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Mitochondria are major energy-producing organelles that have central roles in cellular
metabolism. They also act as important signalling hubs, and their dynamic regulation in
response to stress signals helps to dictate the stress response of the cell. Rheumatoid
arthritis is an inflammatory and autoimmune disease with high prevalence and complex
aetiology. Mitochondrial activity affects differentiation, activation and survival of immune
and non-immune cells that contribute to the pathogenesis of this disease. This review
outlines what is known about the role of mitochondria in rheumatoid arthritis
pathogenesis, and how current and future therapeutic strategies can function through
modulation of mitochondrial activity. We also highlight areas of this topic that warrant
further study. As producers of energy and of metabolites such as succinate and citrate,
mitochondria help to shape the inflammatory phenotype of leukocytes during disease.
Mitochondrial components can directly stimulate immune receptors by acting as damage-
associated molecular patterns, which could represent an initiating factor for the
development of sterile inflammation. Mitochondria are also an important source of
intracellular reactive oxygen species, and facilitate the activation of the NLRP3
inflammasome, which produces cytokines linked to disease symptoms in rheumatoid
arthritis. The fact that mitochondria contain their own genetic material renders them
susceptible to mutation, which can propagate their dysfunction and immunostimulatory
potential. Several drugs currently used for the treatment of rheumatoid arthritis regulate
mitochondrial function either directly or indirectly. These actions contribute to their
immunomodulatory functions, but can also lead to adverse effects. Metabolic and
mitochondrial pathways are attractive targets for future anti-rheumatic drugs, however
many questions still remain about the precise role of mitochondrial activity in different cell
types in rheumatoid arthritis.
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INTRODUCTION

Mitochondria have long been described as central energy-
producing organelles and regulators of cellular metabolism, but
throughout the years many additional cellular functions of
mitochondria have become apparent. It is now appreciated
that these complex organelles also contribute to intra- and
inter-cellular signalling through the actions of proteins, DNA,
lipids, metabolites, and reactive oxygen species, and mitochondrial
components are capable of directly activating the immune system.

Rheumatoid arthritis (RA) is a chronic inflammatory and
autoimmune condition driven by a complex interplay of different
immune and non-immune cell types. Dysregulation of immune
signalling pathways causes local inflammation within the
synovial joint, as well as a host of systemic complications such
as an increased risk of cardiovascular diseases, all of which pose a
significant risk to the affected individual’s quality of life (1).
Known risk factors for the development of RA are both genetic
and environmental, with the most important genetic link being
the “shared epitope” of the MHC class II HLA-DR allele (1).
Auto-antibodies such as rheumatoid factor or anti-citrullinated
protein antibodies (ACPA) are found in a high percentage,
though not all, of RA patients, and are associated with a more
severe disease, but the presence of these antibodies generally pre-
dates the development of clinical symptoms of arthritis by several
years (2). It is considered that an assortment of cumulative
triggering events, which are variable and still incompletely
understood, then lead to the progression of a pre-clinical
arthritis into established RA (1). Active RA disease involves
expansion of the synovial membrane of the joint to form an
invasive pannus, leading to joint damage and dysfunction. The
identification of different subtypes of RA, which show varying
degrees of contribution from infiltrating leukocytes to synovial
pathology, highlights the heterogeneity of this disease and
indicates that a range of diverse mechanisms likely drive
disease pathogenesis in different individuals (1, 3, 4).

Metabolic dysregulation is a key contributing factor to the
initiation and development of disease in autoimmunity, and
much recent work has focused on the study of metabolic
processes in RA and other inflammatory diseases in order to
better understand and treat these complex conditions. Due to
their pleiotropic effects on the cell, mitochondria contribute
to disease pathogenesis via metabolic actions as well as through
direct effects on signalling pathways.

In this review we address the contribution of mitochondria to
pathological processes in RA, as well as how mitochondrial
function can be altered by therapeutics in the context of RA
treatment. We focus on the metabolic function of mitochondria
in different cell types in RA, as well as how this organelle
facilitates immune cell activation and production of inflammatory
mediators. This has mostly been studied in T cells, macrophages,
and fibroblasts, but there is also some evidence for mitochondrial
regulation of endothelial cells, osteoclasts, neutrophils and
chondrocytes in the context of arthritis. Mitochondria have a
well-established role in the process of apoptosis, however this
topic is outside the scope of the current review except where it
directly relates to metabolic processes, and we direct the readers to
Frontiers in Immunology | www.frontiersin.org 2
other reviews on the topic (5), including in the context of
rheumatoid arthritis (6, 7).
MITOCHONDRIAL DYNAMICS

Mitochondrial Fusion Versus Fission
The opposing processes of fusion and fission regulate the gross
structure and overall organisation of mitochondria, and impact
upon many aspects of mitochondrial function, including DNA
segregation, oxidative phosphorylation efficiency, reactive
oxygen species (ROS) production, and apoptosis. These
mitochondrial activities can in turn impact cellular function in
a multitude of ways, therefore mitochondrial dynamics plays a
key role in cellular homeostasis and signalling (8). The balance of
fusion and fission regulates the activity and survival of immune
cells including T cells and macrophages. A fragmented
mitochondrial state is observed in effector T cells, as well as
macrophages treated with lipopolysaccharide (LPS) or infected
with Mycobacterium tuberculosis in vitro, and this fission is
linked to inflammatory cell function (8–11). In contrast, LPS
treatment of human monocytes has been linked to a large, fused
mitochondrial state (12, 13). Hyperfused mitochondria with
tight cristae are observed in memory T cells, which retain high
oxidative capacity and generate ATP through fatty acid oxidation
and oxidative phosphorylation (9).

Due to their central role in mitochondrial regulation and
cellular homeostasis, the fusion and fission processes are tightly
controlled by a variety of interconnectedmechanisms. Inmonocytes,
the microRNA miR-125b regulates mitochondrial dynamics and
apoptosis in several ways, including by downregulation of the
mitochondrial fission protein MTP18 (12). Expression of miR-
125b was found to be reduced in peripheral monocytes from RA
patients compared with healthy individuals, although the precise
contribution of this finding to disease processes has not been
determined (12). T cells in systemic lupus erythematosus (SLE)
contain large, fused mitochondria characterised by high membrane
potential and excessive ROS production (14), however dysregulated
fusion/fission processes have not been described in T cells from RA
patients to our knowledge.

In addition to the regulation of immune cell function,
mitochondrial dynamics also play a role in stromal cell
activity. Fibroblasts are a major cell type present in the healthy
synovial membrane, and these cells significantly contribute to
disease processes in RA (15). Proliferation of fibroblasts leads to
formation of the expanded synovial pannus, and these cells
mediate extracellular matrix and cartilage degradation,
contribute to immune cell recruitment and activation, and
activate endothelial cells (15). Synovial tissue and ex vivo-
cultured fibroblast-like synoviocytes (FLS) from RA patients
show shortened mitochondria and elevated expression of the
mitochondrial fission GTPase dynamin 1-like protein (DNM1L,
also known as dynamin-related protein 1: Drp1) (16, 17).
Inhibition of mitochondrial fission with the GTPase inhibitor
m-divi in a collagen-induced arthritis (CIA) mouse model
reduced disease severity, decreased synovial tissue ROS levels,
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and inhibited expression of inflammatory and destructive
mediators (17).

Determining the precise contributions of fusion and fission
processes to cellular function and disease is complicated by the
fact that the machinery responsible for these processes also serve
additional roles (8). For example, the fusion GTPase Opa1 also
regulates mitochondrial cristae structure, which in turn
modulates supercomplex formation and apoptosis (18); and
the fusion-related protein mitofusin 2 has been linked to
inflammasome activation and interleukin-1b (IL-1b) production,
which shall be discussed in more detail in a later section (19). The
specificity of tools that are commonly used to inhibit such
machinery has also been brought into question, for example m-
divi was shown to inhibit mitochondrial complex I activity
independently of any effects on fusion/fission (20).
Mitochondrial Biogenesis Versus
Mitophagy
As well as showing dynamic regulation in the form of fusion and
fission, cellular mitochondrial content is regulated by the balance
of mitochondrial biogenesis and the degradation and recycling of
mitochondrial components through autophagy – termed
mitophagy. During homeostasis, this balance helps to maintain
a healthy and functional population of mitochondria and may be
indicative of overall respiratory capacity. The balance of fusion/
fission and biogenesis/mitophagy are exquisitely sensitive to
metabolic cues, such as nutrient availability and mitochondrial
membrane potential (21). Cellular stress can be associated with
an imbalance of these processes, and accumulation of damaged
mitochondria can drive cellular dysfunction and/or immune cell
activation. Disruptions to these pathways have been linked to a wide
range of diseases, including cancers and several neurodegenerative
diseases (21, 22).

The precise impact of mitophagy or its disruption on RA
pathogenesis is poorly understood. Dysregulation of autophagy,
whether increased or decreased, has been demonstrated in
several different cell types in RA and has been linked to
pathogenic processes (16, 23, 24), however the distinction
between mitophagy and general autophagy in these studies has
not been made. Clearance of defective mitochondria by
mitophagy is important for the survival of chondrocytes from
osteoarthritis (OA) patients, therefore this process likely has a
role in protecting against cartilage loss in arthritis, but a specific
link to rheumatoid arthritis was not shown (25).

Total mitochondrial mass is maintained in RA T cells, despite a
decrease in respiratory activity in these cells compared with healthy
controls (26). In contrast, T cells in SLE show higher mitochondrial
load, attributable to increased biogenesis and decreased mitophagy
(14). It is plausible that both mitochondrial biogenesis and
mitophagy are disrupted in RA T cells, as it has been shown that
activation of the energy sensing kinase AMPK is dysfunctional in
these cells (27). AMPK serves as a crucial regulator of metabolic
processes and acts to maintainmitochondrial homeostasis (28). The
fact that AMPK is responsible for stimulating both mitophagy and
mitochondrial biogenesis could explain the lack of changes in total
mitochondrial mass in RA T cells. Activation of AMPK is also
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mitochondrial damage (28). The disrupted activity of AMPK in RA
T cells results in uncontrolled activity of the mTOR complex
mTORC1, which promotes T cell proliferation and inflammatory
Th1 and Th17 differentiation that are associated with synovitis (27).
mTOR is also a known regulator of mitochondrial dynamics
through the control of mitochondrial protein synthesis (29).
Whether the disruption of these energy sensing pathways in RA
gives rise to a pool of dysfunctional mitochondria and contributes
to oxidative stress needs to be determined.
MITOCHONDRIAL METABOLIC ACTIVITY
AND ATP PRODUCTION

One of the central functions of the mitochondrion is the
generation of adenosine triphosphate (ATP), which acts as
the cell’s energy currency. ATP is produced in high quantities
by the process of oxidative phosphorylation, carried out by the
mitochondrial respiratory chain (aka electron transport chain/
ETC) within the inner mitochondrial membrane. Coupling of
electron transport and proton transfer produces an electrochemical
gradient across the inner mitochondrial membrane (known as the
mitochondrial membrane potential), allowing proton-driven
phosphorylation of ADP by the enzyme ATP synthase (30).
Mitochondrial respiration consumes oxygen, therefore cellular
consumption of oxygen is commonly used as a readout of
mitochondrial respiratory chain activity, with the ATP synthase
inhibitor oligomycin being used to distinguish ATP-coupled oxygen
consumption from other oxygen-consuming processes (30). The
process of glycolysis involves the metabolism of glucose in the
cytoplasm to generate pyruvate or lactate, allowing ATP production
without oxygen consumption. Akin to the Warburg effect that is
critical for cancer cell survival and proliferation, an increased rate of
aerobic glycolysis is strongly linked to inflammatory activity in a
number of different immune and stromal cell types (31, 32).
Mitochondrial activity in inflammatory contexts, particularly in
the context of inflammatory disease, is more varied and is still
incompletely understood, however important advances in our
understanding have been made in recent years (Figure 1).

Monocytes and Synovial Tissue
Macrophages
Inflammatory activation of macrophages, dendritic cells and
monocytes results in upregulation of glycolytic metabolism,
which is necessary for many of the pro-inflammatory functions
of these cells (13, 32, 33). Numerous in vitro studies, which have
predominantly focused on cells of mouse origin, show that this
increase in glycolysis is accompanied by a robust downregulation
of oxygen consumption and mitochondrial ATP production.
This is thanks to the repurposing of the electron transport
chain (ETC) and the tricarboxylic acid (TCA) cycle for ROS
generation and the provision of specific metabolites for signalling
and biosynthetic functions. These processes are reviewed
extensively elsewhere (32–35), and are further discussed below.
However, recent evidence has shown that metabolic responses to
April 2021 | Volume 12 | Article 673916
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toll-like receptor 4 activation with LPS differ in human myeloid
cells, and that different forms of inflammatory stimulus result in
distinct metabolic phenotypes (13, 36). Therefore, the study of
these pathways in the context of inflammation in human disease
is required to fully appreciate the immunometabolic landscape
of disease.

Circulating monocytes and monocyte-derived macrophages
from the peripheral blood of RA patients are hyper-metabolic,
displaying enhanced rates of both glycolysis and oxidative
phosphorylation (37). Patient-derived cells showed elevated
basal, ATP-linked and maximal oxygen consumption under ex
vivo analysis compared with cells from healthy individuals (37).
RA patient-derived macrophages had increased numbers of
mitochondrial-ER contacts, forming structures known as
mitochondria-associated membranes (MAMs). These structures
facilitate calcium transfer between organelles, which can increase
mitochondrial enzyme efficiency. The increased mitochondrial-ER
associations were linked to deactivation of glycogen synthase kinase
3b (GSK3b), a kinase implicated in the regulation of mitochondrial
respiratory activity. Increased levels of the inactive, phosphorylated
form of GSK3b were detected in RA patient blood monocytes and
synovial CD68+macrophages. From a functional perspective, these
metabolic adaptations were linked to increased macrophage
production of the collagenase cathepsin K (37). This enzyme is
involved in bone resorption and contributes to joint destruction in
arthritis (38). Zeisbrich et al. demonstrated that the activity of
cathepsin K correlated with RA disease activity (37). Cathepsin K is
also associated with atherosclerotic lesions, and the authors suggest
that the hypermetabolic and destructive phenotype of the RA
Frontiers in Immunology | www.frontiersin.org 4
patient macrophages, which mechanistically mirror that of
coronary artery disease macrophages, may increase the risk of
systemic complications associated with disease, such as
cardiovascular complications (37). Whether this metabolic
phenotype in the periphery is a cause or a consequence of joint
inflammation is difficult to determine, and further investigation is
required to understand whether macrophages in the synovium
share this hypermetabolic signature.

Recent studies identified distinct types of synovial tissue
macrophages with either protective or inflammatory functions
in mouse and humans (39–41), and showed that these synovial
tissue macrophage subpopulations appear to have opposing
preferences for mitochondrial versus glycolytic metabolism
(39). In the human synovium, macrophage subsets that express
the TAM receptor MerTK predominantly display a pro-resolution
gene expression signature and are associated with the healthy joint
and RA disease remission (39). These subsets show elevated
expression of genes linked to oxidative phosphorylation,
including eleven out of the thirteen mitochondrially-encoded
ETC subunit genes (Figure 2). In contrast, subsets lacking
MerTK, which express high levels of pro-inflammatory
mediators and induce an inflammatory and destructive
phenotype in co-cultured fibroblasts, display elevated expression
of genes of glycolysis, the pentose phosphate pathway (PPP) and
transporters for glucose and lactate (Figure 2) (39). These
expression profiles support our current understanding of general
concepts of macrophage immunometabolism, that inflammatory
macrophage function is driven by a skewing of metabolic activity
towards glycolysis and the PPP, and away from mitochondrial
FIGURE 1 | Metabolic phenotype of different cell types in rheumatoid arthritis. ROS, reactive oxygen species; MAM, mitochondria-associated membrane.
April 2021 | Volume 12 | Article 673916
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ATP production (42). However, it remains to be seen precisely
how the activity of different metabolic pathways varies amongst
subpopulations of cells in RA, and to what extent these metabolic
phenotypes dictate cellular function in vivo.

T Cells
The metabolic regulation of T cells is crucial to allow their
proliferation and effector functions following activation. Upon
antigen recognition, quiescent naïve T cells transition into
rapidly expanding effector T cells. These effector cells are
driven by high rates of glycolysis, which allows fast energy
production and provides substrates for DNA, lipid and protein
synthesis. In contrast, long-lived memory T cells upregulate
catabolic processes and depend upon mitochondrial oxidative
metabolism (8). Inflammatory microenvironments such as the
RA synovium induce metabolic reprogramming of T cells, which
contributes to pathogenic processes. Retention of CD4+ T cells
within the inflamed tissue is brought about by uptake of lactate,
which drives increased fatty acid synthesis and elevated
production of IL-17 (43).

In contrast to the hypermetabolic RA monocytes, circulating
CD4+ T cells from RA patients show reductions in both oxygen
consumption and lactate production in comparison with healthy
controls. Consequently, ATP production rate and intracellular
ATP levels are reduced in patient cells (24, 26, 44, 45). Several
mechanisms have been linked to these phenomena.
Frontiers in Immunology | www.frontiersin.org 5
One such mechanism is the diversion of glycolytic flux away
from the mitochondria and lactate production, with carbon
instead being rerouted into the PPP for production of NADPH
and nucleotides. This was found to be achieved through the
balance of two key rate-limiting enzymes, PFKFB3 and G6PD
(44). PFKFB3 produces fructose 2,6-bisphosphate, the allosteric
activator of the glycolytic enzyme PFK-1, and its upregulation in
response to T cell activation was attenuated in RA T cells (24). In
contrast, glucose-6-phosphate dehydrogenase (G6PD), which
catalyses the first and rate-limiting step of the PPP, was over-
expressed in RA T cells. This resulted in enhanced NADPH
production and elevated levels of reduced glutathione in the
patient cells. The increased antioxidant capacity was found to
hinder the signalling function of intracellular ROS that are
produced upon TCR activation, preventing activation of the cell
cycle checkpoint kinase ATM, and giving rise to hyperproliferative
T cells skewed towards inflammatory Th1 and Th17 differentiation
(24, 44). Intracellular signalling by reactive oxygen species is also an
important factor in other aspects of inflammatory cell function,
which shall be discussed later.

In addition to reduced pyruvate entry into the mitochondria,
RA CD4+ T cells possess a disrupted TCA cycle, which
contributes to the loss of mitochondrial activity and reduced
mitochondrial membrane potential in these cells (45).
Specifically, T cells from RA patients have low activity of the
mitochondrial enzyme succinyl-CoA ligase due to suppressed
A B

FIGURE 2 | Synovial tissue macrophage subpopulations display distinct metabolic gene expression signatures. Data from Alivernini et al. (39). (A) Heatmap of
synovial tissue macrophage single cell RNA sequencing data displaying differential expression of metabolism-associated genes across macrophage subpopulations
(clusters). Detailed information on the characterisation and function of different clusters and their contribution to different disease outcome groups can be found in
Alivernini et al. (39). (B) Pathway schematic of the data from (A). Genes upregulated in at least one cluster of pro-inflammatory macrophages are displayed in red,
and genes upregulated in at least one cluster of pro-resolving macrophages are displayed in blue. STM, synovial tissue macrophage; PPP, pentose phosphate
pathway; ETC, electron transport chain.
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expression of the SUCLG2 subunit gene. This was shown to
result in elevated levels of upstream metabolites a-ketoglutarate,
citrate and acetyl-CoA. From a functional perspective, this
metabolic disruption increased acetylation of tubulin and
promoted T cell motility and migration, resulting in greater
pro-inflammatory potential and synovial invasiveness in vivo
(45). Mitochondria were shown to cluster to a perinuclear region
within RA T cells, which was also dependent upon tubulin
acetylation, and which likely contributes to the regulation of
mitochondrial signalling in these cells (45).

These findings demonstrate the intimate and inter-connected
relationships between different metabolic pathways and their
interplay with signalling pathways and multiple aspects of cellular
functionality, as well as the relevance of these relationships to
inflammatory disease.

Peripheral blood CD8+ T cells from RA patients demonstrate
enhanced glycolysis and lactate production compared with
healthy controls or other types of inflammatory arthritis (46).
This glycolytic phenotype was accompanied by decreased
mitochondrial membrane potential and oxygen consumption
in RA patient cells. A glycolytic gene expression signature was
also evident in CD8+ T cells from the RA synovium, which are
predominantly present in ectopic lymphoid follicles. The
reduced dependence on oxidative metabolism in the RA
patient cells is thought to underlie their enhanced ability to
proliferate in hypoxic conditions, and the RA T cells were shown
to increase uptake of glutamine and its conversion to lactate
when subjected to low oxygen and glucose (46). The increased
lactate production from RA CD8+ T cells indicates that these
cells are not subject to the same glycolytic checkpoints as seen in
RA CD4+ T cells, however both metabolic phenotypes are
associated with increased production of inflammatory mediators
and are linked to disease processes.

Fibroblast-Like Synoviocytes
Stromal cell metabolic function is also associated with RA
pathogenesis. Fibroblasts consume glucose at high rates under
inflammatory conditions, including in animal models of arthritis
(47, 48). Fibroblast-like synoviocytes (FLS) from RA patients
demonstrate a Warburg-like metabolic shift in comparison to
OA FLS, favouring glycolysis over oxidative metabolism, and
silencing of the glycolytic enzyme hexokinase-2 was able to
reduce FLS migration and ameliorate disease in a serum-
transfer arthritis model (47, 49). Kim et al. found that RA FLS
show decreased basal respiratory rate and respiratory capacity
compared with OA FLS, which was associated with mitochondrial
depolarisation and abnormal morphology of cristae (16). These
traits could be recapitulated in vitro by treatment of FLS with IL-
17 or co-culture with Th17 cells, implicating inflammatory T cell
activity in RA fibroblast dysregulation. Expression of several
components of the mitochondrial ETC was decreased by IL-17
treatment (16). A hallmark of FLS in RA is their resistance to
apoptotic signals, which contributes to FLS activation, synovial
hyperplasia and formation of the invasive pannus (6). One
mechanism that has been implicated in this apoptosis resistance
is increased autophagy, which allows the cell to withstand nutrient
deprivation and inhibits the ER stress response (50, 51). In the
Frontiers in Immunology | www.frontiersin.org 6
study by Kim et al., IL-17 treatment reduced apoptosis of RA FLS,
and inhibition of autophagosome formation could reverse this
effect. As mitochondrial dysfunction can be a trigger of autophagic
processes, these results suggest a link between IL-17-mediated
mitochondrial stress, autophagy and FLS survival, which could be
an important pathway in disease progression (16).

Similarly to macrophages, recent studies have highlighted
important distinctions between the roles of different subpopulations
of T cells and fibroblasts in RA (52, 53). It will therefore be
interesting to determine whether these different subsets also show
distinct metabolic phenotypes that determine their specific functions.

Other Cell Types
There is little study of mitochondrial activity in other immune
cell types in RA, with the majority of the focus in this context being
on macrophages and T cells. B cells contribute to various stages of
RA pathogenesis through the production of autoantibodies and by
contributing to cytokine production and antigen presentation (1).
Activated B cells upregulate both glycolytic and oxidative
metabolism to meet the high energetic demands of proliferation
and antibody production, andmitochondrial mass increases upon B
cell stimulation in vitro (54). Mitochondrial signalling, in particular
mitochondrial ROS generation, is important for dictating specific B
cell differentiation paths (55). The precise metabolic state of B cells
in RA has not been described, however deletion of one allele of the
PPARg gene resulted in hyperproliferative and hyperresponsive B
cells and exacerbated disease in an antigen-induced arthritis model.
This suggests that lipid metabolism may be important in regulating
B cell responses in RA (56).

Neutrophils also play a role in RA disease, contributing to
inflammatory and destructive processes and acting as sources of
autoantigens (57). Neutrophils rely heavily on glycolysis for
energy production (58), and neutrophils from RA synovial
fluid displayed an enhanced glycolytic gene signature compared
with peripheral blood neutrophils from the same patients (57).
Changes in mitochondrial activity have been shown to impact
upon neutrophil functions such as chemotaxis (58), however this
has not yet been demonstrated in the context of RA. Neutrophils
are thought to be a source of immunostimulatory extracellular
mitochondrial DNA in autoimmune diseases (59–61), which shall
be discussed in a later section, but the metabolic regulation of
neutrophils in RA warrants further study.

Hypoxia
The precise contribution of mitochondrial activity to ATP
production within the synovial environment is yet to be fully
understood. One important factor to take into consideration is
the availability of oxygen within this microenvironment, as the
inflamed synovium has been demonstrated to be profoundly
hypoxic. Synovial tissue oxygen tension (pO2) varies considerably
between patients, but average measurements of around 20mmHg
have been reported (equivalent to roughly 3% ambient
concentration), and values as low as 3.2mmHg (0.45%) have been
detected (62–64). In vivo pO2 was shown to negatively correlate
with macroscopic synovitis, as well as with the numbers of CD3+
and CD68+ cells within the synovial sublining layer (64). The
hypoxic microenvironment can exacerbate disease via many
April 2021 | Volume 12 | Article 673916
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different mechanisms, which are reviewed in detail by McGarry
et al. and Deng et al. (65, 66). These include the induction of
oxidative stress, as well as the stabilisation of HIF-1a, which directly
stimulates the production of inflammatory cytokines such as IL-1b
and promotes glycolytic metabolism (65, 66).

A number of regulatory mechanisms (in the most part
coordinated by HIF-1a) act to reduce mitochondrial activity
during low oxygen conditions. This serves to prevent excessive
ROS production at complexes I and III of the ETC (67). These
mechanisms include decreasing expression and promoting subunit
remodelling of ETC complexes, as well as reducing substrate entry
into the mitochondrial TCA cycle through inhibition of pyruvate
dehydrogenase (67–69). Hypoxia has also more recently been
shown to cause reduced expression of the mitochondrial
pyruvate carrier (MPC), which is critical for transport of
glycolysis-derived pyruvate into the mitochondria (70). Chronic
hypoxia may result in an additional suite of adaptations over those
of an acute hypoxia insult. Exposure of the monocyte cell line
THP1 to chronic hypoxia (72h) substantially reduced oxygen
consumption compared with normoxia or acute hypoxia,
however a low level of oxidative respiration was maintained
through increased electron-transferring flavoprotein expression
and oxidation of fatty acids and glutamine (71).

Hypoxia can also have cell type-specific effects. In contrast to
other cell types, exposure of osteoclasts to hypoxia did not cause
inhibition of pyruvate dehydrogenase activity, and these cells
actually increased their mitochondrial activity in hypoxia
compared with normoxia (72). This enabled increased ATP
production, which is necessary for the increase in bone
resorptive activity demonstrated by osteoclasts in hypoxia,
suggesting that increased mitochondrial activity in osteoclasts
may contribute to bone loss in severe RA (72).

The activity of mitochondria within synovial cell populations
is therefore dependent upon the extent to which these regulatory
mechanisms are deployed, and this highlights the importance of
studying these cells within physiologically relevant conditions.

Nitric Oxide
Another important factor affecting the activity of mitochondrial
metabolism in immune cells is the production of nitric oxide
(NO). This short-lived signalling molecule is produced from
arginine by the nitric oxide synthase (NOS) enzymes, and
inhibits mitochondrial metabolism through a variety of
mechanisms. NO reversibly inhibits cytochrome c oxidase
activity through competition for the oxygen binding site (73).
In addition, NO irreversibly inhibits several mitochondrial
enzymes through direct modification of cysteine residues by
the process of nitrosylation. This particularly affects iron-sulfur
cluster-containing enzymes, including the TCA cycle enzyme
aconitase and complexes I and II of the ETC (73–75). NO
signalling has also been linked to reduced abundance of
complex I subunits, including key catalytic subunits (76). These
mechanisms cooperatively lead to decreased mitochondrial activity
and oxygen consumption.

The expression of inducible nitric oxide synthase (iNOS,
encoded by the Nos2 gene) and production of NO is a
hallmark of mouse “M1”-type pro-inflammatory macrophages
Frontiers in Immunology | www.frontiersin.org 7
and LPS-treated dendritic cells. In these cells NO is implicated in
the strong inhibition of oxidative metabolism following toll-like
receptor activation, and contributes to cellular commitment to
glycolysis (75–78). Despite this striking effect in mouse cells,
human macrophages show little or no synthesis of NO following
the same activation signals in vitro, which has been explained by
the detection of extensive CpGmethylation of theNos2 promoter
in human cells (79–81). This likely underlies the observation that
cultured human monocyte-derived macrophages do not
downregulate mitochondrial oxygen consumption in response
to LPS treatment (36). However, it has been shown that PBMCs
from RA patients demonstrate detectable iNOS expression and
produce NO (82), suggesting that this signalling molecule may be
relevant to mitochondrial regulation in the inflammatory
environment in vivo. These findings further stress the
importance of studying metabolic processes under disease-
relevant conditions, as well as the vital consideration of the
differences between human disease and animal models (81).

Nitric oxide is also produced by T cells, and increased NO
production by these cells in SLE has been linked to increased
mitochondrial mass and mitochondrial hyperpolarisation (83).
Elevated NO production was also detected in circulating T cells
from RA patients compared with controls, although no
differences in mitochondrial mass were detected between these
groups (84). NO has also been suggested to influence T cell
differentiation, however opposing effects have been reported on
Th17 differentiation in different studies (79). Differing
consequences of T cell-intrinsic production versus exogenous
exposure, as well as opposing effects of large versus small
quantities of NO on T cell survival, also complicate the
formation of conclusions on the contribution of this signalling
molecule to RA disease (79). However, the striking impact of NO
on a variety of different metabolic processes means that this small
molecule deserves further study in disease-relevant situations.
FATTY ACID OXIDATION

Oxidative phosphorylation is fuelled from several different
sources. In addition to pyruvate derived from glycolysis and
glutamate produced by the metabolism of glutamine, the TCA
cycle can receive carbon from fatty acids through acetyl-CoA
generation by the process of fatty acid b-oxidation (FAO). This
process also generates NADH and FADH2, which can directly
drive the mitochondrial respiratory chain. b-oxidation occurs
within the mitochondria through a series of enzymatic reactions.
The rate limiting step is entry of fatty acid acyl-CoA into the
mitochondria, which involves conjugation to carnitine by the
enzyme carnitine palmitoyltransferase I (CPT1) (32). FAO is an
important mechanism of energy production in certain immune
cell types, including regulatory T cells and “M2”-type
macrophages (32). While FAO was previously described as
essential for macrophage differentiation in response to IL-4
(M2 differentiation), as well as for memory T cell differentiation,
the dependence of these cells on FAO has more recently been
brought into question. This was thanks to evidence of non-specific
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effects of the inhibitor etomoxir, which is used to inhibit CPT1
activity (85, 86), as well as the finding that inhibition of FAO in
human monocyte-derived macrophages did not prevent M2 gene
expression or anti-inflammatory function (87). Despite these
question marks, fatty acid metabolism has been shown to be
disrupted in RA, although more work is required to fully
understand the dysregulation of FAO processes in different
cell types.

Rodgers et al. described a link between carnitine shuttling of
fatty acids and the production of the chemokine CCL20, which
has roles in lymphocyte recruitment and osteoclast activity (88).
Treatment of human monocytes with exogenous carnitine
enhanced LPS-induced CCL20 production, and culture of
monocytes in RA synovial fluid led to an increase in
intracellular carnitine metabolites under hypoxic conditions. It
was proposed that entry of monocytes into the hypoxic and
inflamed synovial joint brings about alterations in fatty acid
dynamics, supporting the production of CCL20 and promoting
further inflammation and joint damage (88). A different study
found that carnitine was elevated in synovial fluid samples from
RA patients compared with healthy subjects (89). However, this
study also showed that enzymes involved in FAO, including
HADHA and ACADVL, were significantly downregulated in RA
FLS compared with healthy subjects (89). These results suggest
that modulation of fatty acid metabolism may vary between
different cell types in RA. Hypoxia may be a key regulator of
these processes in the synovium, as silencing of HIF-1a in FLS
could increase expression of FAO enzymes (89).

Fatty acid metabolism is also disrupted in T cells during RA
disease. RA patient T cells accumulate lipid droplets within their
cytoplasm through high rates of fatty acid synthesis, which
facilitates T cell hypermotility and tissue invasion (90). Enzymes
of the FAO pathway were found to be elevated in RA T cells, but
there were no differences in expression of Cpt1. Therefore it
remains to be seen how delivery of fatty acids into the
mitochondria and their degradation are regulated in this context,
and whether insufficient FAO contributes to the lipid accumulation
and low levels of ATP seen in the patient T cells (90). It was
subsequently shown that AMPK activation is dysfunctional in RA
T cells (27), and AMPK is known to inhibit fatty acid synthesis and
to activate mitochondrial fatty acid uptake (28). Therefore
dysregulated energy sensing in these cells may result in an
imbalance between b-oxidation and fatty acid synthesis,
contributing to pathogenic activity of inflammatory T cells.

Elevated levels of free fatty acids of multiple types have been
found in the synovial fluid of RA patients relative to healthy
individuals (91), however fatty acids were lower in RA synovial
fluid compared with other inflammatory arthritis types (92).
Different types of fatty acid can have a range of pro- or anti-
inflammatory functions via multiple mechanisms, including by
directly stimulating immune cell receptors, or by influencing
membrane synthesis and composition (93–95). Therefore, it is
difficult to separate the energy-generating functions of fatty acids
in the mitochondria from other roles in RA based solely on
abundance measurements. Changes in fatty acid metabolism
may also perpetuate extra-articular symptoms of RA, for
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example differential expression of enzymes involved in fatty
acid metabolism were observed in skeletal muscle tissue in an
arthritis model and RA patients (96).
GLUTAMINOLYSIS

The metabolism of amino acids has emerged as a vital process
that drives both the proliferation of cancer cells and the function
of immune cells, and which exceeds the requirement for protein
synthesis (97, 98). The amino acid glutamine acts as the principal
nitrogen donor for production of nucleic acids and non-essential
amino acids, as well as contributing carbons to the mitochondrial
TCA cycle through its conversion first to glutamate and
subsequently to a-ketoglutarate via a process known as
glutaminolysis (98). In this way glutamine metabolism is an
important anaplerotic mechanism that helps to maintain TCA
cycle flux (97–99). Glutaminolysis also contributes to epigenetic
regulation through the generation of cofactors or inhibitors of
chromatin remodelling enzymes (100–103), and affects protein
modification through hexosamine biosynthesis (104).

The mitochondrial enzyme glutaminase 1 (GLS1) catalyses
the first step of glutaminolysis: the deamidation of glutamine to
glutamate. Takahashi et al. showed that expression of GLS1 was
higher in RA FLS compared with those from OA patients, and
glutamine starvation or knock-down of GLS1 significantly
inhibited RA FLS proliferation. Pharmacological inhibition of
glutaminase also reduced RA FLS proliferation both in vitro and
in vivo, and significantly ameliorated disease in an SKG mouse
model of arthritis (105). These results suggest that RA FLS
exhibit a “glutamine addiction” similar to certain cancer cells
(98, 105). However, this reliance on glutamine may relate only to
specific pathological properties of FLS, such as proliferation, as
inhibition of GLS1 did not alter FLS production of either IL-6 or
matrix metalloproteinase-3 (105).

Activated T cells strongly upregulate both glucose and
glutamine uptake, and through its numerous functional roles
within the cell glutamine metabolism differentially impacts
effector activity of different T cell subsets (101). The presence
of glutamine has been shown to control the balance of
differentiation between Treg cells and Th1 or Th17 cells (103,
106). Recent work reported that Th17 cells are more reliant upon
glutaminolysis than are other T helper subsets, and GLS1 is
preferentially upregulated in Th17 cells (101, 103, 107). GLS1
inhibition reduced Th17 proliferation and IL-17 production in
vitro, and ameliorated Th17-driven inflammation in vivo in
models of inflammatory bowel disease, allergic airway disease
and experimental autoimmune encephalomyelitis (101, 107).
Despite these reports of a dependence on glutaminolysis for
Th17 cell differentiation and proliferation, Takahashi et al. found
no difference in Th17 numbers in the spleen of SKG mice
following administration of a GLS1 inhibitor (105). However
in a different study, the glutamine antagonist 6-diazo-5-oxo-L-
norleucine (DON) reduced the proportion of splenic Th17 cells,
and showed an additive beneficial effect on arthritis severity
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when used along with the mTOR inhibitor rapamycin in the SKG
mouse model (108). The precise role of glutaminolysis in T
helper cell function in RA therefore requires further study.

As mentioned above, CD8+ T cells from RA patients were
able to metabolise glutamine to lactate when subjected to low
glucose conditions (46). Therefore, glutamine may be
particularly important in the inflamed synovial environment,
where competition for glucose is fierce due to the abundance of
activated immune and stromal cells. RA CD8+ T cells strongly
upregulated expression of the glutamine transporter SLC5A1
upon stimulation, resulting in significantly elevated expression
compared with healthy control cells (46).

Glutamine metabolism has also been shown to be important
for monocyte/macrophage function. Glutamine feeds the TCA
cycle in both LPS- and IL-4-treated macrophages (97, 99, 102,
104), and the abundance of glutamine-derived metabolites a-
ketoglutarate, succinate and fumarate influences macrophage
polarisation and innate immune memory through epigenetic
mechanisms and prolyl hydroxylase regulation (99, 100, 102).
How these mechanisms influence cellular activity in RA is thus
far unknown.

A metabolomic study comparing different inflammatory
arthropathies found that synovial fluid glutamine levels were
highly elevated in RA patients in comparison with ankylosing
spondylitis, Behçet’s disease or gout (92). Baseline levels of
glutamine in the urine or serum of RA patients also
contributed to two independent metabolite profiles that could
distinguish clinical responders versus non-responders to anti-
TNFa therapy, with elevated glutamine levels associating with a
favourable response (109, 110). Priori et al. showed that serum
glutamine levels significantly increased following six months of
etanercept treatment in good responders (110). While it is
difficult to directly infer mechanistic changes based on these
metabolomic studies, the differences in glutamine levels may help
to stratify patients for effective treatment strategies.
TCA CYCLE METABOLITES

The tricarboxylic acid (TCA) cycle is a series of enzymatic
reactions that occur in the mitochondrial matrix to produce
reducing equivalents in the form of NADH and FADH2 to fuel
the ETC. TCA cycle metabolites also participate in branching
pathways for the biosynthesis of alternative small molecules and
macromolecules, or can have signalling roles in their own rights
(30). All of these functions have the potential to contribute to
disease processes in inflammatory conditions such as RA.
Measurement of metabolite concentrations in different biofluid
samples from patients can give insights into mechanisms of
disease, as well as identifying potential disease biomarkers that
will assist in accurate diagnosis or prediction of response
to therapy.

Succinate
Succinate is produced from succinyl-CoA in the TCA cycle, and
is metabolised to fumarate by the enzyme succinate dehydrogenase,
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which forms complex II of the ETC. Extracellular succinate was
found to be elevated in the synovial fluid in an antigen-induced
arthritis model compared with naïve mice, and the level of paw
swelling correlated with the level of succinate in the synovial fluid
(111). Succinate can also be found in the synovial fluid of patients
with RA (111). Similarly to glutamine, succinate was strongly
elevated in synovial fluid from RA patients compared with other
forms of inflammatory arthritis (92). However, while succinate was
detected in the synovial fluid in a separate comparison of several
inflammatory and non-inflammatory arthritis types, no metabolic
distinction was found between patient groups in this study (112).
Metabolomic studies of plasma and serum found no significant
differences in succinate levels between RA patients and controls (91,
113–115), or between RA patient groups with differing disease
activity (114), meaning that succinate levels are unlikely to be a
useful clinical biomarker of disease. It is unclear whether these
different results represent mechanistic differences in disease
processes between the circulation and synovium, or if the power
of the studies was insufficient to detect differences in this metabolite
in serum samples.

Macrophages are known to accumulate succinate following
an inflammatory challenge, due to a break in the TCA cycle
caused by inhibition of succinate dehydrogenase, as well as
through increased anaplerosis of TCA cycle metabolites from
glutamine and the GABA shunt (99, 116, 117). In addition to
intracellular accumulation, macrophages have been shown to
release succinate into the extracellular environment following
LPS treatment in vitro (111). LPS treatment of endothelial cells
also induces succinate accumulation, as does hypoxia exposure of
both endothelial cells and synovial fibroblasts, indicating that
several cell populations could contribute to elevated succinate
levels within the synovial environment (118).

From a mechanistic perspective, succinate can have
inflammatory effects in both the intra- and extra-cellular
compartments. Accumulation of intracellular succinate in
macrophages inhibits prolyl hydroxylase (PHD) enzymes either
directly or through increased ROS generation (117). This leads to
stabilisation of HIF-1a, promoting glycolytic metabolism and IL-1b
production, amongst other effects (99). Inhibition of PHDs can also
induce NF-kB-mediated inflammatory gene expression through
increased activity of the kinase IKKb, which promotes the
degradation of IkBa, the negative regulator of NF-kB (102, 119).

Extracellular succinate can act as an alarmin or danger signal,
enhancing immune cell activation by autocrine and paracrine
signalling through the plasma membrane succinate receptor
SUCNR1/GPR91 (120). This G protein-coupled receptor is
expressed by several different cell types, including dendritic
cells (DCs) and macrophages, where its expression is further
enhanced following inflammatory stimulation (111, 120).
Activation of SUCNR1 on macrophages enhances HIF-1a
protein expression and augments production of IL-1b in
response to inflammatory challenge. Deletion of the Sucnr1 gene
led to a reduction in synovial IL-1b levels and significantly reduced
knee swelling in an antigen-induced arthritis model (111).
Activation of SUCNR1 on DCs promotes their migration to
lymph nodes and enhances costimulatory capacity of DCs
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towards T cells (120). This was linked to exacerbation of disease in
antigen-induced arthritis through increased expansion of Th17
cells (121).

Succinate also promotes angiogenesis within the synovial
membrane by stimulating the production of vascular endothelial
growth factor (VEGF) by endothelial cells. This has been linked to
intracellular accumulation of succinate in these cells leading to
stabilisation of HIF-1a, as well as activation of endothelial cell
SUCNR1 by extracellular succinate, both of which promote VEGF
production (118). Endothelial cell activation and increased
angiogenesis are known to contribute to pathogenic processes in
RA, for example by enabling and promoting leukocyte recruitment
and migration, as well as supporting hyperplasia of the synovial
pannus (122). Treatment of RA synovial fibroblasts with succinate
in vitro increased production of basic fibroblast growth factor
(bFGF) and cellular invasion, which could also contribute to the
invasive pannus during disease (123).

Despite these numerous reports of an inflammatory role for
succinate signalling, several groups have instead described an
anti-inflammatory function of this metabolite, including in
isolated bone marrow-derived or peritoneal macrophages (124,
125), and in adipose tissue under steady state and in the context
of obesity (125). These anti-inflammatory effects are suggested to
occur through both SUCNR1-dependent and -independent
mechanisms (124). Keiran et al. also reported that macrophage
expression of Sucnr1 is reduced by LPS treatment and increased
by the type 2 cytokine IL-4 (125), which is in opposition to
previously reported findings (111). In the context of cancer,
tumour-derived succinate induced migration and IL-6
production in tumour-associated macrophages, but also
increased Arg1 expression, a marker of both “M2”-type and
tumour-associated macrophages (126). Collectively these results
suggest that cell type and context are key for the precise role of
succinate in immune cell regulation.

The mechanism of export of succinate from cells of the
synovium is also not fully understood. Release of succinate into
the extracellular environment upon cell death and rupture is well
documented and is consistent with the action of this metabolite as
an alarmin (120). Membrane transport of succinate in viable cells is
less well understood, although cancer cells have been shown to take
up succinate in order to fuel mitochondrial metabolism via sodium-
coupled dicarboxylic acid transporters such as NaDC3 (SLC13A3)
(127). Reddy et al. also showed that the monocarboxylate
transporter MCT1 (SLC16A1) can export succinate from active
muscle cells, with important paracrine effects (128). Both of these
transport activities required a low pH environment (127, 128). It
remains to be seen whether these mechanisms are responsible for
succinate transport in the synovial environment, which, similarly to
active muscle and the tumour microenvironment, can exhibit
localised acidic pH due to high glycolytic rates and enhanced
lactic acid production (129, 130). MCT1 has also been shown to
be expressed in the arthritic synovial joint (131).

Citrate and Itaconate
Citrate is a TCA cycle metabolite produced from acetyl-CoA and
oxaloacetate by the enzyme citrate synthase. Similarly to
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succinate, citrate accumulates in inflammatory macrophages
due to interruption of the TCA cycle. Mechanisms implicated
in this accumulation are downregulation of the downstream
enzyme isocitrate dehydrogenase (IDH) (104), as well as NO-
mediated inhibition of aconitase, the enzyme that converts
citrate to isocitrate (75). Citrate also accumulates in RA T cells
due to succinyl-CoA ligase deficiency and reversal of the TCA
cycle, as well as through uptake and metabolism of lactate from
the inflamed microenvironment (43, 45). Citrate is a key
biosynthetic metabolite that supports inflammatory
macrophage and T cell function. It is used to generate acetyl-
CoA, which itself is utilised for the synthesis of fatty acids and
lipids, including prostaglandins, and for protein modification.
Citrate is also used for the production of NADPH, which is
required for NO and ROS generation and to support antioxidant
processes (42).

Another fate of intracellular citrate is its conversion into the
immune-related metabolite itaconate by the enzyme aconitate
decarboxylase 1 (ACOD1), also known as immune-responsive
gene 1 protein (IRG1). Irg1 is one of the most strongly induced
genes upon LPS stimulation of macrophages, and intracellular
itaconate accumulates to high levels (132). The original described
function of itaconate was its direct anti-microbial action through
inhibition of the glyoxylate shunt, but it has since been shown to
have a number of immunomodulatory functions. These include
but are not limited to: anti-inflammatory action through the
inhibition of succinate dehydrogenase activity; antioxidant roles
through indirect activation of the transcription factor Nrf2; and
contribution to innate immune tolerance (116, 132–135).

Despite the accumulation of citrate in inflammatory
macrophages in vitro and peripheral blood T cells from RA
patients, levels of citrate were found to be significantly reduced in
synovial fluid, serum and urine samples from RA patients
in comparison with healthy individuals (89, 136). The decrease
in synovial fluid citrate was linked to decreased expression of
citrate synthase in RA patient synovial tissue. Other enzymes of
the TCA cycle were also found to be reduced in RA synovial
tissue in this study, including malate dehydrogenase and a
component of the a-ketoglutarate dehydrogenase complex
(DLST), suggesting an overall decrease in TCA cycle activity
during disease (89).

An alternative explanation for the decrease in citrate levels in
RA could be increased consumption of this metabolite in
alternative pathways, for example for the production of
itaconate, which has been detected in the plasma of patients
with early RA (137). In these patients the change in itaconate
levels showed highly significant negative correlation with
changes in disease activity following the initial 3 months of
conventional disease-modifying anti-rheumatic drug (DMARD)
therapy, with a decrease in overall disease activity (DAS44) or
measures of inflammation (CRP and ESR) being associated with
an increase in plasma itaconate (137). While itaconate
production is strongly induced by inflammatory stimuli, its
anti-inflammatory and antioxidant properties could account
for the negative correlation found here, and the role of this
metabolite in the resolution of disease warrants further investigation.
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In contrast with these findings in patients, a metabolomic
analysis of the transgenic human TNFa mouse model of
polyarthritis (Tg197) found that itaconate was high in samples
from these transgenic mice following spontaneous disease
development, whereas no itaconate was detected in wild-type
mice and transgenic animals following treatment with infliximab
(anti-hTNFa). The expression of the Irg1 gene was accordingly
higher in the hind limb tissue from transgenic animals relative to
wild-type (138). This study also found higher levels of citrate in
synovial fibroblasts of the transgenic mice compared with wild-
type, in opposition to the decreased citrate seen in patient studies
(136, 138). The differences in these studies may represent
different disease mechanisms, as well as distinct mechanisms of
action of conventional DMARDs and the anti-TNF biologic.
These results also highlight the difficulties in interpretation of
correlation data when it comes to deciphering mechanisms of
disease or therapeutic activity, especially when it comes to
feedback mechanisms such as anti-inflammatory mediators
that are regulated by inflammatory signals.

The intracellular functions of itaconate are orchestrated both
inside the mitochondrion (e.g. inhibition of succinate
dehydrogenase) and in the cytosol (e.g. alkylation of KEAP1 to
activate Nrf2), and itaconate can be transported across the
mitochondrial membrane by the human citrate carrier and 2-
oxoglutarate/malate carrier (135). Transporters of itaconate have
been identified in certain fungal species that are utilised for
industrial synthesis of itaconate (139), however the mechanism
by which mammalian cells may excrete or take up itaconate is
not known. As a dicarboxylic acid salt, itaconate is unable to
freely cross the plasma membrane, and this has resulted in the
use of various modified membrane-permeable forms of the
metabolite to investigate its role in immune regulation (140).
Puchalska et al. showed that exogenous unmodified itaconate
could be taken up by bone marrow-derived macrophages,
resulting in an altered metabolic fate of glucose. This occurred
to a greater extent in unstimulated and IL-4-treated macrophages
compared with LPS-treated, suggesting that uptake may be
dependent upon an itaconate concentration gradient (141).

The extent to which itaconate is taken up from the extracellular
environment in RA and what metabolic or inflammatory
consequences this may have are yet to be determined. It is also
unclear whether itaconate may have additional effects by acting at
the cell surface. For example, the inhibition of succinate
dehydrogenase has been attributed to the structural similarity of
itaconate to succinate, allowing it to act as a competitive inhibitor
of the succinate-consuming enzyme (132). This begs the question
of whether extracellular itaconate can act as an antagonist of the
succinate receptor SUCNR1 in a similar way.
THE NLRP3 INFLAMMASOME

The term inflammasome describes a family of multi-protein
complexes that have roles in cell survival and inflammation.
These complexes are characterised by pattern recognition
receptors that undergo oligomerisation and act as signalling
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hubs for the recruitment of the caspase-1 effector protein
(142). One of the most well-studied of the inflammasomes,
which we shall focus on here, is NLRP3. In addition to its roles
in infection, cardiovascular disease, cancer and Alzheimer’s
disease to name but a few, the NLRP3 inflammasome is widely
studied in the context of inflammatory and autoimmune diseases
(142–144). Gain-of-function mutations within NLRP3 are
associated with the autoinflammatory disease cryopyrin-
associated periodic syndrome (CAPS), and aberrant or
excessive activation of NLRP3 has been linked to pathogenesis
in SLE and various forms of arthritis (142, 144, 145). The NLRP3
inflammasome is also considered to be an important sensor of
systemic metabolic disturbance, and is linked to the low-grade
inflammation that plays a pathological role in metabolic
disorders such as obesity and type 2 diabetes (146).

NLRP3 is a nucleotide‐binding leucine‐rich repeat (NLR)
receptor protein that is activated in response to a wide variety of
stress signals, including bacterial, viral and fungal infections;
endogenous damage-associated molecular patterns (DAMPs);
cytokines; and lipid metabolites and other markers of metabolic
stress (145, 146). Oligomerised NLRP3 recruits the adaptor protein
ASC, and this in turn recruits procaspase-1, which undergoes self-
cleavage to generate the active caspase-1 effector (Figure 3) (145).
One outcome of NLRP3 inflammasome activation that underlies its
link to inflammation, is the release of two members of the
interleukin-1 family: IL-1b and IL-18. These cytokines are
initially produced as extended precursor forms in response to an
initial priming signal, for example stimulation of toll-like receptors
and activation of classical inflammatory signalling pathways such
as NF-kB. Subsequent release of the active cytokines requires their
cleavage by activated caspase-1 (145). Another outcome of NLRP3
activation is a form of cell death termed pyroptosis, which also
plays a role in propagating inflammation. Pyroptosis involves
cleavage of the protein gasdermin D (GSDMD), which
subsequently forms oligomeric pore structures within the plasma
membrane (Figure 3). This allows release of inflammatory
cytokines into the extracellular space, including IL-1b and IL-18,
as well as cytoplasmic material that can further act as DAMPs and
activate neighbouring immune cells (147).

Methods of activation and regulation of the NLRP3
inflammasome are extensively reviewed elsewhere (142, 145,
148). Here we shall focus solely on the mitochondria-linked
mechanisms of regulation, and the relevance of NLRP3 activity
to rheumatoid arthritis.

Mitochondria act as important stress-signalling organelles,
and mitochondrial disruption results in NLRP3 activation via
several mechanisms. Reactive oxygen species were identified as
important mediators of NLRP3 activation, however the
phagosome-located NADPH oxidase enzymes, which are major
producers of ROS in myeloid cells, were shown not to be the
source of the activating signal for NLRP3 (149–151).
Dysfunctional mitochondria produce high levels of ROS,
termed mtROS, through the transfer of electrons from the ETC
to molecular oxygen (152). Artificial induction of high mtROS
levels in vitro using ETC inhibitors resulted in production of
active IL-1b, indicative of NLRP3 activation (151, 153, 154).
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Conversely, inhibition of ROS formation, or ROS scavenging by
either endogenous or exogenous antioxidants, strongly impaired
inflammasome activation and IL-1b release (151, 153, 154).
Autophagic degradation and recycling of mitochondrial
components by mitophagy is an important process for the
removal of damaged or defective mitochondria. Inhibition of
autophagy/mitophagy strongly elevated the cellular mtROS
levels and was accompanied by an increase in IL-1b release,
identifying mitophagy as an important process in preventing
excessive inflammatory responses through intracellular
mitochondrial stress (151, 154). Autophagy can also play another
role in dampening the inflammatory response through direct
destruction and recycling of inflammasome components,
preventing cleavage and release of IL-1b and IL-18 (155).

In addition to ROS-dependent inflammasome activation,
several groups have reported ROS-independent activation, and
a requirement for functional mitochondria and an intact
mitochondrial membrane potential has been described. It is
likely that the precise activating signal dictates the method of
inflammasome activation (19, 156, 157). Consistent with the role
of the inflammasome as a metabolic sensor, fatty acid
metabolism is linked to regulation of NLRP3 activation, and
mitochondrial processes contribute to this regulation. The
mitochondrial uncoupling protein UCP2 enhances NLRP3 and
IL-1b expression by promoting fatty acid synthesis, which is
achieved through increased expression of the enzyme fatty acid
synthase. Increased fatty acid synthesis promotes activation
of Akt and p38 MAPK signalling pathways, which drive
Frontiers in Immunology | www.frontiersin.org 12
NLRP3 and cytokine gene expression (158). Somewhat
contradictory to these findings, fatty acid oxidation was also
shown to promote NLRP3 activation, regulated by the
mitochondrial fatty acid transport enzyme CPT1A and ROS
generation by the enzyme NADPH oxidase 4, which also
localises to mitochondria (159).

Un-activated NLRP3 protein resides in the cytoplasm, where
it associates with the endoplasmic reticulum (ER). Upon priming
and activation, the components of the inflammasome relocate
to the mitochondria, where they co-localise with both
mitochondria and ER at mitochondria-associated membrane
(MAM) structures (151, 160). Several different mitochondrial
components have been identified that interact with NLRP3 and
facilitate the mitochondrial association and activation of the
inflammasome. The mitochondrial-specific phospholipid
cardiolipin associates directly with both NLRP3 and caspase-1,
and was shown to be crucial for inflammasome activation in
response to various stimuli (161, 162). NLRP3 also interacts with
MAVS, an anti-viral protein that forms large aggregates within
the outer mitochondrial membrane upon sensing of viral RNA.
MAVS was found to recruit NLRP3 to the mitochondria and
facilitate its activation in response to viral infection (160, 163).
Mitofusin 2 (Mfn2), a protein involved in mitochondrial fusion,
also interacts with NLRP3 and facilitates its activation in
response to RNA viruses (19). Mfn2 is also known to associate
with MAVS, suggesting that a large protein complex assembles at
the mitochondrial surface and regulates inflammasome
localisation and function (Figure 3) (19).
FIGURE 3 | Mitochondrial regulation of NLRP3 inflammasome activation and mitochondrial DAMP activity. The NLRP3 inflammasome is activated by signals
including mitochondrial reactive oxygen species (ROS), oxidised mitochondrial DNA (ox-mtDNA) and potassium efflux through the ATP-gated channel P2X7.
Components of the inflammasome localise to mitochondrial and ER membranes upon activation, where they associate with MAVS, Mfn 2 and cardiolipin in the
outer mitochondria membrane. Oligomerised NLRP3 and its adapter protein ASC recruit and activate caspase-1, which cleaves gasdermin D and interleukin-1
family cytokines into their active forms. Ox-mtDNA also exhibits DAMP activity by stimulating other pattern recognition receptors including the endosomal toll-like
receptor TLR9.
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ATP is a well-recognised activator of NLRP3, and mitochondria
represent an important source of ATP within the cell.
Mitochondrial DNA (mtDNA) has also been implicated in
inflammasome activation (164). These shall be discussed in more
detail in a later section. Mitochondria therefore act as important
signal generators, as well as signalling platforms, for the activation
of the NLRP3 inflammasome.

Activity of the inflammasome has been shown to contribute
to pathogenesis in RA. IL-1b has long been known to promote
inflammatory and destructive processes within the RA
synovium. This occurs through its actions on both immune
cells and stromal cells, inducing the production of inflammatory
cytokines, chemokines and adhesion molecules, as well as
matrix-degrading enzymes and activators of osteoclast-
mediated bone resorption (165). IL-1b also potently inhibits
the tissue repair process, thereby exacerbating and prolonging
joint damage (165). Infiltrating monocytes/macrophages are
considered to be the major producers of IL-1b within the
synovium, and NLRP3 was found to be activated within this
cell population in RA synovial tissue samples (165, 166).
Pharmacological inhibition of NLRP3 in the mouse CIA model
significantly reduced disease severity and diminished both
synovial inflammation and cartilage erosion (166). The
ubiquitin-editing enzyme A20 (aka TNFAIP3) counteracts
inflammatory signals and is important in the prevention of
arthritis, as reviewed by Wu et al. (167). One mechanism by
which A20 inhibits inflammation is through negative regulation
of NLRP3 and caspase-1 activation, suppressing interleukin
production and pyroptosis (167, 168). Myeloid-specific
deletion of A20 results in a spontaneous polyarthritis with
characteristics of RA, and deletion of NLRP3 could protect
these mice from disease (168).

Due to the apparent importance of IL-1b action in RA, a
recombinant IL-1 receptor antagonist, therapeutically named
anakinra, was investigated in clinical trials. IL-1R antagonism
showed significant clinical benefit in RA patients compared with
placebo, and anakinra was approved for the treatment of
conventional DMARD-resistant RA (169, 170). However, the
results of these trails were less striking than was anticipated based
on pre-clinical studies, and anakinra treatment showed efficacy
in a lower proportion of patients in comparison to trials of other
biologic DMARDs, such as anti-TNFa therapies (166, 170).

Interleukin-18, the second cytokine dependent upon
inflammasome activation and cleavage by caspase-1, has also
been implicated in driving pathogenic mechanisms in RA.
Synovial tissue expression of IL-18 protein was found to
correlate with CRP, and macrophages were also implicated in
the production of this cytokine (171, 172). Deletion or therapeutic
neutralisation of IL-18 reduced incidence and/or severity of
disease in CIA mouse models, and the pathogenic roles of this
cytokine include promoting polarisation and activation of Th1
cells and macrophages (171, 173, 174). Therefore, the direct
targeting of the NLRP3 inflammasome may prove more effective
in RA treatment than blocking IL-1 activity alone, due to
inhibition of both IL-1b and IL-18 signalling, as well as
preventing the release of alarmins via pyroptosis (166).
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MITOCHONDRIAL DAMPS

Mitochondria act as an important source of damage-associated
molecular patterns (DAMPs). These endogenously derived
molecules signal the occurrence of tissue injury, cellular
destruction, or cellular stress, and can activate immune cells in
a similar way to microbial-derived pathogen-associated
molecular patterns (PAMPs). Due to the bacterial ancestry of
mitochondria as described by the endosymbiont theory,
mitochondrial components are able to activate the same
pattern recognition receptors (PRRs) as exogenous PAMPs
(175). DAMPs signal through several different receptors,
including toll-like receptors (TLRs), NOD-like receptors (NLRs),
RIG-I-like receptors (RLRs) and purinergic receptors (175). A
large number of studies have focused on the role of the
mitochondrion as a source of DAMPs and the potential
involvement in the pathogenesis of RA.

ATP
Mitochondria are the major cellular producers of ATP, with
oxidative phosphorylation producing 18 times more ATP per
glucose molecule than glycolysis. Release of ATP into the
extracellular environment can occur as a result of cell death,
and thus this small molecule acts as an alarmin, stimulating an
immune response by acting on a variety of cell surface receptors
(176). Extracellular ATP and UTP released from apoptotic cells
act as chemoattractants for phagocytes such as monocytes,
facilitating the removal of apoptotic cell debris. This is
achieved through the activation of the purinergic G-protein
coupled receptor P2Y2 on the cell surface of monocytes and
macrophages (177). Early work in this field showed that in vitro
treatment of human RA synovial fibroblasts with ATP or UTP
was able to mobilise intracellular calcium, consistent with the
activation of G-protein coupled receptors (GPCRs) such as
P2Y2. Extracellular nucleotides and IL-1a synergised to
stimulate synovial fibroblasts to secrete prostaglandins E2, an
important lipid mediator of inflammatory signalling (178).

The most extensively studied link of extracellular ATP to
inflammation is through its function as an activator of the
NLRP3 inflammasome. ATP is commonly used in vitro as the
second signal of inflammasome activation, as it promotes NLRP3
oligomerisation and cleavage of pro-IL-1b and pro-IL-18 (145).
One mechanism by which ATP achieves activation of NLRP3 is
through stimulation of the alternative purinergic receptor P2X7
(Figure 3). This is a ligand-gated ion channel that is broadly
expressed, but which shows highest expression in the monocyte-
macrophage lineage and has been extensively linked to
regulation of the innate and adaptive immune systems (179,
180). Activation of the P2X7 receptor by ATP results in efflux of
potassium ions, which is a common mechanism of NLRP3
activation that is also employed by the ionophore nigericin (145).

As discussed above, inflammasome activation and the
upregulation of IL-1b and IL-18 production has been linked to
RA disease processes, and the specific involvement of the P2X7
receptor has also been demonstrated. Elevated expression of the
P2X7 receptor has been shown on total PBMCs and circulating
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monocytes from RA patients compared with control subjects,
and RA patient blood cells produced significantly higher levels of
IL-1b in response to LPS+ATP stimulation compared with
healthy control cells (181–183). A recent study found that
significantly elevated proportions of circulating Th17 and Th1
cells stained positive for P2X7 in samples from either SLE or RA
patients compared with healthy controls. The percentage of
P2X7-expressing Th17 cells correlated with both DAS28 and
serum concentrations of IL-1b (184). Activation of the P2X7
receptor and NLRP3-dependent IL-1b production by dendritic
cells is important for priming of T cells, and this pathway was
shown to regulate CD8+ T cell activity in the anti-cancer
immune response (185) and Th17 differentiation in arthritis
models (181).

Cytochrome c
Permeabilization of the outer mitochondrial membrane and
release of cytochrome c from the intermembrane space into
the cytosol is an important initiating signal for the intrinsic
pathway of apoptosis. Cytosolic cytochrome c activates a caspase
cleavage cascade that culminates in apoptotic cell death, which
unlike other forms of cell death, is generally not inflammation-
inducing (5, 186).

In contrast to its role in the cytosol, cytochrome c released
into the extracellular environment may be able to act as a DAMP
and stimulate immune cell activation (175, 186). Intra-articular
injection of cytochrome c into mice resulted in a short-lasting
inflammatory arthritis characterised by pronounced myeloid cell
infiltration, in which neutrophils were the key drivers of
pathology (187). Despite this link to arthritis symptoms, lower
levels of cytochrome c were found in the serum of RA patients
compared with healthy controls, and synovial levels were lower
than matched serum samples. While the authors suggest that this
may be due to increased consumption of cytochrome c in the
inflammatory synovial environment, it remains to be seen
whether there is a physiological role for the inflammation-
promoting activity of this protein in RA (187). Extracellular
cytochrome c may have relevance to autoimmunity in SLE, as
autoantibodies to cytochrome c were detected in a small
proportion of SLE patients in an early study (188).

mtDNA
Mitochondrial DNA (mtDNA) consists of small circular DNA
structures resembling plasmids that encode a limited number of
genes, including ribosomal components, tRNAs, and key
subunits of the ETC (189). These DNA molecules contain
unmethylated CpG motifs similar to bacterial DNA, allowing
them to act as agonists for PRRs including TLR9, cGAS and
inflammasomes (189). MtDNA can be readily oxidised due to
close proximity to the ETC machinery that acts as the site of
mtROS production, and the oxidation state of mtDNA is an
important factor in modulating its ability to activate PRRs (189,
190). The inflammation-promoting activity of mtDNA can be a
cell intrinsic process through its release into the cytoplasm; or
alternatively extracellular mtDNA can stimulate neighbouring
cells or have wide-spread stimulatory effects through release into
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the circulation. The precise mechanisms of mtDNA DAMP
activity, including proposed methods of release from the
mitochondrion and receptor signalling pathways, are reviewed
elsewhere (189, 191).

As a demonstration of the inflammatory properties of
mtDNA, Collins et al. showed that intra-articular injection of
mtDNA promoted inflammatory arthritis in mice, whereas
injection of nuclear DNA had no effect. Pathology was driven
by myeloid cells and could be ameliorated by inhibition of NF-
kB activity (192). A synthetic oligodeoxynucleotide containing
an oxidised residue was also able to induce inflammatory
pathology, whereas the non-oxidised form of the same
sequence had no inflammatory effect, demonstrating the
greater immunostimulatory properties of oxidised DNA (192).

In the context of RA, extracellular mtDNA can be detected in
synovial fluid and blood plasma (60, 190, 192). Extracellular
mtDNA levels were found to be significantly higher in RA than
in OA or healthy controls, and mtDNA copy number positively
correlated with CRP (60). Levels of mtDNA bound to the surface
of circulating blood cells were also elevated in RA, although there
was no significant correlation with either disease activity or
treatment response in this study (193). Hajizadeh et al. found
that RA patients who tested positive for synovial fluid mtDNA
were more likely also to be positive for rheumatoid factor, and
that levels of 8-hydroxy-2’-deoxyguanosine (8-oxodG), a marker
of oxidative DNA damage, were higher in RA synovial fluid than
controls (190). These results suggest that oxidised mtDNA (ox-
mtDNA), a potent PRR agonist, may contribute to immune cell
activation in RA.

As discussed earlier, the synovial environment can be
profoundly hypoxic, particularly in the presence of high levels
of inflammation and dysregulated angiogenesis that can occur in
RA and other forms of inflammatory arthritis (63, 64, 194). Low
oxygen conditions cause increased production of mtROS, which
can exacerbate oxidative damage of mtDNA and contribute to
PRR activation (194). Biniecka et al. demonstrated that in vitro
hypoxia exposure led to increased levels of 8-oxodG in a human
synovial fibroblast cell line (63).

Neutrophils have been implicated as a source of extracellular
mtDNA that contributes to inflammatory disease. Neutrophils
from RA patients demonstrate an oxidative stress gene signature,
and mtDNA levels have been shown to correlate with synovial
neutrophil numbers (60). Direct stimulation of isolated
neutrophils with mtDNA induced expression of RANKL,
suggesting that this DAMP could drive osteoclast-mediated
bone erosion in the RA joint (60). NETosis is a form of
inducible cell death that occurs in neutrophils involving the
release of complexes of decondensed chromatin and anti-
microbial proteins, termed neutrophil extracellular traps
(NETs). NETs function to trap and neutralise infectious agents,
but are also implicated in the pathogenesis of autoimmune
diseases including SLE and RA through stimulation of cytokine
production and the release or extracellular generation of
citrullinated proteins that act as autoantigens (57, 61, 195–
197). Hypopolarised mitochondria have been shown to be
released during NETosis, and ox-mtDNA contributes to NET
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formation in SLE, promoting interferon production and
interferon stimulated gene signatures (61). In addition to
promoting oxidation of mtDNA with immunostimulatory
consequences, mitochondria-derived ROS are pivotal for the
initiation of NETosis in response to certain triggers, as well as
the spontaneous NETosis of pro-inflammatory low-density
granulocytes from SLE patients (61, 198). Vorobjeva et al. also
showed that the mitochondrial permeability transition pore is
required for ROS production and NETosis in response to a
calcium ionophore (198). NETosis-independent release of ox-
mtDNA from neutrophils has also been demonstrated, which
potently stimulates type I interferon production by plasmacytoid
DCs, and this study found that some individuals with SLE
develop antibodies against ox-mtDNA (59).

Cytosolic mtDNA has also been linked to the activation of the
NLRP3 and AIM2 inflammasomes, resulting in caspase-1
activation and release of IL-1b and IL-18 (154, 164). The
induction of apoptosis by inflammatory stimuli is associated
with the release of mtDNA into the cytosol, and ox-mtDNA can
interact with and activate NLRP3 in cells undergoing apoptosis
(164). Inhibition of apoptosis, for example through the
overexpression of the anti-apoptotic protein Bcl-2, could
prevent NLRP3 activation and IL-1b release (164). Elevated
levels of cytoplasmic ox-mtDNA have been detected in CD4+
T cells from RA patients. This was linked to reduced expression
of the nuclease MRE11A, which forms part of the MRN DNA
repair complex. Inhibition of this nuclease caused mitochondrial
dysfunction, indicated by reduced oxidative metabolism and
increased mtROS production. This led to enhanced oxidative
damage of mtDNA and its release into the cytoplasm, activating
the inflammasome and resulting in IL-1b release and pyroptotic
cell death. Restoring MRE11A function in a chimeric mouse
model of arthritis reduced ox-mtDNA levels, caspase-1
activation and synovial tissue inflammation (26). Reduced
mtDNA repair capacity and mitochondrial damage has also
been linked to chondrocyte apoptosis in osteoarthritic cartilage
(199, 200).

The ability of other mitochondrial components to act as DAMPs
has also been demonstrated. Cardiolipin, which is present in
mitochondrial and bacterial membranes, has been shown to bind
to TLR4 and either inhibit or activate signalling from this
receptor, depending on the level of saturation or oxidation of
the cardiolipin acyl chains (201). The relevance of these
observations to autoimmune diseases has not yet been
determined. Exposure of cardiolipin on the outer face of
mitochondria also contributes to NLRP3 inflammasome
activation, as previously discussed (161, 162, 201). Anti-
cardiolipin antibodies can be detected in samples from RA
patients, although these are more frequently associated with
primary antiphospholipid syndrome or SLE (202), and this
autoimmunity does not constitute true DAMP activity.

N-formyl peptides are also well-established mitochondria-
derived DAMPs, which are a product of mitochondrial protein
synthesis and act as strong chemoattractants for neutrophils
(175). While an agonist of a formyl peptide receptor was shown
to ameliorate disease in a serum transfer model of arthritis (203),
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this may be related to mimicking of endogenous anti-
inflammatory agonists of this receptor rather than recapitulating
mitochondrial N-formyl peptide detection, and the direct relevance
of these mitochondrial-derived peptides to RA has not been
investigated to our knowledge.
mtDNA MUTATION

In addition to its role as a DAMP, mitochondrial DNA is highly
prone to mutation, which can promote inflammatory and
autoimmune processes in a number of ways. The vulnerability
of mtDNA to mutation is caused by the lack of extensive high
fidelity repair processes, the high copy number of mtDNA within
each cell, and the close proximity to ROS generating machinery
(189, 204, 205). Mutations within the mitochondrial protein-
coding genes can result in changes to peptide sequences that
bring about mitochondrial dysfunction. Mutation of a
mitochondrially-encoded subunit of the ETC may lead to
increased ROS generation, which could subsequently exacerbate
DNAmutation, as well as having other inflammatory consequences
as discussed above (205). Mitochondrial peptides can activate the
adaptive immune system through their presentation via MHC
molecules. A change in the sequence of these peptides brought
about by mtDNA mutation can result in breach of self-tolerance,
leading to immune cell activation and the generation of
autoantibodies (204–206). MtDNA mutation may also alter the
ability of mtDNA to activate PRRs (189).

The frequency of mtDNA mutations was found to be
significantly higher in the synovial tissue of patients with
rheumatoid or psoriatic arthritis compared with OA and/or
healthy individuals, and many of these mutations created
amino acid changes (205, 207). MtDNA mutation frequency
positively correlated with macroscopic synovitits and synovial
levels of TNFa or IFNg (207). In vitro exposure of immortalised
RA fibroblasts to hypoxia (1% O2) increased the number mtDNA
mutations, which could be prevented by treatment with
antioxidants. This is consistent with hypoxia leading to
increased oxidative stress and DNA oxidation. An increase in
random mtDNA mutations showed negative correlation with
synovial oxygen tension in patients with rheumatoid or psoriatic
arthritis, suggesting that hypoxia-induced oxidative stress is
likely a key driver of the elevated mutational burden in the
hypoxic synovial environment (63). In vitro treatment of RA FLS
with TNFa also led to increased mtDNA mutation frequency,
indicating that in addition to mtDNA mutation promoting
inflammation, an inflammatory environment also promotes
mtDNA mutation (207). This damaging positive feedback loop
may contribute to the persistent inflammatory response in RA.

As well as novel mutations arising as a result of inflammation
or hypoxia, specific mitochondrial haplotypes have been linked
to RA. The main variations found to be associated with the
disease were within genes encoding components of the ETC
(208). Rare single nucleotide variants of genomically-encoded
ETC subunit or assembly factor genes were also found to
associate with severe erosive RA (209).
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TARGETING MITOCHONDRIA IN RA
TREATMENT

The therapeutic targeting of metabolic pathways initially emerged
as a prospect for cancer treatment due to the relatively early
discovery that metabolic reprogramming is essential to sustain
cancer cell survival and proliferation. It is now apparent that
targeting of metabolic processes, including mitochondrial
modulation, could be therapeutically beneficial for a wide range
of diseases including cardiovascular, neurodegenerative and
autoimmune diseases (210, 211). As the importance of
mitochondrial biology in inflammatory disease emerges, it is
also becoming evident that many therapeutics currently in use
for the treatment of RA have effects on mitochondrial activity,
whether directly or indirectly. In some cases, these effects are
known to contribute to the beneficial anti-inflammatory actions of
the drugs, but can also be responsible for adverse effects of therapy.
In other cases it remains to be seen whether the impact on
mitochondrial function underlies the therapeutic efficacy.
Methotrexate
Methotrexate (MTX) is a conventional synthetic disease-
modifying anti-rheumatic drug (csDMARD) that is one of the
first line therapeutics used for the treatment of RA and other
forms of inflammatory arthritis, and which is also used in cancer
treatment. MTX inhibits the mitochondrial folate pathway by
acting as a competitive inhibitor of folate-dependent enzymes
such as dihydrofolate reductase (DHFR), due to the structural
similarity of MTX to folic acid. This results in reduced synthesis
of purines and pyrimidines, thus bringing about anti-
proliferative effects (212). Whilst this was the main intended
target pathway of MTX, it is now thought that additional
mechanisms are responsible for many of the anti-inflammatory
effects of this drug. This is reviewed by Bedoui et al. (212).

Elevated ROS production is an important mechanism by
which MTX affects cellular function and survival, and
mitochondria have been shown to contribute to this ROS
generation (213, 214). Elevated ROS can propagate cellular
oxidative stress, which contributes to the anti-inflammatory or
anti-cancer actions of the drug, for example through induction of
T cell apoptosis (213, 215). Lee et al. found that responsiveness to
MTX therapy in RA patients was linked to susceptibility of the
patient’s FLS to mitochondrial depolarisation and apoptosis in
response to the drug (216).

However, oxidative stress and mitochondrial dysfunction
have also been linked to common adverse effects of MTX
therapy. Various combinations of lipid peroxidation,
mitochondrial depolarisation, respiratory chain inhibition,
reduced ATP levels, cytochrome c release and mitochondrial
swelling have been reported in liver, kidney, small intestine and
platelets following either in vivo or in vitroMTX treatment (214,
217–219). Hepatoxicity is one of the most common adverse
effects of MTX therapy, however severe liver injury is more
commonly associated with high dose therapy used in cancer
treatment rather than the low doses used in the treatment of
inflammatory diseases (212). Thrombocytopenia can be experienced
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by cancer or RA patients after long-term MTX therapy, which may
be due to oxidative stress and apoptosis of platelets (214).

In contrast, in vitro MTX treatment was found to increase
respiratory rate and respiratory capacity in the contexts of B cell
lymphoma and breast cancer. This was due to AMPK activation
through the accumulation of the purine synthesis intermediate
AICAR, which was shown to contribute to the therapeutic effects
of MTX in cancer (220). AMPK activation also has therapeutic
potential for inflammatory diseases, which shall be discussed below.

Leflunomide
Leflunomide is also an approved csDMARD that is indicated for
the treatment of adults with RA, although its use is not as
common as other csDMARDs due to the risk of hepatic
toxicity (221). Mitochondrial disruption has been implicated in
this hepatotoxicity, as the drug caused ATP depletion and
mitochondrial depolarisation in a hepatocellular carcinoma cell
line. These effects were linked to ER stress and inhibition of ATP
synthase activity, resulting in cytotoxicity (222).

Leflunomide inhibits the mitochondrial inner membrane
protein dihydroorotate dehydrogenase (DHODH), reducing
the de novo synthesis of pyrimidines and thus inhibiting
proliferation. Pyrimidine depletion by leflunomide was recently
shown to promote enhanced expression of mitofusins 1 and 2
(Mfn1/2), resulting in increased mitochondrial fusion (223, 224).
Leflunomide and its active metabolite teriflunomide also inhibit
the activity of ETC complex III, which may be explained by
coupling of the pyrimidine synthesis pathway to ETC activity
through DHODH-mediated reduction of ubiquinol (223, 225).
DHODH inhibition in T cells preferentially reduced proliferation
of high affinity antigen-specific T cells, due to their high demand
for oxidative metabolism in the early stages of proliferation. In this
way the drug is thought to inhibit autoreactive T cell expansion in
autoimmune diseases such as multiple sclerosis and RA (225). As
complex III inhibition is known to result in mtROS production,
and DHODH silencing has been shown to increase ROS (226), it is
possible that leflunomide brings about apoptosis induction by
oxidative stress, similarly to MTX.

Sulfasalazine
Sulfasalazine is another csDMARD that has been used by
rheumatologists for decades, but a full understanding of its
anti-inflammatory mechanisms of action is lacking. It has been
reported that sulfasalazine inhibits de novo purine synthesis,
resulting in adenosine release that contributes to the anti-
inflammatory activity of this drug, similarly to MTX (227).
Sulfasalazine has anti-proliferative and cytotoxic effects,
making it an effective therapeutic for cancer and inflammatory
disease treatment, and it induces apoptosis of T cells through
mitochondrial permeabilization (228). Ferroptosis is a form of
cell death characterised by increased mitochondrial membrane
densities and outer membrane rupture, which is associated with
excessive ROS production through iron metabolism (229). These
characteristics were demonstrated in response to sulfasalazine
treatment in lymphoma and breast cancer cells in vitro, and
inhibition of plasma membrane cystine/glutamate antiporters
was implicated in sulfasalazine-induced ferroptosis (229–231).
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Mitochondrial disruption has also been implicated in renal
injury caused by sulfasalazine. High doses of the drug caused
oxidative stress in rat kidneys, demonstrated by increased ROS,
lipid peroxidation and decreased levels of reduced glutathione,
which were associated with mitochondrial depolarisation and
swelling (232).

Biologics
The development of targeted biologic therapies for rheumatoid
diseases has revolutionised RA treatment and significantly
improved quality of life for many people living with this
disease. Whilst none of these therapeutics are designed to
target the mitochondrion directly, many biologics block
cytokine signalling, and it has been widely demonstrated that
inflammatory cytokine signalling has robust effects on
mitochondrial biology. For example, treatment with TNFa
blocking therapy resulted in reduced frequency of mitochondrial
mutations and decreased markers of oxidative stress in the synovia
of patients who clinically responded to the therapy (233). Several
other studies have shown reductions in reactive oxygen and
nitrogen species and increases in antioxidants in response to anti-
TNFa therapy (234). Reduced oxidative stress has also been
demonstrated in patients treated with tocilizumab, an antibody
directed against the IL-6 receptor, suggesting that combating
cytokine-induced ROS production may be an important
therapeutic mechanism (234).

Gene expression analyses have been used to interrogate the
effects of RA therapies on immune cells. Meugnier et al. profiled
gene expression changes in PBMCs from RA patients following
clinical anti-TNFa treatment and found enrichment of genes
related to oxido-reduction and electron transfer. This included
upregulation of several ETC subunit genes and mitochondrial
ribosomal components (235). Derambure et al. analysed whole
blood RNA of patients treated with abatacept. This biologic is a
fusion of the extracellular domain of CTLA-4 and the Fc portion
of IgG1, which disrupts T cell co-stimulation through CD28 and
affects antigen presenting cell signalling. Pre-therapy expression
of several ETC subunit genes was significantly lower in patients
who responded to abatacept plus MTX therapy compared with
non-responders, and five of these genes were significantly
upregulated following six months of therapy in the responder
group (236). These findings suggest that an increase in
respiratory chain activity may play a role in the therapeutic
action of diverse biologic drugs.
JAK/STAT Inhibitors
The JAK/STAT inhibitors are a class of small molecule targeted
synthetic DMARDs that are relatively new to the arsenal of
therapeutics used by rheumatologists, offering a useful
alternative to biologic therapies. The JAK family of tyrosine
kinases are activated downstream of several different cytokine
receptors and signal through activation of the STAT family of
transcription factors [reviewed in (237)]. Tofacitinib, a pan-JAK
inhibitor that is approved for the treatment of rheumatoid and
psoriatic arthritis, increased expression of several mitochondrial
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genes and led to increased oxidative respiration rate and ATP
synthesis in RA FLS, while also decreasing ROS levels and
glycolytic enzyme expression (238). STAT3 activation has
previously been linked to hypoxia and promotes HIF-1a
activity, which may be an important mechanism by which
JAK/STAT inhibition can regulate metabolic processes during
inflammation (66). Interestingly, tofacitinib also increased
lipolysis, mitochondrial activity and uncoupling protein 1
(UCP1) expression in adipocytes, which was suggested to be of
therapeutic interest in obesity and may help to combat the
systemic metabolic complications of inflammatory diseases (239).
Future Therapeutic Opportunities
Despite the array of therapeutics that are already approved for
the treatment of RA, some patients fail to respond to any of these
treatments, and sustained clinical remission is achieved in fewer
than half of patients (240, 241). These facts highlight the
continued need for additional therapies that are tailored to an
individual patient’s disease. Due to the mounting evidence of
metabolic involvement in disease, metabolic targets are coming
to the forefront in the search for novel therapeutic strategies. The
wide array of potential metabolic targets for treatment of
autoimmune disease are reviewed by Piranavan et al. (211).

A pathway that has gained much attention in this area is the
energy and metabolite-sensing system, coordinated by the
opposing actions of AMPK and mTOR. This system plays a
number of roles in the regulation of immune cell function,
including cell fate and survival decisions in lymphocytes (242).
Complex crosstalk exists between these two sensors and the
mitochondria, with each influencing the activity of the others.
Inhibition of mTOR activity with compounds such as rapamycin
or everolimus, which are used to prevent transplant rejection and
in cancer therapy, has shown therapeutic benefit in clinical trials
to treat multiple different autoimmune conditions (243).

An alternative approach is the activation of AMPK, which
itself inhibits mTOR. This can be achieved using metformin, a
drug used in the management of type 2 diabetes, which inhibits
complex I of the ETC, thereby reducing mitochondrial activity
and ATP generation. The resultant increase in AMP/ATP ratio
causes AMPK activation, bringing about inhibition of anabolic
metabolism and cellular proliferation. AMPK activation also
downregulates several inflammatory signalling pathways such
as NF-kB and JAK-STAT pathways, and as a result has broad
anti-inflammatory actions (244). Efficacy of metformin has been
shown in several pre-clinical models of arthritis, associated with
decreased inflammatory cytokine production, reduced Th17
numbers and increased Tregs, and inhibition of osteoclastogenesis,
amongst other effects (244–247). The examination of metformin use
specifically for RA in clinical trials is currently lacking, but this drug is
generally well-tolerated and could have the added benefit of reducing
the systemic metabolic complications that can be associated with RA,
such as obesity and diabetes, due to its effects on glucose homeostasis
(244). However, Wen et al. reported that ex vivo treatment of RA
patient T cells with metformin was unable to oppose inflammatory T
cell differentiation due to impairment of the AMPK activation
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pathway in these cells. This suggests that direct targeting of mTOR
activity may be a better therapeutic option than AMPK activation for
human RA disease (27).

Another possible therapeutic strategy is the targeting of
ROS production, as ROS and oxidative stress contribute to
inflammatory processes and RA pathogenesis in multiple
ways, as discussed throughout this review. Metformin inhibits
oxidative stress through upregulation of antioxidant enzymes
and downregulation of the ROS producer NADPH oxidase,
and these effects are thought to contribute to the anti-
inflammatory and anti-fibrotic effects of this drug (244, 248,
249). A mitochondrially-targeted antioxidant showed modest
therapeutic benefit in a rat CIA model, suggesting that
mitochondrial ROS production could be a viable target (250).
The targeting of ROS systems must be approached with caution,
however. In contrast to pathological roles of ROS, reduced
ROS signalling downstream of TCR activation is implicated
in hyperproliferation and inflammatory differentiation of RA T
cells, as discussed earlier (44). The induction of ROS generation
and ROS-induced apoptosis appears to be a mechanism by which
current csDMARDs such as MTX mediate their therapeutic
effects, although this also contributes to adverse effects through
apoptosis of other cell types. It has been suggested that
antioxidant treatment could be used in combination with other
therapeutics, either to enhance efficacy or reduce side effects,
but this approach requires further validation and will depend
on the specific mechanism of action of the drug in question
(251, 252).

As discussed above, the NLRP3 inflammasome, which is
regulated by mitochondria and acts as an important sensor
and signal disseminator for both metabolic and infectious
disturbances, is also a potentially viable future target that is
being investigated for multiple conditions (148, 166). Preventing
NLRP3 activation by inhibiting activation of ATP-gated ion
channels such as P2X7 has been explored for its potential in
RA treatment (179, 253). P2X7-KO mice showed significantly
reduced incidence and severity of collagen antibody-induced
arthritis (180). In vivo treatment with P2X7 antagonists
suppressed inflammation and reduced disease severity in both
a mouse collagen antigen-induced arthritis model (181) and a rat
streptococcal cell wall arthritis model (253). However, in two
clinical trials of small molecule P2X7 antagonists, targeting of
this receptor showed no clinical benefit over placebo in RA
patients who had shown no response to first line conventional
DMARDs (254, 255). This therapy therefore showed less efficacy
than directly targeting IL-1b itself with anakinra (170),
suggesting that mechanisms in addition to ATP signalling
through this receptor contribute to NLRP3 activation and IL-
1b production in RA disease. It remains to be seen whether
targeting of extracellular ATP signalling can prove beneficial in
other autoimmune conditions (179).

Overall, there is plenty of scope for the targeting of metabolic
and mitochondrial pathways for the treatment of autoimmune
and inflammatory diseases such as RA, particularly as more is
learnt about the contribution of these processes to the immune
response and disease pathogenesis.
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CONCLUSIONS AND OUTSTANDING
QUESTIONS

We have made great strides in recent years in our understanding
of the contributions made by metabolic regulation to immune
cell function and disease processes in autoimmunity. Through
their central role in metabolism and their ability to act as
signalling hubs, mitochondria influence numerous cellular
functions and can module immune cell activity. The capacity
of mitochondrial components to directly activate immune
receptors can also have potentially damaging consequences,
however whether these signals act as initiating stimuli in RA
disease is yet to be fully established.

Despite the progress already made, there remain many
unanswered questions regarding the precise roles of mitochondria
in driving disease in RA. Several of these have been highlighted in
the body of this review, including the impacts of hypoxia and nitric
oxide on mitochondrial ATP production in the synovium, the
precise signalling roles of mitochondria-derived metabolites, and
the differences in metabolic commitments between different
subpopulations of synovial cells.

One of the major gaps in our understanding of metabolic
regulation is the lack of data from the site of disease
manifestation – the synovial joint itself. This has been due to the
technical complexities involved in accessing and studying the very
small numbers of cells from this environment, but this analysis will
be crucial in determining whether direct targeting ofmetabolic and
mitochondrial pathways will have real therapeutic benefit.
Advances in single cell and in situ imaging technologies will be
very helpful in answering these questions and will add to existing
data from circulating immune cells. In addition, many studies that
have looked at fibroblast-like synoviocyte biology have done so
using tissue from joint replacements, which represents very late-
stage disease. These cells may not bearmuch resemblance to FLS at
the initiation of disease, with the latter likely to give more useful
information about disease causes and potential opportunities for
early intervention to prevent disease progression.

Another gap in our knowledge is the understanding of
mitochondrial function in other cell types that contribute to
RA disease, such as B cells and neutrophils, as the majority of the
work in this field has focused on T cells and macrophages. This
mirrors the landscape of the immunometabolism field in general,
however the availability of large single cell gene expression
datasets that cover multiple synovial cell populations should
aid in the more rapid expansion of these areas in a disease-
relevant manner (256). The metabolic communication between
these cell populations is also an intriguing and important
consideration, as no cell exists in isolation. This communication
may constitute competition for, or exchange of, metabolites in the
synovial environment. A more extreme form of metabolic
communication is the exchange of whole mitochondria between
cells, which has been demonstrated in other contexts including
tumour models, lung inflammation and wound healing (257, 258).
Whether this occurs in RA is currently unknown.

The precise regulation of mitochondrial architecture, including
fusion/fission, supercomplex organisation and respiratory chain
April 2021 | Volume 12 | Article 673916
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composition, also requires further investigation in the context of
inflammatory disease. These aspects help to control ATP
production, oxidative stress and optimisation of substrate usage,
factors that can all impact upon immune cell function.
Mitochondrial architecture is known to be regulated by hypoxia
and inflammatory signals in other contexts (259–261).

The impact of therapy onmitochondrial function is apparent for
several currently used therapeutics, and it will be interesting to see
whether other anti-rheumatic drugs in use or development similarly
affect this organelle. The targeting of metabolic processes has
become an attractive prospect for novel therapeutic development,
as well as for the re-purposing of treatments from other diseases for
use in inflammatory and autoimmune conditions, for example
mTOR and AMPK modulators. However, a more complete
understanding of the nuances of mitochondrial function in
different cell types in RA is required before the opportunities for
targeting mitochondrial pathways can be fully realised. Since
metabolic and mitochondrial activities are essential for all cell and
tissue types, an important consideration will be to achieve
therapeutic benefit without unacceptable adverse effects.
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