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Abstract Thyroid hormones increase energy expenditure
and bone turnover in vivo. To study whether 3,3’,5-triiodo-
l-thyronine (T;) stimulates the uptake of glucose in
osteoblastic cells, PyMS (a cell line derived from rat bone)
cells were kept in serum-free culture medium and treated
with T;. We measured [1—14C]—2—deoxy—D—glucose 2DG)
uptake and looked for expression of the high-affinity glu-
cose transporters GLUT1 and GLUT3 by northern and
western analysis. T3 did not influence the cell number but
slightly (1.3-fold) increased the protein content of the cell
cultures. 2DG uptake was low in serum-deprived cell cul-
tures and was increased by T5 (up to 2.5-fold at 1 nmol 17
after 4 days) in a dose- and time-dependent manner. Trii-
odothyronine at 1 nmol 17! increased GLUT1 and GLUT3
abundance in membranes. Therefore, increased glucose
uptake induced by T3 in osteoblasts may be mediated by
the known high-affinity glucose transporters GLUT1 and
GLUTS3.
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Introduction

Cellular uptake of glucose is mediated by facilitative glu-
cose transporters; three isoforms are high-affinity trans-
porters: GLUT1 which is found in most tissues (including
tumors) and cell lines, GLUT3 (brain/placenta) which has
the highest affinity for glucose and is particularly abundant
in brain (neurons), and GLUT4 (muscle/fat) which is
exclusively expressed in insulin-sensitive tissues such as
striated (skeletal and cardiac) muscle and adipose tissue.
Both GLUT1 and GLUT3 (mRNA and protein) are
expressed in rat osteogenic sarcoma [1] and in rat osteo-
blastic PyMS cells [2]. We performed studies in PyMS cells,
a cell line derived from rat bone (not osteosarcoma) since
this cell line is responsive to insulin-like growth factor (IGF)
I [3], to calcitriol [4], to an increase in extracellular calcium
[5], and to parathyroid hormone [2, 6]. Surprisingly, insulin
has been shown to stimulate glucose metabolism and uptake
in non-osteosarcoma osteoblastic cells only at relatively
high doses [2, 7, 8], although insulin receptors in osteoblasts
are considered to play an important role in energy homeo-
stasis (apparently, via an osteocalcin-dependent mechanism;
[9, 10]). As opposed to insulin (with predominant effects,
concerning overall glucose metabolism on classical target
tissues such as liver, adipose tissue, and striated muscles),
thyroid hormones (in particular, T3) may directly affect most
tissues, although a recent study has suggested that the well-
known effect of thyroid hormones to increase energy
expenditure may be predominantly explained via the brain
[11]. Such a finding appears to be in contrast to the classical
findings according to which local generation and action of
T3 within brown adipose tissue may be responsible for an
increased thermogenesis in vivo [12, 13].

It has been found that Ty directly stimulated glucose
uptake in a rat liver cell line [14], in cardiomyocytes in
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long-term culture [15] and in 3T3-L1 adipocytes [16],
when studied in thyroid hormone-depleted medium.

Osteoblasts are equipped with thyroid hormone recep-
tors (including TRa1) and with type 2 iodothyronine sel-
enodeiodinase, the enzyme to catalyze local formation of
T3 by outer ring deiodination from thyroxine (T4) [17-19].
A large number of studies have addressed gene expression
in response to thyroid hormone receptor activation in bone
cells (for review, see [20]), and it had been known for a
long time that thyroid hormones and their receptors are
essential for skeletal development [21], bone growth, and
turnover (both formation and resorption) [22, 23]. How-
ever, although bone is a metabolically highly active tissue,
requiring a large amount of energy for remodeling, and an
important player in coordinating global energy utilization
[24], studies addressing glucose uptake regulation in bone
cells in vitro by Ts have not been reported. In view of an
increasing number of investigations and the ubiquitous
expression of enzymes activating and enzymes inactivating
thyroid hormones and of thyroid hormone receptors, there
have been several proponents of the relative importance of
systemic and local generation, activity and inactivation of
thyroid hormones, in the brain, liver, bone, and elsewhere
[11, 19, 24, 25].

PyMS cells can be kept in serum-free medium for a
prolonged period of time which may be an advantage or
even a prerequisite when studying effects of thyroid hor-
mones in a model where the controls should be depleted (at
least, to some extent) of thyroid hormones. We therefore
used them as a model system to address the question
whether T3 directly enhanced glucose uptake by osteo-
blastic cells in vitro.

Triiodothyronine increases 2DG uptake in PyMS cells,
not within 6 h (i.e., not in short term, as observed with IGF
I), but in longer term (after 1 day, and, more markedly,
after 4 days); at the same time, T increases the abundance
of GLUT1 and GLUT3 in membranes prepared from the
cells. Since thyroid hormones increase metabolism [26]
and bone turnover, we speculate that the cells meet their
increased energy demand by increasing glucose uptake.

Materials and methods
Materials

Fetal calf serum (FCS), cell culture media, gentamicin,
glutamine, and trypsin were purchased from Life Tech-
nologies (Grand Island, NY). Bovine serum albumin (BSA)
was from Serva (Heidelberg, Germany) or from Sigma and
treated with charcoal (to remove fatty acids, steroid, and
thyroid hormones); recombinant human (rh) IGF I was
obtained from Ciba-Geigy, Basel. Bovine parathyroid
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hormone (PTH, 1-34) was purchased from Bachem, Tor-
rence, CA. Triiodothyronine (T3, 3,3’,5-triiodo-1-thyronine,
sodium salt) was purchased from Sigma, (St. Louis MO,
USA) and, prior to use, dissolved as a stock solution of
1 mmol 1" in 10 mmol ' NaOH. 2,4-Dinitrophenol
(2-DNP) was from Sigma (St. Louis MO, USA) and dis-
solved as a stock solution of 0.1 mol 1! in absolute ethanol.
10,,25-Dihydroxyvitamin D (1¢,,25(OH),Ds, calcitriol; from
Hoffmann-La Roche, Basel) was dissolved (to a
0.1 mmol 17! stock) in absolute ethanol.

Anti-glucose transporter 1 and 3 (rat GLUT1 and
GLUT3) antibodies were purchased from FabGennix
(Frisco TX, USA), the second antibody, goat anti-rabbit
HRP, from Bio-Rad (Reinach, Switzerland).

Cell culture

PyMS cells, an osteoblastic cell line derived from newborn
rat calvaria, were kindly provided by Dr. A. Lichtler,
University of Connecticut. The cells were passaged in
Falcon tissue culture flasks in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with gentamicin (50 pg/
ml), glutamine (2 mmol 17", and ECS (5% w/v) and kept
at 37° C in an atmosphere of 5% v/v CO, in air. Cultures
between passages 12 and 38 were used.

PyMS cells grown to confluence were detached from the
dishes with 0.25% w/v trypsin and replated in Falcon
multiwell tissue culture plates (35 mm diameter, 9.6 cm?
surface area) at a density of 2 x 10° cells per well in
DMEM medium containing 5% w/v FCS (day 0). Conflu-
ent monolayers formed 3 days after seeding. Cell layers
were rinsed with serum-free medium and medium (Ham’s
F12/a-MEM, 1:1 mixture with gentamicin, 50 pg/ml, glu-
tamine, 2 mmol 17') supplemented with charcoal-treated
BSA, 0.2 g 17" was added (day 3). Two days later (day 5),
the media were again replaced with BSA-containing media
for two additional (serum-free) days. Cells were rinsed
again (day 7) with serum-free medium, and for the next
4 days (i.e., days 7-11 on the culture dishes), cells were
exposed to test media, a BSA (0.2 g 17")-containing F12/
o-MEM 1:1 mixture to which test agents or corresponding
vehicles were added as indicated. Except for some of the
data presented in Table 1 and in Fig. 2, all test incubations
were stopped 11 days after seeding the cultures, after
8 days without serum, and 4 days after the last (test)
medium change. Aliquots of test agents and appropriate
vehicle controls were added directly to the media. Treat-
ment protocols are shown in Fig. 1.

Glucose transport studies

After culture (see above) and different treatments, mono-
layers were washed at room temperature with 1 ml transport
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Fig. 1 a, b Flow diagram of treatment protocols. Cells were plated in
serum-containing medium and kept on culture dishes for 11 days, the
last 8 days without serum (in albumin-containing medium) and
exposed for the last 4 days to serum-free test medium containing T3
as indicated. The protocol shown in the upper panel (a) was used only
for the experiments shown in Table 1 and in Fig. 2

buffer containing 140 mmol 17! NaCl, 5 mmol 1! KCl,
1 mmol 17" MgCl,, 1.5 mmol 17" CaCl,, and 15 mmol 17
N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid (HEPES,
adjusted to pH 7.4 with Tris—HCl). Uptake studies were
initiated by adding 1 ml of transport buffer containing
0.1 mmol 17" cold 2DG and 2-deoxy-p-[1-'*C] glucose
(1 pCi/ml; 58 mCi/mmol, Amersham, UK). Ten minutes
later, the buffer was removed and the dishes were quickly
rinsed three times with 1 ml of ice-cold transport buffer.
The cells were then solubilized with 1 ml of 2% w/v sodium
dodecyl sulfate (SDS), and the radioactivity of a 0.5-ml
aliquot was counted in a liquid scintillation counter [2].

Determination of protein content and alkaline
phosphatase activity

In order to correct for interassay differences in protein content,
identically treated dishes were used for protein analysis. After
11 days of culture (8 days in serum-free medium and 4 days
in test medium), cells from parallel dishes were lysed into
I ml of 0.1% w/v Triton X-100 for the determination of
protein content by a modification of the Lowry procedure [4]
or by the bicinchoninic acid (BCA) method (Pierce, Rockford
IL) [6]; alkaline phosphatase activity was also measured, by

cleavage of p-nitrophenyl phosphate to p-nitrophenol at pH of
10.2 [4].

Northern blot analysis

Cells were plated at a density of 1.12 x 10%10 cm diam-
eter (58 cm? surface area) dish (Falcon) in medium con-
taining 5% w/v FCS and grown for 3 days. Confluent
monolayers were then kept in serum-free media for 8 days
as above and with hormones added as indicated. Total RNA
was obtained after lysis in guanidine isothiocyanate and
centrifugation through a cesium chloride cushion and stored
at —80°C until assayed; concentrations were determined
spectrophotometrically. Comparable amounts of RNA were
denatured, electrophoresed, and transferred onto gene
screen membranes (DuPont-NEN) and hybridized [27].

cDNA probes of Glutl and Glut3 were constructed using
RNA from newborn rat brain and PCR, with the following sets
of primers: Glutl sense primer, 5'-GCGGGAGAAGAAGG
TC-3'; Glutl anti-sense primer 5-AGGAGAGTGGCTGA
TAAAAA-3') (GenBank accession no: M13979), and Glut3
sense primer, 5-TGGAAGAGCGGTTGGA-3'; Glut3 anti-
sense primer, 5'-GGCAGCGAAGATGATAAAAA-3') (Gen-
Bank accession no: U17978), corresponding to products of
1010 bp (Glutl) and 1155 bp (Glut3). These cDNA probes
have been previously described [2]. f-Tubulin cDNA probe
(internal control) was used as described elsewhere [28]. The
cDNA probes were labeled by random primer extension
using a commercial kit (Boehringer Mannheim, Rotkreuz,
Switzerland) and [¢->*P] deoxy-CTP (3000 Ci/mmol; Pierce
Chemical, Rockford IL, USA) to specific activities of 2—
4 x 10° cpm/pg DNA.

Western immunoblot analysis for GLUT1 and GLUT3

Cells were plated at a density of 3 x 1015 cm diameter
(145 cm? surface area) dish (TPP) in medium containing 5%
w/v FCS and grown for 3 days. Confluent monolayers were
kept in serum-free media for 8 days with hormones added
for the test period as indicated. Medium was removed, and
the cell layers were rinsed twice with ice-cold PBS; cells
were scraped into 4 ml PBS and collected by centrifugation
at ~700 g for 10 min in a tube and the pellet dissolved in
5 ml homogenization buffer (20 mmol 1! HEPES, pH 7.4,
2 mmol 17! EDTA, 255 mmol 1~} sucrose, and containing
10 pg/ml aprotinin, 10 pg/ml leupeptin, and 200 pmol 1!
PMSEF as proteinase inhibitors), then glass Dounce-homog-
enized by 15 moves, transferred back to tubes, and centri-
fuged for 10 min at 700 g and 4°C; the resulting supernatant
was then centrifuged at 195,000 g for 75 min, and the pellet
(total membranes) redissolved in 0.8 ml. An aliquot was
used for determination of the protein concentration by the
BCA method, and the tubes were frozen at —80°C. Thirty
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microgram samples were mixed with loading buffer, heated
to 56°C, applied per lane on SDS-PAGE (10% w/v), and
transferred to a 0.2-um nitrocellulose membrane (Trans-
Blot, BioRad 162-0147) for western analysis. Equal loading
was confirmed by Ponceau S and actin staining. Filters were
incubated overnight at 4°C in (affinity purified) primary
antibody; rat GLUT1 (FabGennix Inc; Glut-101 AP) and rat
GLUT3 (FabGennix Inc; Glut-301AP)), both at 1:4000,
were then washed three times with TBS-T (Tris-buffered
saline-Tween-20) and incubated for 1 h in secondary anti-
body (goat anti-rabbit HRP, BioRad 170-6515, at 1:3000) at
room temperature. After washing, proteins were detected
using the enhanced chemiluminescence (ECL) detection
reagents (Amersham 1059250) applied as recommended by
the manufacturer [2].

Densitometry of northern and western blots

Films from northern were analyzed using a BioRad Imaging
Densitometer GHS-700, SW: Quantity One 45.2 (BioRad
Reinach, Switzerland), and densitometry values given are
expressed relative to hormone-free cell cultures on day 11,
corrected for f-tubulin mRNA. GLUT1 and GLUT3 west-
erns were assessed by a luminescent image analyzer, LAS-
3000 scanner, SW BioPackage AIDA (Fujifilm Advanced
Research Laboratories, Straubenhardt, Germany).

Statistical analysis

Results were obtained by pooling data from a number (3-8)
of independent experiments in which exactly the same
conditions were tested, as indicated. Data are expressed as
means = SEM. Statistical significance was assessed by
paired Student’s 7 test for the data summarized in Tables 1
and 3, and by one-way ANOVA with Bonferroni’s multiple
comparison correction using GraphPad Prism version 5.00
for Windows (GraphPad Software, San Diego, CA) for the

data shown in Table 2 and in Figs. 2, 3, 5, and 6. A P-value
<0.05 was considered to be statistically significant. Li-
neweaver—Burk trend lines were plotted with double inverse
value axes for uptake (y-axis) as function of 2DG concen-
trations (x-axis) and used for estimation of K, and v,,y.

Results

Characterization of 2DG uptake stimulation in PyMS
cells by IGF I and PTH following longer term culture
(serum deprivation); effects of triiodothyronine

and dexamethasone

Both IGF I and PTH stimulate 2DG uptake in PyMS cells
(Tables 1, 2). To see whether serum withdrawal (to
decrease proliferation and to get rid of serum-derived
hormones) and long-term hormone pretreatment with
dexamethasone or T; influenced 2DG uptake and the
subsequent response to PTH, serum was withdrawn and
cells were exposed to PTH for the final 6 h either on day 3
or on day 11 of culture (8 days serum-deprived, Fig. 1,
flow diagram). 2DG uptake was significantly lower after
11 days than after 3 days of culture (Table 1). IGF I was
somewhat more and PTH was much more effective with
the long-term serum deprivation protocol (Tables 1, 2). T3
did not specifically enhance the responsiveness to sub-
sequent stimulation of 2DG uptake by IGF I or PTH, but T;
significantly increased 2DG uptake per se (Table 2). A
stimulatory effect of T on protein content was also sig-
nificant but much less pronounced than that on 2DG uptake
(Table 3). Dexamethasone decreased 2DG uptake and
apparently thereby increased the relative subsequent stim-
ulation by IGF I and PTH (Table 2). Other striking findings
included a significant decrease in protein content and 2DG
uptake, and an increase in alkaline phosphatase activity,
apart from the markedly increased PTH response (Table 1)

Table 1 Protein content, alkaline phosphatase activity, 2DG uptake, and responsiveness to IGF I and PTH of PyMS cells after 3 and 11 days of

culture
Day 3 Day 11
Protein content (mg/dish) 0.16 £ 0.01* 0.11 £ 0.01
Alkaline phosphatase activity (umol/mg protein x h) 2.06 £ 0.21* 8.12 £ 0.73
2DG uptake (basal) (pmol/mg protein x 10 min) 3342 £ 152% 746 £ 34
Fold stimulation by IGF 1 1.67 £ 0.06* 4.11 £0.25
Fold stimulation by PTH 1.16 £ 0.03* 3.57 £ 0.20

Cells were kept on 35 mm diameter multiwell dishes for 3 or 11 days, respectively

Data (means &= SEM) are given of n = 32 (from eight experiments) for protein content, alkaline phosphatase activity, and (basal) 2DG uptake;
n = 12 (four experiments in triplicate) for 6 h stimulation by 1 nmol 1=' IGF I and by 10 nmol 1-' PTH

* P < 0.05 for comparison of 3-day culture versus 11-day culture
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Table 2 Effects of long-term treatment with dexamethasone and triiodothyronine and of short-term treatment with IGF I (A) and PTH (B) on

2-deoxyglucose (2DG)-uptake in rat PyMS cells

Long term (4 days) Control Dex, 100 nmol 17! Ts, 1 nmol 17!
Short term (final 6 h) 2DG uptake (nmol/mg protein x 10 min) 2DG uptake 2DG uptake
A: IGF 1
Control 0.85 £ 0.09 0.35 £ 0.03* 2.27 £ 0.20%*
IGF I, 1 nmol 17! 3.26 + 0.14%* 2.67 £ 0.11%* 4.12 £ 0.18%*
B: PTH
Control 0.71 £ 0.07 0.45 £ 0.04 3.27 £ 0.15%
PTH, 10 nmol 17! 243 + 0.13* 2.16 + 0.18%* 4.15 £ 0.15%*

Cells were grown for 11 days; the culture medium contained Dex or T for the last 4 days and IGF I or PTH for the final 6 h as indicated, and
2DG uptake was measured. Data (means &= SEM) from four separate experiments each (carried out in triplicate) are given, for stimulation with

IGF I (A) and with PTH (B), respectively

* P < 0.05 for comparison of hormone treated versus control

** P < 0.05 for comparing combined treatment versus IGF I- or PTH-treatment alone
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Fig. 2 Effects of serum withdrawal and of T3 on Glutl and Glut3
mRNA, alkaline phosphatase activity, protein content, and 2DG
uptake. Northern blot analysis for Glutl and Glut3 mRNA. Total
RNA was prepared from PyMS cells (cultured as outlined in Fig. 1a,
serum withdrawn on day 3 and treated for the last 4 days with
hormone-free control or T;3-containing test medium) and subjected to
northern. Twenty microgram RNA were loaded per lane, bars indicate
the position of ribosomal RNA. Corrected densitometry signals found
with this blot were for Glutl mRNA 5.1 (day 3), 0.7 (day 7), 1 (by
definition, day 11, control), 1.9 (day 11, Tj); for Glut3 mRNA 1.7
(day 3), 1.5 (day 7), 1 (day 11, control), 1.1 (day 11, T3). Columns on
the right panel (from four separate experiments carried out with the
same culture protocol) show alkaline phosphatase activity, protein
content, and 2DG uptake (means = SEM)

over time when cells were kept in serum-free culture
(Table 1; Fig. 2). We therefore checked both Glutl and
Glut3 mRNA expression and, in parallel, 2DG uptake over
time when serum was withdrawn to characterize the con-
dition where we wished to test the effects of Ts.
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Fig. 3 Effects of T3 and/or calcitriol on Glutl and Glut3 mRNA,
alkaline phosphatase activity, protein content, and 2DG uptake. Cells
were kept on culture dishes for 11 days, the last 8 days without serum
and exposed for the last 4 days to serum-free test medium containing
calcitriol and/or T; at a concentration of 1 nmol 17", RNA was
prepared for northern analysis. Corrected densitometry signals found
with this blot were for Glutl mRNA 1 (by definition, control), 1.4 (Vit
D), 0.5 (T3), 1.2 (T3 + Vit D); for Glut3 mRNA 1 (control), 1.8 (Vit
D), 1.5 (T3), 1.9 (T5 + Vit D). Columns on the right panel (from five
separate experiments carried out in triplicate with the same culture
protocol) show alkaline phosphatase activity, protein content, and
2DG uptake (means + SEM)

Glutl and Glut3 mRNA

RNA was analyzed for Glut-specific transcripts by northern
blot hybridization; Glutl and Glut3 mRNAs were detected
(Fig. 2). Glutl but not Glut3 mRNA decreased markedly
following serum deprivation between days 3 and 11; Glutl
mRNA became difficult to detect by northern hybridization
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Table 3 Effects of T3 on cell number, protein content, 2DG uptake, Glutl and Glut3 mRNA abundance, membrane protein yield, and relative

abundance of GLUT1 and GLUTS3 in rat PyMS cells

Control Ts

Cell number (per 9.6 cm? dish)

Protein content (mg/9.6 cm? dish)
(treated/control)

2DG uptake (nmol/mg protein x 10 min)
(treated/control)

Glutl mRNA abundance by northern
(treated to control)
(median; range)

Glut3 mRNA abundance by northern
(treated to control)
(median; range)

Membrane protein yield (ug/145 cm? dish)
(treated/control)
(median; range)

GLUT1 abundance by immunoblot
(treated/control)
(median; range)

GLUTS3 abundance by immunoblot
(treated/control)
(median; range)

322,192 £+ 13,982 323,731 £ 12,697

0.16 & 0.01 0.21 £ 0.01%
¢)) 1.34 £ 0.01%
1.30 & 0.04 321 + 0.15%
¢h) 2.46 + 0.09%
%) 224 1.0
1.8; 0.4-4.9
¢h) 1.0 £ 0.1
1.0; 0.4-2.7
421 £ 90 542 + 80
1) 1.26 £ 0.10%
1.32; 1.09-2.11
m 1.64 + 0.08*
1.67; 1.27-1.90
(1 2.11 £ 0.27%
1.77; 1.54-3.20

Cells were kept on culture dishes for 11 days. Cell numbers were counted, and 2DG uptake, alkaline phosphatase activity, and protein content
were assessed from parallel (35 mm diameter, multiwell) dishes. RNA and total membranes were isolated from larger dishes. RNA was analyzed
for Glutl and Glut3 mRNA by northern and densitometry; data are given relative to controls, corrected for -tubulin. Membrane preparations
were analyzed by western analysis; the relative abundance of GLUT1 and GLUT3 is given in arbitrary densitometric units (hormone-free control
defined as 1). n = 13 (three experiments in triplicate and two in duplicate) for cell number; n = 23 exp (n = 74) for protein content and glucose
uptake; n = 4 for Glutl mRNA, n = 17 for Glut3 mRNA; n = 6 for membrane preparations and westerns; the latter performed with equal

amounts of TM protein, analyzed in duplicate, twice
* P < 0.05 for comparison of hormone treated versus control

in 11-day cultures, while Glut3 mRNA signals remained
prominent (Fig. 2). Both mRNAs were barely affected by
T; treatment (minor, inconsistent effects) for (6, 24, or)
96 h of the cells; a significant effect on Glutl and Glut3
mRNA could not be detected, although 2DG uptake was
clearly enhanced under the same conditions (Figs. 2, 3, 4,
and 5; Tables 2, 3). We also tested 1a,25-dihydroxyvitamin
D (10,25(0OH),D;; calcitriol); at 1 nmol 17", it enhanced
Glutl and Glut3 mRNA as well as 2DG uptake (Fig. 3).

Characterization of PyMS cell responses to T;
and comparison to effects of IGF I and calcitriol,
and of 2,4-dinitrophenol (2-DNP)

T3 stimulated 2DG uptake dose dependently, significantly
at 0.1 nmol I™! and maximally at 1-10 nmol 17! half-
maximal stimulation was achieved at ~0.12 nmol 17"
(Fig. 4). A comparable (but much flatter) curve was seen for
protein content (Fig. 4). IGF I had no effect on 2DG uptake
when tested at 1 nmol 17" under the same conditions as in
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Fig. 4, i.e., 4 days after the addition of the hormone
(Fig. 5). T3 and IGF I stimulated 2DG uptake with a quite
distinct time course; IGF I stimulated 2DG uptake after 6 h
(Tables 1, 2; Figs. 5, 6) but no longer after 4 days, whereas
the reverse was true for T5 which had no effect after 6 h and
a marked effect after 4 days (Figs. 5, 6). Calcitriol signifi-
cantly increased 2DG uptake after 4 days of exposure
(Fig. 3). T5 did not increase cell number within these 4 days
(Table 3) but increased protein content (per dish) and
decreased alkaline phosphatase activity per well and (more
markedly) per protein (Figs. 3, 5). For comparison, the
effects of T;, IGF I, and calcitriol on 2DG uptake and
protein content are given in Figs. 3 and 5.

To disrupt the oxidative chain in mitochondria, PyMS
cells were treated with 2,4-dinitrophenol (2-DNP); uncou-
pling electron transport from ATP production. The com-
pound could be tested at 0.1 mmol 1" for incubations over
the last 4 days of serum-free cultures (as in Fig. 1) and was
well tolerated by the cells without obvious signs of toxicity;
there were no major changes in cell morphology and no



Endocrine (2012) 41:501-511

507

5.0, —e— 2DG uptake| 706
---0--- protein

£
€
O 4.0
2
x
c
0 €
= <
o ] @
s 3.0 §
o [=))
£ &
g £

2.0 )
< S
3 [o%
© s
a
S 1.0
0] 10.1
)
Al

0.0+ ; ‘ ; 0.0

0 0.01 0.1 1 10

T3, nmol/l

Fig. 4 T; dose dependency of 2-deoxyglucose (2DG) uptake and
protein content. Cells were kept on culture dishes for 11 days, the last
8 days without serum and exposed for the last 4 days to serum-free
test medium containing T; at a concentration as indicated on the
abscissa. Data are given as means = SEM from six separate
experiments carried out in triplicate

decrease in protein content. DNP (tested at 0.1 mmol )
was quite potent in stimulating 2DG uptake, to 3.66 +
0.37 nmol/mg protein x 10 min, as compared to 0.60 +
0.04 nmol/mg protein x 10 min in vehicle-treated controls
(5 exp in triplicate).

Characterization of 2-deoxyglucose transport

2DG uptake was linear over time and Na independent.
Kinetic parameters of the glucose transport system were
obtained from Lineweaver—Burk plots for which experi-
ments with 2DG concentrations ranging from 0.02 to
2 mmol 17! were carried out. The apparent affinity constant
(Kyp) of the glucose transport as estimated from curves was
similar in cells kept for the last 4 days in hormone-free
control medium (~ 0.9 mmol 171) and in cells exposed for
the last 4 days to 1 nmol 17" T3 (~ 1.3 mmol 17!, mean of
4 exp.); thus, T3 did not alter the Ky, of the transport system
but increased vp,.x of the glucose transport system when
assessed in 4-day tests (as in Fig. 4; Tables 2, 3).

GLUT1 and GLUT3

Total membranes were analyzed for GLUT1 and GLUT3
protein by western blot; for comparison, membranes were
prepared from rat brain, serving as positive control for
GLUTI1 and GLUT3 (Fig. 6). The strongest signals with
GLUT1 and GLUTS3 antibodies were found in membranes
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Fig. 5 Time course comparing stimulation of 2-deoxyglucose (2DG)
uptake by T3 and by IGF I, and effects of T3 and IGF I on alkaline
phosphatase activity and protein content after 4 days. Cells were
tested as shown in Fig. 1b. T3 and/or IGF I (or vehicle, control; each
hormone to a final concentration of 1 nmol 171) were added as
indicated 96, 24, or 6 h before assessing 2DG uptake on day 11 (four
experiments carried out in triplicate). Columns on the right panel
show alkaline phosphatase activity, protein content, and 2DG uptake
for the 96 h (4 days) point from seven experiments carried out in
triplicate (means &= SEM)
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Fig. 6 Effects of IGF I and T; on GLUT1 and GLUTS3 protein and
2DG uptake. Total membranes were prepared from rat brain and from
PyMS cells (treated for the last 4 days or 6 h with T; or IGF I) and
subjected to western. Thirty microgram protein were loaded per lane
(only 3 pg in case of the first lane, rat brain); bars indicate the
position of marker proteins. Densitometry signals found with this blot
were for GLUT1 1.86 (IGF I, 6 h), 1.22 (control, 6 h), 1.32 (T3, 6 h),
0.80 (IGF I, 4 days), 1 (by definition, control, 4 days), 1.89
(T3, 4 days); for GLUT3 1.30 (IGF I, 6 h), 1.21 (control, 6 h), 1.32
(T3, 6 h), 0.71 (IGF I, 4 days), 1 (by definition, control, 4 days), and
1.88 (T3, 4 days). Corresponding 2DG uptake data from four
experiments (means = SEM) are given in columns on the right
panel. Statistical evaluation of 4-day T3 tests (including summary of
westerns) in Table 3

prepared from brain (at ~44 and at ~45—48 kDa), but

bands were also detected in membranes prepared from
PyMS cells, at apparent molecular masses of ~48—50 kDa
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for GLUT1 and of 45—49 kDa for GLUT3. T; treatment of
the cells tended to increase the yield in membranes (to one-
third above that of control), which were obtained per dish
(Table 3), and resulted in an increased abundance of both
GLUTI1 and GLUTS3 in the membrane preparations, not
within 6 h but consistently after 4 days, corresponding to a
mean stimulation by a factor of 1.6 (GLUTI) and 2.1
(GLUT3), respectively (Fig. 6; Table 3). Short-term (6 h)
treatment with IGF I increased abundance of GLUT1 and
GLUT3 proteins in TM prepared from the cells, and con-
comitantly, 2DG uptake (Fig. 6, right panel; Fig. 5).

Discussion

Triiodothyronine stimulates cells in vitro to increase 2DG
uptake. Growing the cells in serum-free medium offers two
advantages: (a) it decreases (presumably growth-related)
2DG uptake and (b) it deprives the cells of thyroid hor-
mones, allowing observation of the effects of T; at low
concentrations. The condition of longer term serum
deprivation resulted in a marked decrease in protein con-
tent and glucose uptake, and in an increased alkaline
phosphatase activity and PTH responsiveness (in terms of
2DG uptake) of the cells, as compared to shorter term
culture in the presence of serum (Table 1; Fig. 2). In the
case of PTH stimulation, it remains unclear whether an
increased response may be related to the state of differ-
entiation of the cells or simply due to the fact that growth-
related glucose uptake becomes less important in the longer
term serum deprivation setting [2]. Osteoblasts are not
unique in constitutively taking up glucose and they are not
unique with regard to responsiveness to thyroid hormones.
T3 increased glucose uptake also in liver, muscle, and fat
(i.e., in classical insulin target) cells [14—16, 29].

In vivo, T5 stimulates metabolic rate with a concomitant
increase in fuel (lipids as well as carbohydrates) oxidation.
T; stimulates numerous genes and proteins involved in
substrate/energy metabolism, including proteins involved
in glycolysis and fatty acid oxidation, and uncoupling
proteins [30-32]. Considering overall (whole body)
metabolism, liver and skeletal muscles are particularly
important target tissues of T;. In skeletal muscle, T3
increases the phosphorylation of both AMP-activated pro-
tein kinase (AMPK, an enzyme central for cellular energy
status, maintaining the balance between ATP production
and consumption) and of Akt/PKB and, by activating these
signal pathways, stimulates both fatty acid and glucose
metabolism. In vivo, T3 also increases serum-free fatty
acids [33].

Connective tissue cells grown in vitro are distinct from
skeletal muscle in vivo: there is less supply with fuels
(especially fatty acids) and with oxygen, and their energy
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requirement is lower. The cultured cells will depend much
more on glycolysis than on mitochondrial ATP production
so that increased glucose uptake becomes especially
important in case the cells need more energy.

Glucose uptake by rat osteoblastic cells is a Na-inde-
pendent process with an apparent affinity constant (Ky) for
2DG uptake in PyMS cells of ~1 mmol 1_1, i.e., close to
the published Ky of the high-affinity glucose transporters,
particularly GLUT3 [34]. K\ values for the high-affinity
GLUTs vary according to the literature, being lowest
for GLUT3 (1.4 mmol I"!) and higher for GLUTI
(6.9 mmol 17") [35]. Our analysis with osteoblastic cells
suggests a dominant role of high-affinity glucose trans-
porters but cannot give an accurate figure since it is likely
that several GLUTs account for overall glucose uptake by
the cells. Previous studies indicated that rat osteogenic
osteosarcoma cells and the (non-tumorigenic) PyMS cell
line express both GLUT1 and GLUT3 [1, 2]. Glutl mRNA
encoding the isoform that is ubiquitously found in prolif-
erating cells decreased over time (Fig. 2). Glucose uptake
was also highest in serum-primed cells and down-regulated
when PyMS cells were kept for a prolonged period of time
in serum-free medium. In contrast, under these conditions,
alkaline phosphatase activity increased and so did PyMS
cells responsiveness (in terms of 2DG uptake stimulation)
to PTH (and to IGF 1) (Fig. 2; Table 1). In order to avoid
different degrees of residual serum effects, the time course
experiments presented in Fig. 5 share a common culture
period including the same time in serum-free medium.
Glucose transport and 2DG uptake in osteoblasts and PyMS
cells cannot be attributed to a specific GLUT isoform, but
our findings suggest that GLUT3 (and possibly GLUT1)
remains the best candidate. GLUT3 and GLUT]1 could be
identified in PyMS cells, and high-affinity glucose transport
would be consistent with GLUT3 playing a central role [2].
According to the data summarized in Table 3, an increased
GLUT1 and GLUT3 number (per cell and per well) might
account to a large extent for the increased 2DG uptake by
the cells in response to a 4-day treatment with T;.

Hypoxia or inhibition of mitochondrial respiration
requires and results in an increased glucose uptake which
has been particularly well studied with regard to brain
where increased expression of GLUT1 and/or of GLUT3
has been implicated and can be considered to be neuro-
protective and of particular relevance when both oxygen
and glucose supply are low (hypoxemia and hypoglycemia)
or when inflammation increases energy demand [36-39]. It
has remained difficult, however, to reconcile mRNA
expression and GLUT protein expression data, and it has
remained impossible to assign a change in function (glu-
cose transport) to specific changes in GLUT number
abundance and activity of all the GLUTS in plasma mem-
branes. Our study shares these limitations although the data
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(Table 3) are compatible with the notion that increased
availability of GLUTs 1 and 3 in the PyMS cells is related
to an increased 2DG uptake by the same cells.

GLUT3 has been reported to play a role in L6 muscle
cells adapting to treatment with 2,4-dinitrophenol (2-DNP);
uncoupling electron transport (from NADH to O,) from
ADP phosphorylation (to ATP) by DNP increases energy
demand [40]. DNP disrupts the oxidative chain in mito-
chondria and thereby imposes a metabolic stress to the
cells. DNP increased glucose uptake in L6 muscle cells and
GLUT3 (protein) levels, presumably by prolonging the
half-life of glucose transporters, without affecting Glut3
mRNA. Our observations in bone cells (where DNP at
0.1 mmol 17" also dramatically increased 2DG uptake
when tested under the conditions of the current study)
treated with T3 are reminiscent of those findings; increased
glucose uptake was accompanied by increased (GLUTI
and) GLUT3 content in membranes prepared from the
cells, without a corresponding increase in Glut3 mRNA
(Table 3) as might have been expected for a hormone
known to act on target cells predominantly by affecting
transcription. We did not try to further address the dis-
crepancy between mRNA and protein expression but it
may well be that an increased half-life of the glucose
transporters may be at least part of the explanation, as
described by Khayat et al. [40] for DNP effects (which are
much stronger than those of T; and therefore more suitable
for mechanistic analysis). The stimulation of 2DG uptake
induced by Tj is considerable and not paralleled by an
increase in cell number (Table 3). Since we did not include
more detailed analysis on DNA synthesis, however, minor
or transient effects of T3 on proliferation are not formally
excluded with certainty in our study. We speculate that T3
may target mitochondria and act on uncoupling proteins
(UCP) [26, 30]; increased uptake of glucose would be
required to meet the elevated energy demand. Proteins
uncoupling oxygen consumption from ATP generation
were first discovered and their role (catecholamine and
thyroid hormone dependency) characterized in more detail
in brown adipose tissue (UCP-1, dissipating energy as
heat), but T3 has been found to regulate UCP-2 expression
in a variety of tissues including adipose tissue, heart and
skeletal muscle, liver, and lung [41]. T3 may also increase
UCP expression in bone. We have not addressed this
question in our current study.

Positron emission tomography—computed tomography
(PET—CT) using fluoro-deoxyglucose (FDG) is an imag-
ing technology allowing visualization of rapidly growing
tumors. Concerning bone, it is striking that osteosarcoma
cells (rapidly growing in vitro) take up much more glucose
(and phosphate) than their non-transformed osteoblastic
counterpart, as previously discussed ([27], unpublished). It

has been noticed more recently that F-18 FDG PET
imaging visualizes not only rapidly growing tumors but
also (particularly brown adipose) tissues exhibiting high-
energy expenditure and heat generation/thermogenesis, as
modulated by cold exposure, the autonomous nervous
system and thyroid hormones [42—49]. In that situation,
increased FDG uptake has been speculated to reflect
increased energy expenditure. We propose that in our set-
ting, we are dealing with an in vitro counterpart, i.e.,
stimulation of glucose uptake in quasi-quiescent cells may
result from increased UCP expression and less effective
energy use when cells are exposed to thyroid hormones.
Such an explanation appears likely in the case of DNP and
a possibility in the case of Tj.

T; stimulated glucose uptake markedly while increasing
protein content moderately but did not increase cell num-
ber, and decreased alkaline phosphatase activity in PyMS
cells under the conditions of the current study. A lack of
stimulatory effects of Tj treatment on osteoblast number
proliferation along with an increased RNA and protein
content of the cells is in line with findings in primary rat
calvaria osteoblasts where T; increased ornithine decar-
boxylase activity but not cell number [50]. In our cell
culture system, T5 did not appear to have major effects on
cell replication or apoptosis (the rates of both are quite low
in PyMS cells studied in our setting; not shown), and at the
doses tested, T3 did not appear to be toxic to the cells. We
do not know, however, the fate of the glucose taken up by
the cells and whether T; increased heat production. It
should be acknowledged as a limitation of our study that
we did not study metabolic effects of T in our cell culture
system. Additional studies are required to understand for
which purpose the cells use glucose increasingly after
exposure to T3.

Irrespective of the relative importance of several
mechanisms potentially underlying an increased energy
requirement in the cells in response to thyroid hormone
exposure, our findings show for the first time that T; at low
doses stimulates glucose uptake by osteoblastic cells in
vitro, supporting the view that thyroid hormones directly
influence bone cells in a manner that includes increased
provision of an important energy source.
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