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The tricarboxylic acid cycle (TCA) is a series of chemical reactions used in aerobic organisms to generate energy

via the oxidation of acetylcoenzyme A (CoA) derived from carbohydrates, fatty acids and proteins. 

Krebs cycle  tricarboxylic acid cycle  cellular immunity

1. Introduction

The tricarboxylic acid cycle (TCA, also known as the Krebs cycle or the citric acid cycle) is a series of chemical

reactions used in aerobic organisms (pro- and eukaryotes) to generate energy via the oxidation of acetyl-coenzyme

A (CoA) derived from carbohydrates, fatty acids and proteins. In the eukaryotic system, the TCA cycle occurs

exclusively in the matrix of the mitochondria, which are surrounded by two lipid bilayers and impermeable to polar

solutes. The mitochondrial membrane separates energy-producing reactions from energy-consuming ones and

retains the TCA cycle intermediates, which are small, highly polar, and electrophilic organic carboxylic acids, inside

mitochondria. The intermediates of the TCA cycle take several roles as metabolites in metabolisms, such as insulin

secretion and fatty acid synthesis (FAS) within mitochondria. In addition, they can be transported out of

mitochondria through various shuttle mechanisms to participate in various biological processes. Of note, increasing

evidence suggests that the TCA cycle intermediates play crucial roles in regulating cellular immunity. In cell stress

conditions, the mitochondrial membrane may be disrupted and release the TCA cycle intermediates into the

cytosol, thereby impacting the cellular immunity (Figure 1).

Figure 1. Mitochondrial danger signals in cell stress.

2. TCA Cycle Intermediates
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2.1. Citrate

Citrate is formed in the TCA cycle by the condensation of oxaloacetate and acetyl-CoA, which is catalyzed by

citrate synthase. Of note, the cellular levels of citrate are increased in pro-inflammatory macrophages .

Mitochondrial citrate can inhibit pyruvate dehydrogenase (PDH) and succinate dehydrogenase (SDH) at high

concentrations . PDH converts pyruvate to acetyl-CoA and CO2, whereas SDH oxidizes succinate to fumarate in

the TCA cycle. Thereby, PDH and SDH catalyze two crucial steps of the TCA cycle, of which the first is the initiation

of the TCA cycle and the second the generation of FADH . Overall, citrate was found to exert inhibitory effects on

the TCA cycle promoting ATP-consuming pathways .

In pro-inflammatory macrophages, mitochondrial citrate may be transported to the cytosol by SLC25A1 and

converted to acetyl-CoA by ACLY . SLC25A1 is upregulated in pro-inflammatory macrophages in a nuclear

factor κ-light-chain-enhancer of activated B cells (NF-κB) or signal transducer and transcription (STAT)-dependent

manner . Conversely, the inhibition of SLC25A1 leads to the reduction of inflammatory mediators . In

line with this, the export and breakdown of mitochondrial citrate have been linked to the production of several

important pro-inflammatory mediators in macrophages, such as nitric oxide (NO), ROS, and prostaglandin E2

(PGE2) . The decrease in PGE2 production may be due to a decreased availability of citrate as adding

exogenous acetate rescues the effect of SLC25A1 inhibition on PGE2 production, suggesting that the cytosolic

citrate is an important signal molecule in inflammation . Studies have demonstrated that the upregulation of the

ACLY gene precedes SLC25A1 activation in both resting and pro-inflammatory macrophages, although SLC25A1

might be essential for providing the substrate for ACLY activity . It is also interesting to note that SLC25A1

mutations that inactivate the citrate export are associated with severe mitochondrial dysfunction .

2.2. cis-Aconitate

cis-Aconitate is a TCA cycle intermediate, which is formed during the reversible transformation of citrate to

isocitrate by the action of the enzyme aconitase (also known as aconitate hydratase). In this process, cis-aconitate

normally does not dissociate from the active site of aconitase. Thus, not much is known about the cellular functions

of cis-aconitate. Interestingly, it was recently reported that mitochondrial aconitase is associated with

neurodegenerative disorders . Congruently, an earlier study showed that lymphocytic mitochondrial aconitase

activity is reduced in Alzheimer’s disease and mild cognitive impairment, implicating its significance in cellular

homeostasis and immune cell functions . In recent years, cis-aconitate has attracted a lot of attention because it

was identified as the precursor of itaconate, which is formed from cis-aconitate through the decarboxylation

catalyzed by the immune-responsive gene 1 (IRG1). Itaconate is upregulated upon immune activation, e.g., in

response to LPS activation in macrophages, and has strong immunosuppressive properties. As the native

itaconate is cell-impermeable, researchers often used structurally modified itaconate derivates with increased

intracellular penetrance (e.g., dimethyl itaconate (DMI) and 4-octylitaconate) to study the intracellular functions of

itaconate. So far, studies have shown that: (1) native and derivatized itaconate inhibits SDH, a component of both

the TCA cycle and the Complex II of the electron transport chain (ETC)   consequently impairing immune

activation (e.g., the hypoxia-induced factor (HIF)-1α-IL-1β axis)   and viral replication ; (2) activates the

[1][2][3]

[3]

2

[3][4][5]

[6][7]

[2][3][6][7][8] [7]

[2][3][6][8][9]

[3]

[6][8]

[2][10]

[11]

[12]

[13][14][15]

[14] [15][16]



Tricarboxylic Acid (TCA) Cycle Intermediates | Encyclopedia.pub

https://encyclopedia.pub/entry/7234 3/16

anti-inflammatory nuclear factor erythroid 2-related factor 2 (NRF2; also known as NFE2L2) pathway via alkylation

of the Kelch-like ECH-associated protein 1 (KEAP1) protein ; and (3) regulates the translation of IκBζ and the

subsequent activation of the cyclic AMP-dependent transcription factor (ATF3) albeit without affecting the primary

transcriptional responses . Collectively, previous studies have highlighted the immunosuppressive properties of

itaconate and suggested that itaconate is an integral part of a negative-feedback loop in toll-like receptor (TLR)-

mediated immune cell activation . Of note, the cellular response to itaconate may differ from cell type to cell type

and may also depend on the type of stimulation, as studies showed that endogenous itaconate does not induce

NRF2 activation in neurons upon viral infection . So far, most of the analysis on the immunosuppressive effect of

itaconate has been performed in LPS-activated macrophages, and we do not know whether itaconate has the

same impact on immune signaling pathways in other cell types and/or with different stimuli. Furthermore, it is to

note that the most studied itaconate derivative is DMI, which is more electrophilic than the native form of itaconate.

It is still unclear whether the native itaconate acts in the same way as its more electrophilic derivatives and

deserves further investigations in the future.

2.3. Isocitrate

As mentioned above, isocitrate is formed in the TCA cycle by the isomerization of citrate catalyzed by aconitase.

Studies have demonstrated an increase in citrate and a decrease in isocitrate in LPS-activated pro-inflammatory

macrophages . Furthermore, pro-inflammatory macrophages downregulate isocitrate dehydrogenase (IDH),

resulting in an increased isocitrate:α-ketoglutarate ratio. Pro-inflammatory dendritic cells (DCs) and macrophages

show increased glycolytic flux and a break in the TCA cycle, where pyruvate derived from glucose feeds into the

TCA cycle but cannot continue beyond citrate/isocitrate. . Generally, the cytosolic isoenzyme IDH1 is

suppressed in cells activated by pro-inflammatory stimuli . In glucose-deprived conditions, IDH1 mRNA

expression is increased in pro-inflammatory macrophages . This may explain why the production of NO and

ROS is decreased in glucose-deprived cells. So far, the immunological roles of cytosolic and mitochondrial iso-

citrate remain elusive and deserve future investigations.

2.4. α-Ketoglutarate

α-Ketoglutarate is formed in the TCA cycle by oxidative decarboxylation of iso-citrate catalyzed by IDH. α-

Ketoglutarate is involved in various metabolic pathways . In humans, IDH exists in three isoforms:

IDH1, -2, and -3. IDH1 acts in the cytoplasm and, thus, outside the context of TCA, while IDH2 and -3, as part of

the TCA cycle, are found within the mitochondrial matrix . α-Ketoglutarate can also be generated from glutamine

and glutamate by deamination to feed into the TCA cycle , whereas α-ketoglutarate can conversely serve as

a precursor of glutamine, which is a nutritionally semi-essential amino acid . Previous studies have identified

immunosuppressive roles for α-ketoglutarate. Similarly, L-2-hydroxyglutarate, a derivative of α-ketoglutarate, was

also shown to be immunosuppressive . In this context, it is worth noting that mutations in IDH1 are associated

with chronic inflammation . IL-4-induced anti-inflammatory macrophages have been shown to accumulate the

metabolite α-ketoglutarate . It was also found that α-ketoglutarate suppresses the activation of pro-inflammatory

macrophages (e.g., IL-1β expression) and supports endotoxin tolerance after activation . α-Ketoglutarate
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regulates the pro-inflammatory NF-κB signaling by stimulating prolyl hydroxylase (PHD; a family of α-ketoglutarate-

dependent dioxygenases (α-KGDD)). PHD1 inactivates IKK-β kinase via hydroxylation of Pro191, which, in turn,

phosphorylates IκB-α, activating NF-κB . α-Ketoglutarate inhibits stabilization of HIF-1α, a transcription factor

inducing expression of immune-related genes (e.g., pro-inflammatory cytokines , glycolytic enzymes, and

glucose transporters ) by donating an electron to HIF-specific PHD for prolyl hydroxylation leading to

the degradation of HIF-1α . In line with this, reduced levels of α-ketoglutarate were found

to abolish PHD activity . Besides, α-ketoglutarate is an important co-factor for the α-KGDD family of

Jumonji-C-domain-containing histone demethylases (JMJDs) and the ten-eleven translocation (TET) proteins,

which are respectively involved in histone and DNA demethylation . Of note, histone

demethylation is also associated with HIF-1α degradation . α-Ketoglutarate facilitates macrophage

polarization also via induction of fatty acid oxidation  . In addition, α-ketoglutarate produced by glutaminolysis

regulates polarization of macrophages toward anti-inflammatory phenotypes, e. g., via JMJD3-mediated epigenetic

changes . Furthermore, glutamine anaplerosis (replenishing of TCA cycle intermediates from glutamate)

represents an important metabolic module governing the polarization of macrophages towards an anti-

inflammatory phenotype, e.g., in response to IL-4 . Like most of the TCA cycle intermediates, α-

ketoglutarate is transported from the mitochondrial matrix to the cytoplasm and vice versa. It crosses the outer

mitochondrial membrane through the voltage-dependent anion channel (VDAC), and the inner mitochondrial

membrane through the α-ketoglutarate/malate antiporter . Obviously, α-ketoglutarate leaking from

dysfunctioning mitochondria may exert similar anti-inflammatory functions as mitochondrial α-ketoglutarate

transported into the cytosol.

2.5. Succinyl-CoA

Succinyl-CoA is formed by the decarboxylation of α-ketoglutarate catalyzed by α-ketoglutarate dehydrogenase (α-

KGDH), a rate-limiting metabolic enzyme in the flux of the TCA cycle . α-KGDH is responsive and sensitive to

the levels of ROS impairing its function . Of note, the increased α-KGDH activity in LPS-activated

macrophages has been shown to limit the production of anti-inflammatory cytokine IL-10 . An increase of

cytosolic calcium leading to rapid mitochondrial acidification promotes α-KGDH activity, boosting NADH production

and oxidative metabolism . Succinyl-CoA accumulation can result in lysine succinylation of cellular proteins

. This post-translational modification (PTM) induces a 100-Da change in mass and masks the positive

charge of the lysine side chain, likely resulting in a significant conformational change in the target protein . While

succinylation is largely considered to occur spontaneously, desuccinylation is at least partly enzymatic, e.g., via

mitochondrial sirtuin 5 (SIRT5) . LPS induces succinylation, which impacts macrophage function. LPS-induced

hyper-succinylation of lysine 311 on pyruvate kinase M2 (PKM2), a key glycolytic enzyme interacting with HIF-1α

and regulating aerobic glycolysis in macrophages, inhibits its pyruvate kinase activity by promoting its tetramer-to-

dimer transition and induces IL-1β secretion . LPS decreases the expression of the desuccinylase

SIRT5 . SIRT5 desucinylates various metabolic enzymes, including carbamoyl phosphate synthase 1 ,

SDH, PDH , acyl-CoA oxidase 1 , 3-hydroxy-3-methylglutaryl-CoA synthase 2 . SIRT5 also

desuccinylates PKM2 to prevent its entry into the nucleus and the formation of a HIF-1α/PKM2 complex . Of

note, the importance of this mechanism was highlighted by elevated levels of IL-1β in SIRT5-deficient mice
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examined in a colitis model 72]. Dysregulated succinate metabolism can also result in the accumulation of

succinyl-CoA and lysine succinylation, a recently identified PTM . Succinylation of certain proteins is found

to drive immunosuppression in pro-inflammatory macrophages. Thus, the inflammatory effects of succinylation may

be context-dependent and inducing various immunologic responses .

2.6. Succinate

Succinate is formed in the TCA cycle via the hydrolytic release of CoA catalyzed by succinyl-CoA synthetase.

Alternatively, succinate is generated through the gamma-aminobutyric acid (GABA) shunt (a bypass of the TCA

cycle, in which glutamine is used for the synthesis of glutamate, GABA, succinic semialdehyde, and eventually

succinate) . Succinate can be transported from the mitochondria to the cytosol by the dicarboxylic acid

transporter. Succinate has been identified as an important metabolite in both host and microbial processes.

Succinate accumulates in certain pathophysiological situations, particularly in areas of inflammation and metabolic

stress . Several studies have indicated its role of succinate in various cellular processes, such as epigenetic

regulation, tumorigenesis, signal transduction, inflammation, and paracrine modulation  and have

identified succinate as a metabolic signal governing local stress, tissue damage, and immunologic danger 

.

2.7. Fumarate

Fumarate is formed in the TCA cycle by the SDH-catalyzed dehydrogenation of succinate . Activation of

innate immune cells, such as macrophages and monocytes, with pro-inflammatory stimuli (e.g., LPS, IFN-γ) leads

to remodeling of the TCA cycle and intracellular accumulation of fumarate . LPS-activated

macrophages show a substantial increase in flux through the induction of aspartate-arginosuccinate shunt, which

fuels and maintains the TCA cycle flux . Furthermore, being connected to the TCA cycle at fumarate, the

induced aspartate-arginosuccinate shunt causes the accumulation of fumarate in activated macrophages .

Interestingly, the inhibition of the aspartate-arginosuccinate shunt leads to the downregulation of the pro-

inflammatory mediators, including NO and IL-6, along with suppression of the ‘immunologic Warburg effect’ in

activated macrophages . Therefore, replenishing fumarate seems to be important for metabolic reprogramming

of macrophages during inflammation . The elevated cytokine response in these cells is linked to an increase in

the amount of fumarate sufficient to drive the response by activating HIF-1α . The accumulation of fumarate

by inhibiting fumarate hydratase (FH; also known as fumarase) with FH inhibitor 1 (FHIN1) impairs cell death and

reduces the formation of gasdermin D, the executioner of pyroptosis . The in vivo-compatible FHIN2 elevates FH

levels in vivo, while reducing IL-1β, indicating that fumarate inhibits pyroptosis in vivo . Loss of function of FH in

cancers increases fumarate levels leading to elevated accumulation of NRF2 . Fumarate can attenuate

autoimmune diseases, in part, through modulation of DC maturation and antigen-presenting capacity .

In general, fumarate is considered anti-inflammatory. Like other TCA cycle metabolites, fumarate is a cell-

impermeable polar molecule. Therefore, researchers developed fumarate derivatives with increased intracellular

penetrance to study immunological features of fumarate. Of note, the stable derivative of fumarate (DMF, trade

name: Tecfidera ), is known to be a strong immunosuppressive. DMF is a leading oral therapy for multiple
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sclerosis. DMF is more electrophilic than fumarate and other structurally similar metabolites, such as DMI, and

itaconate . Therefore, whether the native fumarate has a similar effect in vivo and in vitro has yet to be

determined . Whereas the precise mechanism of immunosuppression has remained elusive, increasing

evidence indicates that the critical mechanism of DMF is related to its high electrophilicity, which allows DMF to

modify proteins by reacting with cysteines via an electrophilic (Michael-type) addition , impacting the

function of proteins. Several groups have proposed that DMF stimulates an antioxidant response by modifying

cysteine residues in the NRF2-KEAP1 complex, which is a major electrophile response pathway in mammals 

. The transcription factor NRF2 has been shown to alleviate inflammation by inducing heme

oxygenase-1 (HO-1), which potentially increases IRG1 and downregulates TNF-α expression .

An NRF2 deficiency causes an exacerbation of inflammation in a variety of murine models, such as sepsis,

pleurisy, and emphysema , as well as autoimmune phenotypes in some murine strains .

GAPDH has been hypothesized to play a key role in the mechanism of action of DMF . DMF has been

suggested to modify the active site cysteine (Cys152 in humans) and to inactivate GAPDH. Thereby, DMF may

downregulate glycolysis, ultimately causing immunosuppression . However, a recent study suggested that this

mechanism does not have the primary role in DMF-mediated immunosuppression .

2.8. Malate and Oxaloacetate

L-Malate is formed by the hydration of fumarate catalyzed by FH. In the last reaction of the TCA cycle, L-malate

dehydrogenase oxidizes L-malate to oxaloacetate. Not much is known about the immunological role of intracellular

L-malate and oxaloacetate, although the activation of macrophages with LPS results in increased levels of L-

malate . Oxaloacetate serves as a strong inhibitor of SDH, thereby limiting post-ischemic oxidation of

succinate. It would be worth examining whether the endogenously formed oxaloacetate conveys protection through

reduced SDH activity during reperfusion . Future studies are needed to determine the immunological roles of L-

malate and oxaloacetate during a mitochondrial disruption.
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