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Introduction

Citrate, or citric acid, is one of the most common acids 
in plants and a metabolic product in aerobic organisms. 
Beyond its reputation for its anticoagulant activity, first 
described in the early 1990s [1], citrate is well known as a 
master metabolite in living cells.

Citrate is one of the most important intermediates in Krebs 
Cycle (also called the citric acid cycle) and has several roles 
depending on whether it remains inside mitochondria or is 
released into the cytosolic compartment [2].

It is a fundamental intermediate in aerobic nutrient-
derived energy production and it was subsequently shown 
to link carbohydrate metabolism to fatty acid metabolism 
[3].

Much more recently, citrate is generating much interest 
in the areas of immunometabolism and immune cell 
activation [4]. Here, we explore the role of citrate in 
inflammation and how it can modulate immune cell 
responses via multiple mechanisms. In many ways, citrate 

has been reborn as a metabolite critical for the immune 
system.

Krebs cycle

Krebs cycle, elucidated by Sir Hans Krebs, is a bioenergetic 
pathway occurring in the mitochondrial matrix of all 
eukaryotic organisms. It is an essential process for energy 
generation from diet carbon-based nutrients. Krebs was 
studying how bird muscle tissue takes up oxygen very 
quickly in the presence of carbohydrates and hypothesized 
that carbohydrate metabolism should occur through a 
cyclic series of reactions [5].

Glucose and lipid catabolism-derived acetyl-CoA is 
redirected to the Krebs cycle in order to generate ATP and 
redox coenzymes. These redox cofactors will be then used 
to produce the energy necessary for the cell through the 
mitochondrial electron transport chain, during a process 
known as oxidative phosphorylation (OXPHOS).

We now know however that Krebs cycle rewiring occurs 
in activated immune cells and is pivotal for protection 
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against viral and bacterial infection. This process, known 
as metabolic reprogramming [6], is essential for the 
production of energy and metabolites that can also act as 
immune signalling molecules.

Early metabolomic studies on macrophages activated 
with the Gram negative bacterial product LPS revealed 
that Krebs cycle undergoes fragmentation at two important 
points; these breaks lead to the withdrawal of metabolic 
intermediates from the cycle [3,7,8]. A breakpoint at 
SDH (succinate dehydrogenase) leads to succinate 
accumulation which promotes HIF1α stabilization and 
boosts the expression of inflammatory genes such as that 
encoding IL1-β.

Succinate oxidation via SDH however can also boost 
HIF1-α via reactive oxygen species (ROS) generated 
by mitochondrial complex I, indicating complexity in 
the role of succinate regarding HIF1-α [3]. The second 
breakpoint occurs at the level of isocitrate dehydrogenase 
(IDH), which is responsible for the conversion of 
isocitrate into α-ketoglutarate [9]. This block will lead 
to citrate accumulation which has various downstream 
consequences for inflammatory cell activation.

Krebs cycle as the only source of endogenous citrate has 
been considered so far and if microorganism infections 
could somehow boost or impair citrate uptake from the 
extracellular environment is a question that still need to 
be answered.

Citrate as an immunomodulator: the role of CIC

Few studies have actually received attention about the 
role of citrate during viral and bacterial infections in 
animal cells. Citrate salts were previously used to protect 
plants against phytopathogens while reducing the use 
of pesticides. For example, citrate has been shown to 
protect lettuce from four different species of Shigella 
[10]. Important evidence of a role for citrate in blocking 
microbial infection in mammals has also been indicated 
in a study by Hojo et al., who found that oral bacteria such 
as Fusobacterium Nucleatum, Streptococcus Mutans and 
Streptococcous Pneumoniae are susceptible to sodium 
citrate, although the underlying mechanisms have not 
been defined yet [11]. Citrate also inhibits the growth of the 
Gram negative bacteria Arcobacter butzleri [12] thanks to 
its acid pH and has antibacterial activity also against Gram 
positive Staphylococci, including MRSA strains [13].

As regarding citrate role during viral infection, the iron 
salt ferric ammonium citrate (FAC) blocked Influenza A 
virus, ZIKA virus, HIV virus and Enterovirus 71 (EV71) 
infections [14]. In vitro, in A549 human lung epithelial 
cell line and in human monocytic THP-1 macrophages, 

FAC inhibits IAV PR8 infection and virus-induced IL1-β 
production [14]. In vivo, mice treated with FAC after 
IAV PR8 airways injection significantly blocked viral 
replication dampening IL1-β, IFN-β, CCL2, IL-6 and 
TNF-α expression, decreasing the number of migrated 
neutrophils to the lungs and lengthening mice survival 
[14]. FAC treatment had a significant effect also on HIV-
1 through the inhibition of infection in human PBMC-
differentiated dendritic cells and the related virus-induced 
immune response mediated by IL-6, IFN-β and IL1-β 
[14]. Moreover, Vero cells infected with Zika virus showed 
low viral RNA 72 hours post FAC treatment while mice 
injected with the same virus displayed decreased weight 
loss and longer survival upon ferric citrate supplement 
[14]. Interestingly, FAC decreased EV71 replication 
in THP-1 macrophages, thus leading to inhibition of 
NLRP3 inflammasome-dependent Caspase-1 and IL1-β 
release [14]. Indeed, FAC impaired the induction of the 
oligomerization of NLRP3 inflammasome adapter protein 
ASC [14].

Regarding the immunomodulatory role of citrate, 
most of the work has been carried out on macrophages 
specifically exploring the effect of LPS. In THP-1 cells 
at high concentrations, when calcium availability was 
limiting due to sequestration by citrate chelation, citrate 
inhibited TNF-α and IL-8 mRNA production following 
LPS stimulation [15]. However, when calcium availability 
was not limiting, as can be seen with low citrate 
concentrations, citrate augmented TNF-α and IL-8 mRNA 
production [15]. Indeed, citrate treatment promoted 
histone H3 and H4 acetylation because of acetyl-CoA 
production by ATP citrate lyase (ACLY) (Figure 1). H3 
lysine 9 acetylation, H4 lysine 8 acetylation and H4 lysine 
12 acetylation were augmented significantly in THP-1 cells 
incubated with citrate compared to controls at both the 
TNF-α and IL-8 promoter regions [15]. This demonstrates 
how citrate drives inflammatory gene expression via 
histone acetylation. Ji-Sook et al. described the use of 
calcium citrate, the calcium salt of citric acid, on the 
mouse macrophage cell line RAW 264.7 cells [16]. Calcium 
citrate strongly reduced LPS-induced ROS generation 
and rescued the activity of antioxidant defence enzymes 
such as Superoxide dismutase (SOD), catalase (CAT) and 
glutathione peroxidase (GPx) (Figure 2) [16]. Exposure 
to LPS enhanced NO production and IL-6, IL-1β and 
TNF-α expression, which were all suppressed by calcium 
citrate treatment. NF-κB, iNOS and COX-2 expression 
were augmented after LPS immune cells activation and 
then significantly inhibited by calcium citrate (Figure 2) 
[16]. These early studies highlighted the difficulties of 
understanding the role of citrate in macrophages.
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The first study clearly pointing to a role for citrate in 
macrophage activation was published by Infantino et al. 
[17] in 2011 and showed for the first time citrate carrier (CIC 
or also called SLC25A1) involvement in inflammation. CIC 
transports citrate from the mitochondria in exchange for 
cytosolic malate. Infantino demonstrated that CIC makes 
citrate available for fatty acid-dependent generation of 
lipid inflammatory modulators like prostaglandins (PGs) 
[17]. CIC mRNA levels were increased in LPS-stimulated 
macrophages while CIC silencing or inhibition in activated 
macrophages led to a significant decrease in the amount 
of NO, PGE2 and ROS. An in silico analysis for the human 
CIC gene promoter found two NF-κB-responsive elements 
[17]. All these outcomes propose CIC as a NF-κB target gene 
required for LPS-driven inflammation through citrate pool 
availability.

The key role of CIC was confirmed in human macrophage 
cell line U937 treated with TNFα and IFN-γ alone or in 
combination showing an upregulation of CIC mRNA [18]. 
Inhibition of IκB kinase, whose activity is required for NF-
κB function, or the use of p50-specific antibody reduced 
CIC mRNA and protein levels after TNFα stimulation [18]. 
This indicated a NF-κB dependent mechanism for TNFα-

driven citrate carrier induction. Concurrently, the use of a 
STAT inhibitor strongly decreased CIC mRNA and protein 
compared to cells only treated with IFN-γ and showed 
that CIC is boosted by IFN-γ through a STAT-dependent 
mechanism [18]. In CIC-silenced cells induced with TNF-α 
and IFN-γ, alone or in combination, there was a prominent 
decrease in PGE2, NO and ROS levels (Figure 2) [18]. This 
work displays how CIC is responsible for pro-inflammatory 
mediator production after cytokine-mediated activation of 
macrophages.

A recent publication by Avantaggiati et al. [19] might 
shed light on a possible mechanism for citrate contribution 
to inflammatory disease pathogenesis. The role of 
mitochondrial citrate carrier CIC was examined in non-
alcoholic fatty liver disease (NAFLD) and the development 
of inflammatory steatohepatitis (NASH). Impairment of 
CIC by an inhibitor called CTPI-2, which competitively 
binds to its citrate-binding pocket, or complete knockout 
(KO) of the CIC gene lead to lowering of IL-6 and monocytes 
chemoattractant protein-1 (MCP1) levels and increased 
IL-10 and IL-4 [19]. Liver tissue resident macrophages, 
also known as Kupffer cells, were highly increased 
following a high fat diet (HFD) in mice and the positive 

Figure 1: The multiple roles of citrate in inflammatory macrophages. Citrate accumulates during Krebs cycle and 
exits mitochondria through its transporter CIC. In the cytosol, ACLY converts citrate into oxaloacetate and acetyl-CoA. 
Acetyl-CoA leads to both histone modifications and malonylation, which modulates the glycolytic enzyme GAPDH.

Citrate generates itaconate through IRG1 decarboxylase. Outside mitochondria, itaconate inhibits GAPDH and SDH 
activity and drives Nrf2 activation and IkBζ inhibition. Itaconate also modifies multiple target proteins on Cysteine 
(ex. LDH-A and GAPDH) which might also contribute to its anti-inflammatory effect.
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trend was reversed by the use of CTPI-2. CIC inhibition 
significantly blocked inflammatory M1 macrophage 
polarization and tissue infiltration, as evidenced by TNF-α 
and iNOS expression [19]. Alternative pathways that 
could compensate for citrate deficiency involve isocitrate 
dehydrogenases 1 and 2 (IDH 1 and 2) and acetyl-CoA 
synthetases (ACSS 1 and 2), that synthetize acetyl-CoA 
from acetate. CTPI-2 reduced both of these enzymes and 
increased mRNA and protein expression of SLC13A5, a 
transporter which takes up citrate from the extracellular 
environment [19]. This showed that extracellular citrate 
can be the only source of cytosolic acetyl-coA in absence 
of CIC.

CIC is thus essential for the role of citrate as a signal in 
immune cells and, hence, it could be a candidate target for 
treatment of immune diseases. Counteracting CIC activity 
through CIC inhibitors or CIC silencing could induce 
an anti-inflammatory and resolution response while 
dampening local inflammation development.

Citrate and ACLY

Beyond citrate transport, another process that has 
been shown to be important for citrate in inflammation 
involves the enzyme ATP-dependent citrate lyase (ACLY). 
ACLY promotes citrate conversion to acetyl-CoA and 

oxaloacetate outside mitochondria. It drives acetyl-CoA 
pool availability and sustains cell activation in innate and 
adaptive immunity (Figure 1) [3]. The Infantino study 
highlighted the importance of citrate export from the 
mitochondria for its immunomodulatory effects. This 
has been confirmed in studies on ACLY which has been 
implicated in LPS-induced epigenetic changes [20]. The 
resulting acetyl-CoA can feed the mevalonate pathway 
for cholesterol formation, promote fatty acid synthesis 
for membrane biogenesis or be a substrate for acetylation 
of proteins including histones, thus participating in 
epigenetic modifications [3,20]. ACLY guides acetylation 
in Toll like receptor (TLR)-dependent gene expression via 
acetyl-CoA derived from citrate [19].

It is well known that genes encoding for inflammatory 
mediators are epigenetically regulated via acetylation and 
methylation in their promoter regions and on histones [21-
23], thus driving silencing or activation of transcription. 
The Infantino et al. study had underlined the indispensable 
role of ACLY in macrophages activation, during which 
LPS, IFNγ and TNFα up-regulate ACLY protein and 
mRNA expression [24]. It has also been shown that the 
inhibition of ACLY by radicicol decreased NO, ROS and 
PGE2 production in activated THP- 1 cells (Figure 2) [24], 
pointing to its role in modulating inflammatory mediator 
production.
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Figure 2: Targets for citrate in immunity and inflammation. Citrate withdrawal from the Krebs cycle and its exit from 
the mitochondria allows it to exert several effects in the cytosol. These could be citrate-intrinsic effects or indirectly 
mediated by citric acid.

Citrate plays an immunomodulatory role through the IRG1-dependent production of itaconate and its transmembrane 
carrier CIC. Its availability in the cytosol provides acetyl-CoA pool for ACLY-mediated and malonylation-mediated 
regulation of genes and proteins involved in inflammation signaling and oxidative stress development, such as IL1-β, 
COX-2, NO and PGE2.
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ACLY induction during macrophage activation was 
confirmed in 2019 by Lauterbach et al., who examined 
the LPS-TLR4 axis in macrophage metabolism and 
histones acetylation. They found that LPS increased the 
extracellular acidification rate (ECAR) in bone marrow-
derived macrophages within 2 hours after stimulation, 
thus increasing glycolysis [25]. LPS signalling resulted 
in increased maximal respiration in macrophages when 
measured 8 hours after LPS exposure. In contrast, LPS 
activation of BMDMs for 24 hours led to decreased basal 
OXPHOS as measured by oxygen consumption rate (OCR) 
[25]. These data suggested that mitochondrial metabolism 
reacts rapidly to TLR4 signalling and that the early 
response, relevant for gene transcription, differed from 
that obtained after 24 hours of LPS stimulation [25].

LPS increased CXCL1, IL-6, IL-1β expression and 
synthesis of some important metabolites of the Krebs cycle 
such as succinate, lactate and citrate. The change in citrate 
encouraged them to analyse ACLY expression, which 
was found to be induced through a MyD88 and TRIF- 
dependent mechanism [25]. RNA-seq of LPS-stimulated 
BMDMs treated with ACLY inhibitor showed increased 
mRNA expression of IL-10 and IL-1R antagonist (IL1-
RA) and decreased mRNA expression of IL-6, IL-18, IL-
27, identified as ACLY target genes regulated by histone 
modification (Figure 2) [25].

ACLY can be in turn regulated by acetylation [26] and 
phosphorylation by Akt [27]. The latter is part of IL-4 
mediated M2 macrophages activation. IL-4 treatment 
of BMDMs increased glucose uptake and glycolysis and 
induced expression of M2 genes Arg1, Retnla, Mgl2 [27]. 
The use of an Akt inhibitor reduced Arg1, Retnla and Mgl2 
induction, suggesting an Akt-dependent mechanism for 
M2 polarization [27]. To understand how Akt regulates M2 
genes, histones acetylation in IL-4 treated macrophages 
demonstrated that IL4-R axis enhanced acetylation of H3 
and H4 histones while the Akt inhibitor strongly decreased 
it. IL-4 stimulation promoted the phosphorylation of 
ACLY by Akt, thus leading to M2 gene expression [27]. 
Indeed, ACLY inhibition abolished Akt-dependent M2 
polarization, identifying ACLY as a master regulator for 
M2 activation.

Another study by Dekoter et al. revealed a new role 
for ACLY during macrophage differentiation. Myeloid 
progenitor cells differentiate into macrophages and 
upregulate the transcriptional factor PU.1, essential for 
their development [28]. The induction of PU.1 expression 
in BN cells, myeloid precursor cells lacking PU.1 factor, 
downregulated mRNA levels of ACLY and reduced cell 
cycle progression. The same downregulation was observed 
also in M-CSF-dependent differentiation of bone marrow 
cells [28]. ACLY inhibitor treatment on cultured BN cells 

abolished cell proliferation, indicating ACLY as the enzyme 
involved in cell cycle promotion. These outcomes led to 
study on whether acetate or acetyl-CoA supplementation 
could rescue cell cycle progression. Both metabolites 
increased cell cycle progression of BN cells and suggested 
that ACLY-dependent synthesis of acetyl-CoA is required 
for macrophage maturation [28].

Apart from macrophages, ACLY expression has been 
detected in T and B lymphocytes. Bacterial LPS induces 
ACLY expression and enzymatic activity in naïve B 
lymphocytes, thus driving their differentiation into Ig-
secreting plasma cells through the support of glucose- 
dependent de novo lipogenesis aimed at expanding the 
lymphocyte endomembrane network [29]. Moreover, 
ACLY phosphorylation on Ser455 by Akt in T lymphocytes 
is induced by IL-2 and promotes acetylation of cell 
cycle regulating genes thereby driving to CD4+ T cells 
proliferation [30].

All these studies point to ACLY as a key driver for 
innate and adaptive immune cell activation via its role in 
promoting acetylation. Given the role of ACLY in immune 
cells, its inhibition might have potential as an anti-
inflammatory therapeutic. In vivo studies are necessary 
to thoroughly characterize this enzyme and assess if its 
expression could be modulated by citrate itself. We know 
from previous literature that homozygous Acly knockout 
mice died early in development. So heterozygous mice for 
ACLY can be a suitable model for studying its therapeutic 
potential.

Post-translational modifications caused by citrate

Post-translational modifications (PTMs) are reversible 
modifications of specific aminoacids that can change the 
tertiary structure and consequent function of proteins. 
Acetyl-CoA provokes acetylation, a PTM that prominently 
occurs on lysine on histones [4]. Histones can also receive 
an acetyl group from substrates such as malonyl-CoA, 
succinil-CoA, crotonil-CoA, glutaryl-CoA, to as lysine 
acylation [31].

Apart from acetylation, malonylation is another post-
translational modification which might regulate protein 
function [32]. This also depends on citrate, since malonyl-
CoA is generated from acetyl-CoA, which as we saw in the 
preceding section comes from citrate (Figure 1). Malonyl-
CoA is generated by acetyl-CoA carboxylase ACC1 (of 
which there are cytosolic and mitochondrial isoforms), 
while the reverse reaction is catalysed by malonyl-CoA 
decarboxylase (MCD) [33]. The major role of malonyl-
CoA is as an intermediate in de novo fatty acid synthesis 
and elongation [34]. It blocks β-oxidation of fatty acids 
through allosteric inhibition of carnitine-palmitoyl 
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transferase (CPT1) [35-37]. Lysine residues can however 
be modified by malonyl-CoA [32]. This makes Lysine 
residues negatively charged and SIRT5 can control this 
process by acting as a demalonylase [38-40].

The first report of malonylation as an inflammatory 
signal was shown in LPS treated BMDMs where it 
increased expression of ACC1 and mitochondrial malonyl-
CoA synthetase 3 (ACSF3) [41]. Boosting malonyl-CoA 
production led to malonylation of many proteins and in 
particular of the glycolytic enzyme GAPDH protein on Lys 
213 [41]. GAPDH is required for the induction of cytokines 
such as IL1-β and IL-6, but a more relevant role shows 
up in TNF-α modulation [41]. GAPDH has RNA-binding 
activity and binds to AU-rich elements in TNF-α mRNA 
in resting macrophages, thus blocking its translation [41]. 
LPS stimulation induces GAPDH malonylation leading to 
its dissociation from TNF-α mRNA, so that TNFα can be 
translated [41]. This suggests that inhibiting ACC1 (which 
also has a role in Th1 cell development) or ACSF3 (which 
also is toxic to mitochondria) could have anti-inflammatory 
potential.

It remains unknown whether malonylation affects other 
proteins involved in inflammatory signalling, apart from 
GAPDH. It is also unknown whether malonylation occurs 
when other inflammatory stimuli, such as TNF-α and 
IFN-γ, activate immune cells. ACC1 is one of the enzymes 
making malonyl-CoA available for fatty acid biosynthesis, 
an event known to be pro- inflammatory. Further studies 
should address whether ACC1 inhibition might modulate 
malonylation and consequently inflammatory response.

Upregulation of SIRT1 function might decrease citrate-
mediated malonylation of proteins but specific enzyme-
amino acid interactions have to be sharply identified.

Citrate as a regulator of itaconate

A final recent aspect concerning citrate is its role 
in generating itaconate, which is derived from 
decarboxylation of cis-aconitate, the intermediate product 
of citrate conversion to isocitrate by aconitase (ACO2) 
during the second step of Krebs cycle [42]. The shift in 
Krebs cycle towards itaconate production is a prominent 
consequence of LPS-dependent activation in macrophages 
[43]. The enzyme responsible for itaconate generation, cis-
aconitate decarboxylase, is encoded by the IRG1 gene, first 
discovered in 1995 [44].

The first studies about itaconate action focus on its anti-
microbial and growth inhibition activity towards various 
microorganisms [45-47]. A key target of itaconate was 
isocitrate lyase (ICL), the enzyme responsible for the 
cleavage of isocitrate into succinate and glyoxylate during 
the first step of the glyoxylate shunt, a process not present 

in mammals [46]. Itaconate was then shown to have a 
role in mammalian cells and in particular to exert an anti- 
inflammatory effect. Itaconate production is induced in 
macrophages by LPS and IFNγ [48] and one of its targets 
is succinate dehydrogenase (SDH). This inhibits ROS 
generation from complex I, lowering IL1-β production in 
BMDMs [48].

Succinate levels in macrophages are strictly linked to 
itaconic acid metabolism. Itaconate reduces ROS/RNS 
(reactive nitrogen species) and improves neurological 
function in a model of ischemia-reperfusion confirming its 
role as a ROS regulator [49].

Another mechanism of action for itaconate is modulation 
of the transcriptional factor Nuclear factor erythroid 
2-related factor 2 (NRF2) [50] (Figure 1), essential in 
driving anti-oxidant and anti-inflammatory responses 
[51], which in physiological conditions is controlled 
by Kelch-like ECH-associated protein 1 (KEAP1) 
[52]. A new post-translational modification – called 
2,3-dicarboxypropylation - occurs on cysteines of KEAP1 
in human and murine macrophages treated with the 
itaconate derivative 4-Octyl Itaconate (4-OI) [50]. This 
specific change inactivates KEAP1 making NRF2 free to 
translocate to the nucleus and induce transcription of anti-
oxidant enzymes such as heme-oxygenase (HO-1) and 
glutathione (GSH) and repression of pro-inflammatory 
cytokines [50]. Endogenous itaconate is likely to 
regulate Nrf2 since this response was reduced in IRG1-
deficient macrophages [52,53]. Multiple targets for 2,3- 
dicarboxypropylation were identified, notably of enzymes 
in glycolysis [50,54] but also inflammatory proteins such 
as NLRP3 and Gasdermins [55].

4-OI also modifies and inhibits GAPDH in LPS-stimulated 
RAW264.7 macrophages [56] (Figure 1), further indicating 
that GAPDH is a target for citrate-derived modification, 
as shown for malonylation (Figure 2). 4-OI alkylation 
of GAPDH on Cys22 via Michael addition inhibited its 
activity, hindering IL-1β and iNOS expression [56].

Furthermore, dimethyl itaconate (DMI) abolishes LPS-
dependent induction of IκBζ through ATF3 transcriptional 
factor (Figure 1) and blocks this axis responsible for 
secondary transcriptional responses in activated BMDMs 
[57]. DMI-treated bone marrow-derived macrophages 
(BMDMs) displayed upregulation of Nrf2 and its target 
genes Hmox1, Nqo1 and Gclm [57]. DMI structure was 
found to act as an electrophile in Michael reactions and 
trigger electrophilic stress. Usually, electrophilic stress 
affects the glutathione (GSH) pool. DMI treatment 
decreased GSH intracellular concentration and increased 
ROS cell production [57]. The transcription factor IκBζ 
regulates secondary transcriptional response to TLR 
activation. DMI treatment totally abolished the LPS-
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associated induction of IκBζ protein and inhibited its target 
genes, but did not change IκBζ mRNA expression, meaning 
that it has to be affected at the post-transcriptional level 
[57]. Indeed, electrophilic stress induced by DMI presence 
increased phosphorylation of macrophage eIF2α and 
consequently the inhibition of IκBζ translation [57]. RNA-
seq of DMI-treated WT and Nrf2−/− BMDMs showed an 
upregulation of ATF3 transcriptional factor. Atf3−/− cells 
restored IκBζ protein levels upon DMI treatment and 
significantly increased IL-6 production [57]. Complete 
deficiency for Atf3 in macrophages failed to increase eIF2α 
phosphorylation after DMI treatment, thus confirming the 
ATF3-dependent effect of DMI on IκBζ regulation [57].

These studies reveal citrate as a precursor for 
itaconate production and its several actions as a crucial 
immunomodulatory metabolite. Itaconate could be a 
potential therapeutic treatment for inflammatory disease in 
the future. Other studies are needed to assess the existence 
of a cell surface receptor for itaconate and to know if some of 
the effects previously reported could be receptor-mediated 
effects. Moreover, itaconate could even boost a positive 
or negative feedback loop on citrate production and 
transport. Overexpression of Irg1, the enzyme generating 
itaconate, could lead to a rise in itaconate production and 
a subsequent activation of cellular anti-oxidant and anti-
inflammatory response.

Concluding Remarks

In this review, we have discussed the role of citrate as 
a critical signal in immunity and inflammation. LPS-
induced metabolic reprogramming in immune cells drives 
citrate pool availability and CIC and ACLY expression. A 
breakpoint across Krebs cycle leads to citrate withdrawal 
from the cycle and production of itaconate, an anti-
inflammatory metabolite.

Outside mitochondria, ACLY generates acetyl-CoA which 
leads to histone modification and malonylation of proteins. 
Thus, citrate represents a key metabolite in various effector 
response in immune cells, although its mechanisms of 
action need to be further defined.

Here, we consider citrate as a Krebs cycle intermediate and 
we do not know how inflammatory triggers would modulate 
its uptake from the extracellular environment. Citrate-
dependent modulation of its carrier for extracellular 
uptake is a subject that would be fascinating to explore.

Citrate pathway investigation in tissue resident immune 
cells such as tissue resident macrophages and DCs could 
unveil how tissue specific microenvironment drive 
citrate production and would be helpful to gain further 
insight into leukocytes characterization and study of local 
inflammatory response.

Despite its clear immunomodulatory effects, further 
studies have to be carried out in order to understand 
which will be citrate impact on other fundamental 
immunometabolites production in mitochondria and if it 
could in turn impair Krebs cycle.

The use of a citrate synthase knockout would stop 
citrate production and prevent all these citrate-
mediated mechanisms, potentially confirming its role in 
inflammation. Although this would also impair Krebs cycle. 
Additional in vivo models would be useful to discover how 
the citrate pathway can be used as a therapeutic target for 
inflammatory diseases. Studies into some variations of the 
CIC gene and susceptibility to inflammatory disease might 
prove informative.

We can look forward to further insights into the role of 
citrate and its metabolism in immunity and inflammation 
in both health and disease.
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