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ABSTRACT

Recent studies have revealed a relationship between cellular metabolism and cell function in
immune cells. Cellular metabolism not only provides supplemental ATP, but also supports
dynamic changes in cell proliferation and differentiation. For example, T cells exhibit subset-
specific metabolic profiles, and require certain types of metabolism for their functions.
Determining the metabolic profiles that support inflammatory immune responses may lead
to novel treatment strategies for chronic inflammatory diseases such as rheumatoid arthritis
(RA). However, the mechanisms by which metabolism modulates cell function have been
unclear. Recent studies have begun to unveil unexpected non-metabolic functions for meta-
bolic enzymes in the context of inflammation, including roles in signaling and gene regula-
tion. Here we describe recent findings related to immunometabolism, the metabolome of
RA patients, and the metabolically independent functions of glycolytic enzymes. We discuss
how metabolic processes impact immune cells, especially T cells and fibroblast like synovio-
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cytes, which are considered the orchestrators of autoimmune arthritis.

1. Introduction

Warburg et al. performed pioneering research on res-
piration and biosynthesis in the early part of the 20th
century. In the 1920s, he presented the first evidence
that cancer cells produce lactate from glucose under
normoxic conditions [1]. This phenomenon is referred
to as the ‘Warburg effect” Recently, many studies
have examined the modulation of cancer cell metabol-
ism as a therapeutic strategy in animal models [2].

Like cancer cells, immune cells use different
metabolic pathways to support their differentiation
and phenotype maintenance [3]. Naive T cells in
quiescence are fueled by fatty acid oxidation (FAO).
Interferon-y (IFN-y)-producing helper T lympho-
cytes (Thl cells) require an increase in glycolysis for
their activation and IFN-y production [4]. For their
differentiation, interleukin-17  (IL-17)-producing
helper T lymphocytes (Th17 cells) depend mainly
on glycolysis, while regulatory T lymphocytes (Treg
cells) rely on FAO and oxidative phosphorylation
(OXPHOS). This metabolic repertoire associated
with immune cell differentiation and function is
now called immunometabolism. In addition, fibro-
blasts are reported to have an altered metabolism in
patients with rheumatoid arthritis (RA) [5].

In recent years, substantial findings have been
revealed in the area of metabolic reprogramming.

Here we provide a brief review of the major meta-
bolic pathways involved in RA, particularly glycoly-
sis, FAO, and OXPHOS.

2. Metabolomics in rheumatoid arthritis

Young and colleagues first reported in 2013 that the
metabolism was altered in the serum of disease-
modifying antirheumatic drug (DMARD)-naive RA
patients [6]. They used nuclear magnetic resonance
spectroscopy-based metabolomics to evaluate the
serum from patients with established RA, those with
early arthritis, and healthy controls. Many metabo-
lites were correlated with the serum C-reactive pro-
tein (CRP) level. The metabolites of glycolytic
pathways (glucose, lactate) were increased in the
active RA patients. Lipid metabolites were also asso-
ciated with serum CRP levels, and might contribute
to the increased atherosclerosis associated with
inflammatory disease. In addition, Lauridsen and
co-workers [7] determined the metabolic profiles in
the plasma of RA patients with active synovitis ver-
sus those in remission. They analyzed two patient
groups: (i) 27 patients in remission treated with
anti-tumor necrosis factor o inhibitors (TNFi) and
conventional synthetic DMARDs, and (ii) 21 symp-
tomatic patients treated with conventional synthetic
DMARDs only (11 patients received methotrexate
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Table 1. Metabolomic differences between RA patients and healthy subjects.

Author Sample Pathway Metabolites Year References
Young et al. Serum Glycolysis Lactate], glucoseT, 2013 [6]
Glycogenesis 3-Hydroxybutyrate
Amino acid metabolism Alanine], acetylglycine], methylguanidine|, taurine
FAO LDL
Madsen et al. Plasma Glycolysis Glyceric acid 2011 [8]
Amino acid metabolism Histidine |, threonate |, methionine|,
asparagine], theronine|
FAO cholesterol |
PPP ribofuranose?, hypoxanthine
Yang et al. synovial fluid Glycolysis Lactate T, glucose-1-phosphate|, glucose| 2015 [9]
OXPHOS Citrate |
PPP Gluconic lactone|, ribitol |
Animo acid metabolism Valine|, carnitine 1, 5-methoxytryptamine|
Zabek et al. Serum Glycolysis Lactate|, acetate?, acetoneT, glucosel 2016 [10]
Glycogenesis 3-Hydroxybutyrate
OXPHOS Citrate]
Guo et al. Plasma Amino acid metabolism Alanine|, valine], leucine], histidine| 2016 [11]
Glycolysis Glucose], glyceric acid|
OXPHOS citrate|
FAO Palmitate], cholesterol |
Amino acid metabolism Valine, alanine], arginine|, aspartate|
Li et al. Serum Glycolysis Fumaratef, glyceraldehydef, 2018 [12]
FAO cholesterol |

Amino acid metabolism
Glutaminolysis

ProlineT, leucinel
Glutamic acid]

OXPHOS: oxidative phosphorylation, FAO: fatty acid oxidation, PPP: pentose phosphate pathway.

(MTX), 5 received salazosulfapyridine (SSZ), and 6
received glucocorticoid (GC); none of these patients
received TNFi). These authors showed that the
metabolomes from RA patients with active synovitis
were different from those of patients in remission.
However, notably, the metabolic profiles of symp-
tomatic patients were not significantly different
from those of the patients in remission after the for-
mer received an optimized therapy (including
TNFi). Furthermore, the metabolic fingerprints of
both groups of RA patients were different from
those of healthy subjects. These findings suggested
that none of the treatments truly cures RA, as the
underlying pathology of the RA was not fully
reversed. Several other reports also demonstrated
metabolic alterations in RA patients [8-12] (Table
1). These data suggested that metabolic changes are
closely associated with inflammation in RA patients
and may represent a potential target for disease
monitoring and personalized medication for RA.
However, further evaluation with larger numbers of
patients in a multicenter setting is still required
before these approaches can be realized.

3. Limiting enzymes involved in the
Warburg effect

There are a number of rate-limiting enzymes in cel-
lular metabolism (Figure 1). Glycolysis refers to a
sequence of cytosolic enzymatic reactions that con-
vert glucose into pyruvate, generating energy. In gen-
eral, glucose is imported into the cytosol by glucose
transporter-1 (GLUT1). The glucose is then initially
converted to glucose-6-phosphate by the rate-limiting
enzyme hexokinase (HK), and subsequently to

fructose-6-phosphate spontaneously. A second rate-
limiting enzyme, phosphofructokinase-1 (PFK1), ena-
bles the formation of fructose-1, 6-bisphosphate.
Fructose-1, 6-bisphosphate is then converted to phos-
phoenolpyruvate by several steps. Pyruvate is then
formed from phosphoenolpyruvate by another rate-
limiting enzyme, pyruvate kinase muscle isozyme
(PKM). The cytosolic pyruvate has two alternative
routes for catabolism. When oxygen is abundant,
pyruvate dehydrogenase (PDH) transforms pyruvate
to Acetyl-CoA. Acetyl-CoA can enter the tricarb-
oxylic acid (TCA) cycle to produce NADH and
FADH, which can generate ATP by OXPHOS. One
glucose molecule metabolized by aerobic glycolysis
can generate two ATP molecules. In contrast, if the
products generated by glycolysis can be further
metabolized by the TCA cycle and OXPHOS, the
theoretical maximum number of ATP molecules
from one molecule of glucose is 32. The second fate
of pyruvate is its conversion to lactate in the cytosol
by lactate dehydrogenase (LDH); lactate is then trans-
ported to the extracellular space by monocarboxylate
transporter (MCT). Lactate generation occurs under
hypoxic conditions. This process generates NAD+,
which is consumed during glycolysis. When cells can-
not regenerate NAD +by OXPHOS, the strategy of
generating lactate can provide NAD +and remove
the cells’ limitation to glycolysis. Cancer cells and
some immune cells still use glucose to generate lac-
tate despite the presence of abundant oxygen, a phe-
nomenon known as the ‘Warburg effect’ [1,3].
Although the requirement for mitochondrial ATP
production is decreased in tumor cells, the demand
for biosynthetic precursors and NADPH is increased.
To compensate for these changes and to maintain a
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Figure 1. Metabolome maps showing the key enzymes for each pathway and specific inhibitors.

functional TCA cycle, cancer cells often rely on ele-
vated glutaminolysis [13]. This use of glutaminolysis
to compensate for glycolysis is not only tightly linked
to different biosynthetic pathways but also generates
the anaplerotic substrate o-ketoglutarate (a-KG),
which can be metabolized through the TCA cycle to
generate either citrate or pyruvate. Notably, glycoly-
sis, the TCA cycle, and glutaminolysis not only pro-
vide energy but also generate many intermediates for
other metabolic pathways, such as the pentose phos-
phate pathway (PPP), hexosamine biosynthesis,
amino acid biosynthesis, and de novo fatty acid syn-
thesis (FAS).

4, Cellular metabolism in immune cells

The altered metabolism in RA mentioned above is
important for wunderstanding RA’s pathology.
Although metabolomics is the systematic study of
chemical fingerprints, immune-cell metabolism was
first studied independently of metabolomics. Cooper
et al. [14] first reported in the 1960s that activated
human lymphocytes have an increased demand for
ATP. Since then, many studies have analyzed the
detailed mechanism of T cell activation with respect
to cellular metabolism [3] (Table 2). Naive T cells in
quiescence require only housekeeping ATP produc-
tion, and resting cells generate 96% of their ATP by
OXPHOS, and only 4% by glycolysis [15]. When T
cells receive CD3/CD28 stimulation, they initiate
protein synthesis and oxygen use for maximal
energy extraction, because they grow to approxi-
mately double their resting size, enter a rapid-prolif-
eration program, and differentiate from quiescent
cells to effector T cells that secrete high levels of
cytokines [16]. For these increased energy demands,
T cells in activation increase their glycolysis by
expressing increased GLUT1 levels and consuming
more oxygen [17-19]. OXPHOS produces ATP
more efficiently than does glycolysis. Thus, Thl cells

mainly use OXPHOS rather than glycolysis for their
proliferation and survival [4,20,21]. However, in the
maturation of Thl cells, glycolysis is important,
because it is needed for IFN-y translation. GAPDH
can bind to the IFN-y mRNA and inhibits its trans-
lation, and GAPDH’s binding to glyceraldehyde-3-
phosphate enables the translation of IFN-y [4,20].
Th17 and Treg cells also have unique cellular
metabolisms. Th17 cells express high levels of the
glycolytic pathway components, including the trans-
porters GLUT1 and MCT4, and the enzymes hexo-
kinase-2 (HK2), PKM, and LDH [22]. In particular,
HK2 is an inducible isoform of hexokinase, and is
mainly used when increased glycolysis is needed for
ATP production. HK2 can be up-regulated approxi-
mately 100-fold only in Th17 cells, and thus is con-
sidered a key regulator of the glycolysis in these
cells. In addition to glycolysis, Th17 cells exhibit
increased glutaminolysis and FAS [23,24]. On the
other hand, unlike quiescent naive T cells, Treg cells
proliferate continuously at moderate levels, and
unlike activated naive T cells, Thl, and Thl7 cells,
they do not exhibit a sudden proliferation burst.
Treg cells depend only on FAO, and not on
OXPHOS or glycolysis [25], although the reason for
this dependence is unknown. In addition to ATP
production, Treg cells also differ from Th17 cells in
their minimal need for amino acid metabolism.
Indeed, a depletion of extracellular amino acids sup-
presses Th17 cell differentiation, while favoring Treg
cell development and T cell anergy [26].

A recent report suggested that DC activation also
requires an increase in glycolysis [27], while FAO is
important in tolerogenic DCs (tol-DCs) [28,29]. It is
notable that both Th17 cells and activated DCs,
which induce immune responses, are dependent on
glycolysis. These various metabolic profiles in
effector cells are referred to as ‘immunometabolism,’
and are currently of interest as potential therapeutic
targets in rheumatic diseases [30,31].
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Table 2. Metabolic profiles of T cells and dendritic cells.

Cell type Pathway changes Key enzymes Result References
Naive T cell
Quiescent T cell FAO Survival [14]
Activated T cell OXPHOST IDH3aT, SDHT, MDH27 Activation and proliferation [14-19]
GlycolysisT
Glutaminolysis
FAO|
GlycolysisT GLUT17, HK27, LDHAT, MCT41, PFKT, PKMT, ENOT
Glutaminolysis SCL38a3T, GLST, GLUD17
FAO|
Effector T cell
Th1 cell GlycolysisT GLUT17 Secretion of IFN-y [20, 21]
OXPHOST Proliferation
Th17 cell GlycolysisT HK27 Differentiation [22, 23]
OXPHOS |
GlutaminolysisT [23, 26]
FAO|, FAST ACCT Differentiation [24]
Treq cell FAOT Survival and function [25]
Dendritic cell
Activated DC GlycolysisT HK27 Survival, activation, and function [27]
FAO|
Tolerogenic DC Glycolysis | ENO|, GAPDHT, PKM27, LDHT [28, 29]
OXPHOST ACOT, IDHT, SDHT
FAOT
Synovial cell
RA-FLS GlycolysisT HK21, GLUT17, PFKFB3T, PKM2|, MCT47, PDK17 Survival, proliferation, activaton [41, 51]
OXPHOS |

Glutaminolysis

GLS11

5. T cell metabolism in rheumatoid arthritis

Chronic stimulation and the synovial microenviron-
ment alter the T cell metabolism in RA. Pro-inflam-
matory cytokines are involved in the pathogenesis of
RA. In particular, IL-17 induces stromal cells to
produce IL-6 and TNF-a, macrophage activation,
and osteoclast differentiation. Thus, IL-17 aggravates
synovial inflammation and promotes cartilage
and Dbone destruction [32,33]. In contrast,
Foxp3 + regulatory T (Treg) cells promote immune
tolerance and inhibit autoimmunity [34]. Thus, the
IL-17-producing helper T (Th17)/Treg balance plays
an important part in RA development [35].

The cellular metabolism of the T cells in RA
patients is not well known. Only a few studies have
analyzed the cellular metabolism in peripheral T
cells. The peripheral naive CD4+ T cells of RA
patients have a reduced expression of 6-phospho-
fructo-2-kinase/fructose-2,6-bisphosphatase 3
(PFKFB3) [36]. This enzyme is a key regulator of
fructose-2, 6-bisphospate, the allosteric activator of
PFK, and decreased PFKFB3 levels cause lower gly-
colysis while increasing the flux to the PPP and the
generation of NADPH. Elevated NADPH can neu-
tralize ROS, which, although damaging at high con-
centrations, are otherwise essential for promoting T
cell activation [37]. Indeed, the restoration of T cell
ROS can suppress synovial inflammation [36]. In
addition to the direct changes in T cells, the hypoxic
environment in the RA synovium [38] creates a
situation similar to chronic mitochondrial hyperpo-
larization. That is, the formation of the synovial
pannus restricts the availability of oxygen to infil-
trating immune cells, which can help alter the

glucose and mitochondrial metabolism [39]. This
situation is the opposite of that described above, in
which naive T cells mainly rely on OXPHOS for
their proliferation and survival, while Th17 cells and
Thl cells require glycolysis for their immune func-
tions. However, there are no reports on the cellular
metabolism of Thl7 cells and Treg cells from RA
patients. While T cell subsets are known to have
specific cellular metabolic profiles, which are closely
associated with their development and effector func-
tions [4,39], further investigation is required to
understand the immunometabolism in RA
pathogenesis.

6. Fibroblast like synovial cell metabolism in
rheumatoid arthritis

Fibroblast-like synoviocytes (FLSs) are a key compo-
nent of the invasive synovium and have a major
role in the initiation and perpetuation of destructive
joint inflammation [40]. FLSs normally assure the
structural and dynamic integrity of joints by con-
trolling the composition of the synovial fluid and
the extracellular matrix of the joint lining. In RA,
however, FLSs display pathogenic properties. RA-
FLSs proliferate and become a prominent compo-
nent of the destructive pannus that characterizes the
synovitis in RA patients. Furthermore, RA-FLSs
acquire an aggressive phenotype and mediate
inflammation and the destruction of the joint. RA-
FLSs have a high demand for ATP for their aggres-
sive proliferation during the disease progression
(Table 2). Like Th17 cells, RA-FLSs have increased
expressions of GLUT-1, HK2, pyruvate kinase M2
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Table 3. Molecules with therapeutic effects in arthritis models

Molecules  Target enzyme Pathway Target cells Effects Models  References
2-DG HK glycolysis RA-FLS Proliferation |, activation| CIA [48]
BrPA HK2 glycolysis Th17 cells  Th17 cells differentiation|  SKG, CIA [45, 47]
Treg cells  Treg cells differentiation?
DC DC activation| SKG [45]
RA-FLS Proliferation |, activation| CIA [48]
DCA PDH Glycolysis No data No data CIA [47]
968 GLS Glutaminolysis RA-FLS Proliferation |, activation| SKG [41]

SKGSKG: spontaneous arthritis model mice; CIA: collagen-induced arthritis; HK2: hexokinase-2; PDH: pyruvate
dehydrogenase; GLS: glutaminase; 2-DG: 2-deoxy-D-glucose; BrPA: 3-bromopyruvate; DCA: diachloroacetate.

Naive T
cells

Treg

O—

Dc Activated BrPA
precuser bc
Synovitis
Pannus formation
Th17
FLS Activated FLS
C968

Figure 2. Metabolic inhibitors affect cell differentiation and
activation in the SKG mouse arthritis model.

(PKM2), PFKFB3, and MCT4 [41]. Metabolomics
studies also revealed that RA-FLSs have greatly
increased glycolysis for ATP production [9,42,43].
While effector T cells require increased glycolysis
for their development and effector functions, RA-
FLSs require glycolysis and glutaminolysis for their
proliferation, survival, activation, and secretion of
inflammatory cytokines including chemokines (such
as IL6 and MMP-3) [6,41,44].

7. Metabolic alteration as a therapeutic
target in experimental models

Many metabolic inhibitors have been shown to have
therapeutic effects in animal arthritis models (Table
3). A number of glycolysis rate-limiting enzymes are
reported to serve as therapeutic targets. We previ-
ously reported that inhibiting HK2 with 3-bromo-
pyruvate (BrPA) can transform Thl7 cells to Treg
cells after their stimulation in vitro (Thl7 condi-
tions: IL6, TGF-f, anti-IL4 Ab, anti-IFN-y Ab, IL-
2), and ameliorated the experimental arthritis in
SKG mice [45] (Figure 2). In addition, Panneton
et al. [46] showed that BrPA decreased the disease
activity in a collagen-induced arthritis (CIA) model.
Bian et al. [47] reported that inhibiting PDK with
dichloroacetate (DCA) also ameliorated the arthritis
in CIA mice.

Like T cells, FLSs exhibit increased glycolysis and
are a prominent target in arthritis treatment strat-
egies. Blocking HK with 2-DG and BrPA ameliorated

the arthritis in CIA mice by blocking FLS prolifer-
ation [48].

In the Warburg effect, glycolysis increases and
OXPHOS decreases, leading to NADH deficiency,
and cells compensate for the lack of NADH by glu-
taminolysis. However, glutaminolysis is little investi-
gated as a therapeutic target in arthritis. Only
Takahashi, our colleague, reported that inhibiting
glutainase-1 suppresses the RA-FLS proliferation in
vitro and ameliorates the arthritis in SKG mice [41].

Interestingly, Th17 cells have increased FAS, and
inhibiting the FAS with soraphen A (SorA) sup-
presses Th17 cell differentiation and promotes Treg
cell development, thus relieving EAE. FAS does not
produce ATP or NADH, so it is unclear why SorA
suppresses Th17 cells [25].

Our results in SKG mice clearly indicated that
metabolic pathways can serve as a target for treating
chronic arthritis (Figure 2). In addition, metabol-
ism-altering nutrition-based treatments are currently
being tested in clinical trials (ClinicalTrials.gov
Registration Number: NCT02941055.).

7.1. Non-metabolic roles of metabolic enzymes

The mechanism by which glycolysis inhibition sup-
presses Th17 cells and promotes Treg cells has been
extensively investigated. Shi et al. demonstrated that
Th17 cell differentiation requires IL-6 stimulation,
which activates mTOR, leading to the overexpres-
sion of HIF-1a and glycolytic enzymes, and to an
increase in glycolytic activity [23]. These findings
supported the notion that the up-regulation of T-
cell glycolysis is not just a consequence of differenti-
ation, but rather is a necessary step to facilitate dif-
ferentiation [49]. In addition, several signals, such as
ROS, mTOR, PIK3, akt, and HIF-1oa, have been
found to induce an increase in glycolysis in T cells,
but these upstream signals cannot explain how
inhibiting glycolysis facilitates the differentiation of
Treg cells [23,24,50-52].

Recent studies have started to reveal unexpected
non-metabolic functions for metabolic enzymes in
the context of inflammation, including roles in sig-
naling and gene regulation (Figure 3). It is possible
that information gained by studying immunometab-
olism can be leveraged for therapeutic benefit by
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TCA cycle

exploiting these non-canonical features of the meta-
bolic machinery, thus modulating their contribution
to the immune response without impacting their
basal metabolic functions. In yeast, glucose triggers
a broad transcriptional program that suppresses the
expression of genes not required for growth in glu-
cose, commonly referred to as ‘glucose repression.’
Deleting HK2 relieves glucose repression [53], while
over-expressing GLUT1 cannot reverse glucose
repression. However, glucose repression does not
require the metabolic function of HK2 [54]. Instead,
HK2 binds directly to the transcriptional coactivator
Migl, and in this complex, binds to the promoters
of target genes [55,56]. Everts et al. reported that
DC activation requires an increase in glycolysis, but
not in the ATP from glycolysis or in FAO.
Moreover, only inhibiting HK2, and not PFKFB3 or
LDH-A, suppressed DCs [28]. These results sug-
gested that HK2 is essential for cell activation
through its non-glycolytic function.

PKM2 can exist as a tetramer or as a dimer that
lacks activity as a glycolytic enzyme, and the PKM2
dimer can localize to the nucleus [57]. PKM2 binds
to HIF1-a as a coactivator [58]. This activation of
HIF1-¢ does not require the catalytic activity of
PKM?2, but requires PKM2’s hydroxylation at
Pro403 and Pro408 by proline hydroxylase-3 [59].
In addition, PKM2 can directly phosphorylate
STAT3. Interestingly, phosphoenol pyruvate is not
just a substrate for PKM2, but is also required for
STAT3’s phosphorylation by PKM2. STAT3’s phos-
phorylation requires phosphoenol pyruvate, but not
ATP as a phosphate source [60,61].

When the glucose concentration is low, GAPDH
binds to AU-rich elements in the 3'-untranslated

L STAT3
g HIF1-o, 2'

e N o ,_, AV IFN-y mRNA

f_/

histone

region (UTR) of mRNAs, including those encoding
interferon gamma (IFN-y) and IL-2 [5,21].

In glycolysis, a-enolase catalyzes the conversion
of 2-phosphoglycerate to phosphoenolpyruvate
(PEP). In addition, a-enolase is known as Myc pro-
moter binding protein 1 (MBP-1), and it suppresses
the pro-proliferative transcription factor c-myc
[62,63]. A recent study revealed that Treg cells
express high levels of MBP-1. Moreover, enolase-1
directly hampered the transcription of the mRNAs
of Foxp3 splicing variants containing exon 2
(FoxP3E2) in induced Treg cells [64]. Foxp3E2 dir-
ectly inhibited RAR-related orphan receptor gamma
T (RORyT), which is an essential transcription fac-
tor in Th17 cells. Foxp3E2 directly binds to RORyT
via its E2 region [65].

LDH is a tetrameric enzyme variably composed
of A and B subunits that, when combined, form a
complex with the capability of converting pyruvate
to lactate. Peng and colleagues recently showed that
T cells mainly express the A subunits of LDH, and
that LDH-A is critical for the production of IFN-y
[66]. Depleting LDH-A resulted in the consumption
of glycolysis-derived acetyl-CoA, and thus decreased
the intracellular acetyl-CoA. Intracellular acetyl-CoA
is required for the acetylation that opens the IFN-y
locus during T cell activation [66]. Moreover, LDH-
A is reported to bind to 3’AU-rich elements in the
GM-CSF mRNA [67].

In this review, we have summarized the recent
progress in our understanding of the metabolic
changes in immune cells and RA-FLSs in RA, and
have also described signaling functions of metabolic
enzymes that are distinct from their enzymatic
activity. Surprisingly, these transcriptional activities



of metabolic enzymes are highly conserved from
yeast to humans, and much progress has been made
in this field by studying simple model systems.
Further exploration of the unique ways in which
metabolic processes contribute to immune responses
may clarify the relationship between metabolism
and inflammation, and lead to new therapeutic
strategies for RA.

A. Metabolome map including glycolysis, fatty
acid oxidation, fatty acid synthesis, glutaminolysis,
and the TCA cycle. B. Molecules with inhibitory
effects on metabolic enzymes are indicated by gray
shading. FAO: fatty acid oxidation, FAS: fatty acid
synthesis, GLUT: glucose transporter, MCT4: mono-
carboxylate transporter 4, HK: hexokinase, PHI:
phosphohexose isomerase, PFK: phosphofructoki-
nase, GAPDH: glyceraldehide-3-phosphate dehydro-
genase, ENO: enolase. PKM: pyruvate kinase muscle
isozyme, LDH: lactate dehydrogenase, PDH: pyru-
vate dehydrogenase, CS: citrate synthase, ACO: aco-
nitase, IDH: isocitrate dehydrogenase, KDH:
ketoglutarate dehydrogenase, SCS: succinyl CoA
synthetase, SDH: succinate dehydrogenase, FM:
fumarase, MDH: malate dehydrogenase, SCL3A8:
sodium-coupled neutral amino acid transporter 1,
GLUDL1: glutamate dehydrogenase 1, GLS: glutami-
nase, ACCl: acetyl-CoA carboxylase-1, 2-DG: 2-
Deoxy-D-glucose, BrPA: 3-bromopyruvate, 3-PO: 3-
(3-pyridinyl)-1-(4-pyridinyl)-2-propen-1-one, DCA:
diachloroacetate, SorA: soraphen A, DON: 6-diazo-
5-oxo-L-norleucine.

Naive T cells in quiescence rely mainly on FAO
for ATP production. In activated naive T cells, gly-
colysis and oxidative phosphorylation (OXPHOS)
are increased. Effector T cells have various meta-
bolic profiles. Th17 cells rely on glycolysis and glu-
taminolysis, and have decreased OXPHOS and FAO.
FAS is also increased in Thl7 cells. Treg cells
depend on FAO. Glycolysis is essential for DC acti-
vation, while tolerogenic DCs rely on OXPHOS
and FAO.

BrPA suppressed Thl7 cell differentiation,
induced Treg development, and suppressed DC acti-
vation, leading to an amelioration of the arthritis in
SKG mice. C968 inhibited the cell cycle of RA-FLSs,
which slowed the progression of arthritis in
SKG mice.

HK2, GAPDH, ENO, and PKM2 can migrate
into the nucleus, and act as a transcriptional or
translational factor. LDH-A is associated with ace-
tyl-CoA consumption in the cytosol and mitochon-
dria. An increase in lactate production in the
cytosol leads to a lack of acetyl-CoA in the mito-
chondria, resulting in a decrease in histone acetyl-
ation. HK2: hexokinase 2, GAPDH: glyceraldehide-
3-phosphate dehydrogenase, ENO: enolase, PKM2:
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pyruvate kinase muscle 2, LDHA: lactate dehydro-
genase-A.
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