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Abstract

Metabolites once considered solely in catabolism or anabolism turn out to have key regulatory 

functions. Among these, the citric acid cycle intermediate succinate stands out due to its multiple 

roles in disparate pathways, the dramatic concentration changes and its selective cell release. Here 

we propose that succinate has evolved as a signaling modality because its concentration reflects 

the coenzyme Q (CoQ) pool redox state, a central redox couple confined to the mitochondrial 

inner membrane. This connection is of general importance because CoQ redox state integrates 

three bioenergetic parameters: mitochondrial electron supply, oxygen tension and ATP demand. 

Succinate, by equilibrating with the CoQ pool, enables the status of this central bioenergetic 

parameter to be communicated from mitochondria to the rest of the cell, into the circulation and 

to other cells. The logic of this form of regulation explains many emerging roles of succinate in 

biology, and suggests future research questions.

The emerging regulatory roles of metabolites has transformed fields spanning cancer, 

immunology and metabolic disease1. Among these, the citric acid cycle (CAC) metabolite 

succinate is notable for the diverse range of functions it regulates, encompassing signaling 

within and between cells and tissues. Here we outline the many ways in which succinate 

can act as a regulatory molecule. In parallel, we develop a model to account for the 

bioenergetic logic of how succinate accumulation engenders a wide range of context-

dependent adaptations. In particular, we propose that succinate is uniquely positioned to 

act as a mobile sensor of electron supply into, and demand by, mitochondrial oxidative 

phosphorylation. Once accumulated, succinate elicits a range of downstream adaptations 

through distinct, context-dependent effector pathways. Thus, succinate acts as a ubiquitous 

sentinel of cellular bioenergetics, capable of integrating major metabolic parameters to 

control local and systemic adaptation through distinct effector mechanisms.
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In addition to being a constituent of the CAC cycle, succinate is now recognized to play a 

role in a broad range of physiological and pathophysiological settings2,3. Before considering 

how succinate signals in these diverse contexts, we first propose how its signaling roles can 

be rationalized in the context of mitochondrial bioenergetics. The functions of mitochondria 

are now well established as extending far beyond ATP production, with the outputs of 

the organelle regulating a myriad of cellular and physiological processes4. This mode of 

biological adaptation is rooted in the principle that cells must respond quickly and locally 

to distinct metabolic perturbations to facilitate appropriate and context-dependent biological 

outputs. Central to metabolism is mitochondrial oxidative phosphorylation, which passes 

electrons derived from carbohydrates and fats onto oxygen to drive phosphorylation of 

ADP to ATP, thereby maintaining the disequilibrium of this central energetic couple (that 

is, a high ATP to ADP ratio), which is essential to carry out work in the cell5. Because 

of its general importance for cellular function, multiple sensors exist to maintain the 

disequilibrium of the ATP/ADP couple, such as the O2-sensing HIF/PHD pathway6 and 

AMPK activation7. Similarly, an array of nutrient-sensing pathways responds to changes in 

the substrates that fuel oxidative phosphorylation8.

The coenzyme Q pool and mitochondrial succinate

At the heart of mitochondrial function is the CoQ pool (Fig. 1). Within the mitochondrial 

inner membrane CoQ is an essential component of oxidative phosphorylation. Consisting of 

a hydrophobic isoprenoid chain and a redox-active benzoquinone, CoQ is predominantly 

restricted to this lipid bilayer where it shuttles electrons between membrane-bound 

dehydrogenases and mitochondrial complex III9-11. CoQ is reduced to CoQH2 by several 

dehydrogenases that contribute reducing equivalents derived from glucose, fats, amino acids 

and several other sources12. However, its only route to oxidation by O2 is through complex 

III. Critically, this makes CoQ the first common reservoir for electrons that contribute 

to oxidative phosphorylation, irrespective of source13. Thus, the redox state of the CoQ 

pool (CoQH2/CoQ) is a dynamic manifestation of a relatively small number of central 

bioenergetic parameters. On the supply side, CoQH2/CoQ depends on electron input from 

upstream dehydrogenases. On the demand side, CoQH2/CoQ depends on CoQH2 oxidation 

by complex III14. This electron transfer through complexes III/IV is tightly coupled to 

proton translocation across the mitochondrial inner membrane and thus depends on cellular 

ATP demand. This is communicated by the magnitude of the protonmotive force across the 

mitochondrial inner membrane (Δp) through the activity of mitochondrial ATP synthesis15. 

In addition, CoQ status is also affected by oxygen availability13. On this basis, the 

CoQH2/CoQ ratio integrates three mitochondrial bioenergetic parameters: aggregate electron 

supply, oxygen tension and the Δp. In this way, CoQH2/CoQ is sensitive to imbalances in 

supply and demand that are determined by these factors (Fig. 1a).

The above analysis demonstrates that the redox state of the CoQ pool—that is, the 

CoQH2/CoQ ratio—is a central bioenergetic parameter that changes rapidly and reversibly 

in response to changes in mitochondrial function. However, the important bioenergetic 

information on cellular and organismal energy homeostasis given by the CoQH2/CoQ ratio 

is confined to the mitochondrial inner membrane and cannot be directly communicated 

to the cytosol due to the extreme hydrophobicity of these molecules. This barrier can be 
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overcome by the intimate connection between the CoQH2/CoQ redox state and that of 

the succinate/fumarate couple, which has a substantial impact on mitochondrial succinate 

abundance (Fig. 1b). This interaction is mediated by succinate dehydrogenase (SDH), 

which catalyzes succinate oxidation to fumarate, thereby reducing CoQ to CoQH2. The 

midpoint potential of both succinate/fumarate and CoQH2/CoQ at physiological pH is 

close to 0 mV (ref. 5). Moreover, the SDH reaction does not involve proton translocation 

across the mitochondrial inner membrane16. Therefore, SDH-mediated oxidation of 

succinate is specifically and reversibly sensitive to the CoQH2/CoQ ratio. As such, 

bioenergetic parameters that increase CoQH2/CoQ can drive a substantial increase in 

succinate abundance. This is observed in isolated mitochondria, cells and tissues, whereby 

hypoxia, inhibition of complexes III/IV or elevated electron supply is sufficient to drive 

reduction of CoQH2/CoQ and subsequent succinate accumulation17-22. Along similar lines, 

elevation of Δp inhibits oxidation of succinate, while Δp dissipation oxidizes CoQH2/CoQ17 

and stimulates mitochondrial succinate oxidation23. While succinate oxidation is highly 

sensitive to CoQH2/CoQ, an additional aspect of succinate metabolism is important for 

its accumulation in these settings. Unlike other CAC metabolites, alternative metabolic 

reactions do not exist for succinate, which is restricted to utilization by SDH18,20,23,24. 

Thus, succinate abundance is a sentinel for aggregate electron supply into, and demand 

from, the mitochondrial CoQ pool. In this context, it is logical that selective accumulation 

of succinate is observed in a wide range of cellular and physiological contexts wherein 

acute perturbations in supply or demand drive imbalances to the CoQ pool. This raises the 

question of how succinate, once accumulated, can relay information from the CoQH2/CoQ 

redox status to the rest of the cell, and beyond.

How succinate accumulation can elicit a range of context-dependent adaptations is 

attributable to a series of parameters that determine the fate of accumulated succinate. We 

classify these two main branches of succinate-dependent adaptation into one that depends on 

its oxidation by SDH; and the other that depends on its export from mitochondria and the 

cell. We first consider the oxidative pathway.

Oxidative biological regulation by succinate

A major consequence of succinate accumulation arises from its capacity to contribute 

reducing power to the mitochondrial respiratory chain, and in doing so to regulate the 

production of superoxide25. Several oxidoreductases are capable of superoxide production 

under conditions that depend directly on succinate redox pressure. The most well studied 

is mitochondrial complex I, which can produce large amounts of superoxide in response 

to elevated succinate26-28. Complex I contains a flavin mononucleotide (FMN) cofactor 

that accepts electrons from NADH and passes them through a chain of seven iron–sulfur 

centers to CoQ29. A major site of complex I superoxide production is from the reaction of 

O2 with the fully reduced FMN30, although the CoQ binding site has also been proposed 

to contribute31. In isolated mitochondria, cellular models and living tissue, complex I 

superoxide production is driven by elevated succinate concentrations. Succinate-dependent 

superoxide production by complex I is highly sensitive to both Δp and the redox pressure of 

the CoQ pool26,32-35. Elevated succinate exerts reducing pressure on complex I through the 

CoQ pool and controls superoxide production only through the conformationally active form 

Murphy and Chouchani Page 3

Nat Chem Biol. Author manuscript; available in PMC 2023 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of the complex36. The rate of complex I superoxide production due to elevated succinate 

additionally depends on a high Δp and relatively high oxygen tension26,32-35. These two 

parameters indicate that the oxidative branch of succinate regulation is most relevant under 

conditions where succinate accumulation occurs in the context of high Δp, as opposed to 

hypoxia.

In addition to complex I, other mitochondrial oxidoreductases proximal to CoQ could 

plausibly engage in superoxide production. Depending on the nature of redox pressures on 

these centers, these sites may be subject to additional bioenergetic parameters to drive 

substantial superoxide production31. Since the topology of many superoxide-producing 

redox centers are distinct, this could additionally afford a mode of spatially regulated 

superoxide production, for example, in the mitochondria matrix versus the mitochondrial 

intermembrane space. The implications of this are discussed below.

While elevated succinate produces substantial superoxide from complex I under the 

conditions described above, the steady-state levels of superoxide in mitochondria are very 

low. This phenomenon is attributable to the ubiquitous presence of manganese superoxide 

dismutase (MnSOD), which rapidly dismutates superoxide produced in the mitochondrial 

matrix to hydrogen peroxide (k ≈ 2 × 109 M−1 s−1)25,37. As such, in mitochondria, cells 

and tissues where succinate is poised to produce superoxide, this manifests in elevated levels 

of H2O2. Indeed, accumulation of succinate has emerged as a metabolic control point for 

the regulated production of mitochondrial superoxide, which could facilitate communication 

within cells and tissues through the generation of H2O2
38. Steady-state H2O2 levels are 

additionally regulated by peroxiredoxins and glutathione peroxidases39. As such, H2O2 

levels are subject to upstream regulation by controlled production pathways, consumption 

pathways and diffusion rates from the site of production. H2O2 is now widely accepted to 

modify protein function by reversible covalent modification of cysteine residues40. Indeed, 

protein cysteine oxidation by H2O2 can be fast and reversible, and is responsible for 

modulation of a wide range of protein functions and protein localization, either directly 

or via redox relays41,42. Thus, succinate-dependent superoxide production is linked into a 

well-established signaling modality (Fig. 2). More generally, redox modification of protein 

cysteines plays a central role in a vast array of tissue-specific regulatory processes43. 

Considering this, tools for modification of complex I-linked superoxide have been developed 

recently44, and will prove useful in understanding the expanding list of biological processes 

regulated by succinate-linked superoxide. Below, we consider some of the cellular and 

physiologic adaptations that depend on succinate-driven superoxide production.

Macrophage production of pro-inflammatory cytokines

Macrophages exposed to pro-inflammatory stimulation by the Gram-negative bacterial 

product lipopolysaccharide respond by rapidly increasing both glucose and glutamine 

uptake and catabolism24. The substantial increase in glycolytic ATP production, combined 

with increase in flux of reducing equivalents from both glucose- and glutamine-derived 

carbons into mitochondria, results in a relative decrease in the contribution of oxidative 

phosphorylation to cellular ATP, concomitant with elevated substrate supply. This supply/

demand imbalance manifests in the selective accumulation of succinate, which plays a 
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critical role in elevating transcription of a range of pro-inflammatory genes, and production 

of the pro-inflammatory cytokine Il-1β24. Moreover, the selective accumulation of succinate 

in the presence of high Δp due to elevated cellular ATP/ADP, and normoxia, drives 

succinate-dependent superoxide45. Remarkably, succinate-driven superoxide is essential for 

the macrophage pro-inflammatory response, demonstrating a direct connection between 

bioenergetic sensing by succinate and a central immune cell effector process46. It is worth 

noting the inherent logic in succinate oxidation acting as an upstream signal in the pro-

inflammatory response. By utilizing succinate as an overarching sensor of elevated substrate 

supply in the presence of maintained oxidative capacity (high Δp and high O2), the sensing 

system therefore inherently takes into account these bioenergetic parameters to elicit an 

effector response in tune with the metabolic state of the cell.

Thermogenic respiration by brown and beige adipocytes

Brown and beige adipocytes possess unique metabolic proteins that facilitate the oxidation 

of fuels in futile cycles, which can regulate systemic metabolism and counteract obesity. 

These cells are predominantly quiescent under basal conditions and require activation 

by peripheral signals for thermogenic respiration to occur47,48. In this context, selective 

accumulation of the mitochondrial metabolite succinate acts as a potent mode of activation 

in brown and beige fat23. The new-found thermogenic activity of succinate in these cells 

depends on two factors. First, brown adipocytes selectively accumulate succinate to very 

high concentrations, when compared to other CAC metabolites, as well as to succinate 

in other tissues under basal conditions. This accumulation is coupled with succinate 

oxidation by mitochondrial SDH, which drives superoxide/H2O2 production. Production 

of H2O2, and consequent oxidation of protein cysteine thiols, is required for the acute 

thermogenic effects of succinate accumulation23. Along similar lines, studies from many 

laboratories have shown that superoxide/H2O2 production plays a major role in controlling 

activation of thermogenesis in brown and beige adipose tissues49-51. Robust activation of 

adipocyte thermogenesis in vivo results from multiple different genetic manipulations that 

elevate superoxide/H2O2 levels in adipose tissue52-56. Similarly, stimulation of adipose 

tissue thermogenesis by physiologic interventions (for example, cold exposure) requires 

endogenously produced superoxide51,57,58. Using proteomic methodologies, it has been 

shown that one important functional site that is modified by thermogenic H2O2 is 

cysteine-253 on the thermogenic effector protein UCP1 (refs. 23,59,60). In addition, metabolic 

proteins involved in fatty acid oxidation and glucose/glycogen oxidation have been 

identified as H2O2 targets in thermogenic fat61, suggesting redox control of these processes 

may be relevant in acute regulation of thermogenesis.

Oxygen sensing in the carotid body

Peripheral cardiorespiratory regulation by the carotid body is regulated by O2-sensitive 

K+ channels. Recent work suggests that chemoreceptor cells in the carotid body utilize 

succinate-driven superoxide production through complex I to regulate the activity of these 

channels, while genetic and pharmacologic manipulation of succinate-driven superoxide 

production compromise the systemic hyperventilatory response in mice62. The relevant 
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protein targets that are modified by succinate-driven superoxide production in this highly 

specialized adaptive process in these cells remain to be defined.

Mitochondrial superoxide production and organismal lifespan

The importance of superoxide/H2O2 dysregulation in age-dependent disease and tissue 

dysfunction has been appreciated for nearly three-quarters of a century63. This link was 

initially considered through the lens of irreversible macromolecular damage by reactive 

oxygen species (ROS) during aging64. However, in the last decade this model has fallen 

out of favor as numerous lines of evidence now demonstrate that indiscriminate damage by 

ROS is unlikely to fully explain their role in aging42,65. Studies across model organisms and 

humans have shown that pharmacological depletion of ROS using a range of antioxidant 

modalities have either no effect, or negative effects on lifespan, healthspan or pathologies 

associated with age65. Intriguingly, genetic manipulation of complex I-mediated superoxide 

production, through reverse electron transfer (the mode supported by high Δp and succinate), 

have demonstrated a role for this process in protection against age-related decline in flies. 

Specifically, genetic tools to manipulate the redox state of the mitochondrial CoQ pool 

to elevate mitochondrial superoxide are sufficient to extend lifespan and protect against 

markers of brain aging and pathogenesis in a range of organisms66-69. These findings 

argue that elevation of complex I-driven ROS could have distinct regulatory roles relevant 

to protection against age-related decline of cellular function. In this context, recent work 

tracking the redox proteome of mouse tissues with age demonstrated that the protein 

cysteines oxidized in young tissues are fundamentally remodeled with age61. Such findings 

indicate that cellular redox networks remodel with age, perhaps reflecting an alteration 

in the upstream metabolic pathways that control superoxide/H2O2 production. Delineating 

those protein targets of H2O2 associated with longevity and protection from age-related 

decline, and whether succinate accumulation controls modification of these targets, will be 

an interesting area of future research.

Succinate signaling to the cytosol and nucleus

In addition to its role ‘within’ the mitochondrion, succinate directly regulates biological 

activities beyond its organelle of origin. It has been known for decades that isolated 

mitochondria rapidly transport succinate across the inner membrane, via the dicarboxylate 

carrier—and that this pathway has high capacity (Fig. 3). Most mammalian cells express 

SLC25A10, the mitochondrial dicarboxylate carrier that mediates electroneutral export of 

succinate across the mitochondrial inner membrane, effectively equilibrating mitochondrial 

and cytosolic pools70. Thus, once succinate builds up in mitochondria it will very rapidly 

equilibrate with the cytosol and nucleus. While this fact did not attract much attention, 

it should have raised the question as to ‘why’ the mitochondrial inner membrane can 

so rapidly transport a metabolite that was both generated and consumed within the 

mitochondrial matrix with no known role in the cytosol or nucleus.

The above question has now been answered with the finding that succinate can also regulate 

cellular adaptation through inhibition of (α-ketoglutarate) αKG-dependent dioxygenases, a 

large family of over 60 enzymes with broad roles ranging from oxygen sensing, fatty acid 
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catabolism and regulation of the epigenome71. All enzymes in this family utilize αKG and 

oxygen as substrates to introduce an oxygen atom into a target, generating succinate and 

CO2 as side products (Fig. 3). The first evidence of this form of regulation was shown in the 

case of SDH mutant cancers that manifest chronically elevated intracellular succinate72. 

In these cancers, genetic lesions of SDH subunits are sufficient to drive inhibition of 

HIF-1α prolyl hydroxylases, which elevates HIF-1α-dependent genetic programs and highly 

vascularized tumors. Since these discoveries, intracellular αKG/succinate ratios have been 

shown to affect numerous αKG-dependent dioxygenase regulated pathways71. While most 

of these effects have been characterized in cancers where mutations drive chronic succinate 

elevation, it is likely that physiologic elevation of succinate through the mechanisms 

described above would also impact many of these processes. Indeed, the inhibitory values 

of succinate for αKG-dependent dioxygenases vary widely, and for many are within the 

concentration range achieved as a response to physiologically elevated CoQH2/CoQ71. 

Moreover, it has been shown that mouse embryonic stem cells under hypoxic conditions 

can inhibit αKG-dependent dioxygenase dependent processes45,73. Because of the wide 

range of cellular processes regulated by αKG-dependent dioxygenases, a clear priority for 

future study is to examine how physiologic responses that drive elevated CoQH2/CoQ and 

succinate accumulation go on to regulate these targets.

Succinate as a systemic metabolic signal

We have described how succinate accumulation can lead to the generation of superoxide at 

complex I, and that it has effects outside mitochondria via αKG-dependent dioxygenases. 

Thus, the metabolic and regulatory roles of accumulated succinate have hitherto been 

considered through the lens of intracellular biology, since the plasma membrane of 

most mammalian cells is thought to be impermeable to most dicarboxylates, including 

succinate23,74-76. However, long-standing observations indicate that extracellular and 

circulating succinate exists across a range of concentrations, which alter in response to 

specific perturbations. Moreover, in 2004, a seminal study ‘de-orphaned’ the GPR91 G-

protein coupled receptor to show that its natural ligand was extracellular succinate. GPR91, 

now referred to as succinate receptor 1 (SUCNR1), faces the extracellular environment and 

there responds to succinate with a half-maximum effective concentration (EC50) (28–56 μM, 

and ~99% responses are achieved at 200 μM) that is within the higher range of succinate 

concentrations reported for extracellular fluids.

It is noteworthy that SUNCR1 is widely and heterogeneously expressed in cell types 

throughout the body. The most well-studied SUCNR1-expressing cells are monocytes 

and macrophages, but, in addition, many metabolic tissues possess resident cells that 

express SUCNR1. For example, skeletal muscle satellite, endothelial and stromal cells 

express SUCNR1. In the liver, stellate and Kuppfer cells express SUCNR1, while in the 

brain, neural stem cells express this receptor. A common theme emerging in the study of 

SUCNR1 is that highly specialized tissue-resident cells express the receptor. A reasonable 

interpretation of this phenomenon is that these cell populations are programmed to respond 

to paracrine signaling in the form of succinate secretion in response to the local bioenergetic 

environment.
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So, with the identification of SUCNR1, a physiological target for the substantial succinate 

levels in extracellular fluids emerged. The initial rationalization of the role for SUCNR1 

was that it was a sensor for local cellular damage, based on the assumption that succinate 

would only be released from cells following nonspecific rupture. However, even the first 

descriptions of succinate elevation in the circulation suggested selective mechanisms of 

succinate release. Indeed, the original studies of succinate in the blood, by Hochachka 

and Taegtmeyer, demonstrated transient and reversible succinate increases during acute 

perturbations, such as exercise, tissue hypoxia and during prolonged periods underwater 

in diving mammals77-79. More recently, many studies of ischemic and hypoxic tissues 

have shown increases in secreted succinate that correlate with the degree of hypoxia and 

occur without overt cell damage18,80. Moreover, cells and tissues exposed to physiological 

hypoxia, or in hypoxic niches, accumulate and release succinate. A striking example is 

the retina, which exists in a hypoxic niche in the eye, and releases substantial amounts of 

succinate into extracellular fluids. Elegant metabolic tracing studies have shown that retinal 

cells release succinate into the local extracellular environment, which is subsequently taken 

up and utilized by retinal pigment epithelium and choroid cells, which exist in a region of 

the eye with elevated oxygen saturation81. In this way the reducing power of accumulated 

succinate, which cannot be oxidized in the hypoxic retina, is transmitted to the relatively 

oxygen-rich oxidative cells in the eye. Another example is exercising muscle, whereby 

vigorous muscle contraction is shown to promote selective release of succinate during 

exercise, which rapidly renormalizes upon rest19. Other physiologic states that result in 

chronically elevated succinate release include hypoxic tumors82, as well as tissues exposed 

to elevate lipid deposition, relatively low vascularization and local hypoxia83,84.

The common metabolic parameters shared by the many tissue environments that promote 

succinate release are relative supply/imbalance into the mitochondrial CoQ pool, which, 

in the above cases, is driven by the relative decrease in demand driven by low local 

mitochondrial O2 tension. But, how is succinate subsequently secreted by cells that 

accumulate succinate? The plasma membrane of most mammalian cells is impermeable 

to dicarboxylates, so succinate accumulation alone is not sufficient to promote release. 

However, a physiochemical feature of succinate, which distinguishes it from other cellular 

dicarboxylates, is its unusually high monocarboxylic pKa of 5.69. Unlike other cellular 

dicarboxylates, this renders a substantial proportion (7–16%) of succinate as protonated 

within the pH range 6.4–6.8, which is readily achieved upon cellular hypoxia, or due 

to increased glycolytic demand, as is typically observed in tumors or during acute 

physiological perturbations, such as muscle exercise.

Transient transformation of succinate to a monocarboxylate is of substantial interest because 

most cells express plasma membrane monocarboxylate transporters (MCTs), including 

MCT1 and MCT4. Indeed, a role has been proposed for MCT1 and pH gradients in 

succinate release during heart attack, and MCT1-expressing oocytes can facilitate pH 

transients upon external succinate addition at pH 6.0 (ref. 85). Moreover, it has been 

shown that recombinant MCT1 facilitates succinate transport that is strongly pH dependent 

over the range where succinate exists as a monocarboxylate19. These findings indicate 

proton-linked succinate transport by MCT1 and also demonstrate pH dependence. In mice, 

genetic depletion and pharmacological inhibition of MCT1 is sufficient to inhibit succinate 
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release upon reperfusion of the ischemic heart80. Along similar lines, it has been shown 

that in exercising muscle, and hypoxic muscle cells, release of succinate requires MCT1 

(ref. 19). Also, it has recently been reported that retinal cells, which accumulate succinate 

in a hypoxic niche, facilitate succinate export via MCT1 (ref. 86). Taken together, transient 

protonation and MCT1-mediated secretion of succinate is at least one mechanism through 

which intracellular succinate is released into the extracellular environment (Fig. 4). In 

addition to the bioenergetic parameters that regulate intracellular levels of succinate, an 

additional parameter of cellular pH is coded into succinate sensing through the chemical 

properties inherent to the molecule itself.

Physiological regulation by secreted succinate

SUCNR1 agonism as a consequence of elevated extracellular succinate can be viewed as a 

mode of paracrine or endocrine regulation in response to pH-gated succinate secretion. In 

this framework, the parameters of electron supply/demand by oxidative phosphorylation, 

as well as local intracellular pH, are integrated to communicate mitochondrial and 

nonmitochondrial cellular energetics to the peripheral environment. This type of regulation 

is expected to be relevant in the context of physiological adaptation that is initiated by 

altered local energetics in one cell type, but that also requires coordinated paracrine 

or endocrine responses. In fact, pH-gated succinate secretion and consequent succinate-

SUCNR1 signaling was recently described to mediate components of the muscle response to 

acute exercise in mice and humans19.

Interestingly, in contrast to physiologic models that initiate transient succinate secretion, 

for example, during exercise or temporary tissue hypoxia, several pathogenic states are 

associated with chronically elevated succinate levels in local extracellular fluids and the 

circulation. These chronic pathologies include obesity, diabetes and hypertension, as well 

as physiologic states associated with chronic inflammation. In many cases, inflammation 

and fibrosis associated with these pathologies are at least in part attributable to chronic 

SUCNR1 agonism of tissue-resident immune cell populations. The contrast in physiologic 

consequences between transient elevation of extracellular succinate and chronically elevated 

extracellular succinate clearly indicate that temporal and cell-type-specific responses dictate 

the consequences of succinate-SUCNR1 signaling. A common feature of pathologies 

involving chronically elevated extracellular succinate are source tissues that exhibit 

metabolic features of persistent hypoxia and/or reliance on glycolytic metabolism. It would 

be reasonable to suppose that the local intracellular pH of these tissues should support 

elevated pH-gated succinate secretion. Perhaps the same SUCNR1 paracrine and endocrine 

circuits that respond to transient elevations in tissue remodeling drive maladaptive tissue 

inflammation and fibrosis under conditions of chronic succinate exposure.

On the other hand, it is important to note that transient elevations in circulating succinate, 

such as those initiated by exercise and transient tissue hypoxia, rapidly re-normalize 

in healthy humans and animal models. This implies that secreted succinate is readily re-

absorbed by sequestering cells that maintain low baseline levels of extracellular succinate. 

Among these, kidney cells are well established to exchange succinate with the blood through 

the selective expression of the plasma membrane succinate transporter SLC13A3 (ref. 87). 
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As such, these cells are likely to play a key role in maintaining low baseline levels of 

circulating succinate. In addition, thermogenic adipocytes have recently been shown to 

have a particular avidity for sequestering circulating succinate23,83, and are capable of 

utilizing circulating succinate as a substrate to initiate thermogenic respiration via succinate-

dependent ROS production (as described in ‘Thermogenic respiration by brown and beige 

adipocytes’). Interestingly, modulating brown and beige fat content can affect capacity 

for extracellular succinate handling, although the transport mechanism involved in this 

process remains to be defined. Nonetheless, these findings suggest that cells with succinate-

sequestering capacity can impinge on the temporal effects of released succinate signaling 

through SUCNR1.

Conclusions and future directions

Here we propose that the ubiquitous signaling role of succinate arises from its intimate 

connection to the mitochondrial CoQ/CoQH2 redox state, a central bioenergetic parameter in 

eukaryotic cells. This unusual feature of succinate metabolism enables its accumulation to 

drive local control over cellular adaptation through superoxide production by mitochondrial 

complex I as a redox signal, and through regulation of αKG-dependent dioxygenases. 

Moreover, succinate additionally acts as a mobile sentinel for the redox state of the CoQ 

pools and the cytosolic pH, capable of modulating systemic physiology via SUCNR1 

signaling.

In this way, we consider succinate a sentinel for electron supply and demand imbalance 

in the CoQ pool and oxidative phosphorylation. Through the above pathways, succinate 

integrates bioenergetic parameters of oxygen tension, substrate supply, ATP utilization and 

intracellular pH, to elicit highly context-dependent adaptation (Fig. 5).

In the coming years, key questions to address include assessing the robustness of this model 

and determining the extent to which it captures the roles of succinate as an intracellular, 

autocrine, paracrine and endocrine signal. Further questions are to understand the basis 

for the divergent outcomes of acute versus chronic succinate-SUCNR1 signaling, which 

presumably are defined by the nature of the responding SUCNR1-expressing cell type(s) 

and the temporal component of the succinate signal. In the context of local succinate 

regulation, defining the protein targets of succinate-mediated redox signals will be critical 

to understanding the specific effector mechanisms that respond to locally elevated succinate. 

Understanding these questions will likely open up new therapeutic possibilities for the range 

of physiological processes that are modulated by accumulated succinate.
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Fig. 1 ∣. Mitochondrial bioenergetics and the coenzyme Q (CoQ) pool.
a, An overview of the bioenergetic parameters that control CoQ/CoQH2 redox state. 

Aggregate electron supply from many sources in the cell dictate the rate of electron 

supply to CoQ. Rate of CoQH2 oxidation dictates the rate of electron loss from 

CoQH2. Rate of CoQH2 oxidation depends on cellular ATP demand, which is indirectly 

sensed via the Δp, as well as oxygen tension. αGP, α-glycerophosphate; αGPDH, 

α-glycerophosphate dehydrogenase; DHD, dihydroorotate dehydrogenase; ETF, electron 

transferring flavoprotein; SQR, sulfide:quinone oxidoreductase. Image created with 

BioRender.com. b, Summary of the effects of electron supply imbalance into and from 

the mitochondrial CoQ pool on mitochondrial succinate. Elevated aggregate supply and/or 

decreased demand are sufficient to drive selective accumulation of succinate via the ΔG = 0 

reaction mediated by SDH. AAs, amino acids.
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Fig. 2 ∣. Succinate controls mitochondrial superoxide production through mitochondrial complex 
I.
Accumulated succinate exerts redox pressure on the mitochondrial CoQ pool. Under 

conditions of elevated Δp (low cellular ATP demand) and normoxia, redox pressure on 

the CoQ pool poises electrons onto the terminal flavin of complex I to facilitate single-

electron reduction of oxygen to generate superoxide. Mitochondrial superoxide is rapidly 

dismutated to hydrogen peroxide, which acts as a metabolic signal through reversible 

covalent modification of protein cysteine residues.
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Fig. 3 ∣. Accumulated mitochondrial succinate regulates cellular α-KG-dependent dioxygenases.
The substrate of the α-KG-dependent dioxygenase (αKGDD) reaction becomes 

hydroxylated in a reaction utilizing three co-substrates: divalent iron (Fe2+), α-KG and 

molecular oxygen (O2). During catalysis, α-KG becomes decarboxylated to succinate and 

CO2. Accumulated succinate inhibits this reaction.
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Fig. 4 ∣. pH-gated succinate secretion regulates systemic physiology.
Succinate accumulation within mitochondria is equilibrated and trapped within the cell. 

However, under conditions of cellular acidification, achieved under states of high glycolytic 

flux or hypoxia, a proportion of the succinate pool is transformed into a monocarboxylate, 

which renders it amenable to secretion through MCT1. Upon pH-gated secretion, succinate 

exerts a broad range of context- and cell-type-specific paracrine and endocrine responses via 

its cognate G-protein coupled receptor SUCNR1.
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Fig. 5 ∣. Logic of succinate as a local and systemic bioenergetic sensor.
Summary of how succinate integrates bioenergetic parameters of oxygen tension, substrate 

supply, ATP utilization and intracellular pH, to elicit highly context-dependent local and 

systemic adaptation.
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