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Examining the role of succinate signaling in tissue remodeling

Abstract

While the benefits of exercise on systemic health are undeniable, vigorous muscle
contraction, like the ones associated with exercise, puts considerable mechanical and energetic
strain on muscle fibers. To meet these newfound demands, skeletal muscle must undergo
extensive remodeling. This is a highly coordinated process that involves the participation of
numerous non-myofibril cell populations such as satellite cells, stromal cells, immune cells, and
endothelial cells. How exercising muscle communicates with these cells to initiate the remodeling
process remains poorly understood. We performed comparative metabolomics analysis on
exercised skeletal muscle to identify potential signaling molecules that preferentially increase in
the local extracellular environment of muscle, following exercise. Using this approach, we
identified succinate, a tricarboxylic acid (TCA) cycle intermediate, as a potential exercise signaling
molecule in both mice and humans. Succinate is a ligand for a g-protein coupled receptor,
succinate receptor 1 (SUCNR1). Using a hybrid resistance-endurance training model, we
implicate succinate-SUCNR1 signaling in a host of remodeling processes such as fast-twitch
myosin protein expression, innervation, and extracellular matrix remodeling. These changes
manifest as a SUCNR1-dependent increase in strength. Additionally, we show that SUCNRT1 is
exclusively localized to non-myofibrillar cells within skeletal muscle. Moreover, we identify a novel
pH-gated transport mechanism for succinate where monocarboxylate transporter 1 (MCT1) is
repurposed to allow for succinate secretion from skeletal muscle, during exercise. We also show
this transport mechanism to be relevant in brown adipose tissue (BAT) where succinate

sequestration by BAT has been linked to many favorable outcomes including reduced systemic



tissue inflammation and increased energy expenditure. Overall, we identify a novel role for
succinate as an exercise-responsive metabolite, implicate succinate-SUCNR1 signaling in many

muscle remodeling processes, and characterize a new transport mechanism for succinate.
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Introduction

Life hinges on the ability of living organisms to extract nutrients from food and convert it
into energy, a process known as metabolism. The intermediary molecules involved in this process
are known as metabolites and play a major role in health and disease. The metabolic profile of an
individual, that is the concentration and identity of metabolites present either in the circulation or
a given tissue, is illuminating and can reflect the health of that individual. Metabolite
concentrations change rapidly in response to environmental stimuli such as cold exposure or
exercise and renormalize quickly once the perturbation has ended. These changes can also be
more persistent in response to a chronic stimulus like nutrient imbalance which is seen with type
2 diabetes and obesity. Since metabolite concentrations can serve as a proxy for health status
and are dynamically regulated, metabolites are poised to act as signaling molecules and can
promptly convey changes in bioenergetic status to the surrounding environment. Indeed, there is
growing interest in understanding the signaling properties of metabolites and the role they play in
tissue remodeling, the maintenance of systemic health, and the onset of disease.

One metabolite that has garnered considerable interest for its signaling abilities is the
tricarboxylic acid (TCA) cycle intermediate succinate. Since the de-orphaning of g-protein coupled
receptor 91 (GPCR91), better known as succinate receptor 1 (SUCNR1), succinate has emerged
as a powerful signaling molecule that is involved in processes that contribute to both the

maintenance and breakdown of systemic health. Much of succinate’s signaling prowess lies in its



ability to serve as a ligand for SUCNR1. Succinate-SUCNR1 signaling has both beneficial and
detrimental effects on systemic health that are largely dependent on the frequency of signaling.
For instance, acute, pulsatile bouts of succinate signaling typically confer positive health benefits
while chronic, incessant signaling contributes to many disease states'5. The frequency of
succinate signaling is dependent on the persistence of extracellular succinate, that is whether
circulating succinate levels renormalize to baseline or remain chronically elevated. In fact,
elevated circulating succinate is a signature for many diseases such as hypertension and type I
diabetes 356. Thus, understanding how to reduce circulating succinate and subsequently limit
succinate signaling is of interest. Additionally, localization of SUCNRT1 is poorly defined and the
pathways downstream of SUCNR1 agonism are not well characterized. Identifying which cell
types express the receptor and which pathways are activated upon succinate-SUCNR1
engagement will offer us a better understanding of the role of this signaling modality in health and
disease.

In this dissertation, | elucidate a plasma membrane transport mechanism that regulates
succinate exchange between cells and the circulation. | focus my attention on two tissues that |
show are key modulators of systemic succinate in mice and humans: skeletal muscle and brown
adipose tissue (BAT). Specifically, | uncover a newfound role for monocarboxylate transporter 1
(MCT1) as a succinate transporter. Additionally, | illuminate the contributions of succinate
signaling in strength adaptation following exercise. Combined, these chapters highlight the
benefits of succinate signaling, its contribution to muscle remodeling and adaptation to exercise,
and the environmental conditions that foster succinate transport. Overall, | hope this body of work
will provide readers with a newfound appreciation for the signaling abilities of metabolites and
offer a better understanding of how this signaling is regulated.

Succinate: a bioenergetic signal



Central to mitochondrial metabolism is succinate. This metabolite links the TCA cycle to
the electron transport chain (ETC), two major metabolic pathways whose main objective is to

generate energy in the form of adenosine triphosphate (ATP). Succinate is produced from
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Figure 1.1 | Oxidation of succinate to fumarate by succinate dehydrogenase. Succinate
oxidation to fumarate is coupled to the reduction of flavin adenine dinucleotide (FAD) to FADH..
FADH: passes the accepted electrons to iron-sulfur clusters in SDHB. These electrons are

ultimately transferred to ubiquinone (Q) which then results in the formation of ubiquinol (QHx).

succinyl-CoA by the enzyme succinyl-CoA synthetase. This reaction generates free coenzyme A
(CoA) and one molecule of ATP or guanine triphosphate (GTP), depending on the isoform of the
enzyme’. Following this reaction, succinate is then oxidized by succinate dehydrogenase (SDH),
also known as complex Il, to produce fumarate. SDH sits in the inner membrane of the
mitochondria and is a part of the ETC and the TCA cycle. This protein consists of four subunits:
SDHA, SDHB, SDHC, and SDHD, all of which are encoded by nuclear DNA8. The SDHA and
SDHB subunits reside in the mitochondrial matrix, while the C and D subunits comprise the

transmembrane domain of the protein®. SDHA contains a dicarboxylate binding site and a bound



flavin adenine dinucleotide (FAD) cofactor’©. When succinate binds to SDHA, the protein
facilitates the transfer of electrons from succinate to FAD forming FADH. and fumarate (figure
1.1). These electrons are shuttled from FADH> to iron-sulfur (Fe-S) clusters in SDHB which then
transfers them to the redox-sensitive molecule ubiquinone resulting in the formation of ubiquinol®.

Ubiquinone is comprised of a redox-responsive benzoquinone head and a lipophilic
isoprenoid tail, and is largely confined to the mitochondrial inner membrane'. The oxidation of
succinate cannot occur without reduction of ubiquinone. However, succinate is not the only
metabolite that relies on ubiquinone reduction for its conversion. Ubiquinone is involved in many
metabolic reactions and accepts electrons from numerous pathways ranging from de novo
pyrimidine biosynthesis to fatty acid oxidation, making this molecule a metabolic hub'! (figure 1.3).
Because of its involvement in diverse branches of metabolism, ubiquinone can serve as a
barometer for the energetic status of the cell with changes in ubiquinone redox state reflecting

changes in nutrient abundance. Ubiquinone can be replenished by complex Ill which oxidizes

OH
2e + 2H* CH3/O H;C
\ - CHsvg XY IH
OH CHg )
Ubiquinone Ubiquinol

Figure 1.2 | Structure of ubiquinone and ubiquinol. Reaction depicting the reduction

of ubiquinone to ubiquinol.
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Figure 1.3 | Schematic depicting enzymatic reactions that donate electrons to
ubiquinone (Q). Abbreviations: glycerol-3-phosphate dehydrogenase (GPDH),
choline dehydrogenase (CHDH), proline dehydrogenase (PRODH), sulfide quinone
oxidoreductase (SQR), glutathione (GSH), glutathione persulfide (GSSH),
dihydroorotate  dehydrogenase = (DHODH), electron transfer flavoprotein
dehydrogenase (ETFDH)
ubiquinol to produce ubiquinone'?13. Complex Ill passes these electrons to cytochrome C while
transferring protons across the mitochondrial inner membrane. The coupling of electron transfer
to proton translocation allows ubiquinone to serve as a central electron shuttle and establish the
proton gradient, which is required for ATP synthase activiety'®. Thus, the oxidation of ubiquinol is
dependent on the proton motive force and subsequently ATP demand, while the reduction of
ubiquinone is determined by metabolic flux's. A high ratio of ubiquinol to ubiquinone indicates an
energetic imbalance, signaling a discrepancy in electron supply and demand. Additionally, the

regeneration of ubiquinone is contingent on oxygen being able to serve as the final electron



accceptor®. Thus, the redox status of ubiquinone reflects the bioenergetic status of the cell by
integrating nutrient abundance, ATP demand, and oxygen availability. Because succinate
oxidation is coupled to the reduction of ubiquinone, changes in intracellular succinate
concentrations reflect the redox status of the ubiquinone pool and thus the bioenergetic status of
the cell. Imbalances in energy supply and demand result in the accumulation and secretion of
succinate'7-20,
Succinate accumulation in health and disease

Succinate is a dynamic metabolite, whose abundance changes rapidly in response to a
wide array of interventions. Accumulation of intra- and extracellular succinate can signify
metabolic distress, or a discrepancy in nutrient supply and demand. Succinate concentrations can
be used as a biomarker for numerous physiological and pathophysiological states. For example,
elevated serum succinate is associated with metabolic disorders like obesity, type Il diabetes, and
hypertension3621. The increase in extracellular succinate associated with obesity is thought to
originate from succinate-producing strains of microbiota residing in the gut that are enriched in
obese individuals®. Moreover, serum succinate levels are a good predictor of poor metabolic
health. Extracellular succinate concentrations positively correlate with serum triglyceride levels,
visceral fat abundance, and blood pressure®. In patients who have undergone bariatric surgery,
serum succinate levels negatively correlate with type Il diabetes remission??. Succinate
accumulation is also a signature of tissue ischemia, with concentrations increasing 3 — 19-fold
compared to non-ischemic controls'. In fact, plasma succinate concentrations following
myocardial infarction correlate with the extent of ischemia experienced?3. The rapid oxidation of
succinate upon reperfusion contributes to ischemia-reperfusion induced injury through the
production of reactive oxygen species (ROS) by reverse electron transport at complex 17,

Succinate accretion also has immunomodulatory effects. Previous findings report succinate
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Figure 1.4 | SUCNRT1 is coupled to Gai, Gag, and Gas subunits. SUCNR1 signaling, when

coupled to Ga;, results in the inhibition of adenylyl cyclase (AC) which causes a decrease in
cyclic-adenosine monophosphate (CAMP) and inhibition of protein kinase A (PKA). Contrarily,
Gas signaling activates AC and stimulates PKA signaling. Signaling through Gaq activates
phospholipase C beta (PLCB) which cleaves phosphatidylinositol 4,5-bisphosphate (PIP-) to
form inositol triphosphate (IPs) and diacylglycerol (DAG), which results in the activation of

protein kinase C (PKC).

accumulation promotes the production of pro-inflammatory cytokine interleukin-13 (IL-18), in
lipopolysaccharide (LPS)-stimulated macrophages 824,

Elevated succinate is not always associated with pathophysiological states. For instance,
succinate naturally accumulates in the retina, a chronically hypoxic niche within the eye.
Accumulated succinate is transported to the neighboring retinal pigment epithelium where it is

used as fuel?>. Additionally, succinate released by shivering muscles in the neck during cold



exposure results in succinate accumulation in BAT and promotes thermogenesis, highlighting
another benefit of increased succinate?s. Perhaps most notably, increased succinate is a hallmark
of exhaustive exercise*?7-2°, Researchers observed increased plasma succinate immediately
following high-intensity treadmill running, in humans, with concentrations peaking at 125 uM*.
Moreover, plasma succinate concentrations following exercise can be a good predictor of athletic
performance. Plasma metabolomics performed on marathon runners immediately following
running observed a positive correlation between plasma succinate and running speed, suggesting
a benefit of succinate release?’.

While extracellular succinate has been well-documented, the mechanism of succinate
transport is unknown. In fact, many believe extracellular succinate to be purely a result of non-
specific cell damage. However, we have evidence to believe the contrary; succinate transport is
selective. We hypothesize that succinate release and uptake are induced by transient changes in
pH driven by physiological events (e.g. exercise, cold exposure). This hypothesis is further
explored in chapters two and three of this dissertation.

Contribution of SUCNR1-succinate signaling to metabolic disorders

The accumulation of succinate is not purely incidental. Succinate itself can influence
systemic health largely by activating SUCNR1 (figure 1.4). SUCNR1 is highly expressed on
metabolically active tissues like kidney, liver, and adipose tissue®°. This receptor is highly specific
for succinate and is not activated by other TCA cycle intermediates®'. Structurally similar
metabolites maleate and methylmalonate can engage the receptor but are 5 — 10 fold less potent
than succinate®. Moreover, succinate only serves as a ligand for SUCNR1 and does not bind to
or activate additional receptors?'. The half-maximal effective concentration (ECso) of succinate for
human SUCNR1 is between 28 — 56 uM3'. In healthy adults, plasma succinate concentrations
range from 1 — 10 uM, which is well below the required concentration for receptor activation33.

However, succinate can rapidly increase in response to metabolic perturbations, making



succinate signaling a possibility in these contexts. In fact, succinate-SUCNR1 signaling occurs
during many altered metabolic states and is a direct response to an elevation of extracellular
succinate. This is most prominent during metabolic disorders like obesity or type Il diabetes where
circulating succinate rapidly accumulates and remains elevated at concentrations allowing for
receptor activation35621. SUCNR1 is highly expressed on white adipocytes and macrophages,
two cell types that play a major role in obesity and type Il diabetes?'3034, Succinate-SUCNR1
signaling can exacerbate symptoms associated with these disorders leading to a worsened
prognosis. For example, succinate signaling inhibits lipolysis in white adipose tissue (WAT) and
leads to an increase in subcutaneous and epididymal tissue weight compared to SUCNR1 KO
mice30:35, Additionally, wild-type (WT) mice had increased levels of plasma cholesterol following
high-fat feeding, compared to SUCNR1 KO mice?'.

Succinate signaling also contributes to the progression of inflammation during metabolic
disorders. For example, SUCNR1 KO mice experienced less inflammation following high fat
feeding which was marked by reduced inflammatory gene expression and a decrease in
macrophages present in adipose tissue?'. Similar findings have been reported in non-alcoholic
fatty liver disease (NAFLD) where SUCNR1 KO mice experienced reduced liver inflammation
following western diet'. Additionally, succinate can serve as a chemokine, attracting innate
immune cells to sites of high succinate, in a SUCNR1-dependent manner'2'.34, Succinate is also
involved in the production of pro-inflammatory cytokine interleukin-1$ (IL-18), which occurs in a

SUCNR1-dependent and independent manner'8243436_|n these ways, succinate fosters a pro-
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Figure 1.5 | Schematic depicting the properties of white, beige, and brown
adipocytes. White adipocytes contain the least number of mitochondria, have the
greatest lipid content, and do not express UCP1. Brown adipocytes have the greatest
number of mitochondria, smaller lipid droplets, and express UCP1. Beige adipocytes
have an intermediary number of mitochondria and lipid droplets and can be induced to

express UCP1.

inflammatory environment by recruiting immune cells to sites of high succinate concentration and
by promoting inflammatory cytokine production. It should be noted that there have been conflicting
reports about the role of succinate signaling in the inflammatory response. Mice with a myeloid-
specific deletion of SUCNR1 experience an increase in pro-inflammatory cytokine transcripts in
liver, subcutaneous adipose tissue (SAT), and visceral adipose tissue, suggesting SUCNR1 has
an anti-inflammatory role in this setting®”. These contrary results likely arise from cell-type
differences in Ga subunit expression. SUCNR1 is thought to be coupled to Gai and Gog subunits
but new findings suggest the receptor can also couple to Gas subunits (figure 1.4)38. Succinate

signaling through Ga; and Gag is thought to promote inflammation while signaling through Gos is

10



believed to have anti-inflammatory effects®8. However, more work needs to be done to fully
understand the effects of Ga subunit expression and the downstream pathways involved in
SUCNR1-mediated inflammation.

BAT: a succinate sink

Chronic elevation of extracellular succinate contributes to the pathophysiology of several
metabolic disorders largely by increased SUCNR1 activation. Therefore, reducing aberrant
succinate signaling by lowering the concentration of circulating succinate is important. However,
the mechanism underlying succinate transport and how it is regulated is poorly understood. We
have previously observed beige and brown adipose tissue (BAT) to have a high capacity for
succinate sequestration'26, Brown adipocytes are specialized fat cells with thermogenic abilities
that are activated upon cold exposure. Brown adipocytes differ from white adipocytes in
mitochondrial content and lipid droplet morphology (figure 1.5)3°. Their thermogenic ability lies in
the activity of uncoupling protein 1 (UCP1). UCP1 is a mitochondrial protein that sits in the inner
membrane. During cold exposure, UCP1 is activated by fatty acids that are released from
triglycerides in response to norepinephrine stimulation of adrenoreceptors (figure 1.6). Once
activated, UCP1 dissipates the proton gradient established by complexes 1 and 3 of the electron
transport chain by allowing protons an alternative path into the mitochondrial matrix. Because
protons are no longer confined to pass through ATP synthase, BAT can futilely burn fuel
independently of ATP demand and generate heat.

While UCP1 activity is largely induced by adrenoreceptor agonism, succinate can also
increase the activity of this protein. During cold conditions, BAT readily imports circulating
succinate released by shivering muscles in the neck®. Once inside, succinate is rapidly
metabolized, producing reactive oxygen species (ROS) as a byproduct. This ROS reacts with

UCP1, leading to the sulfenylation of cysteine 253 on UCP12640, This modification heightens the
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activity of UCP1 resulting in increased thermogenic activity?640. Brown adipocytes, however, are
not the only cell type to express this protein. Beige adipocytes also express UCP1 and have
thermogenic abilities. These fat cells reside within white adipose tissue (WAT) depots (figure

Norepinephrine

O —

Succinate

Bs-adrenoreceptor

T@ ﬁ FA+—— &= 16

glycerol

Figure 1.6 | B-adrenergic signaling promotes thermogenesis by activating UCP1. During
cold exposure, sympathetic nerves innervating brown adipose tissue release norepinephrine
which stimulates Bs-adrenoceptors present on adipocytes. This leads to the activation of
adenylyl cyclase (AC) and promotes to conversion of ATP to cyclic AMP (cAMP). cAMP
activates protein kinase A (PKA) which phosphorylates lipolytic proteins adipose triglyceride
lipase (ATGL) and hormone-sensitive lipase (HSL). Phosphorylation of these proteins fosters
the conversion of triglycerides (TG) to fatty acids (FA). FA are released from lipid droplets and
enter mitochondria where the activate uncoupling protein 1 (UCP1). Increased UCP1 activity
generates heat. Additionally, succinate uptake during cold exposure heightens UCP1 activity,

largely through the production of reactive oxygen species (ROS).
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1.5)4" and can upregulate UCP1 expression upon cold exposure, although basally their
expression is similar to that of WAT*1.

Additionally, the sequestration of succinate by brown and beige adipocytes protects
against chronic inflammation associated with various metabolic disorders. For example, UCP1
knockout mice experienced increased liver inflammation following western diet and concomitantly
had an increase in succinate in the local, extracellular environment of the liver, compared to wild-
type mice'. The increased inflammation experienced by UCP1 knockout mice can be attributed
to an increase in succinate signaling resulting from the elevation of liver extracellular succinate,
where mice lacking both UCP1 and SUCNRT1 experienced less liver inflammation than their UCP1
counterparts’. While it is established that brown and beige adipocytes can readily uptake
circulating succinate and protect from succinate-induced inflammation, the mechanism of
succinate transport into these cells and the transporter(s) responsible remain unknown. How BAT
transports succinate, the proteins involved in this process, and the environmental conditions that
foster uptake will be explored in chapter three of this dissertation.

Succinate accumulation in exercising skeletal muscle

While BAT serves as a sink for circulating succinate, the source of extracellular succinate
remains largely unknown. However, many findings suggest that muscle is a major secreter of
succinate. In fact, during cold exposure, shivering muscles in the neck release a large amount of
succinate and significantly contribute to the extracellular pool?. Additionally, elevated plasma
succinate is a signature of exercise*?7-2%, This increase is most likely due to increased skeletal
muscle activity, the most energetically active organ during exercise. Metabolically, exercising
muscle is primed to accumulate succinate, mainly because of its low oxygen tension. During
exercise, ATP consumption dramatically increases in skeletal muscle to support increased
contraction. ATP turnover in working skeletal muscle during exhaustive exercise can increase

more than 100-fold compared to resting muscle*2. To meet this newfound demand, fuel utilization
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increases. The type of fuel consumed by working muscle is largely dependent on the intensity of
exercise. During lower intensity exercise, circulating free fatty acids liberated from adipose tissue
and glucose produced by the liver or obtained orally are predominantly used*3. As exercise
intensity increases, muscles rely mainly on glycogen stores to meet their metabolic demands#3.
This increase in skeletal muscle metabolism is highlighted by an increase in glycolysis,
mitochondrial respiration, and an accumulation of certain TCA cycle intermediates, one of them
being succinate?.

In addition to increased fuel utilization, more oxygen is consumed by exercising muscle
due to increased mitochondrial respiration. Even during submaximal exercise, oxygen
consumption increases rapidly with myoglobin, a specialized oxygen-binding molecule found in
skeletal muscle, desaturation rising to about 50%%. To support this increased oxygen
consumption, during exercise arteries vasodilate to deliver more blood to skeletal muscle while
blood flow to peripheral organs decreases. This allows for greater oxygen deliver to skeletal
muscle and supports increased ETC activity. However, there is a maximum amount of oxygen
that skeletal muscle can use during exercise. This is known as VO. max. VO: max is largely
dependent on genetics, age, and altitude. It can be improved with training and is positively
correlated with cardiovascular fitness and longevity#>46. VO» max is largely limited by the amount
of blood the heart can pump to the rest of the body, otherwise known as cardiac output*’. In a
study performed on healthy subjects who were subjected to three weeks of bed rest followed by
eight weeks of exhaustive endurance training, researchers found a ~25% decrease in cardiac
output following bed rest and a subsequent return to baseline levels following the training period.
Very little change in maximum oxygen uptake, arteriovenous oxygen difference, and heart rate
was observed*8. Since blood flow cannot meet the oxygen demands of exercising muscle, oxygen
tension drops almost 7-fold from 34 mmHg to 3 — 5 mmHg, rendering the tissue mildly hypoxic*e-

51, In fact, this drop in oxygen is enough to stabilize hypoxia inducible factor-1 alpha (HIF-1a), a
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transcriptional regulator activated during hypoxia that is responsible for the transcription of genes
involved in angiogenesis and erythropoiesis®2%3. This hypoxic environment fosters succinate
accumulation. Work done in aquatic, diving mammals reports an increase in succinate in working
muscles under low oxygen conditions54. The concentration of succinate is likely attributed to the
redox state of the ubiquinone pool. Succinate oxidation to fumarate is coupled to the reduction of
ubiquinone to ubiquinol. Under low oxygen conditions, ubiquinone cannot be replenished resulting
in an accumulation of succinate'”. While much evidence indicates that skeletal muscle
accumulates succinate, it is still unknown if skeletal muscle secretes succinate and if so, what the
transport mechanism may be. Moreover, the role of succinate signaling in muscle adaptation to
exercise is unexplored and localization of the receptor, SUCNR1, uncharacterized. The
mechanism of succinate secretion from exercising muscle and the role of succinate signaling in

muscle remodeling following exercise will be covered in chapter two of this dissertation.

Skeletal muscle adaptations to exercise

The benefits of exercise are far-reaching. Exercise lessens the likelihood of numerous
diseases including hypertension%s, type Il diabetes®®, obesity%”, coronary heart disease®s,
depression®, and breast cancert®. Some of the most notable effects of exercise can be seen in
skeletal muscle. Exercise improves muscle health and function which ultimately improves overall
health. Muscle mass and strength are good predictors of longevity and healthé'-63, While exercise
is ultimately beneficial for skeletal muscle, it is a strenuous process that incurs damage. Skeletal
muscle must undergo extensive remodeling to meet the energetic and mechanical demands of
exercise. These adaptations ultimately improve skeletal muscle health and function. Some of
these changes include but are not limited to angiogenesis, increased motor neuron innervation,
muscle hypertrophy, increased insulin sensitivity, and fiber type switching. These adaptations

allow muscle to meet the newfound demands of exercise and become more resistant to fatigue.
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The type of remodeling muscles undergo are largely dependent on the type of training and
frequency.
Vascular Remodeling

With the onset of exercise comes an increase in muscle contraction and subsequently
increased ATP consumption. To support this newfound ATP demand, skeletal muscles consume
more fuels and become more energetically active. As a result of this increased metabolic flux,
skeletal muscles utilize more oxygen to meet the increased energy demands. However, there is
a limit to how much oxygen skeletal muscles can consume, otherwise known as VO, max. To
overcome this limitation, skeletal muscles undergo angiogenesis and arteriogenesis, the
formation of new capillaries and arteries. Prolonged endurance and resistance training results in
structural changes to arteries, specifically increases in arterial diameter and decreases in arterial
wall thickness, mainly in the femoral and brachial arteries®4-¢7. These changes are triggered by
shear stress and radial pressure that blood vessels experience due to increased blood flow during
exercise®870, Shear stress stimulates the production of nitric oxide by endothelial cells which
initiates extracellular matrix (ECM) remodeling, leading to an enlargement of vessels™. This
increase in arterial diameter allows for an increase in blood flow and thus oxygen delivery,
allowing individuals to adapt to exercise.

At the other end of the vessel, exercise also stimulates an increase in capillaries. This is
stimulated by both endurance and resistance exercise”!-74. Angiogenesis can occur one of two
ways, through intussusception or sprouting. Intussusception involves the splitting of a single
capillary into two and is more commonly seen during development, while sprouting angiogenesis
is commonly seen following exercise and involves the budding of existing capillaries to form new
vessels’. At the center of exercise-induced angiogenesis is the pro-angiogenic factor vascular
endothelial growth factor (VEGF). Induction of VEGF protein and mRNA occurs following both

endurance and resistance exercise’®78. This increase in VEGF is thought to be partly mediated
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by the master transcriptional co-activator PPARY coactivator-1a (PGC-1a) which binds to the
nuclear receptor ERRa to promote the transcription of Vegf’®. VEGF binding to its receptor,
VEGFR-2, promotes the growth of new capillaries. The increase in capillaries allows for increased
diffusion of oxygen into skeletal muscles, allowing the organ to better meet the demands of
exercise. Moreover, capillarity has also been positively associated with critical power, or the
maximum power output that can be sustained with time?®°.

Fiber type switching

Muscle fibers are comprised of many contractile proteins that work in concert to generate muscle
contractions. Two proteins that play a large role in this process are actin and myosin (figure 1.7).
Together these proteins generate muscle contraction when they slide past one another resulting

in a shortening of the sarcomere?'. The force generated by muscle fibers and how resistant they

Skeletal Muscle
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M line

Figure 1.7 | Organization of muscle fiber. Skeletal muscle is comprised of multiple
muscle fibers that consist of bundles of myofibrils. Each myofibril contains numerous
sarcomeres which are the smallest contractile unit of skeletal muscle. This image was

created with BioRender.
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are to fatigue are variable and are dependent on the isoforms of actin, myosin, and other
contractile proteins, such as tropomyosin, and troponin, expressed in the muscle®. Muscle fibers
can be broadly divided into two categories: type | and type Il. Type | fibers, also known as slow
twitch fibers, are highly oxidative, slower contracting, and less powerful®. The slower contractions
of these fibers allow them to be more resistant to fatigue. Slow twitch fibers are primarily involved
in endurance and other exercises where the mechanical load is low, but the duration of exercise
is long®-86. These fibers are rich in mitochondria and myoglobin, allowing them to be more
oxidative. Conversely, type Il fibers, also known as fast twitch fibers, are quick contracting and
more powerful. There are two classes of fast twitch fibers in humans: lla and lld/x. Type lla fibers
are highly oxidative while type Ild/x fibers are glycolytic®. In mice there exists an additional fiber
type, type llb, which are even faster contracting and more glycolytic than type lld/x fibers8”. Fast
twitch muscle fibers mainly participate in explosive, powerful muscle contractions, like those
associated with resistance exercise, and are more prone to fatigue compared to slow twitch fibers.
Muscle fibers are often classified by the myosin heavy chain (MyHC) isoforms that they express.
Skeletal muscles commonly exist in a mixed state with both type | and type Il fibers present.
However, certain muscles, like the soleus, while mixed, predominantly express a singular fiber
types8. While debated, many studies support the notion that fibers can switch between types, with
exercise being the preeminent initiator of this process. Endurance exercise promotes the
expression of slow-twitch fiber genes and the conversion of glycolytic fibers to oxidative8-93.
These adaptations prime the muscle for future bouts of prolonged, low-mechanical load exercise.
This is best highlighted by the higher proportion of type | fibers present in endurance athletes
compared to the average individual®+-86,

Motor Neuron Adaptations
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Increased strength is one of the most noticeable adaptations to exercise. It allows the
muscle to become more resistant to fatigue and produce more power. This adaptation is driven
by resistance exercise®%. In fact, elderly individuals that performed just one resistance exercise

workout per week for weeks gained approximately a 40% in-
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Figure 1.8 | Skeletal muscle contraction. Binding of calcium to troponin causes shifting of
tropomyosin, resulting in the exposure of myosin binding sites on actin. The head of myosin
hydrolyzes bound ATP to ADP and inorganic phosphate (P;). The hydrolysis allows myosin to
bind actin with ADP and P; still attached. ADP and P;detach from myosin causing the myosin
head to move to a cocked position and the bound actin to move along with it. This is known as
the power stroke. Contraction ends with ATP binds myosin, causing the protein to detach from

actin and move to a relaxed state.

ease in strength®. While there are numerous factors that contribute to increased strength,
neurological adaptations are perhaps the most notable. Motor neurons play an integral role in
muscle contraction. Contraction is initiated when motor neurons release the neurotransmitter
acetylcholine (ACh) into the neuromuscular junction®'. The binding of ACh to nicotinic receptors
present on the surface of skeletal muscle ultimately causes myosin and actin filaments to slide
past each other resulting in the shortening of the sarcomere, the contractile unit of skeletal muscle

(figure 1.8)%. Contraction ends when acetylcholinesterases degrade ACh and sarcoplasmic
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reticulum Ca*2>-ATPase (SERCA) transports calcium ions from the cytosol to sarcoplasmic
reticulum®?1%_ Typically, one motor neuron innervates many muscle fibers and together they are
referred to as a motor unit. A key factor that determines the strength of muscle contraction is how
many motor units are recruited to participate in the contraction'®’. That is, how many motor
neurons fire and signal to muscle fibers. In fact, during the early months of training there is an
increase in neuronal activity as measured by electromyography (EMG), suggesting an increase
in the number of fibers recruited for contraction'021%_ This increase in central nervous system
activity plays a major role in strength. In fact, imagined muscle contractions resulted in
approximately a 20% increase in plantar flexor torque and elbow flexor strength following a 7 — 8-
week training period'07.108, Additionally, exercise is a potent regulator of neuronal growth and
promotes re-innervation of skeletal muscles that have undergone peripheral nerve lesions'09.110,
While the effects of exercise on the central nervous system are well established, the mechanism
underlying these changes and the signaling molecules involved in mediating these adaptations
remain poorly understood. This will be explored in chapter two of this dissertation.
Muscle Hypertrophy

In addition to neuronal adaptations, skeletal muscle hypertrophy, the increase in muscle
mass, significantly contributes to increased strength following resistance training. However,
hypertrophy is typically only observed after several months of training while neuronal adaptations
are seen during the initial period of training'%s. Hypertrophy is distinct from hyperplasia, the
formation of new muscle fibers, and is marked by an increase in fiber cross-sectional area (CSA),
resulting from an increase in myofibrils or an enlargement of the sarcoplasm''. Immediately
following a single bout of exercise, mRNA transcript levels of numerous genes rise and return to
baseline several hours following cessation of exercise*. As exercise training continues, these
short-lived increases in mRNA transcript levels result in a more stable elevation and ultimately

leads to an increase in protein synthesis*®. Numerous growth factors and cytokines can initiate
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the hypertrophic process. Some of the most notable of these external signals include insulin
growth factor-1 (IGF-1) and the pro-inflammatory cytokine interleukin-6 (IL-6). IGF-1 serum levels
rise following acute and prolonging endurance and resistance exercise''2'4. The increase in IGF-
1 following exercise is partly mediated by an alternative isoform of PCG-1a, PGC-1a4. PGC-1a4
plays a significant role in the hypertrophic process and regulates the transcription of Igf-1115. Mice
that overexpressed PGC-1a4 showed ~60% increase in fiber CSA'5. Binding of IGF-1 to its
receptor, IGF-1 receptor, ultimately results in the activation of the master anabolic regulator,
mammalian target of rapamycin (mTOR), which is required for skeletal muscle hypertrophy. When
this protein is inhibited, hypertrophy is blocked.'16

In addition to myogenic signaling pathways, satellite cells, a muscle specific stem cell, are
thought to play a key role in muscle hypertrophy. Satellite cells are governed by external signaling
molecules, namely cytokines, and possess the ability to differentiate and form new myotubes. The
exercise-responsive cytokine, IL-6 is a prominent regulator of satellite cell proliferation while the
anti-inflammatory cytokine IL-10 promotes their differentiation, which may be mediated by
macrophages''7-119, In fact, genetic depletion of IL-6 in mice resulted in a reduction in fiber CSA
and a decrease in satellite cell proliferation''®. The new myotubes formed by activated satellite
cells can fuse to existing myofibers, contributing to an increase in myofiber volume and myonuclei
number, a process known as myonuclear accretion’. Myonuclear accretion is stimulated by
exercise and often contributes to hypertrophy'2'-123, The exact mechanism underlying this process
is poorly understood but is thought to be attributed to an increase in the amount of mRNA
transcribed'*. An increase in myonuclei is commonly seen following both prolonged resistance
and endurance training, however, endurance training fails to elicit a hypertrophic response despite
the increase in myonuclear number'23. While myonuclear accretion is not typically seen following
a single acute bout of exercise, this process can occur as quickly as two weeks following training.

In fact, two weeks of high intensity interval training (HIIT) resulted in an increase in myonuclei
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present on muscle fibers'22. Overall, muscle hypertrophy allows individuals to meet subsequent
bouts of resistance exercise and handle increased mechanical load.
Adaptations in glucose metabolism following exercise

Exercise is a bioenergetic process that relies on the generation of ATP through the
oxidation of fatty acids and carbohydrates. Hydrolysis of ATP fuels muscle contraction and is
required for proper muscle function. During intense exercise, the rate of ATP demand can rise
more than 100-fold*2. Muscle fatigue occurs when skeletal muscles cannot re-synthesize ATP
quick enough to meet the demand'?5. ATP depletion during exercise is most pronounced in
glycolytic, fast-twitch type lld/x fibers that express fast-twitch myosin isoforms with the greatest
ATPase activity®7.126.127 However, continued exercise training induces adaptations that allow
skeletal muscles to circumvent this limitation. One notable adaptation seen with prolonged
exercise is increased glucose uptake'8-131, Exercise induced glucose uptake is largely executed
by increased glucose transporter type 4 (GLUT4) translocation to the plasma membrane32.133, |n
addition to GLUT4 translocation, exercise increases the sensitivity of skeletal muscles to
insulin'3+138_ The effects of exercise on glucose uptake and insulin sensitivity are quite profound.
A single bout of running can improve glucose uptake up to 48 hours following exercise'.
Moreover, this adaptation ameliorates metabolic disorders like type Il diabetes. In fact, diet
combined with exercise is the best known intervention for type Il diabetes#0. However, there is a
subpopulation that does not show improved glucose uptake following exercise. The mechanism
for this lack of response is poorly understood'41.142,
Role of accessory cells in muscle remodeling

While muscle fibers contribute to most of the biomass of skeletal muscle, numerous non-
myofibrillar cells reside within the muscle. Some of these cell types include macrophages,
regulatory T-cells (Tregs), stromal cells, endothelial cells, and satellite cells. These cells play a

major role in muscle repair following damage caused by acute trauma as well as exercise-induced
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muscle injury, which is often seen following intense or unaccustomed exercise'43146. Immune cells
play a particularly important role in the regenerative process following muscle damage. At the
onset of injury, tissue-resident macrophages recruit circulating neutrophils to the site of damage
through the secretion of cytokine-induced neutrophil chemoattractant (CXCL1) and monocyte
chemoattractant protein 1 (MCP-1)'47.148, Neutrophil infiltration is necessary for proper muscle
regeneration to occur. When neutrophils are depleted from the circulation, muscle repair is
hindered'#°. Once in the muscle, neutrophils further the inflammatory environment by recruiting
pro-inflammatory macrophages and monocytes'®. The inflammatory environment of damaged
skeletal muscles conditions recruited macrophages and monocytes to a pro-inflammatory
signature. These pro-inflammatory macrophages and monocytes release more pro-inflammatory
cytokines like tumor necrosis factor-alpha (TNF-a), IL-13, and interferon-gamma (IFN-Y). These
release of IL-1B stimulates the production of anti-inflammatory cytokines IL-10 and transforming
growth factor-beta (TGF-B). This new anti-inflammatory environment causes macrophages adopt
an anti-inflammatory phenotype and secrete more IL-10 and TGF-f3, thus resolving the initial
inflammatory response '5'. The initial inflammation seen following injury is not purely incidental, it
is in fact required for proper muscle growth. When inflammation is blocked by non-steroidal anti-
inflammatory drugs (NSAIDS), subjects experienced reduced muscle hypertrophy and strength
following 8-weeks of resistance training'2. The influence of inflammation on muscle regeneration
is thought to be mediated by satellite cells. Pro-inflammatory cytokines foster the proliferation of
these stem cells while anti-inflammatory cytokines promote their differentiation into new
myofibrils. For example, the pro-inflammatory cytokine IL-6 promotes satellite cell proliferation
while the anti-inflammatory cytokine interleukin-4 (IL-4) supports satellite cell fusion9.153, Tight
control of the inflammatory response is required for proper muscle regeneration to occur. When
IL-10 is prematurely expressed in fibers, muscle regeneration is impaired highlighted by a

reduction in fiber CSA'4. In addition to macrophages, Tregs are also instrumental in the
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regenerative process. These immune cells are key regulators of both the inflammatory response
and the satellite cell niche%5.

Another cell type central to muscle regeneration is the stromal cell. These cells are
bipotential stem cells that possess the ability to differentiate into either fibroblasts or adipocytes¢-
158 Stromal cells participate in the regenerative process by clearing debris following injury which
is a prerequisite for muscle growth'®°. These stem cells also foster the differentiation of satellite
cells by promoting an anti-inflammatory phenotype in macrophages'é°. Additionally, stromal cells
play a prominent role in extracellular matrix (ECM) remodeling. These cells can regulate the
expression of specialized ECM degrading enzymes, metalloproteinases, thus preventing fibrosis
and promoting satellite cell migration and differentiation’'. While it is evident that non-
parenchymal cells are crucial for muscle repair, their role in non-damaging exercise and
adaptation to exercise is poorly defined. Moreover, how exercising muscle signals to these cell
populations is not understood. These questions will be addressed in chapter two of this
dissertation.

Conclusion

The coupling of succinate oxidation to the reduction of ubiquinone allows succinate to
serve as a gauge for the redox status of the limitedly mobile ubiquinone pool, making succinate
a prime bioenergetic signal that relays the nutrient and oxygen status of the cell. Understanding
the role of succinate and succinate signaling during physiological events such as exercise can
offer greater insight into how cells and tissues communicate with their environment to adapt to
environmental stressors. In this dissertation, | uncover the role of succinate and succinate
signaling in muscle adaptation to exercise and elucidate the mechanism of succinate transport in
skeletal muscle and brown and beige fat. Overall, the findings from this work highlight the
importance of metabolites as signaling molecules and offer a better understanding of how skeletal

muscle adapts to bioenergetic stress.
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Abstract

Skeletal muscle remodeling, following exercise, requires the participation of numerous
non-myofibrillar cells that reside within the muscle milieu. This process is coordinated by paracrine
factors released by working skeletal muscle that communicate with these populations to initiate
remodeling. We identify the tricarboxylic (TCA) cycle intermediate, succinate, as an exercise-
responsive metabolite that is selectively secreted by skeletal muscle during exercise. Selective
secretion of succinate is mediated by the transient protonation of the metabolite that occurs due
to acute cytosolic acidification during exercise (figure 2.1). Protonation of succinate transforms
the metabolite from a dicarboxylate to a monocarboxylate, making it amenable for secretion via

monocarboxylate transporter 1 (MCT1). Once secreted, succinate engages its cognate receptor,
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Figure 2.1 | Schematic depicting succinate

release from skeletal muscle.
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succinate receptor 1 (SUCNR1), which is localized exclusively to non-myofibrillar cells, and
initiates transcription of muscle-remodeling pathways. Succinate signaling is required for
exercise-induced innervation, extracellular matrix remodeling, and increased strength following
training. Overall, we identify succinate as an exercise-responsive metabolite that relays the
bioenergetic status of contracting muscles to the surrounding environment and facilitates

exercise-induced muscle adaptation.

Introduction

Skeletal muscle remodeling following exercise has many beneficial effects on systemic
health. This process is mediated by paracrine factors secreted by contracting muscle fibers and
involves the participation of non-parenchymal cells that reside within the muscle tissue. These
cell populations facilitate angiogenic, neurotrophic, and myogenic signaling pathways that underly
muscle adaptation to exercise. How these processes are initiated following exercise remains
poorly understood. Metabolite concentrations change rapidly and metabolite signaling can occur
quickly, making this signaling modality amenable to muscle remodeling, which occurs shortly
following exercise®”. We hypothesize that exercising muscle selectively secretes key metabolites
during exercise that signal to the surrounding environment to initiate the remodeling process.

We performed metabolomics on exercised tibialis anterior (TA) skeletal muscle, TA
extracellular fluid, and plasma to identify exercise-responsive metabolites that are secreted by
muscle. Through this analysis we show that skeletal muscle selectively releases the mitochondrial
metabolite succinate during exercise. Acute decreases in cytosolic pH, due to altered muscle
metabolism, drive exercise-induced succinate release. Cytosolic acidification promotes the
protonation of succinate, transforming the metabolite from a dicarboxylate to a monocarboxylate.

Protonated succinate is now amenable for transport via monocarboxylate transporter 1 (MCT1).
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Once secreted, succinate engages its cognate receptor, succinate receptor 1 (SUCNR1). We
show this receptor to be exclusively localized to non-myofibrillar cells in skeletal muscle.
Succinate signaling initiates the transcription of several remodeling pathways, and is critical for
innervation, extracellular matrix remodeling, and increased strength seen following training.
Additionally, we observe a significant correlation between peak femoral vein succinate abundance

and post-exercise insulin sensitivity, in humans.

Results

Mouse and Human Muscle Secrete Succinate during Exercise

Using a comparative metabolomics approach, we determined which metabolites are
selectively secreted by skeletal muscle, in vivo (figure 2.2a). We subjected wild-type (WT) mice
to a single bout of acute treadmill running which is known to initiate muscle remodeling and
promote systemic health benefits*7. Mice either walked on a treadmill or ran till exhaustion.
Immediately following running, the tibialis anterior (TA) muscle, which is engaged during this
exercise, was harvested®. Additionally, the extracellular fluid (figures S2.1a and S2.1b) and
plasma were also collected. We then filtered metabolites based on the following criteria: (1)
metabolite increases extracellularly following exercise (figure 2.2b; see figures S2.1a and S2.1b
and methods for a description of interstitial fluid isolation and quality control [QC]); (2) metabolite
is enriched in the extracellular fluid compared to bulk muscle (figure 2.2c); (3) metabolite
preferentially accumulates in the local extracellular environment compared to bulk plasma (figure
2.2d). Metabolites that fulfilled all three criteria were deemed to be a signature of exercise-
responsive metabolite release. Only one metabolite fulfilled these criteria: the mitochondrial

metabolite, succinate. We also performed this analysis in gastrocnemius (GA) muscle, another
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major muscle engaged with exercise. We see a similar pattern of succinate accumulation in this

muscle (figure 2.2e — 2.29).
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Figure 2.2 | Succinate is selectively secreted by exercising skeletal muscle in both
mice and humans. (a) Comparative metabolomics approach to identify locally released
metabolites. (b —d) Summary of results from comparative approach. Metabolites that fulfilled
a criterion are highlighted in black, while metabolites that fulfill all three criteria are indicated
in red. (b) Relative enrichment of metabolites in the extracellular fluid following exercise.
Metabolites that were log. fold change = 1 and -logio p-value > 3 were considered to be
preferentially accumulated (n = 8). (c) Post-exercise fold change of each metabolite in
extracellular fluid vs. muscle tissue (n = 8). (d) Relative enrichment of metabolites in
extracellular fluid vs bulk plasma (n = 8). Selectively enriched metabolites in the extracellular
fluid were defined as log- fold change = 1 and -logio p-value > 3. (e) Selective enrichment of
succinate in the extracellular fluid of tibialis anterior (TA) and gastrocnemius (GA) muscle

post-exercise, not observed in whole muscle (n = 8).
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Figure 2.2 | Succinate is selectively secreted by exercising skeletal muscle in both
mice and humans (cont.). (f) Enrichment of succinate in extracellular fluid compared to
whole muscle, post-exercise (n = 8). (g) Succinate preferentially accumulates in the
extracellular fluid of TA and GA muscle compared to bulk plasma (n = 8). (h) Experimental
setup to determine succinate concentration in humans during exercise. (i) Succinate
concentration in femoral vein and femoral artery in humans during and following exercise (n
=10). (j) Femoral artery-vein difference of succinate in humans during and following exercise
(n = 10). (k) Relative abundance of mitochondrial metabolites in extracellular fluid, post-
exercise, compared to abundance of metabolite in muscle, post-exercise (n = 8).

Data are represented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.005 (two-tailed
Student’s t test for pairwise comparisons, one-way ANOVA for multiple comparisons

involving one independent variable).

We next examined if succinate secretion occurs in humans during exercise. We recruited

10 healthy, non-obese, hon-smoker male subjects 25 — 30 years old. Participants were catharized

in their femoral artery and vein to allow for sampling of blood during and following exercise as

described Kleinert et al., 2018°. Subjects exercised on a bike ergometer at 67% VO. max for 60

min followed by a 30 min recovery period (figure 2.2h). Succinate concentrations rapidly rose

upon exercise to ~200 uM in the femoral vein, and quickly renormalized during recovery (figure

2.2i). Increases in succinate in the femoral vein and artery mirrored an increase in lactate that

was also observed (figure S2.1c). The arterial-venous (A-V) difference of metabolite abundance

is a benchmark to determine if a tissue is a consumer or producer of a given metabolite'®. During

exercise, the A-V difference of succinate quickly decreases and then renormalizes upon recovery,

indicating that exercising muscle is a source of succinate (figure 2.1j and figure S2.1d). Together,

these data demonstrate that, in mice and humans, exercising muscle releases succinate.
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Cytosolic acidification drives succinate secretion from muscle cells via MCT1

Selective secretion of succinate from skeletal muscle was unexpected since mitochondrial
dicarboxylates, like succinate, are traditionally thought to be impenetrable to most plasma
membranes'!-14. However, extracellular succinate concentrations are dynamic and rapidly
increase in response to many physiological events such as hypoxia, exercise, and cold
exposure'+16. Because succinate is thought to be exclusively intracellular, its accumulation
extracellularly is thought to be a result of cell rupture'”.

However, this view is inconsistent with what we observe. We do not detect a general
increase in all mitochondrial metabolites (figure 2.1k) nor do we see an accumulation of other
known intracellular metabolites (figure S2.1e), which disputes the notion of general cellular
leakage. Succinate secretion was specific to this mitochondrial metabolite, with structurally similar
metabolites not accumulating (figure 2.1k). To understand the difference between succinate and
other TCA cycle intermediates that allows for its secretion, we compared the chemical properties
of succinate to other mitochondrial dicarboxylates. We noted that succinate had a high
monorcarboxylic acid dissociation constant (pKa) compared to other intermediates (figure 2.2a
and 2.2b). This property of succinate would allow for a significant portion of the succinate pool to
exist in the monocarboxylate form during exercise. The cytosolic pH of exercising muscle has
been reported to drop to 6.4 — 6.8 depending on the intensity of the exercise, and quickly
alkalinizes upon recovery'8-20, Therefore, we hypothesized that the monocarboxylate form of
succinate may be the form being secreted during exercise (figure 2.2c).

To test this hypothesis, we first determined if perturbations that drive cytosolic acidification

can promote succinate secretion from skeletal muscle cells. Cytosolic acidification during exercise
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Figure S2.1 | Metabolite Profiling of Mouse and Human Exercise Samples and
Characterization of pH-Dependent Succinate Release (cont). (b) contamination from
intracellular metabolites (n = 8). (c) Lactate concentration in femoral artery and vein in humans
during and following exercise (n = 10). (d) Femoral arterial-venous difference of lactate in
humans during and following exercise (n = 10). (e) Relative abundance of intracellular
metabolites in extracellular fluid compared to whole muscle following exercise. Intracellular
metabolites are not detected in extracellular fluid following exercise, indicating an absence of
non-specific release of metabolites (n = 8). (f) Equilibration of cytosolic pH to acidic
extracellular environment potentiates succinate release by atpenin A5 (n = 6). (g) Cytosolic
alkalization driven by monensin increases intracellular succinate (n = 6). (h) Cytosolic
alkalization driven by monensin inhibits mitochondrial respiration (n = 20). (i) Incubation of TA,

EDL, and soleus muscle, ex vivo, in high-glucose buffer promotes succinate release by atpenin

Data are represented as mean =+ s.e.m. *xp < 0.01; ***p < 0.005 (two-tailed Student’s t test
for pairwise comparisons, one-way ANOVA for multiple comparisons involving one

independent variable).

is a result of increased glycolysis and lactate production occurring partly due to local hypoxia'8-20,
In fact, subjecting muscle cells to hypoxia drives cytosolic acidification'®2'. Hypoxia was sufficient
to drive selective succinate release from skeletal muscle cells (figure 2.2d). Additionally, treating
cells with mitochondrial inhibitors to increase glycolytic flux resulted in a decrease in cytosolic pH
(figure 2.2e) and fostered succinate secretion from skeletal muscle cells (figure 2.2f and 2.2q).
We also used the small molecule 5-(N-ethyl-N-isopropyl) amiloride (EIPA) to equilibrate the
intracellular pH of cells to acidic medium (pH = 6.4). This resulted in a modest release of succinate

(figure S2.1f). However, when we administered atpenin A5 to inhibit oxidative phosphorylation in
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combination with EIPA, we observe a significant release of succinate (figure S2.1f). These
findings indicate a succinate gradient across the plasma membrane in addition to cytosolic pH is
required for succinate transport in skeletal muscle cells.

Next, to determine the necessity of cytosolic acidification for succinate release, we treated
cells with the small molecule monensin, a sodium/proton antiporter that can alkalinize cytosolic
pH (figure 2.3h)?2. Monensin administration in combination with atpenin A5 inhibited cytosolic
acidification and attenuated succinate release (figure 2.3i). Inhibition of succinate release by
monensin resulted in an accumulation of intracellular succinate (figure S2.1g) and a decrease in
mitochondrial respiration (figure S2.1h). Similarly, treating cells that have been subjected to
hypoxia with monensin resulted in a decrease in succinate release (figure 2.3k). Next, we wanted
to determine if pH-dependent succinate release occurs in intact muscle. We incubated isolated
TA, extensor digitorum longus (EDL), and soleus muscle in high glucose media, ex vivo, to
increase glycolytic flux and drive lactate production. High glucose media was sufficient to drive
succinate release in TA, EDL, and soleus muscle (figure S2.1i). This response was potentiated
by the addition of atpenin A5 in TA and EDL tissue (figure S2.1i). We then examined the pH
dependency of succinate release in EDL by administering monensin in combination with atpenin
A5. Monensin, when administered with atpenin A5, significantly attenuated succinate release
(figure 2.3l).

To further elucidate the mechanism underpinning succinate secretion in skeletal muscle
cells and tissue, we sought to identify the transporter that mediates this process. Using proteomic
mass spectrometry (MS) we determined which plasma membrane proteins are highly expressed
on TA and GA tissue, skeletal muscles that are capable of transporting succinate (figure 2.2e).

The canonical plasma membrane dicarboxylate transporter, solute carrier family 13 member 3
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Figure 2.3 | Cytosolic acidification drives succinate secretion. (a) Schematic depicting the
pKa of mitochondrial dicarboxylates and abundance of protonated metabolite at various
physiological pH conditions. (b) Relationship between pKa and metabolite abundance in (b)
extracellular fluid (n = 8). (c) Schematic depicting the proposed mechanism of succinate
secretion. (d) Mitochondrial carboxylate abundance in media following C2C12 myoblast
hypoxia (n = 6). (e) Inhibition of mitochondrial respiration by antimycin A or atpenin A5 causes
cytosolic acidification in C2C12 myoblasts (n = 4). (f) Promotion of glycolysis through acute
inhibition of oxidative phosphorylation with antimycin A drives succinate release from C2C12
myoblasts (n = 6). (g) Promotion of glycolysis through acute inhibition of oxidative
phosphorylation with atpenin A5 drives succinate release from C2C12 myoblasts (n = 6). (h)
Schematic depicting the mechanism of monensin. (i) Monensin prevents cytosolic acidification
caused by inhibition of oxidative phosphorylation with atpenin A5 in C2C12 myoblasts (n = 4).
(j) Monensin attenuates succinate secretion driven by inhibition of mitochondrial respiration
with atpenin A5 in C2C12 myoblasts (n = 6). (k) Monensin attenuates hypoxia-induced
succinate secretion in C2C12 myoblasts. pH values denote extracellular pH clamp (n = 6). (l)
Monensin inhibits succinate release driven by inhibition of mitochondrial respiration with
atpenin A5, ex vivo, in EDL muscle (n = 5).

Data are represented as mean + SEM. *p or #p < 0.05, *xp < 0.01, *+xp or ###p < 0.005 (two-
tailed Student’s t test for pairwise comparisons, one-way ANOVA for multiple comparisons
involving one independent variable). # label significance assessed by ANOVA when comparing

to a condition other than control.
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was not detected on TA or GA tissue?3. Of the ~3800 proteins quantified, only two were known
transporters of carboxylates: monocarboxylate transporter 1 (MCT1) and monocarboxylate
transporter 4 (MCT4) (figure 2.4a). MCT1 and MCT4 are not thought to transport succinate and
instead facilitate the transport of small monocarboxylates like lactate and pyruvate?*. Given the
pH dependency of succinate transport, we hypothesized that skeletal muscle could selectively
transport the monocarboxylate form of succinate (figure 2.4b). This selectivity could explain the
pH dependency for succinate secretion. Genetic depletion of MCT1 with small interfering RNA
(siRNA) resulted in a decrease in succinate release following induction of cytosolic acidification
with atpenin A5 (figure 2.4c, S2.2a, and S2.2d). This response was absent in cells not subjected
to cytosolic acidification (figure 2.4c). siRNA-mediated knockdown of MCT2 or MCT4 did not
significantly reduce succinate secretion (figure 2.4c and S2.2b — S2.2c). Based on these findings,
we treated cells with established MCT1 inhibitors all of which attenuated succinate secretion
driven by cytosolic acidification (figure 2.4d — 2.4f and S2.2e)?*. Similarly, chemical inhibition of
MCT1 reduced hypoxia-induced succinate secretion (figure 2.4g). Pharmacological inhibition of
MCT1 in EDL muscle, ex vivo, decreased succinate secretion driven by increased glycolytic flux
(figure S2.2f) and inhibition of mitochondrial respiration (figure S2.2g).

We next directly examined the ability of MCT1 to transport succinate by expressing
recombinant, human MCT1 in Xenopus oocytes. This system allows for the expression of
functional MCT1 protein on the plasma membrane and has been used to determine the transport
capabilities of the protein2526, Using this reductionist system, we observe MCT1 facilitated
succinate transport at pH 6.4 (figure 2.4h and S2.2h — S2.2i). Transport in MCT1 expressing
oocytes was blocked with MCT1 inhibitors (figure 2.4i). Notably, the rate of succinate transport is
slower than that of lactate, in this system (figure S2.2j). This is in line with previous reports that

show MCT1 has a preference for lactate over other transport substrates and illustrates that the
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capacity for MCT1-facilitated transport of succinate is lower in comparison to its traditional
substrate?’. Together these data demonstrate that MCT1 facilitates transport of succinate in a pH

dependent manner (figure 2.4b).
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Figure 2.4 | pH-dependent secretion of succinate. (a) Schematic depicting total number of
proteins identified in TA and GA muscle and candidate transporters of succinate. (b) Proposed
mechanism of MCT1-mediated succinate release during exercise. (c) Genetic depletion of
MCT1 in C2C12 myoblasts abrogates succinate secretion induced by cytosolic acidification
with atpenin A5 (n = 6). (d) Pharmacological inhibition of MCT1 with AZD3965 in C2C12
myoblasts attenuates succinate release induced by cytosolic acidification with atpenin A5 (n
= 6). (e) Chemical inhibition of MCT1 with AR-C155858 in C2C12 myoblasts abrogates
succinate release induced by cytosolic acidification with atpenin A5 (n = 6). (f)
Pharmacological inhibition of MCT1 with alpha-Cyano-4-hydroxycinnamic acid (a-CHCA) in
C2C12 myoblasts reduces succinate secretion induced by cytosolic acidification with atpenin
A5 (n =6). (g) Genetic depletion of MCT1 in C2C12 myoblasts attenuates succinate secretion
driven by hypoxia (n = 6). (h) Expression of recombinant human MCT1 facilitates succinate
transport in Xenopus oocytes. All rates were obtained during the first 10 min following
succinate addition, which corresponds to the linear phase of uptake (n = 5 — 8). (i)

Pharmacological inhibition of recombinant human MCT1 with AZD3965 attenuates succinate
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Figure 2.4 | pH-dependent secretion of succinate (cont). (i) secretion in Xenopus oocytes.
Data are represented as mean = SEM. *p or #p < 0.05, **p or ##p < 0.01, ***p or ###p < 0.005
(two-tailed Student’s t test for pairwise comparisons, one-way ANOVA for multiple
comparisons involving one independent variable). # label significance assessed by ANOVA

when comparing to a condition other than control.
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Figure S2.2 | Depletion of MCT isoforms in C2C12 myoblasts and characterization of
MCT1-dependent succinate transport. (a) siRNA mediated knockdown of MCT1 is specific
and does not deplete other MCT isoforms (n = 6). (b) siRNA mediated knockdown of MCT2 is
specific and does not deplete other MCT isoforms (n = 6). (c) sSiRNA mediated knockdown of
MCT4 is specific and does not deplete other MCT isoforms (n = 6). (d) Genetic depletion of
MCT1 modestly increases intracellular succinate abundance following atpenin A5 treatment in
C2C12 myoblasts (n = 6). (e) MCT inhibitors do not dramatically affect intracellular succinate
abundance following atpenin A5 treatment in C2C12 myoblasts (n = 5). (f) Pharmacological
inhibition of MCT1 with AZD3965 attenuates succinate release driven by increased glycolytic
flux, ex vivoin intact EDL muscle (n = 6). (g) Pharmacological inhibition of MCT1 with AZD3965
attenuates succinate release driven by atpenin A5, ex vivo in intact EDL muscle (n = 6). (h)

Protein expression of recombinant human MCT1 in Xenopus oocytes (n = 3). (i) Concentration
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Figure S2.2 | Depletion of MCT isoforms in C2C12 myoblasts and characterization of
MCT1-dependent succinate transport (cont). (i) dependent rate of succinate transport by
recombinant human MCT1 in Xenopus ooyctes. (j) Recombinant human MCT1 transport of
lactate in Xenopus oocytes. All rates were obtained during the first 10 min following succinate
addition, which corresponds to the linear phase of uptake (n =3).

Data are represented as mean =+ s.e.m. *xp < 0.01; ***p < 0.005 (two-tailed Student’s t test
for pairwise comparisons, one-way ANOVA for multiple comparisons involving one

independent variable).

Non-myofibrillar cells in muscle respond to succinate signaling to drive muscle-
remodeling transcriptional responses

Having demonstrated that skeletal muscle cells are capable of selective succinate
secretion during exercise, we next wanted to determine if succinate could be initiating muscle-
remodeling processes initiated by exercise. Succinate is a ligand for a g-protein coupled receptor
(GPCR), succinate receptor 1 (SUCNR1)28. We hypothesized that succinate-SUCNR1 signaling
may contribute to exercise-induced muscle remodeling. Basally, extracellular succinate
concentrations are 20 UM and can rise to 60 — 200 uM with exercise (figure 2.2i). The half maximal
effective concentration (ECso) of succinate for SUCNR1 is 28 — 56 uM, with ~99% of responses
achieved at a concentration of 200 uM=28. Therefore, the concentration of extracellular succinate
achieved with exercise is more than sufficient to initiate succinate-SUCNR1 signaling.

Succinate signaling is upstream several potential phosphorylation pathways that modulate
various cell processes. However, many of the pathways downstream of SUCNR1 agonism are
poorly defined?®. We performed phosphoproteomics on TA muscle from wild-type (WT) and

SUCNR1 KO mice immediately following exercise, when extracellular succinate concentration is
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Figure 2.5 | Succinate-SUCNR1 signaling controls cell non-autonomous transcriptional
responses to acute exercise. (a) Phosphoproteomics analysis of WT and SUCNR1 KO TA
muscle following exercise. Sites exhibiting > 50% enrichment in WT TA compared to SUCNR1
KO TA were subjected to kinase analysis. Top enriched pathways and those established to be
downstream of SUCNR1 agonism are highlighted (n = 4). (b) qPCR analysis of SUCNR1
transcript levels in whole muscle, purified myotubes, and resident non-myofibrillar cell

populations. SUCNR1 transcripts detected on non-myofibrillar cell populations (endothelial,
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Figure 2.5 | Succinate-SUCNR1 signaling controls cell non-autonomous transcriptional
responses to acute exercise (cont). (b) immune, stromal, and satellite) and whole muscle,
but were undetectable on purified myotubes or differentiated C2C12 myotubes (n =3 - 4). (c)
in situ hybridization in TA muscle to assess localization of SUCNR1. SUCNRT1 transcripts are
highlighted in red, desmin (muscle-specific) are highlighted in yellow, and PDGFRa is
highlighted in blue. Three representative images are shown. (d) Manders’ colocalization
coefficient of TA muscle from in situ hybridization data shown in (c). Coefficient < 0.1 indicates
anti-localization, which is validated by the anti-localization of controls, desmin and PDGFRa.
SUCNR1 co-localized to non-myofibrillar stromal cells (PDGFRa) and anti-localizes with
myofibers (desmin) (n = 3). (e) Model depicting succinate regulation of cell non-autonomous
muscle remodeling, following exercise. (f) SUCNR1-dependent transcriptional responses in
muscle satellite cells (CD45-, CD31-, Scal-, Vcam*) following exercise in TA muscle.
Differentially upregulated pathways are annotated. (g) SUCNR1-dependent transcriptional
responses in stromal cells (CD45-, CD31-, Sca1+, PDGFRa*) following exercise in TA muscle.
Differentially upregulated pathways are annotated. (h) SUCNR1-dependent transcriptional
responses in muscle immune cells (CD45*) following exercise in TA muscle. Differentially
upregulated pathways are annotated. (i) SUCNR1-dependent transcriptional responses in
endothelial cells (CD45-, CD31+) following exercise in TA muscle. Differentially upregulated

pathways are annotated.

the highest. We observe SUCNR1-dependent phosphorylation of many kinase pathways during
exercise (figure 2.5a). Two pathways of these pathways, mitogen-activated protein kinase
(MAPK) and protein kinase A (PKA), are known to be downstream of SUCNR1 agonism?22:30, We

also observed an enrichment in CDK2-dependent phosphorylation cascades, which has not been
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previously reported (figure 2.5a). Taken together, these data indicate succinate-SUCNR1
mediated phosphorylation occurs rapidly following acute exercise.

The SUCNR1-dependent signaling cascades we identified above are upstream of a broad
range of transcriptional responses that are largely dependent on the nature of the target cell.
Accordingly, we determined the cell populations where SUCNR1 agonism elicits transcriptional
responses following acute exercise. A recent study suggested that SUCNR1 localized to
myotubes and regulates muscle fiber remodeling®'. However, while we were able to detect
SUCNRT1 in whole muscle, the receptor was absent in purified myotubes or C2C12 myoblasts
(figure 2.5b). Instead, we determine muscle-resident non-myofibrillar cells, including satellite,
endothelial, and stromal cell populations, to express the receptor (figure 2.5b). To confirm this,
we performed in situ hybridization (ISH) to assess localization of SUCNR1 in skeletal muscle
tissue. ISH is highly sensitive and can accurately detect transcripts within a tissue3233. SUCNR1
was not detected on muscle fibers, as seen by the anti-colocalization of this receptor with desmin,
a myofibrillar specific protein, corroborating our previous findings (figures 2.5¢ and 2.5d). Instead,
we observe a strong colocalization between SUCNR1 and stromal cell populations, as defined by
the expression of platelet-derived growth factor receptor-alpha (pdgfra) (figures 2.5¢c. and 2.5d).
Additionally, we do not observe any direct effect of succinate on myoblast differentiation, myoblast
proliferation, or transcriptional expression of myosin heavy chains in differentiated myotubes
(figures S2.3a — S2.3e). Taken together with the lack of expression of SUCNR1 on muscle fibers,
our data indicates succinate-SUCNR1 signaling regulates muscle remodeling in a cell non-
autonomous manner.

We hypothesized that succinate released during exercise could control transcriptional
responses in non-myofibrillar cell in muscle tissue through SUCNR1 agonism (figure 2.5e). To
explore this hypothesis, we isolated muscle-resident non-parenchymal cells from TA tissue:

endothelial,
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Figure S2.3 | Direct effect of succinate on muscle cells and comparison of WT and
SUCNR1 TA proteomes. (a) gPCR analysis of myogenic differentiation markers and myosin
isoforms following 72 h treatment with sodium succinate, in C2C12 muscle cells (n = 5). (b)
Effect of succinate on myoblast proliferation (n = 6). (c) Representative images of myotubes
stained for myosin heavy chain (MyHC) and DAPI following succinate treatment. (d)
Quantification of MyHC+ nuclei following succinate treatment (n = 8). (e) gqPCR analysis of
myogenic differentiation markers and myosin isoforms following 2 h treatment with sodium
succinate in primary myotubes (n = 5). (f) Distance run of WT and SUCNR1 KO mice prior to
isolation of non-myofibrillar cell populations (n = 3). (g) Myosin protein abundance in TA muscle
from WT and SUCNR1 KO mice following training and under sedentary conditions (n = 4).
Trained data is replotted from figure 2.6 for ease of comparison. (h) ECM protein abundance
in TA muscle from WT and SUCNR1 KO mice following training and under sedentary
conditions (n = 4). Trained data is replotted from figure 2.6 for ease of comparison. (i)
Abundance of inflammatory complement pathway proteins in TA muscle from WT and
SUCNR1 KO mice following training and under sedentary conditions (n = 4). Trained data is
replotted from figure 2.6 for ease of comparison.

Data are represented as mean = s.e.m. *p < 0.05; *xxp < 0.01 (two-tailed Student’s t test for

pairwise comparisons, one-way ANOVA for multiple comparisons involving one independent

56



myoD myoG myh4 myo7a

A 15 15 15 1.5
So
29
3210 1.0 10 10
g2
° 9
- %)
s' £ 05 05 05 05
88
0.0 0.0 0.0 0.0
veh 50 100 200 veh 50 100 200 veh 50 100 200 veh 50 100 200
succinate (uM) succinate (uM) succinate (M) succinate (uM)
B 6x10° succinate (uM) c vehicle 50 uM succinate 100 pM succinate 200 uM succinate
é -0
2 4x10 50
3 - 100
8 2x10 - 200
5
S
E
0 1 2 3
$ 8o E myoD myoG myhd myo7a F
4
& 1 15 1.5 15 1500- - wWT
0
E 60 5 % SUCNR1KO
2 ¢ £ 10 1.0 10 10 5 1000 T
£ 40 s ®
£ ge 8
B
% 20 8% 05 05 05 05 € s00
E] g2
€ s¥
® 0 o
veh 50 100 200 0.0 0.0 0.0 0.0
_— 0 01 0 01 0 01 0 01
succinate (uM) mM il mM mM i mM
G trained TA muscle trained TA muscle trained TA muscle trained TA muscle
fast twitch myosin slow twitch myosin non-skeletal muscle myosin tropomyosin
8 e
S5 60 higher in WT 26 100 higher in WT és 20 higher in WT gA 20 higher in WT
BZ 40 ko ex g% g9
is . 3E s 8E o 3E o
£0O 20« £0 £9Q €0
82 82 , g2 83
g 2 o 52 g 2 -20 52 -20
3
£ higher in KO E = e
-::g <l N i . ; . ‘:E-so zg-ao ,5§40nne..m<o
& L ® ¥ &S ﬁ{} ® A & ° ® e ® 2 [N Q&
& S N R Q ¢ o 8 ¢ 9
AR R L KRS SRS & «F «Q‘iqé" o
sedentary TA muscle sedentary TA muscle sedentary TA muscle sedentary TA muscle
fast twitch myosin slow twitch myosin non-skeletal muscle myosin tropomyosin
higher in WT e
8 607 nigherinwT 8 _ 100 higher in WT ga 2 ga 20
30 S0 X X 4
ex X = o £ o
SE & iE 3z
]z sz £8 20 £5 20
. H B 83 83
@a ] 14 40
@ 1 i 1 2 4 S > -0 8¢
g2 G 2 Zm g2 S0 e g A In KO $ té higher in KO
%5_20 ngnerinko® 5 __highorin kO e e N s .GO_Q& —
® § &S & ® & &
® S & O & ® QOO = & © FF§ S PO P
§FEFES S EE S Ll 2
trained TA muscle matrix proteins trained TA muscle inflammatory process proteins - complement pathway
8 250 higher in WT 8 407 higher in WT
=~ 200 1) 20+
o
g8 5
§ T 150 8% o
8 €8
83 1907 83 0
52 504 g2
3
o E = g -40-
= 0 k-]
s 5 ) 8
i i R higher in KO
°\°ASCm,g"e”?Ko.||.,|,,..| °'echIIIIIIIIIIIIIIIIIIIIIIIIIIII
DO & g © P o> P P, S 2D RSN ST S D 22 D O
SEIILS ST PSP ¢ TS F PG PR PP & PSP IS C P 0
NAEC AN AN . S TSP PSP o of o o Q<
y TA muscle matrix proteins y TA muscle y process proteins - complement pathway
2507 higher in WT 8 AO_higherinWT
26 200 £9 20
b-$4 cX
3 150 3z
<8 100 3 °]
23 83 0]
8@ -
$o 50 32
1 o
3 £E 0
E 0- B
: E 2 higher in KO
& .50 — T T 7T T T T T T T T T T T T T
L N N N N N N I S 4 S RO R L XPE PR PPV OO DN
& R O a2 QO F & P X P& PP S < LAl R o O
F L& O F PP EF @ T A0 o & Ve RIS
CHSTSF T T T FST ST S rﬁ@(\ S © & o PO

Figure S2.3 | (caption on preceding page)
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satellite, stromal, and hematopoietic cells (immune cells)3*. We subjected WT and SUCNR1 KO
mice to a bout of acute treadmill running, to drive succinate release, and isolated these cell
populations immediately following exercise (figure S2.3f). We performed RNA sequencing (RNA-
seq) on purified cell populations to assess differential expression of transcripts in WT and
SUCNR1 KO mice. We then performed pathway analysis to identify SUCNR1-dependent
biological processes based on an enrichment of transcripts in WT compared to SUCNR1 KO cells.
In satellite and stromal cells, we observe a SUCNR1-dependent increase in transcripts relating to
axonal guidance and neuronal projection (figures 2.5f and 2.5g). SUCNR1 KO satellite cells had
a decrease in transcripts relating to cell-cell adhesion, while SUCNR1 KO stromal cells had
decreased expression of transcripts involved in transforming growth factor B (TGF-B) signaling
and epidermal growth factor receptor (EGFR) signaling (figures 2.5f and 2.5g). Notably, we
observe a SUCNR1 dependent enrichment in growth differentiation factor 6 (GDF6), an important
growth factor that mediates muscle repair®>. Hematopoietic and endothelial cell populations
experienced fewer consequences of SUCNR1 ablation, with only few transcripts in protein
glycosylation and extracellular matrix (ECM) remodeling demonstrating differential expression
(figures 2.5h and 2.5i). Overall, our data demonstrates that lack of succinate-SUCNR1 signaling
results in a decrease in transcripts relating to muscle innervation, regeneration, and ECM repair
in numerous non-myofibrillar cell populations.
Succinate-SUCNR1 Signaling Mediates Muscle Adaptation to Exercise

Our data supports a model whereby succinate released from skeletal muscle during
exercise regulates non-myofibrillar responses, specifically innervation and ECM remodeling.
These processes are necessary for the muscle response to exercise training. Therefore, we
investigated the role of succinate-SUCNR1 signaling in exercise training-induced muscle
remodeling. To do so, we subjected WT and SUCNR1 KO mice to a 3-week voluntary resistance

wheel running protocol (figure 2.6a)*%. Resistance wheel running promotes many systemic
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health benefits within 3-weeks, including improved insulin sensitivity and increased strength. We
subjected WT and SUCNR1 KO mice to this training protocol. Sedentary WT and SUCNR1 KO
mice did not experience any differences in strength (figure 2.6b). Interestingly SUCNR1 KO mice
ran more than WT mice (figure 2.6c). However, SUCNR1 KO mice did not experience an increase
in strength, despite running more. We observed ~20% increase in grip strength in WT mice,

following the training period (figure 2.6d and 2.6¢).
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Figure 2.6 | Succinate signaling mediates muscle adaptation to exercise. (a) Schematic
depicting resistance-wheel training protocol. (b) Grip strength of sedentary WT and SUCNR1
KO mice (n=15WT, n =12 KO). (c) Distance run by WT and SUCNR1 KO mice during training
period (n =15 WT, n =12 KO). (d-e) Grip strength of WT and SUCNR1 KO mice during training
period (n = 15 WT, n = 12 KO). (f) Proteomics analysis of WT and SUCNR1 KO TA muscle
following training. Pathways that contain proteins that are differentially enriched > 20% are
annotated (n = 4). (g) Abundance of actin and myosin proteins in WT and SUCNR1 KO TA
muscle following training (n = 4). (h) Abundance of ECM proteins in WT and SUCNR1 KO TA
muscle following training (n = 4). (i) Abundance of inflammatory complement pathway proteins
in WT and SUCNR1 KO TA muscle following training (n = 4) (j) Quantification of TUBB3
staining in WT and SUCNR1 KO TA muscle following training and under sedentary conditions
(n = 5). (k) Representative flattened z-stack images of TUBB3 staining. Top and bottom rows
are top and side views, respectively. (I) Schematic depicting experimental design of
hyperinsulinemic-euglycemic clamp. (m) Correlation between peak venous succinate
concentration and post-exercise insulin sensitivity (n = 10). (n) Insulin tolerance test of WT and
SUCNR1 KO mice 3h following acute treadmill running (n =6 — 7).

Data are represented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.005 (two-tailed Student’s
t test for pairwise comparisons, one-way ANOVA for multiple comparisons involving one

independent variable).
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To elucidate the molecular mechanism underlying this strength differential, we examined
the proteomes of TA muscle from WT and SUCNR1 KO mice. SUCNR1 KO muscles
demonstrated a decrease in numerous proteins involved in muscle adaptation to exercise (figure
2.6f). We observed a decrease in myosin complex protein abundance in SUCNR1 KO mice
compared to WT mice following exercise training (figure 2.6f). Moreover, there was a difference
in the nature of myosin heavy chains expressed between the two genotypes. WT mice had an
enrichment of fast-twitch myosin heavy chains while SUCNR1 KO mice experienced remodeling
of non-skeletal muscle myosin chains and tropomyosin proteins (figure 2.6g). SUCNR1 KO mice
also experienced a decrease in ECM related proteins, including collagens and laminins (figures
2.6f and 2.6h). These proteins play a critical role in myogenesis, force transmission, and muscle
innervation3”. Conversely, SUCNR1 KO muscle experienced an increase in proteins involved in
the complement pathway and the inflammatory response, many of which are associated with
insulin resistance (figure 2.6f and 2.6i)%. Notably, we did not observe any differences in the
muscle of untrained WT and SUCNR1 KO mice, indicating an exercise-dependent requirement
for SUCNR1 to mediate these adaptations (figures S2.3G — S2.3I).

Our proteomics analysis revealed a SUCNR1-depedent expression of ECM related
proteins that are involved in muscle innervation following exercise. Additionally, we observed a
SUCNR1-dependent increase in transcripts related to neuronal development and axonal
guidance in non-myofibrillar cells following acute exercise. Neuronal adaptations occur during the
early months of exercise training and play a critical role in increased strength3°40. Therefore, we
hypothesized the difference in strength we observed in the WT and SUCNR1 KO mice may be
attributed to differences in muscle innervation. To examine this hypothesis, we performed whole-
tissue staining of the neural-specific tubulin TUBB3 in TA muscle from WT and SUCNR1 KO mice.
Strikingly, we observed a significant increase in neural volume in WT TA muscle following training

that was absent in SUCNR1 KO muscle (figure 2.6j and 2.6k). We also assessed muscle
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vascularization and fiber volume but did not observe any differences between the genotypes
(figure S2.4a — S2.4d).
Taken together, these data illustrate the critical role succinate-SUCNR1 signaling plays in

exercise training-induced muscle adaptations, specifically ECM remodeling, regulation of myosin
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Figure S2.4 | Quantification of blood vessel and fiber volume in WT and SUCNR1 KO TA
muscle and correlation analysis of human physiological parameters and peak venous
succinate concentration following exercise. (a) Quantification of blood vessel volume, with
CD31, in WT and SUCNR1 KO TA muscle following training and under sedentary conditions
(n = 5). (b) Representative flattened z-stack images of CD31 staining. (¢) Quantification of
myofiber volume in WT and SUCNR1 KO TA muscle following training and under sedentary
conditions (n = 10). (d) Representative 2D compressed images of muscle myofiber volume.
(e) Multiple linear regression analysis actual vs predicted plot assessing co-variates and peak
exercise venous succinate concentration. (f) Multiple linear regression analysis residual plot
assessing co-variates from panel E on peak exercise succinate release. (g) Correlation
between peak venous succinate concentration and peak VO- (n = 10). (h) Correlation between
peak venous succinate concentration and peak load (n = 10, W; watts). (i) Glucose tolerance
test on WT and SUCNR1 KO mice following i.p. injection of 1g/kg glucose (n = 6).

Data are represented as mean = s.e.m. *xp < 0.01; (two-tailed Student’s t test for pairwise

comparisons, one-way ANOVA for multiple comparisons involving one independent variable).
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complex proteins, and increased strength. Notably, neural adaptations in muscle are seen early
following resistance training and contribute to increases in strength independent of hypertrophy?°.
Moreover, motor neurons directly influence myotube content and volume, while sympathetic
innervation controls regeneration, strength, and blood flow to the muscle*!-43. Therefore, it is likely
that SUCNR1-dependent differences in strength and muscle remodeling can be at least partly
attributable to a difference in muscle innervation.

Finally, we further explored our finding that succinate-SUCNR1 antagonizes muscle
inflammation, which is associated with insulin resistance (figure 2.6i). In humans, a single bout of
exercise improves insulin sensitivity for several hours post-exercise, and our data indicate an anti-
inflammatory role for succinate signaling*4. Therefore, we examined whether post-exercise
succinate concentrations are predictive of insulin sensitivity following an acute bout of exercise,
in humans (figure 2.61). Individuals were sampled as described in figure 2.2h, and were subjected
to a hyperinsulinemic-euglycemic clamp, following recovery. Strikingly, we observed a significant
correlation between peak succinate concentration in the femoral vein and post-exercise insulin
sensitivity (figure 2.6m). This correlation was distinct from other covariates tested (figures S2.4e
and S2.4f) and occurred independently of VO, max (figure S2.4g) and peak muscle load (figure
S2.4h). Based on these findings, we examined whether succinate-SUCNR1 signaling regulates
post-exercise insulin sensitivity. We observed a decrease in post-exercise insulin sensitivity in
SUCNR1 KO mice, which also exhibited a modest basal glucose insensitivity (figures 2.6n and
S2.4i). Of note, previous studies on SUCNR1 KO mice found obesogenesis-dependent glucose
insensitivity, induced by high-fat feeding*4. Therefore, the effect of succinate signaling on insulin

sensitivity observed here may be specific to exercise.
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Discussion

Together our data highlights the role of succinate as a signaling molecule that relays the
bioenergetic status of exercising muscle to the surrounding environment to initiate muscle
remodeling processes. During exercise, the transient acidification of the cytosol, due to decreased
oxygen tension and increased glycolytic flux, promotes the protonation of succinate converting
the metabolite from a dicarboxylate to a monocarboxylate. This transformation of succinate is
possible because of the metabolite’s relatively high pka, compared to other TCA cycle
intermediates. This allows for a significant portion of the intracellular succinate pool to be
protonated at pH levels achieved by exercise. In the protonated form, succinate is now able to be
secreted by MCT1. Once secreted, succinate engages its cognate receptor, SUCNR1, which is
expressed by muscle resident non-myofibrillar cells. Succinate-SUCNR1 signaling controls
transcriptional responses in muscle non-parenchymal cells, including neuronal projection and
axonal guidance. During prolonged training, succinate-SUCNR1 signaling mediates several key
exercise adaptions in muscle including ECM remodeling, innervation, and increased strength.

It is worth noting, that a previous study investigated the effects of orally administered
sodium succinate on skeletal muscle function?'. In that study, dietary succinate improved certain
aspects of muscle performance such as strength and time to fatigue, in a SUCNR1-dependent
manner. These adaptations were attributed to SUCNR1 signaling in myofibrils. It may be tempting
to attribute the effects of dietary succinate to the paracrine signaling initiated by exercise-induced
succinate secretion as determined in this work. However, orally administered succinate effects
many systemic processes including whole-body energy expenditure, systemic glucose
homeostasis, and intestinal fuel utilization'#4546. These processes are linked to muscle
metabolism. Therefore, any effects on skeletal muscle observed, following several weeks of

dietary succinate supplementation, must consider these upstream processes when determining
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the mechanism. However, it would be interesting to determine the extent to which dietary
succinate can initiate ECM remodeling and muscle innervation similar to exercise-induced
succinate release.

Our findings propose a general model where changes in bioenergetic status can be
communicated to the surrounding environment through transient changes in pH. This pH-gated
mechanism of secretion reconciles the view of succinate as an intracellular metabolite with the
numerous processes that are regulated by extracellular succinate or SUCNR1 signaling, including
increased energy expenditure, tissue inflammation, and renin-angiotensin system447-49, |t also
supports the hypothesis that extreme conditions such as tissue ischemia or pH gradients between
neurons and astrocytes could drive succinate secretion via MCT1, which was recently shown in
the context of myocardial infarction50-52. Overall, our model predicts that hypoxia or intracellular
acidification will promote succinate release as a general mechanism to initiate paracrine modes

of physiological regulation.
Experimental Model and Subject Details

Mouse Lines

Animal experiments were performed according to procedures approved by the Institutional Animal
Care and Use Committee of the Beth Israel Deaconess Medical Center. Unless otherwise stated,
mice used were male C57BL/6J (8 = 12 weeks of age; Jackson Laboratories) and housed in a
temperature-controlled (23°C) room on a 12-h light-dark cycle. Male WT and SUCNR1KO
littermate matched controls were used.

Human exercise study recruitment

Ten men were recruited for the study, which was approved by the Copenhagen Ethics Committee
(Reg. number H-16040740) and performed in accordance with the Declaration of Helsinki.

Informed written consent was received from each participant prior to study inclusion. All subjects
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were healthy, moderately physically active and with no family history of diabetes. The subjects
were 27 + 0.8 (means + SEM) years old, with a body weight of 85 + 2.5 kg, body mass index
(BMI) of 24 + 0.5 kg-m-2 and maximal oxygen uptake (VO2 peak) of 49 + 1 ml-kg-1-min-1.
Maximal oxygen uptake was measured by an incremental exercise test on a Monark Ergomedic
839E bicycle ergometer (Monark). Before the trial subjects consumed a eucaloric controlled diet
for 3 days to eliminate dietary differences between subjects. The daily energy requirements were
individually determined from weighed dietary registrations and predicted equations from
WHO/FAO/UNU. All food items were weighed and prepared in the metabolic kitchen and menus
were delivered to the subjects and ingested at home. The diet consisted of 60 energy-percent
(E%) carbohydrate, 25E% fat and 15E% protein.

Cell lines

C2C12 murine myoblasts (obtained from ATCC) were in growth media consisting of DMEM and
10% fetal bovine serum and 1% penicillin/streptomycin. Upon reaching confluency, growth media
was exchanged for differentiation media consisting of DMEM containing 2% horse serum. Seven
days post differentiation cells appeared mostly as phase-bright fused myotubes52.

Isolation of muscle satellite cells

Mouse satellite cells were isolated as previously described5+. Briefly, gastrocnemius and tibialis
anterior muscles were dissected and digested with Collagenase type 2 and Dispase (Worthington
Biochemical Corporation) for a total of 90-120 min. Cell suspension was strained with a 40 um
filter and stained cells the following antibodies: anti-CD45 (BD Biosciences), anti-CD11b (BD
Biosciences), anti-CD31 (eBiosciences) and anti-Scail (BD Biosciences). Next, cells were
incubated with streptavidin microbeads (Miltenyi Biotech), SA Texas Red (Invitrogen), PE labeled
anti-integrin a7 antibody labeled with phycoerythrin (AbLab) and anti-CD34 eFluor660
(eBioscience). Dead cells were identified using propidium iodide staining. Cells were sorted on a

FACS Aria 2 and routinely yielded > 95% CD34+ a7 integrin+ cells from a single round of sorting.
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Scatterplots were analyzed using FlowJo (TreeStar). Live cells were plated in collagen coated
plates (Corning) and maintained in growth media (50:50 DMEM /F10, 15% FBS, 1%
penicillin/streptomycin, and 2.5 ng/ml bFGF). For in vitro differentiation satellite cells were washed
with PBS and subjected to differentiation media (DMEM supplemented with 5% horse serum) for
three days. Depending on experimental condition, vehicle (PBS) or succinate (50, 100 and

200 uM) were added to growth and differentiation media.
Method Details

Acute exercise training protocol

Eight-week old mice were acclimated to a motorized treadmill (Columbus Instruments) for three
days prior to forced running protocol. Training sessions consisted of mice walking on the treadmill
for 5 min at 12 m/min followed by a 1 min rest and then 5 min at 12 m/min and 5 min at 14 m/min.
On the day of running, all mice were subjected to the training protocol. Mice in the sedentary
group were taken off the treadmill after the training protocol was complete while mice in the
exercise group remained on the treadmill. After the training period, exercised mice remained on
the treadmill and the speed was ramped up 2 m/min every 4 min, until a final speed of 26 m/min
was reached. Exercised mice were removed from the treadmill once exhausted, which was
deemed to be the point where they refused to step on the treadmill.

Sample preparation for metabolite profiling

Following intervention, animals were sacrificed immediately by cervical dislocation and tissues
were rapidly extracted and immediately snap frozen in liquid nitrogen for metabolite profiling. For
metabolite extraction, tissues were weighed and then homogenized with extraction buffer which
consisted of 80% methanol containing inosine15N4, thymine-d4 and glycocholate-d4 internal
standards (Cambridge Isotope Laboratories) at a 4:1 volume to wet weight ratio. Samples were

then centrifuged twice (5 min, 10,000 g, 4°C). Supernatant was then further diluted with 80%
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HPLC grade methanol at a ratio of 1:10 extracted metabolite to methanol. Interstitial fluid was
extracted from muscles immediately upon extraction using a rapid isolation procedure described
previously'2. Muscles were subjected to centrifugation (10 min, 800 g, 4°C) following placement
in a 20 um nylon mesh filter (EMD Millipore). Metabolites were extracted by adding extraction
buffer at a ratio of 1:100 interstitial fluid to methanol. Samples were then centrifuged twice (5 min,
10,000 g, 4°C) and supernatant was collected. For plasma collection, blood was taken via cheek
bleed from mice, collected into a heparin column (Becton Dickson), centrifuged (10 min, 1,000 g,
4°C), and subsequently snap-frozen. Metabolites were extracted from plasma by adding
extraction buffer in a 1:4 ratio plasma to methanol. Samples were then centrifuged twice (5 min,
10,000 g, 4°C) and supernatant was collected. For media metabolite extraction, media samples
were collected and centrifuged (1 min, 21,100 g, 4°C) to remove any debris or cell contaminants.
Metabolites from media were extracted by adding extraction buffer in a ratio of 1:4 media to
methanol. Samples were then centrifuged twice (5 min, 10,000 g, 4°C) and supernatant was
collected.

Metabolite analyses by mass spectrometry

All extracted samples were then subjected to LC/MS analysis as previously described'.
Metabolite extracts were loaded onto a Luna- HILIC column (Phenomenex) using an UltiMate-
3000 TPLRS LC with 10% mobile phase A (20 mM ammonium acetate and 20 mM ammonium
hydroxide in water) and 90% mobile phase B (10 MM ammonium hydroxide in 75:25 v/v
acetonitrile/methanol). A 10 min linear gradient to 99% mobile phase A was used to separate
metabolites. Subsequent analysis was carried out using a QExactive HF-X mass spectrometer
(Thermo Fisher Scientific). Negative and positive ion modes were used with full scan analysis
over m/z 70-750 m/z at 60,000 resolution, 1e6 AGC, and 100 ms maximum ion accumulation
time. Additional MS settings were: ion spray voltage, 3.8 kV; capillary temperature, 350°C; probe

heater temperature, 320°C; sheath gas, 50; auxiliary gas, 15; and S-lens RF level 40. Targeted
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processing of a subset of known metabolites and isotopologues was conducted using TraceFinder
software version 4.1 (Thermo Fisher Scientific). Compound identities were confirmed using
reference standards. In all case metabolite abundance was normalized using internal standards
and relative changes were assessed by comparison with metabolite extracted from the same
sample type (i.e., tissue, IF, plasma).

Human exercise study protocol

After three days on the control diet, subjects ingested a light standardized breakfast (1.6 MJ) at 6
A.M at home. Subjects arrived at the laboratory at 8 A.M, and after 10-15 min of supine rest, teflon
catheters were inserted into the femoral artery in one leg and the femoral vein of the other leg
under local anesthesia. After continued supine rest, basal blood samples were obtained from the
femoral artery and vein at 10 A.M (0 min). Subjects then initiated a 60 min exercise bout on the
Monark Ergomedic 839E bicycle ergometer at 67 + 1% of maximal oxygen uptake (VO2max).
VO2 peak was determined by an incremental test performed on a bike ergometer (Monark) at
least 1 week prior to the experiment. Femoral arterial and femoral venous samples were collected
simultaneously during exercise at 20, 40 and 60 min and again after 10 and 120 min of resting
supine recovery without food intake. Femoral arterial blood flow at rest was measured by high
frequency 12-3 MHz linear array transducer in Power Doppler mode interfaced to an Affiniti70
ultrasound machine (Phillips Ultrasound). During exercise, leg blood flow was estimated based
on pulmonary oxygen uptake and the A-V difference for oxygen as described%s. The pulmonary
oxygen consumption was measured using a MasterScreen CPX system (Becton).

Euglycemic hyperinsulinemic clamp

Two hours after completion of the exercise trial, a 2 h euglycemic, hyperinsulinemic clamp was
initiated. Subjects were clamped at their individual ambient plasma glucose level obtained prior
to initiation of the insulin infusion. Insulin was infused at 1.4 mU.kg-'.min-! resulting in a plasma

insulin concentration ~ 100 pU/ml. Plasma glucose concentration was measured every ~7 min
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and a variable glucose infusion (20% Fresenius Kabi, SE) into a forearm vein was adjusted to
clamp euglycaemia as previously described®®. Insulin sensitivity was calculated as the glucose
infusion rate over the last 30 min of the 120 min clamp.

Human blood sample preparation

Blood was sampled in heparinized syringes and transferred to EDTA-containing tubes and
centrifuged at 4°C at 3000 g for 5 min. Plasma was aspirated, frozen, and stored at —80°C until
analysis.

Acute muscle cell hypoxia experiments

C2C12 myoblasts were seeded at a density of 80,000 cells per well, 24 h prior to use. A minimal
media was made consisting of 8.3 g/L DMEM, 4 mM L-glutamine, 1 mM pyruvate, 10 mM glucose,
and 10 mM HEPES. Media was place in a sealed hypoxic chamber set to 0.1% oxygen tension,
24 h prior to use. On the day of the experiment, cells were placed in the hypoxic chamber for 2 h
and previously degassed media was added to each well. After the 2 h, media from each well was
collected inside the chamber, and snap frozen for metabolomic analysis.

Intracellular pH modulation

Pharmacological acidification of intracellular pH in C2C12 cells was achieved by acute inhibition
of mitochondrial oxidative phosphorylation with 100 nM atpenin A5 (Cayman Chemical) and
0.5 mM antimycin A (Sigma Aldrich) for 1 h and 2 h, respectively. 100 uM monensin (Sigma
Aldrich) were added 1h before administration of atpenin A5 or hypoxia to prevent cellular
acidification. Intracellular pH acidification by extracellular equilibration was achieved as previously
described®’. Briefly, cells were incubated with pH 6.4 medium supplemented with 30 mM NH,4CI
and 10 uM 5-(N-ethyl-N-isopropyl) amiloride (EIPA) for 15 min, followed by reincubation in pH 6.4
medium with 10 uM EIPA alone for 4 hours.

Intracellular pH measurement
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Intracellular pH was determined using the ratiometric fluorescent intracellular pH probe BCECF-
AM (Invitrogen)®8. Briefly, cells were loaded with BCECF (1 mM) for 30 min at 37°C. We used
dual-excitation ratio of 480 nm and 440 nm and fixed emission at 535 nm to measure changes in
BCECF-AM fluorescence. A calibration curve of the intracellular pH response in terms of the ratio
of fluorescence intensities was performed using the high K+ nigericin technique.

MCT1 inhibition

Pharmacological inhibition of MCT1 in C2C12 cells was achieved by preincubation with 5 mM a-
cyano-4-hydroxycinnamic acid, 100 nM AZD 3965, and 100 nM ARC155858 for 30 min, followed
by hypoxia or acidification of intracellular pH experiments

Muscle cell siRNA

Opti-MEM media (Thermo Fisher Scientific) was incubated with lipofectamine (Life Technologies)
for 10 min at room temperature. In a separate 1.5 mL tube, Opti-MEM media was incubated with
2 uL of siRNA (10 uM stock; Sigma Aldrich) for 5 min. The lipofectamine mixture was added
dropwise to the siRNA mixture and left to incubate (20 min, room temperature). This final solution
was added dropwise to a 12-well plate. C2C12 myoblasts were then added at a density of 40,000
cells/well. The media was changed 24 h later and the cells were used 48 h after plating. Knock-
down efficiency was confirmed via gPCR.

Succinate transport assay in Xenopus laevis oocytes

Xenopus laevis oocytes were purchased from EcoCyte Bioscience and the transport assay was
conducted as previously described5%-60. Oocytes were injected with MCT1 cRNA (24 ng) prepared
by in vitro transcription using the mMessage mMachine kit (Thermo Fisher Scientific) from the
human MCT1 cloned in the plasmid pcDNAS3.1 (GeneScript). Controls were injected with
equivalent volume of water. Oocytes were cultured in modified Barth’s solution (88 mM NaCl,
1mM KCI, 0.82 mM MgSO., 0.4 mM CaCl,, 0.33 mM Ca(NQOgz);, 2.4 mM NaHCO;, 10 mM

HEPES, 10 U/ml penicillin, 10 pg/ml streptomycin, pH 7.4) for 3 days. For succinate uptake
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measurements, groups of 5 oocytes were incubated in OR2 buffer (82.5 mM NaCl, 2.5 mM KCl,
1 mM CaCl,, 1 mM MgCl,, 1 mM Na.HPO., 5 mM HEPES, pH 6.4 or pH 7.4) containing [U13C]
succinate or lactate at different concentrations for 10 min, which we established as the time point
for linear kinetics of transport. Inhibition of MCT1 was achieved by incubating oocyte with 100 nM
AZD3965 5 min prior to the addition of [U13C] succinate. Oocytes were washed three times in ice
cold OR2 buffer, lysed with metabolite extraction buffer, and subjected to LC/MS analysis, as
described above.

Ex vivo skeletal muscle experiments

Extensor digitorum longus and soleus muscles were rapidly isolated, transferred to 12 well plates

containing DMEM supplemented with 25 mM glucose and maintained at 37°C - adapted from

(Campos et al., 2018)%'. When applicable, muscles were incubated with 10 uM AZD, 100 pM
monensin for 30 min with or without 1 uM atpenin A5 for additional 60 min. Following
interventions, media from each well was collected and snap frozen for metabolomic analysis.
Muscle tissue proteomics

Muscle tissues were homogenized in 100 mM HEPES pH 8.5, 8 M urea, 2% SDS, 1 p/15 mL
protease and phosphatase inhibitors (Thermo Fisher Scientific). The mixture was clarified by
centrifugation and the supernatant was subjected to BCA protein concentration measurement and
reduced with 5 mM tris(2-carboxyethyl) phosphine (TCEP) and alkylated with 15 mM
iodoacetamide. Proteins were then purified using the methanol-chloroform precipitation method
and reconstituted in 200 mM EPPS at pH 8.5 and digested by Lys-C and trypsin overnight 1:100
enzyme-to-substrate ratio and an additional 6 h by trypsin the next day. Resulting peptides were
labeled by TMT-pro 16plex (Thermo Fisher Scientific) following the SL-TMT protocol®?, and
quench by adding 5% hydroxylamine. A ratio-check is then performed by mixing 1% sample from
each TMT channel, and the TMT-labeled peptides were evenly mixed based on the ratio-check.

The mixture was desalted using Sep-pak cartridges (Waters), dried, and fractionated using an
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Agilent 1100 quaternary HPLC system. Peptides were separated using a 50 min linear gradient
from 18% to 40% acetonitrile in 10 mM ammonium bicarbonate, pH 8, into a total of 96 fractions
that were consolidated into 8. Samples were dried and desalted via StageTip and reconstituted
in 5% formic acid and 5% ACN for liquid chromatography tandem mass spectrometry (LC-MS/MS)
analysis. The proteomics samples were either analyzed using an Orbitrap Fusion Lumos or an
Orbitrap Eclipse mass spectrometer (Thermo Fisher Scientific) coupled with an Easy-nLC 1200
(Thermo Fisher Scientific) ultra-high pressure liquid chromatography (LC) pump were used to
analyze the samples. The columns are packed in house with 100 mm inner diameter
microcapillary column packed with 40 cm of GP-18 resin (2.6 mm, 200 A, Sepax). A FAIMSPro
(Thermo Fisher Scientific) device for FAIMS separation of precursors®3. The FAIMS device was
operated with default settings and multiple compensation voltages (40V/-60V/-80V).

For protein abundance measurements on the Orbitrap Fusion Lumos instrument, samples were
analyzed using a single 135 min run with 9%—24% ACN at 500 nL min-' flow rate. Fractionated
peptides were injected. Under each FAIMS voltage, the full MS was operated with a scan range
375-1500 m/z at 120,000 resolution in the Orbitrap. Tandem mass spectra (MS2) were matched
in real time to targeted proteins®4. When a peptide match was observed to a targeted protein, a
quantitative SPS-MS3 scan was acquired®. For protein abundance measurements on the
Orbitrap Eclipse instrument with TMT, all samples were analyzed with a 180 min gradient
consisting of 2% - 23% ACN, 0.125% FA at 500 nl/min flow rate. Under each FAIMS voltage,
peptide ions were collected in data-dependent mode using a mass range of m/z 400 - 1600 using
2 s cycles. Resolution for MS1 was set at 120,000, with standard automatic gain control (AGC)
target. Multiply-charged ions were selected and subjected to fragmentation at 35% normalized
collisional energy (NCE) for MS2 with a dynamic exclusion of 120 s. Quantification was performed
using multinotch SPS-MS3 as described previously (McAlister etal., 2014). For

phosphoproteomics, unfractionated samples were analyzed with a 150 min gradient consisting of
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2% - 27% ACN, 0.125% FA at 525 nl/min flow rate. The samples were first analyzed with
multistage activation (MSA) based on 97.9763 Da neutral loss and quantified using SPSMS3,
then analyzed again using high-resolution MS2 as described previously®®. For label-free
quantification, unfractionated samples were analyzed with a 180 min gradient consisting of 2% -
23% ACN, 0.125% FA at 500 nl/min flow rate. Peptide ions were collected in data-dependent
mode using a mass range of m/z 400-1600 using 2 s cycles. Each ion is selected for further
fragmentation in MS2. Maximum injection time was set to 50 ms and dynamic exclusion was 120
S.

The Comet algorithm8” was used to search all MS/MS spectra against a database containing

sequences of human (Mus musculus) proteins downloaded from  UniProt

(https://www.uniprot.org/). Reversed sequences were appended as decoys for FDR filtering, and
common contaminant proteins (e.g., human keratins, trypsin) were included. Peptides were
searched using following parameters: 25 ppm precursor mass tolerance; 1.0 Da product ion mass
tolerance; fully tryptic digestion; up to three missed cleavages; variable modification: oxidation of
methionine (+15.9949); static modifications: TMT (+304.2071) on lysine and peptide N terminus,
carboxyamidomethylation (+57.0214637236) on cysteines. The target-decoy method was
employed to control the false discovery rate (FDR)%70. To distinguish correct and incorrect
peptide identifications, linear discriminant analysis (LDA) was used to control peptide-level FDR
to less than 1%. Peptides shorter than six amino acids were discarded. Protein-level FDR was
also controlled to 1% and as a result the number of peptide reverse hits were further decreased.
Peptides were matched to the least number of proteins. TMT reporter ion signal-to-noise ratios
for all quantified peptides matched to the same protein were summed up to report protein
abundance. Spectral counts were used to quantify proteins in label-free samples. KEGG pathway
GO enrichment analyses were performed using Enrichr

(https://amp.pharm.mssm.edu/Enrichr/)71.72,
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Phosphoproteomics

Samples were homogenized using TissueLyser Il (QIAGEN) in a lysis buffer containing 50 mM
HEPES pH 8.5, 8 M urea, 2% SDS, 150 mM NaCl plus 1X Roche cOmplete protease and
PhosStop phosphatase inhibitors. Following a BCA assay to estimate protein concentration, all
lysates were reduced with 5 mM TCEP for 30 min at room temperature, then alkylated with 15 mM
iodoacetamide for 30 min at room temperature in the dark. Proteins were precipitated by
chloroform-methanol precipitation, digested, and 100 ug peptides from each sample were labeled
by TMT-pro (Thermo Fisher Scientific) following the SL-TMT. Samples were then combined
according to a ratio-check, then desalted using a sep-pak cartridge (Waters). Ten percent of the
resulting peptides were used for protein abundance analysis and fractionated using a High-pH
fractionation kit (Thermo Fisher Scientiic) into 8 fractions and purified by stagetipping. The rest
were subjected to phosphopeptide enrichment using the High-Select Fe-NTA kit”3. The resulting

phosphopeptides were desalted using a stage-tip and analyzed by mass spectrometry. Kinase

enrichment analysis was performed using Enrichr (https://amp.pharm.mssm.edu/Enrichr/)7!-72,
Oocyte mass spectrometry

Proteins from control and MCT1 expressing oocytes were extracted and digested as described
above. After digestion, peptides from each sample were then purified using stage-tips and 2 ug
peptides were analyzed by mass spectrometry.

Isolation of pure cell populations from muscle

The tibialis anterior, gastrocnemius, and quadricep muscles were isolated from each mouse and
placed in a 1.5 mL tube containing 500 uL of phenol-free, serum-free DMEM (GIBCO). Tissues
were then minced until disintegrated. Minced tissues were further digested (30 min, 37°C) in
DMEM containing collagenase VIII (Sigma Aldrich) and dispase (Thermo Fisher Scientific). Tissue
homogenate was filtered into a new 50 mL conical using a 70 uM filter and washed with phenol-

free DMEM (GIBCO) containing 2% FBS and EDTA (staining buffer). Cells were then centrifuged
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(10 min, 1500 rpm, 4°C) and resuspended in staining buffer, twice. Buffer was aspirated and pellet
was resuspended in 250 uL of staining buffer containing the following antibodies (Biolegend):
CD45 BV605 (1:100), CD31 PE-Cy7 (1:100), CD140a APC (1:50), Scal PerCP-Cy5.5 (1:50), and
Vcam1 PE (1:100). Cells were incubated for 20 min then washed twice (5 min, 1500 rpm, 4°C)
and resuspended in 200 uL of staining buffer. Stained cells were then sorted using a FACS Aria
Il (Becton Dickinson). Cells were sorted twice to ensure purity.

Immunostaining

Cells were fixed with 100% methanol (chilled at —20°C) for 5 min and then permeabilized with
0.1% Triton in PBS for 15 min. Nonspecific binding was blocked with 2% BSA in PBS at room
temperature for 60 min. Incubation with anti-MyHC (1:400; Sigma Aldrich) diluted in PBS with
0.1% BSA was performed overnight at 4°C. Cells were then incubated with Alexa Fluor 488
(Thermo Fisher Scientific) and DAPI (Invitrogen) diluted in PBS for 1 h.

Cell proliferation assay

C2C12 myoblasts were seeded at a density of 40,000 cells per well in a 12 wells plate, 24h prior
to use. Cells were then brought into suspension using trypsin, followed by resuspension in fresh
medium. Cell suspension was mixed with trypan blue (1:1) and transferred to a hemocytometer.
Number of cells was counted 24, 48 and 72 h after the beginning of the experiment.

RNA-Seq analysis

Cell suspensions were stained with antibodies against CD45, CD31, Sca-1, CD140a (PDGFRa),
and Vcam1 and sorted using FACS Aria Il (Becton Dickson). DAPI was used for cellular viability.
The following populations were isolated: hematopoietic (CD45+), endothelial (CD31+), stromal
(CD45-CD31-PDGFRat*Sca-1+), and satellite (CD45-CD31-Sca-1-Vcam1+). One thousand cells
from each population were double-sorted and collected into 5 pL Buffer TCL (QIAGEN) containing
1% beta-mercaptoethanol (Sigma Aldrich). Samples were placed on ice for 5 minutes, transferred

to dry ice, and eventually stored at —-80°C until submitted for sequencing. Smart-Seqz2 libraries
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were prepared by the Broad Technology Labs and were sequenced using the Broad Genomics
Platform74. Transcripts were quantified by the Broad Technology Labs computational pipeline
using Cufflinks version 2.2.175. For pathway analysis, differentially expressed genes were defined
using the following cutoffs: expression (> 10), fold-change (> 2, WT versus KO), p value (< 0.05),
and coefficient of variation (< 0.3). KEGG pathway and GO enrichment analyses were performed

using Enrichr (https://amp.pharm.mssm.edu/Enrichr/)71.72.76.77,

GTT and ITT

For insulin tolerance testing (ITT), 13-week old mice were fasted for 3.5h. At 2 h following initial
fasting time, mice were subjected to a single bout of acute treadmill running for 45 min and then
were allowed to rest of 45 min. Insulin (0.9 U/kg) was administered i.p. Blood glucose
measurements were taken at 0, 15, 30, 60, 90, and 120 min using a glucometer. For glucose
tolerance testing (GTT), mice were fasted for 6h and were administered glucose (1 g/kg) i.p. Blood
glucose measurements were taken at 0, 15, 30, 60, 90, and 120 min using a glucometer.

RNA in situ hybridization

Tissues were fixed overnight in 4% paraformaldehyde at 4°C. Tissues were then washed three
times in PBS and stored in 70% ethanol until paraffin embedded. Following embedding, tissues
were sectioned into 5 uM thick slices and placed onto superfrost slides. In situ hybridization was
performed using the RNAscope multiplex v2 assay and 4-plex ancillary kits from ACD. Slides
were first deparaffinized by washing in xylene twice (room temperature, 5 min) followed by 2
methanol washes (room temperature, 2 min). Slides were then allowed to dry completely before
H-O. treatment (room temperature, 10 min). Slides were subsequently washed twice in dH.O
(room temperature, 1 min). Samples were then incubated in RNAscope 1X Target Retrieval
Reagent (100°C, 30 min). Following target retrieval, slides were rinsed in dH.O and then washed
in methanol (room temperature, 3min). Slides were then allowed to dry before RNAscope

Protease Plus reagent was applied to each section (40°C, 30 min). All 40°C incubations were
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performed in the HybEZ Oven. Slides were washed twice with dH.O. Following washes,
RNAscope probes for desmin, pax7, pdgfra, and SUCNR1 were administered to each section
(40°C, 2 h). Slides were then washed twice with 1X Wash Buffer (room temperature, 2 min). Amp
1 was then applied to each section (40°C, 30 min). The slides were then washed twice with wash
buffer (room temperature, 2min). These steps were repeated with Amp 2 (40°C, 30 min) and Amp
3 (40°C, 15 min). HRP-C1 reagent was then applied to each section (40°C, 15 min) followed by
two washes (RT, 2 min). Opal 520 fluorophore was applied (1:750, 40°C, 30 min). Slides were
washed twice and then HRP blocker was applied to each section (40°C, 15 min). These steps
were repeated for HRP-C2 using opal 570, HRP-C3 using opal 620, and HRP-C4 using opal 690.
All opal dyes were diluted 1:750 using TSA buffer. Samples were then mounted using ProLong
Gold Antifade Mountant and allowed to dry overnight. Samples were then imaged using a
fluorescent microscope. Colocalization analysis was performed in Fiji using the Coloc2 plugin for
determination of the Manders’ colocalization coefficient.

Resistance training protocol

A resistance training wheel was created by attaching brass spacers to a standard running wheel
as previously described”®. Twelve-week old mice were singly housed and half of them were placed
in cages containing a running wheel for 3 weeks. Wheels were weighted to 1 g of resistance at
the start of the experiment and was increased by 1 g/week till a final weight of 3 g was reached.
Distance run was continually recorded (Starr Life) and grip strength was assessed weekly in both
trained and untrained mice using a force meter. Lean and fat mass were measured by MRI at the
beginning and at the end of the 3 weeks. Mice were sacrificed after 3 weeks and the tibialis
anterior and gastrocnemius were harvested for further processing.

iDISCO three-dimensional muscle imaging

Tibialis anterior and gastrocnemius muscles were fixed in 4% paraformaldehyde (Thermo Fisher

Scientific). Muscles were then processed for whole-tissue clearing and imaging, using the iDISCO
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method”®. All washes were performed in a 2 mL tube with end-over-end shaking. Tissues were
first dehydrated by washing in a series of methanol/H.O buffers: 20%, 40%, 60%, 80%, 100%,
100% (1 h each, room temperature). Samples were chilled (4°C) and then incubated in 66%
dichloromethane (Sigma Aldrich)/ 33% methanol (o/n, room temperature). Tissues were then
washed twice in 100% methanol (room temperature) and then chilled (4°C). Samples were
bleached in fresh 5% H.O. (Sigma Aldrich) diluted in methanol (o/n, 4°C). Tissues were then
rehydrated by washing in a series of methanol/H20 buffers: 80%, 60%, 40%, 20%, PBS (1 h
each, room temperature). Samples were then washed twice (1 h, room temperature) with PBS
containing 2% Triton X-100 (Sigma Aldrich). To stain the whole tissue, samples were
permeabilized (2 days, 37°C) using PBS containing 2% Triton X-100, glycine (Sigma Aldrich), and
DMSO (Sigma Aldrich). Exogenous binding of antibodies was prevented by incubating samples
in a blocking solution containing PBS, Triton X-100, DMSO, and FBS (2 days, 37°C). Following
blocking, half of the samples were incubated with a TUBB3 antibody (1:2000, Biolegend) and the
other half were incubated with a CD31 antibody (1:250, Biolegend) for 4 days at 37°C. Tissues
were then washed 5 times with PBS containing 2% Tween-20 (Sigma Aldrich) and heparin (Sigma
Aldrich). Samples were then incubated with secondary antibody (1:500, Invitrogen) for 4 days at
37°C. Tissues were then again washed 5 times with PBS containing 2% Tween-20. Samples were
dehydrated by washing in a series of methanol/H.O buffers: 20%, 40%, 60%, 80%, 100%, 100%
(1 h each, room temperature). Following dehydration, tissues were incubated in 66%
dichloromethane/ 33% methanol (3 h, room temperature). Samples were then washed twice with
100% dichloromethane (15 min each, room temperature). Finally, tissues were cleared using
dibenzyl ether (Sigma Aldrich). Whole tissues were then imaged at 0.66x magnification using a
light sheet microscope. 3D reconstructions and renderings were made using the software Imaris
(Bitplane). Further imaging analysis was performed using ImageJ.

Gene expression analysis
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Stromal, endothelial, immune, and satellite cells were isolated from hindlimb muscles as
previously described and collected into RLT buffer (QIAGEN) for RNA extraction. RNA was further
purified using the RNAeasy Micro Kit (QIAGEN). RNA was then quantified using a Nanodrop
2000 UV-visible spectrophotometer. 100 ng of RNA was used to synthesize cDNA via reverse-
transcription polymerase chain reaction (RT-PCR) using a high-capacity cDNA reverse
transcription kit (Thermo Fisher Scientific). cDNA was then diluted in a 1:4 ratio cDNA to water
and used for real-time quantitative PCR (qPCR) analysis. gqPCR reactions were performed in 384-
well plates using GoTag qPCR Master Mix (Promega). Samples were run on a Quant Studio 6
Flex Real-Time PCR machine (Applied Biosystems). Relative abundance of Sucnr1 was

calculated by the ACt method using GAPDH as an endogenous control.
Quantification and Statistical Analysis

Data analysis was performed in Excel, R, and Prism as described above. All data (unless
otherwise noted) was presented as mean + SEM. Unless otherwise noted, P values were
calculated using a two-tailed Student’s t test for pairwise comparisons and one-way ANOVA for
multiple comparisons involving a single variable. * p < 0.05; = p < 0.01; ** p < 0.005. Details of
statistical analyses and n values are found in the Figure Legends. For in vivo experiments, n

indicates number of mice or humans. For all other experiments, n indicates biological replicates.
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Abstract

Uptake of circulating succinate by brown adipose tissue (BAT) and beige fat elevates
whole-body energy expenditure, counteracts obesity, and antagonizes systemic tissue
inflammation in mice. The plasma membrane transporters that facilitate succinate uptake in these
adipocytes remain undefined. Here we elucidate a mechanism underlying succinate import into
BAT via monocarboxylate transporters (MCTs). We show that succinate transport is strongly
dependent on the proportion of it present in the monocarboxylate form. MCTs facilitate
monocarboxylate succinate uptake, which is promoted by alkalinization of the cytosol driven by
adrenoreceptor stimulation. In brown adipocytes, we show that MCT1 primarily facilitates
succinate import. In male mice, we show that both acute pharmacological inhibition of MCT1 and
congenital depletion of MCT1 decrease succinate uptake into BAT and consequent catabolism. In
sum, we define a mechanism of succinate uptake in BAT that underlies its protective activity in

mouse models of metabolic disease.

Introduction

Beyond its role as a tricarboxylic acid (TCA) cycle intermediate, succinate is now known
to regulate several physiological and pathophysiological processes’-3. Succinate elicits biological
adaptation via its accumulation and subsequent modulation of intracellular processes'. One
consequence of accumulated succinate arises from its capacity to contribute reducing power to
the mitochondrial respiratory chain, and in doing so to regulate the production of superoxide and
hydrogen peroxide*. Accumulated succinate is also readily released from mitochondria and can

regulate cellular adaptation through inhibition of alpha-ketoglutarate (aKG) dependent
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dioxygenases, a large family of enzymes with broad roles ranging from oxygen sensing, fatty acid
catabolism, and regulation of the epigenome?.

Additionally, accumulated succinate is now well appreciated to regulate physiology
through its secretion and ligation of the G-protein coupled receptor, succinate receptor 1
(SUCNR1)8&12, Recent studies have shown that succinate is selectively released from cells via the
plasma membrane monocarboxylate transporter (MCT)'81315 This process is initiated by
intracellular acidification, for example in response to acute metabolic perturbations such as
muscle exercise or tissue hypoxia®'4. Acute acidification causes a portion of the intracellular
succinate pool to become protonated, converting the metabolite from a dicarboxylate to a
monocarboxylate, which renders it a transport substrate for MCT1. Following secretion, succinate
signaling via SUCNRT1 has been shown to regulate numerous physiological processes, including
increased innervation following exercise training and cytokine production by
macrophages’8.10.12,16-20,

A major factor that antagonizes SUCNR1 signaling by succinate is the rate of succinate
sequestration by tissues following its release. SUCNR1 activation occurs at a half-maximum
effective concentration (EC50) between 28-56 uM, with ~99% responses achieved at 200 uM?'.
Extracellular succinate readily achieves these concentrations following release’811.2223. Also,
depending on the physiological context, extracellular succinate levels can rapidly renormalize, or
remain chronically elevated”81123. The varied kinetics and fates of circulating succinate coincide
with distinct physiological outcomes. For example, pulsatile elevation of extracellular succinate is
associated with physiological remodeling of muscle tissue following exercise, while chronic
elevation of extracellular succinate is linked to pro-fibrotic and pro-inflammatory signaling?.8.11.23.24,

Brown adipose tissue (BAT) can sequester extracellular succinate?25. Uptake of succinate
by BAT is linked to protection against various aspects of metabolic disease. Succinate uptake by

BAT promotes uncoupling protein 1 (UCP1)-dependent thermogenesis, energy expenditure, and
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protection against obesity and glucose intolerance in mice?5. Additionally, sequestration of
extracellular succinate by BAT antagonizes chronic SUCNR1 mediated liver inflammation and
fibrosis in the context of non-alcoholic fatty liver disease (NAFLD)?. While succinate uptake into
BAT results in beneficial systemic effects, little is known about the mechanism of succinate
transport in BAT or how it is regulated. Here we identify a key role for MCTs and pH-gradient

facilitated succinate uptake.
Results

Brown adipocytes import extracellular succinate in a pH dependent manner.

We first used 14C4-succinate to characterize the properties of the succinate transport
system in differentiated mouse primary brown adipocytes. As expected, externally applied
succinate resulted in concentration-dependent transport across the range of 0.01-20 mM
extracellular succinate (figure 3.1a). Succinate transport occurred at a maximal rate of 800
pmol/mg protein/min (figure 3.1a). We next monitored the fate of internalized succinate by
tracking uptake and metabolism of '3C4-succinate using mass spectrometry (figure 3.1b). At
external concentrations as low as 10 uM, uptake and mitochondrial metabolism of extracellularly
applied succinate occurred rapidly, with '3C4-fumarate and '3C4-malate accumulating within cells
as early as two minutes following application of '3C4-succinate (figure 3.1¢c). We observed a
comparable capacity for succinate uptake and catabolism in human brown adipocytes, where
sequestration and metabolism of 13C4-succinate occurred readily when external concentrations
as low as 10 uM were applied (figure 3.1d).

Previous work performed in muscle, myotubes, and the ischemic heart showed that
decreasing intracellular pH promotes succinate export®'4. On this basis, we examined whether
succinate uptake into brown adipocytes could be stimulated by decreasing extracellular pH

(figure 3.1e). We observed an inverse relationship between extracellular pH and the amount of

92



succinate transported: as extracellular pH lowered, brown adipocytes imported more succinate
(figure 3.1e). Increased uptake was attributable to elevation in initial linear rate of transport of
succinate as extracellular pH lowered (figure 3.1f). Next, we monitored whether capacity for
brown adipocyte succinate uptake depended on differentiation state. Using primary brown
adipocytes, we assessed the ability of pre-adipocytes to transport succinate. Pre-adipocytes
exhibited significantly reduced capacity for succinate uptake compared to differentiated brown
adipocytes (figure 3.1g). Previous work showed BAT preferentially accumulates succinate upon
cold exposure?. Adrenergic signaling stimulated by norepinephrine (NE) release from
sympathetic nerves in BAT is a key signaling event that occurs in response to cold?6-28. Moreover,
previous work has demonstrated cytosolic alkalinization following activation of B-adrenergic
signaling®®-3'. In line with this we observed that stimulation of brown adipocytes with NE resulted
in a rapid alkalinization of cytosolic pH by ~0.6 pH units. (figure 3.1h), which was paralleled by
an elevation of local extracellular pH of ~0.8 pH units (figure 31h). Based on the ApH dependence
of succinate export®'4, we hypothesized that a ApH imposed by cytoplasmic alkalinization induced
by adrenergic signaling could promote succinate uptake by brown adipocytes. In support of this
hypothesis, we observed that upon NE treatment uptake of succinate into brown adipocytes was
significantly potentiated (figure 3.1i). Taken together these findings indicate that succinate
transport occurs at physiological pH but can be enhanced by a ApH gradient across the plasma
membrane.
Monocarboxylate transporters (MCTs) facilitate succinate uptake in brown adipocytes.
We next sought to determine the protein(s) responsible for mediating succinate uptake in
brown adipocytes. We first assessed a role for the canonical transporter of succinate, solute
carrier family 13 member 3 (SLC13A3). We tested the relevance of SLC13A3 contribution to

succinate uptake at an externally applied pH of 6.5 to ensure high uptake of succinate under the
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experimental conditions and maximal dynamic range for measuring putative inhibitory effects.
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Figure 3.1 | Brown adipocytes import extracellular succinate in a pH dependent manner.
(a) Brown adipocytes were treated with '*C4-succinate (pH = 7.45) and uptake was monitored
(n = 3). (b) Schematic depicting transport and metabolism of '3C4-succinate tracer. (c) Brown
adipocytes were treated with '3C4-succinate (pH 7.45) and intracellular, relative metabolite
abundance was assessed (n = 4). (d) Human (n = 6, pH = 7.0, 15 min) and mouse (n = 4, pH
= 7.45, 10 min) brown adipocytes were treated with '3C4-succinate. Intracellular, relative
metabolite abundance was assessed and normalized to cell number. Mouse data replotted
from figure 1c. (e) Cells were treated with '“Cs-succinate under different media pH conditions
and uptake was monitored (n = 3). Brown adipocyte protein concentration was determined by

bicinchoninic acid (BCA) assay.

94



Figure 3.1 | Brown adipocytes import extracellular succinate in a pH dependent manner
(cont) (f) Cells were treated with *Cs-succinate at indicated concentrations under different
media pH conditions, as shown. *Cs-succinate uptake was monitored (n = 3). Brown adipocyte
protein concentration was determined by BCA assay. (g) Primary brown adipocytes and
preadipocytes were treated with '“Cs-succinate under various media pH conditions, as
indicated. '*C4-succinate uptake was monitored (n = 3). (h) Cells were stained with intra- (n =
143) or extracellular (n = 151) pH-sensitive dye and were then treated with 1 uM
norepinephrine (NE). Images were collected at 0 min, 1 min, 5 min, and 15 min following NE.
A baseline image, before NE administration, was also collected. (i) Brown adipocytes were
treated with 100 uM '3Cs-succinate in the presence or absence of 100 nM NE for 2 min.

Relative abundance of intracellular '3C4-succinate was determined by LC/MS analysis (n = 6).

Selective depletion of SLC13A3 in brown adipocytes had no effect on succinate uptake (Figure
3.2a). We next considered the fact that succinate uptake in brown adipocytes is pH-dependent.
Succinate is a dicarboxylate with a monocarboxylic pKa of 5.69 and a fully protonated pKa of 4.21
%2, The monocarboxylic pKa of succinate is much higher than that of other TCA cycle
intermediates, rendering this metabolite amenable to protonation at physiological pH 33. As such,
across the pH range 4.5 - 7.5 the proportion of succinate existing in the monocarboxylate form
will vary substantially. We examined the relationship between brown adipocyte succinate uptake
rate, extracellular pH, and the proportion of succinate existing as a monocarboxylate. This
analysis demonstrated a strong relationship between the amount of succinate present in the
monocarboxylate form and the rate of succinate sequestration by brown adipocytes (Figure
3.2b,c). Taken together, this data strongly suggests that the monocarboxylate form of succinate

is the major transported form.
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We next examined which small molecule carboxylate transporters are present in brown

and beige adipocytes that could explain the basis for transport of monocarboxylic succinate
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Figure 3.2 | Monocarboxylate transporters (MCTs) facilitate succinate uptake in brown

adipocytes. (a) WT and Sic13a3 knockdown cells were treated with *Cs-succinate (n

3)

and uptake was monitored. Knockdown was confirmed by gPCR. (b) Schematic of figure 1e

and succinate pKa curve.
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Figure 3.2 | Monocarboxylate transporters (MCTs) facilitate succinate uptake in brown
adipocytes (cont.) (c) Rate of '“Cs-succinate transport determined in figure 1f was
recalculated to reflect the concentration of protonated '“Cs-succinate present. (d)
Comparative screen to identify potential plasma membrane (PM) transporters of succinate
present in brown adipose tissue (BAT). (e) MCT knockdown cells were treated with '#Ca-
succinate (pH = 7.0) and uptake was monitored (n = 3). Knockdown was confirmed by qPCR.
(f) MCT1 and MCT1,2,4 knockdown cells were treated with 10 uM 13Cs4-succinate (pH = 7.0)
for 15 min. Relative, intracellular metabolite abundance was assessed (n = 6). Knockdown
was confirmed by qPCR. (f) Brown adipocytes were treated with MCT inhibitors. 4Cs-
succinate was administered to cells and uptake was monitored (n = 3). (g) Brown adipocytes
were treated with AZD3965 and '#C4-succinate and transport was monitored (n = 3). (h) Cells
were pre-treated with 100 nM of AZD3965 for 30 min and then were administered 10 uM
13Cs-succinate for 2 min (pH = 7.45). Relative intracellular metabolite abundance was
assessed. (n = 6). (i) Cells were pre-treated with 100 nM of AZD3965 for 30 min and then
were administered 10 pM 1'3Cs-succinate for 2 min (pH = 7.45). Relative intracellular
metabolite abundance was assessed. (n = 6). (j) 10 uM '3C4-succinate was applied to MCT1
knockdown cells for 15 min. Knockdown was confirmed by qPCR. Relative, intracellular
metabolite abundance was assessed (n = 6). (k-l) Cells were treated with “C4-succinate for
5 min in the presence of structurally similar metabolites, monocarboxylates (k) and

di/tricarboxylates (I). *Cs-succinate uptake was assessed (n = 3).
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across the plasma membrane. We compared four RNA and proteomic data sets comprising
mouse brown, beige, and white adipocytes to identify potential transporters of succinate 34. From
this comparative analysis, MCT1 emerged among the common small molecule carboxylate
transporters (Figure 3.2d). MCT1 belongs to the MCT family of proteins that include MCT1, 2,
and 4. These transporters facilitate the diffusion of small monocarboxylates such as L-lactate and
pyruvate across the plasma membrane. This transport is proton-linked and is driven by changes
in proton concentration 3. Previous studies show MCT1 expression to be induced upon
differentiation and cold exposure and to be specifically localized to brown and beige
adipocytes3637. The cold-inducibility of MCT1 appears to be specific, with other MCT isoforms
remaining unchanged upon cold exposure %6. Moreover, previous studies of muscle, heart, and
recombinant protein have shown that MCT1 can transport succinate in its monocarboxylate form
8,13-15_

Genetic depletion of MCT1 in brown adipocytes resulted in an attenuation in succinate
uptake, whereas depletion of MCT4 had minimal effect and MCT2 no effect on uptake (Figure
3.2e). Knockdown of all three MCT isoforms did not further inhibit succinate uptake compared to
knockdown of MCT1 alone (Figure 3.2f). Chemical inhibition of the MCTs resulted in a similar
attenuation of succinate transport (Figure 3.2g). AZD-3965, a potent inhibitor of MCT1 (ICso = 1.6
nM) 3839 and at higher concentrations an inhibitor of MCT2 (ICso = 20 nM) 3, induced a
concentration-dependent decrease in “Cs-succinate uptake (Figure 3.2h). Administering AZD-
3965 at concentrations that inhibit MCT1 and MCT2 similarly resulted in a decrease in '3Cs-
succinate uptake and its downstream product of mitochondrial catabolism, '3C4-malate (Figure
3.2i). AZD-3965 elicited no significant additional inhibition of succinate transport in MCT1-KD
cells, suggesting that the major uptake pathway is via MCT1 (Figure 3.2j). Extracellular co-
application of known transport substrates of the MCT family of proteins also decreased succinate

uptake by brown adipocytes, suggesting that these metabolites are competing for the same
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transporter as succinate (Figure 3.2k). Conversely, there was no effect on succinate uptake in
the presence of excess di- or tricarboxylates (Figure 3.2l). In competition experiments, we tested
the relevance of metabolite competition with succinate uptake at pH 6.5 to drive elevated uptake
of succinate under the experimental conditions.

Inhibition of MCT1 attenuates succinate uptake into mouse BAT in vivo.

We next examined whether MCT1 regulates succinate uptake into mouse BAT in vivo. We
generated an adipocyte-specific MCT1 knockout (KO) mouse by crossing a MCT1 flox mouse
with a mouse expressing cre under the adiponectin promoter (Figure 3.3a). We confirmed
ablation of MCT1 by performing quantitative proteomics on interscapular BAT from MCT1 KO and
wild-type (WT) mice. We observed a significant decrease in MCT1 protein abundance along with
its accessory protein basigin (BSG) (Figure 3.3b). This analysis provided no evidence for
compensatory upregulation of other transporters in the fat-specific KO animals (Figure 3.3c). We
next injected WT and MCT1 KO animals housed at room temperature with '3C4-succinate and
harvested interscapular BAT and subcutaneous adipose tissue (SAT), which contains both white
and beige adipocytes 4041 and performed liquid chromatography/mass spectrometry (LC/MS)
analysis to assess succinate uptake and metabolism in these tissues (Figure 3.3d). We observed
a significant decrease in BAT succinate uptake and catabolism in MCT1KO mice when compared
to WT (Figure 3.3e). We noted that brown adipocyte uptake of succinate is strongly potentiated
by adrenoreceptor agonism, (Figure 3.1i). At room temperature, mouse BAT is subject to
adrenergic activation, which is significantly diminished at thermoneutral housing temperatures.
We repeated the above tracing experiment in mice housed at thermoneutrality and found MCT1
mediated succinate uptake and metabolism was significantly diminished. (Figure 3.3f).

The discordance of our in vivo observations between thermoneutral housed mice and
room temperature housed mice led us to consider explanations for residual transport capacity in

BAT in MCT1KO. One potential difference arose in the nature of acute versus chronic MCT
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depletion or inhibition. Our in vitro studies employed siRNA mediated knockdown (several days),
or pharmacological inhibition (minutes). Conversely, our in vivo analysis was performed in mice
with a congenital lack of MCT1, which could lead to altered development of thermogenic
adipocytes and reliance on alternative modes of monocarboxylate transport. However, triple
knockdown of MCT1/MCT2/MCT4 did not further inhibit succinate uptake in brown adipocytes
(Figure 3.2f), suggesting that additional succinate transport activity in BAT is not attributable to
MCTs. To examine this possibility further, we acutely inhibited MCT1 and 2 in WT mice using
AZD-3965 and injected '3C4-succinate (Figure 3.3g). AZD-3965 treatment significantly decreased
13Cs-succinate uptake by BAT but not SAT (Figure 3.3h), with an effect size approximating that
which we observed in MCT1KO mice (Figure 3.3e). An additional factor to consider when
interpreting in vivo tracing into BAT is contaminating signal from non-adipocyte sources, including
non-adipocyte cell types and local blood. *C-succinate signal in BAT in vivo will include these
factors, which likely leads to an underrepresentation of the effect of MCT1KO in this context. It is
noteworthy that *C-malate signal reported on succinate uptake and metabolism by mitochondria,
presumably explaining why effects of MCT1KO were clearer when assessing conversion to
malate. Taken together, these data indicate that MCT1 facilitates succinate uptake into BAT in
vivo, with strongest effects at room temperature, and suggests a role for other non-MCT
transporters in addition to MCT1 that may be most relevant under conditions of ow adrenoreceptor

agonism.
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Figure 3.3 | Inhibition of MCT1 attenuates succinate uptake into mouse BAT in vivo. (a)

Schematic detailing the generation of the fat-specific MCT1 KO mouse. (b) Proteomic analysis

was performed on BAT harvested from wild-type (WT) and MCT1 KO mice to assess the

relative abundance of MCT1, MCT4, and accessory protein basigin (BSG) (n = 4). (c) Global

proteomic analysis was performed on BAT harvested from WT and MCT1 KO mice to

determine possible off-target changes in protein abundance in the absence of MCT1 (n = 4).

(d) Schematic outlining experimental procedure of in vivo 3Cs-succinate tracing in WT and

MCT1 KO mice.
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Figure 3.3 | Inhibition of MCT1 attenuates succinate uptake into mouse BAT in vivo
(cont.) (e) WT or fat-specific MCT1 KO mice were administered tail-vein injection of '3C,-
succinate (10 mg/kg) at room temperature. 2 min following '3C4-succinate injection, BAT and
SAT were harvested. Metabolite extraction was performed on tissues and relative '3Cs-
succinate and malate abundance were assessed via LC/MS analysis. (n = 3-6). (f) WT or fat-
specific MCT1 KO mice were administered tail-vein injection of '3Cs-succinate (10 mg/kg) at
thermoneutrality. 2 min following '3Cs-succinate injection, BAT and SAT were harvested.
Metabolite extraction was performed on tissues and relative '3Cs-succinate and malate
abundance were assessed via LC/MS analysis. (n = 5-6). (g) Schematic detailing experimental
procedure of in vivo '3Cs-succinate tracing following AZD3965 administration. (h) WT mice
were administered either 5 mg/kg AZD3965 (n = 10) or saline (n =16) via i.p. injection 2h prior
to tail-vein injection of 13C4-succinate (10 mg/kg). 2 min following '3C4-succinate injection, BAT
and SAT were harvested. Metabolite extraction was performed on tissues and relative '3Cy-

succinate abundance was assessed via LC/MS analysis.

Discussion

Regulation of SUCNR1 by circulating succinate has emerged as a key node of
metabolite control over tissue remodeling. The dynamics of succinate-SUCNR1 signaling
appear to be a major component dictating the nature of the biological consequence of
succinate action. Acute, pulsatile elevation in extracellular succinate elicits distinct
remodeling processes compared to chronic elevation. Additionally, SUCNR1 agonism
appears to promote distinct adaptive responses depending on the SUCNR1-expressing

cell type sensing extracellular succinate.
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The dynamic nature of SUCNR1 agonism by succinate requires a better
understanding of the mechanisms that control succinate secretion into, and sequestration
from, extracellular fluids. Here we focused our attention on brown adipocytes, a cell type
with a particular avidity for uptake of extracellular succinate. Brown adipocyte succinate
uptake regulates thermogenic respiration in BAT and beige fat and whole-body energy
expenditure. Moreover, succinate uptake by these cells has been shown to antagonize
pathogenic SUCNR1 activation caused by chronically elevated circulating succinate.
Here we show that brown adipocyte uptake of succinate depends on the proportion of it
in the monocarboxylic form, and relies substantially on MCT family proteins, in particular
MCT1. It is noteworthy that a mechanism through which brown adipocytes acquire
succinate appears to be an inversion of the succinate export mechanism recently
discovered in a variety of cell types 81314,

Studies in exercising muscle, ischemic heart, and mouse retinas have shown
succinate export via MCT1 to be dependent on intracellular acidification occurring in
response to changes in cellular metabolism. For example, during exercise, the
combination of decreased oxygen tension and increased glycolytic flux results in acute
intracellular acidification, with cytosolic pH falling as low as 6.4 42, Other physiological
conditions, such as ischemia, can also lead to acute acidification of the cytosol 4. This
pH regulation of succinate export positions succinate as an ideal signaling molecule since
it can relay changes in bioenergetic status to the surrounding environment. Because the
pKa of succinate is high compared to other mitochondrial dicarboxylates, a significant

portion of the intracellular pool is readily protonated at physiological pH, converting the
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metabolite from a dicarboxylate to a monocarboxylate. Once protonated, succinate is then
secreted from the cell via MCT1. The decrease in pH serves a dual purpose, not only
does it increase the pool of monocarboxylate succinate, but it also supplies protons
required for MCT-facilitated transport.

MCTs facilitate the diffusion of carboxylates across the plasma membrane, with
the rate and directionality dictated by the concentration gradient of the carboxylate and
protons. Notably, transport of the monocarboxylate form of succinate by MCTs would
carry two protons across the membrane, as opposed to one, in the case of lactate or
pyruvate. Therefore, succinate transport by MCTs is presumably more sensitive to ApH
across the plasma membrane than for other MCT substrates. Succinate export from cells
by MCTs is highly pH dependent, due to the requirement for intracellular succinate to
exist as a monocarboxylate, and ApH driving proton release with succinate. However, in
the case of succinate import into brown adipocytes, the intracellular concentration of
succinate would be equivalent to or higher than the extracellular concentration, which
peaks in the hundreds of micromolar. How then is uptake and metabolism of micromolar
concentrations of succinate achieved via MCTs, if transport is operating against the
succinate concentration gradient? One contributing factor is likely to be ApH across the
plasma membrane. Since succinate uptake would bring two molar equivalents of protons,
relative alkalinization of the cytosol could preferentially drive proton import using
succinate as a co-transported species. This supposition is supported by the observation
that interventions driving cytosolic alkalinization, i.e. adrenoreceptor agonism, promote

succinate uptake into brown adipocytes. Indeed, the highly innervated nature of BAT and
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beige fat, coupled with the high capacity of these cells for succinate oxidation to support
thermogenesis, may be a major reason why these cells avidly acquire extracellular
succinate. The above parameters dictating succinate transport by MCTs also suggest that
the metabolic state of BAT could be a major factor regulating succinate uptake in these
cells. For example, it would be expected that intracellular acidification in brown adipocytes
would promote succinate export, as opposed to import. This concept is supported by our
findings that elevated glycolytic lactate production antagonizes succinate uptake by
brown adipocytes. Such local metabolic changes could also affect the capacity of BAT to
handle systemic succinate.

Understanding the metabolic and environmental conditions that foster succinate
uptake into BAT will offer us greater insight into how BAT regulates systemic health.
Succinate transport into BAT promotes a range of physiological responses that are
beneficial for systemic health. These include increased thermogenic activity, protection
from metabolic disease, and decreased inflammation. Here we show both in vivo and in
vitro that MCT proteins, particularly MCT1, have a capacity to sequester extracellular
succinate, which is potentiated by adrenoreceptor agonism. We demonstrate a pH
dependency of succinate transport and show BAT preferentially transports protonated
succinate. Our in vivo MCT1 KO data suggests a compensatory pathway for succinate
uptake, presumably through an MCT-independent mechanism. Future studies will need
to be conducted to further elucidate the full repertoire of transporters capable of

transporting succinate into BAT.
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Materials and Methods

Mouse Lines

Animal experiments were performed according to procedures approved by the Institutional Animal
Care and Use Committee of the Beth Israel Deaconess Medical Center. Unless otherwise stated,
male C57BL/6J were used (10 + 2 weeks of age; Jackson Laboratories). MCT1 flox mice were a
gift from the Rothstein lab 3. All mice were housed in a temperature-controlled (23°C) room on a
12-h light-dark cycle at ambient humidity.

Primary brown adipocyte isolation

Primary brown adipocytes were obtained and handled as previously described 2544, Briefly,
intrascapular brown adipose tissue was dissected from 2- to 10-day-old pups, washed in PBS
and minced. The minced tissue was digested for 45 min at 37°C in PBS buffer containing 1.5 mg
ml-* collagenase B, 123 mM NaCl, 5 mM KCI, 1.3 mM CaCl,, 5 mM glucose, 100 mM HEPES,
and 4% essentially fatty-acid-free BSA. The tissue suspension was filtered first through a 100 um
and then a 40 um cell strainer and spun at 600 g for 5 min in-between to pellet the stromal vascular
fraction. The cell pellet was resuspended in adipocyte culture medium, plated, and maintained at
37°C in 10% CO.. Primary brown pre-adipocytes were counted and diluted to a concentration of
150,000 cell/ml and plated in the evening 12h before differentiation start. Plating was scaled
according to surface area, for 24-well plates 0.5 ml (75,000 cells) were used/well. Brown
preadipocytes were induced to differentiate with an adipogenic cocktail diluted in adipocyte culture
medium (1 uM rosiglitazone, 0.5 mM IBMX, 5 uM dexamethasone, 0.114 pg ml-' insulin, 1 nM
T3, and 125 yM indomethacin). Two days after induction, and subsequently every 48hrs, cells
were re-fed adipocyte culture medium containing 1 uM rosiglitazone, 1 nM T3, and 0.5 pg ml-
insulin. Cells were fully differentiated 7 days after induction.

Human brown adipocyte differentiation
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A41 hWAT-SVF pre-adipocytes were a gift from the Tseng lab and were plated in a 10 cm dish
with high-glucose DMEM (Gibco) supplemented with 10% FBS and 1% penicillin-streptomycin
(Thermo Fisher) and maintained at 37°C in 5% CO.. Upon differentiation, cells were re-plated in
a 24-well dish (20,000 — 40,000 cells/ml) and given induction media (high-glucose DMEM, 2%
FBS, 1% penicillin-streptomycin, 33 uM biotin, 0.5 uM human insulin, 17 uM pantothenate, 0.1
MM dexamethasone, 2 nM T3, 500 uM IBMX, 30 uM indomethacin). Fresh induction media was
added every three days. Cells reached full differentiation 12 — 24 days following induction. Once
differentiation was achieved, 3Cs-succinate uptake assays were performed.

14C4-Succinate uptake assay

For radioactive uptake assays cells were grown in 24-well plates. On day of experiment tissue
culture media was aspirated and the cells were washed once in pre-warmed (37°C) PBS. The
cells were then preincubated for 30 min in assay buffer (DPBS with MgCl. & CaCl, supplemented
with 2% BSA and 1 mM glucose; pH 7.5) at 37°C. For MCT inhibitor experiments the inhibitors
were added at the specified concentrations in the preincubation buffer. After preincubation buffer
was removed and replaced with 200 ul assay buffer containing [1,4-4C] succinic acid (American
Radiolabeled chemicals) for 15 min (unless otherwise stated) at 37°C. pH of the assay buffer was
adjusted with NaOH to pH 6.5, unless otherwise stated. The radioactive assay buffer contained
0.5 uCi/ml *C-succinate and was supplemented with sodium succinate to a final concentration of
5 mM (unless otherwise stated). For metabolite competitor studies the indicated metabolite was
added to the uptake buffer together with succinate. At the end of the 15 min cells were placed on
ice and washed 3x with ice-cold PBS. Cells were lysed by pipetting in 200 ul 1% SDS, and 150
ul was transferred to a scintillation vial (Wheaton) containing 6 ml Ultima Gold scintillation cocktail
(Perkin Elmer). Radiation in each sample was measured as counts/minute (CPM) using a TRI-

CARB 2900TR scintillation counter. For each experiment at blank sample was run to determine
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background counts, and this value was subtracted from all experimental readings. For
normalization total protein concentration was measured on an aliquot of the cell lysate with the
Pierce BCA protein kit (Thermo Fisher) following the manufacturer’s instructions. Radioactive
CPM was converted to succinate concentrations using the specific activity (55 mCi/ml) of C-
succinic acid. The uptake was then normalized to total protein amount for each sample. (For
experiments with preadipocytes and cell lines uptake data was normalized to cell counts instead

of protein concentration).

In vitro 13C4;-Succinate uptake assay

For 13Cs-succinate uptake assays, cells were grown in 24-well plates. On the day of the
experiment, serum-free media (Gibco) containing '3Cs-succinate (Cambridge Isotopes) was
prepared and pH was adjusted to pH 7.4 using NaOH. For norepinephrine (NE) stimulation
experiments, a specified amount of NE (Sigma Aldrich) was added to the '3Cy-succinate
containing media just prior to incubation. For MCT1 inhibitor experiments, cells were pre-
incubated with AZD-3965 for 30 min. After pre-incubation, '3C4-succinate containing media was
added and cells were incubated for specified amount of time. Media was aspirated and cells were
washed three times on dry ice with ice-cold PBS. 100 uL of metabolite extraction buffer consisting
of 80% HPLC MeOH containing D4-thymine, D4-glycocholate, and 15N4-inosine was added to

each well. Cells were scraped and lysates were collected for further LC/MS analysis.

Cytosolic pH measurements

Intracellular pH was measured using the ratiometric pH dye BCECF-AM (Invitrogen) 45.
Preadipocytes were plated in a 12-well plate and differentiated. On day 7, mature adipocytes were
loaded with dye (5 uM) and incubated for 30 min at 37°C. Cells were imaged using a dual-

excitation ratio of 480 nm and 440 nm and a fixed emission at 535 nm. A baseline image was
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obtained before norepinephrine (Sigma Aldrich) was administered. A calibration curve was
created using nigericin and high K+.

Local extracellular pH measurements

Extracellular pH was measured using the ratiometric pH dye fluorescein DHPE (Life
Technologies) “6. Pre-adipocytes were plated in a 24-well plate and differentiated. On day 7,
mature adipocytes were loaded with dye (8 uM) and incubated for 30 min at 37°C. Cells were
imaged using a dual-excitation ratio of 470 nm and 440 nm and a fixed emission at 500 nm. A
baseline image was collected before norepinephrine (Sigma Aldrich) was administered. A
calibration curve was created using different pH media conditions (6.4, 7.4, and 8.4).

siRNA mediated knockdown in brown adipocytes

Forward and reverse siRNA transfections were performed as previously described 47
Transfections were carried out on day 4 of differentiation and experiments were conducted on
day 7. For forward transfections, pre-adipocytes were plated in a 24-well plate at a concentration
of 50,000 cells/well. For reverse transfections, day 4 differentiated brown adipocytes were plated
at a concentration of 475,000 cells/well in a 24-well plate. Final concentrations of siRNA and
lipofectamine RNAIMAX was 90 nM and 9 nul/ml, respectively. siRNAs (Sigma-Aldrich) used were:
Mct1 (SASI_MmO01_00112354), Mct2 (SASI_Mm01_00096521), Mct4 (SASI_MmO01_00119743),
Slc13a3 (SASI_MmO01_00057701). MISSION® siRNA Universal Negative Control #1 (Sigma-
Aldrich, SIC001) was used as control siRNA.

Sample preparation for metabolite analysis

Following intervention, 100 uL of ice-cold extraction buffer consisting of 80% methanol containing
D4-thymine, D4-glycocholate, and 15N4-inosine was added to each well of a 24-well plate. Cells
were immediately harvested by scraping on dry ice and transferred to a 1.5 mL microcentrifuge
tube. Lysates were centrifuged twice at max speed (10 min, 21,100 g, 4°C) and supernatant was

collected. For in vivo experiments, mice were sacrificed by cervical dislocation following
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intervention and tissues were quickly harvested and immediately snap-frozen in liquid nitrogen.
Samples were then weighed and homogenized with extraction buffer in a 4:1 (uL extraction buffer:
mg of tissue) ratio. Tissues were centrifuged twice (10 min, 21,100 g, 4°C) and supernatant was
collected. Supernatant was further diluted 1:10 (sample:80% methanol) with 80% HPLC grade
methanol. For plasma collection, blood was collected via cheek bleed into a heparin column
(Becton Dickson), centrifuged (10 min, 1,000 g, 4°C), and immediately snap-frozen. Metabolites
were then extracted by adding extraction buffer in a 4:1 (uL of extraction buffer: uL of plasma)
ratio. Extracted metabolites were further diluted 1:10 (sample:80% methanol) with 80% HPLC
grade methanol.

LC/MS metabolite analysis

Metabolite separation was performed using a Luna-HILIC column (Phenomenex) on an UltiMate-
3000 TPLRS LC. A linear 10-min gradient of 10% mobile phase A (20 mM ammonium acetate
and 20 mM ammonium hydroxide in 95% water and 5% ACN) and 90% mobile phase B (10 mM
ammonium hydroxide in 75:25 v/iv ACN/MeOH) to 99% mobile phase A was used, and
metabolites were analyzed by a Q-Exactive™ HF-X mass spectrometer (ThermoFisher). Negative
ion mode was used with full scan analysis over m/z 70-750 m/z at 60,000 resolution, 1e6 AGC,
and 100 ms maximum ion accumulation time. lon spray voltage was set at 3.8 kV, capillary
temperature was at 350°C, probe heater temperature was at 320 °C, sheath gas flow was set at
50, auxiliary gas was set at 15, and S-lens RF level was set at 40. TraceFinder (ThermoFisher)
was used to annotate and quantify the metabolite peaks.

In vivo 13C4-Succinate tracing

Mice were housed at thermoneutrality (29°C) for one week prior to experiment. Mice were then
injected with [U'3C] succinate (10 mg/kg, 2 min) (Cambridge Isotope Laboratories) via intravenous

tail vein. Intravenous injections were performed as a bolus over 20 s. Mice were sacrificed by
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cervical dislocation. Tissues were harvested and immediately snap frozen in liquid nitrogen and
stored at -80°C for further analysis.

In vivo chemical inhibition of MCTs

Mice were injected intraperitoneally with AZD 5 mg/kg, 2 h prior to intravenous tail vein injection
with [U'3C] succinate (10 mg/kg, 2 min) (Cambridge Isotope Laboratories). Intravenous injections
were performed as a bolus over 20 s. Tissues were extracted and snap frozen in liquid nitrogen
and stored at —-80°C until MS analysis was performed.

Gene expression analysis (QPCR)

Total RNA from cellular siRNA experiments were extracted using TRIzol (Invitrogen) and purified
using phenol:chloroform extraction with isopropanol precipitation. Purified RNA was quantified
using a Nanodrop 2000 UV-visible spectrophotometer. cDNA was prepared according to
manufacturer’s instructions from 2 ug total RNA using a high-capacity cDNA reverse transcription
kit (Applied Biosystems). gPCR reactions were performed in a 384-well format using GoTaq
gPCR Master Mix (Promega) and run on an ABI PRISM 7900HT real time PCR system (Applied
Biosystems). Relative gene expression was calculated by the delta delta Ct method using mouse
cyclophilin A expression as endogenous control. All fold changes are expressed normalized to
the universal negative siRNA control. Primer pairs are as follows: Cyclophilin A, FW 5’-
GGAGATGGCACAGGAGGAA-3, RV 5- GCCCGTAGTGCTTCAGCTT-3’; Mect1, FW 5
GTGCAACGACCAGTGAAGTA-3’, RV 5- ACAACCACCAGCGATCATT-3; Mect2, FW 5'-
GTTGGCTTCAATGGAGGTTT-3’, RV 5-AAAACAGGACTTCCAGCCAT-3’; Mct4, FW 5'-
TCCTGCTGGCTATGCTCTA-3’, RV 5- CAAAGAGGCCACCCACAA-3’; Slc13a3, FW 5-
AGCTCAAGAGTTTCTTCCCA-3’, RV 5-CGTCAGCTCGTATCTTGGAT-3..

Brown adipose tissue proteomics

BAT samples were lysed in the lysis buffer (100 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) pH 8.5, 8 M urea, 2% SDS, 1p/15 mL Roche cOmplete™
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protease inhibitors) to 1 mg/mL protein based on BCA assay results. Disulfides were reduction
with 5 mM tris(2-carboxyethyl)phosphine (TCEP) at 37 °C for 1 h, followed by alkylation with 25
mM iodoacetamide for 25 min at room temperature in the dark. Protein precipitation was
performed by the methanol-chloroform method 48, and proteins were digested resuspended in
200 mM N-(2-Hydroxyethyl)piperazine-N’-(3-propanesulfonic acid) (EPPS) buffer pH=8, using a
combination of Lys-C and trypsin at an enzyme-to-protein ratio of 1:100 overnight at 37 °C,
followed by an additional 4 h digestion with trypsin 1:100. Samples were then subjected to a
microBCA measurement for peptide quantification, and 25 pg peptides from each sample were
labeled by TMTpro-16 reagents #° for 1 h at room temperature following the streamlined-TMT
protocol 0. The reaction was quenched using 2 ul of 5% hydroxylamine for 15 min. A ratio-check
was performed by mixing 2 uL of peptides from each channel, desalted via StageTip, and
analyzed by LC-MS. Samples were combined according to the ratio check to ensure equal loading
of proteins from each sample, then desalted with Waters SepPak cartridges and dried. Peptide
were fractionated using high-pH HPLC. Each fraction was then desalted via StageTip, dried in a
speedvac, and reconstituted in a solution containing 5% ACN and 5% FA for liquid
chromatography tandem mass spectrometry (LC-MS/MS).

LC-MS/MS

2 ug of peptides were loaded onto an in-house 100-um capillary column packed with 35 cm of
Accucore 150 resin (2.6 um,150 A). An Orbitrap Eclipse Tribrid Mass Spectrometer (Thermo)
coupled with an Easy-nLC 1200 (Thermo) and FAIMSPro (Thermo) were used for protein
measurements. Peptides were separated using a 180-min gradient consisting of 2% - 23% ACN,
0.125% FA at 500 nl/min flow rate. Field asymmetric waveform ion mobility spectrometry (FAIMS)
separation of precursors 5' were carried out with default settings and multiple compensation
voltages (-40V/-60V/-80V). Peptide ions were collected in data-dependent mode using a mass

range of m/z 400-1600 using 2 s cycles and 120,000 resolution. Singly-charged ions were
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discarded, and multiply-charged ions were selected and subjected to fragmentation with standard
automatic gain control (AGC) and 35% normalized collisional energy (NCE) for MS2, with a
dynamic exclusion window of 120 s and maximum ion injection time of 50 ms. Quantification of
TMT reporter ion were performed using the multinotch SPS-MS3 method 52 with 45% NCE for
MS3.

Database searching and protein quantification

Raw files were searched using the Comet algorithm 53 on Masspike reported previously 4.
Database searching included all mouse (Mus musculus) entries from UniProt

(http://www.uniprot.org, downloaded July 29t, 2020) and the reversed sequences as well as

common contaminants (keratins, trypsin, etc). Peptides were searched using the following
parameters: 25 ppm precursor mass tolerance; 1.0 Da product ion mass tolerance; fully tryptic
digestion; up to three missed cleavages; variable modification: oxidation of methionine
(+15.9949); static modifications: TMTpro (+304.2071) on lysine and peptide N terminus,
carboxyamidomethylation (+57.0214637236) on cysteines. The target-decoy method was used
for false discovery rate (FDR) control 5+%. FDR was < 1% on peptide level for each MS run and
peptides that are shorter than seven amino acids were not used. Proteins were assembled to
<1% protein-level FDR. TMT reporter ions were used for quantification of peptide abundance.
Peptides with summed signal-to-noise (S/N) lower than 160 across 16 channels or isolation
specificity lower than 70% were discarded. Normalization was performed to ensure equal protein
loadings in every sample. Proteins were quantified by summing peptide TMT S/N.

Statistics and Reproducibility

All data are presented as + SEM and p-values were calculated using two-tailed Student’s t test
for pairwise comparisons, one-way analysis of variance (ANOVA) test for multiple comparisons
involving one independent variable, and two-way ANOVA test for comparisons involving two

independent variables. Data distribution was assumed to be normal, but this was not formally
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tested. Sample sizes were determined on the basis of previous experiments using similar
methodologies and are sufficient to account for any biological or technical variabilities. No data
was excluded. For LC/MS data, the sequence of samples run was randomized across treatment
groups and time points. For all animal studies, mice were assigned to random groups. For MS
analysis, samples were run in random order and experimenters were blinded to the experimental
condition of each sample. For all other experiments, blinding was unnecessary since the results
were quantitative and did not require any subjective judgment.
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Chapter 4

Discussion and Future Perspectives

Succinate-SUCNR1 signaling and muscle remodeling

We have defined a role for succinate as a bioenergetic signaling molecule that can relay

the metabolic status of cells to their outside environment and initiate remodeling in response to

physiological events. We (Reddy* and Bozi* et al., Cell 2020) identified succinate as an exercise

responsive metabolite that is selectively released by skeletal muscle in both mice and humans.

We elucidated the transport mechanism of succinate from exercising skeletal muscle and

implicate acute cytosolic acidification, associated with exercise, as a key driver of succinate

secretion'*. We propose a model whereby transient decreases in cytosolic pH, caused by

increased glycolytic flux and decreased oxygen tension, results in the protonation of succinate

transforming the metabolite from a dicarboxylate to a monocarboxylate. Once protonated,

succinate is rendered amenable for transport via the plasma membrane protein, monocarboxylate

transporter 1 (MCT1) (figure 4.1).
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Figure 4.1 | Schematic depicting pH-gated
succinate release from skeletal muscle.
Transient decreases in cytosolic pH driven by
decreased oxygen or increased glycolytic flux
result in the protonation of succinate, rendering it
amenable to secretion by MCT1. (Figure adapted

from Reddy and Bozi et al., Cell, (2020).)
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We demonstrate the requirement of cytosolic acidification, driven by acute hypoxia or
mitochondrial inhibition, for succinate release from skeletal muscle cells. This release is MCT1
dependent, where genetic or pharmacological inhibition of the transporter results in reduced
succinate release. This mode of pH-gated succinate release reconciles the previous observations
of increased extracellular succinate during physiological interventions like hypoxia®, cold-
exposure,® and exercise’ with the notion that succinate is largely confined intracellularly®8-10.

We show extracellular succinate engages its cognate receptor, succinate receptor 1

(SUCNR1), to drive transcriptional remodeling in muscle-resident non-myofibrillar cells (figure

4.2).
exercising ; muscle interstitium non-myofibrillar
myofiber cell
o)
e

Figure 4.2 | Schematic depicting paracrine succinate-SUCNR1

signaling. (Figure adapted from Reddy and Bozi et al., Cell, 2020.)

Using in situ hybridization (ISH) and gPCR analysis, we localize the receptor to non-myofibrillar
cell populations, like stromal, satellite, and endothelial cells, that reside within the muscle.
Contrary to previous findings, we were not able to detect SUCNR1 transcripts in muscle fibers'!.
We show that acute exercise is sufficient to drive SUCNR1-dependent phosphorylate of
numerous signaling cascades, like protein kinase A (PKA) and mitogen-activated protein kinase
(MAPK), both of which have been established to be downstream of SUCNR1 agonism'213. When
performing RNA-sequencing (RNA-seq) on non-myofibrillar cell populations isolated from

exercised tibialis anterior (TA) muscle, we observe a distinct SUCNR1-dependent transcriptional
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response in each isolated cell population. Notably, we see an enrichment in transcripts relating to
neuronal projection and axonal guidance in satellite and stromal cells, respectively.

We further implicate succinate-SUCNR1 signaling in muscle adaptations following
prolonged training. Using voluntary resistance-wheel running, we observe a significant difference
in strength between wild-type (WT) and SUCNR1 KO mice, following three-weeks of exercise
training. Moreover, we see distinct proteome remodeling responses to exercise training between
the genotypes. In WT mice, we see an enrichment in fast twitch myosin and extracellular matrix
(ECM) proteins. On the contrary, we observe an increase in complement pathway and
inflammatory proteins in SUCNR1 KO mice, following training, indicating that these mice fail to
appropriately respond to exercise. Additionally, we see an increase in total muscle innervation
following the training period, in WT mice that was absent in SUCNR1 KO mice. Neuronal
adaptations are commonly seen following resistance training and contributes to strength
increases, independently of hypertrophy'415. The difference in strength we observe may be partly
attributed to a difference in neuronal content between the genotypes. However, more work is
needed to determine if SUCNR?1 is localized to neurons that innervate skeletal muscle or if an
intermediary cell type facilitates this increase in innervation. Lastly, we implicate succinate-
SUCNR1 signaling in post-exercise insulin sensitivity, a prominent adaptation seen with
endurance exercise'®. We observe a positive correlation between peak venous succinate
concentration and post-exercise insulin sensitivity, in humans.

Succinate transport in brown adipocytes

We investigated whether the mechanism of succinate transport in skeletal muscle was applicable
to other tissues. Previous findings from our lab have shown brown adipose tissue (BAT) to have
a great affinity for succinate uptake®'”. However, the mechanism of succinate uptake by BAT
remains poorly understood. We establish the MCT family of proteins, particularly MCT1, to

facilitate succinate transport into brown adipocytes (Reddy and Winther et al., bioRxiv, 2023).
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Succinate transport in BAT is pH-dependent and driven by proton differentials across the plasma

membrane, which is characteristic of MCT mediated transport. Norepinephrine (NE)-stimulated
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Figure 4.3 | Proposed model of NE-driven succinate transport. NE
stimulation promotes a proton differential across the plasma membrane of
brown adipocytes by inducing intracellular alkalinization and extracellular
acidification. This proton differential may drive succinate transport and
provide selectivity for succinate transport over other metabolites, since

transport of succinate is accompanied by the transport of two protons.

B-adrenergic signaling, seen with cold exposure, promotes succinate uptake, which is in line with
previous findings that report increased succinate transport upon cold exposure®'7. We attribute
NE-driven succinate transport to changes in local intra- and extracellular pH. We observe a
simultaneous increase in cytosolic pH and decrease in local extracellular pH upon NE treatment,
in primary brown adipocytes. We posit this pH differential drives succinate transport. The proton

gradient established by B-adrenergic signaling could foster a selectivity for succinate import,
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which carries along 2 protons compared to lactate and pyruvate, that only have one associated
proton (figure 4.3). Since succinate transport would result in transport of more protons, cytosolic
alkalinization could potentially drive preferential import of succinate. However, more experiments
would need to be conducted to fully examine this hypothesis.

Using CRE mice under an adiponectin (ADIPOQ) promoter, we generated a MCT1, fat-
specific knockout mouse to examine the capacity of MCT1 to transport succinate, in vivo. We,
surprisingly, did not see any difference in succinate transport between WT and MCT1 KO mice.
However, when we acutely inhibit MCT1 by administering AZD3965, we reduce the amount of
succinate transported into BAT. This difference may be attributed to the dose of AZD3965 used
in this experiment, which was sufficient to inhibit both MCT1 and MCT2'8. This coincides with our
previous findings in primary brown adipocytes that acute inhibition of MCT1 and 2, with AZD3965,
results in a greater reduction of succinate transport than inhibition of MCT1 alone. However, when
we genetically inhibit all three MCT isoforms with siRNA, we do not observe a greater reduction
in succinate uptake into primary brown adipocytes than with MCT1 knockdown alone. This
incongruency may be due to a difference in acute inhibition versus genetic depletion of MCT
isoforms. It is plausible that longer inhibition of MCT1 and other MCT isoforms may provide
enough time for other proteins to adapt and fulfill the role of succinate transporter. However, more
experiments would need to be conducted to fully identify the complete repertoire of succinate
transporters in brown adipose tissue.

Acute vs. Chronic Succinate Signaling

Our work performed in exercising muscle (Reddy and Bozi et al., Cell, 2020) highlighted
the benefits of succinate signaling. However, many previous findings report succinate-SUCNR1
signaling to exacerbate inflammation associated with type Il diabetes and obesity'719-20, |n fact,
succinate sequestration by BAT reduces liver inflammation associated with non-alcoholic fatty

liver disease (NAFLD) by limiting succinate-SUCNR1 signaling. The difference in beneficial and
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deleterious effects of succinate signaling may lie in the duration of the signaling. In
pathophysiological conditions, like type Il diabetes, obesity, and hypertension, extracellular
succinate concentrations rise and persist at high levels for an extended period'®2'. On the
contrary, during normal physiological events, like exercise, succinate rapidly accumulates and
quickly renormalizes upon completion of the event”. This difference in the persistence of
extracellular succinate translates to a difference in the frequency of succinate-SUCNR1 signaling.
During exercise, the rapid accumulation and re-normalization of extracellular succinate results in
short bursts of succinate-SUCNR1 signaling, which we show to be beneficial for muscle
adaptation to exercise. Conversely, increased extracellular succinate leads to chronic, aberrant
signaling which contributes to increased inflammation inflammation'”?'. Thus, the favorable
effects of succinate-SUCNR1 signaling seen with exercise can be largely attributed to quick
decrease in extracellular succinate during recovery. Understanding the mechanism of succinate
re-uptake during exercise could provide us with a better understanding as to how succinate
signaling is regulated, in this context. One possibility may be that brown and beige adipocytes
sequester extracellular succinate released by exercising muscle. It would be interesting to
determine extracellular succinate concentrations following acute treadmill running in uncoupling
protein 1 (UCP1) KO mice that lack functional brown and beige fat?2.
Localization of SUCNR1 in skeletal muscle

We previously report SUCNR1 to be exclusively localized to non-myofibrillar cell
populations within skeletal muscle and implicate non-parenchymal succinate-SUCNR1 signaling
in muscle adaptation to exercise. While we know generally that these cell populations play a
critical role in SUCNR1-dependent muscle remodeling following exercise, it would be interesting
to further elucidate the individual contributions of these populations in the adaptation process.
Generation of SUCNR1 flox mice would allow us to fully interrogate this question. Our initial

experiments were performed in whole body SUCNR1 KO mice. While this model provided an
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initial insight into the role of succinate signaling in post-exercise muscle remodeling, knocking out
SUCNRT1 in specific cell populations will provide us with a more detailed understanding of this
process. Moreover, determining if innervating neurons in skeletal muscle express SUCNR1 would
provide more insight into the mechanism underlying SUCNR1-induced neuronal changes
following exercise. This will allow us to determine if succinate directly signals to neurons post-
exercise, or if an intermediary non-myofibrillar cell relays the signal. Additionally, it would be
interesting to understand the universality of succinate-SUCNR1 signaling on neuronal
remodeling. Is the role of succinate signaling in this process limited to exercise or are there
additional physiological contexts where succinate promotes innervation? Further studies will need
to be conducted to address these questions.
The Role of Succinate-SUCNR1 signaling in muscle inflammation

The inflammatory response to exercise is critical for proper muscle repair and remodeling
to occur. In fact, administering non-steroidal anti-inflammatory drugs to individuals performing
resistance exercise training blunted muscle hypertrophy and strength23. Additionally, pre-maturely
expressing the anti-inflammatory cytokine interleukin-10 (IL-10) impairs muscle regeneration?*.
The role of inflammation in the muscle response to exercise can be largely attributed to its effects
on satellite cells, a muscle-specific stem cell. Satellite cells can differentiate into new muscle fibers
and play a key role in the hypertrophic response?528, The initial burst of inflammation seen with
the onset of exercise promotes proliferation of satellite cells while the resolution of this response
fosters the fusion and differentiation of this stem cell niche. This is best highlighted by the
proliferative effects of the pro-inflammatory cytokine interleukin-6 (IL-6) on satellite cells?°.
Conversely, the anti-inflammatory cytokine interleukin-4 (IL-4) promotes the fusion of these
cells®0. Thus, tight control of the inflammatory response is required for remodeling to occur.

However, it is poorly understood how the inflammatory response is initiated following exercise.
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Succinate has garnered much interest for its role in the inflammatory process and its
immunomodulatory effects. Succinate stimulates the production of pro-inflammatory cytokine

interleukin-1 beta (IL-1B), which can occur in both a SUCNR1-dependent and independent
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Figure 4.4 | Exercise promotes the transcription of pro- and anti-inflammatory
cytokines. Mice were exercised to exhaustion and TA muscle was harvested at various times
during the recovery period. qPCR analysis was performed to assess gene expression (n = 5).
Pro-inflammatory cytokines il-18, il-6, and ccl2 significantly increase immediately following and
1h after exercise (a). Anti-inflammatory cytokines tgf-B, il-10, and il-1ra significantly increase
Oh, 1h, and 3h post-exercise (b).

Data are represented as mean + SEM. *p < 0.05, **p <0.01, ***p < 0.005, ****p < 0.0001 (one-
way ANOVA for multiple comparisons involving one independent variable). Comparisons were

made between individual genes at specific timepoints and their respective control.

mannerd'-34, Additionally, previous findings support the role of succinate as a chemokine for innate
immune cells, which is dependent on SUCNR117:2:35, Based on our previous findings (Reddy and
Bozi et al., Cell, 2020) and others that report accumulation of extracellular succinate following

exercise'®, we examined the role of succinate-SUCNR1 signaling in the inflammatory response

125



to exercise. We subjected WT mice to a single bout of graded treadmill running. Mice were
exercised to exhaustion and sacrificed during various timepoints throughout recovery. We then
assessed transcript levels of pro- and anti-inflammatory cytokines during the recovery period. In
line with previous findings, we observe a significant increase in transcript levels of pro-
inflammatory cytokines il-13, il-6, and monocyte chemoattractant protein-1 (CCL2), a chemokine
that recruits monocytes to sites of inflammation, during the early timepoints following exercise
(figure 4.4). We then subjected WT and SUCNR1 KO mice to a single bout of treadmill running,
and harvested TA muscle 1 hour following exercise. We performed gPCR analysis on exercised
muscle to assess differential transcript expression of pro- and anti-inflammatory cytokines. We
observe a significant decrease in pro-inflammatory cytokines il-6, ccl2, and tumor necrosis factor
alpha (tnf-a) in SUCNR1 KO mice compared to WT (figure 4.5). While this data is preliminary, it
suggests that SUCNR1 may be involved in establishing a pro-inflammatory environment in
skeletal muscle following exercise. However, whether this difference in transcript levels translates
to a difference in protein abundance, remains unknown. Additionally, the consequence of this
difference in cytokine transcript levels is not known. Does a reduction in the transcript levels of
these pro-inflammatory cytokines result in altered muscle adaptation to exercise? More work
needs to be done to address these questions and fully understand the role of succinate-SUCNR1
signaling in the inflammatory response following exercise.
Conclusion

In this dissertation, we highlight the role of succinate as a signaling molecule that can relay
changes in the bioenergetic status of the cell to the surrounding environment to promote
remodeling. We implicate succinate-SUCNR1 signaling in muscle adaptation to exercise,
specifically, extracellular matrix remodeling, innervation, and strength. Moreover, we define a new
mode of regulation for transport whereby transient changes in cytosolic pH drive the release of

succinate. In skeletal muscle, we observe a decrease in cytosolic pH, driven by hypoxia or acute
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Figure 4.5 | Gene-expression data from WT and SUCNR1 KO mice following
exhaustive treadmill running. WT and SUCNR1 KO mice were subjected to
exhaustive treadmill running and sacrificed 1h following exercise. TA muscle was
harvested, and gPCR analysis was performed. SUCNR1 KO mice had significant
reduced transcript levels of pro-inflammatory cytokines il-6, ccl2, and tnf-a (a). No
significant differences between genotypes were observed for transcript levels of
anti-inflammatory cytokines il-10, il-1ra, and tgf-p (b).

Data are represented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.005, ****p <

0.001 (two-tailed Student’s t test for pairwise comparisons).

mitochondrial inhibition, that fosters the protonation of succinate. In the protonated form,
succinate can be secreted via MCT1. We show this transport mechanism to be applicable in
brown adipocytes where changes in proton gradients driven by (-adrenergic signaling promote
the uptake of succinate into brown adipocytes via MCT1. We demonstrate the capacity of MCT1
to facilitate succinate uptake in BAT, although there are most likely other transporters that are
capable of transporting succinate. Overall, we describe a regulatory role for succinate during
exercise and define a novel pH-gated mode of succinate transport that’s mediated by MCT1. In
sum, | hope this body of work provides the readers with an appreciation for the signaling capacities

of metabolites and their role in tissue remodeling.
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