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Succinate is an intermediate of the tricarboxylic acid
(TCA) cycle, and plays a crucial role in adenosine triphos-
phate (ATP) generation in mitochondria. Recently, new
roles for succinate outside metabolism have emerged.
Succinate stabilizes the transcription factor hypoxia-in-
ducible factor-1a (HIF-1«) in specific tumors and in acti-
vated macrophages, and stimulates dendritic cells via its
receptor succinate receptor 1. Furthermore, succinate
has been shown to post-translationally modify proteins.
This expanding repertoire of functions for succinate
suggests a broader role in cellular activation. We review
the new roles of succinate and draw parallels to other
metabolites such as NAD™ and citrate whose roles have
expanded beyond metabolism and into signaling.

Metabolic alterations influence the immune response
The immune system acts as an internal shield defending
against invading pathogens and is made up of an innate
system, including macrophages, neutrophils, and dendritic
cells (DCs), and an adaptive system composed of T and B
lymphocytes. Cells of the innate immune system recognize
pathogen-associated molecular patterns (PAMPs) via pat-
tern recognition receptors (PRRs), such as Toll-like recep-
tors (TLRs), present on their cell surface and in the cytosol
[1]. Once activated, innate immune cells can initiate adap-
tive immunity to fight infection further and to generate
immunological memory. In resting conditions these cells
are relatively inactive; however, upon recognition of for-
eign material they have the ability to respond rapidly,
producing a wide array of mediators such as cytokines,
chemokines, and antimicrobial peptides to clear the
infection.

Such rapid induction of immunity represents a signifi-
cant metabolic demand. In recent years it has become
evident that immune cells have the ability to shift their
metabolism under varying conditions and that this is
essential for proper immune function [2]. Stimulation of
DCs and macrophages can result in a decrease in oxidative
phosphorylation, which is normally employed under rest-
ing conditions, with a concomitant increase in glycolysis
and the pentose-phosphate pathway [3,4]. This switch to
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glycolysis rapidly generates ATP to maintain mitochondrial
membrane potential and energy homeostasis, ultimately
ensuring cell viability [5]. It also provides biosynthetic pre-
cursors required for proliferating cells and for cells with a
prodigious biosynthetic capacity, such as macrophages
when they are activated to produce cytokines. This altered
metabolism is similar to the Warburg effect (aerobic glycol-
ysis) observed in tumor cells [6] (Figure 1, Box 1). Indeed, the
metabolic sensor HIF-1a can determine the growth and fate
of both tumor cells and immune cells. For example, HIF-1a
activation favors differentiation of T lymphocytes into proin-
flammatory Th17 cells and attenuates regulatory T cell
development [7]. Importantly, as well as global changes
in metabolism that occur in activated immune cells, indi-
vidual metabolites, including succinate, citrate, and NAD",
have been demonstrated to possess signaling capacity and to
influence immunity [4,8,9]. These somewhat surprising
findings allow for metabolic changes occurring in inflamma-
tory cells to serve as signals to which cells respond and can
contribute to the inflammatory process (Figure 2).

In this review we summarize recent findings related to
these metabolic changes, focusing on citrate, NAD", and
succinate. The changes in succinate are of particular inter-
est given the recent findings in relation to downstream
targets for succinate, including HIF-1a, the signaling re-
ceptor succinate-receptor 1 (formally termed G protein-
coupled receptor 91), and the post-translational modifica-
tion (PTM) of proteins by succinylation. We discuss the role
played by these events in immunity. These expanding roles
for metabolites suggest that TCA cycle intermediates may
represent a novel class of regulators of inflammation acting
as key signals in multiple biological processes.

Citrate transportation regulates inflammatory
responses

An increase in metabolite transporters in mitochondria, in
addition to various metabolites, was observed in a meta-
bolic screen and microarray analysis of macrophages trea-
ted with lipopolysaccharide (LPS), a component of the
outer membrane of Gram-negative bacteria [4]. This find-
ing suggests that the transport of particular mediators
from the mitochondria to the cytosol is required following
LPS stimulation in macrophages. Among the various met-
abolic transporters, the mitochondrial citrate carrier (CIC)
was found to be increased following LPS stimulation [10],
probably due to activation of one or both of the two nuclear
factor kB (NF-kB) sites contained in the CIC promoter.
Furthermore, knockdown of CIC with small interfering
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Figure 1. Parallels between tumors and lipopolysaccharide (LPS)-activated
macrophages in relation to succinate. Both macrophages treated with LPS and
tumors with succinate dehydrogenase (SDH) mutations display elevated levels of
succinate. Succinate stabilizes hypoxia-inducible factor-1a (HIF-a) by inhibiting
prolyl hydroxylase domain (PHD) enzyme activity. Stabilized HIF-a binds to HIF
response elements (HREs) in target genes, including those encoding glycolytic
enzymes, angiogenic factors, and the inflammatory cytokine interleukin 18 (IL-1B),
thereby enhancing tumor survival and growth, and exacerbating inflammation.
This parallel HIF-1a activation represents another link between inflammation and
cancer. TLR4, Toll-like receptor 4.

RNA (siRNA), or by the use of an inhibitor, benzene-1,2,3-
tricarboxylate, impaired the production of reactive oxygen
species (ROS), nitric oxide (NO), and prostaglandins (PGs)
in macrophages treated with LPS, suggesting that CIC is
required for the induction of these mediators. CIC is
responsible for the transport of citrate from the mitochon-
dria, where it is produced as part of the TCA cycle, to the
cytosol. Citrate is needed for fatty acid biosynthesis and,
once in the cytosol, is cleaved by citrate lyase into acetyl-
CoA and oxaloacetate, precursors for NO, ROS, and ara-
chidonic acid (which is used to generate PGs). Although
studies that demonstrate a direct role for citrate in inflam-
mation are currently lacking, an elevation in citrate and a
decrease in isocitrate was observed in LPS-activated
macrophages [4], further supporting the role of this me-
tabolite in LPS-induced responses. Citrate is therefore
acting as a signal to produce key reactive oxygen inter-
mediates for host defense and inflammation, as well as
PGs, which are important mediators of inflammation.

NAD* and sirtuins as regulators of inflammation

Another well-known metabolite, NAD", is emerging as a
regulator of inflammation by acting through sirtuins. The
sirtuins make up a family of NAD*-dependent deacetylases
which influence chromatin structure and protein function
by removing acetyl groups [11]. Owing to their dependence
on NAD", they act as sensors of the energy status of the cell
— oxidative metabolism determines the ratio of NAD" to
NADH, whereas glycolysis promotes a switch towards
NADH. Activation of these enzymes has been shown to
promote anti-inflammatory responses. Among the seven
sirtuins (Sirt1-7) found in mammals, Sirt1 has been shown
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Box 1. The relationship between succinate and HIF-1« in
cancer

Mutations in metabolic enzymes are sufficient to initiate, as well as
exacerbate, tumor development. Importantly, mutations in the gene
encoding succinate dehydrogenase (SDH), the enzyme responsible
for the conversion of succinate to fumarate, were implicated in
several cancers, and SDH is now regarded as a tumor suppressor
[42]. SDH mutations result in the accumulation of succinate and
subsequent HIF-1a stabilization [43], thereby providing a growth
advantage for tumors. HIF-1 is a transcriptional regulator in the
switch to glycolysis [22] and has been shown to be an important
target for succinate. It binds to HIF response elements (HREs) in
target genes and is responsible for increasing the expression of
most glycolytic enzymes. HIF-1a contributes to tumorigenesis by
increasing glucose metabolism, generating intermediates for pro-
liferation, and enhancing angiogenesis. HIF is tightly regulated by
PHD enzymes, a class of dioxygenases that use oxygen derived from
the conversion of a-ketoglutarate (a-KG) to succinate to hydroxylate
HIF-1a. This primes it for ubiquitination by E3 ubiquitin ligase and
subsequently targets it for proteasomal degradation [44]. In tumor
cells succinate has been shown to inhibit PHD activity via product
inhibition and to increase HIF-1a stabilization [43]. This important
finding was the first indication that succinate is capable of acting as
an intracellular messenger — inducing alterations in gene expression
in tumors via the targeting of HIF-1a. As discussed in the text, a
similar process of HIF-1a stabilization by succinate occurs in LPS-
activated macrophages, the process in this case being driven by
signaling from TLR4 [4]. Figure 1, in main text, describes the
parallels between tumors and LPS-activated macrophages in
relation to succinate.

to repress inflammation and glycolysis, and to increase
lipolysis, mitochondrial biogenesis, autophagy, and anti-
oxidants (as recently reviewed [12]). Sirt1 deacetylates and
inactivates the p65 subunit of NF-«B, a key proinflamma-
tory transcription factor [13]. Therefore, a decrease in
NAD*, as demonstrated following LPS stimulation [4],
would impair Sirtl function and enhance NF-«B-depen-
dent signaling. However, TLR4 stimulation has also been
demonstrated to induce nicotinamide phosphoryltransfer-
ase-1 (Namptl), an enzyme involved in NAD™ synthesis, at
later time-points, and this would enhance Sirtl activity
and thus dampen NF-kB-dependent responses, resulting
in a negative-feedback effect. Sirt1 impaired the activity of
another proinflammatory transcription factor, activating
protein 1 (AP-1), in macrophages by targeting its subunits
c-Jun and c-Fos [14], and thereby decreased transcription
of the AP-1-dependent gene encoding cyclooxygenase 2
(COX2), an enzyme required for the synthesis of PGs. In
a similar manner, Sirt1 deacetylates HIF-1a and prevents
its interaction with p300, a transcriptional coactivator
required for its activity [15]. As discussed later, HIF-1a
is an important transcription factor that enhances glycol-
ysis and the inflammatory response.

Sirt1 has also been shown to support the anti-inflamma-
tory process, known as autophagy, which promotes the
clearance of damaged organelles [16]. Sirtl deacetylates
autophagy-related gene products, resulting in their activa-
tion [17,18], and regulates the quantity and quality of
mitochondria [17]. Because mitochondria represent a source
of ROS and therefore inflammation, Sirtl may decrease
ROS production from damaged mitochondria through acti-
vation of autophagy. Sirtl further controls mitochondrial
quality by activating peroxisome proliferator-activated
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Figure 2. The function of tricarboxylic acid (TCA) cycle intermediates as inflammatory signals. Some metabolic intermediates of the TCA cycle have been demonstrated to

act as inflammatory signals. Cytosolic citrate is required for fatty acid biosynthesis
important inflammatory mediators. Succinate enhances glycolysis in several ways. It

and is metabolized to produce reactive oxygen intermediates and prostaglandins,
inhibits prolyl hydroxylase domain (PHD) enzyme function, both directly by product

inhibition and indirectly via reactive oxygen species (ROS), driving hypoxia-inducible factor-1a (HIF-1a) accumulation and increased glycolysis. ROS also inhibit

mitochondrial function, boosting glycolysis as a result. Elevated HIF-1a enhances
interleukin 18 (IL-18) gene. Succinate can signal through succinate receptor 1 (SUCN

the expression of genes containing HIF response elements (HREs), including the
R1) and act in synergy with Toll-like receptors (TLRs) to boost dendritic cell function.

NAD™" exerts several anti-inflammatory effects by activating sirtuins, a class of NAD*-dependent deacetylases. Sirt1 (sirtuin 1) inhibits the proinflammatory transcription

factors nuclear factor kB (NF-«B), activator protein 1 (AP-1), and HIF-1«, and enhances
dependent signaling by deacetylating target promoters. Finally, inactivation of Sirt3
inflammasome activation.

receptor vy coactivator 18 (PGC-1B), which is a crucial tran-
scription factor required for mitochondrial biogenesis [19].
Sirtl-dependent PGC-1B activation increases oxidative
phosphorylation, and this may contribute to a net anti-
inflammatory effect by decreasing the number of damaged
mitochondria and subsequent ROS production [9].
Decreased activity of another sirtuin, Sirt2, has also
been implicated in inflammation. A recent study suggests a
role for Sirt2 and NAD"* in NLRP3 (NLR family, pyrin
domain containing 3) inflammasome activation [20]. The
authors demonstrated that a variety of activators of
NLRP3 inhibit mitochondrial function and therefore limit
NAD" concentrations and impair Sirt2 function. Sirt2 is
responsible for the deacetylation of the microtubule com-
ponent a-tubulin, leading to its depolymerization. There-
fore, decreased Sirt2 function results in the accumulation
and polymerization of acetylated a-tubulin. NLRP3 associ-
ates with the acetylated a-tubulin and localizes to the
mitochondria where it is activated in a ROS-dependent
manner. Finally, Sirt6 has been demonstrated to deacety-
late the promoter of specific NF-kB target genes including
interleukin 1B (IL-1B), thereby limiting NF-«B accessibili-
ty to these promoters and decreasing transcription [21].
These results collectively suggest that sirtuins
exert multiple mechanisms to dampen inflammation,

autophagy-related gene function and oxidative metabolism. Sirt6 also impairs NF-kB-
has been demonstrated to enhance NLR family, pyrin domain containing 3 (NLRP3)

and thereby represent an important class of regulatory
enzymes whose functions are likely to be inhibited in cells
treated with LPS, and possibly other inflammatory sti-
muli, given that LPS impairs NAD* accumulation.

Succinate as an inflammatory signal

In addition to citrate and NAD™, recent reports suggest
that a third metabolite, succinate, can also act as a signal
for inflammation [4]. Indeed, studies have shown that
succinate can accumulate in immune cells, resulting in
the stabilization of HIF-1a or signaling via its receptor. We
discuss these two functions of succinate in inflammation
below.

Succinate and HIF-1« in inflammation

The switch to glycolysis that occurs in activated macro-
phages is likely to be important at sites of inflammation
where oxygen levels are low (hypoxia) [22], and HIF-1« is
central to this process. However, this switch can also occur
under normoxia, with succinate acting as the signal. Under
both situations, rapid ATP production and pentose-phos-
phate pathway activation occurs because of enhanced ex-
pression of HIF-la-dependent genes. These events
increase the biosynthetic capacity of the activated cell.
An elevation in succinate had been reported in some

3
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Figure 3. Succinate receptor 1 (SUCNR1) signaling. Succinate induces calcium mobilization in an adenylyl cyclase (AC) and protein kinase A (PKA)-dependent manner [45].
SUCNR1 engagement activates phospholipase C (PLC), resulting in cleavage of phosphatidylinositol 4,5-bisphosphate (PIP2) to inositol trisphosphate (IP3) and
diacylglycerol (DAG). These second messengers induce calcium mobilization and PKC activation, respectively, and subsequent nitric oxide (NO) and prostaglandin E2
(PGE2) production as well as p38 activation. PKC-dependent phosphorylation of extracellular signal-related kinases ERK1/2 can also drive PG production. SUCNR1 signaling
might act in synergy with several inflammatory signaling cascades. PKA is known to phosphorylate and activate the p65 subunit of nuclear factor kB (NF-«B) [46] and cAMP

response element-binding protein (CREB). Furthermore, NF-kB, activating protein (AP)-1,

nuclear factor of activated T cells (NFAT), and ETS domain-containing protein (Elk-

1) are all downstream targets of PKC and MAPKs. Question marks denote unexplored pathways following SUCNR1 ligation.

tumors, leading to stabilization of HIF-1a (Box 1), and,
recently, LPS-induced succinate was shown to act in a
similar manner. Analogous to its effects in tumors, succi-
nate was shown directly to inhibit prolyl hydroxylase
domain (PHD) enzyme activity in macrophages, resulting
in stabilization of HIF-1a [4] and the induction of a range of
target genes. Notably, the sustained induction of the proin-
flammatory cytokine IL-1B required HIF-1la. These data
suggest that succinate may directly regulate HIF-1a sig-
naling to promote inflammation by macrophages. This
signaling could occur under normoxia because elevated
succinate has the same effect on HIF-1a stability as hyp-
oxia (Figure 1).

In addition to inhibiting PHDs directly, succinate may
also indirectly stabilize HIF-1a by inducing ROS. It has
been demonstrated that pharmacologic inhibition of succi-
nate dehydrogenase (SDH), the enzyme responsible for the
conversion of succinate to fumarate, or RNA interference of
subunit B of SDH, induces HIF-1a stabilization in a ROS-
dependent manner [23]. ROS can affect HIF-1a by oxidiz-
ing Fe?*, a critical PHD cofactor, to Fe®*. As a result, PHD
activity is limited, resulting in the indirect increase of HIF-
la stabilization [24].

4

In addition to LPS-treated macrophages, HIF-1a acti-
vation has been detected in other inflammatory contexts. It
is elevated in macrophages in the inflamed synovium in
rheumatoid arthritis [25], and this may be important for
the induction of IL-1B involved in synovial inflammation.
HIF-1a enhances differentiation of T lymphocytes into the
proinflammatory Th17 subtype [7] by inducing IL-17 pro-
duction and by enhancing the transcription of RAR-related
orphan receptor yt (RORyt), the key transcription factor
required for Th17 cell development. Whether succinate is
needed for the Th17 response has yet to be determined.
Interestingly, HIF-1a-deficient DCs show impaired ability
to activate T cells [26], suggesting that this transcription
factor is important for T cell polarization and activation.
HIF-1a therefore enhances inflammation by influencing
both the innate and adaptive immune system and succi-
nate may be crucial in both cases via its effect on HIF-1«
stabilization.

Succinate and succinate receptor 1 (SUCNRT1) signaling
during inflammation

Another function for succinate in inflammation is as the
ligand for the G protein-coupled receptor (GPCR) GPR91,



TICB-1027; No. of Pages 8

since renamed SUCNRI1 (Figure 3). This indicates that
succinate has a signaling role beyond HIF-1a stabilization
[27,28]. SUCNRI1 is highly expressed in mouse kidney,
liver, spleen, small intestine [27], and on DCs [8]. The
signaling cascade activated by SUCNRI1 has only recently
emerged [29] (Figure 3). Human embryonic kidney (HEK)
293 cells stably expressing SUCNR1 were stimulated with
succinate, resulting in inositol trisphosphate (IP3) accu-
mulation, calcium mobilization, and extracellular signal-
regulated kinase (ERK) phosphorylation [27] similar to Gi
and Gq signaling cascades. Indeed, the use of the respec-
tive inhibitors of Gq and Gi signaling, YM254890 and
pertussis toxin, impaired succinate-induced responses
[30]. Calcium-dependent NO and prostaglandin E2
(PGE2) production was also observed following stimulation
of SUCNRI1 with succinate. In addition to HEK293 cells,
succinate induces calcium mobilization and ERK1/2 phos-
phorylation in human monocyte-derived DCs (MoDCs) [8],
suggesting SUCNRI1 signaling is also functional in im-
mune cells.

A recent study showed that succinate acts as a chemo-
kine, inducing MoDC migration in vitro [8]. DCs treated in
the presence of succinate displayed enhanced migration to
draining lymph nodes, demonstrating its chemotactic func-
tion. Furthermore, SUCNRI1-deficient mice displayed a
decrease in the migration of DCs to skin draining lymph
nodes compared with wild type mice upon stimulation.
Succinate also influences inflammatory cytokine produc-
tion in DCs. Succinate was found to act in synergy with the
TLR3 ligand poly(I:C) and the TLR7 ligand imiquimod,
increasing tumor necrosis factor a (TNF-a) production and
expression [8]. Furthermore, IL-1B expression was en-
hanced in murine bone marrow-derived dendritic cells
(BMDCs) treated with succinate and LPS simultaneously.
Succinate also increased the capacity of DCs to act as
antigen-presenting cells, which induce an adaptive re-
sponse, thereby further exacerbating inflammation. When
DCs were primed with succinate and antigen simulta-
neously, elevated antigen-specific T cell activation was
observed, as demonstrated by increased TNF-a and inter-
feron vy (IFN-y) production from these cells [8]. This effect
was abrogated in SUCNR1-deficient DCs, confirming that
succinate signaling is required for enhanced antigen-pre-
senting function of these cells.

Recent findings from in vivo studies also support the
role of SUCNRI1 in mediating succinate-dependent inflam-
mation. Skin grafts from SUCNR1-deficient mice showed
prolonged allograft survival compared with wild type mice,
which is likely due to the inability of DCs in the donor
tissue to induce a host T cell response [8]. These results
suggest that SUCNR1-deficient mice have an impaired
immune response, perhaps because of decreased DC mi-
gration, reduced inflammatory mediator production, and
subsequent impaired adaptive immune responses. This
indicates that succinate accumulation and SUCNRI1
signaling can profoundly influence immunity and inflam-
mation.

Based on these studies, SUCNR1 antagonists might
protect against exacerbated inflammation, such as that
observed during graft rejection or autoimmunity. A selec-
tive antagonist for human and rat has been successfully
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Box 2. The role of succinate in disease

The importance of succinate-induced SUCNR1 signaling has been
demonstrated in disease states including hypertension and type 2
diabetes. NO and PGE2 are produced following SUCNR1 ligation
and are classic drivers of renin release, an enzyme involved in
regulating blood pressure, and a key component of the renin—
angiotensin system (RAS). Blocking NO and PGE2 production, using
specific inhibitors of endothelial NOS and COX-2 respectively,
limited succinate-induced renin release [47]. Furthermore, SDH
inhibition following malonate treatment enhanced renin release,
possibly as a result of succinate accumulation. Mice overexpressing
renin developed glucose intolerance, and angiotensin |l generated
in response to renin impaired insulin receptor signaling and glucose
transport [48]. In vivo succinate administration induced hyperten-
sion, but this did not occur in SUCNR1-deficient mice, which have
diminished renin accumulation [27]. Finally, circulating succinate
was increased in spontaneously hypertensive rats, as well as in
obese and diabetic rats [49] and this may contribute to disease by
stimulation of the RAS. It is well understood that IL-18 production
can contribute to insulin resistance and disease in type 2 diabetes
[22], but the role of succinate-induced IL-18 production in this
process remains to be investigated.

Succinate is also elevated in inflammatory bowel disease. In mice
undergoing dextran sulfate (DSS)-induced colitis there is more
succinate present in the caecum and feces [32,36]. Furthermore,
succinate is a major product of Bacteroides. Germ-free mice infected
with Bacteroides vulgatus showed increased caecal succinate and
increased severity of intestinal inflammation following DSS-induced
colitis compared with controls suggesting bacteria from this family
may be the source of succinate in this model. Administration of
succinate to rat colon causes erosion of the colonic mucosa [50].
This is mediated by increased infiltration of superoxide-producing
polymorphonuclear cells into the mucosa [50], providing mechan-
istic evidence of succinate-induced disease. These studies all
suggest a role for succinate, possibly derived from bacteria, in
inflammatory bowel disease.

generated [31], but whether this antagonist impacts the
immune response has yet to be tested. However, it was
found to be protective in hypertension, a disease in which
succinate is elevated (Box 2).

Succinylation as a PTM

Another consequence of succinate accumulation may in-
volve the PTM, lysine succinylation. Inhibition of SDH
may result in the accumulation of succinate and lysine
succinylation. Indeed, treatment of mouse fibroblasts with
the SDH inhibitor 3-nitropropionic acid resulted in a slight
increase in succinylation, suggesting that succinylation can
be correlated with an increase in succinate [32]. This modi-
fication induces a 100 Da change in mass, comparable to
that of two well-established lysine modifications: acetyla-
tion and dimethylation. Importantly, it masks the positive
charge on lysine, thereby likely resulting in a significant
conformational change. Western blot analysis of whole cell
lysates confirmed that this modification is evolutionarily
conserved and possesses numerous substrates [33]. Succi-
nylation might contribute to global cellular energy regula-
tion because it appears that proteins involved in cellular
metabolism are largely targets of succinylation [32]. Fur-
thermore, succinylation is elevated in tissues of mice under
fasting conditions [32]. These results suggest that succiny-
lation might be an important response to the energy status
of a cell — whereby it increases the activity of enzymes
involved in glucose and lipid metabolism to meet cellular
requirements for ATP [32].
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Enzymes ofthe glycolytic pathway and TCA cycle, includ-
ing glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
and isocitrate dehydrogenase (IDH) respectively, are tar-
gets of lysine succinylation [33], suggesting that this PTM
may provide a method for enzymatic regulation. Mutation of
Lys199 and Lys242, two established succinylation targets in
IDH, decreased enzymatic activity, suggesting that these
residues are functionally important and succinylation may
affect enzymatic activity. Although the enzyme responsible
for succinylation is yet to be identified, a potent desucciny-
lase (and demalonylase) has been uncovered [34]. Sirt5,
another member of the NAD-dependent family of sirtuins,
which was previously thought to function primarily as a
deacetylase has been shown to have potent desuccinylase
activity [34]. In support, Sirt5-deficient mice have increased
succinylation at specific lysine residues of the enzyme car-
bamoyl phosphate synthase 1 (CPS1), a known target of
succinylation. CPS1has decreased activity in Sirt5-deficient
mice suggesting that succinylation can impair enzymatic
function [35]. Furthermore, several glycolytic enzymes were
identified as targets of LPS-induced succinylation in macro-
phages. LPS decreases both Sirt5 expression and levels of
NAD" in macrophages, while increasing protein succinyla-
tion, suggesting that LPS may regulate this PTM by de-
creasing Sirt5 [4].

Pyruvate dehydrogenase (PDH), a key metabolic en-
zyme responsible for the generation of acetyl-CoA from
pyruvate that feeds the TCA cycle, is also a target of lysine
succinylation [32]. Sirt5 was shown to desuccinylate PDH
in mouse embryonic fibroblasts and decrease its enzymatic
activity. In contrast to CPS1, succinylation may be re-
quired for PDH activity and Sirt5 may negatively regulate
PDH. Similarly, the A subunit of SDH has also been shown
to contain four lysine succinylation sites. Sirt5-deficient
mice had significantly increased SDH activity, again sug-
gesting that succinylation positively regulates its activity
[32]. Furthermore, respiration is increased in Sirt5-defi-
cient cells in the presence of pyruvate and succinate (but
not ascorbate, the substrate of complex IV of the electron
transport chain, ETC) [32]. This finding suggests that Sirt5
can target PDH and SDH specifically, repressing their
function and inhibiting mitochondrial respiration, whereas
succinylation enhances respiration. This conclusion is how-
ever in direct contradiction with literature demonstrating
that LPS increases succinylation, decreases sirt5 and
NAD*, and decreases respiration in mitochondria. Al-
though this area requires further investigation, it is possi-
ble that these are time-dependent phenomena whereby an
initial decrease in respiration occurs following LPS stimu-
lation and at later time-points LPS-induced succinylation
functions to restore mitochondrial respiration in the reso-
lution phase of infection.

Although it is not clear how proteins are succinylated, it
has been suggested that succinyl-CoA can passively attach
to lysine residues, thereby succinylating these target sites
[33]. Succinyl-CoA is in equilibrium with succinate, and
this might explain the increased succinylation following
LPS treatment, demonstrating a novel signaling function
of succinate. Overall, protein succinylation is emerging as a
PTM, which may be important for the metabolic changes
occurring in inflammation.
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Figure 4. Possible mechanisms of LPS-induced succinate accumulation. Succinate
is a byproduct of several metabolic pathways including the TCA cycle, the GABA
shunt and the glyoxylate shunt. LPS has been shown to increase the expression of
glutamine and GABA transporters and therefore cellular concentrations of these
metabolites. Glutamine produces succinate through anapleurosis of a-KG. LPS
might increase the activity of ICL or decrease the activity of SDH to enhance
succinate accumulation further. Abbreviations: ACO, aconitase; CS, citrate
synthase; FH, fumarate hydratase; GABA, y-amino butyric acid; GAD, glutamate
decarboxylase; GDH, glutamate dehydrogenase; GLS, glutaminase; ICL; isocitrate
lyase; IDH, isocitrate dehydrogenase; «o-KG, a-ketoglutarate; o-KGDH, o-KG-
dehydrogenase; LPS, lipopolysaccharide; MD, malate dehydrogenase; MS,
malate synthase; OAA, oxaloacetate; PDH, pyruvate dehydrogenase; SCS,
succinyl-CoA synthetase; SDH, succinate dehydrogenase; SSA, succinic
semialdehyde; SSADH, SSA dehydrogenase. TCA cycle, tricarboxylic acid cycle.
Question marks denote unexplored pathways.

Factors contributing to succinate accumulation

We have so far discussed how the accumulation of succi-
nate can promote inflammatory signaling; however, how
succinate accumulates in the various immune cells is
poorly understood. Recent studies on LPS-activated
macrophages have begun to shed some light on the mech-
anisms regulating succinate accumulation. In macro-
phages treated with LPS, succinate production resulted
from increased glutamine metabolism through anaplerosis
of a-ketoglutarate (a-KG) into the TCA cycle. In addition,
LPS increased y-aminobutyric acid (GABA), and its trans-
porters, which can generate succinate via the ‘GABA shunt’
(Figure 4) — as shown by a reduction in LPS-induced
succinate production after inhibition of GABA transami-
nase (GABA-T), a key enzyme of the GABA shunt, with
vigabatrin.

Several other possible sources could contribute to the
accumulation of succinate — including the glyoxylate shunt
which converts isocitrate to succinate via the enzyme
isocitrate lyase (ICL) (Figure 4). Although the majority
of mitochondrial enzymes are inhibited by hypoxia [36],
ICL is increased [37]. This may be to prevent membrane
potential collapse by allowing succinate to feed complex II
of the ETC. Supporting this, it has been shown that
survival of Mycobacterium tuberculosis in hypoxic condi-
tions is reduced when pathogen-derived succinate produc-
tion is inhibited [38], suggesting that this metabolite is
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required for cell viability. Furthermore, compared to levels
in resting macrophages, ICL activity was increased in M.
tuberculosis-infected macrophages following activation
with LPS [39], suggesting that LPS stimulation may in-
crease the activity of this enzyme and therefore the pro-
duction of succinate. Interestingly, whereas particular
TCA cycle intermediates including succinate are elevated
in macrophages following LPS stimulation, isocitrate and
IDH are significantly decreased. This suggests that isoci-
trate is consumed independently of the TCA cycle, perhaps
by the glyoxylate shunt [4] (Figure 4).

Decreased SDH activity may also be involved in succi-

nate accumulation. SDH requires oxidized FAD and NAD"*
as cofactors [40]. When present predominately in their
reduced forms, such as during hypoxia, SDH function is
impaired and succinate accumulates. LPS decreases NAD*
levels and may also affect FAD, thereby inhibiting SDH
function. Decreased NAD™" can affect the activity of Sirt3.
Sirt3 has been shown to deacetylate SDHA, the active
subunit of SDH, increasing its activity and thereby limit-
ing succinate accumulation [40]. LPS decreases the expres-
sion of other members of the sirtuin family [4] and might
also affect Sirt3. LPS has also been shown to impair SDH
activity directly in African green monkey kidney cells [41].
It is clear that there are numerous methods of generating
succinate in macrophages and that LPS stimulation may
interfere at multiple levels, highlighting the importance of
this metabolite for macrophage function (Figure 4).

Concluding remarks

The metabolites citrate, NAD*, and succinate are emerging
as important signals in immunity and inflammation. This
burgeoning area has highlighted numerous limitations,
including our incomplete understanding of the role of these
metabolite in vivo. In relation to succinate, the precise role
of its receptor SUCNRI1 in immunity needs to be explored
further, and the role of succinylation as a PTM could lead to
substantial new insights into cellular regulation. Finally,
it is intriguing to speculate on whether targeting these
processes might be useful in the clinic in situations where
immunity requires boosting (in vaccines) or where immu-
nity needs to be attenuated (in autoimmune and autoin-
flammatory diseases). The hope is that future studies will
unveil the importance of these metabolic changes as sig-
nals in immune cell regulation, and this might in turn lead
to novel therapeutic approaches.
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