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Introduction
Cellular respiration and fatty acid metabolism

Cellular respiration is a multistep, catabolic process, typi-
cally utilizing glucose as an energy source to drive the 
generation of adenosine triphosphate (ATP). Glucose first 
passes through glycolysis, which takes place in the cytosol 
of the cell. The first step in this pathway is catalyzed by the 
rate-limiting enzyme hexokinase 2 (HK2), which irrevers-
ibly phosphorylates glucose, resulting in the generation of 
glucose-6-phosphate. Glucose-6-phosphate is isomerized 
to fructose-6-phosphate, which is then converted to fruc-
tose-1,6-bisphosphate by the enzyme phosphofructokinase, 
another key regulatory enzyme catalyzing an irreversible 
step in this pathway. Fructose-1,6-biphosphate is unstable, 
and is split into two sugars: glyceraldehyde-3-phosphate, 
which continues through the remaining steps in the glycolytic 

pathway, and dihydroxyacetone phosphate, which cannot 
continue through glycolysis unless it is first converted to 
glyceraldehyde-3-phosphate. The remaining steps in glyco-
lysis are reversible, until the final step, which is catalyzed 
by pyruvate kinase. Under normoxic conditions, pyruvate 
is generated which passes further through the respiratory 
chain. However, glycolysis can also occur in the absence of 
oxygen (anaerobic glycolysis), resulting in the generation of 
lactate. Although glycolysis is a relatively fast process, it is 
relatively inefficient in terms of energy production, result-
ing in the generation of only two ATP molecules. Despite 
this low energy yield, it is the primary pathway for the gen-
eration of many intermediates that are utilized to produce 
nucleotides, fatty acids, and amino acids.

In order to yield additional energy, pyruvate is oxidized 
to acetyl-CoA, which then enters the tricarboxylic acid 
(TCA) cycle inside the mitochondria. The TCA cycle (also 
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Dysregulated metabolism has long been recognized as a feature of many metabolic 
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Minireview

Impact Statement

Metabolic reprogramming of immune cells has 
emerged as a central mechanism governing the 
control of cell fate and function. Furthermore, the 
finding that dysregulated immunometabolism is a 
feature of many inflammatory and autoimmune dis-
orders has opened up new therapeutic possibilities. 
Our knowledge of this area is continuing to grow, 
and in this review, we focus on damage or disease–
associated molecular patterns (DAMPs), which are 
now coming to the fore as drivers of altered immune 
cell metabolism. This adds to a growing body of evi-
dence highlighting the dynamic cross-talk between 
metabolic process and immune effector mecha-
nisms. Furthermore, it underscores a new facet of 
DAMPs and expands our knowledge of how they 
contribute to sterile inflammatory disease.
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known as the Krebs cycle) is more efficient in terms of ATP 
production compared to glycolysis, and occurs in conjunc-
tion with oxidative phosphorylation in cells that are in a 
quiescent or non-proliferative state. Acetyl-CoA is first oxi-
dized to CO2, leading to the production of the intermediate 
metabolites, citrate and isocitrate. As isocitrate converts to 
α-ketoglutarate, CO2 is produced and nicotinamide adenine 
dinucleotide (NAD+) is reduced to NADH. α-ketoglutarate 
is converted to succinyl CoA by α-ketoglutarate dehydroge-
nase, and ATP is generated upon conversion of succinyl-CoA 
to succinate, which is then further converted to fumarate via 
the action of succinate dehydrogenase. Flavin adenine dinu-
cleotide (FAD) is reduced to FADH2 during this reaction, 
and fumarate is subsequently converted to malate. Finally, 
malate is converted to oxaloacetate (which is again accom-
panied by the reduction of NAD+ to NADH2), with oxaloac-
etate condensing with acetyl-CoA to form citrate, hence 
the term TCA “cycle.” When intact, this fuels the process 
of oxidative phosphorylation (OXPHOS), whereby NADH 
and FADH function as sources of electrons that contribute 
to energy generation via a proton gradient set up by the 
electron transport chain that, in turn, powers ATP synthase. 
The electron transport chain is located at the inner mitochon-
drial membrane and consists of a series of complexes (I–V) 
and two electron carriers (coenzyme Q and cytochrome c). 
NADH donates electrons to complex I while FADH2 donates 
electrons to complex II. This process powers the pumping 
of protons from the matrix into the intermembrane space 
and an electrochemical gradient is established, termed the 
“proton motive force.” This then powers the final complex, 
ATP synthase, which operates by combining adenosine  
di-phosphate (ADP) and inorganic phosphate (Pi), resulting 
in the generation of ATP. This process is generally slower 
than glycolysis; however, the yield of ATP (32 molecules) is 
much higher.

Fatty acid metabolism consists of two pathways: fatty 
acid synthesis (FAS) and fatty acid oxidation (FAO). FAS, 
an anabolic process, generates fatty acids which act as pre-
cursors for other compounds. FAS takes place in the cyto-
sol of the cell, and begins when acetyl-CoA exits the TCA 
cycle in the mitochondria and enters the cytosol, where it 
is carboxylated by acetyl-CoA carboxylase (ACC) to form 
malonyl-CoA. This is the first committed step in this path-
way. Malonyl-CoA then continues through the remaining 
steps in FAS, which are catalyzed by enzymes known as 
fatty acid synthases (FASN). This results in the production 
of a 16-carbon palmitic acid, which can act as a building 
block for other compounds including phospholipids and 
hormones. However, in the catabolic process of FAO, or 
beta-oxidation as it is also known, fatty acids are broken 
down to generate energy. Fatty acids enter the cell and are 
first converted to acyl-CoA in order to be able to enter the 
mitochondria. Acyl-CoA enters the mitochondria through 
the carnitine shuttle, the first step of which is catalyzed by 
carnitine palmitoyltransferase 1 (CPT1), where acyl-CoA is 
temporarily transferred to carnitine. This acyl-carnitine is 
shuttled into the mitochondria while carnitine is shuttled 
out, before being converted back to acyl-CoA once inside. 
The acyl-CoA then continues through the four steps of FAO, 
resulting in the generation of acetyl-CoA, which can then 
enter the TCA cycle.

Regulation of cellular respiration

Engagement of cellular respiration is controlled in a num-
ber of ways, including regulation through feedback mecha-
nisms by the enzymes and products involved in this process. 
Mammalian target of rapamycin (mTOR), which forms part 
of the mTORC1 complex, functions as a cellular energy and 
nutrient sensor and controls protein synthesis and other cellu-
lar processes including anabolic pathways, such as glycolysis. 
Activation of mTORC1 results in the induction of a number of 
glycolytic genes, including the glucose transporter, GLUT1, 
which transports glucose into the cell, and HK2, the enzyme 
crucial for the phosphorylation of glucose in the first step of 
glycolysis.1 These glycolytic genes are upregulated by the 
mTORC1 pathway upon activation of the transcription fac-
tor hypoxia-inducible factor 1 (HIF1α).1 mTOR also promotes 
FAS through activation of sterol regulatory element bind-
ing protein (SREBP), which activates the enzyme ACC. This 
results in the carboxylation of acetyl-CoA to malonyl-CoA. 
When malonyl-CoA becomes committed to FAS, FAO is sub-
sequently inhibited, occurring as a result of ACC-mediated 
inhibition of the FAO-associated enzyme, CPT. The block on 
FAO can be lifted following inhibition of FAS by 5’ adeno-
sine monophosphate–activated protein kinase (AMPK). This 
enzyme inhibits FAS in two ways: first by directly inhibiting 
mTOR activation, and second by phosphorylating and inac-
tivating the FAS-associated enzyme, ACC (Figure 1).2

Immune cell metabolism

In 1956, Otto Warburg first observed that some cancer cells 
increase glucose uptake and glycolysis, despite the pres-
ence of oxygen.3 Referred to as the “Warburg effect,” this 
phenomenon has now been observed in other cell types, 
including activated immune cells where energy demands 
are increased. For example, despite the TCA cycle and oxi-
dative phosphorylation generally remaining functional in 
activated dendritic cells (DCs) and macrophages, glycolytic 
rate is increased concomitant with a decrease in mitochon-
drial energy generation.4,5 Many effector T cell subsets – 
including CD8+ T cells, Th1, Th2, and Th17 cells – alter their 
metabolism in a similar manner to the innate immune cells 
specified above.6 In the case of pro-inflammatory classi-
cally activated (M1) macrophages and activated DC, the 
TCA cycle has been shown to be broken in two places, once 
after isocitrate dehydrogenase which can be inhibited by 
a build-up of NADH, while a second break occurs upon 
inhibition of succinate dehydrogenase following accumu-
lation of intermediate metabolites such as succinate and 
itaconate. Notably, the accumulation of these metabolites 
can also lead to stabilization of HIF1α, which can drive 
the production of pro-inflammatory cytokines, including 
interleukin (IL)-1β.7–9 An impaired TCA cycle also results in 
the accumulation of citrate, which can feed into the process 
of FAS. Increased FAS is crucial for the activation of M1 
macrophages and DC, and is elevated upon stimulation of 
pattern recognition receptors (PRRs) in both cell types.9,10 
However, FAO is more prominent in anti-inflammatory, 
alternatively activated (M2) macrophages, and contrib-
utes to reduced production of inflammatory cytokines 
by inflammatory macrophages. (It should be noted that 
a spectrum of intermediary macrophage subtypes exist  
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in vivo and extensive metabolic profiling of these individual 
subtypes has not yet been carried out.).11,12 The balance of 
fatty acid metabolism is also of particular importance for 
T cell responses and their effector function. Tregs exhibit 
increased levels of FAO and increased expression of the 
genes involved in this process, including CPT1A, while 
effector T cells downregulate FAO during activation.13,14 
Furthermore, effector T cells, and in particular Th17 cells, 
exhibit increased FAS (Figure 2).15 This difference in T cell 
metabolism could be of particular importance for diseases 
in which the Th17/Treg balance is skewed.

While less well established, in vitro studies have revealed 
that B cells also undergo changes in their metabolic state 
upon activation. For example, B-cell receptor (BCR)–
activated B cells upregulate GLUT1, increase glycolysis, and 
activate mTOR in a protein kinase Cβ (PKCβ)–dependent 
manner.16 When B cells are fully activated upon engagement 
of co-stimulatory molecules such as CD40, glucose and glu-
tamine uptake is further enhanced to support proliferation.17 
A link has also been established between antibody produc-
tion by plasma cells (PCs) and energy metabolism, whereby 
long-lived PCs have been shown to exhibit enhanced glucose 
uptake compared to their shorter-lived counterparts. This is 

primarily utilized to glycosylate antibodies, although this 
can be diverted to glycolysis if energy demands are low.18 
Less is known regarding energy metabolism in memory B 
cells, but a recent study has demonstrated that, compared 
to naïve B cells, human memory B cells of the IgD isotype 
exhibit enhanced glycolysis and mTORC activation upon 
stimulation with interferon alpha (IFN-α) and Toll-like 
receptor (TLR) ligands.19 They also differentiate into PCs to 
a greater extent, and it has been suggested that longevity and 
antibody secretion are regulated by metabolic pathways. In 
light of these findings, altered B cell metabolism should also 
be considered in the context of immune-mediated disease 
pathogenesis, as is currently the case for dysregulated T cell, 
DC, and macrophage metabolism.

Endogenous drivers of metabolic 
reprogramming

Cytokines

Cytokines can differentially alter immune cell metabolism.20 
For example, macrophages exhibit an increase in glycolysis 
in response to recombinant IL-1 treatment.21 Tumor necrosis 

Figure 1. Cellular respiration and fatty acid metabolism. Cells engage a range of metabolic pathways depending on their needs. During glycolysis, glucose is first 
phosphorylated by hexokinase 2 (HK2) to generate glucose-6-phosphate (glucose-6P). Glucose-6P is isomerized to fructose-6-phosphate (fructose-6P), which is 
converted to fructose-1,6-biphosphate (fructose-1,6-biP) by phosphofructokinase (PFK). This is split into two: dihydroxyacetone phosphate (DHAP) and glyceraldehyde-
3-phosphate (GA3P). GA3P continues through the remaining steps of glycolysis and is finally converted to pyruvate by pyruvate kinase (PK). Pyruvate can be exported 
from the cell as lactate under anaerobic conditions. In the presence of oxygen, pyruvate is converted to acetyl-CoA which enters the TCA cycle. NADH from the TCA 
cycle passes into the electron transport chain, completing oxidative phosphorylation and generating energy through a proton gradient. Acetyl-CoA can then enter the 
fatty acid synthesis pathway, where it is carboxylated by acetyl-CoA carboxylase (ACC) to form malonyl-CoA. Malonyl-CoA then passes through the remaining steps 
of this pathway, which are catalyzed by fatty acid synthases (FASN) resulting in 16-carbon palmitic acid. The fatty acid synthesis pathway is activated by mTORC1. 
mTORC1 is also responsible for the activation of HIF1α, which in turn can activate glycolysis by upregulating GLUT1 and HK2. Inhibition of fatty acid synthesis by 
AMPK results in activation of the fatty acid oxidation pathway, by lifting the inhibition placed on the enzyme carnitine palmitoyltransferase 1 (CPT1). Fatty acids first 
enter the cell and are converted to acyl-CoA, which then enters the carnitine shuttle to translocate into the mitochondria. Acyl-CoA then continues through the fatty acid 
oxidation pathway, generating acetyl-CoA, which can then enter the TCA cycle. (A color version of this figure is available in the online journal.)
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factor (TNF) has also has been linked to metabolic repro-
gramming via upregulation of the mitochondrial citrate car-
rier (CIC), leading to accumulation of citrate in the cytosol 
of inflammatory M1 macrophages, and is capable of upregu-
lating ATP-citrate lyase (ACLY) which catalyses the conver-
sion of glucose-derived citrate to acetyl-CoA.22,23 TNF has 
also been shown to promote a potential glycolytic shift in 
human CD4+ T cells, as well as human fibroblast–like syn-
oviocytes.24,25 In the case of the latter, this was accompanied 
by increased expression of inflammatory rheumatoid arthri-
tis (RA) biomarkers, while in a clinical setting, treatment 
with anti-TNF significantly reduces glycolytic activity in the 
RA synovium.26 This is coupled with a downregulation of 
the glucose transporter, GLUT1, and the glycolytic enzyme, 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH),26 
further bolstering the evidence for TNF-α as driver of meta-
bolic reprogramming in disease pathogenesis.

Blockade of IL-6 signaling appears to have a similar effect 
in RA, particularly in leukocytes, where inhibition of the 
IL-6 receptor results in reduced oxidative stress and inflam-
mation.27 A further example of IL-6-mediated metabolic 
reprogramming has been observed in CD8+ T cells, which 
undergo IL-6-dependent metabolic rewiring to allow for 
pro-inflammatory cytokine production and proliferation 
in response to lipopolysaccharide (LPS).28 The downstream 
modulation of metabolism by pro-inflammatory cytokines 
may be attributed to activation of the nuclear factor-κB  
(NF-κB) pathway, which is now understood to hold a criti-
cal role in shaping the inflammatory response via metabolic 
rewiring.29 In the presence of varying stimuli, including TNF 
or IL-1, the IkappaB kinase (IKK) complex becomes acti-
vated, resulting in the release of NF-κB, which subsequently 
translocates to the nucleus and promotes transcription of 
HIF1α. As mentioned above, HIF1α promotes glycolysis via 
upregulation of glycolytic genes such and HK2 and GLUT1. 
NF-κB is also capable of activating mTOR, which further 
stabilizes HIF1α, sustaining its transcriptional activity.

However, IL-10, which is considered an anti-inflammatory 
cytokine, limits glucose uptake and glycolysis in LPS-treated 
macrophages.30 Furthermore, IL-10 has been shown to pro-
tect mitochondrial function and eliminate dysfunctional 
mitochondria through the upregulation of mitophagy in the 
cell. This response appears to be regulated through inhibi-
tion of mTOR activity, as mice lacking the IL-10 receptor 
demonstrate sustained mTOR activation, and consequential 
impaired mitochondrial activity. IL-4 signaling has also been 
linked to mTOR activity, via its interactions with the mTOR 
complexes, mTORC1 and mTORC2, which in turn modulate 
glycolytic activity and FAO in IL-4-treated macrophages.31

Nitric oxide

Nitric oxide (NO) plays a role in a plethora of biological func-
tions, and is most notably generated by activated myeloid 
cells in response to inflammatory stimuli. NO synthases 
(NOSs) convert l-arginine and oxygen (O2) to NO and  
l- citrulline, and NO is well documented as being produced 
at nanomolar concentrations under normal physiological 
conditions.32 In the context of the immune response, how-
ever, NO functions at higher concentrations over time to 
kill infectious agents and plays a role in immunoregulation. 
There is a growing body of evidence to show that NO can 
do this through modulation of cellular metabolism, and fur-
thermore, it is known that NO and NO-derivatives can act 
to reprogram macrophage cell function.33

NO has been shown to exert effects through interaction 
with metal ions found in proteins, notably associating with 
heme centers such as those found in cytochrome c oxidase, 
that is, complex IV of the mitochondrial electron transport 
chain. NO works in concert with inversely correlated O2 
levels to exert an inhibitory effect on complex IV, and there-
fore inhibit oxidative phosphorylation. Indeed, it has been 
shown that inhibition or ablation of inducible NO synthase 
(iNOS) in myeloid cells can rescue ATP-linked mitochondrial 

Figure 2. Major metabolic pathways engaged in immune cells. The metabolic pathways engaged by an immune cell depend on its activation state, maturation 
state, or specific effector subset. The pathways shown in red: glycolysis, fatty acid synthesis, amino acid metabolism, and the pentose phosphate pathway (PPP) 
are generally associated with activated and effector immune cells. Some examples of these cells include pro-inflammatory macrophages, activated DC, and specific 
effector T cell subsets. The pathways shown in green: TCA cycle and the electron transport chain (together comprising oxidative phosphorylation) and fatty acid 
oxidation are generally associated with naive, immature, or regulatory immune cells. Some examples of these cells include alternatively activated macrophages, 
immature DC, and naïve or regulatory T cells (Tregs). (A color version of this figure is available in the online journal.)



2196  Experimental Biology and Medicine  Volume 247  December 2022

respiration.34,35 Early evidence also demonstrated that when 
NO levels are high, O2 cannot be sufficiently utilized by the 
cell in a state termed “metabolic hypoxia.” In the case of 
pro-inflammatory macrophage polarization, macrophages 
increase their utilization of the pentose phosphate pathway 
and consequent generation of reactive oxygen species (ROS) 
and reactive nitrogen species (RNS). Generation of the latter 
is, in part, mediated through iNOS to exert antimicrobial 
effects.36,37 One notable study investigated the effect of NO 
on inflammatory macrophage metabolic reprogramming 
using NO-deficient macrophages, and demonstrated that 
NO modulates expression of the subunits forming complex 
I of the mitochondrial electron transport chain. Furthermore, 
it was shown that NO-deficient macrophages differentially 
modulate levels of important TCA cycle intermediates 
including succinate, citrate, and itaconate.34 Interestingly, 
NO depletion resulted in enhanced IL-1β levels which may 
be attributed to the fact that NO can act to inhibit forma-
tion of the NLR family pyrin domain containing 3 (NLRP3) 
inflammasome through nitrosation.38 It is worth noting that 
these studies were carried out in murine cells which dif-
fer from human cells, given that human macrophages do 
not exhibit such a potent NO response; hence, it will be of 
interest to further explore how NO-induced metabolic repro-
gramming impacts on human disease.

DAMPs as drivers of altered immune cell 
metabolism

There is no doubt that pathogen-associated molecules 
(PAMPs) can alter immune cell metabolism, and this has 
been reviewed in detail elsewhere.33,39 As outlined above, 
cytokines themselves and the hypoxic environment associ-
ated with diseased tissues can lead to metabolic reprogram-
ming of immune cells; however, there is emerging evidence 
that disease or damage–associated molecular patterns 
(DAMPs) – also referred to as alarmins – can also contrib-
ute to alterations in immune cell metabolism. This is per-
haps not so surprising, given that many DAMPs bind to the 
same receptors as PAMPs and stimulate immune effector 
responses akin to those generated during microbial infection. 
For example, many particulates including beta amyloid (Aβ) 
fibrils and cholesterol crystals activate the NLRP3 inflam-
masome, leading to the production of mature IL-1β, while 
other DAMPs such as HMGB1, S100 proteins, and oxLDL 
have been shown to activate members of the TLR family to 
drive inflammatory cytokine and chemokine production.40–43 
Hence, DAMPs themselves, and the pathways they acti-
vate, have become attractive therapeutic targets. Research 
into DAMP-induced metabolic changes is very much in its 
infancy; however, there have been recent studies highlight-
ing the impact of certain DAMPs on macrophage and micro-
glia metabolic phenotype as outlined below.

Aβ alters microglia metabolism

Although the brain primarily utilizes glucose to meet its 
energy demands, in disease states, it has been shown to 
shift toward consumption of other substances. In the aging 
brain, there is evidence of impaired glucose metabolism 
that is exacerbated under conditions of neuroinflammatory 

or neurodegenerative disease.44,45 In the case of Alzheimer’s 
disease (AD), primary focus has been on neurons and 
astrocytes as contributors to disease progression; however, 
metabolic reprogramming of microglia is receiving con-
siderable attention, given the chronic inflammation and 
altered glucose metabolism that serve as hallmarks of this 
disease.46 In a non-activated state, microglia rely primarily 
on OXPHOS and switch to favor glycolysis upon activa-
tion.47 In early AD, this shift in metabolism toward aerobic 
glycolysis may facilitate Aβ clearance.48 However, chroni-
cally activated or dysfunctional microglia can contribute 
to disease progression, with direct links shown between 
activated microglia and synapse loss.49 Indeed, recent 
work has implicated Aβ itself as a driver of microglial 
metabolic reprogramming, and there is evidence of meta-
bolic rewiring from OXPHOS to aerobic glycolysis follow-
ing Aβ stimulation of primary microglia.48 Furthermore, it 
has been demonstrated that inhibition of glycolysis using 
the glucose analogue, 2-deoxy-D-glucose (2-DG), leads to 
decreased oxidative stress and a reduction in Aβ oligomers 
in the brains of transgenic AD mice.50 On a functional level, 
metabolic reprogramming of microglia has been directly 
linked to Aβ-induced-phosphorylation of mTOR and con-
sequential activation of the mTOR-HIF1α-pathway, which 
facilitates the switch from OXPHOS to glycolysis.48 In sup-
port of this, inhibition of the mTOR pathway was shown 
to reduce Aβ-induced microglial inflammation in primary 
microglia, as demonstrated by reduced expression of pro-
inflammatory cytokines IL-1β and TNF-α.48 A reduction in 
activation markers has also been observed in LPS-activated 
microglia following treatment with 2-DG.51

It is worth noting also that Aβ can activate the NLRP3 
inflammasome, and recent studies have highlighted a link 
between glycolysis and inflammasome activation, with 
inhibition of glycolysis using aminooxyacetic acid (an 
inhibitor of aspartate aminotransferase) or 2-DG result-
ing in attenuation of NLRP3 inflammasome activation in 
activated murine macrophages, and in a murine model of 
acute lung injury, respectively.52,53 Furthermore, HK activity 
was shown to be essential for NLRP3 inflammasome acti-
vation in macrophages, as demonstrated by short hairpin 
RNA (shRNA) knockdown of HK1 in murine peritoneal 
macrophages, which resulted in decreased inflammasome-
dependent IL-1β and IL-18 secretion.54 HK2 has been shown 
to be upregulated in microglia favoring glycolysis under 
inflammatory conditions;55 it will therefore be of interest to 
determine if Aβ-induced inflammasome activation is also 
dependent on HK activity in this cell type. The ketone body 
metabolite, β-hydroxybutyrate (BHB), was also shown to 
reduce macrophage activation and inhibit NLRP3 inflam-
masome activation in murine models of NLRP3-mediated 
disease.56 Moreover, BHB reduced Aβ-induced mitochon-
drial dysfunction and ROS formation in primary cortical 
neurons, and further restored mitochondrial complex I 
activity when administered peripherally in a murine AD 
model. This effect was accompanied by a reduction in Aβ 
levels.57 It might therefore be worth considering modulation 
of ketogenic metabolism, in addition to glucose metabolism, 
as a potential therapeutic avenue to attenuate Aβ- and other 
inflammasome-associated diseases.
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Crystalline particulates alter immune cell 
metabolism

Dysregulated metabolism has been observed in several 
forms of joint disease including RA, osteoarthritis (OA), and 
gout.26,58,59 The hypoxic environment of the RA joint pro-
motes such alternations, where metabolites such as lactate 
and citrate can act on synovial fibroblasts and macrophages 
to enhance glycolysis, FAS, and inflammatory mediator 
production.60 In OA and gout, crystalline particulates have 
been shown to directly impact on monocyte/macrophage 
metabolism. For example, in the case of gouty arthritis, 
insoluble monosodium urate (MSU) crystals were shown to 
enhance glucose uptake by driving increased GLUT1 expres-
sion in human macrophages and neutrophils, while treat-
ment with either a GLUT1 inhibitor or 2-DG suppressed 
crystal-induced NLRP3 activation and IL-1β production in 
an in vivo model of MSU-induced inflammation. Peripheral 
blood mononuclear cell (PBMC) and monocytes stimulated 
with MSU crystals also exhibited enhanced mTOR activity, 
while mTOR pathway gene expression was found to be ele-
vated in monocytes from gout patients versus healthy con-
trols.61 Furthermore, MSU crystals were recently shown to 
induce a metabolic-inflammatory transcriptional profile that 
is distinct from that promoted by the well-studied PAMP, 
LPS, and is dependent on activation of the mitogen-acti-
vated protein (MAP) kinase, c-Jun N-terminal kinase (JNK). 
Interestingly, despite MSU crystals being considered potent 
activators of the NLRP3 inflammasome, this study found no 
evidence that the inflammasome is required for the upregu-
lation of metabolic genes by these particulates.62 The ketone 
body, BHB, was, however, found to inhibit MSU-induced 
NLRP3 inflammasome formation, as has been shown for 
Aβ-dependent inflammasome activation.63

OA-associated basic calcium phosphate (BCP) crystals 
were also recently shown to directly promote M1 polariza-
tion and metabolic reprogramming in primary human mac-
rophages, providing further evidence that targeting altered 
metabolism may serve to limit the inflammation associated 
with certain crystal arthropathies.64 In this case, the BCP-
mediated polarization of macrophages toward an inflamma-
tory phenotype was prevented upon inhibition of glycolysis, 
as was the production of the key OA-associated DAMP, 
S100A8.64 Indeed, it is worth noting that such findings extend 
beyond the joint, and we recently demonstrated that athero-
sclerosis-associated cholesterol crystals can alter macrophage 
bioenergetics by increasing the glycolytic profile of the cell.65 
This in vitro effect was dependent on the glycolytic enzyme, 
pyruvate kinase isoenzyme type M2 (PKM2), and supports 
a recent in vivo study demonstrating that inhibition of PKM2 
nuclear translocation reduces glycolytic rate while also sup-
pressing atherosclerosis and inflammation in Ldlr−/− mice.66 
Taken together, these studies reveal potential new targets to 
limit inflammation and macrophage polarization by modu-
lating the metabolic state of pathogenic immune cells.

Immunometabolism as a therapeutic 
target

Given that the metabolism of immune cells plays an impor-
tant role in their activation status and/or effector function, 

manipulation of metabolic pathways hold great potential 
as a therapeutic approach to treat many diseases character-
ized by dysregulated inflammation. Indeed, some autoim-
mune diseases show specific alterations to the metabolism 
of the immune cells involved. For example, in systemic 
lupus erythematosus (SLE), T cells exhibit persistent mito-
chondrial hyperpolarization (an early step in T cell acti-
vation), as well as ATP depletion,67 while in RA, CD4+ T 
cell metabolism is characterized by a reduced utilization of 
glycolysis and an increase in the amount of glucose pass-
ing through the pentose phosphate pathway.68 Similarly, T 
cells from patients with MS exhibit dampened glycolysis 
and mitochondrial respiration, which is restored to levels 
comparable to healthy subjects upon treatment with IFN-β, 
a first-line treatment for MS.69

Comparable effects were also observed in T cells 
from patients with relapsing-remitting multiple sclerosis 
(RRMS) upon treatment with dimethyl fumarate (DMF), 
an oral, first-line RRMS treatment.70 DMF is a citric acid 
cycle intermediate and is known to exhibit immunomod-
ulatory effects through activation of the redox-sensitive 
transcription factor, nuclear factor erythroid 2–related fac-
tor 2 (NRF2), and further anti-inflammatory effects via 
inhibition of NF-κB.70 The mechanism of action of DMF 
is complex; however, a recent study involving peripheral 
cells from RRMS patients demonstrated that the DMF 
increases monocyte ROS generation and epigenetic meth-
ylation changes in monocytes prior to exerting epigenetic 
changes in CD4+ T cells.71 While ROS production is gener-
ally associated with oxidative damage, there is evidence to 
show that myeloid-derived ROS can limit T cell activity in 
vitro.71 Further study is required to uncover the complexity 
of DMF’s mechanism of action, and effects are likely to be 
dependent on multiple factors including disease stage and 
immune cell phenotype.

In terms of targeting specific metabolites, effector T cells 
convert pyruvate to lactate, while Tregs utilize the enzyme 
pyruvate dehydrogenase (PDH) to convert pyruvate to 
acetyl-CoA to continue further through the TCA cycle. This 
is controlled by the enzyme pyruvate dehydrogenase kinase 
(PDHK), which inhibits PDH in effector T cells, thereby 
preventing them from converting pyruvate to acetyl-CoA. 
Inhibition of PDHK overcomes this effect and could there-
fore be used as a potential therapy to skew the metabolic 
pathways engaged in T cells by enhancing processes associ-
ated with regulatory T cells. This has shown promise in a 
number of animal models of disease, including experimental 
autoimmune encephalomyelitis (EAE).14 Similarly, blockade 
of mTOR activity in the EAE model results in increased Tregs 
and an amelioration of disease progression.72 Inhibition 
of ACC, a key enzyme involved in FAS downstream of 
mTOR, also increased Treg numbers while decreasing IL-17 
and IFN-γ producing T cells in the EAE model. This was 
accompanied by reduced disease pathology.15 Inhibition of 
mTORC1 with rapamycin also inhibits Th17 cells and pro-
motes Tregs in patients with SLE.73 Furthermore, metformin, 
a drug traditionally used to treat type II diabetes, is now 
showing potential as a treatment for autoimmune diseases 
by altering the metabolic state of immune cells. One of the 
established mechanisms of action for metformin is through 
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activation of AMPK, which in turn inhibits mTOR.74,75  
This likely accounts for some of the metabolism-altering 
functions it carries out, although multiple mechanisms can-
not be ruled out. In the EAE model, metformin treatment was 
shown to decrease pro-inflammatory cytokines, increase Treg 
numbers, and slow disease progression.76 Th17-mediated 
inflammation was also reduced by metformin treatment 
in animal models of RA and colitis, and again, effects were 
dependent on AMPK and mTOR signaling.77,78 These stud-
ies provide further evidence that modulating metabolic 
pathways engaged by immune cells may have therapeutic 
potential for the treatment of autoimmune/inflammatory 
conditions. Further detailed evaluation of immunometabo-
lism-based therapies can be found elsewhere.79,80

Conclusions

There a now wide ranging studies confirming that when 
immune cells are activated, they ramp up glycolysis as a 
requirement for many of their effector functions, includ-
ing upregulation of co-stimulatory markers and cytokine 
production.4,81,82 When glycolysis is blocked, these pro-
cesses are impaired, leading to an inability to activate 
adaptive immune cells.4,81,82 Further exploration of the 
metabolic switches, proteins, and metabolites that govern 
these changes will undoubtedly provide further insight 
into disease mechanisms, and how these pathways can be 
manipulated to halt the destructive processes associated 
with deleterious immune cell activation. Already, there is 
encouraging evidence from in vivo studies to support meta-
bolic targeting in immune-mediated disease such as RA, 
SLE, and MS. However, direct inhibition of immune cell 
activation or promotion of regulatory immune cell activity  
via metabolic manipulation requires careful consideration, 
given the potential for “off target” effects. Nonetheless, 
dissecting the links between immune cell activation and 
metabolic status could have major implications for health 
and disease, where current strategies have thus far failed to 
make an impact.
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