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Abstract

Cellular metabolism is a means of generating ATP to provide energy for key cellular functions. 

However, recent research shows that citric acid cycle intermediates target vital cellular functions 

of the innate immune system. Succinate, itaconate, citrate and fumarate have been shown to 

mediate or regulate important myeloid cell functions during infection and inflammation. This 

review covers the regulatory functions of citric acid cycle intermediates in myeloid cells and 

discusses potential translational applications, key mechanistic questions and future research 

directions.

Summary Sentence:

This review outlines current understanding of inflammation-induced alterations in leukocyte 

metabolism and implications for leukocyte function and novel therapeutic development.
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Introduction

Traditionally, the tricarboxylic acid (TCA) cycle and oxidative phosphorylation (OXPHOS) 

have been recognized as dynamic cellular functions that support cellular energy demands. 

Interestingly, metabolic intermediates of the TCA cycle have recently been shown to play an 

important role in regulating innate immune cell responses [1, 2]. Activation of innate 

leukocytes, such as macrophages and monocytes, with pro-inflammatory stimuli, such as 

lipopolysaccharide (LPS), leads to remodeling of the TCA cycle and intracellular 

accumulation of metabolic intermediates such as succinate, itaconate, citrate and fumarate, 

which link cellular metabolism to innate leukocyte responses [3, 4]. The major focus of this 

review is to highlight the role of TCA cycle metabolites, namely succinate, itaconate, citrate 

and fumarate in rewiring innate immune cell metabolism, to discuss their translational 

relevance, and provide novel hypotheses for targeted therapeutics in inflammatory 

conditions. The following sections will describe in detail the role of each of these 

metabolites in leukocyte regulation and function.

Succinate

Succinate undergoes oxidation to fumarate via SDH in the TCA cycle and functions as a key 

intermediate of the mitochondrial electron transport chain complex II, thus providing a link 

between the TCA cycle and the mitochondrial electron transport chain (Figure 1). 

Intracellular accumulation of succinate has been shown to be a hallmark of activated 

macrophages. Tannahill et al., demonstrated that LPS stimulation leads to significant 

succinate accumulation within macrophages, with associated enhancement of IL-1β 
production [1]. Succinate has been shown to reduce the expression of interleukin-1 receptor 

antagonist (IL-1RA) and IL-10, in LPS-treated macrophages [5]. The major mechanisms 

postulated for succinate’s pro-inflammatory effects include stabilization of HIF-1α, 

enhancement of mitochondrial reactive oxygen species (mROS) generation, post-

translational modification of other proteins (via succinylation) and signaling via its G-

protein coupled receptor.
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(i) Succinate induced HIF-1α stabilization

HIF-1α is recognized as a key mediator of a wide range of cellular responses to hypoxia and 

its signaling pathway affects numerous processes including metabolic adaptation, 

angiogenesis, erythropoiesis, cell growth and survival [6]. In terms of metabolic 

reprogramming of activated myeloid cells, HIF-1α facilitates a metabolic shift from 

oxidative phosphorylation to glycolysis and sustains glycolytic capacity through induction of 

key target genes [7]. Absence of HIF-1α in myeloid cells results in profound metabolic 

defects leading to impaired aggregation, motility, invasiveness, and bacterial killing capacity 

[7]. HIF-1α is normally degraded under normoxic conditions, owing to hydroxylation by 

cytosolic prolyl hydroxylase (PHD). PHD hydroxylate the conserved proline residues on the 

HIF-1α subunit and mark it for ubiquitin-proteasome mediated degradation. During hypoxic 

conditions, prolyl hydroxylation of HIF-1α residues is suppressed, and HIF-1α is protected 

from further degradation. Accumulated HIF-α then dimerizes with HIF-1β, which 

translocates to the nucleus, leading to transcription of target genes required for metabolic 

adaptation [8]. HIF-1α stabilization is an important adaptive mechanism for myeloid cell 

functions at the sites of inflammation where oxygen concentrations are low, and cells 

undergo a metabolic switch to glycolysis. Treatment of macrophages with LPS results in 

significant succinate accumulation along with an increased expression of HIF-1α protein 

[1]. During inflammatory activation of myeloid cells, increased HIF-1α expression also 

drives increased expression of IL-1β and promotes inflammation [9]. Thus, succinate 

stabilizes HIF-1α even under normoxic conditions in myeloid and acts as an important 

inflammatory signal (Figure 1). HIF-1α has also been shown to be increased in macrophages 

derived from inflamed synovium of rheumatoid arthritis patients, showing the importance of 

HIF-1α activation in other inflammatory contexts as well [10].

It is important to note the differential effect of succinate on immune cell cytokine responses. 

In LPS treated macrophages, succinate reduces expression of anti-inflammatory cytokines, 

interleukin-1 receptor antagonist (IL-1RA) and IL-10 [1, 11]. This perplexing finding 

demonstrates the specificity of succinate for increasing LPS-induced IL-1β, without 

affecting IL-6 and TNF-α production. Production of IL-1β is usually a two-step process, 

whereby a pathogen associated molecular patterns (PAMP) such as LPS induces pro-IL-1β, 

which is further cleaved by caspase-1 to IL-1β. Caspase-1 activation is mediated by 

cytosolic inflammasomes, which are intracellular pattern recognition receptors (PRR). 

Interestingly, succinate alone does not induce either pro-IL-1β or IL-1β, rather it enhances 

LPS-induced production of IL-1β. Taken together, it is reasonable to hypothesize that 

succinate may be acting on intracellular PRR to differentially regulate intracellular IL-1β 
response. These findings bring to light a thought-provoking concept that although TCA 

cycle intermediates, such as succinate, do not directly act through PRR’s, they may still 

elicit pronounced intracellular responses when administered with a PAMP. The exact 

mechanism for the differential cytokine response induced by succinate is not yet clear and 

opens an interesting avenue for future studies. It is also important to note that succinate can 

act through its own cell surface receptor, SUCNR1 (G protein-coupled receptor, also termed 

as GPR91).

Patil et al. Page 3

J Leukoc Biol. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(ii) Role of succinate dehydrogenase (SDH) and mitochondrial ROS (mROS)

Mills et al., demonstrated that intact function of SDH is critical to sustain the pro-

inflammatory response of LPS-activated macrophages [11]. Treatment with a specific SDH 

inhibitor, dimethyl malonate (DMM), increased succinate levels, decreased HIF-1α 
expression, and inhibited the expression of genes associated with inflammation. DMM 

boosted the expression of anti-inflammatory genes, both in vitro (LPS- stimulated 

macrophages) and in vivo (LPS- treated mice). DMM is a cell permeable precursor of 

malonate and it is rapidly metabolized within the cells to malonate, which is a competitive 

inhibitor of SDH [12]. These findings are in contrast to those reported by Tannahill et al., 
which showed that the ‘SDH inhibitor’, diethylbutylmalonate, increased LPS-induced 

HIF-1α and IL-1β expression. However, diethylbutylmalonate blocks mitochondrial 

succinate transport, rather than directly inhibiting SDH, thereby increasing intracellular 

succinate levels. Mills et al., further showed that LPS treatment leads to increased 

mitochondrial membrane potential in macrophages. Increased mitochondrial membrane 

potential and SDH activity collectively enhance ROS production [13]. LPS treatment led to a 

significant increase in mitochondrial ROS production, which was inhibited by DMM, but 

boosted by succinate [11]. The same study demonstrated the importance of mROS for 

succinate-induced IL-1β production because mROS scavengers inhibited the effect of 

succinate on LPS-induced pro-IL-1β and HIF-1α. Furthermore, the complex I inhibitor 

rotenone significantly decreased LPS-induced ROS and IL-1β mRNA expression, implying 

a role for complex I in ROS generation. Increased oxidation of accumulated succinate to 

fumarate by SDH along with higher mitochondrial membrane potential drives increased 

mROS generation through reverse electron transport (RET) from complex II to complex I 

(Figure 1). Rapid oxidation of succinate by SDH causes over-reduction of coenzyme Q 

(CoQ), limiting its availability to accept forward electrons from SDH (complex II), which 

then flow backwards (RET) towards complex I, leading to increased generation of 

superoxide radicals [12]. Mills et al., further showed macrophages overexpressing alternative 

oxidases (AOX) have impaired mROS production and reduced LPS-induced IL-1β and 

HIF-1α production upon treatment with succinate [11]. AOX quenches excess electrons 

generated from rapid succinate oxidation by SDH, thereby limiting RET and mROS 

generation. Importantly, ROS has also been shown to indirectly stabilize HIF-1α by limiting 

PHD activity [14]. Garaude et al., reported that inhibition of SDH with 3-nitorpropionic acid 

not only impairs bactericidal activity of bone marrow-derived macrophages in vitro, but also 

impairs systemic bacterial clearance in a model of E. coli peritonitis [15]. These results show 

that LPS-induced and mROS-generated redox signals in macrophages caused by high 

succinate oxidation are pivotal for generation of the inflammatory macrophage phenotype. 

Mitochondria are the major sites of cellular ROS generation, which may aid in anti-bacterial 

responses of myeloid cells. In line with this, TLR signaling has been shown to recruit 

mitochondria to macrophage phagosomes and to augment mROS production, which 

facilitates killing of phagocytosed microbes [16]. It is reasonable to hypothesize that active 

SDH in the setting of high intracellular succinate accumulation upon LPS stimulation will 

support generation of high levels of mROS via RET. It has been shown that ischemic injury 

leads to high levels of succinate accumulation in major tissues including liver, heart, kidney 

and brain [12]. The accumulated succinate drives excessive mROS production during 

reperfusion via its SDH oxidation which drives RET at complex I. Pharmacological 
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inhibition of succinate accumulation ameliorated mROS generation and injury in mouse 

models of stroke and myocardial infarction. It is also important to note that complex I plays 

a critical role in generating mROS during RET, which depends on high succinate 

accumulation [12]. However, detailed in vivo studies analyzing the impact of SDH on ROS 

generation and consequent immunomodulation in animal models of inflammation are 

currently lacking. It is reasonable to hypothesize that intact SDH and complex I activity 

would have a significant impact on myeloid cell functions and would play a critical role in 

immunomodulation.

(iii) Succinylation

Succinylation is a protein post-translational modification (PTM), first described by Zhang et 
al., to modify the isocitrate dehydrogenase enzyme of the TCA cycle [17]. The sirtuin 

enzyme, SIRT5, is responsible for desuccinylation [18]. Since then, other proteins impacting 

cellular metabolism including pyruvate kinase, pyruvate dehydrogenase complex, and 

succinate dehydrogenase have been shown to be succinylated, but the specific mechanism of 

succinylation remains unclear [18]. Tannahill et al., showed that treatment of macrophages 

with LPS leads to succinylation of malate dehydrogenase, glutamate carrier 1, L-lactate 

dehydrogenase A chain and transaldolase, but the functional impact of such a PTM in 

relation to LPS induced inflammatory cytokine secretion is not yet clear [1]. It is possible 

that succinylation of these and other proteins may play a direct or indirect role in regulating 

immune cell responses. A unique example of succinylation in relation of inflammatory 

cytokines is the role of Pyruvate Kinase M2 (PKM2) enzyme and SIRT5. [18]. Wang et al., 
demonstrated that LPS stimulation of SIRT5 deficient macrophages induced high levels of 

pro-inflammatory cytokine transcripts including IL-1β, IL-6 and TNF-α, along with hyper-

succinylation of PKM2. Pharmacological activation of PKM2 in SIRT5 KO macrophages 

lead to inhibition of LPS-induced IL-1β, with no effect on IL-6 and TNF-α [19]. LPS-

induced succinylation of PKM2 promotes its translocation to the nucleus, where it formed a 

complex that directly bound the IL-1β promoter and induced its transcription [9, 19]. 

Furthermore, Tannahill et al., showed that LPS treatment increased intracellular succinate 

accumulation and downregulatesdSIRT5 expression, which may lead to increased 

succinylation of endogenous target proteins, such as PKM2, leading to its inactivation [1]. 

Therefore, in the case of PKM2, it is reasonable to hypothesize that LPS treatment hyper-

succinylates PKM2 and predominantly induces its inactive monomeric form due to reduction 

in SIRT5 activity, leading to a pro-inflammatory macrophage phenotype. Currently, there are 

no studies which demonstrate cytokines as a direct target for succinylation. This opens a 

novel field of investigation which needs thoughtful experimental analysis. Overall increases 

in succinylation due to increased succinate accumulation and decreased SIRT5 activity, may 

be important for sustaining LPS-induced metabolic adaptation in activated macrophages. In 

contrast, Park et al., demonstrated that succinylation favors increased activity of pyruvate 

dehydrogenase and succinate dehydrogenase leading to increased mitochondrial respiration, 

as SIRT5 knock-down resulted in enhanced succinylation and activity of these enzymes [18]. 

However, it must be noted that studies conducted by Park et al., measured SDH activity in 

SIRT5 knock-out mouse embryonic fibroblast cells and hepatocytes, without LPS 

stimulation. On the other hand, studies demonstrating LPS-induced decline in SDH activity 

have focused on macrophages in which itaconate production is induced leading to direct 
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inhibition of SDH activity [2]. Our recent studies show that the TLR4 agonist, MPLA (24 

hours post-stimulation) suppresses OXPHOS followed by significant recovery over time 

(three days post-stimulation) [20]. Based on these findings, it can be hypothesized that 

stimulation with TLR4 agonists initially suppresses mitochondrial respiration, but increased 

succinylation of target proteins such as SDH along with modulation of itaconate levels and 

desuccinylation of PKM2 via recovery of SIRT5 may play a role in delated recovery of 

OXPHOS.

(iv) Role of succinate signaling via succinate receptor, SUCNR1

SUCNR1 is a G protein-coupled receptor, also termed GPR91 [21]. SUCNR1 is expressed in 

various tissues (liver, spleen, kidney, small intestine) and cells (dendritic cells and 

macrophages) [21–23]. Apart from demonstrating the expression and functional significance 

of SUCNR1 in macrophages and dendritic cells, few studies have elucidated the exact 

expression levels of SUCNR1 in other immune cells. Rubic et al., showed that SUCNR1 

mRNA is expressed at a very low or undetectable level in human T cells, B cells and CD14+ 

monocytes [22]. Succinate administration has been shown to increase the number of 

circulating neutrophils and platelets, presumably via activation of SUCNR1 on 

hematopoietic progenitor cells leading to their proliferation [24]. Apart from this finding, 

expression of SUCNR1 on neutrophils has not been studied.

Rubic et al., demonstrated that monocyte-derived dendritic cells express high levels of 

SUCNR1 and succinate administration activates extracellular signal-regulated kinases Erk1 

and Erk2 [22]. Rubic et al., further showed that succinate synergizes with TLR3 and TLR7 

ligands to increase production of pro-inflammatory cytokines such as IL-1β and TNF-α 
from dendritic cells. In non-immune cells, it has been shown that signaling through 

SUCNR1 could be mediated by either multiple intracellular G protein mediators including 

Gi, Go or Gs depending on the cell type involved. For example, in kidney cells, succinate 

increases intracellular calcium, ERK 1/2 activation and a decrease in cyclic AMP levels 

(effects of Gi or Gq signaling), whereas in cardiomyocytes it increases cyclic AMP levels 

suggesting involvement of Gs [25]. Detailed description of these signaling pathways is 

beyond the scope of this review article. The exact downstream signaling mechanism of 

SUCNR1 in macrophages remains to be investigated. Rubic et al., demonstrated that 

succinate induces dose-dependent alterations in dendritic cell function including chemotaxis, 

pro-inflammatory cytokine production in synergy with TLR3 (poly I:C) and TLR7 

(imiquimod) agonists, and enhanced T cell activation [22]. LPS treatment of macrophages 

leads to significant release of succinate into the extracellular milieu [23]. Extracellular 

succinate potentiated LPS-induced HIF-1α expression and IL-1β production, whereas 

macrophages lacking SUCNR1 showed attenuated IL-1β release upon LPS stimulation [23]. 

Using a mouse arthritis model, this study also showed that succinate accumulates in high 

levels within synovial fluid and joint resident macrophages expressing SUCNR1 play a 

pivotal role in IL-1β secretion and inflammation [23]. SUCNR1 deficiency led to a 

significant decrease in knee swelling. It is reasonable to hypothesize that under conditions of 

systemic and local inflammation/infection, succinate released from activated macrophages 

can act in both an autocrine and paracrine manner to promote inflammation. Therefore, 

development of SUCNR1 antagonists might be a novel approach to treat inflammatory 
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conditions. Bhuniya et al., have identified selective antagonists of SUCNR1 and a compound 

called ‘4c’ has been shown to be the most effective antagonist [26]. Furthermore, ‘5g’ and 

‘7e’, compounds, structurally related to 4c, are active upon oral administration. 

Nevertheless, the effectiveness of SUCNR1 antagonists in inflammatory conditions requires 

further investigation.

Itaconate

Itaconate (or itaconic acid) is also known as methylene succinic acid is an organic, 

unsaturated dicarboxylic acid. It was first discovered by the Swiss chemist Samuel Baup 

during distillation of citric acid in 1836, followed by Crasso’s discovery of its synthesis via 

decarboxylation of cis-aconitic acid in 1940 [27]. Michelucci et al., demonstrated that 

production of itaconate from cis-aconitate is catalyzed by immunoresponsive gene 1 (Irg1), 

also known as aconitate decarboxylase 1 (Acod1), in mouse and human leukocytes [28]. Irg1 
is highly upregulated upon inflammatory activation of peritoneal macrophages, and itaconate 

is present in blood of human sepsis patients [29]. Recent studies have shown itaconate plays 

an important role during metabolic reprogramming of myeloid cells and it also possesses 

antimicrobial properties (Figure 1).

(i) Itaconate production during leukocyte metabolic reprogramming

Jha et al., reported specific break points in the TCA cycle of activated M1 macrophages, 

specifically a seven-fold downregulation of isocitrate dehydrogenase 1 (IDH1) and increased 

accumulation of citrate [30]. IDH1 is responsible for conversion of citrate to alpha-

ketoglutarate (αKG). Therefore, activation of macrophages leads to accumulation of citrate 

which is then diverted towards fatty acid biosynthesis and production of itaconate, through 

the intermediate metabolite, cis-aconitate, which is decarboxylated by IRG1/Acod1 to 

synthesize itaconate. Itaconate represents one of the most abundant metabolites accumulated 

intracellularly upon LPS treatment of M1 macrophages and dendritic cells [2, 28, 31, 32]. A 

time course study by Micchelucci et al., using RAW 264.7 cells showed that significant 

levels of intracellular itaconate were measurable at 6 hours after LPS stimulation. Itaconate 

levels continued to increase reaching a peak concentration of approximately 8mM at 6 to10 

hours, followed by a gradual decline to approximately 3.5mM after 18 hours of LPS 

stimulation [28]. Cordes et al., demonstrated that LPS stimulation of RAW 264.7 

macrophages led to a gradual intracellular accumulation of itaconate and succinate in 

parallel, as measured hourly over 6 hours, without a change in citrate, malate, fumarate, and 

αKG concentrations [33]. The maximum concentrations of itaconate and succinate at 6 

hours after stimulation reached approximately 5mM and 1.5mM respectively. A recent study 

by Zhu et al., using THP-1 cells demonstrated that itaconate levels peak at 8 hours after LPS 

stimulation, remain elevated up to 24 hours and gradually decline until 96 hours [34]. Long 

term temporal alterations in itaconate production during inflammatory conditions such as 

systemic infections is currently lacking. Our knowledge regarding the role of itaconate in 

immune cell responses is currently limited to macrophages alone. Further studies are needed 

to understand if itaconate also plays in role in inflammatory and anti-microbial functions of 

other immune cells such as neutrophils, dendritic cells, and other organ systems.
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(ii) Anti-inflammatory mechanisms of itaconate

Recent studies show that itaconate acts as an anti-inflammatory metabolite and opposes the 

inflammatory actions of succinate [2]. Lampropoulou et al., showed that pre-treatment of 

LPS-activated macrophages with dimethyl itaconate (the presumed cell permeable form of 

itaconate), suppressed pro-inflammatory mediators including nitric oxide, IL-6, IL-1β, 

IL-18, and also downregulated a spectrum of pro-inflammatory transcripts along with 

decreased expression of NLRP3 and ASC inflammasome components. These effects were 

found to be absent in Irg1 deficient macrophages [2]. Li et al., showed that induction of 

IRG1 significantly inhibited the LPS-driven production of the inflammatory cytokines 

including TNF-α, IL-6, and IFN-β in LPS-tolerized macrophages [35]. Furthermore, the Li 

and colleagues reported that the inhibitory effect of IRG1 on pro-inflammatory cytokine 

expression is through induction of ROS mediated expression of A20 protein, thereby 

implicating A20 as a crucial mediator of IRG1 function in LPS-tolerized macrophages. A20 

protein has been shown to negatively regulate NLRP3 inflammasome activation and IL-1β 
secretion. Walle et al., demonstrated that LPS stimulation of macrophages lacking A20 

produce significantly higher NLRP3 inflammasome mediated IL-1β [36]. Another study by 

Voet et al., also showed that A20 deficiency in microglia, hyperactivates NLRP3 

inflammasome causing enhanced IL-1β secretion and central nervous system inflammation 

upon LPS administration in mice [37]. Therefore, it is reasonable hypothesize that IRG1 

induction inhibits inflammasome activation through negative regulation mediated by A20.

Studies by Jha et al., demonstrated that macrophages deficient in IRG1 have lower levels of 

succinate accumulation after LPS stimulation, as compared to wild type macrophages [30]. 

Cordes et al., showed that exogenous itaconate treatment dose dependently inhibits SDH 

activity leading to increased succinate accumulation in LPS-treated macrophages [33]. 

Lampropoulou et al., also showed itaconate blocks SDH activity in LPS-activated 

macrophages and reasoned that SDH inhibition decreases oxidation of accumulated 

succinate, thereby limiting RET from SDH to complex I [2]. These findings implicate 

inhibition of SDH as an important mechanism through which itaconate acts to inhibit the 

pro-inflammatory effects induced by accumulated succinate (Figure 1).

A second important mechanism underlying the anti-inflammatory action of itaconate is the 

activation of the transcription factor, nuclear respiratory factor 2 (Nrf2, also known as 

NFE2L2) (Figure 1). Under basal conditions, KEAP1 protein associates with Nrf2 and leads 

to its degradation. Mills et al., showed that treatment of macrophages with cell permeable 4-

octyl itaconate (OI) significantly increased LPS-induced Nrf2 levels via alkylation of key 

cysteine residues of the KEAP1 protein [38]. This was associated with increased expression 

of downstream anti-inflammatory target genes including heme oxygenase 1 (HMOX1). OI 

also stimulated the synthesis of glutathione (a major anti-oxidant). Importantly, Nrf2 

activation was shown to be independent of SDH inhibition, as dimethyl malonate (a potent 

SDH inhibitor) did not affect Nrf2 levels. Nrf2 stabilization by OI also lead to decreased 

production of LPS-induced IL-1β transcript, pro-IL-1β, HIF-1α and IL-10 protein levels. 

Interestingly, OI also decreased IL-1β and TNF-α in human PBMCs. In another study, 

Bambouskova et al., showed that dimethyl itaconate (DMI) treatment induced both Nrf2 

dependent and independent anti-inflammatory responses along with induction of 
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electrophilic and xenobiotic stress pathways [39]. DMI treatment induced Nrf2 levels and 

downstream targets of Nrf2, including increased expression of HMOX1 and Nqo1 proteins. 

LPS treatment of macrophages also increased endogenous itaconate levels and Nrf2 

expression, and this effect was limited in Irg1 knockout macrophages. Another important 

mechanism uncovered by this study demonstrated that DMI prevented the induction of IκBζ 
and its target genes, via inhibition of IκBζ translation by inactivating the initiation factor 

eIF2α. Bambouskova et al., identified ATF3 as a critical mediator of Nrf2-independent 

effects of itaconate, as DMI failed to block IκBζ and IL-6 induction in ATF3-deficient 

macrophages, despite inducing Nrf2. Overall, these studies lay the foundation for further 

exploration of the mechanistic basis for the anti-inflammatory potential of itaconate.

(iii) Antimicrobial properties of itaconate

Itaconate is known to inhibit the glyoxylate shunt. The glyoxalate shunt is necessary for 

bacteria to survive under glucose limiting conditions such as infection [27, 40]. The 

glyoxylate shunt is thought to serve as an alternative metabolic pathway to enable bypass of 

TCA cycle metabolism under conditions of limited carbon source availability [41]. Isocitrate 

lyase (ICL) is the first rate limiting enzyme in the glyoxylate shunt, and ICL converts 

isocitrate to succinate and glyoxylate, which ultimately are converted to malate and 

oxaloacetate for gluconeogenesis [41]. Itaconate acts as a competitive inhibitor of ICL, 

effectively shutting down the function of the glyoxylate shunt and inhibiting bacterial 

growth [27, 42]. Within the context of infection, a study by Shin et al., showed the presence 

of itaconate in the lung tissue of Mycobacterium tuberculosis infected mice, but failed to 

identify the exact source of itaconate (host vs bacteria) [43]. Michelucci et al., showed that 

IRG1-deficient macrophages have reduced intracellular itaconate levels and severely 

compromised antibacterial activity against Salmonella enteretica [28]. They also showed that 

addition of itaconate to the growth medium significantly affected the growth of Salmonella 
enteretica and Mycobacterium tuberculosis in a dose dependent manner. Exogenous 

itaconate has been shown to inhibit the growth of other pathogens including Staphylococcus 
aureus, Legionella pneumophilia, and Acinetobacter baumannii in in vitro studies [44]. 

Interestingly, certain pathogens such as Yersinia pestis and Pseudomonas aeruginosa can 

degrade and detoxify itaconate [45].

The dose of itaconate used for studying bactericidal action in vitro varies among studies and 

it is important to correlate these doses with the actual cellular concentrations that can be 

achieved upon cellular stimulation. Intracellular concentration of itaconate in LPS-treated 

macrophages have been observed in the range of 40 μM to 8 mM; whereas itaconate in the 

concentration of 5 mM to 100 mM has been used to evaluate its bactericidal effect in in vitro 
studies [46]. The average concentration of itaconate which most effectively inhibited growth 

of organisms was 10 mM, which is in close proximity to levels achieved within 

macrophages. Naujoks et al., showed that overexpressed IRG1 localizes to the mitochondria, 

which are closely associated with intracellular Legionella pneumophilia-containing vacuoles 

of macrophages [44]. It is reasonable to hypothesize that itaconate might be actively 

transported out of the mitochondria into the restricted pathogen-containing vacuoles, thereby 

achieving high itaconate concentrations, which can effectively restrict pathogen survival. 

Sugimoto et al., showed that LPS stimulation of RAW 264.7 macrophages releases itaconate 
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into extracellular milieu, implying that itaconate is actively secreted by activated cells [47]. 

Therefore, in addition to intracellular accumulation, activated macrophages also secrete 

itaconate extracellularly. In the context of systemic infections, this might have significant 

implications as extracellular itaconate might play a role in restricting pathogen burden, 

owing to its antimicrobial action.

Shin et al., measured itaconate levels in the whole lung tissue at 4 weeks after Mtb infection 

[43]. However, the source of itaconate was not evaluated in this study. Innate leukocytes 

have been shown to be the major producers of itaconate and production of itaconate by lung 

parenchymal cells is yet to be evaluated. Nair et al., demonstrated that Irg1−/− deletion in a 

mouse model of Mtb led to increased bacterial burden and pro-inflammatory cytokine 

concentrations in the lung, severe lung injury and increased lethality [48]. Interestingly, the 

defect in controlling Mtb infection in Irg−/− mice is independent of isocitrate lyase 1 activity 

and a functional glyoxalate shunt. This study highlighted that increased number of 

infiltrating neutrophils in Irg−/− mice produced excessive mROS and iNOS, indicating their 

heightened inflammatory state due to the absence of Irg1. Importantly, in vivo depletion of 

neutrophils in Irg1−/− mice reduced lung bacterial burden and lung injury, attenuated pro-

inflammatory cytokine responses and prolonged survival after Mtb infection. Therefore, in a 

mouse model of Mtb infection it seems that Irg1 and itaconate act to dampen the neutrophil-

mediated inflammation in the lung and better control the infection. Micchelucci et al., 
showed that human monocyte derived macrophages produce less itaconate as compared to 

mouse macrophages (60μM vs 8mM respectively) [28]. Itaconate production by neutrophils 

has not been evaluated. It is possible that in case of clinical Mtb infection in humans, 

sufficient levels of itaconate might not be attained which is required to effectively contain 

active and latent infection. Therefore, novel strategies to augment endogenous IRG1 activity 

to promote itaconate production might mitigate inflammatory pathology in infections such 

as Mtb. The clinical outcome will also depend on the immune status of the patient and 

severity of the infection.

Citrate

Citrate is produced in the TCA cycle via combination of oxaloacetate and acetyl CoA 

(Figure 2). Citrate is normally converted into isocitrate through the intermediate cis-

aconitate by aconitase. Isocitrate is then decarboxylated to generate α-ketoglutarate (αKG) 

via IDH. As shown in Figure 2, citrate can be transported from the mitochondria into the 

cytosol via the mitochondrial citrate carrier (CIC, also known as Slc25a1), in exchange for 

malate [49]. In the cytosol, citrate can be metabolized to generate acetyl-CoA and 

oxaloacetate via the action of cytosolic ATP citrate lyase enzyme [49]. Jha et al., reported 

that activated macrophages exhibit significant downregulation of IDH, and showed 

significant intracellular accumulation of citrate [30], which is important for metabolic 

adaptation of activated myeloid cells [50]. Accumulated citrate serves as the precursor to 

itaconate, which then orchestrates numerous changes during metabolic reprogramming 

(Figure 1).

Infantino et al., demonstrated that treatment of macrophages with LPS significantly 

upregulated the expression of CIC mRNA and protein levels [51]. This was associated with 
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an increased release of pro-inflammatory mediators including nitric oxide, ROS and 

prostaglandin E2 (PGE2), an effect that was significantly inhibited in CIC deficient cells or 

cells treated with a CIC inhibitor. In further studies, Infantino et al., showed that stimulation 

of macrophages with pro-inflammatory cytokines such as TNF-α and IFNγ, also 

upregulated CIC expression and increased cytosolic citrate concentrations, along with 

increased nitric oxide and PGE2 levels [52]. Importantly, they demonstrated that citrate 

exported from the mitochondria via CIC and its subsequent cytosolic metabolism to acetyl-

CoA is required for the pro-inflammatory response of activated macrophages [52]. Infantino 

et al, hypothesized that CIC inhibition blocks the transport of mitochondria solutes, which 

limits the availability of the precursors (citrate-derived acetyl-CoA) needed to synthesize 

pro-inflammatory mediators, while addition of exogenous acetate rescues the effect of CIC 

inhibition [51, 52].

Our studies have also implicated increased mitochondrial citrate export as an important 

metabolic adaptation during metabolic reprogramming of activated macrophages. To 

investigate the metabolic reprogramming induced by TLR4 ligands, we treated mouse bone 

marrow derived macrophages with MPLA for 24 hours (24h) and assessed their metabolic 

profile 3 days later (3dp). Our results showed that treatment with MPLA increases citrate 

export from the mitochondria to the cytosol in activated macrophages [20]. In the cytosol, 

citrate can be metabolized to generate acetyl-CoA and oxaloacetate via the action of 

cytosolic ATP citrate lyase enzyme (ACLY) [49]. We observed that 24 hours after MPLA 

priming, macrophages recycled all the cytosolic oxaloacetate to malate, which is then 

converted to pyruvate through the action of malic enzyme 1. On the contrary, at 72 hours 

after MPLA priming, macrophages significantly upregulated malate transport back into the 

mitochondria to replenish the mitochondrial pool of oxaloacetate, which was further 

converted into citrate via mitochondrial citrate synthase. This is followed by an eventual 

increase in TCA cycle flux and citrate transport back into the cytosol, potentially creating a 

positive feed forward loop. Our study shows that it is important to study the time course of 

metabolic changes occurring in leukocytes in correlation to inflammatory events. It is 

reasonable to hypothesize that although the initial increase in citrate accumulation upon 

TLR4 agonist stimulation is associated with a pro-inflammatory phenotype for myeloid 

cells, increased citrate flux during inflammation resolution might fuel anti-inflammatory 

responses. Detailed time course studies are currently lacking and the exact role of citrate 

metabolism in immune cell responses needs to be further investigated.

Fumarate

Stimulation of macrophages with LPS or β-glucan induces fumarate accumulation, but the 

exact role of fumarate during inflammation is yet to be investigated. Jha et al., reported that 

LPS treatment of macrophages leads to significant increase in flux through the aspartate-

arginosuccinate shunt, which connects with the TCA cycle at fumarate [30]. They showed 

that inflammatory macrophage activation leads to a break in the TCA cycle at SDH, leading 

to inefficient conversion of succinate to fumarate. Therefore, increased intracellular fumarate 

accumulation resulting from the balancing mechanism of the activated aspartate-

arginosuccinate shunt fuels and maintains the TCA cycle flux in activated macrophages. 

Importantly, inhibition of the aspartate-arginosuccinate shunt decreased the pro-
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inflammatory mediators including nitric oxide and IL-6, along with abolition of the Warburg 

effect, which is characteristic of activated macrophages. Therefore, perturbation in the 

mechanisms replenishing fumarate might be associated with impaired metabolic 

reprogramming of macrophages during inflammation.

An important mechanism of action for accumulated fumarate in activated macrophages 

might be generation of antioxidant responses through activation of Nrf2 dependent 

signaling, similar to itaconate. The cell permeable fumarate analog, dimethyl fumarate 

(BG-12, Tecfidera), is a fumaric acid ester, and has been in limited clinical use for psoriasis 

and multiple sclerosis (MS) owing to its observed immunomodulatory and anti-

inflammatory properties [53, 54]. A clinical study by Hammer et al., involving MS patients, 

showed that DMF treatment activated the Nrf2 transcriptional pathway and facilitated a shift 

towards regulatory immune cell subsets [55]. Treatment with dimethyl fumarate (DMF) has 

been shown to be protective in a mouse model of cardiac ischemia-reperfusion (IR) injury 

via Nrf2-dependent upregulation of antioxidant target genes and it was not associated with 

HIF-1α stabilization [56]. In contrast to Nrf2-dependent effects of DMF, a recent study by 

McGuire et al., demonstrated that treatment of bone marrow derived macrophages with 

DMF inhibits the transcription of key pro-inflammatory cytokines including TNFα and IL-6 

independent of Nrf2 signaling [57]. Their findings showed that DMF blocks cytokine 

secretion in macrophages via inhibition of the NF-κB and MAP kinase signaling pathways. 

However, based on this study, we can only make limited conclusions, as a detailed time 

course of DMF effects was not studied and macrophages were pre-incubated with DMF for 

4 hours, followed by 8 hours of LPS stimulation, before cytokine measurements. In line with 

this, another study by Gillard et al., showed that DMF treatment inhibited the pro-

inflammatory cytokine production in both LPS-stimulated mouse splenocytes and human 

PBMCs, independent of the Nrf2 signaling mechanism [58]. In a mouse model of 

autoimmune encephalitis, Schulze-Topphoff et al., showed that treatment with DMF 

promoted immune modulation and provided equal clinical benefit in both wild type and Nrf2 

knockout mice, suggesting DMF effects are independent of Nrf2 [59]. Therefore, DMF has 

been shown to act both via Nrf2 pathways and independent of Nrf2 pathways, depending on 

the cell type and disease conditions studied. The contrasting results might very well be due 

to differences in dose and duration of DMF treatment, along with different cell phenotypes. 

As opposed to other studies, it is important to note that Ashrafian et al., showed that 

fumarate induced cardioprotection against IR injury via Nrf2-dependent mechanism [56]. 

Therefore, Nrf2-dependent protection might be a critical mechanism for fumarate-induced 

anti-inflammatory responses in immune cells. Further studies need to be conducted to 

evaluate the exact role for fumarate in metabolic reprogramming and immune cell activation.

TCA cycle metabolites as clinical biomarkers of inflammation

Inflammatory activation of innate leukocytes, especially macrophages, leads not only to 

significant intracellular accumulation, but also to extracellular transport of TCA cycle 

metabolites. These findings lead to an important translational question of whether any of 

these metabolites could serve as specific biomarkers of human inflammatory conditions such 

as systemic infections, sepsis and autoimmune disorders. Accurate measurement of citric 
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acid cycle intermediates relies on mass spectrometry-based techniques, which are rapid, 

sensitive, and reproducible techniques that could easily be standardized for clinical use [60].

Itaconate is known to be released from activated macrophages [2, 47] and it is reasonable to 

hypothesize that itaconate might be detected in blood of patients with systemic inflammation 

such as sepsis and thus serve as a clinical biomarker. However, a recent study by Meiser et 
al., demonstrated that itaconate was not detected in plasma or urine samples of septic 

patients, of which all were elderly, and the majority were diagnosed with pneumonia [61]. 

The minimum level of itaconate found in serum and plasma of healthy control subjects was 

approximately 0.2–0.5 μM, whereas no itaconate was detected in plasma of septic patients 

and only one septic patient was shown to have a serum concentration of approximately 0.4 

μM. Itaconate was detected at an extremely low concentration in the urine sample of only 

one septic patient who was suffering from genitourinary sepsis, but absent in a 

corresponding plasma sample. Importantly, very low levels of itaconate signal were detected 

in the cells pelleted from broncho-alveolar lavage fluid of patients suffering from lung 

infection and this correlated with C-reactive protein levels. Therefore, the authors concluded 

that itaconate does not qualify as a measurable biomarker in systemic fluids during sepsis, 

but serves as a pro-inflammatory marker only in localized infections [61]. However, further 

detailed clinical studies are needed before completely negating itaconate as a potential 

biomarker. The above study performed a snapshot of itaconate at a single time point and 

fails to mention the exact time points when the body fluids were collected after sepsis 

diagnosis. No information on the clinical condition of patients at the time of sample 

collection, timing of sample collection in relation to antibiotic treatment was provided. In a 

mouse model of scrub typhus infection, Chao et al., demonstrated that itaconate was 

detectable in serum at an extremely low but detectable levels as early as 6 hours after 

infection, which was increased 60 folds higher than control at day 10 after infection [62]. 

Ideally, it will be important to perform the metabolite measurements as soon as signs and 

symptoms of sepsis are evident and before starting specific antibiotic therapy, followed by 

periodic measurements over the course of disease progression. It is likely that itaconate is 

elevated and within detectable limits during the early stages of sepsis and might decline later 

owing to immunosuppression, which is frequently observed in septic patients [63, 64].

Succinate has been shown to accumulate at high concentrations in synovial fluid of patients 

suffering from rheumatoid arthritis [23]. In a study involving patients suffering from chronic 

kidney disease, urinary excretion of succinate, citrate, cis-aconitate and isocitrate were 

significantly reduced, and this correlated with the renal expression of genes regulating these 

metabolites [65]. Citric acid was observed to be slightly lower in plasma of bacteremic 

sepsis cases as compared to controls in a patient population studied in the emergency room 

[66]. Succinate and citrate have also been shown to be significantly decreased among urinary 

metabolites in patients suffering from inflammatory bowel diseases, as compared to healthy 

individuals [67]. These limited clinical studies show that it is possible to measure the TCA 

cycle intermediates in easily accessible body fluids of patients suffering from different 

inflammatory conditions. Succinate, citrate, itaconate and fumarate stand out as candidate 

metabolites to be measured in clinical studies for potential role as biomarkers of 

inflammation in different disease conditions, of which systemic infections and sepsis are the 

most appealing. It is important to understand that metabolic intermediates have a relatively 
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short half-life as they are in a constant metabolic flux within the cells. Careful time course 

studies in large numbers of patients need to be conducted before drawing broad conclusions 

regarding the clinical utility of any metabolic intermediate as a biomarker for a disease.

Translational relevance for developing novel drugs targeting citric acid 

cycle intermediates for the treatment of inflammatory conditions

Emerging understanding of the leukocyte metabolic profile induced by inflammation has 

uncovered novel therapeutic targets that could benefit patients with infection and sepsis, 

inflammatory and autoimmune diseases, transplantation and diabetes as outlined briefly in 

the following section.

1. SUCNR1 –

Succinate has been shown to act via its receptor, SUCNR1, to promote inflammation and 

disease severity in autoimmune conditions such as rheumatoid arthritis [23]. Therefore, 

succinate receptor antagonists represent an important class of new molecules that could be 

developed for therapeutic application in various inflammatory conditions. Recent studies 

have demonstrated the utility of a few SUCNR1 antagonists, namely the ‘4c’ compound 

[26]. However, this area of research is still in its infancy and needs to be further developed to 

harness its potential. Furthermore, the exact mechanism of action of exogenously 

administered itaconate analogs, DMI and 4-octyl itaconate, is not clearly understood. It is 

postulated that these molecules might bind to the SUCNR1 receptor or other unknown cell 

surface receptor, leading to the observed effects, [38, 68].

2. Irg1 and Itaconate –

Treatment with exogenous itaconate decreases production of pro-inflammatory cytokines 

and activates antioxidant protective pathways through inhibition of SDH and activation of 

Nrf2 [2, 38]. Therefore, itaconate represents a novel therapeutic for intervention in 

inflammatory conditions. However, the charged itaconate molecule will not cross the plasma 

membrane freely. Furthermore, a study by El Azzouny et al., showed that cell permeable 

DMI is not metabolized to itaconate by mouse bone marrow derived macrophages and 

treatment with 13C labelled DMI elevated intracellular succinate only, with no evidence of 

intracellular itaconate uptake [68]. Therefore, suitable molecules aimed at modulating 

intracellular itaconate levels remain to be developed. Mills et al., showed that a novel 

itaconate analog, 4-octyl itaconate, recapitulates most of the in vitro protective effects 

observed with DMI [38]. Irg1, which catalyzes the production of itaconate in the 

mitochondria, might be another novel therapeutic target. Discovering ways to augment IRG1 

activity could increase endogenous levels of itaconate and would be an ideal way to 

modulate the protective effects of itaconate.

Mammalian immune cells do not possess glyoxalase shunt or any such pathway employing 

isocitrate lyase enzyme for energy production. Therefore, it is unlikely that intracellular 

accumulation of itaconate would be lethal to human leukocytes. Stimulation of murine 

macrophages and human monocyte derived macrophages with LPS for 6 hours resulted in 

8mM and 60μM intracellular concentration of itaconate respectively [28]. Concentration in 
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mM range is quite high for an intracellular metabolite and even at these intracellular levels 

was not toxic. However, this does not negate the fact that long term over-accumulation of 

itaconate such as under conditions of severe infections or long-term inflammation, might 

have adverse implications for leukocyte function. Itaconate has been shown to alkylate 

protein cysteine residues of Keap1, thereby activating the protective role of Nrf2 in the 

short-term [38]. If intracellular concentrations of itaconate are left unchecked at high 

concentrations for a longer duration, it might negatively affect other protein sulfhydryl 

groups, affecting protein activity, leading to derangement of overall immune functions. The 

majority of the current studies measuring itaconate accumulation upon LPS stimulation have 

focused only on early time points ranging from 1 to 24 hours, and none of the studies have 

evaluated the consequences of long term itaconate accumulation. Therefore, while 

considering the therapeutic utility of itaconate it will also be important to perform time 

course and dose response studies.

With respect to the anti-inflammatory effects of itaconate, its use as therapeutic raises an 

important question if it could impair host immune responses. LPS stimulation of 

macrophages increases itaconate production, without any discernible adverse effects on cell 

viability [28, 33]. A study by Widdrington et al., and our published studies show that 

although TLR agonist-priming of macrophages decreases their capacity to produce pro-

inflammatory cytokines, it augments cellular metabolism, phagocytic capacity and 

respiratory burst activity [69, 70]. We also observed that priming with TLR agonists 

protected mice from a subsequent lethal infection with Pseudomonas aeruginosa, despite an 

attenuated pro-inflammatory response [70]. However, a direct role of itaconate in these 

studies still needs to be determined. Using a mouse model of mycobacterium tuberculosis 

infection, Nair et al., showed that absence of itaconate due to IRG1 deletion increases 

neutrophil infiltration in lungs causing them to transform into a hyper-inflammatory 

phenotype which then drives lung injury and lethality. Taken together, it is reasonable to 

hypothesize that even if itaconate is produced at high levels during an inflammatory 

response, it might act to augment immune responses in favor of host protection. 

Furthermore, itaconate by itself is an anti-microbial compound, which can effectively kill a 

wide variety of microbes [27]. However, in-depth dose and time response studies employing 

direct treatment with itaconate in in vivo infection models have yet to be conducted to 

conclusively evaluate its therapeutic utility.

3. Citrate and mitochondrial citrate carrier (CIC) –

Intracellular accumulation of citrate and its transport into cytosol via CIC represents an 

important phenomenon during metabolic reprogramming of macrophages [50]. Inhibition of 

CIC in LPS-stimulated macrophages decreases production of pro-inflammatory cytokines 

[51]. Further studies are needed to delineate the detailed role of CIC in metabolic 

reprogramming of immune cells during inflammation. CIC also represents an emerging 

therapeutic target in inflammatory conditions.

4. Fumarate –

Exogenous treatment with the fumarate analog, dimethyl fumarate, has been shown to be 

protective in inflammatory conditions and is clinically used for psoriasis and multiple 

Patil et al. Page 15

J Leukoc Biol. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



sclerosis [53, 54], which acts via both Nrf2-dependent and -independent pathways. However, 

further studies are needed to implicate its direct role in modulating immune cell responses 

during inflammatory conditions such as infections.

5. Combination therapy –

It is important to note that a single approach may not be the answer to achieve the desired 

results during inflammatory conditions. Therefore, a combination of therapies using the 

above-mentioned strategies should also be explored and hold potential for the future of drug 

development for treating a myriad of inflammatory conditions. For example, a strategy to 

augment endogenous IRG1 activity along with inhibition of CIC, might prove a highly 

potent approach, as it will significantly boost the levels of endogenous itaconate through 

mitochondrial accumulation of its precursor, citrate.

Future considerations

Some important considerations for future studies include the following:

1. While considering the therapeutic utility of TCA cycle metabolites, it is also 

important to understand that the majority of such metabolic intermediates have a 

short-lifespan and metabolic reprogramming induced by them may not translate 

into a sustained therapeutic effect. Time course studies employing metabolic 

intermediates are currently lacking, and most studies only focus on the 

alterations in glycolysis, OXPHOS and metabolite levels during the initial 24 

hours after stimulation. Long term therapeutic benefit of metabolic intermediates 

needs further evaluation. Interestingly, published findings from our laboratory 

have shown that MPLA-induced TLR4-driven resistance to infection in mice is 

sustained up to 15 days [70]. MPLA priming has been shown to induce sustained 

dynamic metabolic reprogramming of macrophages with increased glycolytic 

and OXPHOS capacity [20, 70]. Therefore, TLR4 agonist-induced metabolic 

reprogramming could translate into a sustained anti-microbial therapeutic 

benefit. The role of TCA cycle intermediates in MPLA induced protection is 

currently under investigation in our laboratory and it is reasonable to hypothesize 

that TLR4 driven alterations in metabolic intermediates play a significant role in 

sustaining long term innate immune cell memory effects.

2. Much of the studies evaluating the changes in TCA cycle metabolites during 

metabolic reprogramming have been performed only in macrophages. Future 

studies using other leukocyte populations such as neutrophils, dendritic cells, T 

cell and even non-immune tissue parenchymal cells will advance our 

understanding of metabolic reprogramming and provide a broader view for 

integrating drug development.

3. The field of metabolic reprogramming is upon a frontier of exploration, requiring 

further description and processes to better corelate in vitro observations with in 
vivo models of inflammatory diseases. For example, Mills et al., evaluated the 

effect of 4-octyl itaconate on survival in an acute (24 hour) mouse model of LPS-

induced inflammation and observed only a slight benefit in prolonging survival 
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with none of the treated mice surviving at the end of study. Future studies 

evaluating the therapeutic effect of itaconate in slowly progressive, clinically 

relevant models of infection are needed, along with dose response studies. 

Furthermore, it will be imperative to study the phenotype of immune cells upon 

direct isolation from the animal, such as from spleen, lymph nodes, bone marrow 

stem cells and circulating peripheral immune cells.

4. The role for other TCA cycle intermediates such as alpha-ketoglutarate, malate, 

oxaloacetate also needs to be investigated. Preliminary studies from our 

laboratory show that, activation of macrophages leads to initial conversion of 

cytosolic oxaloacetate to pyruvate through the intermediate malate, followed 

later in the course by complete recycling of malate into the mitochondria to 

replenish mitochondrial oxaloacetate and citrate stores [20]. Thus, the dynamic 

alterations in other TCA cycle intermediates needs further investigation.

5. Most previous studies have not demonstrated a time course of alterations in 

mitochondrial metabolism after the initial inflammatory stimuli. Our studies 

show that MPLA induces dynamic changes in TCA cycle activity over the course 

of days ultimately resulting in. a sustained increased in glycolysis and OXPHOS 

in association with endotoxin tolerance, increased phagocytic capacity and 

mitochondrial biogenesis. The exact signaling mechanisms leading to this unique 

phenotype need to be evaluated to define the signaling mechanisms controlling 

mitochondrial biogenesis and their correlation with alterations in TCA cycle 

intermediates.

6. Alterations in mitochondrial metabolism might have significant impact not only 

mitochondrial health but also on overall cellular functions. A recent study by 

Widdrington et al., demonstrated that LPS stimulation of THP-1 cells leads to a 

distinct simultaneous cellular response comprised of autophagy induced 

mitochondrial degradation as well as increased mitochondrial mass via 

biogenesis, with a net result of replenishment of any degraded mitochondria and 

maintenance of its levels, along with increased mitochondrial respiration [69]. 

Furthermore, these changes did not affect cell viability and increased phagocytic 

capacity. In contrast, in another study using RAW 264.7 cells, Deng et al., 
showed that LPS dose- (10–500 ng/mL) and time-dependently triggered 

mitochondrial membrane depolarization, mitochondrial structural damage and 

ATP depletion [71]. Therefore, it is critical to note that the effects of 

inflammatory stimulus on mitochondria and cellular functions depend not only 

on the intensity of stimulus but also the cell type studied. In the case of severe 

infections such as sepsis, immune cells would be exposed to a very high levels of 

LPS or other PRRs, cytokines and other microbial products which could 

eventually lead to mitochondrial damage and cell death.

7. Garaude et al., demonstrated that the architecture of the mitochondrial ETC 

complexes was altered in response to exposure of macrophages to viable bacteria 

due to a decrease in the abundance of assembled complex I subunits [15]. Using 

heat-killed bacteria, this study also confirmed many of the metabolic changes 
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that have been described previously with the use of LPS stimulation. However, 

some major alterations such as induction of SDH activity and destabilization of 

ETC were only observed upon exposure to viable bacteria. This study showed 

that changes in leukocyte responses observed with exposure to a single (PAMP 

such as LPS, might be very different from those observed with exposure to intact 

microbes, which possess multiple PAMPs. Future studies should be designed to 

further explore the immune cell responses to live microbes and a combination of 

multiple PAMPs.

8. Future studies must extend the findings observed in mouse macrophages to that 

of human cells, such as peripheral blood monocytes, which can be differentiated 

to macrophages ex vivo. Although many studies have shown strong correlation 

between mouse and human findings, further detailed studies will provide novel 

insights into metabolic adaptation of immune cells during inflammation.

Conclusions

Mitochondrial metabolism is no longer considered to be just an ATP producing mechanism, 

but dynamically affects numerous cell signaling pathways through modulating the levels of 

TCA cycle intermediates. Succinate, itaconate, citrate and fumarate play a critical role in 

affecting innate immune cell functions during metabolic reprogramming of immune cells. 

The role of other TCA cycle intermediates is still an open field of investigation and will 

potentially yield ground breaking results in the near future.
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Abbreviations

ATP Adenosine triphosphate

ACLY ATP citrate lyase enzyme

AOX Alternative oxidase

CIC Mitochondrial citrate carrier

DMI Dimethyl itaconate

DMM Dimethyl malonate

HIF-1α Hypoxia inducible factor - 1α

IL-1β Interleukin-1β

Irg1 Immunoresponsive gene 1

IRG1 Immunoresponsive gene 1 protein
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IDH Isocitrate dehydrogenase

IL-6 Interlukin-6

KEAP1 Kelch-like ECH-associated protein 1

LPS Lipopolysaccharide

mROS Mitochondrial reactive oxygen species

MPLA Monophosphoryl lipid A

Nrf2 Nuclear respiratory factor 2

OXPHOS Oxidative phosphorylation

PRR Pattern recognition receptor

PHD prolyl hydroxylase enzymes

PAMP Pathogen associated molecular pattern

ROS Reactive oxygen species

RET Reverse electron transport

SUCNR1 Succinate receptor

SDH Succinate dehydrogenase

TCA Tricarboxylic acid cycle

TLR Toll-like receptor

TNF-α Tumor necrosis factor – α
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Figure 1. Role of succinate and itaconate in modulating myeloid cell functions
Inflammatory activation on myeloid cells leads to accumulation of succinate and itaconate in 

the mitochondria. High oxidation levels of succinate in TCA cycle favors reverse electron 

transport, from complex II (CII or SDH) to complex I (CI), generating elevated 

mitochondrial reactive oxygen species (mROS). Mitochondrial succinate is transported into 

the cytosol, where it stabilizes HIF-1α along with mROS. HIF-1α acts to increase glycolysis 

and proinflammatory cytokine secretion including IL-1β and IL-6. Succinate also causes 

post-translational modification of proteins (succinylation). Succinate is also transported into 

extracellularly, where it can act on its receptor, SUCNR1, which further fuels inflammatory 

response. Citrate is diverted away from TCA cycle to produce Itaconate via 

immunoregulatory gene 1 (IRG1) enzyme through the intermediate, cis-aconitate. This is 

accomplished via a disruption in the TCA cycle at the level of α-ketoglutarate synthesis. 

Itaconate inhibits SDH and limits the proinflammatory effects of succinate. Itaconate is also 

transported into cytosol via an unknown carrier protein, where it activates Nrf2 via 

alkylation of Keap1. Itaconate can also be transported extracellularly via unknown 

mechanisms, where it can kill pathogens and improve microbial clearance. Aspartate 

arginosuccinate shunt fuels the TCA cycle through replenishing fumarate levels.
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Figure 2. Role of Citrate in metabolic reprogramming of myeloid cells
Citrate accumulates intracellularly upon myeloid cell activation. Accumulated citrate is 

transported into the cytosol via mitochondrial citrate carrier (CIC). In the cytosol, citrate is 

broken down into oxaloacetate and acetyl-CoA. Oxaloacetate is converted to malate via and 

malate is further converted to pyruvate leading to generation of NADPH as a by-product. 

NADPH is utilized by NADPH oxidase and inducible nitric oxide synthase to generate 

reactive oxygen and nitrogen species, and PGE2. The majority of accumulated pyruvate is 

transported back into the mitochondria to generate citrate for fueling the TCA cycle. Malate 

can also be transported back into the mitochondria later during inflammation to replenish 

mitochondrial stores of oxaloacetate and citrate. Furthermore, acetyl-CoA derived from 

citrate acts either to acetylate substrates or is utilized for fatty acid synthesis in the cytosol.
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