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Abstract

Teriparatide, a recombinant peptide corresponding to amino acids 1-34 of human parathyroid
hormone (PTH), has been an effective bone anabolic drug for over a decade. However, the
mechanism whereby PTH stimulates bone formation remains poorly understood. Here we report
that in cultures of osteoblast-lineage cells, PTH stimulates glucose consumption and lactate
production in the presence of oxygen, a hallmark of aerobic glycolysis, also known as Warburg
effect. Experiments with radioactively labeled glucose demonstrate that PTH suppresses glucose
entry into the tricarboxylic acid cycle (TCA cycle). Mechanistically, the increase in aerobic
glycolysis is secondary to insulin-like growth factor (Igf) signaling induced by PTH, whereas the
metabolic effect of Igf is dependent on activation of mammalian target of rapamycin complex 2
(mTORC?2). Importantly, pharmacological perturbation of glycolysis suppresses the bone anabolic
effect of intermittent PTH in the mouse. Thus, stimulation of aerobic glycolysis via Igf signaling
contributes to bone anabolism in response to PTH.
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Introduction

Daily injections of either full-length (amino acid 1-84) or a fragment of parathyroid
hormone (PTH; amino acid 1-34, known as teriparatide), known as the intermediate
treatment regimen, increase bone formation and reduce incidences of fractures in
osteoporotic patients.(t) Extensive studies have indicated that PTH stimulates bone
anabolism through direct regulation of osteoblast-lineage cells at multiple levels; these
include enhancement of osteoblast activity, stimulation of osteoblast differentiation,
attenuation of osteoblast apoptosis, and activation of quiescent bone-lining cells.(2-5)
However, the molecular mechanism mediating the various regulations by PTH is not fully
understood.

PTH is known to signal through the PTH 1 receptor (PTH1R), a G-protein—coupled
receptor.(®) PTH1R signaling initiates Gas-mediated activation of adenylyl cyclase resulting
in CAMP production, as well as Gag11-mediated activation of phospholipase C (PLC) and
subsequently protein kinase C (PKC). In addition, PTH activates extracellular regulated
kinase (ERK) signaling through either G proteins or f-arrestin.(") PTH (1-31), which mainly
activates CAMP production, produces an equivalent anabolic effect to PTH (1-34), whereas
PTH (3-34), stimulating PKC but not cAMP production, does not exhibit a similar effect,
indicating that Gag/cAMP signaling is primarily responsible for the bone anabolic function
of PTH.®) More recently, PTH signaling has been shown to engage the Wnt co-receptor
Lrp6 and the TGFp type Il receptor. In particular, PTH binding to PTH1R induces formation
of a ternary complex with Lrp6, resulting in cAMP production and PKA-dependent f-
catenin stabilization.(910) On the other hand, TGF type II receptor appears to mitigate
PTH-cAMP signaling though endocytosis of PTH1R.(1) A major output of PTH-cAMP
signaling is increased synthesis and release of insulin-like growth factor 1 (Igfl) by
osteoblast-lineage cells.(!2-14) Importantly, deletion of either Igfl or Igflr in osteoblasts
essentially abolishes the bone anabolic effect of PTH in mice, thus highlighting the
importance of Igf signaling in PTH function.(3-17) However, how PTH-Igf signaling exerts
the bone anabolic effect remains unclear.

Recent studies have implicated cellular glucose metabolism in the regulation of osteoblast
biology.(!8) In particular, Wnt-Lrp5 signaling, a potent bone anabolic mechanism, stimulates
aerobic glycolysis in osteoblast lineage cells, whereas upregulation of glycolysis promotes
bone formation in the mouse.(19:20) Interestingly, PTH has been known to stimulate
glycolysis in bone long before it was used a bone anabolic agent.(?1-23) However, a direct
link between glycolysis and bone anabolism in response to PTH has not been made.

Here we report that PTH stimulates aerobic glycolysis while suppressing glucose oxidation
through the tricarboxylic acid cycle (TCA cycle) in osteoblast lineage cells. The metabolic
reprogramming by PTH is mediated by Igf—phosphatidylinositol-3’-kinase (PI3K)-
mammalian target of rapamycin complex 2 (MTORC2) signaling. Importantly, suppression
of the metabolic changes initiated by PTH diminishes its bone anabolic function in the
mouse. Thus, stimulation of aerobic glycolysis appears to be an important mechanism
underlying the anabolic effect of PTH.
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Materials and Methods

Mice

The Ldha mouse strain (LdhatmlaEUCOMM)Wsiy \yag purchased from the International
Knockout Mouse Consortium (KOMP). To obtain the Ldha' allele, the mouse was crossed
with the R26-FLP mouse (B6.12954-Gt(ROSA)26SortmH(FLPLDYM/Rain]) (Jackson
Laboratories, Bar Harbor, ME, USA). The wild-type and floxed Ldha alleles were
genotyped by PCR using the following primers: 5-TCGTGGTATCGTTATGCGCC-3/, 5/-
CTCGCTTGCCTTATGGGTTC-3, and 5-TGGCAGTCAAGTCTCCAAGAAG-3; this
produced a fragment of 199 bp from the floxed allele and that of 382 bp from the wild-type
allele. 1gf1r7" mice (B6;129- lgf1r"m2A19¢/3) were purchased from Jackson Laboratories.(24)
Washington University Animal Studies Committee approved all mouse experiments.

Analyses of postnatal skeleton

Micro—computed tomography (UCT) analyses were performed with Scanco UCT 40 (Scanco
Medical AG, Briittisellen, Switzerland) as described.(2526) Quantification of the trabecular
bone in the tibia was performed with 35 PCT slices (total of 0.56 mm) right below the
growth plate with the threshold set at 250. For cortical bone, 50 slices from the midshaft
were analyzed with the same threshold.

Histology and histomorphometry was performed as described, with the exception that the
mice were not perfused prior to euthanasia.(2®) For dynamic histomorphometry, mice were
injected intraperitoneally with calcein (20 mg/kg; Sigma, St. Louis, MO, USA) at 10 and 2
days before euthanasia. For serum-based biochemical assays, mice were first fasted for 6
hours and then anesthetized with xylazine/ketamine mix before blood collection in serum
separator tubes (cat# 365956; BD Biosciences, San Jose, CA, USA). Blood was incubated at
room temperature for 30 min, spun down for 5 min before serum was collected. Serum
CTX-I assay was performed using the RatLaps ELISA kit (Immunodiagnostic Systems,
Ltd., Boldon, UK). Serum lactate was measured with a lactate assay kit (cat# 1200011002;
Eton Biosciences, San Diego, CA, USA).

Calvarial osteoblast culture

Antibodies

Frontal and parietal bones dissected from newborn mice (0 to 5 days old) were rinsed three
times with PBS before being subjected to four rounds of digestion with 1.8 mg/mL
collagenase (catalog # C0130; Sigma-Aldrich) at 37°C, with the first round for 10 min, and
the subsequent rounds for 15 min each. The supernatant from the first digestion was
discarded, but cells from the subsequent digestions were collected, strained through 70-uM
filters and plated in a-MEM with 20% FBS and 1% Pen Strep.

Antibodies for P-Akt (S473) (cat#9271), Akt (cat#9272), B-actin (cat#4970), p-NDRG1-
Thr346 (cat#3217S), LDHA (2012), and p-IGF1R (3027) were purchased from Cell
Signaling Technologies (Danvers, MA, USA). Hk2 (sc-6521), Ldha (sc-27230) and a-
tubulin (sc-8035) primary antibodies, and horseradish peroxidase (HRP)-conjugated anti-
mouse (sc-2005) or anti-goat (sc-2352) secondary antibodies were from Santa Cruz
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Biotechnology (Dallas, TX, USA). Pdk1 (KAP-pk112) antibody was from Enzo
(Farmingdale, NY, USA). HRP-conjugated anti-rabbit secondary antibody (NA934V) was
from GE Healthcare (Little Chalfont, UK).

Protein extraction and Western blot

gRT-PCR

For protein extractions, femurs and tibias were isolated and cleaned of excess tissue,
followed by surgical removal of the epiphyses, and removal of the marrow by centrifugation.
The bones were then washed with cold PBS three times before being snap-frozen in liquid
nitrogen, and subsequent pulverization in a Mikro Dismembrator U (Sartorius, Gottingen,
Germany). Protein was extracted with 150 pL radioimmunoprecipitation assay (RIPA) buffer
(cat# R0278; Sigma-Aldrich) containing phosphatase inhibitors (cat# 04906845001; Roche,
Nutley, NJ, USA) and proteinase inhibitor (cat# 11836170001; Roche) on ice for 30 min.
Protein concentration was measured with BCA assay (Thermo Scientific, Waltham, MA,
USA), and Western blotting was performed according to standard protocols.

RNA was extracted with RNeasy kit, followed by RNase-free DNase kit according to
manufacturer’s instructions (Qiagen, Limburg, Netherlands). RNA concentration was
measured with NanoDrop 2000 (Thermo Scientific). One microgram (1 pg) of RNA was
used to make cDNA with iScript cDNA synthesis kit (Bio-Rad Laboratories, Hercules, CA,
USA). Two microliters (2 uL) of cDNA diluted at 1:10 was used for each reaction with Fast-
start SYBR green (Bio-Rad) and 0.05 uM each of forward and reverse primers. Technical
duplicates were prepared for each biological sample. StepOnePlus Real Time PCR Systems
(Applied Biosystems, Inc., Foster City, CA, USA) was used with a protocol starting with 3
min at 95°C, followed by 40 cycles and ending with a melt curve. 18S ribosomal RNA was
used for normalization. The primer sequences are shown in Supporting Table 1.

Cell culture and metabolic measurements

MC3T3-E1 (subclone 4) cells were maintained in ascorbic acid-free a-MEM medium
(a10490-01; Gibco, Grand Island, NY, USA) and switched to complete a-MEM (cat#12561,;
Gibco) for experiments. Both media were supplemented with 10% heat inactivated FBS
(Gibco) and Pen Strep (cat#14140; Gibco). The mineralization media contained additional
supplements: 100 nM dexamethasone, 50 pug/mL ascorbic acid, and 10 mM B-glycerol
phosphate. PTH (1-34), PTH (3-34), and PTH (1-31) were obtained from Bachem
Biosciences (Torrance, CA, USA). All PTH fragments were dissolved in a sterile aqueous
solution containing 0.9% NaCl, 0.1% BSA, 0.001 N HCI, and used as 500 ng/mL unless
otherwise indicated. This solution was used as vehicle control in all PTH experiments.
Recombinant mouse Dkk1, recombinant mouse Frizzled-8 Fc chimera and Igfl were used at
500 ng/mL (R&D systems, Minneapolis, MN, USA). For Dkk1 experiments only, cells were
pretreated with Dkk1 for 30 min before the addition of PTH. The chemical inhibitors used
are as follows: LY294002 (Sigma Aldrich), rapamycin (Sigma Aldrich), MK-2206
(Selleckchem, Houston, TX, USA), GSK650394 (Tocris Biosciences, Bristol, UK),
EMD638683 (MedChem Express, Monmouth Junction, NJ, USA), OSI-906 (ie, linsitinib)
(Selleckchem), picropodophyllotoxin (Tocris), U-73122 (Calbiochem, San Diego, CA,
USA), Ro 31-8220 (Sigma Aldrich), PD98059 (Sigma Aldrich), and U0126 (Cell signaling).
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Glucose and lactate measurements were done as described.(2% For glucose uptake assays,
cells were plated in 96-well clear-bottom culture plates the day before the experiment. The
cells were stimulated with PTH for the indicated time before switching to fresh medium
containing 100 pM fluorescent deoxyglucose derivative (2-NBDG) for 30 min, followed by
preparation for fluorescence reading according to the manufacturer’s instructions (Glucose
Uptake Cell-based Assay Kit; Cayman Chemical). 2-NBDG uptake was measured at
485/535 nm (excitation/emission) using a plate reader (BioTek model SAMLFTA, Gen5
software). Fluorescence intensity was normalized to the protein content in each well.

For Seahorse extracellular flux assays, undifferentiated or differentiated MC3T3-E1 cells
were plated at 5000 or 10,000 cells/well, respectively, in XF96 plates coated with Cell-Tak
(BD Biosciences). On the next day, the cells were treated with 500 ng/mL PTH or Igfl for
indicated time with or without inhibitors, then switched to Assay Medium (Seahorse cat#
101022-100 or Sigma D5030-1L) and further incubated in CO,-free incubator for 1 hour.
Oligomycin (ATP synthase inhibitor), carbonyl cyanide p-trifluoromethoxyphenylhydrazone
(FCCP; proton ionophore), antimycin A (complex Il inhibitor), and rotenone (complex |
inhibitor) (Seahorse Stress Kit) were prepared in XF assay medium with final concentration
of 5 uM for oligomycin and 1 uM for the rest. At the end of the assays, protein
concentrations were measured for normalization of oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR).

shRNA knockdown and adenovirus infection

Lentiviral ShRNA expression constructs were purchased from the Genome Center at
Washington University. Targeting sequences are as follows: Gfp: 5’-
TGACCCTGAAGTTCATCTGCA-3, Ldha: 5-CGTGAACATCTTCAAGTTCAT-3'.
Lentivirus was prepared as described.(29) Adenovirus expressing Gfp (ad-Gfp) or Cre (ad-
Cre) was purchased from the Gene Transfer Vector Core at the University of lowa.
Subconfluent calvarial cells were infected overnight with ad-Gfp or ad-Cre at 50 multiplicity
of infection (MOI) in media containing 2% serum, and then cultured in media containing
10% serum for 72 hours before PTH treatment.

In vivo PTH treatment

Three-month-old C57BL/6J male mice were injected intraperitoneally with either 80 ug/kg
PTH (1-34) or the vehicle control 5 days per week for 1 month. Sodium dichloroacetate
(DCA) (Sigma) was delivered through drinking water at the concentration of 2 g/L and with
pH adjusted to approximately 7.2. For studies of signaling events in vivo, PTH (1-34) or
vehicle was injected intraperitoneally at the indicated concentration and the bones were
harvested 6 or 12 hours after injection. Bone protein extracts were prepared from femurs and
tibias as described earlier.

COy, trap experiments

MC3T3-E1 cells were plated in flasks at a concentration of 4 x 10%/flask (cat# 353107;
Becton Dickinson, Franklin Lakes, NJ, USA) and treated with mineralization medium for 3
days before being subjected to the CO, trap procedure as described.(??) Briefly, the flasks
were refitted with collection tubes (#211-0059; VWR, Radnor, PA, USA) bearing holes on
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the sides, and sealed with rubber stoppers (cat # FB57873 and cat # FB57877; Fisher
Scientific, Waltham, MA, USA). The cells were incubated in regular media containing 2 pl1
of 0.1 mCi/mL 14C-labeled glucose (total radioactivity 444,000 disintegrations per minute
[dpm]), with or without PTH, in the sealed CO, trap system for 24 hours. [14C4]-Glc (cat#
ARC 0120C), [**C3 4]-Glc (cat# ARC 0211A), and [*Cg]-Glc (cat# ARC 0121B) were
from American Radiolabeled Chemicals (St. Louis, MO, USA). Afterward, 2.5 mL of 2.5 M
H,SO4 was injected into the flask, and 1 mL of 2% NaOH into the collection tube. After
overnight incubation at room temperature, solution in the tube was collected and measured
for radioactivity with a scintillation counter. A parallel experiment was conducted with
identical treatments for cell counting. For glucose consumption, an aliquot of the medium
was measured before the injection of HySOy4.

Statistical analyses

Results

All two-group comparisons were performed with Student’s #test. For the multigroup
comparisons in the PTH experiment in vivo, two-way factorial ANOVA for independent
samples was performed (http://vassarstats.net). Statistical significance was determined by a
p value <0.05.

PTH stimulates aerobic glycolysis in osteoblast-lineage cells

To evaluate the effect of PTH on glucose metabolism in osteoblast-lineage cells, we used the
preosteoblastic cell line MC3T3-E1 as a model system. We first determined glucose
consumption by measuring glucose levels remaining in the culture media after various times
of incubation with PTH (1-34) (hereafter referred to as PTH) at different concentrations.
Whereas PTH at 50 ng/mL did not have an effect, it significantly increased glucose
consumption at 100 or 250 ng/mL after 48 hours (Supporting Fig. 1A). 500 ng/mL PTH had
a greater effect, but 1 ug/mL PTH did not further increase glucose consumption (Supporting
Fig. 1B). With 250 ng/mL PTH, the increase in glucose consumption over the control was
progressive with time and became statistically significantly after 48 hours (Fig. 1A,
Supporting Fig. 1C). The increased glucose consumption was unlikely due to changes in cell
proliferation or viability, because PTH did not significantly alter the number or protein
content of the cells (Supporting Fig. 1D). Incubation with 2-NBDG confirmed that PTH
increased glucose uptake progressively after 24 and 48 hours (Fig. 18). Because PTH was
previously shown to signal more robustly in MC3T3-EL1 cells upon differentiation, we
examined the effect on glucose after 3 days of differentiation in the presence of ascorbic acid
and beta-glycerophosphate.(28) Compared to the undifferentiated counterpart, the
differentiated MC3T3-E1 cells consumed more glucose under the basal condition, but more
importantly, significantly increased glucose consumption after 6 or 24 hours of PTH
treatment (Fig. 1C). The stimulatory effect of PTH on glucose consumption was confirmed
with primary calvarial cells isolated from newborn mice (Fig. 10). Thus, PTH stimulates
glucose utilization by osteoblast-lineage cells in vitro.

To directly assess the effect of PTH on cellular metabolism, we examined MC3T3-E1 cells
with the Seahorse extracellular flux analyzer. PTH treatment for 24 hours notably enhanced

J Bone Miner Res. Author manuscript; available in PMC 2016 November 01.


http://vassarstats.net

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Esen et al.

Page 7

OCR both under basal conditions and in response to the mitochondria stressors (Fig. 1£). In
particular, PTH increased basal respiration, ATP production, and spare respiratory capacity
of the mitochondria (Supporting Fig. 2A). PTH also stimulated the ECAR, which was likely
due to greater lactate production, as indicated by the higher lactate concentration in the
media (Fig. 17, G, Supporting Fig. 2B). Compared to MC3T3-E1 cells, the primary calvarial
cells exhibited a more pronounced increase in media lactate levels in response to PTH (Fig.
1G). Similarly, when added to differentiated MC3T3-E1 cells, PTH markedly increased
lactate levels in the media after 6 or 24 hours. Thus, PTH stimulates both mitochondrial
respiration and lactate production in osteoblast-lineage cells.

The observed changes in cellular metabolism prompted us to examine the effect of PTH on
the metabolic fates of glucose in differentiated MC3T3-E1 cells. We used a CO,, trapping
method to capture radioactive 14CO, produced from glucose labeled with 14C at specific
positions (Supporting Fig. 3A). In this method, [*4C3_ 4]-glucose produces 14CO, upon
entering the TCA cycle via the conversion of pyruvate to acetyl-coenzyme A (CoA),
whereas [14C1]- or [1#Cg]- glucose generates 14CO, through the second round of the TCA
cycle. Because [14C1]-glucose also produces 14CO, through pentose phosphate pathway
(PPP), the PPP flux is calculated by subtracting [24Cg]-glucose-derived 14CO, from [14C;]-
glucose-derived 14CO, (Supporting Fig. 3B). We confirmed that in the CO, trapping system,
PTH stimulated glucose consumption and lactate production after 24 hours (Supporting Fig.
3C). Remarkably, despite the increase in total glucose consumption, the amount of glucose
entering the TCA cycle as reflected by the total 14CO, radioactivity released from [14C3 4]-
glucose was reduced by ~44% in response to PTH. By normalizing the 14CO, radioactivity
to total radioactivity uptake (herein termed 14CO, production rate), we found that under
basal conditions, ~19% of glucose entered the TCA cycle via pyruvate decarboxylation with
~7% (2 x 14CO, production rate from 14Cg-Glc) completing the full cycle, and that PTH
reduced those numbers to ~7% and ~3%, respectively (Table 1). After normalizing

the 14CO, production rate to the cell number (herein termed 14CO, production index), we
determined that PTH suppressed both glucose entry to the TCA cycle and its completion
through the cycle by ~60% (Supporting Fig. 3D, E). We further calculated that the 14CO,
production rate for PPP (difference between [14C4]- and [*4Cg]-glucose) rose from ~1%
under the basal condition to ~3% in response to PTH, representing an increase of 216% in
the 14CO, production index (Table 1). Thus, PTH enhances both glycolysis and PPP
(remaining a small percentage of total glucose consumption), but suppresses glucose entry
into TCA cycle.

We next examined the molecular basis for the metabolic changes in response to PTH. PTH
markedly increased the protein levels of hexokinase 11 (Hk2), lactate dehydrogenase A
(Ldha), and pyruvate dehydrogenase kinase 1 (Pdk1) in either MC3T3-EL1 cells or primary
calvarial cells (Fig. 2A4). We chose Ldha as an example to test the functional relevance of the
upregulated enzymes. Knockdown of Ldha in MC3T3-E1 cells essentially abolished the
induction of glucose consumption by PTH (Fig. 25). Similarly, genetic deletion of Ldha in
primary calvarial cells prepared from Ldha'/f mice with adenovirus expressing Cre blunted
the PTH effect (Fig. 2C). Overall, the changes in the protein levels of several metabolic
enzymes can account for the increase in glycolysis but decrease in glucose entry into the
TCA cycle in response to PTH.
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PTH stimulates aerobic glycolysis through Igf-mTORC2 signaling

We next sought to understand the signaling mechanism through which PTH stimulates
glycolysis. Because PTH is known to activate Gag/cCAMP/PKA, Gag11/PLCR/PKC, and
ERK signaling, we first sought to distinguish the relative contribution of each pathway to the
metabolic regulation. PTH (1-31), mostly activating the Gag pathway, enhanced glucose
consumption with similar potency to PTH (1-34) (Fig. 3A4). In contrast, PTH (3-34),
activating mostly Gagy1; signaling, did not increase glucose consumption when applied at
the same concentration as PTH (1-31) or PTH (1-34), and exhibited only a minor effect at a
higher concentration (Fig. 3A4). Moreover, forskolin, known to activate adenylyl cyclase to
increase intracellular cAMP levels, potently stimulated glucose consumption (Fig. 35).
Chemical inhibition of PLC, PKC, or ERK did not impair PTH-induced glucose
consumption (Supporting Fig. 4). Thus, PTH reprograms glucose metabolism mainly
through a cAMP-dependent mechanism.

PTH-cAMP signaling may stimulate glycolysis either directly or through the induction of a
secondary signal. Our studies have revealed a time lag between PTH exposure and the
increase in the rate of glucose uptake (Fig. 158). Moreover, MC3T3-E1 cells pulsed with
either PTH or forskolin for 1 hour and then cultured for 47 hours showed a similar increase
in glucose consumption to those incubated with PTH or forskolin for the entire 48 hours
(Fig. 3C). These results prompted us to hypothesize that PTH initiates a secondary signal
which later functions independently to control glucose metabolism. To identify such a
signal, we first examined Wnt proteins because they have been shown to stimulate aerobic
glycolysis.(29) However, neither Dkk1 nor Frizzled-8 Fc, both extracellular antagonists of
Whnt proteins, had any effect on glucose utilization in response to PTH (Supporting Fig. 5).
In addition, PTH and Wnt3a additively increased glucose consumption in MC3T3-EL1 cells
(Fig. 4A). Thus, PTH stimulates glycolysis likely independent of Wnt signaling.

Because PTH-cAMP signaling has been shown to increase Igfl production in osteoblast-
lineage cells, we next tested the involvement of Igf in PTH-driven glycolysis.(}4) Consistent
with previous reports, we found that PTH increased the mRNA level of 1gfl and to a lesser
extent, Igf2 in MC3T3-E1 cells within 6 hours of treatment (Fig. 45).(2% Moreover, PTH
induced phosphorylation of 1gfl receptor (Igflr) at Tyr1135/1136 after 24 hours, indicating
activation of Igf signaling.(3%) (Supporting Fig. 6A). Importantly, chemical inhibition of
Igflr signaling blocked PTH-induced glucose consumption, phosphorylation of Igfir, as
well as Ldha and Hk2 induction in MC3T3-EL1 cells (Fig. 4C, D, Supporting Fig. 6B).
Similarly, in differentiated MC3T3-E1 cells, inhibition of Igflr essentially nullified the
effect of PTH on glucose consumption, ECAR, and OCAR (Fig. 4£, F). To test further the
function of Igf signaling, we genetically deleted Igflr in primary calvarial cells isolated from
Igf1rf/f mice with an adenovirus expressing Cre. Removal of Igfir abolished the PTH-
induced glucose consumption (Fig. 4G). Finally, we examined directly the effect of Igf
signaling on metabolism. Like PTH, Igfl stimulated glucose consumption and lactate
production by MC3T3-EL1 after 48 hours of treatment (Supporting Fig. 6C). In differentiated
MC3T3-EL1 cells, Igfl increased only ECAR after 6 hours of treatment, but both ECAR and
OCAR after 24 hours, indicating that 1gf signaling acutely activates aerobic glycolysis, and
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subsequently oxidative phosphorylation (Supporting Fig. 6D, E). In summary, 1gf signaling
is responsible for the PTH-induced metabolic reprogramming.

We then investigated the signal transduction cascade downstream of Igflr and responsible
for the regulation of glycolysis. 1gf is known to activate both mTORC1 and mTORC2
signaling downstream of PI3K. Rapamycin, which mainly inhibits mMTORC1, reduced the
basal level of glucose consumption by MC3T3-E1 cells, but did not impair the induction by
PTH (Supporting Fig. 7A). We next examined the involvement of mMTORC2, which is
commonly assayed by phosphorylation of AKT at S473 and serum/glucocorticoid regulated
kinase 1 (Sgk1), which in turn phosphorylates Ndrg1.(3) We found that PTH induced Ndrg1l
phosphorylation markedly, and Akt-S473 phosphorylation to a lesser degree; both inductions
were abolished upon Igfir inhibition (Fig. 5A4). Moreover, PTH (1-34) and PTH (1-31), both
stimulating glycolysis, but not PTH (3-34), which does not have the property, induced
phosphorylation of Ndrgl (Fig. 58). Inhibition of PI3K reduced basal level glucose
consumption, and more importantly, dose-dependently suppressed the induction by PTH
(Fig. 5C). We next evaluated the contribution of Sgk1 and Akt, both downstream effectors of
mTORC2, to the PTH response. Inhibition of Sgk1 abolished the effect of PTH not only on
phosphorylation of Ndrgl and Ldha protein level, but also on glucose consumption and
lactate production (Fig. 50-F, Supporting Fig. 7B). Moreover, Sgk1 inhibition abolished
Igfl1-induced glucose consumption and ECAR (Fig. 5G, H). Similarly, an Akt inhibitor that
suppressed the self-phosphorylation of Akt also blunted the increase in glucose consumption
in response to PTH (Fig. 5/, J). Thus, PTH appears to stimulate glycolysis through both Akt
and Sgk1 downstream of 1gf-PI3K-mTORC2 signaling.

Increased glycolysis contributes to bone anabolic effect of PTH in vivo

We finally examined the potential contribution of metabolic reprogramming to PTH-induced
bone formation in vivo. We first evaluated whether teriparatide induced similar metabolic
changes as observed in vitro. Indeed, intraperitoneal injection of teriparatide dose-
dependently increased the glycolytic enzymes as well as phosphorylation of Ndrgl and Akt
at S473 in bone protein extracts form 6 through 12 hours (Fig. 64, Supporting Fig. 8). To
assess the importance of aerobic glycolysis, we used dichloroacetate (DCA), which inhibits
the activity of Pdk1, to enhance glucose metabolism in the TCA cycle. As expected, DCA
suppressed teriparatide-induced glucose consumption in both undifferentiated and
differentiated MC3T3-E1 cells (Supporting Fig. 9A, B). We injected teriparatide daily in 3-
month-old BL6 male mice for 1 month with or without DCA co-treatment in drinking water.
Teriparatide did not alter body weight whereas DCA caused a slight decrease in body weight
(Supporting Fig. 9C). Consistent with increased aerobic glycolysis, teriparatide increased
serum lactate levels in the mouse, but the effect was abolished by co-administration of DCA,
which alone did not have an effect (Fig. 68). Importantly, DCA greatly attenuated the
teriparatide-induced increase in trabecular bone parameters as determined by pCT (Fig. 6 C)
(Table 2). The anabolic effect of teriparatide on cortical bone was not significant, with or
without DCA (Table 3). Histology confirmed that DCA essentially reversed the increase in
trabecular bone mass caused by teriparatide (Fig. 60). Thus, suppression of aerobic
glycolysis through activation of glucose metabolism in the TCA cycle diminishes the
anabolic role of PTH.
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We next investigated the cellular basis underlying the DCA effect. Histomorphometry
revealed that DCA dampened the increase in osteoblast number, mineral apposition rate
(MAR), and bone formation rate (BFR/BS) caused by PTH (Fig. 6 £, £; Supporting Fig. 8D).
On the other hand, DCA did not alter the PTH-induced increase in serum CTX-1 levels, an
indicator of total osteoclast activity (Fig. 6G). Overall, increased aerobic glycolysis is
necessary for PTH to stimulate osteoblast number and function in vivo.

Discussion

We have uncovered an important role for aerobic glycolysis in mediating the bone anabolic
function of PTH. We show that PTH stimulates aerobic glycolysis but suppresses
mitochondrial metabolism of glucose. The metabolic regulation by PTH is mediated through
induction of Igf signaling that acts via PI3K and mTORC2 (Fig. 6+). Importantly,
pharmacological suppression of aerobic glycolysis blunts the bone anabolic function of PTH
in vivo. The work not only confirms and extends the historic studies about the effect of PTH
on glycolysis in osteoblasts, but more importantly provides evidence that increased
glycolysis contributes to bone anabolism in response to PTH.

The mechanism for PTH to induce Igf signaling remains to be fully elucidated. Compared to
the undifferentiated counterpart, differentiated MC3T3-E1 cells exhibit an accelerated
response to PTH in both Igflr phosphorylation and glucose consumption. On the other hand,
both undifferentiated and differentiated MC3T3-E1 cells express similar levels of I1gfl or
Igf2 mRNA either under basal conditions or in response to PTH. Thus, additional
mechanisms are at work to mediate the faster response to PTH in the differentiated cells. For
instance, PTH may promote the release of Igfl protein preferentially in the differentiated
MC3T3-E1 cells. The preferential utilization of such a mechanism in the differentiated cells
may be attributable to the more robust induction of cAMP levels in those cells.(28) How
cAMP induces either the production or release of Igfl is not unclear at present, but PKA
does not appear to be a critical effector because the inhibitor H89 does not impair the
induction of either Igf1 mRNA or glucose consumption by PTH. Regardless of the
mechanism, the stimulation of Igfl production and release is likely to be physiologically
relevant because PTH has been shown to increase bone matrix—associated Igf1 in vivo.(32)
Moreover, recent studies have shown that Igfl released from the bone matrix upon bone
resorption stimulates osteoblast differentiation during bone remodeling.(33) Thus, in the
intact body, PTH may exert its bone anabolic effect through both de novo synthesis of 1gfl
by osteoblast-lineage cells and resorption-mediated release of Igfl from the bone matrix.

In addition to aerobic glycolysis, PTH also stimulates oxidative phosphorylation in MC3T3-
E1 cells. Paradoxically, PTH reduces the glucose flux entering the TCA cycle, indicating
that an alternative nutrient fuels the increased ATP production by mitochondria. We have
recently shown that Wnt signaling, which similarly stimulates aerobic glycolysis in
osteoblast-lineage cells, enhances glutamine catabolism via the TCA cycle.(34) Therefore, it
will be of great interest to determine whether PTH similarly promotes energy production
from glutamine. In addition, the relationship between the increase in aerobic glycolysis and
that in oxidative phosphorylation is unknown at present. We show that Igfl induces aerobic
glycolysis ahead of oxidative phosphorylation in differentiated MC3T3-EL1 cells, but future

J Bone Miner Res. Author manuscript; available in PMC 2016 November 01.
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experiments are necessary to discern a potential causal relationship between the two
processes.

It is worth noting that a brief period of PTH exposure is sufficient to induce the metabolic
changes. For instance, MC3T3-EL1 cells pulsed with PTH for 1 hour exhibit clear metabolic
changes at a later time point. Similarly, one bolus of PTH, known to have a half-life of about
1 hour when injected subcutaneously, is sufficient to increase the protein levels of key
glycolytic enzymes. Thus, the acute nature of the metabolic regulation is in line with the
efficacy of intermittent dosing of PTH in promoting bone formation. Overall, the present
study, together with our previous work, has uncovered the increase in aerobic glycolysis as a
common feature shared by bone anabolic signals such as Wnt, PTH, and Igfl. A
comprehensive understanding of such metabolic reprogramming may reveal novel targets for
developing bone anabolic drugs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

PTH stimulates aerobic glycolysis in osteoblast-lineage cells. (A) Glucose consumption by
MC3T3-EL1 cells after vehicle (V) or PTH (250 ng/mL) treatment for 48 hours. (B) Time-
dependent increase in 2-NBDG uptake by MC3T3-E1 cells following PTH (250 ng/mL)
treatment. Shown as % increase over vehicle control normalized to protein content. (C)
Glucose consumption by undifferentiated (UD) or differentiated (D) MC3T3-E1 cells after
incubation with vehicle (V) or PTH (500 ng/mL) for 6 or 24 hours. (D) Glucose
consumption by primary calvarial cells after incubation with vehicle (V) or PTH (250
ng/mL) for 24 hours. (£, F) Oxygen consumption rate (OCR) (£) or extracellular
acidification rate (ECAR) (F) after 24 hours of PTH (500 ng/mL) or vehicle (V) treatment.
(G) Increase in lactate concentration in media after PTH (500 ng/mL) treatment of MC3T3-
E1 or primary calvarial cells for 48 hours. Shown as % increase over vehicle control
normalized to protein content. (H) Increase in lactate concentration in media after PTH (500
ng/mL) treatment of undifferentiated (UD) or differentiated (D) MC3T3-E1 cells for 6 or 24
hours. Shown as % increase over vehicle control normalized to protein content. *p < 0.05, n
= 3. Error bars = SD. Glc = glucose; V = vehicle; UD = undifferentiated; D = differentiated;
OCR = oxygen consumption rate; ECAR = extracellular acidification rate; FCCP = carbonyl
cyanide p-trifluoromethoxyphenylhydrazone; 2-NBDG = fluorescent deoxyglucose
derivative.
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Fig. 2.
PTH increases protein levels of glycolytic enzymes. (A) Western blots showing the levels of

indicated enzymes in MC3T3-EL1 (left) or primary calvarial cells (right) treated with vehicle
(V) or PTH for indicated time. Relative protein abundance normalized to B-actin. (5)
Glucose consumption by MC3T3-EL1 cells treated with vehicle (V) or PTH (500 ng/mL) for
48 hours following LDHA knockdown (shLdha) with shLacZ as control. Right panel shows
relative mRNA levels of Ldha normalized to 18S rRNA as assayed by qPCR. (C) Glucose
consumption by primary calvarial cell prepared from Ldhaf/f mice treated with vehicle (V)
or PTH (500 ng/mL) for 48 hours following infection of adenovirus expression GFP (ad-
GFP) or Cre (ad-Cre). *p< 0.05, n= 3. Error bars = SD. V = vehicle; Glc = glucose.
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P'IgH stimulates glucose consumption through cAMP signaling. (A, B) Glucose consumption
by MC3T3-EL1 cells after treatment with vehicle (V), various PTH fragments or forskolin for
48 hours. (C) Glucose consumption by MC3T3-E1 cells pulsed with vehicle (V), PTH (500
ng/mL) or forskolin (6 uM) for indicated time, and harvested after a total of 48 hours in
culture. *p < 0.05, n= 3. Error bars = SD. V = vehicle; Glc = glucose.
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Fig. 4.

PTH stimulates glucose consumption through Igf signaling. (A) Glucose consumption by
MC3T3-E1 cells after PTH (250 ng/mL) or Wnt3a (50 ng/mL) or combined treatment for 48
hours. (B) gPCR analyses of Igfl and 1gf2 mRNA in MC3T3-E1 cells treated with PTH
(500 ng/mL) for 6 hours. (C, D) Effect of Igflr inhibitor Linsitinib (100 nM) (Igflr-1) on
glucose consumption (C) or glycolytic enzymes (D) in MC3T3-E1 cells treated with vehicle
(V) or PTH (500 ng/mL) for 48 hours. (£) Effect of Linsitinib (50 nM) on glucose
consumption by differentiated MC3T3-E1 cells treated with vehicle (V) or PTH (500
ng/mL) for 48 hours. (F) Effect of Linsitinib (100 nM) on oxygen consumption rate (OCR)
(left) or extracellular acidification rate (ECAR) (right) in differentiated MC3T3 cells treated
with PTH (500 ng/mL) for 24 hours. (G) Glucose consumption by primary calvarial cells
prepared from 1gf1r/f mice treated with vehicle (V) or PTH (500 ng/mL) for 48 hours
following infection of adenovirus expression GFP (ad-GFP) or Cre (ad-Cre). *p < 0.05, n=
3. Error bars = SD. V = vehicle; FCCP = carbonyl cyanide p-
trifluoromethoxyphenylhydrazone; OCR = oxygen consumption rate; ECAR = extracellular
acidification rate.
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Fig. 5.

P'Ig']H stimulates glycolysis through 1gf-Sgk1 signaling. (A) Effect of Linsitinib (I1gflr-I, 100
nM) on mTORC?2 signaling in MC3T3-EL1 cells in response to PTH (500 ng/mL) for 48
hours. (B) Western blot analyses of Sgk1 activation and HK2 accumulation in MC3T3-E1
cells treated with various PTH fragments (250 ng/mL) for 48 hours. (C) Effect of PI3K
inhibitor LY294002 (LY) on glucose consumption by MC3T3-EL1 cells treated with vehicle
(V) or PTH (500 ng/mL) for 48 hours. (D-F) Effects of 100 uM Sgk1 inhibitor GSK650394
(Sgk-I) on MC3T3-E1 cells treated with vehicle (V) or PTH (500 ng/mL) for 48 hours.
Protein abundance normalized to GAPDH in D. (G) Glucose consumption by MC3T3-E1
cells treated with vehicle (V), 1gfl (500 ng/mL) and GSK650394 (100 uM, Sgk-I) for 48
hours. (H) Measurements of ECAR in differentiated MC3T3-EL1 cells treated for 6 hours. (/)
Effect of AKT inhibitor MK2206 (MK) (1 uM) on P-AKT (S473) and glucose consumption
by MC3T3-EL1 cells treated with vehicle (V) or PTH (500 ng/mL) for 48 hours. P-AKT
normalized to total AKT. *p < 0.05, n= 3. Error bars = SD. V = vehicle; Glc = glucose; LY
= LY294002; ECAR = extracellular acidification rate.
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Fig. 6.

Agrobic glycolysis contributes to the anabolic effect of PTH in vivo. (A) Western blot
analyses of bone protein extracts from mice treated with vehicle (V) or PTH (200 ug/kg) for
12 hours. Samples from two PTH-treated mice are shown. Protein abundance normalized to
a-tubulin. (B) Serum lactate levels in mice administered vehicle (V) or PTH with or without
DCA for 1 month. (C, D) Effect of PTH and DCA on trabecular bone of the proximal tibia,
as analyzed by uCT (C) or histology (D). Black line denotes height of trabecular bone
region. (£) Quantification of osteoblast numbers. (F) Quantification of MAR. (G) Serum
CTX-I (ng/mL) levels. n= 3. (H) Model for PTH to reprogram glucose metabolism via Igf
signaling. In addition to transcriptional upregulation of 1gf1, PTH may also employ other
mechanisms to activate Igf signaling (see Discussion). Green arrow = stimulation; red line =
suppression. Dotted arrow symbolizes multiple steps of glycolysis. Lac = lactate; Pyr =
pyruvate; Glc = glucose; V = vehicle; MAR = mineral apposition rate; DCA =
dichloroacetate; OB = osteoblast; TCA = tricarboxylic acid; mTORC2 = mammalian target
of rapamycin complex 2.
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Table 2

UCT Analyses of Trabecular Bone in Proximal Tibia

Group BVITV (%) Tb.N (Wmm) | To.Th (mm)@ | Tb.Sp (mm)2
Vehicle 27.16 3.8 517+05 0.07 = 0.0062 0.2 £0.034
PTH 37.52 + 0.065* 559 +0.36 * 0.081 + 0.0077 0.17 £ 0.016
DCA 24.88+0.078 % 523104 0.067 £ 0.01 0.19 £ 0.017
PTH+DCA | 3012+ 0037 | 4.9+0.38™ | 0.075+0.0045 0.19+0.17

Values are mean + SD.

BV = bone volume; TV = total volume; Th.N = trabecular number; Th.Th = trabecular thickness; Th.Sp = trabecular spacing; DCA =

dichloroacetate.

aData obtained from 35 of 16-mm slices right below growth plate, 77> 8 for each group.

*
Statistically significant effects for PTH were determined by ANOVA.

*Kk
Statistically significant effects for DCA were determined by ANOVA.

Aok

Statistically significant effects for DCA-PTH interaction were determined by ANOVA.
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UCT Analyses of Cortical Bone in Tibia

Table 3

Group BV (mm?) TV (mm?) BV/TV (%) | cortical Th (mm)@
Vehicle 074+9133 [ 1.1£019 | 06520015 0.25 0.009
PTH 0.80+0.078 | 1.13+0.0087 | 0.70 +0.0052 0.27 +0.006
DCA 0714013 | 1.057+0.185 | 0.67%0.019 0.26 +0.02
PTH+DCA | 078+0.14 | 117019 | 0.65+0.029 0.26 +0.017

Values are mean + SD. No statistical significance detected by ANOVA for PTH, DCA, or DCA-PTH interaction effect.

BV = bone volume; TV = total volume; Cortical Th = cortical thickness; DCA = dichloroacetate.

aCorticaI Th data obtained from 50 of 16-mm slices at midshaft, 7= 5 for each group.
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