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Abstract

Objective—Up-regulation of glucose metabolism has been implicated not only in tumor cell
growth but also in immune cells upon activation. However, little is known about the metabolite
profile in rheumatoid arthritis (RA), particularly in fibroblast-like synoviocytes (FLS). This study
was undertaken to evaluate whether changes in glucose metabolism in RA FLS could play a role in

inflammation and joint damage.

Methods—Synovium and FLS were obtained from patients with RA and patients with
osteoarthritis (OA). The rate of glycolysis after stimulation of FLS with lipopolysaccharide and
platelet-derived growth factor BB was measured using glycolysis stress test technology. FLS
function was evaluated using a glycolysis inhibitor, 2-deoxy-D-glucose (2-DG). After stimulation
of the FLS, a migration scratch assay, MTT assay, and enzyme-linked immunosorbent assay were
performed to measure the effect of 2-DG on FLS migration, viability of the FLS, and cytokine
secretion, respectively. IRDye 800CW 2-DG was used to assess glucose uptake in the arthritic
joints and stromal cells of mice after K/BxN mouse serum transfer. The mice were injected daily,
intraperitoneally, with 3-bromopyruvate (BrPa; 5 mg/kg) to assess the effect of inhibition of
glycolysis in vivo.
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Results—Compared to human OA FLS, the balance between glycolysis and oxidative
phosphorylation was shifted toward glycolysis in RA FLS. Glucose transporter 1 (GLUT1)
messenger RNA (mRNA) expression correlated with baseline functions of the RA FLS. Glucose
deprivation or incubation of the FLS with glycolytic inhibitors impaired cytokine secretion and
decreased the rate of proliferation and migration of the cells. In a mouse model of inflammatory
arthritis, GLUT1 mRNA expression in the synovial lining cells was observed, and increased levels
of glucose uptake and glycolytic gene expression were detected in the stromal compartment of the
arthritic mouse joints. Inhibition of glycolysis by BrPa, administered in vivo, significantly
decreased the severity of arthritis in this mousemodel.

Conclusion—Targeting metabolic pathways is a novel approach to understanding the
mechanisms of disease. Inhibition of glycolysis may directly modulate synoviocyte-mediated
inflammatory functions and could be an effective treatment strategy for arthritis.

Rheumatoid arthritis (RA) is a systemic autoimmune disease that mainly affects the joint
synovium, leading to chronic inflammation, joint destruction, and loss of function (1).
Pathogenesis of the disease involves a complex interaction between the innate and adaptive
arms of the immune system, in concert with resident fibroblast-like synoviocytes (FLS).
These cells are critical in RA pathogenesis (2,3). They display an aggressive/transformed
phenotype that contributes to synovial inflammation and cartilage damage by producing
inflammatory mediators. The autonomous ability of RA FLS to survive in an environment
enriched with oxygen radicals, nitric oxide, and cytokines resembles the phenotype of some
tumors (2,3). Although treatment of RA has improved, the currently available disease-
modifying drugs do not directly target FLS dysfunction. Thus, new, rationally designed
disease-modifying agents are needed to replace or complement current therapies.

Many factors in the cell microenvironment activate key signaling pathways that converge on
cellular metabolism to support cell growth and survival (4,5). These changes in metabolism
may be best described in tumor cells. However, there is increasing evidence of metabolic
changes in stromal and immune cells (6—8) and in autoimmune diseases (9—11). Recently,
we showed that choline metabolism is activated in RA FLS under proinflammatory
conditions, and that selectively blocking the enzyme choline kinase a might be beneficial in
inflammatory arthritis by suppressing the functions of FLS (12). Thus, the study of
metabolic changes in these cells could potentially lead to identification of novel activated
signaling pathways and therapeutic agents (13).

One of the best-characterized metabolic phenotypes in tumor cells is a shift toward increased
glycolytic turnover (4,5). Historically, it was suggested that the persistent metabolism of
glucose to lactate is an adaptation to the stressful and dynamic microenvironment of the
solid tumor, where concentrations of crucial nutrients and oxygen are spatially and
temporally heterogeneous (14,15). Cell populations with up-regulated glycolysis and acid
resistance have a powerful growth advantage, which promotes proliferation and invasion.
The microenvironment in inflamed joints is also characterized by hypoxia and low
concentration of nutrients (16). The up-regulation of glycolysis, resulting in increased
glucose consumption, can be observed with clinical imaging (17). The increased glucose
uptake imaged with fluorodeoxyglucose—positron emission tomography (FDG-PET) is
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largely dependent on the rate of glycolysis, and several studies showed FDG accumulation in
swollen joints. Both fibroblasts and activated macrophages contributed to a high level of
FDG accumulation in the pannus, and hypoxia as well as cytokine stimulation significantly
increased FDG uptake by these cells (18,19).

These considerations led us to assess whether RA FLS display an altered pattern of glucose
metabolism and an intrinsic ability to employ glycolytic metabolism under conditions of
metabolic stress in a manner different from other primary fibroblasts. We also evaluated
whether glycolytic inhibition may be a disease-modifying strategy, by directly modulating
the synoviocyte-mediated destruction of cartilage.

MATERIALS AND METHODS

Mice

Reagents

KRN T cell receptor—transgenic mice were a gift from Drs. D. Mathis (Harvard Medical
School, Boston, MA) and C. Benoist (Institut de Génétique et de Biologie Moléculaire et
Cellulaire, Strasbourg, France). All mice used in these experiments were bred on the
CS57BL/6 background and were 8—12 weeks old. All protocols involving animals received
prior approval from the Institutional Review Boards and followed the Guide for the Care and
Use of Laboratory Animals from the Institute for Laboratory Animal Research (National
Research Council).

Lipopolysaccharide (LPS), 2-deoxy-D-glucose (2-DG), 3-bromopyruvate (BrPa), and all
reagents for respirometry were obtained from Sigma-Aldrich, except for the XF plasma
membrane permeabilizer (used in permeabilized cell experiments), which was obtained from
Seahorse Bioscience. Platelet-derived growth factor BB (PDGF-BB) and tumor necrosis
factor (TNF) were obtained from R&D Systems. IRDye 800CW 2-DG and IRDye 800CW
carboxyl were purchased from Li-Cor Biosciences. MK-2206 (an Akt inhibitor) was
obtained from Selleckchem.

Preparation of human synovium and synoviocytes

Synovium and FLS were obtained from patients with RA undergoing total joint replacement
or synovectomy. All RA patients met the American College of Rheumatology 1987 revised
criteria for seropositive RA (20). In addition, synovium and FLS were obtained from
patients with osteoarthritis (OA), as previously described (21-23).

In vivo imaging

IRDye 800CW 2-DG (10 nmoles) or the dye control (IRDye 800CW carboxyl, 10 nmoles)
was intravenously injected into mice. Twenty-four hours after the dye injection, the animals
were imaged using a whole-body mouse imager (Maestro; CRI). The mice were killed by
isoflurane overdose, followed by cervical dislocation. Imaging was performed using a
whole-body mouse imager (Maestro; CRI). Spectral imaging was carried out by excitation
of the IRDye 800CW at a mean+SD excitation wavelength of 730+42 nm, followed by
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measurement of emission at a wavelength of 800 nm long pass. Regions of interest were
delineated and analyzed using ImagelJ software.

Preparation of single cells from the joints of arthritic mice and nonarthritic control mice

Joints from arthritic mice and from mice that had not received arthritogenic serum transfer
(nonarthritic controls) were digested using type IV collagenase (1 mg/ml) and DNase I (200
units/ml) in RPMI medium supplemented with 10% fetal calf serum (FCS). Floating cells
were recovered from the digestion mix every 20 minutes, and the reaction was stopped by
adding ice-cold phosphate buffered saline (PBS)-2% FCS—5mAM EDTA. The cells were then
spun down for 10 minutes at 1,200 revolutions per minute. Digestion was not carried out
longer than 60 minutes.

After a single-cell suspension was obtained, cells were stained with fluorescence-labeled
antibodies and then analyzed by flow cytometry. Alternatively, enrichment of CD45- cells
that were positive for podoplanin (PDPN+) was achieved by first depleting CD45+ cells
using anti-CD45 biotin-labeled antibodies, followed by use of anti-biotin magnetic beads
(Miltenyi Biotec). PDPN+ cells were enriched within the population of negatively selected
cells with the use of antiphycoerythrin (anti-PE) beads (Miltenyi Biotec) in combination
with PDPN-PE labeling. Positively selected cells were harvested, and the purity of the
CD45-PDPN+ cell population was assayed by flow cytometry, yielding a purity of ~90%.
An LSRII cell analyzer (BD Biosciences) was used for the flow cytometry analyses, and
FlowJo software (TreeStar) was used for data analysis.

Serum transfer and arthritis scoring in mice

Sera from adult, arthritic K/BxN mice were pooled for use in serum transfer. Recipient mice
were injected intraperitoneally with 150 gl of the K/BxN mouse serum. Clinical arthritis
scores were evaluated in the recipient mice after serum transfer, as described previously
(24). Beginning on day O or day 4 after K/BxN mouse serum administration, BrPa (5 mg/kg
daily) was injected intraperitoneally. On days 7 or 9 post—serum injection, the mice were
killed and the paws were analyzed for histopathologic changes (histologic score range 0-5).

Statistical analysis

Statistical analysis was performed with Prism software (version 5; GraphPad). Results are
expressed as the mean+SEM. Normality of the variables was assessed using the
Kolmogorov-Smirnov and D’ Agostino-Pearson normality tests. For comparison between 2
groups, Student’s 2-tailed #tests or nonparametric Mann-Whitney tests were applied,
depending on the normality of the distribution of the variables. For comparison between
paired samples, paired #tests or nonparametric Wilcoxon’s matched pairs tests were applied.
We compared 3 or more groups with analysis of variance. Either Dunnett’s post hoc test or
the Bonferroni test was chosen, depending on the homogeneity of variances. Pearson’s or
nonparametric Spearman’s coefficients were used for assessment of correlations between 2
quantitative variables. Results were considered significant if the 2-sided Pvalue was less
than 0.05 (more details are provided in Supplementary Methods, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.1002/art.39608/abstract).
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RESULTS

FLS mitochondrial respiration at baseline

We first measured the rates of cellular respiration in cultured primary FLS to study whether
RA FLS demonstrate an increase in the metabolism of glucose to lactate. Using a Seahorse
XF analyzer, we measured the mitochondrial respiration rate (oxygen consumption rate
[OCRY]) and the rate of proton efflux (proton production rate [PPR]) in RA and OA FLS cell
lines (Figures 1A and B). The ratio of PPR to OCR represents an estimate of the relative
balance between glycolysis and oxidative phosphorylation (although the ratio does not
directly reflect the relative ATP produced from either pathway; much less ATP is made from
1 mole of glucose incompletely oxidized to lactate as compared to complete oxidation by
mitochondria). RA FLS showed a greater PPR:OCR ratio than that observed in OA FLS
(mean£SEM 2.1440.99 versus 1.14+0.3; P=0.03) (Figure 1C), suggesting that RA FLS are
more dependent on glycolysis than are OA FLS.

This altered balance between oxidative phosphorylation and glycolysis in RA FLS and OA
FLS was not a direct function of limited capacities in either cell type. Compared to RA FLS,
OA FLS respired at a rate closer to their maximal capacity. In contrast, RA FLS worked
closer to their capacity than did OA FLS to meet the demand for ATP by glycolysis (Figure
1D).

To further determine whether the relatively lower respiratory rate and higher glycolytic rate
in RA cells could be attributed to a decreased number of mitochondria, the protein levels of
subunits of electron transport chain complexes were measured by Western blotting. The
findings from Western blotting showed that the levels of the different components of the
mitochondrial complex were not different between the 2 cell lines (see Supplementary
Figure 1, available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.39608/abstract).

Glucose transporter 1(GLUT1) expression and correlation with baseline FLS functions

We also measured the expression of selected genes related to the glycolytic pathway in FLS
from 5 RA patients and 5 OA patients. The expression of messenger RNA (mRNA) for
GLUT], the main glucose transporter, was increased in RA FLS compared to OA FLS
(Figure 2A), and the levels of GLUT1 mRNA strongly correlated with the levels of mRNA
for hexokinase 2 (HK?2), an enzyme that catalyzes the first step in glycolysis (Figures 2A
and B).

The levels of other genes related to glucose metabolism and lactate production, such as
lactate dehydrogenase A (LDHA) and pyruvate dehydrogenase kinase 1 (PDK1) genes, were
not significantly different between OA FLS and RA FLS (see Supplementary Figure 2A,
available on the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/doi/
10.1002/art.39608/abstract). However, the levels of these other genes were correlated with
the levels of GLUT1 mRNA expression in the FLS (Figure 2B and Supplementary Figure
2C, http://onlinelibrary.wiley.com/doi/10.1002/art.39608/abstract). In addition, GLUT1
mRNA expression was also correlated with the baseline expression of matrix
metalloproteinase 3 (MMP-3) mRNA, and with the baseline migration of these cell lines
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(Figures 2A and B and Supplementary Figure 2B, http://onlinelibrary.wiley.com/doi/
10.1002/art.39608/abstract), suggesting that there is a correlation between the rate of
glycolysis and certain FLS baseline functions. Of interest, findings from 6 RA and 6 OA
FLS cell lines reported in the GEO data sets (array GSE7669; http://www.ncbi.nlm.nih.gov)
also showed that the expression levels of GLUT1, HK2, and MMP mRNA were statistically
significantly correlated in these cell lines (see Supplementary Figures 3A and B, available
on the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.1002/art.
39608/abstract).

Effect of inflammatory mediators on the rate of glycolysis in human FLS

To determine whether inflammatory mediators implicated in the FLS inflammatory response
regulate the mitochondrial respiration and glycolysis rates, we stimulated OA FLS and RA
FLS with LPS or PDGF-BB for 24 hours, a process that promotes FLS proliferation, FLS
migration, and cytokine secretion. Stimulation of the FLS with LPS repressed the basal rate
of respiration and stimulated glycolytic flux in both OA FLS and RA FLS (Figures 3A-C).

The drop in basal respiration in the FLS cell lines was accompanied by an increase in the
PPR, suggesting that a shift from mitochondrial activity to glycolysis takes place in order to
meet the energetic needs of the cells. Although the drop in basal mitochondrial respiration in
response to LPS was greater in RA FLS than in OA FLS (mean+SEM decrease of 46.4+15%
versus 25.9437.9%; P=0.03), the increase in the PPR (199.8+82% in RA FLS versus
192.6+72.25% in OA FLS; Pnot significant) and increase in the PPR:OCR ratio (mean
+SEM 3.941.6 in RA FLS versus 3.39+ 2.4 in OA FLS; Pnot significant) upon LPS
treatment did not differ significantly between the 2 cell lines.

The increase in extracellular PPR upon LPS stimulation was reinforced by an increase in the
lactate levels measured in the culture medium, both in RA FLS and in OA FLS (Figure 3D
and Supplementary Figure 4A, available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.39608/abstract). The shift from mitochondrial
respiration to glycolysis induced by LPS was not observed in primary human pulmonary
fibroblasts, although the expression levels of Toll-like receptor 4 and mitochondrial content
were similar between the cell lines (Figure 3E and Supplementary Figure 4B, http://
onlinelibrary.wiley.com/doi/10.1002/art.39608/abstract).

In another experiment, we stimulated the FLS with PDGF-BB, which increased the
mitochondrial respiration rate and the level of extracellular acidification in both RA FLS and
OA FLS (Figure 3F). Interestingly, while the increase in mitochondrial respiration was
similar between the RA and OA FLS cell lines, the RA FLS showed a greater increase in the
glycolysis response after stimulation with PDGF-BB.

To further study the effect of LPS and PDGF-BB on glycolysis, we determined the
expression of GLUT-1 by both Western blotting and quantitative polymerase chain reaction
(qPCR) after stimulation of the cells with LPS or PDGF-BB. Addition of either stimulus
increased the expression of GLUT-1 protein and GLUT1 mRNA in both RA FLS and OA
FLS (Figure 2G and Supplementary Figure 4C, http://onlinelibrary.wiley.com/doi/10.1002/
art.39608/abstract).
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We then tested whether the shift from oxidative phosphorylation to glycolysis upon LPS
stimulation could be attributed to mitochondrial dysfunction or whether it simply
represented a shift toward whichever pathway was used to meet the ATP demand. To
accomplish this, both RA and OA FLS were treated with LPS for 24 hours and subsequently
permeabilized, allowing respiration to be measured in the absence of cytoplasmic signaling
and control over ATP demand. In this manner, we could determine whether LPS treatment
injured the mitochondria. Of note, in the permeabilized cell experiments using a Seahorse
XF analyzer, recombinant perfringolysin O selectively permeabilizes the plasma membrane
without damaging mitochondria (25). The inhibition in basal rates of respiration observed
following LPS treatment in intact cells was not evident when permeabilized cells were
treated with either succinate (plus rotenone) or pyruvate (plus malate) as oxidizable
substrates (Figure 3H and Supplementary Figure 4D, http://onlinelibrary.wiley.com/doi/
10.1002/art.39608/abstract).

To further prove that the drop in the OCR after stimulation of the cells with LPS could be
attributed to a shift in the balance between oxidative phosphorylation and glycolysis, and not
to mitochondrial dysfunction, we measured FCCP-stimulated respiration in whole cells.
FCCP (with oligomycin) disengages mitochondrial function from regulation by the cellular
ATP demand. Since protonophore-stimulated respiration did not change after LPS
stimulation (Figure 3H and Supplementary Figure 4D, http://onlinelibrary.wiley.com/doi/
10.1002/art.39608/abstract), it can be concluded that LPS does not damage mitochondrial
substrate transport or oxidation.

As a potential mechanism for the LPS-induced depression of respiration, nitric oxide (NO)
may act to depress mitochondrial respiration, similar to what has been previously observed
in macrophages (26). However, we detected neither expression of inducible NO synthase, as
assessed by qPCR, nor production of nitrate/nitrite, as measured by the Griess reaction, in
LPS-stimulated FLS (data not shown).

Multiple other cellular pathways might lead to the glycolytic phenotype. One of these is the
phosphatidylinositol 3-kinase (PI3K)/Akt signaling pathway, which can be activated by
hypoxia or several cytokines and growth factors, and this pathway regulates FLS functions
in RA. However, incubation of the FLS with the Akt inhibitor MK-2206 (at a dose of 5 uM)
did not prevent the increase in the rate of glycolysis after stimulation of the cells with LPS
(Figure 31 and Supplementary Figure 4E, http://onlinelibrary.wiley.com/doi/10.1002/art.
39608/abstract).

Effect of inhibition of glycolysis on FLS function

Since treatment of the cells with LPS and PDGF-BB stimulated glycolytic flux, we
determined whether inhibition of glycolysis during LPS and PDGF-BB exposure could
modify the response of the FLS to these factors. We used 2-DG, a glucose analog that is
phosphorylated by HK to phospho—2-DG, but cannot be further metabolized by phospho—
glucose isomerase (27). BrPa, for which a detailed mechanism of action remains to be fully
elucidated, is believed to also inhibit HK, dampening the rate of glycolysis (27). As another
approach to limiting glycolytic flux, we also tested the effects of culture of the FLS in
medium lacking glucose (no glucose [NG] control medium). We first measured glucose
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consumption and lactate secretion after LPS stimulation in the presence or absence of both
inhibitors. As might be expected, incubation of RA FLS with 2-DG (50 mM) and BrPa (25
uM) prevented the drop in glucose levels and increase in lactate levels in response to LPS
(see Supplementary Figures SA and B, available on the Arthritis & Rheumatology web site
at http://onlinelibrary.wiley.com/doi/10.1002/art.39608/abstract).

Since glycolysis is involved in tumor cell proliferation and migration, we next determined
whether inhibition of glycolysis may interfere with FLS cell growth and migration in vitro.
RA FLS were pretreated with 2-DG, BrPa, or NG control medium and then cultured in the
presence of PDGF-BB for 4 days, followed by an MTT assay. All 3 culture conditions
significantly decreased the rate of cell proliferation as measured by MTT assay (Figure 4A).
The 3 culture conditions also significantly reduced cell migration, as determined in a
migration scratch assay, in both RA FLS and OA FLS (Figure 4B and Supplementary
Figures 5C and D, http://onlinelibrary.wiley.com/doi/10.1002/art.39608/abstract).

Pyruvate is transported into cells and provides oxidizable substrate to mitochondria, even in
the presence of glycolytic inhibitors. Therefore, addition of pyruvate to cell cultures can
allow us to determine whether the effect on FLS functions after inhibiting glycolysis can be
rescued by support of mitochondrial metabolism. We tested the effect of these conditions in
the migration scratch assay. The addition of pyruvate (1 mM) did not affect the inhibition of
migration of the cells cultured in any of the 3 culture conditions (see Supplementary Figure
SE, http://onlinelibrary.wiley.com/doi/10.1002/art.39608/abstract).

Treatment with 2-DG and BrPa also decreased the secretion of interleukin-6 (IL-6) and
MMP-3 in RA FLS (Figures 4C and D), and decreased the secretion of IL-6 in OA FLS (see
Supplementary Figure 5F, http://onlinelibrary.wiley.com/doi/10.1002/art.39608/abstract).
The addition of pyruvate to the medium did not reverse the inhibitory effect of 2-DG on IL-6
secretion (see Supplementary Figure 5G, http://onlinelibrary.wiley.com/doi/10.1002/art.
39608/abstract), suggesting that the effects of glycolytic inhibitors are not simply
attributable to a blockade of glycolytic provision of pyruvate to mitochondria. Treatment
with 2-DG also decreased the expression of MMPs 1 and 3 and IL-6 after LPS stimulation in
RA FLS (see Supplementary Figure SH, http://onlinelibrary.wiley.com/doi/10.1002/art.
39608/abstract).

In addition to inhibiting glycolysis, 2-DG would be expected to inhibit both the oxidative
and nonoxidative arms of the pentose—phosphate (PP) pathway. We therefore measured
[1-14C]glucose oxidation to 14CO,, which assesses carbon flow through the oxidative PP
pathway, and also measured purine nucleotide synthesis, which assesses carbon flow through
the nonoxidative PP pathway, because most ribose-for-purine nucleotide synthesis comes
from the nonoxidative PP pathway (28,29). We found that treatment with 2-DG did not
affect [1-14C]glucose oxidation or purine synthesis in either RA FLS or OA FLS, but that it
did dramatically decrease purine synthesis and glucose oxidation in primary human
pulmonary fibroblasts (Figures 4E and F), thus highlighting again the profound differences
in glucose metabolism in FLS.
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Glucose metabolite profile in human RA synovium

We then determined the glucose metabolite profile of whole synovium from patients with
RA and patients with OA, using proton magnetic resonance spectroscopy (H-MRS). One-
dimensional 'H-MRS spectra of aqueous extracts revealed higher lactate accumulation in
RA synovium compared to OA synovium (see Supplementary Figures 6A and B, available
on the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.1002/art.
39608/abstract). Levels of other metabolites related to glucose metabolism, as detected

by 'H-MRS, were also higher in RA synovium compared to OA synovium (see
Supplementary Figure 6B, http://onlinelibrary.wiley.com/doi/10.1002/art.39608/abstract),
suggesting that RA synovium undergoes an increased rate of glycolysis. Given the
heterogeneity observed in the RA samples, the metabolite profile of the RA synovium was
not statistically significantly different from that of the OA synovium. Further studies with a
higher number of samples are needed for a more detailed study of glucose metabolism in RA
synovium.

Decreased severity of inflammatory arthritis in mice following inhibition of glycolysis

The effect of glycolytic inhibitors, observed as a decrease in the levels of inflammatory
markers in FLS, led us to evaluate the role of this approach in the K/BxN mouse serum
transfer model of arthritis. The K/BxN passive serum transfer model is FLS dependent (30)
and requires only innate immunity (31). Since 2-DG has been shown to have significant
toxic effects in animal studies (27), we used BrPa to evaluate glycolytic inhibition in vivo.
This drug has been reported to be remarkably effective in animal models of solid tumor
growth, without toxic effects (27,32-34).

We first determined whether glucose metabolism was increased in the mice, using IRDye
800CW 2-DG, a fluorescent optical imaging agent that assesses glucose uptake. IRDye
800CW 2-DG or the carboxyl dye control was intravenously injected after 6 days of arthritis
induction by passive transfer of K/BxN mouse serum, while nonarthritic controls did not
receive serum transfer. The mice were imaged 24 hours later. Direct IR800 fluorescence
imaging of the mice injected with IRDye 800CW 2-DG showed a 2.3-fold higher emission
in arthritic mouse joints compared to nonarthritic control mouse joints (mean+SEM
397.39+83.22 arbitrary units [AU] versus 170.4+£29.8 AU [P<1075]; n=3 mice per group).
Moreover, IRDye 800 CW 2-DG-injected arthritic mouse joints showed a 1.9-fold higher
emission than did control dye—injected arthritic mouse joints (mean+SEM 397 + 8§3.22 AU
versus 211.19+59.38 AU [P<107°]; n=3 mice per group) (Figures 5SA—C). These results are
consistent with the findings from PET scans in humans.

To further study glycolysis in FLS, we assessed glucose uptake in cells from the arthritic
mouse joints, using fluorescence-activated cell sorting analysis. On day 5 after K/BxN
serum injection, mice were injected with IRDye 800CW 2-DG, and 24 hours later, the joints
were digested. After a single-cell suspension was obtained, the cells were stained with anti-
CD45 and anti-PDPN antibodies. PDPN is a glycoprotein highly expressed in RA FLS (35).
Although it is also expressed in other cell populations, such as human lymphatic endothelia,
basal epithelial keratinocytes, myoepithelial cells, and myofibroblasts of certain glandular
tissues, as well as follicular dendritic cells and fibroblastic reticular cells of lymphoid organs
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and alveolar type I cells, these cells should not be present or are underrepresented in our
sample. In the population of CD45—PDPN+ cells from the arthritic mouse joints, we
observed increased uptake of 2-DG, as shown in Figure 5D.

To further characterize this population, we enriched for CD45—-PDPN+ cells, and within this
population, we found that they incorporated more 2-DG (Figure S5E) and had higher
expression of GLUT1 and LDHA mRNA (Figure 5F) than did the CD45-PDPN- cell
population. Levels of other enzymes in the glycolytic pathway, such as enolase 1 and
pyruvate kinase muscle isoenzyme 2, were also significantly increased in the CD45-PDPN+
cell population (Figure 5F).

We also determined the expression of GLUT1 by immunohistochemical staining of the
joints of arthritic and nonarthritic mice. The results showed that GLUT1 mRNA was
expressed in the synovial lining cells from the joints of normal (nonarthritic) mice, and was
uniformly expressed in the invasive lining of the joints of arthritic mice (Figure 5G and
Supplementary Figure 7A, available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.39608/abstract).

We tested 2 doses of BrPa (5 mg/kg and 10 mg/kg) to study the effect of the drug on arthritis
in this mouse model. The serum lactate concentration was slightly increased in mice injected
with the higher dose of BrPa as compared to PBS-injected mice, but in mice injected with
the lower dose of BrPa, the concentration was similar to that in PBS-injected mice (mean
+SEM 15.3+1.9 nM in PBS-injected mice, compared to 16.7+ 0.9 nM in low-dose BrPa—
injected mice and 19.3+0.8 nM in high-dose BrPa—injected mice).

We then injected 5 mg/kg BrPa daily for 6 days after administration of the arthritogenic
mouse serum. BrPa-treated mice had significantly lower clinical arthritis scores compared to
PBS-injected mice, from day 2 onward (Figure 6A). Importantly, BrPa treatment not only
prevented the onset of arthritis, but also successfully suppressed joint swelling in mice when
treatment at the dose of 5 mg/kg was initiated in established disease (Figure 6B and
Supplementary Figure 7B, http://onlinelibrary.wiley.com/doi/10.1002/art.39608/abstract).

Histopathologic analysis of the joints on day 7 of treatment showed markedly reduced
inflammatory cell infiltration, joint destruction, and cartilage damage in BrPa-treated mice
compared to PBS-treated controls (Figures 6C and D). In addition, GLUT1 mRNA
expression was also dramatically decreased in BrPa-treated mice (Figure 6E).

Furthermore, to evaluate the influence of BrPa inhibition on the levels of synovial
inflammatory mediators, we determined the relative levels of IL-6 and IL-18in the joints
from a separate group of mice on day 5 after serum transfer (day 5 clinical arthritis scores
were a mean+SEM 1.8+0.83 in BrPA-treated mice versus 10.2+3.6 in PBS-injected controls;
P<0.01). Analysis by enyme-linked immunosorbent assay confirmed that levels of IL-6 and
IL-18 were reduced in BrPa-treated arthritic mouse joints (Figure 6F).
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DISCUSSION

There are very few studies focused on targeting the metabolism in RA or assessing
metabolic changes in synovial stromal cells such as FLS. However, FLS must meet the
bioenergetic and biosynthetic demands of increased cell proliferation, and must adapt to
inflammatory and hypoxic conditions, which are known to have profound effects on the
cellular metabolism needed to support cell growth and survival. In this study, we showed
that glucose metabolism is increased in stromal cells in a murine model of arthritis, and that
glycolytic inhibition impaired FLS functions and also abrogated joint inflammation and
damage in this murine model of RA. The observed correlation between the levels of
glycolysis-related genes, such as GLUT1, and FLS functions, such as cell migration or
MMP expression, although not causal, also suggest that there is a reliance of FLS on glucose
metabolism. Moreover, RA FLS are working closer to their capacity than are OA FLS to
meet the demand for ATP by glycolysis, suggesting that they undergo a shift in ATP
generation from oxidative phosphorylation to glycolysis, which could be an adaptation to the
joint microenvironment, similar to that seen in tumor cells.

After activation with PDGF-BB or LPS, both OA FLS and RA FLS displayed lower
respiratory rates and increased glycolytic activity, indicating that this pathway is intrinsically
important in FL.S metabolism and is essential for FLS pathogenic functions under
proinflammatory stimulation. Taken together, the data suggest that glucose metabolism is a
potential therapeutic target in RA FLS that could contribute to the aggressive phenotype of
these cells in vivo. We propose that inhibiting glucose metabolism could complement
current RA therapies by suppressing pathogenic FLS behavior.

The molecular mechanisms leading to constitutive up-regulation of aerobic glycolysis or
glycolytic switching after stimulation are not well defined. It is commonly assumed that
glucose transporters and HK are the key molecules regulating glycolytic flux (36).
Interestingly, in the arthritic synovium of mice, we found that GLUT1 mRNA was
homogeneously expressed, suggesting that GLUT1 expression is up-regulated as a result of
joint hypoxia and inflammation, a mechanism that could be responsible for supporting the
glycolytic environment in the joint.

GLUT1 mRNA expression was also correlated with HK2 mRNA expression in FLS
samples. Although abundantly expressed in embryonic tissue, HK2 is expressed at high
levels only in a limited number of adult tissue, such as adipose, skeletal, and cardiac muscle
tissue. HK?2 is thus considered the principal inducible HK form. Moreover, HK?2 is known
not only to localize in the cytosol but also to bind to the mitochondria (37-39). Interestingly,
there is increasing evidence that mitochondrial HKs protect mitochondria against tissue
insult (37,38). Upregulation of HK2 and increased HK2-associated mitochondrial levels
have been suggested to contribute to cell survival (37,38). Given its restricted distribution of
expression in normal adult tissue, further studies are needed to address the role of HK2 in
FLS functions and in the resistance to programmed cell death, as HK2 constitutes an
attractive potential selective target for arthritis therapy and is safer than global glycolysis
inhibition.
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Multiple cellular pathways might lead to the glycolytic phenotype (4,5). One of these
pathways is the PI3K/Akt pathway, which can be activated by hypoxia and several cytokines
and growth factors, and is known to be activated in inflamed synovium (40—42). AMP-
activated protein kinase (AMPK) is also a crucial sensor of energy status and has an
important pleiotropic role in cellular responses to metabolic stress (41). The induction of
glycolysis also requires the activation of hypoxia-inducible factor 1a (HIF-1a), which leads
to the transcription of genes (such as HKs) required for glucose uptake and glycolysis (43).
Although we could not reverse the glycolytic phenotype by inhibiting Akt signaling, other
possible targets, such as inhibition of HIF-1a, AMPK, or the p53 pathway, require further
attention. Moreover, epigenetic changes in the critical glycolytic genes under conditions of
chronic inflammation might also play a role in the RA FLS glycolytic phenotype.

Of interest, other fibroblast types, such as primary human pulmonary fibroblasts, for which
the environment differs from that for FLS, may not need this flexibility in metabolism.
Cross-talk between the glycolytic and pentose pathways could potentially also help to adapt
the cells to the more hypoxic environment present in the joints but not in the lungs. The lack
of response to LPS might be a consequence of the FLS being already maximally stimulated
because of environmental exposure or because they are epigenetically altered by this
environment. Further experiments are needed to understand the differences between both
types of cells.

Although a few studies have addressed the metabolic changes in RA or other autoimmune
diseases, immune cells, such as lymphocytes and macrophages, show an increase in the rate
of glycolysis during activation (44,45). Metabolism and nutrient availability influence T cell
activation and function. Activated T cells show induced expression of, among other factors,
GLUTTI and several glycolytic enzymes. Moreover, normalization of T cell metabolism
through the dual inhibition of glycolysis and mitochondrial metabolism has been shown to
be a promising therapeutic venue in patients with systemic lupus erythematosus (11,44).
Whether the macrophage obtains its energy primarily through glycolysis or whether it is
obtained through oxidative metabolism can give rise to different phenotypes (45).
Classically activated (M 1) macrophages are known to rely heavily on glycolysis. M2
macrophages, on the other hand, are involved in tissue repair and wound healing and use
oxidative metabolism to fuel their longer-term functions (45). The murine model of arthritis
used herein is independent of an adaptive response, but macrophages and other cells of the
innate immune response play a role in this model. Thus, although glycolytic inhibitors could
potentially be used to target other cell types, our study assesses their effect on FLS.

These results could have a major impact relevant to rheumatic diseases. Our findings may
shed light on how changes in FL.S metabolism could contribute to the pathogenesis of RA.
Metabolic changes in FLS can also potentially change the cross-talk between FLS and other
cells in the synovium. We believe that targeting metabolic dysfunction offers a novel
approach to understanding the mechanisms of susceptibility to RA, and offers potential new
treatment options, which could be administered locally as concerns about systemic toxicity
will likely be raised. Taken together, findings from our in vitro and in vivo studies suggest
that glycolysis is activated in RA FLS under proinflammatory conditions, and that blocking
glycolysis might be beneficial in inflammatory arthritis by suppressing disease-associated
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FLS functions, including FLS migration, cytokine production, and resistance to apoptosis.

Therefore, these data provide a rationale for inhibition of glycolysis as a therapeutic

approach in RA.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Baseline levels of mitochondrial respiration in fibroblast-like synoviocytes (FLS). A and B,

Basal rates of mitochondrial respiration (oxygen consumption rate [OCR]) in 7 rheumatoid
arthritis (RA) cell lines and 7 osteoarthritis (OA) cell lines (A), and the proton production
rate (PPR) in the same cell lines (B). Values are the mean+SEM pooled results from 5
technical replicates (25 biologic replicates for each cell line, with 5 technical replicates for
each cell line per experiment). C, PPR:OCR ratio in pooled RA FLS and OA FLS. D,
FCCP-stimulated increase in the OCR (left) and oligomycin-stimulated increase in the PPR

(right), expressed as a percentage increase from the basal rate, in pooled RA FLS and OA

FLS. Values in C and D are the mean+SEM pooled results from the same cells as in A and

B.
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Correlation of glucose transporter 1 (GLUT1) mRNA expression with baseline FLS

functions. A, Expression of select genes, as assessed by quantitative polymerase chain

reaction, in RA FLS and OA FLS (n=5 cell lines per group), and migration and viability (as

determined by MTT assay) of the FLS. Each symbol represents an individual sample; bars

show the mean+SEM. B, Correlations of GLUT1 mRNA expression with the expression

levels of select genes in the FLS and with migration and viability of the FLS. Pvalues and

Spearman’s correlation coefficients are shown. See Figure 1 for definitions.
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Figure 3.
FLS respiration following exposure to inflammatory mediators. A—C, RA FLS and OA FLS

(n=7 cell lines per group) were stimulated with lipopolysaccharide (LPS; 1 gg/ml), or
phosphate buffered saline (PBS) as vehicle control, for 24 hours, followed by measurement
of the OCR (A), rate of proton efflux (PPR) (B), and PPR:OCR ratio (C). Values are the
mean+SEM pooled results from 2—4 biologic replicates for each cell line, with 5 technical
replicates for each cell line per experiment. D, The lactate concentration was measured in
supernatants of cultured RA FLS (n=7 cell lines) after 24 hours of stimulation with LPS (1
pg/ml) or PBS vehicle control. E, The OCR and PPR were determined in human pulmonary
fibroblasts (n=3 cell lines) after 24 hours of stimulation with LPS (1 pg/ml) or PBS vehicle
control. Values are the mean+=SEM pooled results from 1-3 biologic replicates, with 5
technical replicates for each cell line per experiment. F, The OCR and PPR were determined
in RA FLS and OA FLS (n=6 cell lines per group) after 24 hours of stimulation with
platelet-derived growth factor (PDGF; 10 ng/ml) or PBS vehicle control. Values are the
mean+SEM pooled results from 5 technical replicates for each cell line. G, RA FLS (n=2
cell lines) were stimulated with either PDGF (10 ng/ml) or LPS (1 gg/ml) for 12, 24, or 48
hours, and glucose transporter 1 (GLUT-1) protein expression was determined by Western
blotting. The control (C) comprised unstimulated FLS at 48 hours. H, RA FLS (n=3 cell
lines) were incubated for 24 hours with LPS (1 ug/ml) or PBS vehicle control, and
permeabilized cell respiration was then measured in the presence of either succinate plus
rotenone (Succ/Rot) or pyruvate plus malate (Pyr/Mal) as substrates. In addition, the pooled
rate of FCCP uncoupler—stimulated respiration was determined in 3 intact RA FLS cell lines
following 24 hours of exposure to LPS. I, The PPR was determined in 4 different RA FLS
cell lines after stimulation with LPS for 24 hours in the absence or presence of the Akt
inhibitor MK-2206 (5 uM). Values in D, H, and I are the mean+SEM. NS=not significant
(see Figure 1 for other definitions).
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Figure 4.

Effect of glycolytic inhibition on FLS functions. A, RA FLS were cultured in the presence
of platelet-derived growth factor (PDGF; 10 ng/ml) or phosphate buffered saline (PBS) as
vehicle control, with or without pretreatment with 2-deoxy-D-glucose (2-DG; 50 mM in
PBS) or 3-bromopyruvate (BrPa; 25 uMin PBS) or no glucose (NG) medium. Cellular

proliferation was determined on day 4 using an MTT assay. B, Migration of the RA FLS was
assessed in the presence of PDGF (10 ng/ml) alone or PDGF (P) along with 2-DG, BrPA, or
NG medium. C and D, RA FLS were cultured in the presence of lipopolysaccharide (LPS; 1
pg/ml) or PBS as vehicle control, with or without pretreatment with 2-DG (50 mM) or BrPa
(25 uM). Supernatants from the RA cell cultures were prepared after 24 hours of LPS
stimulation and were analyzed for secretion of interleukin-6 (IL-6) (C) and matrix
metalloproteinase 3 (MMP-3) (D). Results in A-D are pooled from 4 different cell lines. E,
Glucose oxidation was determined in RA FLS, OA FLS, or primary human pulmonary
fibroblasts (PFs) in the presence or absence of 2-DG (50 mM). Results are pooled from 3
different cell lines assayed in duplicate. F, RA FLS, OA FLS, and PFs were stimulated with
or without 2-DG (50 mM), PDGF (10 ng/ml), or LPS (1 uM) for a total of 8 hours, and
purine synthesis was determined. Results are pooled from 3 different cell lines assayed in
triplicate. Values are the mean+SEM. See Figure 1 for other definitions.

Arthritis Rheumatol. Author manuscript; available in PMC 2017 July O1.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnue Joyiny

Garcia-Carbonell et al. Page 20

A B C D o o L

Control Dye in K/BxN 2-DG Dye in control 2-DG Dye in K/iBxN = = .
- e = o
v

related mRNA

related mRNA

related mRNA

Figure 5.
Glucose metabolism, as assessed using fluorescent 2-deoxy-D-glucose (2-DG) as a reporter,

is increased in fibroblast-like synoviocytes from the joints of arthritic mice. A—C, Images of
IRDye 800CW fluorescence intensity (mean+SD excitation 730+42 nm, emission 800 nm
long pass) was assessed 24 hours after intravenous injection of IRDye 800CW carboxyl
control dye in arthritic mice (A), IRDye 800CW 2-DG dye in nonarthritic control mice (B),
or IRDye 800CW 2-DG dye in arthritic mice (C). D, Control and arthritic mice were
injected with IRDye 800CW 2-DG on day 5 after arthritis induction, and 24 hours later, the
joints were digested and stained with anti-CD45 and anti-podoplanin (anti-PDPN)
antibodies. Plots show the 2-DG staining in the live CD45— cell population. E, Single cells
were enriched for CD45-PDPN+ cells. Plots show the 2-DG staining in both the PDPN+
and PDPN- cell populations. F, Populations of CD45-PDPN+ and CD45-PDPN- cells
obtained after enrichment were analyzed by quantitative polymerase chain reaction for the
expression of selected genes. Values are the mean+ SEM of 4 mice per group. G, Sections of
the ankle joints of control nonarthritic mice and arthritic K/BxN mice were stained for
GLUT]1 expression on day 7 after arthritis induction. Representative results are shown.
Original magnification x 100 in top panels; x 200 in bottom panels.
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Figure 6.
Glycolytic inhibition decreases histologic scores and levels of inflammatory mediators in the

K/BxN mouse model of arthritis. A and B, Clinical arthritis scores were determined in
phosphate buffered saline (PBS)—treated animals and 3-bromopyruvate (BrPa)—treated
animals after injection of 150 g of K/BxN mouse serum on day 0. Treatment with BrPa was
administered every day from day O (arrow) at doses of 5 mg/kg or 10 mg/kg (A) or
administered every day from day 4 (arrow) to day 9 at a dose of 5 mg/kg (B). Values are the
mean+SEM of 5 mice per group. * =P<0.05; **=pP<0.01; ***=pP<0.001. C, Histologic scores
were determined on day 7 after serum transfer in PBS-treated or BrPA-treated mice. D,
Sections of the ankle joints of PBS-treated or BrPA-treated mice were stained with
hematoxylin and eosin (H&E) or Safranin O on day 7 after arthritis induction. Black arrows
indicate joint inflammation, and white arrows highlight cartilage damage, which was
reduced in BrPa-treated mouse ankles. Representative results are shown. Original
magnification x 200. E, Sections of the ankle joints of PBS-treated or BrPA-treated mice
were stained for GLUT1 expression on day 7 after arthritis induction. Representative results
are shown. Original magnification x 200. F, Mice were injected with K/BxN mouse serum to
induce arthritis or injected with PBS alone as the nonarthritic control on day 0, and then
treated with either PBS or BrPa (5 mg/kg). Levels of interleukin-6 (IL-6) and IL-18in the
mouse joints were analyzed by enzyme-linked immunosorbent assay on day 5 after serum
transfer. Values in C and F are the mean+SEM in 5 mice per group.

Arthritis Rheumatol. Author manuscript; available in PMC 2017 July O1.



	Abstract
	MATERIALS AND METHODS
	Mice
	Reagents
	Preparation of human synovium and synoviocytes
	In vivo imaging
	Preparation of single cells from the joints of arthritic mice and nonarthritic control mice
	Serum transfer and arthritis scoring in mice
	Statistical analysis

	RESULTS
	FLS mitochondrial respiration at baseline
	Glucose transporter 1(GLUT1) expression and correlation with baseline FLS functions
	Effect of inflammatory mediators on the rate of glycolysis in human FLS
	Effect of inhibition of glycolysis on FLS function
	Glucose metabolite profile in human RA synovium
	Decreased severity of inflammatory arthritis in mice following inhibition of glycolysis

	DISCUSSION
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6

