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Immunometabolism provides a new perspective on the pathogenesis of rheumatoid
arthritis (RA). In recent years, there have been investigations focusing on the role of
intracellular glucose metabolism in the pathogenesis of RA. Previous studies have shown
that glycolysis of synovial tissue is increased in RA patients, while glycolysis inhibitors can
significantly inhibit synovitis. Pyruvate kinase (PK) is a key enzyme in glycolysis, catalyzing
the final rate-limiting step in the process. An isoform of PK, PKM2, provides favorable
conditions for the survival of tumor cells via its glycolytic or non-glycolytic functions and
has become a potential therapeutic target in tumors. RA synovium has the characteristic
of tumor-like growth, and, moreover, increased expression of PKM2 was identified in the
synovial tissue of RA patients in recent studies, indicating the underlying role of PKM2
in RA. PKM2 has potential value as a new therapeutic target or biomarker for RA, but
its exact role in RA remains unclear. In this review, the properties of PKM2 and existing
research concerning PKM2 and RA are thoroughly reviewed and summarized, and the
possible role and mechanism of PKM2 in RA are discussed.
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INTRODUCTION

Rheumatoid arthritis (RA) is a common autoimmune disease with the pathological characteristics
of invasive synovitis, pannus formation, and articular cartilage destruction. An imbalance between
proliferation and apoptosis plays an important role in the pathogenesis of RA, and this tumor-like
characteristic of the rheumatoid synovium has become a hot issue in RA research in recent years
(1). However, its detailed pathogenesis remains unclear.

Currently, investigations on RA mainly focus on immunology, genetics, and cell biology,
whereas studies on the pathogenesis of RA from the perspective of glucose metabolism have not
been widely considered. However, glucose metabolism plays a pivotal role in the pathogenesis of
RA. Previous studies found that the synovial tissues of RA patients were hypoxic and that this was
accompanied by an increase in glycolytic enzyme gene expression and glycolytic activity (2). The
key enzymes of glycolysis, such as glucose phosphate isomerase (GPI) (3), aldolase (ALD) (4), and
triose phosphate isomerase (TPI) (5), can take part in autoimmune reaction in RA as antigens.

Pyruvate kinase (PK) is a key rate-limiting enzyme of glycolysis that irreversibly catalyzes
the conversion of phosphoenolpyruvate (PEP) to pyruvate (6). PKM2, an isoform of PK, is
highly expressed in tumor cells, leading to increased glucose uptake, a transition from oxidative
phosphorylation to glycolysis, and accumulation of glucose metabolites. It thus provides favorable
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and necessary conditions for the growth and survival of tumor
cells (7). Alterations in energy metabolism are one of the most
important differences between tumor cells and normal cells (8).
PKM?2 is a key factor leading to this effect, and it has become a
potential target for the treatment of tumors. Synovial tissue in
RA has been characterized as tumor-like proliferation. In recent
years, a few studies have confirmed that the expression level
of PKM2 in the synovial tissue of RA is significantly higher
than that in patients with osteoarthritis (OA) (9), suggesting the
potential role of PKM2 in RA, though further studies are still
lacking. However, no summary has been made to help enhance
our understanding in this area. Here, the characteristics of PKM2
and the existing evidence on PKM2 and RA are reviewed, and the
potential role and mechanism of PKM2 in RA are discussed.

BIOLOGICAL CHARACTERISTICS OF
PKM2

PK catalyzes the final rate-limiting and irreversible step in
glycolysis, which produces pyruvate and ATP. In mammals, there
are four PK isoforms: PKL, PKR, PKM1, and PKM2, expressing
in different cells and tissues (10). PKM1 and PKM2 are encoded
by the PKM gene and are generated through alternative splicing
of two exons in PKM pre-mRNA (11). PKM1 is expressed in
most well-differentiated tissues, whereas PKM2 is expressed in
proliferative cells, such as embryonic cells, adult stem cells, and
cancer cells, especially.

PKM2 can take dimer or tetramer forms with different
functions, and these can be converted into each other (12). The
tetramer form has a high affinity with its metabolic substrate PEP,
while the dimer form has a low affinity with PEP, which means
that the tetramer form has a high glycolytic enzyme activity under
physiological conditions, while the dimer form has low enzyme
activity (12). The tetramer form of PKM2 can efficiently promote
glycolysis and energy production (13), while the presence of
the low-activity PKM2 dimer stops the conversion from PEP to
pyruvate, which leads to the accumulation of glucose metabolites
in the upstream and the accumulation of a large number of
precursor substances for the synthesis of macromolecules (7).

GLYCOLYTIC FUNCTION OF PKM2

It was found that although there is only one exon difference
between the structures of PKM1 and PKM2, they have significant
differences in function. Under physiological conditions, PKM1

Abbreviations: ALD, aldolase; BCR, BTB-CUL3-RBX1; FBP, fructose-1,6-
bisphosphate; FLS, fibroblast-like synoviocytes; FDG, fluorodeoxyglucose; GPI,
glucose phosphate isomerase; GAPD, glyceraldehyde-3-phosphate dehydrogenase;
GLUT-1, glucose transporter protein-1; HSP, heat shock protein; HIF-la,
hypoxia-inducible factor-1a; HK, hexokinase; LDH, lactic dehydrogenase; MLC2,
myosin light chain 2; MMP, matrix metalloproteinase; NADPH, nicotinamide
adenine dinucleotide phosphate; OA, osteoarthritis; PK, pyruvate kinase; PEP,
phosphoenolpyruvate; PFK, phosphofructokinase; PGM, phosphoglycerate
mutase; PPP, pentose phosphate pathway; RA, rheumatoid arthritis; SAICAR,
succinyl-5-aminoimidazole-4-carboxamide-I-ribose-50-phosphate; TPI, triose
phosphate isomerase; TCA, tricarboxylic acid; VEGE, vascular endothelial growth
factor; 3PO, 3-(3-pyridiny1)-1-(4-pyridinyl)-2-propen-1-one.

constitutively exists in the form of a highly active tetramer, while
PKM2 can exist in the dimer and tetramer forms (14). Small
molecules and metabolites, such as fructose-1,6-bisphosphate
(FBP)  (15),  Succinyl-5-aminoimidazole-4-carboxamide-1-
ribose-50-phosphate (SAICAR) (16), serine (17), etc., can
promote the tetramerization of PKM2. Meanwhile, PKM2
activity can be inhibited by posttranslational modification, such
as phosphorylation (18), acetylation (19), and oxidation (20).
The enzymatic activity of PKM2 can be regulated by endogenous
mechanisms, so that proliferating cells may choose for PKM2
to allow PK enzyme activity to be turned on or off as the
environment changes, thus providing metabolic flexibility.

The significant alteration in the energy metabolism of tumor
cells is characterized by the increase of glucose consumption
and the conversion of a large amount of glucose into lactate
through glycolysis under aerobic conditions, namely aerobic
glycolysis, also known as the Warburg effect (21). Another
important feature of tumor cell metabolism is the rapid synthesis
of large amounts of lipids, proteins, and nucleotides (8), which
are necessary for the rapid growth of tumor cells. PKM2 is the
major factor that leads to the change in tumor cell metabolism.
The presence of the dimer and tetramer forms of PKM2 and their
mutual conversion meets the large energy and anabolic substrate
supply demands of tumor cells. Previous findings have confirmed
that a dimer form PKM2 is commonly expressed in tumors (22).
When tumor cells are short of energy, PKM2 transforms from
a dimer structure to a tetramer structure and provides enough
energy for the cells. When energy is sufficient, it can intercept
the conversion of glucose to lactate in the form of a dimer, thus
providing sufficient substrates for the anabolism of tumor cells.
Therefore, PKM2 can optimize the supply of energy and synthetic
substrates for tumor cells, contributing to tumor cell survival and
proliferation in a complex microenvironment (23) (Figure 1).

NON-GLYCOLYTIC FUNCTION OF PKM2

Recent studies have shown that PKM2 has not only a glycolytic
function but also has non-glycolytic function. Under various
conditions, PKM2 can be depolymerized from a tetramer
to a dimer and translocated to the nucleus, mitochondrial
membrane, or outside the celll PKM2 acts as a protein
kinase by phosphorylating various protein substrates at
both serine/threonine and tyrosine residues. PKM2 can
use its metabolic substrate, PEP, as a phosphate donor for
phosphorylation of a variety of target proteins, including STAT3,
histone H3, myosin light chain 2 (MLC2), Bub3, and ERK1/2
(24). The translocated PKM2 dimer is involved in the regulation
of gene transcription, metabolic reprogramming, mitosis,
apoptosis, and other important life events by transcriptional
activation, modulating signal transduction, or regulation of the
phosphorylation of important proteins, endowing tumor cells
with growth advantages (24).

Although protein kinase substrates of PKM2 are being
continuously identified, PKM2-mediated gene expression has
been challenged by other studies. A lack of a PKM2 gene
in mouse models did not inhibit tumor growth (25), and
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FIGURE 1 | The role of PKM2 in cellular metabolism via the glycolytic pathway. PKM2 is converted into an active tetramer under activation by serine, FBP, SAICAR, or
small molecules, which promotes the conversion of PEP into pyruvate. Pyruvate enters the TCA cycle of the mitochondria and produces ATP through oxidative
phosphorylation. In the absence of allosteric activators or post-transcriptional modifications, PKM2 presents mainly in an inactive dimer form, leading to the
accumulation of glycolytic intermediates to meet the needs of the biosynthetic precursors of activated or proliferating cells. p, phosphorylation; Ac, acetylation; o,

oxidation.

furthermore, PKM2 acting as a PEP-dependent protein kinase
was not proved in a recent study (26). Therefore, PKM2 may be
directly or indirectly involved in the transcriptional activation,
signal transduction, or phosphorylation of some proteins. The
specific mechanism demands further exploration.

EXISTING EVIDENCE CONCERNING PKM2
AND RA

Activated synovial cells have the biological behavior
characteristics of excessive proliferation, migration, and invasion
and form tumor-like pannus, which forms a low-oxygen
microenvironment (27, 28). Hypoxia alters cellular bioenergetics

by promoting a switch to glycolysis so as to efficiently produce
enough ATP to support enhanced synovial proliferation and
pannus formation. Compared to OA-fibroblast-like synoviocytes
(FLS), the glycometabolism shifted toward glycolysis in RA-FLS
(29). The increased fluorodeoxyglucose (FDG) uptake in swollen
joints in patients with RA reported in several studies represents
the up-regulation of glycolysis (30, 31). Further studies have
confirmed that fibroblasts and activated macrophages contribute
to the high level of FDG accumulation in the pannus (31). The
finding of a marked increase in both glyceraldehyde-3-phosphate
dehydrogenase (GAPD) and LDH activities in rheumatoid
synoviocytes also suggests the up-regulation of glycolysis (32).
So far, our knowledge on PKM2 and RA is limited; however,
several studies have demonstrated that PKM2 may be involved
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in the pathogenesis of RA. As a key enzyme in the glycolytic
pathway, the PKM2 expression of RA-FLS was significantly
increased under hypoxic conditions, while inhibition of
glycolytic activity by glycolytic inhibitor 3-(3-pyridinyl)-
1-(4-pyridinyl)-2-propen-1-one(3PO)  dramatically  reverse
pro-inflammatory mechanisms including invasion, migration,
cytokine secretion, and the signaling pathways of hypoxia-
inducible factor-1a(HIF-1a), pSTAT3, and Notch-1IC (33).
Another study confirmed that PKM2 is more highly expressed
in the lining layer, sublining layer, and vasculature of RA
synovial tissue compared to OA (9). TLR2-activation can
induce an increased glycolysis:respiration ratio in RA-FLS and
enhanced PKM2 nuclear translocation. Similarly, 3PO inhibits
TLR2-induced inflammation and signaling pathways (9). In a
proteomic analysis of RA-FLS, a total of 1,633 and 1,603 protein
spots were examined in RA patients and controls, respectively.
Among them, 33 proteins were over-expressed by more than
3-fold, and 3 proteins, namely a-enolase, GRP75, and PKM2,
were verified by Western blot (34). Therefore, PKM2 may be
involved in the occurrence and development of RA, and further
explorations to clarify its exact role and mechanism in RA will be
of great significance.

POTENTIAL ROLE AND MECHANISM OF
PKM2 IN RA

PKM2 has become a hotspot in the field of tumor research.
However, there have been few studies on PKM2 and RA, and
its function and mechanism in the development of RA remain
unclear. Based on the tumor-like invasion characteristics of
synovial tissue, we refer to studies on tumor and PKM2 and try to
discuss the possible mechanism in terms of the following aspects
so as to clarify the areas worthy of research interest in the future
(Figure 2).

Glycolytic Regulation in RA

Increased glycolysis provides sufficient energy to maintain rapid
cell proliferation for synovial tissue in RA (29). On the other
hand, many intermediate metabolic products produced during
glycolysis are necessary substrates for the synthesis of cellular
macromolecules for synoviocyte proliferation. PKM2 may
thereby optimize the supply of energy and synthetic substrates
for synoviocytes to maintain the tumor-like proliferation.

The local acid microenvironment caused by increased
glycolytic activity (32) can further aggravate the pathological
process of RA. The acid environment is favorable for synoviocyte
survival, as it is for tumor cells. It was found that lactate, as the
end product of glycolysis, could trigger invasiveness of FLS (33).
The large amount of lactate leaves tissues in an acid environment,
capable of destroying the extracellular matrix either directly or
by activating metalloproteinases (35). Lactate and pyruvic acid
can stimulate the expression of vascular endothelial growth factor
(VEGF) and HIF-1a, which are critical for angiogenesis (36).
On the other hand, acidosis itself can cause mutations and
aberrations that prevent DNA repair, as well as mutations in
normal cells (37). Therefore, PKM2 may regulate glycolysis to

make synovial tissues in an acid environment that is conducive
to their proliferation and invasion.

The inflammatory response is an energy-intensive process that
requires a transition from resting to a highly active metabolic
state. Under inflammatory conditions, metabolic reprogramming
is guided by the efficient generation of ATP and the synthesis of
macromolecules for the activation and proliferation of immune
cells. As with tumor cells, highly active immune cells also show
metabolic changes from oxidative phosphorylation to glycolysis.
Immune cell metabolism regulation has become an attractive
potential therapeutic target for inflammatory and immune
diseases. Studies have shown that glycolysis is associated with T
cell differentiation (38, 39) and the production of IFNy-1 (40).
In RA synovial tissues and plasma, disorders of some glycolytic
enzymes can induce the activation of immune cells (41, 42).
Recent studies have shown that PKM2 is significantly increased
in LPS-activated macrophages (43) and participates in regulating
macrophage polarization (44). Hence, PKM2 may be a potential
modulator of immune cell metabolism and function; this still
needs to be further clarified.

Potential Protein Kinase Targets

It has been found that PKM2 can interact with a variety of
proteins as a protein kinase. However, so far, no investigators
have conducted relevant studies on PKM2 as a protein kinase in
RA. Therefore, by referring to the findings of PKM2 in tumor
studies, we discuss several possible targets of PKM2 as a protein
kinase in RA.

STAT3

STAT is a family of cytoplasmic proteins that can trigger
the transcription of corresponding target genes (45). It was
found that PKM2 could phosphorylate STAT3 at Tyr705 and
promote MEKS5 transcriptional activity (46). Inhibition of PKM2
expression could effectively attenuate the neuropathic pain
and inflammatory responses induced by CCI in rats, possibly
by regulating ERK and STAT3 signaling pathways (47). LPS
promoted PKM2 binding to the STAT3 promoter to enhance
STAT3 expression and its subsequent nuclear translocation,
inducing TNF-a and IL-1f production and cell proliferation
in CRC cells (48). Targeting the JAK/STAT signaling pathway
is a new way of treating RA, and further studies will be
needed to confirm whether inhibiting PKM2 in RA can reduce
cell proliferation and inflammatory cytokine secretion via the
STAT pathway.

Bcl-2

Bcl-2 is a product of the B-lymphoma-2 gene, that regulates
cell survival and inhibits apoptosis (49). Under oxidative stress,
PKM2 translocates to the mitochondrial outer membrane, where
heat shock protein (HSP)90a1 mediates conformational changes
in PKM2 then interacts with and phosphorylates Bcl-2 at thr69.
This phosphorylation prevents the binding of BTB-CUL3-RBX1
(BCR) E3 ligase to Bcl-2, thereby inhibiting the degradation
of Bcl-2 and inhibiting the apoptosis of tumor cells (50).
Knockdown of PKM2 induced apoptosis and autophagy in A549
cells, and this was dependent on decreased expression of Bcl-2
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(51). The IL-17/STAT3 pathway may promote the survival and
proliferation of FLSs via upregulating the expression of Bcl-2
in RA (52). The overexpression of Bcl-2 may contribute to the
reduced apoptosis of synoviocytes and peripheral B cells in RA
patients (53). The relations between increased expression of Bcl-
2 and PKM2 in synovial tissues deserve more investigation to
clarify them further.

HIF-1«

HIF-1a is a major regulator of the transition from oxidative
phosphorylation to anaerobic glycolysis (54). PKM2 was able to
interact with NF-kB and HIF-1a in the nucleus and activate the
expression of the target gene VEGF-A, thereby promoting tumor
angiogenesis (55). Meanwhile, in macrophages, LPS-induced
PKM2 could enter into a complex with HIF-1a, which directly
bound to the IL-1f promoter, inhibiting LPS-induced HIF-1a
and IL-1B, as well as the expression of a range of other HIF-
la-dependent genes (43). HIF-la is highly expressed in the

synovium of RA patients. HIF-1a can promote the migration
of inflammatory cells to the RA synovium, and the expression
of matrix metalloproteinase (MMP)-1 is up-regulated by HIF-
la under hypoxia (56). The “hypoxia-HIF-1a-VEGF” signaling
pathway plays an important role in the formation of new blood
vessels in RA, so targeting HIF-1a via PKM2 could make a lot
of sense.

p53

p53 can work as a hub among a variety of intracellular signal
transduction pathways, inhibiting cell proliferation, terminating
cell processes, and inducing apoptosis (57). Recent studies
have found that PKM2 may be involved in the regulation of
p53 in tumor cells. In MCF7 cells exposed to DNA-damaging
agent, PKM2 inhibited transactivation of the p2l gene by
preventing p53 binding to the p21 promoter, leading to a
nonstop G1 phase (58). Dimeric PKM2 has been found to
bind directly with both p53 and MDM2 and to promote
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MDM2-mediated p53 ubiquitination (59). PKM2 gene silencing
suppresses proliferation and promotes apoptosis in LS-147T and
SW620 cells, accompanied by increased p53 and p21 expression
(60). Most studies suggest that p53 expression is decreased in RA-
FLS and synovial tissue (61). Collagen-induced arthritis (CIA)
was more severe and with more joint destruction in p53~/~
mice than in wild type mice due to a reduction in synovial cell
apoptosis (62). The future task is to clarify the regulation effect
and molecular mechanism of PKM2 on p53 in synoviocytes.

ERK1/2

An ERK1/2 signaling pathway is an important intracellular
pro-proliferation and anti-apoptosis pathway (63). In cancer
cells, a PKM2-SAICAR complex phosphorylated and activated
ERK1/2, which in turn sensitized PKM2 for SAICAR binding
through phosphorylation (64). Additionally, PKM2-SAICAR was
necessary to induce sustained ERK1/2 activation and mitogen-
induced cell proliferation. In Panc-1 and Sw1990 pancreatic
cancer cells, the expression levels of the p-ERK1/2 and p-p38 of
the MAPK pathway in the PKM2 siRNA groups were markedly
down-regulated (65). ERK1/2 is widely distributed in the synovial
tissues of RA and is involved in the signal transduction process of
synoviocytes (66). Clarifying the effect of PKM2 on ERK1/2 is
helpful for exploring its role in the pathogenesis of RA.
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