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Abstract

Cellular bioenergetics is a promising new therapeutic target in aging, cancer, and diabetes as these
pathologies are characterized by a shift from oxidative to glycolytic metabolism. We have
previously reported such glycolytic shift in aged bone as a major contributor to bone loss in mice.
We and others also demonstrated the importance of oxidative phosphorylation (OxPhos) for
osteoblast differentiation. It is therefore reasonable to propose that stimulation of OxPhos will
have bone anabolic effect. One strategy widely used in cancer research to stimulate OxPhos is
inhibition of glycolysis. In this work, we aimed to evaluate the safety and efficacy of
pharmacological inhibition of glycolysis to stimulate OxPhos and promote osteoblast bone-
forming function and bone anabolism. We tested a range of glycolytic inhibitors including 2-
deoxyglucose, dichloroacetate, 3-bromopyruvate, and oxamate. Of all the studied inhibitors, only
lactate dehydrogenase (LDH) inhibitor, oxamate, did not show any toxicity in either
undifferentiated osteoprogenitors or osteoinduced cells /n vitro. Oxamate stimulated both OxPhos
and osteoblast differentiation in osteoprogenitors. /n7 vivo, oxamate improved bone mineral
density, cortical bone architecture, and bone biomechanical strength in both young and aged
C57BL/6J male mice. Oxamate also increased bone formation by osteoblasts without affecting
bone resorption. In sum, our work provided a proof of concept for the use of anti-glycolytic
strategies in bone and identified a small molecule LDH inhibitor, oxamate, as a safe and efficient
bone anabolic agent.
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INTRODUCTION

Bone marrow stromal cells (BMSCs) are somatic multipotent progenitors of the
mesenchymal lineage. These cells are characterized by their capacity to differentiate into
bone-forming osteoblasts, cartilage producing chondrocytes, and fat storing adipocytes.(®)
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Bone stability is maintained by the equilibrium between osteoblasts and bone resorbing
osteoclasts of a monocyte/macrophage cell lineage.(>4) Disruption of this balance in
pathologies including osteoporosis, diabetes, cancer, and metabolic disorders results in a
decline of bone quality, typically manifesting as an increase in fracture risk.(=7)

Aging is a multifaceted phenomenon characterized by decreased function at the tissue,
cellular, and organelle level. Increased facture risk is a common characteristic in the elderly
as a result of reduced bone mass and loss of mineral density as resorptive processes outpace
osteogenesis.(®:9 The progression of an aged phenotype is marked by decreased hormonal
stimulation and increased oxidative stress, among other age associated factors. Intriguingly,
many such factors converge on the mitochondria and result in disruption of mitochondrial
function.(19) Decreased mitochondrial membrane integrity as a result of damage leads to
decreased oxidative phosphorylation (OxPhos) capacity and disruptions in biosynthesis
pathways and ion transport.11-17) Dysfunctions in osteoprogenitor differentiation into
mature osteoblasts contribute to the loss of equilibrium in bone homeostasis.(*8) Cellular
metabolism of stem and progenitor cells is a rapidly growing area of interest. The view that
stem cells are metabolically obligate anaerobic has been expanded to reveal novel roles and
requirements for the mitochondria. In many cases, differentiation of stem cells, including
BMSCs, coincides with upregulation of mitochondrial respiration,19-21) however the
physiologic relevance of such transitions remains incompletely understood.(?2-24) Targeting
mitochondria-derived oxidative stress as a secondary pathogenic factor in aging associated
with bone loss has recently come into focus as a potential therapeutic.(9:21.22) However the
impact of mitochondria-targeted therapies on bone have not been thoroughly studied.

There are numerous similarities between stem cells and cancer cell behavior including their
reliance on glycolysis.(2%) Changes in metabolic programs have been well documented in the
cancer field,(26:27) and anti-glycolytic agents have been successfully employed in cancer
research.(28-31) By shifting energy metabolism from glycolysis to OxPhos, these agents
promote differentiation signaling in cancer cells. The same strategy may be applied to stem
and progenitor cells in order to stimulate their differentiation, e.g. to differentiation of
osteoprogenitors into OBs needed for bone anabolism.

Herein we used a panel of glycolytic inhibitors: 2-deoxyglucose (2DG), dichloroacetate
(DCA), 3-bromopyruvate (3-BP), and sodium oxamate (OXA), and examined their safety /in
vitroand in vivo, ability to shift cell bioenergetics from glycolysis to OxPhos in
osteoprogenitors, and ability to impact osteogenesis and bone anabolism.

MATERIALS AND METHODS

Materials

Chemicals and reagents were acquired from Sigma unless otherwise specified.

Cell culture and osteoblast differentiation

C3H10T1/2 cells were purchased from ATCC. Human BMSCs were from Lonza. These
cells have been used extensively in the field and in our previous works.(19:32) Both types of
cells were grown in DMEM/low-glucose (5 mM) medium supplemented with 1 mM
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glutamine, 10% fetal bovine serum, and 1% penicillin/streptomycin mixture (Gibco). For all
experiments, cells at passages 5 to 10 were used as recommended by the distributor. Cells
were osteogenically induced by treating with 50 pg/ml ascorbic acid and 2 mM R-glycerol
phosphate for 14 days. To confirm osteoinduction, cells were stained with alkaline
phosphatase-specific stain (ALP) and Aizarin Red mineralization stain or collected for RNA
isolation and analysis of osteoblast-specific gene expression using real-time RT-PCR as
described below. Three different batches of cells were used to achieve three biological
replicates. For each assay/condition we used two wells as technical replicates.

Cell viability assay

To determine cell viability after treatment with various glycolytic inhibitors, a Calcein AM
staining was performed. Cells were plated on a black-wall clear-bottom 96-well plate and
after 24 h incubation, treated with phosphate-buffered saline (PBS) as a vehicle control or
various indicated doses of 2DG, DCA, 3-BP, or OXA for 48 h and then stained with Calcein
AM at 1 uM for 30 min. Calcein fluorescent signal was detected using BioTek plate reader.
To achieve multiple biological replicates, three different batches of cells were used to seed
three plates. Each condition was repeated in four wells (four technical replicates).

Bioenergetic profiling

Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were measured
using Seahorse XF96 (Seahorse Bioscience). OCR is the measure of OxPhos activity and
ECAR is the measure of glycolytic activity. Undifferentiated and osteoinduced cells were
plated on Seahorse 96-well plates at a density of 15,000 cells/well and assayed after 48 h.
Five different plates (biological replicates) were used; and each condition was repeated in
multiple wells on one plate (technical replicates). Immediately prior to the experiment,
medium was replaced with DMEM-XF media (unbuffered DMEM base added with 5 mM
glucose, 1 mM glutamine, 1% serum, and 1 mM OXA or PBS, pH 7.4). A baseline OCR and
ECAR measurement was taken, and then an inhibitory analysis was performed. Inhibitors
included oligomycin (Olig) at 1 pM, FCCP at 0.5 pM, and a mixture of antimycin A and
rotenone (AntA/Rot) both at 1 uM. Key mitochondrial metabolic parameters were calculated
from the resulting OCR measures including: basal, ATP-linked, proton leak, maximal
respiration, and spare respiratory capacity. Basal glycolytic rate was calculated from
ECARpre-olig- The calculations were performed as described in our previous work.(1%
Briefly, basal OCR is the difference between OCRpreolig and OCRpost-anta/Rot; ATP-linked
OCR is the difference between OCRpre_olig and OCRpost-olig; Proton Leak is the difference
between OCRpost-0lig and OCRpostanta/Rot; Max Respiration is the difference between
OCRpost-Fccp and OCRpostanta/Rot; and Spare Capacity is the difference between
OCRpost-Fccp and OCRpre-olig:

Real-time reverse transcriptase polymerase chain reaction

Total RNA was isolated using the RNAeasy kit (Qiagen) and reverse transcribed into cDNA
using iScript cDNA synthesis kit (Bio-Rad). Real-time RT-PCR was performed in the
RotorGene system (Qiagen) using SYBR Green (Quanta). The expression of genes of
interest was normalized to the expression of B—2-microglubulin gene. The following primer
pairs were used: mouse Runx2(5’-CCG GGA ATG ATG AGA ACT AC-3’ and 5’-CCG
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TCC ACT GTC ACT TTA ATA-3’), Alp (5’- CAT GTA CCC GAA GAA CAG AAC-3’ and
5’- GGG CTC AAA GAG ACC TAA GA-3’) and BZm (5’-AAT GGG AAG CCG AAC
ATA C-3’ and 5’- CCA TAC TGG CAT GCT TAA CT-3’) and human Runx2 (5’-TCC GGA
ATG CCT CTG CTG TTA TGA-3" and 5°-ACT GAG GCG GTC AGA GAA CAA
ACT-3’), ALP(5’-TGC AGT ACG AGC TGA ACA GGA ACA-3’ and 5’-TCC ACC AAA
TGT GAA GAC GTG GGA-3’) and B2M (5°-CAG CAA GGA GTC TTT CTA-3’ and 5’-
ACA TGT CTC GAT CCC ACT TAA-3’).

Animal care and treatment

Animal husbandry and experiments were performed in accordance with the Division of
Laboratory Animal Medicine, University of Rochester, state and federal law, and National
Institutes of Health policies. University of Rochester Institutional Animal Care and Use
Committee specifically approved all animal work. Wild type C57BL/6J breeders were
purchased from Jackson Laboratories and bred in house. Eight-week-old or 18 month-old
male C57BL/6J mice were intraperitoneally injected with 100 mg/kg OXA or PBS twice per
week. After eight weeks of treatment, whole-body and toxicity measures were conducted.
Body weight was measured in grams. Blood samples were collected and serum alanine
aminotransferase (ALT) and creatinine were measured using ALT assay kit and Creatinine
assay kit (Cayman Chemicals) respectively, per manufacturer instructions. Body fat
percentage, lean mass, and bone mineral density (BMD) were measured by Dual Energy X-
ray Absorptiometry (DEXA) using LUNAR PIXImus 2 scanner.

Metabolomics

Mice treated with either OXA or PBS were euthanized and their hind limbs dissected
according to previous methods.(X”) Briefly, the tibia and femurs were cleaned of soft tissue
and bone marrow and then flash frozen in liquid nitrogen. When all the samples were
collected, bones were ground to powder using ceramic mortar placed on dry ice and pestle
and the dry powder was transferred to 80% MeOH at —80°C. Metabolites were extracted
using methanol extraction as previously described.(33) Samples were vortexed and spun in a
table-top centrifuge at 13,000 RPM for 10 minutes; then the supernatant was transferred to a
50 mL conical tube and evaporated under a nitrogen gas stream. The pellet was used to
calculate protein content for normalization. After evaporation, samples were resuspended in
50% MeOH and analyzed by LC-MS/MS to measure steady state abundance of metabolites.
Data for each run were median-normalized. Overall, 85 metabolites were identified of which
6 (7%) were removed due to insufficient replicates yielding 790 theoretical individual data
points (79 x N=5, x 2 groups). Metabolomic data were analyzed using Metaboanalyst
software.(34)

Bone micro-CT

After whole body measures and blood sample collection, mice treated with either OXA or
PBS were euthanized. The femurs, tibiae, and spines were isolated and cleaned of adherent
soft tissue. The right femurs were used for biomechanical torsion testing. The left femurs,
tibiae, and spines were placed in 10% neutral buffered formalin (NBF) for fixation. After 72
h fixation, the bones were imaged using a VivaCT 40 tomograph (Scanco Medical). A
calibrating phantom was used to standardize radiodensities for each scan. Volume

J Bone Miner Res. Author manuscript; available in PMC 2020 December 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hollenberg et al.

Page 5

quantification was performed using Scanco analysis software. For each right femur and
lumbar spinal vertebrae (L3) sample, bone vs total volume (BV/TV), trabecular number (Th
N), trabecular thickness (Th Th), trabecular bone mineral density (Tb BMD), cortical
thickness (Cort Th), cortical area (Cort Area), marrow area, polar moment of inertia
(PMOQI), and cortical bone mineral density (Cort BMD) were measured. After micro-CT
scans, bone were further processed for paraffin embedding to obtain formalin-fixed paraffin
embedded (FFPE) blocks.

Dynamic bone histomorphometry

Calcein double labeling was performed to determine the extent of new bone formation with
OXA treatment. OXA and PBS treated mice were intraperitoneally injected with calcein (10
mg/kg) 10 and 5 days prior to sacrifice. After sacrifice, right femoral bones were isolated,
cleaned of soft tissue, and processed for frozen sectioning. Calcein bands were viewed using
a fluorescence Axioscope 40 microscope (Zeiss). Bone formation rate (BFR) was calculated
as follows: BFR = MAR x (MS/BS) where MAR = Ir.L. Th/Ir.L.t. and MS = (dLS
+sL.S/2)/BS (MAR, mineral apposition rate; BS, bone surface; dLS, double labelled surface;
sLS, single labelled surface; Ir.L.Th, distance between labels; and Ir.L.t, time between
labels).

Bone resorption assay

To assess osteoclast activity, FFPE femur sections were stained for tartrate-resistant acid
phosphatase (TRAP) as described in our previous work.(7) Slides were scanned in an
Olympus VSL20 whole slide imager. TRAP positive osteoclasts were detected with
Visiopharm automated histomorphometry software that calculated osteoclast area per total
bone area.

Bone Biomechanical testing

Biomechanical properties of mice after treatment with OXA or PBS were assessed via
femoral torsion testing. Bone samples were collected, cleaned from soft tissue, wrapped in
PBS-soaked gauze and stored in paraffin-sealed tubes to prevent drying in —80°C until the
day of testing. After thawing, bone ends were secured on holders with bone cement (DePuy
Orthopaedics) and tested using an EnduraTec system (Bose) at a displacement rate of 1°/s
until failure. The data were plotted against rotational deformation to determine the torsional
rigidity, maximum torque, rotation at maximum torque, and energy to yield.

Statistical analysis

All statistical analyses were performed in GraphPad Prism 8.0. Mean values and standard
deviations were calculated. A one-way analysis of variance (ANOVA) was used to compare
> 2 variables. An unpaired £test was used when 2 variables were compared. The
significance level was set at p < 0.05. In each of the /n vitro assays, we used multiple
technical replicates to achieve one biological replicate.
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RESULTS

Effect of various anti-glycolytic agents on osteoprogenitors

To determine whether inhibition of glycolysis leads to compensatory activation of OxPhos
and subsequent stimulation of osteoblast differentiation, we utilized a commonly used
osteoprogenitor cell line, C3H10T1/2 and tested various glycolytic inhibitors. In our
previous publication, we showed that undifferentiated C3H10T1/2 cells are primarily
glycolytic, but activate OxPhos during osteoblast differentiation.(19) Since glycolysis may be
important for maintenance of undifferentiated cells, we first measured how various
glycolytic inhibitors (Fig. 1A) affect viability of undifferentiated C3H10T1/2 cells. For each
agent, we tested a range of concentrations based on the previous literature.(29.30:35) Figure
1B shows that the inhibitors of the early steps of glycolysis, 2DG and 3BP, as well as the
inhibitor of the regulator of the last step of glycolysis, DCA, all significantly reduced cell
viability after 48h of treatment. However, the inhibitor of lactate dehydrogenase (LDH),
OXA, did not cause any toxicity at studied concentrations. To determine OXA safety
window in C3H10T1/2 cells in vitro, we used higher concentrations of the compound (5,
7.5, and 10 mM). There was no significant decrease in viability at either 5 mM OXA (102%
+ 3%) or 7.5 mM OXA (92% = 6%) vs PBS. Moderate but statistically significant reduction
of cell viability was only observed at 10 mM OXA (79% = 4%, p < 0.05 vs PBS-treated
controls by #test, n = 3). The toxic effect induced by 2DG, 3BP, and DCA was likely due to
the undifferentiated cells’ requirement for uninterrupted flow of substrates from the first
glucose utilization step (HK-dependent) to the last step (pyruvate to Ac-CoA). These
compounds work by interrupting such a flow. OXA, on the other hand, is not expected to
interrupt the flow but to divert it towards pyruvate oxidation.

Osteoprogenitors, including C3H10T1/2 cells, shift their energy metabolism towards
OxPhos during osteoblast differentiation.(19) Therefore, cell sensitivity to metabolic
inhibitors and modifiers may change during differentiation. To test whether OXA is safe for
differentiated C3H10T1/2 cells, we induced osteoblast differentiation using osteogenic
media for 14 days and then treated cells with the indicated concentrations of OXA for 48 h.
Figure 1C shows absence of any significant negative effect on viability of osteoinduced
C3H10T1/2 cells.

Therefore, LDH inhibitor OXA can be safely used in both osteoprogenitors and
differentiated osteoblasts at the studied concentrations /n vitro.

LDH inhibitor oxamate diverts cell bioenergetics from glycolysis to oxidative
phosphorylation

To confirm that OXA at 1 mM can in fact inhibit glycolysis, we performed bioenergetic
profiling of both undifferentiated and osteoinduced C3H10T1/2 cells in the presence or
absence of OXA at 1 mM using Seahorse XF technology. Figure 2A (left panels) shows that
as expected, undifferentiated C3H10T1/2 cells are not very active and their reliance on
OxPhos is minimal, as evident from the low basal OCR and moderate responses to metabolic
modifiers, including ATP synthase inhibitor oligomycin and uncoupler FCCP. In
undifferentiated C3H10T1/2 cells, OXA at 1 mM did not have any effect on OxPhos or basal
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glycolysis measured via the ECAR due to lactate production. It did however prevent
compensatory activation of glycolysis after inhibition of OxPhos with oligomycin (Fig. 2A,
bottom left panel).

In cells that underwent osteoblastic differentiation for 14 days, OxPhos was activated; and
responses of both OxPhos and glycolysis to metabolic modifiers were well pronounced (Fig.
2A, right panels). In these osteoinduced cells, OXA treatment led to inhibition of glycolysis
and further activation of OxPhos. Figures 2B and 2C show quantitation of changes in
OxPhos parameters and glycolysis, respectively. Specifically, basal, ATP-linked, and
maximal respiration were all significantly increased while glycolysis was significantly
inhibited in OXA-treated osteoinduced cells.

Thus, while OXA at 1 mM has minimal effect on bioenergetics in undifferentiated cells that
have low energy demands, it inhibits glycolysis and stimulates OxPhos in osteoinduced cells
that have higher energy demands.

LDH inhibition increases osteogenic potential of C3H10T1/2 mouse osteoprogenitors and
human BMSCs

We and others have previously reported that stimulation of OxPhos increases osteogenic
potential in osteoprogenitors, including C3H10T1/2 cells and human BMSCs.(19:21.36) Tg
determine whether OXA has pro-osteogenic effects, we assessed markers of osteoblast
differentiation in osteoinduced C3H10T1/2 cells treated or not with OXA at 1 mM. Figure
3A shows that C3H10T1/2 cells osteoinduced for 14 days have pronounced alkaline
phosphatase (ALP) and Alizarin Red mineralization staining which is further increased in
the presence of OXA (Fig. 3A). Osteoblast-specific genes, Runx2and Alp, were upregulated
to a significantly higher extent in the presence of OXA compared to PBS-treated controls, as
was measured via real-time RT-PCR (Fig. 3B and C).

To validate this effect in primary cells with osteogenic potential, we used human BMSCs.
Figure 3D — F shows that hBMSCs osteoinduced for 14 days in the presence of OXA have
significantly higher levels of ALP and Alizarin Red staining and RUNXZ2and ALP
expression when compared to PBS-treated osteoinduced cells.

These data indicate that LDH inhibition with OXA not only stimulates OxPhos, but also
increases osteogenic potential of osteoprogenitors.

Mice treated with LDH inhibitor oxamate have increased bone mineral density without any
signs of toxicity

Since our goal was to elucidate a therapeutic potential of glycolytic inhibitors in bone, we
studied the effect of OXA in mice /in vivo. Having observed a significant pro-osteogenic
effect of OXA in vitro, we expected that OXA would stimulate bone formation leading to
bone anabolic effects in mice. We therefore treated 8-week-old male mice g2wk with 100
mg/kg OXA for 8 weeks and then analyzed mouse bones (Fig. 4A). The dose was chosen
based on previous studies performed in mice.(31:37) As this was a proof-of-concept
experiment, we chose male mice only to avoid potential and well-documented effects of
estrogen on mitochondria and OxPhos that could mask the effect of OXA in female mice.
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(8:38-41) Our rationale for using 8-week-old mice here was that if we see a bone anabolic
effect in these young mice that are not yet expected to have any metabolic disturbances, we
are much more likely to see the effect in aged mice that have a glycolytic shift in bone tissue
according to our previous work.(?) This will be a strong argument for pursuing expensive
and time-consuming aging studies involving different ages and both sexes.

First, we assessed OXA treatment safety by measuring mouse weights, liver toxicity (serum
ALT levels), and kidney toxicity (serum creatinine levels). Figure 4B — D shows that no
signs of OXA toxicity was detected in treated mice; neither body weight nor serum ALT was
significantly changed; and serum creatinine was not increased, but even decreased. We then
measured whole body composition via DEXA and found significantly decreased body fat
percentage (Fig. 4E) and increased lean mass and BMD (Fig. 4F & G).

These studies indicate that LDH inhibitor OXA increases BMD and reduces fat without
causing toxicity in mice.

LDH inhibition with oxamate does not cause significant shifts in steady-state metabolites

in bone

Inhibition of LDH by OXA has the potential to change cellular energy metabolism. We
currently have limited means of measuring cellular energy metabolism /n7 vivo. Data
obtained by analyzing cells isolated from a tissue cannot be easily extrapolated to the /n vivo
situation. Cell isolation usually involves mechanical disruption and/or enzymatic processing
that can dramatically change cellular energy metabolism.(2) Metabolomics of rapidly
processed and flash frozen whole tissue is currently the only available method of detecting
bioenergetic changes /n vivo. The method is limited to measuring steady-state levels of small
metabolites. We therefore asked whether we could observe a shift in the steady-state
metabolite levels in OXA-treated bone. Using OXA- or control PBS-treated mice, we
performed metabolite extraction from shafts of tibia and femurs. These samples were
cleaned of soft tissue and periosteum and contained bone associated cells, i.e. osteoblasts
and osteocytes likely with insignificant contribution from other types of cells, such as
osteoclasts etc. We performed a targeted metabolomics screen focusing on central metabolic
pathways (glycolysis, TCA cycle, pentose-phosphate pathway, amino acid and ketone
synthesis and degradation), nucleotide content, and redox markers (Supplementary Fig. S1).
Our analysis revealed that while OXA did not produce a significant change in steady-state
metabolite content in whole bone samples (Supplementary Table S1), there was a trend
towards increased metabolites in glycolysis, pyruvate, Acetyl-CoA, and redox pathway,
which could suggest increased metabolic flux through mitochondria (Supplementary Fig.
S2). Note that pyruvate is included in the following pathways: (i) TCA, (ii) glyoxylate
metabolism, (iv) pyruvate metabolism, (v) Ala/Asp/Glu metabolism, and (vi) glycolysis.

LDH inhibition improves bone architecture and increases bone formation in mice

To further evaluate the effect of OXA on bone, we performed micro-CT analysis of mouse
bones. We did not detect any significant differences between PBS- and OXA-treated groups
in the spine (L5 & L6 levels, not shown). However, micro-CT of the femur revealed higher
BMD of trabecular bone and increased cortical area and Polar Moment of Inertia (PMOI),
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which reflects the bone geometry contribution to the resistance to torsional deformations
(Fig. 5). Since both mineralization and appositional growth of cortical bone are functions of
osteoblasts, these effects can be attributed to increased osteoblast activity. We therefore
assessed osteoblast bone-forming function using dynamic bone histomorphometry and
calcein double labeling (Fig. 6A). This analysis showed that OXA treatment of mice led to a
significant increase in the mineral apposition rate (MAR) and bone formation rate (BFR) in
the endocortical compartment (Fig. 6B — D), while periosteal and trabecular bone formation
was not significantly changed (not shown). This data is consistent with the micro-CT data
showing that OXA treatment mostly affected cortical region and to a lesser extent trabecular
bone. This may also explain why the spine was not affected, because trabecular bone is the
major component of the vertebrae.

We also measured bone resorption using osteoclast-specific TRAP staining (Fig. 6E) and
Visiopharm technology-based automated histomorphometry. Figure 6F shows that TRAP
staining and thus bone resorption was not significantly affected in OXA-treated mice when
compared to the PBS-treated controls.

These assays demonstrate that OXA stimulates osteoblast bone-forming activity without
affecting bone resorption leading to improved bone architecture in mice.

LDH inhibition increases bone strength in mice

Next, we investigated whether the observed bone anabolic effect of OXA leads to changes in
bone biomechanical properties. We performed femur torsional testing, which revealed
significant increases in maximum torque, maximal rotation, and energy to yield, compared
to control PBS treated mice (Fig. 7).

Therefore, LDH inhibitor OXA significantly improves biomechanical strength of long bones
in mice by increasing cortical bone area via endosteal appositional bone formation,
independent of remodeling.

LDH inhibition exerts bone-anabolic effect in aged mice

The data presented above strongly indicate bone-anabolic effect of OXA in young mice.
However, in healthy individuals bone loss is primarily associated with aging. We therefore
tested whether OXA is effective against bone loss in aged mice. Eighteen-month-old male
mice were subjected to the same OXA or vehicle regimen as young mice and analyzed with
micro-CT after two months of treatment. Figure 8A shows that OXA treatment significantly
improved femur trabecular bone to total volume (BV/TV) and trabecular thickness (Tb Th).
In the cortical compartment (Fig. 8B), OXA significantly improved cortical thickness (Cort
Th), area (Cort Area), and mineral density (Cort BMD).

DISCUSSION

The results presented in this study demonstrate that inhibition of LDH with OXA stimulates
mitochondrial OxPhos and promotes osteoblast differentiation of C3H10T1/2 mouse
osteoprogenitors and human BMSCs /n vitro. Additionally, we observed that treating young
and aged C57BL/6J male mice with OXA improved bone mineral density, trabecular and
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cortical bone architecture, and bone biomechanical strength without causing organ toxicity.
Furthermore, OXA treatment increased bone formation by osteoblasts without affecting
osteoclast activity /n vivo. Since we also observed the effect of OXA on fat tissue (Fig. 4),
we cannot exclude the possibility that there is a systemic component of the effect on bone.

There is a growing body of literature describing the nuanced role of oxidative stress as a
consequence of mitochondrial dysfunction in age-related bone disease.(®:19) Previously, we
reported a glycolytic shift following mitochondrial dysfunction in aged bone as a major
contributor to bone loss in mice.(1”) As mitochondrial function declines, pathologic levels of
intracellular ROS accumulate and the capacity for OxPhos, biosynthesis, and ion transport is
impaired.(344) In turn, ROS accumulation activates the mitochondrial permeability
transition pore leading to mitochondrial swelling and a further decrease in ATP production.
(45.46) \We have previously shown that protecting mitochondrial function by decreasing
permeability transition pore sensitivity, using our cyclophilin D (CypD) knockout mouse
model, results in a prevention of age-related bone loss and osteoporosis.(7)

As mitochondrial function is decreased while glycolysis is upregulated in aging bone, it is
reasonable to assume that inhibiting the glycolytic shift would improve mitochondrial
function. Before the extensive long-term aging study can be initiated, we had to perform a
proof-of-concept study and find a safe way of inhibiting glycolysis. This strategy is being
actively explored in anti-cancer therapies using inhibitors including 2DG, DCA, 3BP, and
OXA known to shift energy metabolism from glycolysis to OxPhos.(4”) Malignant cancer
cells rely predominately on glycolysis, in contrast to their non-cancer counterparts which
rely more heavily on mitochondrial OxPhos.“8)

Current therapeutics for treating bone loss include bisphosphonates, which prevent excessive
bone resorption by osteoclasts, and teriparatide, thereby promoting bone formation by
osteoblasts. These drugs, however, are not without side effects and there remains a clinical
need for additional agents that safely promote bone anabolism.(49:50) Anti-glycolytic agents
have been investigated for use in treating solid tumors, including liver, breast, pancreatic,
brain, and lung cancers.(35:51-56) The use of anti-glycolytic agents to improve bone quality
has not been considered. As a consequence, their effects on bone are largely unknown. Our
data demonstrate that of several glycolytic inhibitors used in this study, only OXA showed
no significant toxicity /n vitro after 48 h treatment. OXA is a pyruvate analog and
competitive inhibitor of LDH, the metabolic enzyme that catalyzes the conversion of
pyruvate into lactate and regenerates glycolytic NAD*. LDH expression is upregulated in
cancer cells, and treatment with OXA has been shown to decrease lactate production and
inhibit tumor progression.(®8) OXA has also been used to investigate the mechanism of
insulin resistance in type-2 diabetes. One study reported that lactate induces the transcription
of pro-inflammatory cytokines, and that OXA treatment of adipose-like 3T3-L1 cells
inhibits lactate production and improves insulin resistance.(®”) A separate study reported that
in vitro treatment of adipocytes with OXA caused an upregulation of intracellular lipolysis
and significantly reduced triglyceride accumulation.(®8) Furthermore, at/ab mice treated
with OXA had decreased lactate production in adipose and skeletal tissue and decreased
body weight.9) In our study, consistent with previous results, C57BL/6J mice treated with
OXA showed decreased body fat percentage. However, we also observed a significant

J Bone Miner Res. Author manuscript; available in PMC 2020 December 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hollenberg et al.

Page 11

increase in BMD. We observed that OXA treatment promoted cortical bone anabolism with
minimal trabecular bone effects. An intriguing corollary to this observation; /n vivo
treatment of a glycolytic promoter teriparatide induced an increase in trabecular bone
parameters, while having insignificant effects on cortical bone.(69) This suggests a possible
metabolic difference between cortical and trabecular bone maintenance.

An interesting observation presented here is that the inhibitors of early steps of glycolysis,
2DG and 3BP, as well as a PDK inhibitor, DCA (Fig. 1A), were toxic to osteoprogenitors
while the inhibitor of anaerobic glycolytic arm, OXA, was not. A possible explanation is that
a glycolytic flux needs to be maintained in undifferentiated cells and all the tested inhibitors
except for OXA are known to disrupt it. As an inhibitor of LDH-mediated fermentation arm
of glycolysis, OXA does not disrupt the glycolytic flux but redirects it towards the TCA
cycle. This finding demonstrates that when applied to normal non-cancerous cells and
tissues, metabolic modifiers and inhibitors have to be carefully tested to avoid harmful side
effects.

Our screen of bone metabolites following OXA treatment did not reveal significant changes
in steady state lactate or pyruvate. However, as steady-state analysis cannot by definition
provide information about metabolic flux it may be that OXA does induce changes in cell
metabolism not captured by our detection method. Indeed the increase, though non-
significant, in metabolite levels in glycolysis, pyruvate pathway, TCA cycle, and redox
pathway could suggest an alteration in handling of these metabolites in the presence of
OXA. Lastly, in our metabolomics study we observed only one metabolite with both
significant p-value and fold change: Acetoacetyl-CoA. The metabolite is involved in ketone
body synthesis as part of the HMG-CoA pathway. Interestingly this pathway has been
implicated as an important link between obesity and osteoporosis and may warrant further
investigation.(61)

While previous work has demonstrated the importance of mitochondrial metabolism for
osteogenic differentiation and through genetic manipulation 77 vivo, to our knowledge this is
the first study to consider use of an anti-glycolytic agent to promote bone anabolism. Since
our study was a proof-of-principle, we studied this effect in male mice only to avoid
confounding variables due to the protective effects of estrogen on mitochondria and OxPhos.
Additional work is needed to include female mice to elucidate the effects of OXA on bone
metabolism in the presence of estrogen. Studies of the effect of LDH inhibition in aged male
and female mice will be most clinically relevant. We will also consider the use of other LDH
inhibitors, including N-hydroxyindole (NHI-2), Gossypol, FX11, or galloflavin, as well as
combination therapy. Lastly, while OXA treatment in mice was administered systemically,
the outward appearance of the mice, including total bodyweight, were the same between the
two groups and no systemic toxicity was observed in the OXA-treated mice. Even though
systemic application did not cause visible side effects, the efficacy of the inhibitor may be
further increased by designing bone-targeted derivatives in the future.

Overall, we demonstrate that inhibition of LDH with OXA leads to increased mitochondrial
function and is an effective strategy to improve BMD, cortical bone architecture, and
biomechanical properties in mice. The major limitations of our study were: i) the use of
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male mice only; and ii) the use of 8-week-old and not aged mice. As this was done for the
reasons specified above, future work will address these limitations as we now have a strong
rationale to pursue a long-term study in both sexes. Our study implicates glycolytic
metabolism as a novel therapeutic target for bone anabolism in age-related bone loss and
osteoporosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
BMSCs Bone marrow stromal cells
OxPhos oxidative phosphorylation
2DG 2-deoxyglucose
DCA dichloroacetate
3-BP 3-bromopyruvate
OXA sodium oxamate
PBS phosphate-buffered saline
OCR oxygen consumption rate
ECAR extracellular acidification rate
Olig oligomycin
FCCP carbonyl cyanide p-trifluoromethoxyphenylhydrazone
AntA antimycin A
Rot rotenone
ALT alanine aminotransferase
BMD bone mineral density
DEXA Dual Energy X-ray Absorptiometry
PMOI polar moment of inertia
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FFPE formalin-fixed paraffin embedded
BFR bone formation rate
TRAP tartrate-resistant acid phosphatase

LDH lactate dehydrogenase
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Figure 1. Effect of various anti-glycolytic agents on osteoprogenitors.
(A) Anti-glycolytic agents including 2-deoxyglucose (2DG), dichloroacetate (DCA), 3-

bromopyruvate (3-BP), and sodium oxamate (OXA) were used to target various steps of the
glycolytic pathway. (B) Undifferentiated C3H10T1/2 cells were treated with PBS as a
vehicle control or various indicated doses of 2DG, DCA, 3-BP, or OXA for 48 h. Cells were
then stained with Calcein AM at 1 uM for 30 min to assess viability. Only OXA did not
cause any toxicity at the studied concentrations. (C) C3H10T1/2 cells were osteoinduced for
14 days in medium containing ascorbic acid and B-glycerol phosphate and then treated with
OXA for 48 h. Calcein AM staining revealed no significant negative effect of OXA on the
viability of osteoinduced C3H10T1/2 cells. Data are presented as boxplots with actual data
points, median, and range. Pvalue was determined by ANOVA shown in data sets with p <
0.05.
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Figure 2. LDH inhibitor oxamate diverts cell bioener getics from glycolysisto oxidative
phosphorylation.

Bioenergetic profiling of undifferentiated and osteoinduced C3H10T1/2 cells in the presence
of 1 mM OXA or PBS using Seahorse XF96. Oxygen consumption rate (OCR) measures
OxPhos activity and extracellular acidification rate (ECAR) measures glycolytic activity. (A)
OCR and ECAR measurements were taken at baseline and after addition of Olig
(Oligomycin A, inhibitor of mitochondrial ATP-Synthase), FCCP (Carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone, protonophore which uncouples mitochondrial proton
gradient), and AntA/Rot (Antimycin A and Rotenone, inhibitors of mitochondrial electron
transport chain complexes Il and | respectively). Undifferentiated cells have minimal
reliance on OxPhos and treatment with OXA had no effect on OxPhos or basal glycolytic
activity (left panel). In osteoinduced C3H10T1/2 cells, OXA treatment led to inhibition of
glycolysis and further activation of OxPhos (right panel). Osteoinduced C3H10T1/2 cells
treated with OXA had (B) significantly increased OCR values, including basal, ATP-linked,
and maximal respiration, and (C) significantly reduced ECAR values. This demonstrates that
OXA stimulates OxPhos and inhibits glycolysis in osteoinduced cells. Data are presented as
boxplots with actual data points, median, and range. P value was determined by unpaired #
test and shown in data sets with p < 0.05.
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Figure 3. LDH inhibition increases osteogenic potential of both mouse and human

osteoprogenitors.

C3H10T1/2 cells osteoinduced for 14 days in the presence of 1 mM OXA show increased
ALP (A, left column) and Alizarin Red (A, right column) staining and expression of
osteogenic markers Runx2 (B) and A/p (C). Human BMSCs osteoinduced for 14 days in the
presence of 1 mM OXA show higher levels of ALP (A, left column) and Alizarin Red (A,
right column) staining and RUNXZ (E) and ALP (F) expression. Images are representative
of 6 (3 independent batches of cells, 2 technical replicates). Data are presented as boxplots
with actual data points, median, and range. Pvalue of D14 vs DO (vertical text) or OXA vs
PBS (horizontal text) was determined by unpaired #test and shown in data sets with p<

0.05.
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Figure4. Micetreated with LDH inhibitor oxamate have increased bone mineral density without
any signs of toxicity.

A) Eight-week-old male C57BL/6J mice were treated with 100 mg/kg OXA or PBS twice
per week for 2 mo and tissues were collected for various analyses. OXA toxicity was
assessed and compared to PBS-treated controls: (B) Body weight; (C) serum ALT (liver
toxicity); (D) serum creatinine (kidney marker). Whole body composition was measured via
DEXA: (E) % body fat; (F) Lean mass; G) Bone mineral density (BMD). Data are presented
as boxplots with actual data points, median, and range. P value was determined by unpaired
ttest and shown in data sets with p < 0.05.
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Figure 5. LDH inhibition improvestrabecular bone density and cortical bone architecturein

mice.

Effect of OXA on femur bone architecture, as analyzed by micro-CT. OXA-treated mice
showed increased (A) trabecular bone mineral density (BMD) and (B) cortical area and
polar moment of inertia (PMOI). Data are presented as boxplots with actual data points,
median, and range. P value was determined by unpaired #test and shown in data sets with p

<0.05.
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Figure 6. LDH inhibition stimulates osteoblast bone for ming activity without affecting bone
resorption in mice.
(A) Analysis of osteoblast bone forming function using dynamic bone histomorphometry

and calcein double labeling. (B — D) OXA treatment of mice led to a significant increase in
mineral apposition rate (MAR) and bone formation rate (BFR) in the endocortical
compartment of femoral bone. (E) Analysis of osteoclast-specific TRAP staining and
Visiopharm technology-based automated histomorphometry. (F) Bone resorption was not
significantly affected in OXA-treated mice when compared to PBS-treated controls. Data are
presented as boxplots with actual data points, median, and range. P value was determined by
unpaired #test and shown in data sets with p < 0.05.
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Figure 7: LDH inhibition increases bone strength in mice.
Biomechanical properties of mice after treatment with OXA or PBS were assessed via

femoral torsion testing. OXA-treated mice revealed (A) no change in torsional rigidity, but

showed significant increases in (B) maximum torque, (C) maximal rotation, and (D) energy
to yield. Data are presented as boxplots with actual data points, median, and range. P value
was determined by unpaired #test and shown in data sets with p < 0.05.
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Figure 8. LDH inhibition improvestrabecular and cortical bonein aged mice.
Effect of OXA on femur bone architecture was analyzed by micro-CT. OXA-treated mice

showed increased (A) trabecular bone to total volume ratio and trabecular thickness and (B)
cortical thickness, area, and bone mineral density (BMD). Data are presented as boxplots
with actual data points, median, and range. Pvalue was determined by unpaired #test and

shown in data sets with p< 0.05.
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