically impaired
with insulin resistance, was comparable between Tst™’~ and
C57BL/6J control mice (Figure S2A). Despite unchanged
steady-state markers of hepatic insulin sensitivity, impaired

glucose tolerance, described previously in Tst ™'~ mice (Morton
et al., 2016), suggested that whole-body, and usually hepatic, in-
sulin resistance was present. We investigated this using the eu-
glycemic clamp, where, unexpectedly, we observed whole-body
insulin sensitization under these short-term steady-state condi-
tions. During the clamp, when insulin was high and blood
glucose levels were maintained constant, the glucose infusion
rate was comparable between genotypes (Table S1B). However,
an increase in whole-body glucose uptake (integral glucose) by
tissues in Tst~/~ mice was apparent (Figure 1E; Table S1B), sup-
porting increased peripheral insulin sensitivity, with a direction-
ally consistent trend for increased glucose uptake into several
tissues. We confirmed this finding using standard insulin toler-
ance tests, where the glucose decrement in response to insulin
was greater in Tst™’~ mice (Figure 1F; Figure S2B). These data
demonstrate a net increase in dynamic whole-body insulin sensi-
tivity despite increased hepatic glucose output in Tst~'~ mice.
Finally, we assessed whole-body glucose homeostasis with
the EH clamp method after chronic HFD feeding. Under these
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Figure 2. Tst deletion results in increased he-
patic sulfur excretion and a reduction of pro-
tein persulfidation
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(B) Cysteine concentrations (MBB-HPLC) in medium incubated with primary hepatocytes in the presence (hatched pattern) or absence (no pattern) of 1 mM
methionine from C57BL/6J (white bars, n = 4/treatment) and Tst /= (red bars, n = 4/treatment) mice.
(C) GSH concentrations (MBB-HPLC) in medium incubated with primary hepatocytes in the presence (hatched pattern) or absence (no pattern) of 1 mM
methionine from C57BL/6J (white bars, n = 4/treatment) and Tst ™/~ (red bars, n = 4/treatment) mice.
(D) Pie chart depicting the proportion of liver peptides that are significantly higher (82 peptides, purple space) or lower (311 peptides, yellow space) in their

persulfidation rate in Tst™'~ (n = 3) relative to C57BL/6J (n = 3) mice.

(E) Total DTT-released cysteine-persulfidated liver protein as measured by REVERT total protein stain following western blotting, normalized to the total input
protein of the sample from Tst~’~ (red bar, n = 4) and C57BL/6J (white bar, n = 4) mice.

Data with error bars are represented as mean + SEM. Significance was calculated using 2-way ANOVA (B and C) or Student's t test (E); *p < 0.05, **p < 0.01. For
(B) and (C), the 2-way ANOVA reveals a main effect of genotype, indicated by * or ** on the histogram. A significant effect of methionine was also found for (B) and
(C), not indicated on the histogram. For (D), peptides were selected as being significant at a P-diff of 0.95 or greater. See also Figure S3 and Table S2.

conditions, Tst~'~ mice maintained increased hepatic glucose
output (Figure 1D) but showed convergence of the insulin sensi-
tivity profile with that of insulin-resistant C57BL/6J mice.

We also assessed whether Tst deficiency was associated with
impaired lipid metabolism, another hallmark of diabetes. Fast
protein liquid chromatography analysis of triglyceride levels
and their lipoprotein distribution revealed significantly higher
total plasma triglycerides in Tst~/~ mice (Figure 1G). The higher
triglyceride was selectively associated with an increased very
low density lipoprotein (VLDL) triglyceride fraction (Figure 1G),
consistent with a dominant liver-driven impairment in lipid meta-
bolism (Mason, 1998). Total and distinct lipoprotein fraction
plasma cholesterol levels were similar between genotypes (Fig-
ures S2C and S2D), suggestive of a triglyceride-selective effect
of Tst deficiency on hepatic lipid efflux. HFD feeding significantly
increased the liver lipid content of C57BL/6J mice but did not
further increase the elevated lipid levels in the liver of Tst~/~
mice (Figures 1H and 1l).

TST deficiency elicits compensatory hepatic sulfide
disposal mechanisms that drive reduced global protein
persulfidation

A role of TST in disposal of sulfide has been suggested by its
participation in the SOP (Hildebrandt and Grieshaber, 2008;
Libiad et al., 2014) and supported in vivo by the qualitatively
higher blood sulfide of Tst~~ mice (Morton et al., 2016), shown
schematically in Figure 2A. Here we quantified circulating sul-
fide, showing an approximately 10-fold elevation in the blood
and plasma of Tst~ mice (Table 1). Thiosulfate, an oxidized
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metabolite of sulfide (Vitvitsky et al., 2015, 2017) and a TST sub-
strate (Banerjee et al., 2015), was approximately 20-fold higher in
the plasma (Table 1) and profoundly higher (450-fold) in the urine
(Table 1) of Tst”~ mice compared with C57BL/6J mice.
Reduced glutathione (rGSH) levels were ~2-fold higher in the
plasma of Tst/~ mice (Table 1). To determine any direct hepatic
contribution to the elevated systemic sulfide in vivo, whole blood
was sampled from the inferior vena cava (IVC) (Table 1). IVC sul-
fide levels tended to be higher in Tst™'~ mice, but the magnitude
of the increase (~3-fold) did not parallel that in trunk blood (~10-
fold), suggesting that the liver was not a major source of the
elevated circulating sulfide. Surprisingly, liver homogenate sul-
fide, thiosulfate, cysteine, and GSH levels were similar between
Tst~/~ and C57BL/6J mice (Table 1). Further, cultured hepato-
cytes from Tst~~ and C57BL/6J mice exhibited similar intracel-
lular sulfide levels, as estimated using P3, a sulfide-selective
fluorescent probe (Singha et al., 2015; Table 1). Mitochondrial
sulfide levels in the liver, reported by MitoA/MitoN (Arndt et al.,
2017), were similarly unchanged between genotypes (Table 1).
The apparently unaltered hepatic steady-state sulfide levels,
despite higher circulating sulfide, suggested that a profound ho-
meostatic mechanism was invoked in the liver of Tst '~ mice. We
assessed respiratory sulfide disposal (antimycin sensitive) and
found that this was increased markedly in hepatocytes from
Tst™~ mice, whereas antimycin-insensitive sulfide disposal
was relatively reduced compared with hepatocytes from
C57BL/6J mice (Table S2). Isolated liver mitochondria from
Tst™/~ hepatocytes also exhibited a higher sulfide disposal rate
(Table S2). In addition, cysteine and GSH were excreted at higher
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Table 1. Sulfur species in blood, urine, tissue, and cells

C57BL/6J Tst™’ Tst '~ /6J ratio Significance
Trunk blood (micromolar)®
MBB-S (sulfide) 2.28 + 0.43 22.18 + 0.85 9.73 e
MBB-SSO03 (thiosulfate) N/D 6.25 + 3.17 n.c. ns
Trunk plasma (micromolar)®
MBB-S (sulfide) 1.88 + 0.64 24.50 + 2.02 13.03 bl
MBB-SSO03 (thiosulfate) 3.99 + 0.99 80.29 + 13.6 20.12 e
MBB-GSH (reduced GSH) 48.0 +1.15 86.25 + 6.27 1.80 o1
Urine (micromoles/creatine/24 h)®
MBB-SSO03 (thiosulfate) 499 +2.6 2374 + 319 475.75 i
IVC (micromolar)®
MBB-S (sulfide) 1.22 +0.20 3.58 + 0.87 2.93 ns (0.08)
MBB-SSO03 (thiosulfate) 6.58 + 4.51 88.3 +13.0 13.42 *
Liver (micromoles/kg wet liver)®
MBB-S (sulfide) 13+1 17 +3 1.31 ns
MBB-SSO03 (thiosulfate) 4+1 15+7 3.75 ns
DNFB-GSH (reduced GSH) 6,470 + 380 6,850 + 30 1.04 ns
DNFB-cysteine (cysteine) 82 +13 67 + 11 0.82 ns
Sulfide P3 fluorescence (A510 nm/protein)*
Hepatocyte 7.22 +1.00 7.89 +0.80 1.09 ns
Mitochondrial sulfide (MitoA)?
Liver 0.78 +0.16 1.14 + 0.45 1.46 ns

Tst deletion results in altered sulfur metabolites in blood and liver. Data are represented as mean + SEM. Significance was calculated using unpaired
two-tailed Student'’s t test. *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001. MMB; monobromobimane.
2Sulfide dibimane and thiosulfate-MBB, measured by fluorescence detection following HPLC, from whole blood taken from trunk blood of ND-fed

C57BL/6J (n = 4) and Tst ™/~ (n = 4) mice.

PSulfide dibimane, thiosulfate-MBB, and rGSH-MBB, measured by fluorescence detection following HPLC, from EDTA-plasma of ND-fed C57BL/6J

(n=4)and Tst ™/~ (n = 4) mice.

°Thiosulfate-MBB corrected for creatinine from 24-h urine samples, taken from ND-fed C57BI6/J (n = 4) and Tst ™/~ (n = 5) mice.
9Sulfide dibimane and thiosulfate-MBB from whole blood taken from the IVC downstream of the hepatic vein of ND-fed C57BL/6J (n=3)and Tst '~ (n=

3) mice.

eSulfide dibimane, thiosulfate-MBB, rGSH-MBB, and cysteine-MBB from whole liver (n = 4/genotype) of ND-fed C57BL/6J (n = 4) and Tst/~ (n = 4)

mice.

Fluorescence from cultured hepatocytes following incubation with P3 (sulfide reactive probe) from ND-fed C57BL/6J (n = 4) and Tst™~ (n = 4) mice.
9Ratio of MitoN/MitoA from the liver of ND-fed C57BL/6J (n = 5) and Tst/~ (n = 5) mice.

levels from Tst ™/~ hepatocytes under basal conditions and after
stimulation of sulfur amino acid metabolism by addition of methi-
onine (Figures 2B and 2C). Consistent with higher GSH turnover,
hepatocytes from Tst~'~ mice showed resistance to exogenous
H,0,-mediated mitochondrial reactive oxygen species (ROS)
production (Figure S3). We next determined the global hepatic
protein persulfidation profile, the major post-translational modi-
fication mediated by sulfide (Krishnan et al., 2011; Kabil et al.,
2014; Koike et al., 2017). Mass spectrometry analysis of malei-
mide-labeled liver peptides revealed a greater abundance of
peptides with a lower persulfidation level (underpersulfidated)
in the liver of Tst™~ mice (Figure 2D). We confirmed this using
semiquantitative western blot analysis on pulled down malei-
mide-labeled proteins (Figure 2E). Gene Ontology (GO) analysis
of underpersulfidated peptides (20 GO categories; Table 2)
showed enrichment for “FAD-binding, methyl transferase,
peroxisome, acyl-CoA dehydrogenase activity, and transami-

nase.” Overpersulfidated peptides (8 GO categories; Table 2)
were predominantly “nicotinamide metabolism.” Pathway-spe-
cific peptide analysis showed a bias for over-persulfidation in
gluconeogenesis proteins (Figure S4A) and a significantly higher
magnitude of change (independent of direction of change) in per-
sulfidation compared with global persulfidomic changes be-
tween C57BL/6J and Tst ™'~ mice (Figure S4B).

The hepatic proteome of Tst /~ mice reveals a distinct
molecular signature of altered sulfur and mitochondrial
nutrient metabolism

To gain molecular insight into the mechanisms underlying the
apparently diabetogenic phenotype in Tst™~ mice, we
compared hepatic proteomes of normal diet (ND)-fed mice.
Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis re-
vealed 4 up-regulated pathways in the liver of Tst '~ mice related
to amino acid metabolism, including sulfur amino acids, and
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Table 2. Tst deletion results in differential persulfidation rate of liver proteins

GO ID Name Direction (Tst '~ versus 6J) Genes
GO terms identified by log fold change
0050660 FAD binding decreased 12
0008168 methyltransferase activity decreased 9
9
0016741 transferase activity, transferring decreased 9
one-carbon groups
0008565 protein transporter activity decreased 8
0008238 exopeptidase activity decreased 7
0005777 peroxisome decreased 7
0042579 microbody decreased 7
0003995 acyl-CoA dehydrogenase activity decreased 6
0008483 transaminase activity decreased 6
0016769 transferase activity, transferring decreased 6
nitrogenous groups
0008757 S-adenosylmethionine-dependent decreased 6
methyltransferase activity
0016655 oxidoreductase activity, acting on NADH/ decreased 5
NADPH, quinone
0004177 aminopeptidase activity decreased 5
0000059 protein import into nucleus, docking decreased 3
0005643 nuclear pore decreased 3
0031965 nuclear membrane decreased 3
0044453 nuclear membrane part decreased 3
0046930 pore complex decreased 3
0015629 actin cytoskeleton decreased 3
0016652 oxidoreductase activity, NADH/NADPH, decreased 3
NAD/NADP acceptor
0050662 coenzyme binding increased 5
5
4
4
4
3
3
0016651 oxidoreductase activity, NADH/NADPH, increased 5
0003954 NADH dehydrogenase activity increased 4
0008137 NADH dehydrogenase (ubiquinone) activity increased 4
0050136 NADH dehydrogenase (quinone) activity increased 4
0006739 NADP metabolism increased 3
0006769 nicotinamide metabolism increased 3
0006733 oxidoreduction coenzyme metabolism increased 3

Shown are significant GO terms represented by peptides with different persulfidation rates in ND-fed Tst™

/~ mouse liver relative to C57BL/6J mice.

“Direction” indicates whether persulfidation is decreased or increased in Tst~/~ relative to C57BL/6J mice. “Genes” indicates the number of genes

in st~ mice that represent the changes driving the GO term.

sulfur metabolism (Table 3). GO analysis revealed 95 significantly
up-regulated categories in the liver of Tst~/~ mice (Table S3A).
Among the top categories, 7 referred to amino acid metabolism
and 1 referred to the organellar term “mitochondrion.” KEGG
analysis revealed 27 down-regulated pathways in the liver of
Tst™/~ mice (Table 3), including phase 1 and 2 detoxification

6 Cell Reports 37, 109958, November 9, 2021

pathways (cytochrome P450s, GSH, and glucuronidation) and
“lysosome” and “protein processing in the endoplasmic reticu-
lum” organellar terms. 213 GO terms were significantly down-
regulated in st~/ mice (Table S4B). Among the most significant
down-regulated terms were phase 2 detoxification “glutathione
binding,” “glutathione transferase activity,” and “endoplasmic
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Table 3. Protein abundance and persulfidation in ND-fed Tst /" liver

Entry Name Genes Significance

KEGG pathways increased in ND Tst /"~ liver®

00250 alanine, aspartate, and glutamate 6 i)
metabolism

00260 glycine, serine, and threonine metabolism 5 Al

00270 cysteine and 4 b
methionine metabolism

04122 sulfur relay system 2 *

KEGG pathways reduced in ND Tst /" liver®

00980 metabolism of xenobiotics by 12 s
cytochrome P450

00982 drug metabolism - cytochrome P450 12 o

05204 chemical carcinogenesis 12 ooy

00480 glutathione metabolism 8 -

00040 pentose and glucoronate interconversions 5 -

04142 lysosome 6 =

04390 Hippo signaling pathway 4 o

00500 starch and sucrose metabolism 5 b

05215 prostate cancer 3 =

04024 cAMP signaling pathway 4 *

04141 protein processing in ER 9 *

05211 renal cell carcinoma 3 *

00830 retinol metabolism 6 =

00053 ascorbate and aldarate metabolism 4 -

00860 porphyrin and chlorophyll metabolism 4 e

04722 neurotrophin signaling pathway 3 *

04670 leukocyte transendothelial migration 4 %

04010 MAPK signaling pathway 4 *

04720 long-term potentiation 2 =

04914 progesterone-mediated oocyte maturation 2 *

04062 chemokine signaling pathway 3 "

04110 cell cycle 3 *

04015 Rap1 signaling pathway 4 2

00983 drug metabolism - other enzymes 5 *

04918 thyroid hormone synthesis 3 2

04612 antigen processing and presentation 3 *

05203 viral carcinogenesis 5 5

GO terms common to persulfidome and proteome in ND Tst /- liver®

GO ID GO term Persulfidation Abundance

(Tst—/— versus 6J) (Tst—/— versus 6J)

0008483 transaminase activity decreased increased

0016769 transferase activity, transferring decreased increased
nitrogenous groups

0003995 acyl-CoA dehydrogenase activity decreased decreased

0005777 peroxisome decreased decreased

0042579 microbody decreased decreased

*p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001.

aSignificant KEGG pathway terms represented by proteins that are more abundant in the liver of ND-fed Tst '~ compared with ND-fed C57BL/6J mice.
®Significant KEGG pathway terms represented by proteins that are less abundant in the liver of ND-fed Tst '~ compared with ND-fed C57BL/6J mice.
“Genes” indicates the number of genes in Tst ™/~ mice that represent the changes driving the KEGG pathway.

°GO terms that are significantly regulated at the level of cysteine persulfidation and protein abundance in the liver of ND-fed Tst /- compared with ND-
fed C57BL/6J mice.
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reticulum” categories. We validated the broadly consistent di-
rection of change in a representative subset of proteins (Figures
S5A and S5D). The most robust change we observed was
increased MPST protein in whole liver (Figures S5A and S5D)
and mitochondrial subfractions (Figures S5B and S5D). This
change was remarkable because mRNA levels for Mpst were
lower in Tst™’~ mice (Figure S5C), likely as a result of loss of prox-
imal Mpst promoter function; Mpst is a paralog of Tst (Nagahara,
2011) juxtaposed approximately 1 kb from the Tst gene. Protein
levels for other sulfide-producing and disposal enzymes were
comparable between genotypes (Table S4). A focused compar-
ison of canonical proteins in glucose and lipid metabolism
pathways (Table S5) revealed four GO categories that were
down-regulated in Tst~/~ mice: “lipid metabolic process,” “fatty
acid beta-oxidation,” “acyl-CoA dehydrogenase activity,” and
“acyl-CoA hydrolase activity” (Table S5). Canonical insulin-regu-
lated proteins were largely comparable between genotypes (Ta-
ble S6).

Hepatic protein expression in Tst /~ mice is consistent
with lower NRF2 activation

We performed a transcription factor binding site (TFBS) enrich-
ment analysis in the promoters of proteins that were up-regulated
in the liver of Tst ™/~ mice to look for potential hub transcriptional
drivers of the proteome profile (Figure S6A). This revealed a sta-
tistically significant under-representation of TFBS for the sulfide-
responsive (Yang et al., 2013; Xie et al., 2016) NRF2 transcription
factor (Figure S6A). Consistent with reduced hepatic NRF2 acti-
vation, 10 of 47 known NRF2-regulated proteins were lower in
the liver of ND-fed Tst™'~ mice compared with C57BL/6J mice
(Figure S6B).

The proteome of TST deficiency versus HFD response in
C57BL/6J mice reveals distinct regulation of lipid
metabolism, sulfide metabolism, and detoxification
pathways

We examined mechanistic commonalities between the diabeto-
genic hepatic phenotype of Tst/~ mice and that induced by the
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Figure 3. Tst deletion engenders a HFD
feeding-like hepatic proteome with a distinct
organellar signature

(A) Venn diagram representing the number of pro-
teins significantly different (at p < 0.01) between
ND-fed Tst™/~ and C57BL/6J mice (red circle) and
the number of regulated proteins between HFD-fed
and ND-fed C57BL/6J (green circle) mice. The
overlap (brown) represents proteins regulated in the
same direction by both comparisons (n = 4/geno-
type).

(B) Number of proteins significantly different (at p <
0.01) between 58% HFD and ND in either C57BL/6J
(white bar) or Tst '~ mice (red bar) (n = 4/genotype).
(C) Pie charts depicting the proportion of individual
liver proteins that are upregulated (blue space)
compared with downregulated (yellow space) after
GO term categorization according to subcellular
location. Top row: ND-fed Tst ™/~ relative to ND-fed
C57BL/6J mice. Bottom row, HFD-fed C57BL/6J
relative to ND-fed C57BL/6J mice. See also Table 3
and Figures S5 and S6.

Endoplasmic
reticulum

diabetogenic HFD feeding regimen in C57BL/6J mice. ND-fed
Tst~/~ mice were in a pre-existing diabetogenic state (Figure 1)
that does not worsen with HFD feeding (Figures 1H and 11; Table
S1), suggesting gross phenotypic convergence of the two geno-
types after HFD feeding. We compared the identity and direction
of change of the 188 proteins differentially expressed in ND-fed
Tst™'~ mice (versus ND-fed C57BL/6J mice; Figure 3A) with pro-
teins that were differentially expressed in response to HFD
feeding in C57BL/6J mice (432 proteins; Figure 3A). There was
a striking 67 % overlap in individual proteins (126) in this compar-
ison (Figure 3A). When we analyzed these two protein signatures
for directionally shared pathways, one upregulated KEGG
pathway, “glycine, serine and threonine metabolism” (Table
S7A), and 12 downregulated KEGG pathways, including “drug
metabolism” and “endoplasmic reticulum” (Table S8B), were
common to the liver of ND-fed Tst™’~ and HFD-fed C57BL/6J
mice. Consistent with a pre-existing HFD-like proteome, the dy-
namic response to HFD in the liver of Tst/~ mice was muted
relative to that observed in C57BL6J mice (106 proteins, a 4-
fold lower response; Figure 3B). Focusing on the sulfide
pathway, MPST and sulfite oxidase (SUOX) were increased by
HFD feeding in C57BL/6J and Tst™~ mice (Table S8). The
HFD-induced increase in MPST was less pronounced in the liver
of Tst™’~ mice, likely reflecting that it is already elevated in ND-
fed Tst™/~ mice. We then considered contrasting rather than
congruent proteomics responses arising from TST deficiency
versus HFD responses in C57BL/6J mice to illuminate potential
novel pathways underlying the otherwise functionally similar dia-
betogenic hepatic Tst~/~ phenotype. 5 KEGG pathways (Table
S9A) and 4 GO terms (Table S9B) were regulated oppositely in
this comparison. Strikingly, the GO terms were all related to lipid
metabolism, which was up-regulated in the HFD response but
down-regulated with TST deficiency (Tables S9A and S9B). An
organelle-focused protein analysis showed shared upregulation
of mitochondrial and endoplasmic reticulum pathways between
TST deficiency (Figure 3C, top row) and C57BL/6J HFD re-
sponses (Figure 3C, bottom row) but a striking discordance in
peroxisomal protein pathways (upregulated by HFD feeding
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Figure 4. Tst deletion results in increased hepatocyte respiration
but impaired medium-chain fat respiration

(A) Electron microscopy images of liver, visualizing mitochondria from ND-fed
C57BL/6J (n = 4) or Tst™'~ (n = 4) mice.

(B) Seahorse trace representing the mean oxygen consumption rate (OCR),
normalized to protein, by hepatocytes from ND-fed C57BL/6J (n = 6) or Tst™/~
(n = 6) mice during a mitochondrial stress test.

(C) Respiratory OCR linked to ATP production (oligomycin sensitive) by he-
patocytes from ND-fed C57BL/6J (n = 6) or Tst~/~ (n = 6) mice, calculated
from (B).

(D) Respiratory OCR relating to proton leak (oligomycin insensitive) by hepa-
tocytes from ND-fed C57BL/6J (n = 6) or Tst™/~ (n = 6) mice, calculated
from (B).

(E) Reduction of maximal uncoupled respiration following inhibition of LCFA
mitochondrial import using etomoxir (8 pM) from ND-fed C57BL/6J (n = 4) or
Tst~/~ (n = 4) mice.

(F) Stimulation of maximal uncoupled respiration following addition of MCFA
octanoate (250 pM) from ND-fed C57BL/6J (n = 4) or Tst™~’~ (n = 4) mice.
Data are represented as mean + SEM. Significance was calculated using an
unpaired two-tailed Student's t test (C—F); *p < 0.05. See also Figure S7.

and downregulated with TST deficiency) and nuclear proteins
(downregulated by HFD feeding and upregulated with TST defi-
ciency; Figure 3C).

The Tst /"~ liver proteome and persulfidome converge on
transamination and lipid oxidation pathways

To assess whether conservation of changes at the protein and
post-translational modification levels can illuminate key regula-
tory hubs driving the hepatic phenotype, we ran a congruence
analysis of the proteome and persulfidome. We found that the
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GO categories “amino acid,” “lipid metabolism,” and “peroxi-
some” were regulated significantly at the protein abundance
and persulfidation levels in Tst™/~ mice (Table 3).

Tst/~ hepatocytes exhibit elevated mitochondrial
respiration and a defect in medium-chain fatty acid
oxidation

Enhanced respiratory sulfide disposal was found from st~ he-
patocytes, and enrichment of mitochondrial proteins was sug-
gested from the liver proteome of the Tst™’~ mice (Table S4).
We therefore sought to determine whether TST deficiency
affected respiratory function and substrate utilization of the hepa-
tocyte. Analysis of electron micrographs prepared from the liver
of ND-fed Tst™/~ mice and C57BL/6J controls showed morpho-
logically normal mitochondria (Figure 4A). Basal respiration,
comprising ATP-linked and leak respiration, was significantly
higher in hepatocytes from Tst '~ mice (Figures 4B-4D). Maximal
hepatocyte respiratory capacity and non-respiratory oxygen
consumption were similar between genotypes (Figures S7A and
S7B). Inline with phenotypic convergence following HFD feeding,
hepatocyte respiration was comparable between genotypes
from HFD-fed mice (Figures S7C-S7H). A unique feature of the
liver from Tst~/~ mice was a decrease in proteins and persulfida-
tion levels of proteins in lipid oxidation pathways. We therefore
investigated hepatocyte respiration of lipids. Using a low-pyru-
vate (100 uM) medium to reveal respiratory dependency on other
substrates, we showed that CPT1A-mediated mitochondrial
oxidation of endogenous long-chain fatty acids (LCFAs; etomoxir
inhibited) was similar between genotypes (Figure 4E). Next we
bypassed CPT1A-mediated LCFA transfer and revealed a
marked deficit in respiration stimulated by the medium-chain
fatty acid octanoate in hepatocytes from Tst '~ mice (Figure 4F).
A similar experiment adding back pyruvate revealed comparable
stimulation of respiration between genotypes (Figure S7I). In
amino acid-free medium, combined glutamine-, aspartate-, and
alanine-stimulated hepatocyte respiration was comparable be-
tween genotypes (Figure S7J).

DISCUSSION

Elevated TST expression in adipose tissue has been identified as
a genetic mechanism driving metabolically protective leanness
in mice (Morton et al., 2016). Conversely, Tst™~ mice exhibited
impaired glucose tolerance (Morton et al.,, 2016). However,
Tst™'~ mice had a subtle adipose tissue phenotype, suggesting
a non-adipose origin for impaired glucose homeostasis. We
found increased gluconeogenesis, steatosis, and elevated
plasma VLDL triglycerides consistent with a predominantly he-
patic origin for the diabetogenic phenotype. We cannot rule
out a contribution of renal gluconeogenesis to the phenotype,
and future work will address this limitation. Unexpectedly, and
despite the markedly increased circulating sulfide levels (10-
fold), the steady-state sulfide level was normal in the liver of
Tst~/~ mice. Moreover, we found evidence of multiple mecha-
nisms for increased hepatic sulfide disposal, reduced down-
stream sulfide signaling, and associated underlying molecular
links to an apparently diabetogenic phenotype. Our data suggest
that the liver of Tst’~ mice has overshot in its attempt to
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maximize hepatic sulfide removal, leading indirectly to detri-
mental metabolic consequences. This involves a combination
of distinct compartmentalized cellular responses, including
increased respiratory sulfide disposal and export of cysteine
and GSH. Upregulation of translation and recruitment of MPST
to mitochondria of Tst™'~ mice is observed. This response, in
the face of reduced transcription of Mpst, suggests a powerful
post-transcriptional cellular sulfide-sensing mechanism. Inter-
estingly, if MPST is compensating for TST-mediated sulfide
disposal in this context, then it implies a subversion of normal
MPST function away from sulfide production (Modis et al.,
2013; Szabo et al., 2014; Kimura et al., 2017; Nagahara, 2018).
Alternatively, this is a response to a perceived lower-sulfide envi-
ronment. TST levels were also elevated in the liver of Mpst ™/~
mice, providing further support for a reciprocal compensatory
mechanism between these two enzymes (Nagahara et al., 2019).

The unexpected finding of normal hepatic sulfide levels in
Tst~~ mice led us to discover that the metabolic phenotype
we observed was driven by the very mechanisms invoked to
maintain sulfide within a normal range rather than sulfide excess
per se. Several observations were consistent with this. For
example, the major amino acid pathways increased in the liver
of Tst/~ mice were transaminases involved in metabolism of
GSH that support increased export of sulfur equivalents as
GSH (and cysteine). These same transaminases support gluco-
neogenesis by redirecting Krebs cycle intermediates (Rui,
2014; Qian et al., 2015; Sookoian et al., 2016). Reprogramming
of amino acid metabolism for sulfide disposal with knockon ef-
fects to drive hepatic glucose production are suggested, rather
than any change to amino acid-linked mitochondrial respiration
in hepatocytes. This is supported by the shift in hepatocyte py-
ruvate metabolism toward aspartate. In addition, glutathione
S-transferases (GST) that inhibit gluconeogenesis (Ghosh Dasti-
dar et al., 2018) were lower in the liver of Tst~’~ mice. Further,
activation of NRF2, which represses gluconeogenesis (Slocum
et al., 2016) appears to be lower in the liver of Tst™~ mice.
Involvement of NRF2 in the Tst™" liver phenotype is further sup-
ported by the phenotype of Nrf2~/~ mice that similarly exhibited
steatohepatitis in the absence of insulin resistance (Meakin et al.,
2014). However, NRF2 signaling can be complex and dependent
on dietary context; Nrf2~/~ mice showed improved glucose
tolerance after HFD feeding (Zhang et al., 2012), suggesting
that any contribution of a NRF2 signaling deficit in the liver of
the Tst~'~ mice changes upon HFD feeding. Beyond altered py-
ruvate flux, we also showed that hepatocytes of Tst~/~ mice ex-
hibited defective lipid metabolism. Specifically, medium-chain
fatty acid (MCFA) oxidation was impaired, associated with selec-
tive reduction of the protein and persulfidation levels of lipid
catabolic enzymes. This represents a mechanism linking altered
sulfide metabolism to lipid oxidation, hepatic lipid accumulation,
and dyslipidemia. Consistent with impaired MCFA oxidation de-
fects as one driver of the phenotype, steatosis is observed in me-
dium-chain acyl-CoA dehydrogenase (Mcad) ~/~ mice (Tolwani
et al., 2005), and dyslipidemia is found in MCADD-deficient hu-
mans (Onkenhout et al., 1995). The data we present add to a
growing understanding of the link between sulfide regulating
genes and nutrient metabolism that has so far focused on the en-
zymes of sulfide production. Specifically, we provide support for
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the importance of the sulfide oxidizing pathway as a regulator of
cellular sulfide exposure. Unexpectedly, the data reveal cellular
mechanisms that are engaged to homeostatically regulate
sulfide disposal and can affect cell energetics and nutrient
metabolism.

Our findings may have implications for potentially unexpected
side effects of sulfide donor therapeutic agents. In normal mice,
in vivo sulfide administration for 4 weeks after HFD feeding
partially reversed hepatic lipid accumulation invoked by chronic
(16 weeks) HFD feeding (Wu et al., 2015). No evidence was pro-
vided regarding whether sulfide disposal mechanisms were
altered (Wu et al., 2015). This efficacious subchronic sulfide
administration regimen contrasts with our genetic model of
chronic sulfide elevation as a driver of dysregulated metabolism
and NAFLD. Clearly, the normal mice in the Na,S administration
studies had a fully functional SOP, suggesting that the presence
of TST is required to achieve the beneficial metabolic effects of
NaoS administration. This is also consistent with the apparently
low sulfide signaling status (evidenced by lower persulfidation
and NRF2 target protein abundance) in the liver of the Tst™/~
mice. The benefits of elevated sulfide cannot be realized,
perhaps because a major mediator of those effects is missing,
and the alternate mechanisms invoked do not fully compensate
(e.g., MPST) or actively drive aberrant nutrient metabolism.
Comparable studies of glucose and lipid metabolism after
manipulation of other sulfide-regulating genes are limited.
However, in a contrasting model of reduced sulfide production
(Cth™~ mice), plasma triglycerides were lowered (Mani et al.,
2013), opposite to what we observed with Tst™’~ mice. The he-
patic sulfide disposal status of the Cth™'~ mouse model is un-
known, but our findings predict suppression of the SOP to spare
the limited endogenous sulfide produced. Intriguingly, they also
predict a knockon effect on nutrient homeostasis because of
reduced metabolic demand of the TST/SOP axis. A more direct
model informing on the effects of impairment of the sulfide
disposal pathway is deficiency of the key mitochondrial SOP
enzyme ETHE1. Ethe1~/~ mice suffer fatal sulfide toxicity (Tiranti
et al., 2009); therefore, comparable metabolic studies are lack-
ing. However, one notable observation is that Ethe? ™~ mice
have apparently 10-fold higher liver sulfide exposure than control
mice (Tiranti et al., 2009), in contrast to the normalized hepatic
sulfide levels of Tst™~ mice. Circulating sulfide levels were not
reported for comparison, but the presumably relatively lower
systemic sulfide levels of Tst '~ mice appear to have permitted
an effective homeostatic sulfide disposal response in the liver
to avoid toxicity, albeit with a metabolic cost. Consequently,
the liver of Tst™’~ mice has a functional and proteomics profile
distinct from that of Ethe1 ™'~ mice. For example, in the liver of
Tst™/~ and Ethe1~’~ mice (Hildebrandt et al., 2013), proteins of
the GST Mu type (GSTM) and peroxiredoxin (PRDX) families
were altered, but sometimes in the opposite direction or with
alteration of distinct protein subclasses. A notable difference is
also observed in amino acid metabolism. The liver of Ethe1™/~
mice exhibits increased expression of enzymes of branched-
chain amino acid metabolism (Hildebrandt et al., 2013), distinct
from the predominantly GSH-related amino acid pathways that
are increased in the liver of Tst™'~ mice. Beyond sulfide, TST
may also have distinct cellular roles that affect metabolism,
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such as mitoribosomal synthesis, ROS attenuation, and modula-
tion of mitochondrial iron-sulfur clusters (Bonomi et al., 1977; Pa-
gani and Galante, 1983; Nandi and Westley, 1998; Nandi et al.,
2000; Smirnov et al., 2010).

Given the pro-diabetogenic liver phenotype in Tst~/~ mice, its
was surprising that insulin signaling in the liver appeared normal
and peripheral insulin sensitivity was increased. There are prece-
dents for increased hepatic glucose production independent of
insulin resistance, as found in the Nrf2~/~ mice (Meakin et al.,
2014) and as driven by the transcription factor carbohydrate-
response element-binding protein (ChREBP) (Uyeda and Repa,
2006; Kim et al., 2016). There is also evidence to support insu-
lin-sensitizing effects of sulfide administration in vivo in mice
and rats (Feng et al., 2009; Geng et al., 2013; Xue et al., 2013),
consistent with sulfide-mediated insulin sensitization of non-he-
patic tissues in Tst™’~ mice. Higher circulating GSH in Tst™/~
mice may also promote peripheral insulin sensitization (Jain
etal., 2014; Lutchmansingh et al., 2018). Clearly, the net balance
of glucose production from the liver and its peripheral disposal
remain abnormal in Tst~/~ mice. Indeed, the baseline metabolic
phenotype of Tst™/~ mice resembles in many ways that of a
normal mouse fed a HFD, and we showed some overlapping
pro-diabetogenic signatures between the liver proteome of
Tst™'~ mice and that of HFD-fed C57BL/6J mice. However, we
also found distinct lipid metabolism and peroxisomal protein
changes in Tst~/~ mice. Unlike a HFD state, which is associated
with dominant hepatic insulin resistance, the increased hepatic
glucose production in ND-fed Tst ™'~ mice occurs despite normal
hepatic insulin sensitivity. The significant changes in persulfida-
tion of transaminase and gluconeogenesis proteins suggest that
coordinated cross-talk across metabolic pathways underlies this
atypical metabolic phenotype.

Sulfide donor therapeutic agents have been proposed as a
clinical strategy for improving cardiovascular health (Szabo
etal.,, 2011; Whiteman et al., 2011; Zhang et al., 2018). Elevated
endogenous sulfide has also been implicated in the beneficial
metabolic effects of caloric restriction (Miller et al., 2005; Hine
et al.,, 2015, 2017, 2018; Shimokawa et al., 2015; Lee et al.,
2016). Our results suggest that chronic sulfide elevation may
have unintended detrimental consequences, driving liver
glucose production and fat accumulation to undesirable levels.
Fortunately, this may be limited to cases where SOP proteins
are compromised through rare genetic effects, such as TST var-
iants (Billaut-Laden et al., 2006; Libiad et al., 2015). More
broadly, a number of drugs or supplements are known to in-
crease cyanide, which may dominantly inhibit TST activity and
result in secondary sulfide overexposure. These include nitro-
prusside (Morris et al., 2017) and amygdalin (Bromley et al.,
2005; O’Brien et al., 2005). Indeed, the TST metabolite thiosul-
fate is commonly co-administered with nitroprusside to prevent
cyanide toxicity (Curry et al., 1997). Furthermore, dietary and
environmental exposure to cyanogenic compounds (Simeonova
etal., 2004), e.g., smoking (Vinnakota et al., 2012) or cyanogenic
diets (Kashala-Abotnes et al., 2019), may interfere with normal
TST function and could lead to increased sensitivity to sulfide
therapeutic agents. In contrast, we have shown that administra-
tion of the TST substrate thiosulfate can ameliorate diabetes
(Morton et al., 2016), further underlining the potential utility of tar-
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geting the SOP in metabolic disease. As with all therapeutic stra-
tegies, a careful cost-benefit analysis is required. A comparable
case of relevance are the statins, one of the most potent and
widely used drugs to prevent atherosclerosis, which also carry
a higher risk for diabetes (Swerdlow et al., 2015). The full effect
of TST manipulation on opposing metabolic pathways requires
further study. Our current study sheds light on the underlying he-
patic mechanisms invoked for sulfide disposal that are relevant
to current sulfide donor strategies and may inform on routes to
reduce their potential metabolic side effects.

Limitations of the study

Although the liver is the site of most (~60%) post-absorptive
gluconeogenesis in normal animals within physiological fasting
ranges, renal/small intestinal gluconeogenesis begins to sub-
stantially contribute to circulating glucose with prolonged fast-
ing/starvation (Sasaki et al., 2017; Mutel et al., 2011; Mithieux
et al., 2003; Stumvoll 1998; Owen et al., 1969). We cannot rule
out a role of renal or intestinal gluconeogenesis in the diabeto-
genic phenotype of Tst~’~ mice. This will be an important area
of future work, although liver TST is at least more than 3-fold
that of the kidneys, and small intestinal TST is very low (BioGPS;
Figure S1A).
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Hydrogen sulfide (H>S) modulates many biological processes, including ageing. Initially
considered a hazardous toxic gas, it is now recognised that H,S is produced endogen-
ously across taxa and is a key mediator of processes that promote longevity and improve
late-life health. In this review, we consider the key developments in our understanding of
this gaseous signalling molecule in the context of health and disease, discuss potential
mechanisms through which H,S can influence processes central to ageing and highlight
the emergence of novel H,S-based therapeutics. We also consider the major challenges
that may potentially hinder the development of such therapies.

Biological generation of hydrogen sulfide (H>S)

Endogenous production

Enzymatic production of H,S in mammalian tissues requires sulfur-containing amino acids (SAAs),
specifically methionine and cysteine, as substrates [1,2]. Methionine cannot be synthesised de novo in
mammals and must be consumed in the diet. In contrast, cysteine can be synthesised from methionine
via conversion to homocysteine and is also consumed through diet. Homocysteine conversion into
cysteine is referred to as the transsulfuration pathway (first described in the context of plant metabol-
ism, in which cysteine is converted to homocysteine [3]). From cysteine, H,S is produced by two dis-
tinct canonical enzymatic pathways: directly through the activity of two pyridoxal-5'-phosphate
(PLP)-dependent enzymes, cystathionine-gamma-lyase (CSE, or CGL) and cystathionine-beta-synthase
(CBS), or indirectly through stepwise conversion into 3-mercaptopyruvate by L-cysteine:2-oxoglutarate
aminotransferase (CAT) and then H,S by 3-mercaptopyruvate sulfurtransferase (MPST, or TUM1)
[4]. The latter pathway is referred to the PLP-independent pathway as although CAT is
PLP-dependent, MPST is not. These pathways are further distinguished by their sub-cellular localisa-
tion. CSE and CBS operate predominately within the cytosol, although both can translocate to the
mitochondria under certain stress conditions [5]. For instance, CSE translocates to mitochondria
during hypoxia, promoting H,S production within mitochondria and subsequently increasing ATP
production [6]. Human MPST exists in two distinct isoforms, TUM1-Isol which is exclusively found
within the cytosol and TUMI-Iso2, a splice variant encoding an additional 20 amino acid
mitochondrial-targeting sequence [7]. The specific activity of mitochondrial MPST is two to three
times higher than cytosolic MPST in rat liver [8]. While the pathways described above exclusively use
the L-enantiomer of cysteine as a substrate, Kimura et al. [9] discovered a PLP-independent pathway
for the production of H,S from p-cysteine (mainly in the cerebellum and kidney homogenates)
through the action of MPST and p-amino acid oxidase in mitochondria and peroxisomes, respectively.
While r-cysteine is the predominant, naturally occurring enantiomer of cysteine, common food pro-
cessing practices rapidly racemise L-cysteine through heat and alkaline treatments, resulting in up to
44% conversion to p-cysteine [9]. The biologically relevant extent of this p-cysteine pathway remains
unclear but presents an interesting alternative to the canonical mammalian production of H,S.
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Endogenous disposal

Supraphysiological concentrations of H,S can be toxic, so efficient removal of H,S is performed by a suite of
mitochondrial enzymes, collectively termed the sulfide oxidation unit (SOU) [10]. It has been shown that SOU
actively catabolises H,S when intracellular concentrations exceed 10 nM in intact cells, with more restrictive
thresholds observed in proximity to mitochondria [11]. However, determining a precise definition of supraphy-
siological H,S levels remains challenging due to limitations in detection methods and tissue and species specifi-
city [12]. While the precise order of events and sulfur species involved in H,S oxidation are still unclear, the
disposal of H,S consists of a series of oxidative reactions coupled to components of the electron transport
chain within the mitochondria, ultimately yielding sulfate which is excreted in the urine. The first step in this
pathway is the oxidation of H,S by the flavoprotein sulfur:quinone oxidoreductase (SQR) [13] catalytic cycle
whereby the flavin cofactor is cyclically reduced by H,S and oxidised by ubiquinone, with coenzyme Q acting
as an electron acceptor. It is through coenzyme Q that H,S metabolism is coupled to ATP generation by oxida-
tive phosphorylation, making H,S a rare example of an inorganic compound capable of fuelling mammalian
oxidative phosphorylation [14]. The product of this enzymatic cycle is the generation of SQR-persulfide inter-
mediates, which are transferred primarily to glutathione (GSH) in human tissues, generating glutathione persul-
fide (GSSH) [15]. SQR is also capable of catabolising H,S to produce thiosulfate from sulfite, although low
tissue levels of sulfite makes it unclear whether this reaction accounts for a substantial proportion of physio-
logical SQR activity in mammals, despite orders of magnitude greater reactivity with persulfidated SQR com-
pared with GSH [16,17]. GSSH is oxidised by ethylmalonic encephalopathy 1 (ETHE1) or thiosulfate
sulfurtransferase (TST) to form sulfite or thiosulfate, respectively. ETHEI is a sulfur dioxygenase, consuming
O, and water as substrates to oxidise H,S [18]. TST may then reversibly convert thiosulfate to sulfite which is
irreversibly oxidised into sulfate by sulfite oxidase (SUOX). Both sulfate and thiosulfate are removed via the cir-
culatory system and then ultimately excreted in the urine [19]. Overall, disposal of 1 H,S molecule requires the
consumption of 0.75 O, molecules; 0.5 by ETHEL and 0.25 by Complex III [10]. The enzymatic generation of
H,S from SAAs and its subsequent removal are detailed in Figure 1. Of note, as mature red blood cells (RBCs)
typically lack mitochondria, they utilise a methaemoglobin pathway for the disposal of H,S by conversion of
H,S into thiosulfate and polysulfides [20]. It remains an open question as to whether the methaemoglobin
pathway for H,S oxidation found within RBCs is utilised in other tissues in mammals.

Bacterial production

Putrefaction of decaying organic matter in anaerobic conditions results in the production of H,S [21]. This is
due to the action of a wide range of sulfate-reducing bacteria (SRB) which utilise sulfate as a terminal electron
acceptor for respiration, with the concomitant production of H,S [22]. There is a wide range of such SRB
within the microbiome of the human colon, primarily of the genus Desulfovibrio in the class d-Proteobacteria
[23]. Endogenous production of H,S in bacteria is catalysed by orthologs of CSE, CBS, and MPST [24]. The
interactions between groups of bacteria are complex and poorly understood. SRB use a wide range of substrates
including lactate, hydrogen, short-chain fatty acids, and amino acids, which places them in direct competition
with other bacterial species such as hydrogenotrophic bacteria, methanogens, and acetogens. However, SRB
appears to dominate the use of hydrogen in the microbiome as they are capable of catabolizing hydrogen at
concentrations far lower than other hydrogenotrophic species [25]. It is currently difficult to directly measure
the proportion of H,S produced by bacteria compared with endogenous enzymatic production in tissues.
Germ-free mice have 50% less measurable H,S in faecal samples compared with control mice and are capable
of altering SRB-activity to compensate for the impairment in enzymatic H,S production following a
PLP-deficient diet [26]. H,S gas produced by the microbiome in the gut can enter proximal human tissues or
the bloodstream [27]. For instance, high levels of SRB-derived H,S inhibits butyrate oxidation, the major
source of energy production in intestinal colonocytes [28]. Furthermore, there is evidence that bacterial-derived
H,S can reduce arterial blood pressure in rats [29], and contradictory evidence points to either a therapeutic or
causative role of H,S in inflammatory bowel disease and colorectal cancer [30]. Additionally, there is potential
for diet to influence the relative abundance of SRB, as diet has been shown to modify microbiome composition
in general [31]. However, no significant effect of short-term adoption of diets either enriched for or deficient in
SAAs was observed on relative SRB populations in stool samples from healthy human volunteers [32]; future
studies employing longer-term dietary interventions and greater statistical power are required to further clarify
this question. Finally, it has been proposed that bacterial production of H,S protects the bacteria against
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Figure 1. Substrate, intermediates and enzymes involved in the endogenous production and disposal of HsS.

The blue region represents the cytosol, the orange region represents the matrix of a mitochondrion. The transsulfuration
pathway cycles methionine into homocysteine first followed by enzymatic conversion of homocysteine into cysteine. From
cysteine H,S is generated in the cytosol by CSE and CSE. H,S can also be generated within mitochondria by the action of
MPST on 3-MP, a metabolite of cysteine. H,S can freely permeate membranes including the mitochondrial membranes. H,S
disposal is carried out in mitochondria by several enzymes that comprise the sulfide oxidation unit (SOU). The precise
mechanism of the SOU remains a subject of active research, the species and steps shown here represent just one proposed
mechanism. Ultimately H,S is oxidised into sulfate which is subsequently excreted in the urine. MAT, Methionine
adenosyl-transferase; ATP, Adenosine triphosphate; PPi, Inorganic pyrophosphate; X, Methyl group acceptor; MT,
Methyltransferase; SAHH, S-adenosyl homocysteine hydrolase; BHMT, Betaine-Homocysteine S-methyltransferase; N3-Methyl
THF, Trimethylglycine betaine; THF, Betaine; CBS, Cystathionine-p-synthase; CSE, Cystathionine-y-lyase; NH3, Amine; a-KB,
alpha ketobutyrate; PLP, pyridoxal 5'-phosphate; Vit Bg, Vitamin Bg; GOT, Glutamic-Oxaloacetic Transaminase; a-KG, alpha
ketoglutarate; 3-MP, 3-Mercaptopyruvate; MPST, 3-Mercaptopyruvate Sulfurtransferase; SQR, Sulfur-Quinone oxidoreductase;
Qox, Oxidised coenzyme Q; Qred, Reduced coenzyme Q; G-S-SH, Glutathione persulfide; ETHE1, Ethylmalonic
encephalopathy 1 protein; TST, Thiosulfate Sulfurtransferase; SUOX, Sulfite Oxidase; Cox, Oxidised cytochrome C; Cred,
Reduced cytochrome C.

oxidative stress and may contribute to antibacterial resistance [33]. For example, Shatalin et al. [33] developed
novel small molecule inhibitors of bacterial CSE and found these inhibitors improved antibiotic potency
against Staphylococcus aureus and Pseudomonas aeruginosa in vitro and in mice, supporting the theory that
endogenous production of H,S in bacteria might contribute to antibacterial resistance. We believe research
using germ-free mice is one approach that may help provide more information regarding the relevance of
SRB-derived H,S in whole-animal metabolism and physiology.

Signalling modalities of H,S

Post-translational modification (persulfidation)
Protein modification by H,S is a reversible post-translational modification that can occur on any cysteine
residue. Overall, the thiol group (R-SH) present in cysteine is indirectly changed to a persulfide group
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(R-S-SH), a process known as persulfidation or sulthydration. The thiol group must first be oxidised to form
thiol derivatives such as sulfenic acid (R-SOH), a disulfide (R-S-S-R), or S-nitrosothiol (R-SNO), which can
then react with H,S to create a persulfidated protein residue. A schematic showing the various thiol derivatives
H,S can react with and their subsequent products are shown in Figure 2, adapted from [34]. Persulfides are
highly reactive, with a neucleophilic terminal sulfur atom and an electrophilic inner sulfane sulfur atom [35].
Persulfidation of cysteine residues causes conformational changes in protein structure that alter protein activity
such as the regulation of Kelch-like ECH-associated protein 1 (Keapl), which has well-characterised conform-
ational regulation through alterations of cysteine residues [36,37]. Keapl is the major inhibitor of the nuclear
factor erythroid 2-related factor 2 (NRF2)-mediated antioxidant response mechanism. In vitro approaches have
shown alteration of cysteine residues on Keapl following exposure to H,S leading to inactivation of KEAPI,
but currently, there is no agreement on the precise residue(s) persulfidated in this process [36,37]. Another
established persulfidation target is the Kir6.1 subunit of Ksrp channels which confers cardioprotective effects
when activated by H,S [38]. An extensive review of the chemistry of persulfides, their molecular targets, and
role in various tissues and diseases was compiled by Filipovic and colleagues in 2017 [39]. Persulfides decay
under biologically relevant conditions, which poses a challenge in the identification, measurement, and charac-
terisation of persulfidated species in biological contexts. The half-life of Cys-S-SH is ~35 min at 37°C [40].
Spontaneous removal of persulfides is caused by a disproportionation reaction between two persulfides to form
many sulfur-containing species including: elemental sulfur, thiols, polysulfanes, and/or H,S [40-42]. Additional
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Figure 2. Formation of protein persulfides by H2S.

(A) Modification of cysteine residues by H,S. H,S cannot directly modify thiol groups (i.e. cysteine residues). The thiol group must
first be must first be oxidised into a disulfide (disulfide bond formation), sulfenic acid (S-Sulfenylation), glutathiolated cysteine
(S-Glutathiolation), or a S-Nitroso Cysteine (S-Nitrosation). From these oxidised thiol groups H,S can react to form persilfides,
thiols, and a variety of by-products dependent on the type of oxidised thiol it is reacting with. The sulfur atom from the H,S
molecule is highlighted in orange to show where in the product it incorporates. (B) Persulfidation is a reversible post-translational
modification and can be readily removed by the action of glutathione and thioredoxin. ROS, Reactive oxygen species; GSH,
Glutathione; NO, Nitric oxide; NOH, Nitroxyl; SNOH, Thionitrous acid; GSSH, Glutathione persulfide; Trx-S~, Thioredoxin.

© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).



258

Biochemical Journal (2021) 478 3485-3504 o PORTLAND
https://doi.org/10.1042/BCJ20210517 ... PRESS

processes that can break down persulfides include homolysis by heat or light and enzymatic removal by the
thioredoxin system. Given these constraints, it is difficult to achieve a full understanding of the dynamics of
protein persulfidation as most methods take a ‘snap-shot’ of global persulfidation at one time. Despite these
limitations, our understanding of the extent of protein modification by persulfidation, collectively termed the
persulfidome, is growing. In Arabidopsis thaliana, for example, 5% of the proteome was found to be persulfi-
dated using modified tag-switching protocol that employed methylsufonylbenzothiazole (MSBT) to block both
thiol and persulfide groups within the sample [43]. This was then followed by the addition of CN-biotin which
does not react with MSBT adducts of thiol origin and therefore allows for streptavidin-based pull-down of per-
sulfidated proteins [43]. Additionally, proteomic studies in wild-type mice have found 10-25% of hepatic pro-
teins to be persulfidated under physiological homeostasis [44]. Comprehensive work by Zivanovic et al. [45]
showed that a high degree of hepatic protein persulfidation is associated with an extended lifespan, augmented
by dietary restriction (DR), and diminished with age; these trends were conserved across model organisms.
Bithi et al. [46] described tissue-specific changes in the persulfidome of mice exposed to 50% DR and in mice
homozygous null for CSE. As persulfidation can in principle occur on any cysteine residue, and is a highly
dynamic, reversible post-translational modification, there is enormous scope for H,S to modify proteins in a
variety of biological settings.

Binding with metal centres

H,S is capable of binding to multiple metal ions, the most direct signalling modality in its repertoire. Upon
binding, the coordination, charge, and oxidation states of the metal ion may be altered [47]. Such reactions
become biologically relevant in the context of metalloproteins which contain metal centres in their quaternary
structure. Metalloproteins represent a significant percentage of all mammalian proteins, with recent estimates
suggesting that approximately 6600 human proteins are metalloproteins [48], or approximately a third of all
protein products. H,S reaction with haemoproteins is well established, particularly with ferric haemoglobins
but also metmyoglobins, methaemoglobins, and peroxidases [49]. In fact, the much-discussed toxicity of H,S is
a result of its highly efficient inhibition of cytochrome ¢ oxidase (COX, also known as Complex IV in the elec-
tron transport chain). COX is a dimer formed of subunits that include two heme, two copper, one magnesium,
and one zinc centre [50]. Inhibition of COX by H,S occurs in a biphasic manner under a complex series of
reactions with the haem and copper centres, forming intermediates that are currently unresolved [51].
Furthermore, H,S inhibits angiotensin-converting enzyme by binding to a zinc atom at the active site, with
dose-dependent inhibition of this enzyme demonstrated in protein lysates from human endothelial cells [52].
Interestingly, binding with haem centres in haemoglobin may be the major H,S clearance pathway in RBCs
[20]. It is established that RBCs do produce endogenous H,S, primarily through MPST, but as they lack mito-
chondria in most mammals they do not possess the canonical clearance mechanisms (see section Endogenous
disposal). Unchecked, H,S production in the trillions of RBCs within the circulation would inevitably result in
a lethal build-up of H,S. However, it appears that a cycle of reactions between H,S species and haemoglobin
results in the oxidation of H,S into reactive sulfur species (RSS) such as thiosulfate and hydropolysulfides [20].
A similar process appears to occur between H,S and myoglobin in cardiac and skeletal muscle [53].

Interaction with other gasotransmitters

H,S is not alone as a gasotransmitter. Other compounds with similar properties are carbon monoxide (CO) and
nitric oxide (NO). These gases are also toxic at high concentrations, are produced endogenously, and can freely
permeate plasma membranes to exert biological effects. All three gasotransmitters are highly reactive producing
various metabolites that are collectively termed RSS, reactive oxygen species (ROS), and reactive nitrogen species
(RNS). It has become clear that these reactive chemical species can react with metabolites and derivatives of the
other gasotransmitter molecules to form a densely interconnected web of products sometimes collectively termed
the reactive species interactome. For instance; H,S, NO and their derivatives react to form a family of nitrothiol
compounds, resulting in modulation of signalling pathways [54]. Furthermore, each gasotransmitter is capable of
regulating the production of the other two gasotransmitters (Figure 3). H,S stimulates NO production through
transcriptional, translational, and post-translational interventions in the NO synthesis pathway, with reports of
both elevation and suppression of NO production [55]. The mechanism by which H,S elevates CO production is
still an area of active research but appears to involve activation of the Nrf2-mediated response (see section
Post-translational modification (persulfidation)) up-regulating heme oxygenase isoforms which generate CO [56].
These chemical species and intermediates are highly dynamic which makes measuring and understanding the
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Figure 3. Known interactions between H,S, CO, and NO signalling pathways.

Each gasotransmitter is capable of regulating the other two. Pointed arrows represent a stimulatory effect. Flat-headed arrows
indicate an inhibitory effect. HoS, Hydrogen sulfide; NO, Nitric oxide; CO, Carbon monoxide; CBS, Cystathionine-p-synthase;
CSE, Cystathionine-y-lyase; MPST, 3-Mercaptopyruvate sulfurtransferase; eNOS, Endothelial NO synthase; HO, Heme
oxygenase; sGC, Soluble guanylyl cyclase; PKG, Protein kinase G; cGMP, Cyclic guanosine monophosphate.

exact processes involved in H,S-NO-CO cross-talk challenging. What is clear is that such cross-talk is an import-
ant signalling modality across a diverse range of organisms, influencing plant growth and ripening for example
[57,58]. In mammals, the dynamics and functions of H,S-NO-CO cross-talk are best understood in the cardiovas-
cular system where they exert control over inflammation, angiogenesis, vasodilation, and protection from
ischaemia-reperfusion injury (IRI) [59,60]. An interesting case study in the complexity of gasotransmitter cross-
talk is demonstrated by the regulation of the activity of soluble guanylate cyclase (sGC), a hemeprotein. Overall,
the three gasotransmitters all increase sGC activity but the biochemistry involved in this outcome are distinct.
NO is an exceptionally strong activator of sGC, augmenting sGC activity over 100-fold [61]; in contrast, CO is a
far weaker activator of sGC [62]. Due to this disparity in potency and binding strength, NO and CO compete for
dominance in their interaction with sGC: when NO concentrations are low CO is the predominant activator of
sGC; but when NO concentrations are high CO actually inhibits NO-induced elevation of sGC activity [60].
Distinct from this, H,S does not directly activate sGC but instead has been shown to reduce the heme moiety
from Fe’* to Fe** in human recombinant sGC. CO and NO only interact with Fe** sGC, thus H,$ facilitates the
activity of the other two gases by increasing the available pool of Fe** sGC [63]. Thus, all three gases work to
elevate sGC activity but there is considerable nuance in how this is achieved. The remainder of this review will
focus on the effects of just one gasotransmitter, H,S, in health, disease, and ageing. However, in light of the intri-
cate and overlapping effects of all three gasotransmitters, we must be mindful of the possibility that any effects
attributed to H,S may in reality belong to the unity of all three gasotransmitters.

H.s and ageing

Role of H,S in normative ageing

Exploration of the processes that underlie ageing is most easily understood under the guidance of the hallmarks of
ageing [64], a landmark review that proposed nine discrete categories of biological processes that are conserved in
organismal ageing. A recent review by Perridon et al. [4] considered the impact of H,S on each of these hallmarks
in turn and collected evidence showing direct, H,S-mediated protection from all ageing hallmarks except for telo-
mere attrition, for which no studies had been published. This review will not aim to repeat the work previously
published but instead assess subsequent publications concerning the effect of H,S on specific tissue ageing. Whilst
it is probable that the dynamics of H,S production and activity are altered throughout age in most tissues of the
body, recent papers have focussed on a few select organ systems including the heart, brain, and kidneys.

Cardiovascular ageing
The typical progression of cardiovascular ageing is initiated by endothelial dysfunction, leading to vascular dys-
function, increased severity of atherosclerosis, and subsequently cardiovascular diseases (CVDs) including
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stroke, hypertension, and coronary heart disease [65]. Key molecular mechanisms that drive this pathological
progression are under the influence of H,S including: signalling through Nrf2, SIRT1, and AMPK/mTOR; acti-
vation of potassium channels; and regulation of mitochondrial biogenesis by PGC-1a [66]. Furthermore, expos-
ing cells and mice to H,S can ameliorate age-associated vascular ageing [67]. Treatment of cultured endothelial
cells with nicotinamide mononucleotide (NMN, an NAD"-elevating supplement) improves vascular remodel-
ling in response to ischaemic injury and enhances endurance and capillary density in old mice, effects that are
augmented by co-treatment with H,S-donating compounds [67]. The augmentation of vascular health by
NAD" and H,S boosting treatment is proposed to be due to the convergence of these signalling pathways
through SIRT1. However, the same authors also reported that treatment with H,S in isolation enhanced basal
mitochondrial respiration levels in HUVEC cultures, an effect not seen when using NMN [67]. This indicates
that H,S has protective effects independent of NAD. Other evidence for a protective role for H,S in cardiac cell
culture models include improved glucose utilisation, improved metabolic efficiency of glycolysis and the citric
acid cycle, and protection against induced cardiomyocyte hypertrophy [68]. Furthermore, CSE expression and
H,S production were found to be reduced in a model of aged primary rat cardiomyocytes [69]. Treatment of
these cells with sodium hydrosulfide (NaHS, a H,S-donating compound) improved cardioprotection in
response to ischaemia-reperfusion events via inhibition of mitochondrial permeability transition pore opening
and improved mitochondrial membrane potential [69]. Peleli et al. [70] used a mouse model with knock-out
(KO) of MPST, one of the three enzymatic producers of H,S (see section Endogenous production), to study the
effect on sulfur-containing chemical species. In these MPST KO mice there was no significant effect on H,S,
polysulfides, or sulfane sulfur level in heart tissue, nor did it affect blood pressure or vascular reactivity relative
to wild-type controls, but did elevate several cardiac ROS markers [70]. However, while some positive cardio-
protective phenotypes were observed in these mice at 2-3 months of age (including protection from IRI), dele-
terious phenotypes (including hypertension, cardiac hypertrophy, and reduced myocardial nitric oxide
production) were reported at 18 months of age [70]. The authors suggest that the cardioprotective effects in
young mice could be explained by increased cardiac ROS levels providing a pre-conditioning against IRI,
whereas at old age it appears that ablation of MPST is deleterious to heart function. This study is the first to
investigate the cardiovascular phenotype in MPST KO mice and further studies should aim to extend under-
standing in the role and pathophysiology of MPST in the onset of age-related heart disease.

Neurological ageing

As neuromodulation was the first functional role described for endogenous H,S in humans [71], it is unsurpris-
ing that H,S has been implicated as a key player in brain ageing. One conduit for multiple neuropathological
processes is the receptor for advanced glycation end-products (RAGE). RAGE is among several receptors that
bind to advanced glycation end-products, proteins and lipids that have been modified by reaction with sugar
molecules in a non-enzymatic manner that accumulate in tissue with age, including the brain [72]. It should be
noted that while the transmembrane forms of RAGE are implicated in neurotoxic signalling, soluble forms of
RAGE have instead been shown to confer neuroprotective effects, in part due to inhibition of
membrane-associated RAGE [73]. RAGE also binds to beta-amyloid, engendering deleterious effects and, as
such, has drawn interest as a potential target in the treatment of Alzheimer’s disease [74]. Treatment with
exogenous H,S in cells has been shown to inhibit stabilisation of membrane-associated RAGE dimers and the
modality for this inhibition was direct persulfidation of a cysteine residue on RAGE [75]. Beyond RAGE signal-
ling, other ageing processes are subject to H,S regulation in neural cell systems. In a cell culture model of
hyperglycaemia-induced hippocampal senescence, treatment of cells with a H,S donor resulted in a reduction
in senescence markers and improved autophagic flux in a SIRT1-dependent manner [76]. H,S also influences
synaptic plasticity, as shown by Abe and Kimura’s work on H,S-facilitated long-term potentiation (LTP) [71].
Thus, stimulation of N-methyl-p-aspartic acid (NMDA) receptors in active rat hippocampal synapses was aug-
mented by AdoMet, a CBS-activating compound [71]. More recently, Lu et al. [77] screened a group of aged
mice on cognitive ability and showed CBS protein levels were significantly lower in mice with impaired cogni-
tion and that the cognitive impairment in these mice was rescued following administration of a H,S donor
(NaHS). These effects were associated with altered sensitivity of metabotropic glutamate receptors to local
calcium levels [77], likely due to H,S modulation of neuronal calcium homeostasis [78]. Similarly, the ability of
rats to learn an adaptive associative response to fear conditioning was dependent on endogenous H,S produc-
tion by CBS [79]. When CBS was inhibited by hydroxylamine or amino-oxyacetate, amygdalar and hippocam-
pal H,S levels were reduced, NMDA-receptor mediated LTP was significantly impaired, and fear conditioning
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responses were dampened. All these effects were rescued by the application of H,S donor compounds, even in
the presence of CBS inhibitors, indicating that the loss of H,S production is what mediates these effects. In
agreement, a similar reduction in fear conditioning-stimulated LTP due to reduced tissue H,S production and
reversal of this effect by application of a sulfide donor was observed in synaptic plasticity in aged rats [80]. H,S
also modulates the biological response to ischaemic stroke, which accounts for over 80% of all strokes [81].
Both endogenous and exogenous sources of H,S confer neuroprotective effects at low doses and deleterious
effects at higher doses. For instance, H,S production via CBS is greatly elevated following stroke and inhibitors
of CBS activity reduced infarct volume in rat models of stroke, whereas administration of H,S-donating com-
pounds increased infarct volume [82]. However, elevated H,S activity ameliorated deleterious pro-inflammatory
response co-ordinated by microglia, a major contributor to the cerebral IRI pathology. Inhalation of a low dose
of H,S for 3 h immediately after induced cerebral IRI in rats resulted in suppression of this inflammation
response through protein kinase C-dependent reduction in aquaporin 4 protein expression, resulting in a
reduction in ischaemia infarct size and improved neurobehavioral outcomes [83].

Renal ageing

H,S production in the kidney is driven by CSE and CBS activity with expression of these enzymes concentrated
particularly within the proximal tubule [84]. As H,S production through these enzymes is part of the transsulfura-
tion pathway there is overlap with homocysteine metabolism which is associated with mortality in late-stage
kidney disease [85]. Given the kidney’s role in filtering blood content, it is unsurprising that they are sensitive to
nutritional intake. Various studies demonstrated a link between diet composition and renal ageing, with amino
acid content emerging as a key driver. Dietary restriction (DR) is the most well-characterised intervention for
improving health and lifespan (see section H2S in dietary restriction) and typically involves a reduction in gross
calories consumed within a set period [86]. However, recent studies have highlighted a specific requirement for
restriction of essential amino acids (EAA) in DR protocols for renal protective effects to occur [87]. In a study by
Yoshida et al. [88] mice were placed under ‘simple DR’ (40% reduction in calorie intake) and DR with supplemen-
tation of EAAs (DR + EAA) or non-EAA (DR + NEAA). They found that while DR and DR + NEAAs groups dis-
played extended lifespan and protection from tubulointerstitial lesions, these effects were lost in groups subjected
to DR + EAA supplementation. More specifically, they found that excluding methionine from the EAA supplemen-
tation was sufficient to restore DR-induced benefits on longevity, kidney function and oxidative stress, and was cor-
related with an increase in tissue H,S levels and increased CSE gene expression. Wang et al. similarly found that
methionine restriction alone was sufficient to extend lifespan and improve markers of renal ageing in mice. Their
mechanistic investigations suggest that AMPK-dependent H.S signalling protected kidney tissue from the onset of
senescence [89]. Additionally, various histological and functional markers of renal ageing were described in both
male and female marmosets between ~3 and 16 years of age, with these changes correlating with an age-associated
reduction in CBS protein levels across both sexes, although a significant age-associated reduction in H,S produc-
tion was observed only in male marmosets [90]. Another major consequence of renal ageing is acute kidney injury
(AKTI), which is driven in part by IRI [91]. A single incidence of AKI has profound implications for mortality; hos-
pital patients with AKI commonly have 30-40% mortality rates and as high as 60% for AKI patients admitted to
intensive care units [92]. Renal IRI can be ameliorated by the action of H,S and NO signalling which improve
blood flow by causing local vasodilation, inhibiting inflammatory cytokines, and reducing ROS production [93].

Hss in lifespan extension

Ageing is plastic and modifiable by a variety of environmental, genetic, and pharmaceutical interventions [86].
This section will consider established lifespan extension interventions and assess the potential mechanistic role
of H,S in their modulation of biological ageing.

H.s in dietary restriction

DR is an umbrella term for a panel of interventions that have been known to consistently improve longevity
across taxa for more than 100 years [94-96]. The conservation of this response suggests an evolutionary origin
of longevity through DR, best understood through the framework of the disposable soma, mutation accumula-
tion, and antagonistic pleiotropy theories of ageing, among others [97,98]. DR typically confers significant
health benefits, and improves late-life health by reducing the incidence and/or trajectory of many age-related
pathologies, including cognitive decline, metabolic syndrome, CVD and many cancers [94,99]. Many of these
health benefits are also observed in non-human primates exposed to life-long DR [99]. However, cognitive
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defects under DR have been reported in rats and atrophy of grey matter volume in DR fed primates [100,101].
Critically, many of the positive health benefits found in model organisms under DR are replicated in humans
under DR protocols that carefully supply 100% of essential daily nutrients, but the impact on lifespan is cur-
rently unknown [94,95]. The application of DR as a preventive therapeutic tool in humans is promising [102]
but remains a challenge, largely due to the difficulty in avoiding accidental malnutrition. Additionally, DR
in humans has several reported drawbacks including infertility, sarcopenia, osteoporosis, and reduced immun-
ity [103]. As such, the challenges of applying DR in the wider human population are prohibitive and we may
be better served by gaining an understanding of the mechanisms that underlie DR and designing therapeutics
targeting them more selectively.

Our understanding of the mechanisms that underpin the effect of DR on lifespan remain imprecise despite
decades of investigations. What is certain is a major contribution to DR-induced longevity is from reduced
nutrient signalling and improved insulin sensitivity through modulation of signalling pathways including
mTOR, insulin/insulin-like signalling (IIS), and NAD metabolism. Murine models with compromised TOR or
IIS signalling molecules (such as global loss of ribosomal S6 protein kinase 1 or insulin receptor substrate 1,
respectively) showed marked increases in lifespan and a delay in age-related physiological decline [104,105].
Several studies identified H,S as a potentially conserved mechanism underlying DR-induced longevity and
healthspan improvements. In a series of seminal papers led by Dr James Mitchell, the positive effects of mul-
tiple DR regimes were dependent on elevated H,S production in yeast, worms, fruit flies, and mice [106-110].
It is also clear that the effects attributed to DR can largely be recapitulated by the removal of specific dietary
components from the diet, even if total calorie intake is maintained [111]. Such interventions include restric-
tion of total protein or tryptophan intake, but perhaps the best studied is methionine restriction, which appears
to be closely tied to the transsulfuration pathway and H,S homeostasis [94]. Life-long methionine restriction in
mice protected against renal senescence and elevated endogenous H,S production, with complementary in vitro
assays indicating a mechanistic role for H,S in this protection [89]. Given that the SAAs (methionine and cyst-
eine) are the canonical sources for endogenous de novo H,S production, it is perhaps unsurprising that restric-
tion of methionine modulates H,S production. However, it is counterintuitive that restriction of the dietary
source for de novo H,S synthesis ultimately results in elevation of H,S levels; a conundrum that has several pos-
sible solutions but no concrete answer to date [107]. One resolution to this apparent contradiction is that DR
reduces hypothalamic—pituitary signalling, which functions partly through the inhibition of H,S production by
growth hormone and thyroid hormone at the transcriptional and protein levels, respectively [112]. As such,
DR-mediated reduction in growth and thyroid hormone release may reduce inhibition of H,S production
enzymes. One alternative explanation for the observation that reduced calorie intake elevates H,S levels despite
reduced pools of SAAs is that elevation of autophagic processes under nutrient-limiting conditions generates
the substrate pool for H,S biogenesis. DR and fasting interventions have been shown to elevate autophagy pro-
cesses across tissues in mice and humans [113]. Indeed, induction of H,S biogenesis under DNA damage stress
has been demonstrated to be a autophagy-dependent response in vitro [114], and cysteine pools are maintained
through autophagic processes in pancreatic cancer [115]. Methionine has also been shown to indirectly inhibit
the induction of autophagy by elevating S-adenosylmethioine (SAM) levels, which in turn promotes methyla-
tion of protein phosphatase 2A, leading to autophagy inhibition [116]. Together, these studies support the
premise that elevated autophagy replenishes the cellular cysteine pool, allowing for the generation of H,S under
nutrient-limiting conditions. More studies that directly measure H,S levels under such conditions are required
to definitively support this.

Hss in dwarf mouse models

Beyond dietary interventions, various mutations in model organisms confer significant longevity benefits. In
fact, the Ames dwarf mouse has the longest extension in lifespan achieved by genetic, dietary, or pharmaceut-
ical intervention with mean and maximal lifespan increase in over 45% in both sexes [117]. The dwarf mouse
models have genetic disruption of anterior pituitary gland function either through mutations in transcription
factors like Pitl and Propl (as in the Snell and Ames dwarf mice models, respectively) or in growth hormone
signalling receptors such as growth hormone receptor and growth hormone-releasing hormone receptor, both
of which result in long-lived dwarf mice [117-119]. There have been relatively few studies that link the reduced
pituitary signalling phenotype to the action of H,S, with the notable exception of Hine et al. [112] who showed
that both the Snell and Ames dwarf models had up-regulation of H,S production pathways. This is in part due
to ablation of the transcriptional regulation of CSE and CBS expression by thyroid hormone signalling and
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through substrate availability control by autophagic processes, respectively, in dwarf mice [112]. This correlates
well with previous research that used labelled metabolites to demonstrate an increase in the flux of methionine
through the transsulfuration pathway in Ames mice [120]. These studies unveiled a rerouting of metabolism
through transsulfuration in the liver, brain, and kidneys of the mice with a concomitant, but non-significant,
increase in hepatic CSE gene expression compared with wild-type controls [120]. Hepatic CSE specific activity
is also elevated in Ames mice [121]. The expected result of this altered metabolism is that the Ames mice will
have an elevated pool of cysteine from which H,S can be generated, which may contribute to the findings of
Hine et al. [112] that these mice have improved H,S production capacity. Interestingly, while restriction of
dietary methionine extended lifespan and increased hepatic H,S levels in many models, the Ames models
showed no increased lifespan on a methionine-restricted diet [122]. H,S levels have not been measured in
Ames mice under methionine-restricted conditions, however, Brown-Borg et al. [123] showed that much of the
rerouting of metabolic processes through transsulfuration observed in Ames mice was unaffected by methionine
restriction. This was opposed to the expected up-regulation of transsulfuration as seen in wild-type animals on
methionine restriction [123]. From this, we could infer that intact growth hormone signalling is essential for
‘sensing’ dietary amino acid abundance and plays an important role in coordinating altered metabolism in
response to differential methionine abundance. Further work is required to assess if H,S plays a role in this
proposed mechanism for growth hormone regulation of methionine metabolism as well as in the extraordinary
lifespan extension of growth hormone mutant mice.

H.s in longevity through pharmaceutical intervention

Longevity is plastic in response to a variety of pharmaceutical interventions, and chief among these are inhibi-
tors of nutrient-sensing pathways such as Rapamycin (targets mTOR signalling), and the anti-diabetic drugs
Metformin (targets AMPK signalling) and Acarbose (targets IIS signalling) [94]. H,S signalling overlaps with
all of these mechanisms.

Rapamycin and mTOR signalling

Within the context of mTOR signalling, H,S can be either stimulatory or inhibitory, as recently reviewed [124].
This is counterintuitive as both H,S and Rapamycin were implicated as pro-longevity molecules and therefore
we might anticipate they would both act upon the mTOR pathway in a similar manner, i.e. suppression of
mTOR activity. This is the case in some instances, such as a study in brain tissue from diabetic mice where
treatment with a H,S donor reduced protein synthesis by inhibiting mTOR signalling and increasing autopha-
gic processes [125]. Furthermore, exogenously increased H,S concentration induces autophagy in cells and is
associated with inhibition of TOR activity [126,127]. However, contradictory studies showed an anti-autophagic
role for H,S via mTOR signalling with myriad effects ranging from rescuing high-fat diet-induced liver disease,
protecting against diabetic myopathy, stimulating angiogenesis, and stimulating osteoclastogenesis [128-131].
Along with conflicting results in mTOR signalling, we lack a full appreciation of the effect of Rapamycin on
H,S production pathways. To date only one study has investigated this, using Rapamycin in Saccharomyces cer-
evisize and human cells [132]. The authors found that Rapamycin inhibited H,S production through the
depression of CSE and CBS gene transcription in both cell models, indicating a conserved role of Rapamycin
in regulating H,S generation [132]. More work is required to test how conserved this response to Rapamycin
treatment is across tissues and species. There also remains a lack of studies that combine Rapamycin and H,S
donors. Such approaches offer an additional understanding of how these compounds co-interact with mTOR
signalling. One example of such an approach used a human hepatocellular carcinoma cell line and treatment
with Rapamycin and a H,S-donor separately or in combination [133]. Wang et al. also found that both treat-
ments inhibited mTOR signalling and stimulated anti-tumour autophagic and pro-apoptotic pathways and
were additive when used in combination. The sum of work performed by researchers has confirmed the theory
that longevity through Rapamycin inhibition of mTOR is subject to regulation by H,S. However, further
studies are required to dissect out the precise conditions where H,S modulates mTOR in alignment with
Rapamycin, in opposition, or whether there is a more nuanced interaction between these molecules.

Metformin and AMPK signalling

Metformin is another putative lifespan-extending drug that interacts with H,S signalling. Metformin’s mechan-
ism of action remains only partially resolved, but appears to operate largely through activation of AMPK
(which in turn inhibits mTOR and IIS signalling pathways) [134]. Early studies showed that there was a
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correlational link between metformin treatment in mice and the elevation of H,S levels in the brain, heart,
kidney, and liver tissues [135]. Following this discovery, the role of H,S in the pharmacological activity of
AMPK signalling and metformin treatment was studied in earnest and this body of work was collected in a
2017 review [136]. How metformin increases H,S levels is becoming increasingly apparent and appears related
to the ability of metformin to remodel DNA methylation patterns [137]. Work by Ma et al. [138] showed that
a high methionine diet (methionine forming 2% of diet) resulted in the elevation of plasma homocysteine
levels and a reduction in plasma H,S levels, effects that were rescued by metformin treatment. Complementary
cell culture assays suggest that metformin treatment removes homocysteine-stimulated hypermethylation of the
CSE promotor region, resulting in greater mRNA and protein expression of CSE and elevation of H,S produc-
tion [138]. Similarly, a metabolomics study in rats found that metformin treatment ameliorated oxidative liver
damage caused by exposure to bisphenol A through elevation of CSE and CBS levels [139]. Our emerging
understanding of the transcriptional control of H,S producing genes presents a clear connection between met-
formin and H,S production. However, as the modes of action of metformin remain only partially understood,
more work is required to fully understand the interplay between H,S, AMPK signalling, and metformin.

Acarbose and IIS signalling

Acarbose inhibits carbohydrate digestion and glucose absorption and is known to extend maximum lifespan in
male and female mice, but only extends median lifespan in males [140]. There is currently a scarcity of studies
interrogating the interaction of Acarbose with H,S. This presents a potentially fruitful area of novel research as
H,S is already known to modulate insulin signalling and whole-animal glucose metabolism across tissues, cellu-
lar processes that appear intimately linked with longevity [141]. As with other signalling pathways, the effects
of H,S are complex, with independent studies reporting either protective or deleterious effects [142]. The
endogenous production of H,S in adipose cells was first described by Feng et al. [143] who showed that ele-
vated CSE expression and H,S production was correlated with insulin resistance in rats, suggestive of a deleteri-
ous diabetic phenotype associated with H,S expression in adipocytes. Similar results were found in a
hepatocyte cell line and primary mouse hepatocytes which showed that supraphysiological levels of H,S, either
through H,S donor compounds or adenovirus-induced overexpression of CSE, negatively impacted glucose
uptake and storage as glycogen [144]. These effects were attributed in part to inhibition of both the AMPK and
IIS signalling pathways [144]. Finally, pancreatic beta-cells under chronic exogenous H,S treatment exhibited
suppression of insulin secretion and were protected against oxidative stress-induced apoptosis via elevated
glutathione content and reduced ROS [145]. The authors suggest that this cytoprotection may constitute a
homeostatic response to maintain islet beta-cell numbers in the presence of cytotoxic extracellular glucose con-
centrations (which is common in patients with uncontrolled Type 1 diabetes), but at the cost of reduced
insulin secretion [145]. However, many other studies implicate a protective role of H,S in insulin signalling
pathways. Studies in a mouse myoblast cell model insulin resistance reported a reduction in H,S production,
despite elevation in CSE protein levels [146]. Treatment of these cells with exogenous H,S improved insulin
sensitivity and mitochondrial function in part through phosphorylation and activation of the insulin receptor
pathway [146]. CSE activity and H,S production in adipocytes also mediated translocation of glucose trans-
porter 4 (GLUT4), an essential step in the effective uptake and utilisation of glucose [147]. Work by Xue et al.
[148] showed that H,S donor treatment increased activation of insulin receptor and improved glucose uptake
in adipocytes and myocytes and that chronic H,S donor treatment decreased blood glucose, improved insulin
sensitivity and glucose tolerance, and elevated phosphorylation of insulin signalling pathway enzymes in a dia-
betic rat model. However, the beneficial effect of H,S donors on whole-animal carbohydrate metabolism is con-
tradicted by Gheibi et al. [149] who showed that chronic administration of H,S donor compounds in a type-II
diabetic rat model resulted in dose-dependent impairment of glucose tolerance, pyruvate tolerance, and insulin
secretion. These two rat studies underline the importance of H,S donor concentration in the interpretation of
the biological effects of H,S. The Xue et al. paper used NaSH over the range of 168-670 ng/Kg/day for 10
weeks, whereas the Gheibi et al. study used a higher range of 280-5600 g/Kg/day for 9 weeks. The majority of
the deleterious effects of chronic NaHS treatment reported by Gheibi et al. were found in the highest dosage
groups, indicating that their treatment range may well approach the dosage at which NaHS begins to confer
deleterious or toxic side-effects. The often contradictory work compiled to date shows that the interaction
between H,S and the molecular, cellular, and physiological role of insulin signalling remains poorly under-
stood. As such, any potential overlap between H,S and Acarbose in improving longevity and late-life health
remains unresolved and more work is required to investigate this potentially important signalling commonality.
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H,s in lifespan shortening

Progeria syndromes

Progeroid syndromes are a set of genetic disorders characterised by a shortened lifespan and the development
of phenotypes normally associated with advanced age [150]. Progeroid syndromes mimic many characteristics
of normal human ageing to varying degrees, and therefore present invaluable insight into dysregulation of
normal physiological ageing [151]. While all progeroid conditions are extremely rare, the most common is
Hutchinson-Gilford progeria syndrome (HGPS). HGPS is an example of a laminopathy, a sub-set of progeria
caused by various mutations in the LMNA gene which encodes for lamin proteins [150]. Lamins are a class of
intermediate filaments, serving as scaffolds that anchor chromatin and transcription factors to the nuclear per-
iphery [152]. Dysfunctional post-translational processing of lamin A leads to a permanently farnesylated and
methylated lamin A isoform, named progerin. The expression of progerin produces disruption of the nuclear
membrane, leading to premature senescence, and ageing. Progerin also accumulates in small amounts during
physiological ageing due to spontaneous activation of the cryptic splice site observed in HGPS [153]. This sug-
gests that normal and accelerated ageing share at least some common molecular basis. Moreover, many of the
hallmarks of physiological ageing are observed in HGPS patients [154]. Overall, the link between progerin accu-
mulation and hallmarks of ageing, the manifestation of age-related diseases in HGPS patients, the expression of
progerin during normal ageing and the well-characterised genetic defects in HGPS make it a relevant human
ageing model [155].

Hss in progeria

Therapeutic treatments for patients with progeroid diseases remain critically lacking, with an average life
expectancy in HGPS of less than 15 years [156]. Current treatments include farnesyltransferase inhibitors, rapa-
mycin analogues, sulforaphane, and vitamin D analogues which all have clear impacts on disease symptoms
but have yet to provide substantial improvements to patient lifespan or comorbidities [156]. While no studies
have investigated the role of H,S in HGPS to date, there is known overlap between H,S and the mechanisms
that underpin the effects of rapamycin (see section H2S in dwarf mouse models), sulforaphane, and vitamin D
treatments. Sulforaphane is an isothiocyanate compound found naturally in cruciferous vegetables that acts as a
H,S donor. Beyond HGPS, treatment or ingestion of sulforaphane-rich vegetable homogenates is a promising
treatment in Alzheimer’s disease and boosts antiviral responses of natural killer cells in human clinical trials
[157,158]. The mechanism through which sulforaphane operates in vitro appears to involve the generation of
H.,S, with sulforaphane treatment elevating H,S levels upon addition to cells and tissue homogenates [157,159].
Furthermore, sulforaphane treatment in a human prostate cancer cell lines impeded cancer cell survival via
H,S-mediated JNK and MAPK signalling [159]. Finally, the activity of sulforaphane was attributed largely to its
potent activation of NRF2 by modification of KEAP1 [160] and insulin signalling [161], mechanisms that are
also directly influenced by H,S signalling (see sections Post-translational modification (persulfidation) and
Acarbose and IIS signalling). Given that sulforaphane is a compound that is essentially a naturally occurring
H,S donor and has been shown to operate through biological mechanisms that are known H,S signalling path-
ways, there have been a surprisingly limited number of studies that directly monitor H,S levels following sulfor-
aphane treatment, and none in the context of HGPS. Future studies should aim to monitor H,S production,
disposal, and activity in sulforaphane treated HGPS models to better understand the interplay between these
compounds.

Vitamin D and related compounds have also been used in the treatment of HGPS [162], and while the con-
nection to H,S is not as immediately evident as the H,S-donating sulforaphane, evidence exists for a common-
ality in their modes of action. Vitamin D treatment in mice elicits a dose-dependent elevation of tissue H,S
levels in the kidney and brain [163]. Cell culture studies found that H,S formation was central to vitamin
D-induced protection of adipocytes from inflammation and impaired glucose utilisation due to high glucose
culture conditions [147]. Finally, a population study found a correlation between reduced plasma H,S and
vitamin D levels in African American type-II diabetics compared with Caucasians with type-II diabetes, and in
vitro studies in monocyte culture also found an elevation of CSE expression and H,S production following
vitamin D treatment [164].

Together, the strong overlap between proven treatments for HGPS and established molecular mechanisms
under the influence of H,S (mTOR signalling, NRF2 response, and vitamin D signalling) it is surprising there
have been so few studies addressing the role of H,S in the management of HGPS. While there has been no
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research directly linking H,S to HGPS, there has been work published in another progeria syndrome, Werner
syndrome (WS). The study showed that the cellular morphological phenotype of human WS cells, characterised
by increased protein aggregation, high levels of oxidative stress and nuclear dysmorphology, was ameliorated by
treatment with NaHS [165]. The beneficial effects of NaHS treatment were due to inhibition of the mTOR
pathway, as rapamycin treatment displayed similar effects to NaHS treatment. Furthermore, the enzymes
involved in the endogenous production of H,S were down-regulated in WS cells, suggesting that reduced H,S
levels may be one of the causes of WS phenotype [165]. Overall, this study hints at the importance of the TSP
and H,S production in WS progeria and stresses the importance of further research across all progeroid
diseases.

The potential for H,S therapeutics against ageing

With the accumulated evidence that H,S is central to physiology and pathology across species and tissues, the inev-
itable question is whether we can leverage our understanding of H,S to design translational interventions, poten-
tially even as a treatment against ageing [166]. Studies that show clinically relevant roles for H,S in age-related
diseases have fuelled this discussion. One such example is critical limb ischaemia (CLI), the end stage of peripheral
arterial disease which is fast becoming a major morbidity in the aging population, with incidence increasing at
twice the rate of global population growth and a higher global incidence than cancer, dementia, HIV/AIDs, and
heart failure [167]. Islam et al. [168] examined gastrocnemius tissues sampled from post-amputation limbs of
patients with CLI to interrogate regulation and signalling of H,S in these patients. CLI patients showed decreased
transcription of CSE, CBS, and MPST mRNAs, reduced H,S and sulfane sulfur levels, a reduction in NRF2 and
transcription of its target genes such as catalase and glutathione peroxidase and an increase in markers of oxidative
stress such as malondialdehydes and protein carbonyls [168]. While their study was limited by the difficulty in
obtaining human control samples from amputees without CLI, the results show a potentially pathological role of
dysregulated H,S production and signalling in a clinical setting. Further work is required to develop this under-
standing and attempt H,S-based therapies for this growing clinical population. Another major clinical presentation
in the ageing population is the increased risk of osteoporosis. A genome-wide association study (GWAS) identified
nonsynonymous single nucleotide polymorphisms in the H,S oxidising enzyme gene SQR as a susceptibility
variant in postmenopausal osteoporosis risk in Korean women [169]. Validation studies in a preosteoblast cell line
found overexpression of this variant improved markers of osteoblast differentiation [169]. The study did not have a
direct measure of H,S in individuals with this variant and so could not determine for certain if the variant resulted
in an increase or decrease in the H,S oxidation activity of SQR. Nonetheless, this implicates H,S in osteoblast
maintenance. This is supported by other studies that have described conflicting roles for H,S in bone remodelling
[170,171]. Furthermore, a GWAS meta-analysis of age-related hearing impairment identified CSE as one of the
seven loci that was reproducibly identified as a candidate in the onset of hearing loss [172], while another identified
a variant in the promotor region of CBS in peripheral neuropathy caused by the chemotherapy treatment of mul-
tiple myeloma [173]. These studies help foster the potential for H,S-based therapies as they suggest a role for H,S
in many age-related pathologies and provide novel targets for drug development.

The emerging understanding of how H,S exerts influence over clinically relevant biological processes raises
hopes for the development of a new class of therapeutics. However, several major obstacles prevent this from
being immediately achievable. The chemical nature of H,S itself poses the greatest challenge to its use as a
therapy. The volatility of H,S impedes its study in basic research as H,S gas readily escapes into the air on the
bench. Furthermore, as H,S reacts so readily with a wide range of other chemical species, it would prove chal-
lenging to control off-target effects in a potential H,S-based therapy. Of greatest concern, however, is the
powerful inhibition of COX by H,S. It has been proposed that the regulation of H,S production and oxidation
is so well conserved across species largely due to the necessity to precisely modulate intracellular H,S levels in
order to avoid toxicity by COX inhibition. There may be some hope, however, that chronic administration of
H,S need not be toxic. Reed et al. [174] investigated cognitive outcomes in the urban population of Rotorua,
New Zealand where residents have been exposed to unusually high atmospheric concentrations of volcanic H,S
for decades. As H,S is a known environmental toxin, their hypothesis was that this population would have
reduced cognition compared with controls, but they found that areas of the city with lower (but still abnormally
high) ambient H,S had no significant reduction in measures of cognition while those exposed to the highest
levels of ambient H,S actually showed better performance in reaction time and in the digit symbol tests [174].
Related studies on the population of Rotorua found no association between H,S exposure and asthma risk, per-
ipheral neuropathy or cancer incidence, and actually indicated a potential protective effect against Parkinson’s
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disease [175-178]. While these studies are indicative of safe, long-term exposure to H,S in humans, there are
limitations in their design including the difficulties in estimating the ambient H,S levels throughout the
decades, misclassification of individuals into the wrong exposure group, and it is impossible to confirm causal-
ity for any of the observed effects as the studies were epidemiological in nature. These limitations necessitate
further study to best understand the therapeutic window for safe and effective H,S exposure. The challenges of
H,S therapies and the positive and negative considerations for each of the established H,S-donating com-
pounds was reviewed recently [179]. Given these challenges, any progress in the development of H,S therapies
is contingent on better measurements of tissue H,S concentrations in vivo, the improved resolution of flux
through H,S production, oxidation, and signalling, the establishment of the therapeutic window for H,S com-
pounds, and innovations in the administration and targeting of H,S in therapies. These are not insubstantial
open questions for the field but given the rapid rise in interest of H,S biology in recent years, our understand-
ing of these questions is likely to expand greatly.

Future directions and conclusions

Increasing evidence shows that H,S is integral to multiple healthspan- and lifespan-extending interventions,
whether dietary, pharmacological, or genetic in nature. This is due to the capability of H,S to participate in a
multitude of biological processes by virtue of its diverse signalling modalities. There is a high degree of evolu-
tionary conservation across taxa for the production of H,S itself through the transsulfuration pathway and in
the signalling pathways it interacts with. Together, these attributes implicate H,S as a powerful modulator of
healthspan, severity of disease, and longevity. However, there are many aspects of our understanding that
remain vague. Most prominently, due to the short half-life and chemical promiscuity of H,S, it is extremely
challenging to obtain accurate measures of H,S and related chemical species in vivo. This limitation means that
while we are increasingly certain of a correlation between H,S and various markers of longevity and healthspan,
it is difficult to ascertain which specific chemical species confers the observed effects and where these effects
are occurring at the tissue, cellular or even sub-cellular level. In addition, while this review has focussed on the
many beneficial effects of H,S, it should not be forgotten that excessive levels of H,S are extremely toxic in bio-
logical systems. As such, future research should focus on better understanding the precise mechanisms by
which H,S operates and the development of more sophisticated methods for measuring in vivo H,S levels.
Only once these advancements are made can we begin in earnest to work towards H,S-based therapeutics.
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