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Inhibition of 6-phosphofructo-2-kinase
suppresses fibroblast-like synoviocytes-
mediated synovial inflammation and joint
destruction in rheumatoid arthritis
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BACKGROUND AND PURPOSE
Abnormal glycolytic metabolism contributes to joint inflammation in rheumatoid arthritis (RA). The aims of this study were to
investigate the role of 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 (PFKFB3), a bifunctional enzyme that controls
the glycolytic rate, in regulating fibroblast-like synoviocyte (FLS)-mediated synovial inflammation and invasiveness in RA.

EXPERIMENTAL APPROACH
A specific inhibitor of PFKFB3, PFK15, and siRNA were used to evaluate the role of PFKFB3. Protein expression was measured by
Western blotting or immunofluorescence staining. The expression of cytokines was determined by quantitative real-time PCR.
Migration and invasion were measured using a Boyden chamber assay. A mouse model of collagen-induced arthritis (CIA) was
used to evaluate the in vivo effect of PFK15.

KEY RESULTS
PFKFB3 expression was increased in the synovial tissue and FLSs from RA patients compared with osteoarthritis patients. PFKFB3
inhibition decreased the expression of IL-8, IL-6, CCL-2 and CXCL-10 and the proliferation, migration and invasion of RA FLSs.
PFK15 suppressed TNF-α-induced activation of NF-κB and p38, JNK and ERK MAPK signals in RA FLSs. PFK15 treatment also
suppressed glucose uptake and lactate secretion. Lactate reversed the inhibitory effect of PFK15 or PFKFB3 siRNA on cytokine
expression and migration of RA FLSs. Lactate was also involved in PFKFB3-mediated activation of NF-κB and MAPKs.
Intraperitoneal injection of PFK15 in mice with CIA attenuated joint inflammation.

CONCLUSION AND IMPLICATIONS
Elevated PFKFB3 expression might contribute to synovial inflammation and aggressive behaviours of RA FLSs, suggesting a novel
strategy of targeting PFKFB3 to prevent synovial inflammation and joint destruction in RA.

Abbreviations
CIA, collagen-induced arthritis; EdU, 5-ethynyl-2´-deoxyuridine; F2,6BP, fructose 2,6-bisphosphate; FLS, fibroblast-like
synoviocytes; IF, immunofluorescence; IKKβ, inhibitor of NF-κB kinase β; OA, osteoarthritis; PFKFB, 6-phosphofructo-2-
kinase/fructose-2,6-bisphosphatase; RA, rheumatoid arthritis
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Introduction
Rheumatoid arthritis (RA) is a chronic inflammatory disease
characterized by chronic synovial inflammation and
progressive joint destruction. Fibroblast-like synoviocytes
(FLSs) in the synovial intimal lining play a key role in the
initiation and development of synovial inflammation and
joint destruction associated with RA. Stable-activated RA FLSs
exhibit an abnormal capacity for migration, invasion and
secretion of proinflammatory cytokines and chemokines
(Choy, 2012; Turner and Filer, 2015). Growing evidence
suggests that targeting FLS-mediated synovial inflammation
and invasionmay be a new therapeutic avenue for RA (Bottini
and Firestein, 2013).

Glucose metabolism provides energy for physical activity
and also modulates many physiological processes through
the formation of complex signalling networks withmetabolic
substrates. Targeting glucose metabolism reprogramming is
considered a promising strategy for the development of new
cancer therapeutics (Lunt and Vander Heiden, 2011; Schulze
and Harris, 2012). A recent study showed that increased
glycolytic metabolism in RA FLSs contributes to synovial
inflammation and joint damage, suggesting that glycolytic
suppression might be an effective therapeutic strategy for
inflammatory arthritis (Garcia-Carbonell et al., 2016).

A critical event in the glycolytic breakdown of glucose is
the phosphorylation of fructose 6-phosphate (F6P) to
fructose 1,6 bisphosphate (F1,6P2) by 6-phosphofructo-1-
kinase (PFK1). Fructose 2,6-bisphosphate (F2,6BP) is the most
important downstream metabolite in the control of PFK1
(Van Schaftingen et al., 1980). The bifunctional
6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase
(PFKFB) enzymes both catalyse the production and
degradation of F2,6BP through kinase and phosphatase
functions (Okar et al., 2001; Rider et al., 2004). The PFKFB
family consists of four isoenzymes, PFKFB1–4. Of all PFKFB
members, PFKFB3 has much higher (740-fold) kinase than
bisphosphatase activity, enhancing the production of
F2,6P2 and thus critically controlling the glycolytic rate
under normal and pathophysiological conditions (Van
Schaftingen et al., 1982; Chesney et al., 2005; Clem et al.,
2008). PFKFB3 inhibition decreases the proliferation and

activation of anti-CD3/CD28-induced human T cells (Telang
et al., 2012). A lowMWantagonist of PFKFB3, 3-(3-pyridinyl)-
1-(4-pyridinyl)-2-propen-1-one (3PO), reduces glycolytic flux
and tumour growth (Clem et al., 2008). However, the role of
PFKFB3 in the pathogenesis of RA remains poorly defined.
In this study, we utilized a potent and selective PFKFB3
inhibitor, PFK15 (Clem et al., 2013), to investigate the
contribution of PFKFB3 to synovial inflammation and joint
destruction in RA.

Methods

Preparation of synovial tissue and
fibroblast-like synoviocytes (FLSs)
The human study protocol was approved by the Medical
Ethical Committee of the First Affiliated Hospital at Sun
Yat-sen University [protocol number (2014)C-059] and was
conducted according to the recommendations of the
Declaration of Helsinki. All patients provided informed
consent to participate in the study. RA was diagnosed
according to the 1987 revised criteria of the American College
of Rheumatology (Arnett et al., 1988).

Synovial tissue samples were obtained from 12 patients
with RA (10 women and twomen, aged 45–62 years) and nine
patients with osteoarthritis (OA) (seven women and two
men, aged 52–61 years) who were undergoing synovectomy
or joint replacement.

The synovial tissue from patients was cut into small pieces
and digested with collagenase I in DMEM/F12 medium to
isolate synoviocytes. The cells were grown in DMEM/F12
medium containing 10% FBS, 100 U·mL�1 penicillin and
100 μg·mL�1 streptomycin in a humidified incubator at
37°C under 5% CO2. The cells were used from passage 3 to
5, during which time they were a homogeneous population
of cells (<1% CD11b-positive, <1% phagocytic and <1%
FcgRII and FcgRIII receptor-positive) and were characterized
by vimentin and cadherin-11, a FLS-specific marker (Chang
et al., 2010). Cell viability was measured using an MTT assay,
as previously described (Xu et al., 2007).

Tables of Links

TARGETS

Enzymes

IKK-β

p38-α (MAPK14)

JNK1 (MAPK8)

ERK

LIGANDS

L-lactic acid

TNF-α

IL-6

IL-8 (CXCL8)

These Tables list key protein targets and ligands in this article that are hyperlinked to corresponding entries in http://www.guidetopharmacology.org,
the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Southan et al., 2016), and are permanently archived in the Concise
Guide to PHARMACOLOGY 2015/16 (Alexander et al., 2015).
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PFKFB3 siRNA transfection
PFKFB3 siRNA, non-silencing control siRNA and GAPDH
siRNA were obtained from Guangzhou RiboBio Co., Ltd
(Guangzhou, China). The sequences of PFKFB3 siRNA
oligonucleotides are shown in Table S1 (Supporting
Information ). RA FLSs were cultured in 12-well plates. A
transfection mixture of 100 nM siRNA and 10 mg·mL�1

lipofectin in serum-free medium was added to medium-
aspirated FLSs for 4 h. The FLSs were then incubated with
complete DMEM/F12 containing 10% FBS for 48 h before
the experiments. At the end of the culture, the effect of the
siRNA on PFKFB3 expression was analysed using quantitative
real-time PCR and Western blot analysis.

Western blot analysis
Western blot analysis was performed as described previously
(Xu et al., 2007). The protein concentrations were measured
using a BCA protein assay (Pierce, Rockford, IL, USA). Primary
antibodies were diluted 1:1000 for PFKFB3 and 1:500 for
phospho-IKK, IKK, phospho-IκBα and IκBα. Densitometry
was performed using an AlphaEaseFc (Fluorchem8900)
system.

Cell migration and invasion assay
The FLS chemotaxis assay was performed using Boyden
chambers with a 6.5-mm-diameter filter and 8.0 μm pore size
(Transwell; Corning Inc., Corning, NY, USA). Briefly, FLSs (at
a final concentration of 6 × 104 cells·mL�1) were suspended in
serum-free DMEM in the upper wells. TNF-α (10 ng·mL�1) was
used as a chemoattractant. The chamber was incubated at
37°C under 5% CO2 for 8 h. After incubation, the non-
migrating cells were removed from the upper surface of the
filter using a cotton swab. The filters were fixed in methanol
for 15 min and stained with 0.1% crystal violet for 15 min.
Chemotaxis was quantified by counting the stained cells that
migrated to the lower side of the filter using an optical
microscope. The stained cells were counted as the mean
number of cells per 10 random fields for each assay. For the
invasion assay, similar experiments were performed using
inserts coated with a Matrigel basement membrane matrix
(BD Biosciences, Oxford, UK).

Wounding migration
Cultures of RA FLSs were wounded with 1 mL micropipette
tips and then washed three times with starving medium to
remove unattached cells. The remaining cells were treated
with or without PFK15. After 24 h of incubation, migration
was quantified by counting the cells that had moved beyond
a reference line.

Immunohistochemistry
For immunohistochemistry, synovial tissue sections were
deparaffinized followed by incubation with 5% serum in
PBS for 2 h to block non-specific binding and incubation with
3% H2O2 for 10 min to block endogenous peroxidase activity.
The expression of PFKFB3 or IL-6 was determined by staining
with polyclonal rabbit anti-human PFKFB3 or anti-mouse
IL-6 antibody overnight at 4°C. Irrelevant isotype-matched
antibodies were used as controls. Polyclonal goat anti-rabbit
antibodies labelled with HRP were used as secondary

antibodies for 1 h at room temperature. Results were revealed
using diaminobenzidine.

Immunofluorescence (IF) staining
FLSs were cultured on coverslips under identical conditions
to those described above. The cells were fixed with acetone
at �20°C and permeabilized with 0.1% Triton X-100 in PBS
for 5 min at room temperature. The cells were incubated with
primary antibodies (diluted 1:100 for anti-p65 antibody,
diluted 1:200 for PFKFB3 antibodies) for 1 h at room
temperature and then incubated with fluorescein
isothiocyanate-conjugated secondary antibody (Santa Cruz
Biotechnology). After washing in PBS, the cells were
incubated for 3 min with 0.25 mg·mL�1 of DAPI. The
coverslips were mounted on glass slides with antifade
mounting medium and examined using a confocal
fluorescence microscope (LSM510; Zeiss, Wetzlar, Germany).

Quantitative real-time PCR
Total RNA from RA FLSs was prepared using the Takara
PrimeScript® RT reagent kit according to the manufacturer’s
protocol. Quantitative real-time PCR was performed using
the Bio-Rad CFX96 system. The primers employed for
real-time PCR are listed in Table 1. To quantify the relative
expression of each gene, Ct values were normalized to
the endogenous reference (△Ct = Ct target-Ct 18S rRNA)
and compared with a calibrator using the △△Ct method
(△△Ct = △Ct sample-△Ct calibrator). All experiments were
performed in triplicate.

FLS proliferation assays
RA FLSs were cultured for 24 h at a density of 1 × 104 cells per
well in 96-well plates in serum-free medium. After starving,

Table 1
The sequences of RT-PCR primers

Sequences

CCL2 Forward CAGCCAGATGCAATCAATGCC

Reverse TGGAATCCTGAACCCACTTCT

IL-6 Forward ACTCACCTCTTCAGAACGAATTG

Reverse CCATCTTTGGAAGGTTCAGGTTG

IL-8 Forward ACTGAGAGTGATTGAGAGTGGAC

Reverse AACCCTCTGCACCCAGTTTTC

CXCL10 Forward GTGGCATTCAAGGAGTACCTC

Reverse TGATGGCCTTCGATTCTGGATT

PFKFB1 Forward AGAAGGGGCTCATCCATACCC

Reverse CTCTCGTCGATACTGGCCTAA

PFKFB2 Forward TGGGCCTCCTACATGACCAA

Reverse CAGTTGAGGTAGCGTGTTAGTTT

PFKFB3 Forward AGCCCGGATTACAAAGACTGC

Reverse GGTAGCTGGCTTCATAGCAAC

PFKFB4 Forward TCCCCACGGGAATTGACAC

Reverse GGGCACACCAATCCAGTTCA

GAPDH Forward GCACCGTCAAGGCTGAGAAC

Reverse TGGTGAAGACGCCAGTGGA
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the cells were incubated with various concentrations of
PFK15 for 48 h and then incubated with 5-ethynyl-2´-
deoxyuridine EdU (50 μM) for 8 h. The Cell-Light EdU DNA
Cell Proliferation Kit was used to measure FLS proliferation
according to the manufacturer’s instructions.

Glucose uptake measurements
Glucose uptake was measured using a glucose uptake assay kit
(colorimetric, Abcam) according to the manufacturer’s
instructions.

Lactate measurements
Lactate levels in the medium were detected using a lactate
oxidase-based assay at 540 nm. All experiments were
performed in triplicate.

Fructose-2,6-bisphosphate (F2,6BP) assay
RA FLSs (1 × 106) were harvested and centrifuged at 200 g. The
pellets were dissolved in 50 mM Tris acetate (pH 8.0) and
0.1 M NaOH. Intracellular F2,6BP levels were measured using
a previously described method (Van Schaftingen et al., 1982).
The F2,6BP concentration was normalized to total cellular
protein.

Administration of PFK15 in mice with
collagen-induced arthritis (CIA)
All animal care and experimental procedures were approved
by the Animal Care and Ethics Committee of the First
Affiliated Hospital at Sun Yat-sen University [protocol
number (2014)A-019] and complied with the Guide for the
Care and Use of Laboratory Animals, which was published
by the US National Institutes of Health. Animal studies are
reported in compliance with the ARRIVE guidelines
(Kilkenny et al., 2010; McGrath and Lilley, 2015).

Mice (n = 22) were injected intradermally at the base of
the tail with 200 μg of bovine type II collagen (Sigma, St
Louis, MO, USA) diluted in acetic acid and emulsified at a
1:1 ratio (vol/vol) in Freund’s complete adjuvant. Three
weeks after primary immunization, the mice were boosted
by i.p. injection of bovine type II collagen emulsified at a
1:1 ratio (vol/vol) in incomplete Freund’s adjuvant. Disease
onset characterized by erythema and/or paw swelling was
observed from day 32 to 41 after the first immunization.
The animals were treated randomly via i.p. injection of
PFK15 (25 mg·kg�1, every other day, n = 8) or DMSO (vehicle,
n = 8) for a total of 14 days, initiated on the day of arthritis
onset (day 0). The mice were monitored daily for signs of
arthritis, and arthritis severity was scored on a scale from 0
to 3, as described previously (Leung et al., 2003). The arthritic
score was determined for all four paws of the mice. The ankle
diameter was determined using a 0.01 mm precision Vernier
calliper. All mice were anaesthetised with 110 mg·kg�1

ketamine and 4.8 mg·kg�1 xylazine, and their hind limbs
were removed and fixed in 10% neutral-buffered formalin.
The tissue was decalcified in 8% formic acid and embedded
in paraffin. Sections (3 μm) were stained with haematoxylin
and eosin (H&E). An inflammation score was obtained using
the scoring system described previously (Leung et al., 2003).

To determine the serum level of IL-6, serum samples were
collected from mice. The levels of IL-6 were measured using

an ELISA kit according to the manufacturer’s instructions
(R&D Systems, USA).

To evaluate the toxic effect of PFK15 on mice with CIA,
biochemical analyses of serum samples were determined by
a colorimetric enzymic method using spectrophotometry.
The enzymic activities of aspartate aminotransferase (AST)
and alanine aminotransferase (ALT) were measured to assess
changes in liver function. Serum creatinine was used as a
marker of renal function. Histopathology of the liver and
kidney was also observed by staining with H&E.

Data and statistical analysis
The data and statistical analysis comply with the
recommendations on experimental design and analysis in
pharmacology (Curtis et al., 2015). Data are expressed as the
means ± SEM. Presented values were derived from at least five
independent experiments for the in vitro experiments. The
experimental procedures or treatment and data analyses were
performed with blinding. To reduce baseline variability
between independent experiments, normalization was
performed for the quantitative analysis of immunoblots,
glucose uptake and mRNA expression. The data were
normalized as the fold over the mean of the control. Two
groups were compared by Student’s t-test. Three or more
different groups were evaluated by one-way ANOVA. ; Only
if F achieved P < 0.05, and there was no significant variance
in homogeneity, we applied two post hoc tests; Dunnett’s post
hoc test when comparing each group with the control or the
Sidak post hoc test if a multiple group comparison was
necessary. A non-parametric analysis was performed to
analyse the normalization of the generated data. Non-
parametric data were analysed with the Kruskal–Wallis test
or Wilcoxon two-sample test. A P-value ≤0.05 was considered
significant. Statistical analyses of the data were performed
using SPSS 13.0 software.

Materials
TNF-α was obtained from R&D Systems (R&D Systems,
Minneapolis, MN). PFK15 was obtained from Selleck
Chemicals. DMEM/Ham’s F12 (F12), FBS, antibiotics,
trypsin–EDTA, PBS and other reagents for cell culture were
purchased from Invitrogen (Carlsbad, CA, USA). Collagenase
and β-actin antibody were purchased from Sigma (St. Louis,
MO, USA). p65, IKK-β, phospho-IKK, IκBα, phospho-IκBα,
p38, phospho-p38, JNK, phospho-JNK, ERK and phospho-
ERK antibodies were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA).

Results

PFKFB3 expression is increased in FLSs and
synovial tissue from RA patients
First, we determined the expression patterns of PFKFB
isoenzymes in FLSs. Analysis of FLSs by qRT-PCR revealed
no expression of PFKFB1 mRNA. However, PFKFB2, PFKFB3
and PFKFB4 were transcribed in FLSs from RA and OA
patients. We further observed that only PFKFB3 expression
was increased in RA FLSs compared with the expression levels
in OA FLSs (Figure 1A).
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Next, we evaluated the protein expression of PFKFB3 in
FLSs. Western blot analysis revealed that PFKFB3
expression was increased in RA compared with that in OA
patients (Figure 1B). Using IF analysis, PFKFB3 protein
was localized predominantly in the nucleus (Figure 1C).

Moreover, PFKFB3 expression was prominent in synovial
tissues from RA patients and mostly localized in the
synovial lining and sublining cells, whereas the expression
was much less prominent in synovial tissues from OA
patients (Figure 1D).

Figure 1
Expression patterns of PFKFB3 in FLSs and synovial tissues from patients with RA. (A) PFKFB isoenzyme mRNA expression in FLSs. PFKFB mRNA
expression was determined by qRT-PCR analysis. The data represent the means ± SEM from FLSs obtained from the synovial tissues of patients with
RA (n = 12) and OA (n = 9). (B) Representative images of Western blot analyses showing the expression of PFKFB3 in RA FLSs (n = 12) and OA FLSs
(n = 9). The data represent the means ± SEM of the densitometric quantification (lower panel). (C) The location of PFKFB3 in RA FLSs.
Immunofluorescence staining was used to determine the expression of PFKFB3. The nuclei were stained with DAPI, and F-actin was stained with
phalloidin. Representative laser confocal microscopy images show the staining of PFKFB3 from patients with RA (n = 6) and OA (n = 5). Original
magnification 400×. (D) PFKFB3 expression in synovial tissues. Representative images of immunohistochemical staining of tissues from patients
with RA (n = 6) and OA (n = 3). Arrows indicate PFKFB3 staining. Original magnification 100×. *P < 0.05, significantly different from OA.
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PFKFB3 inhibition decreases the expression of
proinflammatory cytokines and chemokines in
RA FLS
PFK15 is a potent and selective inhibitor of PFKFB3 (Clem
et al., 2013). To evaluate the role of PFKFB3 in the
pathogenesis of RA, RA FLSs were treated with various

concentration of PFK15. As shown in Figure 2A, TNFα-
induced expression of IL-6, IL-8, CCL-2 and CXCL-10 was
reduced by treatment with PFK15 at concentrations ranging
from 0.5 to 5.0 μM. The viability of RA FLSs was measured
by the MTT assay to evaluate the toxic effect of PFK15 on
RA FLSs. Up to 10 μM, this compound did not reduce cell

Figure 2
Effects of PFKFB3 inhibition on the expression of proinflammatory cytokines and chemokines in RA FLSs. RA FLSs were pretreated with DMSO (as
the control) or various concentrations of a specific PFKFB3 inhibitor, PFK15, for 4 h (A) or were transfected with specific PFKFB3 siRNA (SiPFKFB3)
or control siRNA (SiC) and then stimulated with or without TNF-α (10 ng·mL�1) for 24 h (B). The expression of IL-6, IL-8, CCL-2 and CXCL-10 was
measured by real-time qPCR. The data are representative of independent experiments (means ± SEM) from 10 RA patients. *P< 0.05, significantly
different from control or SiC; #P < 0.05, significantly different from treatment with TNF-α alone.
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viability (data not shown), which indicated that the observed
inhibitory effects were not caused by cytotoxic effects.

To rule out a non-specific effect of the low MW inhibitor,
we utilized RNA interference to selectively reduce PFKFB3
expression. We constructed three different sequences of
siRNA oligonucleotides for PFKFB3. Transfection with all
three siRNA oligonucleotides down-regulated endogenous
PFKFB3 protein expression; however, the inhibitory effect of
siRNA-3 was the most prominent (Supporting Information
Fig. S1 in the supplemental data). Therefore, PFKFB3
siRNA-3 (Si-PFKFB3) was used for further experiments.

After 72 h of transfection with PFKFB3 siRNA or control
siRNA, the cells were treated with TNF-α for 24 h.
Transfection with siRNA directed against PFKFB3 decreased
TNF-α-induced cytokine expression compared with that in
cells that received the control siRNA treatment (Figure 2B)
and further confirmed our results obtained with PFK15.

PFKFB3 inhibition impairs the migration,
invasion and proliferation of RA FLS
To examine the role of PFKFB3 in the migration of RA FLSs,
chemotaxis of FLSs was evaluated using a Transwell chamber
assay. As shown in Figure 3A, treatment with PFK15 decreased
the chemotactic migration of RA FLSs. In addition, treatment
with PFKFB3 siRNA resulted in a reduction in themigration of
RA FLSs compared with that seen in cells transfected with the
non-silencing control vector (Figure 3B). Furthermore, a
monolayer wound-healing assay was used to evaluate the role
of PFKFB3 in cell migration. Wound closing was significantly
slowed in cultures of RA FLSs treated with PFK15 or PFKFB3
siRNA (Figure 3C).

The in vitro invasion potential of RA FLSs is highly
correlated with the rate of joint destruction in RA patients
(Tolboom et al., 2005). To evaluate the role of PFKFB3 in the
invasive behaviour of RA FLSs, a thin layer of reconstituted
extracellular matrix (Matrigel) was used to measure the
in vitro invasion of RA FLSs. We found that PFK15 treatment
suppressed Matrigel invasion of RA FLSs (Figure 3D and E).

To determine if PFKFB3 could regulate the proliferation of
RA FLSs, the cells were treated with EdU (50 μM). As shown in
Figure 3F and G, treatment with PFK15 or PFKFB3 siRNA
decreased the proliferation of RA FLSs.

PFKFB3 inhibition reduces the activation of
NF-κB and MAPK in RA FLS
To determine whether PFKFB3 inhibition affects activation of
NF-κB, we first evaluated the effect of PFK15 on the nuclear
translocation of p65, a key step in the control of NF-κB
activation. As shown in Figure 4A, we observed a reduction
in p65 nuclear accumulation in RA FLSs treated with PFK15,
compared with that in cells treated with TNF-α alone.
Furthermore, we observed a decrease in phosphorylated IKKβ
following treatment with PFK15 in TNF-α-stimulated RA FLSs
(Figure 4B). Consistent with the decreased IKK activity,
PFK15 treatment also suppressed the TNF-α-induced
phosphorylation and degradation of IκBα (Figure 4B).

Next, we evaluated the role of PFKFB3 in regulating the
activation of MAPK pathways, important signals involved in
modulating synovial inflammation and joint destruction in
RA. We observed that phosphorylation of p38, JNK and ERK

was robustly induced after treatment with TNF-α, but PFK15
treatment suppressed TNF-α-induced phosphorylation of
p38, JNK and ERK (Figure 4C).

PFKFB3 inhibition reduces glucose uptake and
intracellular levels of
fructose-2,6-bisphosphate (F2,6BP) by RA FLS
To investigate whether PFKFB3 inhibition could affect
glycolysis in RA FLSs, we assessed the effects of PFK15 or
PFKFB3 siRNA on glucose uptake and secretion of lactate. As
shown in Figure 5A, glucose uptake was markedly increased
in TNF-α-induced RA FLSs. Treatment with PFK15 or PFKFB3
siRNA decreased both basal and TNF-α-induced, glucose
uptake. Similarly, intracellular levels of F2,6BP were also
increased after stimulation with TNF-α, and this increase
was suppressed by treatment with PFK15 (Figure 5B).

Lactate is involved in PFKFB3-mediated
inflammation and RA FLS migration
To determine the role of lactate in PFKFB3-associated
synovial inflammation and migration, we first measured the
levels of lactate in TNF-α-induced RA FLSs. We observed that
lactate levels in the cell medium were increased after
stimulation with TNF-α. However, this increase was
suppressed by treatment with PFK15 or PFKFB3 siRNA
(Figure 6A). To evaluate the relationship between lactate
and proinflammatory cytokines and migration, lactate was
added to the medium of cultured RA FLSs. The cells were
treated with PFK15 for 3 h and then incubated with 10 mM
lactic acid, which represents a lactate concentration present
in the synovial fluid of RA patients (Haas et al., 2015) and
detected in a number of inflammatory sites (Young et al.,
2013). As shown in Figure 6B–D, the addition of lactate
reversed the inhibitory effect of PFK15 or PFKFB3 siRNA on
proinflammatory cytokines in TNF-α-stimulated RA FLSs.
Lactate also reversed the inhibitory effect of PFKFB3
suppression on the migration of RA FLSs (Figure 6E).

Lactate is involved in PFKFB3-mediated
activation of NF-κB and MAPK by RA FLS
We further investigated whether lactate was involved in the
PFKFB3-mediated activation of NF-κB and MAPK pathways
in RA FLSs. As shown in Figure 7A and B, the addition of
lactate to PFK15-pretreated RA FLSs rescued the observed
decrease in nuclear translocation of p65 as well as the
phosphorylation of IKK and IκBα. The PFK15-induced
decrease in p38, JNK and ERK activation was also reversed
by the addition of lactate (Figure 7C). These data suggest that
a decrease in lactate in PFKFB3-inhibited RA FLSs might be a
major cause of NF-κB and MAPK inactivation.

PFK15 administration attenuates arthritis
severity in mice with CIA
Given these observations in cultured RA FLSs, the in vivo
effect of PFKFB3 inhibition by PFK15, on synovial
inflammation and joint destruction in RA was evaluated in
mice with CIA. In contrast to DMSO treatment, i.p. injection
of PFK15 suppressed the increase in clinical score (Figure 8
A–B and Supporting Information Table S2 in the
supplemental data). PFK15 treatment also decreased the
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Figure 3
Effect of PFKFB3 inhibition on the migration, invasion and proliferation of RA FLSs. RA FLSs were pretreated with various concentrations of PFK15
for 4 h or transfected with PFKFB3 siRNA (Si-PFKFB3) or control siRNA (Si-Ctrl). (A–B) Migration was assayed in a Boyden chamber. The results
show the means ± SEM for samples from eight different RA patients. The migrated FLSs were stained violet using a Diff-Quick kit [left (A) or upper
(B) panel, original magnification 200×]. (C) Effect of PFKFB3 inhibition on the migration of RA FLSs after wounding. The images are representative
of experiments from five different RA patients (original magnification 100×). (D–E) Effect of PFKFB3 inhibition on the invasion of RA FLSs. The
results show the means ± SEM in samples from eight different RA patients. The migrated FLSs were stained violet using a Diff-Quick kit (left panel,
original magnification 200×). (F–G) RA FLSs were incubated with or without PFK15 for 48 h. Cell proliferation was determined using the EdU assay.
The data are presented as the means ± SEM of five independent experiments from five different RA patients (right panel). *P < 0.05, significantly
different from control or Si-Ctrl.
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inflammatory cell infiltrate and synovial hyperplasia along
with the pannus invasion into calcified cartilage and bone
(Figure 8C). We further observed that the serum levels and
synovial expression of IL-6 were decreased in PFK15-treated
CIA mice compared with those in DMSO-treated CIA mice
(Figure 8D and E).

No significant gain in body weight was observed between
the PFK15 and DMSO groups over the course of the
experiment. We found no significant changes in renal (serum
Cr levels), liver (ALT and AST levels) or serum glucose
parameters in mice treated with PFK15 (data not shown).
Furthermore, we also found no significant histopathological
alterations in livers and kidneys removed from PFK15-treated

mice compared with those of DMSO-treated mice (Figure 8F).
These data demonstrate the safety of PFK15 treatment inmice
with CIA.

Discussion
In the present study, we showed that PFKFB3 expression is
increased in FLSs and synovial tissues derived from RA
patients. We also demonstrated that PFKFB3 inhibition
decreased the expression of proinflammatory cytokines,
migration, invasion and proliferation of RA FLSs. The NF-κB
and p38, JNK and ERK MAPK pathways were blocked by the

Figure 4
Role of PFKFB3 in regulating activation of the NF-κB and MAPK pathways. RA FLSs pretreated with the PFKFB3 inhibitor PFK15 (5 μM) for 4 h were
stimulated with TNF-α for 30 min. (A) Effect of PFK15 on the nuclear translocation of NF-κB p65. Representative laser confocal microcopy images
showing the effect of PFK15 on TNFα-induced translocation of p65 (green stain) from three independent experiments. (B) Effect of PFK15 on IKK
and IκBα phosphorylation. The lower panel shows a densitometric analysis of a Western blot from five independent experiments. (C) Effect of
PFK15 on the phosphorylation of p38, JNK and ERK. The right panel shows a densitometric analysis of an immunoblot from five independent
experiments. *P < 0.05, significantly different from control (Ctrl); # P < 0.05, significantly different from TNF-α alone.
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PFKFB3 inhibitor. PFKFB3 inhibition also reduced glucose
uptake and lactate secretion by RA FLSs. Treatment with
PFK15 in vivo markedly reduced the severity of synovial
hyperplasia, inflammatory cell infiltration and joint
destruction in mice with CIA. Our findings strongly suggest
an important role for the elevated PFKFB3 expression in the
maintenance of the activated phenotype of FLSs in RA.

Pro-inflammatory cytokines and chemokines play a key
role in synovial inflammation in RA. The detailed
mechanisms underlying the regulation of the elevated
production of a series of pro-inflammatory cytokines in RA
remain unclear. Recent studies have shown that glycolytic
inhibitors reduce proinflammatory cytokine expression in
RA FLSs (Biniecka et al., 2016; Garcia-Carbonell et al., 2016).
In this study, we demonstrated increased expression of
PFKFB3 in FLSs and synovial tissues from RA patients
compared with the levels in OA FLSs, and PFKFB3 inhibition
decreased the expression of proinflammatory cytokines and
chemokines in RA FLSs. These in vitro results were supported
by in vivo experiments, showing that PFK15 attenuated
synovial inflammation and joint destruction in mice with

CIA. Thus, our findings further support the notion that
increased synovial glycolytic metabolism contributes to joint
inflammation in RA.

The migration of FLSs to cartilage and bone is a critical
process for joint destruction in RA. FLSs can destroy cartilage
and activate osteoclasts (Gravallese et al., 2000; Müller-
Ladner et al., 2005). Accumulating evidence suggests the
potential importance of FLS-mediated joint destruction in
RA. However, no effective treatments have been found to
directly target FLS-mediated joint destruction. Clarifying the
detailedmechanisms by which the aggressive capacity of FLSs
is controlled could ultimately result in new therapies for RA.

Recent studies demonstrated an association of PFKFB3
with the migration and growth of breast cancer (Ge et al.,
2015), osteosarcoma cells (Du et al., 2015) and bladder cancer
(Sun et al., 2016). The role of PFKFB3 in tumour cells supports
a relationship between PFKFB3 and the aggressive nature of
RA FLSs. In the present study, we demonstrated that
inhibition of PFKFB3 by the specific inhibitor PFK15 or siRNA
significantly reduced migration based on wound-healing and
chemotaxis assays. Similar findings were obtained for the
regulation of the invasive behaviour of RA FLSs through
Matrigel-coated Transwell membranes. These data suggest
that overexpression of PFKFB3 may contribute to the
aberrant aggressive behaviour of RA FLSs. Consistent with
our results, PFKFB3 inhibition also reduced the directional
migration of endothelial cells (De Bock et al., 2013; Schoors
et al., 2014).

Deletion of the Pfkfb3 gene reduced cancer cell glucose
metabolism and tumour growth, making this enzyme a
promising target for anti-cancer therapy (Telang et al.,
2006). More interestingly, heterozygous genomic deletion
of PFKFB3 resulted in a 50% reduction in PFKFB3 protein
expression in all examined cell types, but it did not cause a
reduction in birth weight, litter size, development or ageing
(Chesney et al., 2005). In addition, the administration of
PFK15 in vivo did not result in toxicity in mice (Clem et al.,
2008; Clem et al., 2013). These findings suggest good
tolerance in mice of therapies that suppress PFKFB3. A
recent report showed that inhibition of PFKFB3 attenuates
the development of an established mouse model of psoriasis
(Telang et al., 2012). In this work, we demonstrated that i.p.
administration of PFK15 ameliorated the severity of
arthritis, including clinical scores, histopathological
parameters of synovial inflammation and bone resorption
and reduced serum levels and synovial expression of IL-6
in mice with CIA. Importantly, there were no significant
changes in the body weight, serum glucose or renal or liver
parameters in mice treated with PFK15 over the course of
the experiment, supporting the safety of PFK15 treatment
in CIA mice.

As a critical transcriptional factor in modulating the
expression of a number of proinflammatory genes, NF-κB is
considered a key signalling molecule in the control of
synovial inflammation, hyperplasia and matrix degeneration
(Miagkov et al., 1998; Tak et al., 2001; Hammaker et al., 2003;
Thalhamer et al., 2008). To explore the mechanisms by which
PFKFB3 regulates synovial inflammatory responses, we
evaluated the effect of PFKFB3 inhibition on NF-κB
activation. We observed that PFK15 suppressed TNF-α-
induced phosphorylation of IKK and IκBα, as well as the

Figure 5
Effect of PFKFB3 inhibition on glucose uptake and intracellular levels
of fructose-2,6-bisphosphate (F2,6BP) by RA FLSs. RA FLSs pretreated
with the PFKFB3 inhibitor PFK15 (5 μM) for 4 h or transfected with
PFKFB3 siRNA (SiPFKFB3) or control siRNA (SiCtrl) were stimulated
with TNF-α for 24 h. Glucose uptake (A) was measured using a
glucose uptake assay kit (colorimetric), and intracellular levels of
F2,6BP (B) in RA FLSs were evaluated using a coupled enzyme assay.
*P < 0.05, significantly different from control (Ctrl) or SiCtrl; #

P < 0.05, significantly different from TNF-α.
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translocation of nuclear NF-κB, suggesting that PFKFB3
regulates the NF-κB pathway by interfering with early
cytoplasmic IKK signalling.

MAPKs also play important roles in transducing synovial
inflammation and joint destruction, and they are
considered critical molecular targets for therapeutic
intervention in RA (Thalhamer et al., 2008). The p38 MAPK
isoforms are involved in regulating many of the cellular

biological processes, particularly synovial inflammatory
cytokine production, which contributes to the pathogenesis
of RA (Korb et al., 2006; Schett et al., 2008). The JNK MAPK
appears to play a major role in modulating collagenase
production and invasion by RA FLSs (Han et al., 2001; Fu
et al., 2012). The ERK MAPK participates in regulating the
synthesis of IL-6, IL-12, IL-23 and TNF-α and in promoting
pannus formation (Goodridge et al., 2003). In this study,

Figure 6
Role of lactate in regulating PFKFB3-mediated inflammation and migration of RA FLSs. (A) Effect of PFKFB3 inhibition on lactate secretion. RA FLSs
pretreated with PFKFB3 inhibitor PFK15 (5 μM) for 4 h or transfected with PFKFB3 siRNA (SiPFKFB3) or control siRNA (SiCtrl) were stimulated with
TNF-α for 24 h. Lactate concentrations in the supernatants of cultured RA FLSs were evaluated using a lactate oxidase-based assay. (B–D) RA FLSs
were pretreated with DMSO (as the Ctrl) or PFK15 for 4 h or were transfected with specific PFKFB3 siRNA (SiPFKFB3) or control siRNA (SiCtrl) and
then stimulated with or without TNF-α (10 ng·mL�1) for 24 h. Lactic acid (10 mM) was added for 6 h before harvesting the cells. The expression
levels of IL-6 (B), IL-8 (C), CCL-2 (D) and CXCL-10 (E) were measured by real-time qPCR. The data are representative of five independent
experiments (means ± SEM). *P < 0.05, significantly different from Ctrl or SiCtrl; #P < 0.05, significantly different from TNF-α alone; $P < 0.05,
significantly different from TNF-α + PFK15.
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we found, for the first time, that PFKFB3 inhibition
suppressed the phosphorylation of p38, JNK and ERK by
TNF-α-stimulated RA FLSs. Collectively, our findings

indicate that glycolytic metabolism contributes to synovial
inflammation and invasiveness, at least in part by
regulating the NF-κB and p38/JNK/ERK pathways.

Figure 7
Involvement of lactate in the PFKFB3-mediated activationofNF-κB andMAPKpathways by RA FLSs. RA FLSswere treatedwith orwithout the PFKFB3
inhibitor PFK15 (5 μM) for 4 h and then incubated with or without lactic acid (Lac, 10mM) for 6 h. The cells were stimulated with TNF-α for 30min
before harvesting. (A) Effect of lactate treatment on nuclear translocation of NF-κB p65. Representative laser confocal microcopy images showing
the effect of lactate on TNFα-induced translocation of p65 (green stain) from five independent experiments. (B) Effect of lactate on IKK and IκBα
phosphorylation. The lower panel shows a densitometric analysis of Western blotting from five independent experiments. (C) Effect of lactate on
the phosphorylation of p38, JNK and ERK. The right panel shows a densitometric analysis of immunoblot analyses from five independent
experiments. *P<0.05versus control (Ctrl); #P<0.05, significantlydifferent fromTNF-αalone; $P<0.05, significantlydifferent fromTNF-α+PFK15.
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Figure 8
Attenuation of severity of arthritis inmice with CIA by the PFKFB3 inhibitor PFK15. (A–B) Effect of PFK15 on the clinical score (A) and ankle diameter
(B) inmice with CIA. The values in A and B are themeans ± SEMof eightmice injected i.p. with PFK15 (25mg·kg�1, every other day) and eightmice
treated with DMSO. (C) Histological findings. The specimens from the removed arthritic paws were stained with H&E (original magnification
100×). The lower panel shows the scores (means ± SEM) for synovial inflammation, hyperplasia and bone loss. *P < 0.05, significantly different
from DMSO. (D) Effect of PFK15 on serum levels of IL-6 in CIA mice. The levels of IL-6 were measured by ELISA. The values are the means ± SEM.
*P < 0.05, significantly different from normal control; #P < 0.05, significantly different from DMSO. (E) Effect of PFK15 on the expression of
IL-6 in synovial tissue from mice with CIA. IL-6 expression was measured by immunohistochemical staining. Representative images of IL-6
expression in synovial tissues are shown for DMSO-treated (n = 5) and PFK15-treated (n = 5) mice (original magnification 200×). (F) Effect of
PFK15 on the liver and kidney of CIAmice. Photomicrographs show the histopathology of the liver and kidney fromDMSO- or PFK15-treatedmice.
Original magnification 100×. (G) Diagram of the proposed role of PFKFB3 in regulating synovial inflammation and joint destruction in RA.
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Because of a high level of glycolysis, activated RA FLSs
produce a substantial amount of lactate (Yang et al., 2015;
Biniecka et al., 2016). Previous studies have indicated that
lactate functions as an important molecule in the regulation
of intracellular signalling pathways under physiological and
pathological conditions. For example, lactate is involved in
angiogenesis by activating the endothelial PI3K/Akt
pathway (Ruan and Kazlauskas, 2013). Lactate, which is
derived from tumour cells, plays a key role in signalling that
modulates the polarization of tumour-associated
macrophages (Colegio et al., 2014). Lactic acid also induces
endothelial tube formation via NF-κB activation (Vegran
et al., 2011). Moreover, lactate-induced Akt phosphorylation
has been reported to participate in PFKFB3-driven
endothelial angiogenesis (Xu et al., 2014). Thus, to
determine the mechanisms linking PFKFB3 inhibition to
the inhibition of NF-κB and MAPK activity, we examined
whether lactate could mediate the role of PFKFB3 in
regulating the activation of NF-κB and MAPK signals in RA
FLSs. We found that PFKFB3 inhibition decreased the levels
of lactate in RA FLSs. The addition of lactate to RA FLSs
reversed the inhibitory effect of PFKFB3 suppression on
NF-κB and MAPK signalling activation. Moreover, the
impaired invasion and proinflammatory cytokine
expression were reversed by exogenous lactate. Therefore,
as summarized in Figure 8G, PFKFB3 inhibition caused a
low level of glycolysis and lactate, which resulted in a
decrease in NF-κB and MAPK signalling activation, as well
as the prevention of synovial inflammation and joint
destruction in RA. However, the mechanisms underlying
lactate-mediated induction of proinflammatory cytokine
expression and aggressiveness in RA FLSs remain unclear
and require further investigation. In addition, it is well
established that F-2,6-BP, which is produced by PFKFB3,
plays a critical role in regulating glycolysis in the cytoplasm
(Okar et al., 1999; Okar et al., 2001; Smith et al., 2007;
Telang et al., 2012). However, our findings indicate that
PFKFB3 protein is predominantly localized in the nucleus.
We suspect that both non-mutually exclusive mechanisms
might provide explanations for this controversial issue.
One possibility is that PFKFB3 protein shuttles out of the
nucleus to the cytoplasm. However, this phenomenon
seems unlikely because we did not observe TNF-α-induced
translocation of PFKFB3 from the nucleus to the cytoplasm
(Supporting Information Fig. S2 in the supplemental data).
The other model is the subcellular compartmentalization
of F-2,6-BP such that nuclear F-2,6-BP might be transferred
to the cytoplasm under stimulation because of an
established concentration gradient of F-2,6-BP between the
nucleus and cytoplasm. Consequently, a relative increase
in F-2,6-BP in the cytoplasm might result in the induction
of glycolysis. Indeed, it has been reported that nuclear-
to-cytosolic gradients of small molecules, such as calcium
ions, are preserved in mitogen-stimulated hepatocytes
(Waybill et al., 1991).

In conclusion, our observations showed that the
inhibition of PFKFB3 kinase activity reduced the activation
and aggressive capacity of RA FLSs in vitro and induced
suppression of experimental arthritis in vivo, which suggests
that targeting PFKFB3 may be a novel therapeutic strategy
for inflammatory arthritis.
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Figure S1 Targeted depletion of PFKFB3 in RA FLSs. RA FLSs
were transfected with siRNA for the PFKFB3 oligonucleotide
(Si-PFKFB3), the control (Si-Ctrl) or GAPDH (as a positive
control, Si-GAPDH). After 72 h of transfection, the cells were
lysed. Gene expression of PFKFB3 (A) and GAPDH (B) was
determined by real-time qPCR, and the presented mRNA
expression values represent the means ± SEM from 5
independent experiments. PFKFB3 protein expression (C)
was assessed by Western blot analysis. Semi-quantitative
densitometry of PFKFB3 expression is shown in panel D from
5 independent experiments (means ± SEM). *P < 0.05 versus
Si-Ctrl.
Figure S2 Effect of TNF-α on the translocation of PFKFB3 in
RA FLSs. Cells were stimulated with TNF-α (10 ng/mL) for
12 h. Immunofluorescence staining was used to evaluate the
expression of PFKFB3. Nuclei were stained with 40-6-
diamidono-2- phenylindole dihydrochloride (DAPI), and F-
actin was stained with phalloidin. Representative laser
confocal microscopy images showing the staining of PFKFB3
from 5 independent experiments. Original magnification
400 ×.
Table S1 The sequences of PFKFB3 siRNA oligonucleotides.
Table S2 Clinical scores for individual mice with collagen-
induced arthritis.
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