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Chronic Hyperglycemia Modulates Osteoblast Gene
Expression Through Osmotic and Non-Osmotic Pathways

Sergiu Botolin and Laura R. McCabe*

Molecular Imaging Research Center, 2201 Biomedical Physical Science Building,
Departments of Physiology and Radiology, Michigan State University, East Lansing, Michigan 48824

Abstract Insulin dependent diabetes mellitus IDDM; type 1) is a chronic disease stemming from little or no insulin
production and elevated blood glucose levels. IDDM is associated with osteoporosis and increased fracture rates. The
mechanisms underlying IDDM associated bone loss are not known. Previously we demonstrated that osteoblasts exhibit a
response to acute (1 and 24 h) hyperglycemia and hyperosmolality. Here we examined the influence of chronic
hyperglycemia (30 mM) and its associated hyperosmolality on osteoblast phenotype. Our findings demonstrate that
osteoblasts respond to chronic hyperglycemia through modulated gene expression. Specifically, chronic hyperglycemia
increases alkaline phosphatase activity and expression and decreases osteocalcin, MMP-13, VEGF and GAPDH
expression. Of these genes, only MMP-13 mRNA levels exhibit a similar suppression in response to hyperosmotic
conditions (mannitol treatment). Acute hyperglycemia for a 48-h period was also capable of inducing alkaline
phosphatase and suppressing osteocalcin, MMP-13, VEGF, and GAPDH expression in differentiated osteoblasts. This
suggests that acute responses in differentiated cells are maintained chronically. In addition, hyperglycemic and
hyperosmotic conditions increased PPARY2 expression, although this increase reached significance only in 21 days
chronic glucose treated cultures. Given that osteocalcin is suppressed and PPARY2 expression is increased in type |
diabetic mouse model bones, these findings suggest that diabetes-associated hyperglycemia may modulate osteoblast
gene expression, function and bone formation and thereby contribute to type | diabetic bone loss. J. Cell. Biochem. 99:

411-424, 2006. © 2006 Wiley-Liss, Inc.

Key words: bone; osteoblast differentiation; hyperglycemia; osmotic stress; diabetes; glucose

Insulin dependent diabetes mellitus (IDDM;
type I) is a chronic disease stemming from little
or no insulin production and elevated blood
glucose levels. IDDM is associated with many
complications including neuropathy, nephropa-
thy, retinopathy and decreased bone mineral
density. While the later complication has not
received much attention, it is clear that IDDM is
associated with decreased bone mass [Levin
et al., 1976; McNair et al., 1981; Wiske et al.,
1982; Hui et al., 1985; Buysschaert et al., 1992;
Piepkorn et al., 1997; Gunczler et al., 1998;
Hampson et al., 1998; Tuominen et al., 1999;
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Kemink et al., 2000], osteoporosis [Auwerx
et al., 1988; Krakauer et al., 1995; Munoz-
Torres et al., 1996; Kemink et al., 2000], and
increased fracture rates [Bouillon, 1991; Meyer
et al., 1993; Forsen et al., 1999; Schwartz et al.,
2001]. A recent clinical study found that 67% of
male and 57% of female patients with IDDM
suffered from osteopenia of the femoral neck
and/or lumbar spine [Kemink et al., 2000] and
14%—-20% of IDDM patients age 20—56 met the
criteria for more extensive bone loss, osteoporosis
[Munoz-Torres et al., 1996; Kemink et al., 2000].

Clinical and basic research indicates that
modulation of osteoblast rather than osteoclast
activity is involved in diabetic bone loss. For
example, in the streptozotocin induced mouse
model of IDDM, we demonstrated through
serum marker analyses and histology that
osteoclast number and activity is not influenced
by IDDM [Botolin et al., 2005] similar to reports
by others [Verhaeghe et al., 1990; Sasaki et al.,
1991]. In contrast, osteoblast function/matura-
tion is suppressed and marrow adiposity is
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increased in IDDM mice. Studies by Bouillon
et al. [1995] and others support an osteoblast
maturation defect based on serum levels of early
osteoblast markers (peptide of procollagen,
PICP), which remain normal while later stage
markers such as osteocalcin are decreased in
diabetes. Similarly, we also found a decrease
in serum levels of osteocalcin and osteocalcin
mRNA levels in bones of IDDM mice. Our
additional finding of increased expression of
PPARy2, aP2 and resistin in streptozotocin-
induced diabetic mice corresponded with
increased adipocyte maturation and suggested
the possibility that IDDM may also affect
lineage selection of mesenchymal stem cells,
leading to adipocyte rather than osteoblast
maturation.

The mechanism accounting for IDDM asso-
ciated bone loss is unknown. Many studies focus
on the anabolic role of insulin and IGF-1 [Hough
et al., 1981; Verhaeghe et al., 1992; Haffner and
Bauer, 1993; Krakauer et al., 1995; Verhaeghe
et al., 1997; McCarthy et al., 2001]. It is clear
that insulin is involved in the complications of
diabetes based on the finding that insulin
treatment can reduce diabetic complications
[McNair et al., 1981; Goodman and Hori, 1984;
Shyng et al., 2001]. However, whether this is a
direct effect or secondary toinsulin’s restoration
of other serum factors is not known. One major
consequence of insulin treatment is mainte-
nance of euglycemia, which in itself could be
important for avoiding complications [Brownlee
et al., 1984]. Reports in other systems and in
bone have suggested that elevated glucose can
contribute to diabetic complications through a
variety of mechanisms including increasing
reactive oxygen species [Wolff and Dean, 1987,
Hunt et al., 1990], polyol-pathway activity
[Gabbay, 1973; Larkins and Dunlop, 1992;
Inaba et al., 1997], protein kinase C activity
[Craven et al., 1990; Wolf et al., 1991; Lee et al.,
1994; Ceolotto et al., 1999], and/or nonenzy-
matic glycosylation of key proteins such as
collagen I or IGF-1 [Brownlee et al., 1984;
Bucala et al., 1984; Locatto et al., 1993;
Katayama et al., 1996; McCarthy et al., 1997,
2001]. In addition, cells can also respond to
hyperglycemia through an osmotic response.
Because osteoblasts express glucose transpor-
ters, GLUT-1 and -3 [Thomas et al., 1996a,b],
with low K,, (1-2 mM and <1 mM, respec-
tively), glucose transport is maximal at eugly-
cemic state (glucose concentration of 3—5.5 mM)

S0 an increase in extracellular glucose could be
an osmotic stress.

During osmoadaptation to extracellular hyper-
osmotic conditions, virtually all cells undergo a
volume change and shrink [Chamberlin and
Strange, 1989; Kwon and Handler, 1995].
Adaptive responses include modulation of mem-
brane ion transporters (short-term) and/or
metabolic pathways (long-term) that draw
water back into the cell to partially restore cell
volume and intracellular solute concentration
[Grinstein et al., 1986; Bohren et al., 1989; Kwon
etal., 1992; Uchida et al., 1992; O’Donnell, 1993;
Parker, 1993; Agre et al.,, 1995; Kwon and
Handler, 1995; O’Donnell et al., 1995; Haus-
singer, 1996; Lytle and Forbush, 1996; Gatsios
et al., 1998; Jenq et al., 1998; Sheikh-Hamad
et al., 1998; Kapus et al., 1999; Nadkarni et al.,
1999; Roger et al., 1999; Obata et al., 2000; Park
etal., 2000; Erickson et al., 2001]. Previously we
demonstrated that acute (24 h) hyperglycemia
and its associated hyperosmolality are capable
of modulating osteoblast signaling pathways,
gene expression and phenotype [Zayzafoon
et al., 2000, 2002]. Specifically, osteocalcin
expression in day 14 osteoblasts was decreased,
while expression of collagen I and c-jun was
increased.

Given that diabetes is a chronic disease
associated with chronic extracellular glucose
elevation, we asked the question “Does chronic
hyperglycemia and or hyperosmolarity lead to
chronic changes in osteoblast gene expression?”
We focused on genes that we have demonstrated
to be modulated in IDDM mice and we also
compared our response to short-term treat-
ments (48 h) to distinguish between acute
versus long-term responses, with the thought
that perhaps chronic treatment leads to an
adaptive response in osteoblasts that results in
normalization of gene expression. Our results
demonstrate that chronic hyperglycemia sig-
nificantly influences osteoblast gene expression
causing increased alkaline phosphatase expres-
sion and decreased osteocalcin, MMP-13,
VEGF, and GAPDH expression. Of these genes,
only MMP-13 mRNA levels exhibit a similar
suppression in response to hyperosmotic condi-
tions (mannitol treatment). For most genes,
effects were seen early on (day 5 or 14) and were
maintained. Acute hyperglycemia treatment
(48 h) caused a similar modulation of gene
expression but effects were predominantly seen
only in fully differentiated osteoblasts. The
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changes in gene expression suggest that later
stages of osteoblast differentiation are sup-
pressed by hyperglycemia and suggest a trend
toward increased expression of early markers of
adipocyte phenotype. In combination with the
finding that osteoblast marker genes are sup-
pressed in diabetic mouse bones [Botolin et al.,
2005], our in vitro findings suggest that diabetic
hyperglycemia may contribute to the suppres-
sion of osteoblast differentiation and bone loss
in diabetic mice.

MATERIALS AND METHODS
Mouse Plasma Measurements

Diabetes was induced in adult (15-week-old)
male Balb/c mice (Harlem Laboratories, Hous-
ton, TX) by streptozotocin injection (40 ug/g
body weight in 0.1 citrate buffer) for 5 days
[Pechhold et al., 2001; Szkudelski, 2001]. Mea-
surements of non-fasting blood glucose levels
were made at 7, 14, and 28 days after confirma-
tion of diabetes. Blood was obtained from the
lateral saphenous vein of non-fasted mice
(controls and diabetics) and glucose measured
with a glucometer (Accu-Check instant, Boeh-
ringer Mannheim Corporation, Indianapolis,
IN). In addition, serum osmolality, defined as
the expression of the total number of solute
particles dissolved in 1 kg of solvent (Interna-
tional Federation of Clinical Chemistry), was
determined using a vapor pressure osmometer
(Wescor, Inc., Logan, UT).

Cell Culture System

MC3T3-E1 cells [Sudo et al., 1983], subcloned
for maximal alkaline phosphatase staining and
mineralization, were used for all studies. Osteo-
blasts were seeded at 5,000 cells/cm? surface
area and fed daily with alpha-MEM containing
7% fetal calf serum (a final glucose concentra-
tion of 5.5 mM). After 7 days, the media is
supplemented with 25 pg/ml ascorbic acid and
2 mM beta-glycerol phosphate (Sigma, St.
Louis, MO) to promote osteoblast differentia-
tion and bone formation. Treatment with glu-
cose or mannitol began 24 h after seeding (on
day 1) and continued with each feedinguntil day
7,14, 21, or 29.

Determination of Alkaline Phosphatase
Activity and Mineralization

Alkaline phosphatase staining was perfor-
med by incubating cell layers for 30 min at 37°C

with 0.5 mg/ml naphthol AS-MX phosphate
disodium salt with 1 mg/ml Fast Red TR salt
(Sigma Chemical Co.) in a 10.2 M Tris buffer,
pH 8.4. Alkaline phosphatase quantitation
was performed by solubilizing the precipitated
salt in 100% trichloracetic acid and reading at
540 nm as previously described [McCabe
et al., 1996]. Mineralization was determined
by using a 0.02 M solution of alizarin red in
water and incubating at room temperature for
20 min. Wells were rinsed several times to
unincorporated dye. Quantitation was per-
formed by extracting the dye from the wells
with 10% cetylpyridinum choride solution and
reading at 570 nm. Oil Red-O solution was used
to stain for lipid and quantitated by adding
100% ethanol to each well and reading at
508 nm.

DNA Analysis

DNA quantification was performed with
CyQUANT™ Cell Proliferation Assay Kit (Mole-
cular Probes, OR) according to instructions
provided by manufacturer. Specifically, frozen
cell pellets were thawed to room temperature
and lysed in 1 ml of 1X CyQUANT GR working
solution and spun for 5 min at 3000 RPM.
Samples were analyzed for fluorescence using a
fluorescence microplate reader with filters
appropriate for 480 nm excitation and 520 nm
emission. Values were expressed relative to day
7 control levels.

RNA Analysis

Total RNA was extracted according to the
method of Chomezynski and Sacchi as pre-
viously described [Chomczynski and Sacchi,
1987; McCabe et al., 1995] and integrity was
verified by formaldehyde-agarose gel electro-
phoresis. Synthesis of cDNA was performed by
reverse transcription with 2 pg of total RNA
using the Superscript II kit with oligo dT(12_1s)
primers as described by the manufacturer
(Invitrogen, Carlsbad, CA). cDNA (1 pul) was
amplified by PCRin a final volume of 25 pl using
BioRad SYBER Green Mix (BioRad, Hercules,
CA) with 10 pmol of each primer (Integrated
DNA Technologies, Coralville, IA). Runx2 was
amplified using 5-GAC AGA AGC TTG ATG
ACT CTA AAC C-3 and 5'-TCT GTA ATC TGA
CTCTGT CCTTGT G-3' [Ontiveros et al., 2004].
Alkaline phosphatase was amplified using 5'-
CGTAATCTACC-ATGGAGACATTTTC-3' and
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5-GACTGTGGTTACTGCTGATCATTC-3'".
Collagen I was amplified using 5'-AAG CCT
CTTTCT CCT CTC TGA CC-3'. Osteocalcin was
amplified using 5-ACG GTA TCA CTA TTT
AGG ACCTGT G-3 and 5-ACT TTA TTT TGG
AGC TGC TGT GAC-3' [Ontiveros and McCabe,
2003]. Matrix metalloprotease 13 (MMP-13,
collagenase 3) was amplified using 5-CCA
CTG TCC TTG TAG TGG CTG TTA-3' and 5'-
GGA GCC ACA GAT GAG CAC AGA TAA-3.
PPARYy2 was amplified using 5-TGA AAC TCT
GGG AGA TTC TCC TG-38' and CCA TGG TAA
TTT CTT GTG AAG TGC-3' [Kast-Woelbern
et al., 2004]. Genes associated with hypoxic
responses were also examined: glyceraldehyde
phosphate dehydrogenase (GAPDH) was ampli-
fied using 5'-GTG TAC ATG GTT CCA GTA
TGA CTC C-3’ and 5'-AGT GAG TTG TCA TAT
TTC TCG TGG T-3' and vascular endothelial
growth factor (VEGF) was amplified using 5'-
ATA TCA GGC TTT CTG GAT TAA GGA C-3'
and 5'-CAG ACG AAA GAA AGA CAG AAC
AAA G-3'. Cyclophilin was not modulated by
sugar treatments and was used as an internal
PCR control [Lewis and Hughes-Fulford, 2000;
Trogan et al., 2002] (primers: 5'-ATT CAT GTG
CCAGGGTGGTGAC-3 and 5'-CCGTTT GTG
TTT GGT CCA GCA-3'). Specifically, levels over
the time course and between conditions ranged
between 0.97 and 1, relative to day 7 controls set
at 1. Real time PCR was carried out for 40 cycles
using the iCycler (Bio-Rad, Hercules, CA) and
data were evaluated using the iCycler software.
RNA-free samples, a negative control, did not
produce amplicons. Melting curve and gel
analyses (sizing, isolation, and sequencing)
were used to verify single products of the
appropriate base pair size.

Statistical Analysis

All statistical analyses were performed using
Microsoft excel data analysis program for ¢-test
analysis. Experiments were repeated at least
three times. Values are expressed as a mean +
SE.

RESULTS

Prior to beginning our in vitro studies we
directly measured blood glucose levels and
plasma osmolality in normal and diabetic
Balb/c mice. As expected, diabetic animals
exhibited elevated blood glucose levels of 300—
500 mg/dl [Botolin et al., 2005]. In terms of

molar quantities, non-fasting control mice had
glucose levels of 9.74+0.2 mM (levels higher
than standard alpha-MEM cell culture med-
ium, 5.5 mM) while diabetic mice had glucose
levels of 39.2 4+ 3.5 mM,; this corresponds to an
average increase of 30 mM glucose. Similarly,
diabetic mice exhibit an elevation in blood
osmolality (335.8 +3.3 mmol/kg) compared to
controls (305.2 &+ 2.2 mmol/kg); this represents
an increase of 30 +5 mmol/kg [Botolin et al.,
2005]. Based on these findings, osteoblasts were
treated in vitro with 30 mM glucose to attain a
final concentration of 35.5 mM glucose and a
final osmolality of 322 mmol/kg (compared to
295 in control cultures). To control for the effects
of glucose-associated hyperosmolarity, osteo-
blasts were treated with 30 mM mannitol to
attain a final media concentration of glucose
equal to control cultures (5.5 mM glucose) but
with an osmolarity of 322 mOsm.

First, we examined if chronic glucose treat-
ment has a long-term influence on cell number,
since changes in cell number could ultimately
affect osteoblast phenotype and gene expres-
sion. DNA levels per tissue culture plate were
determined at 7, 14, 21, or 29 days after plating.
Total DNA levels (an indicator of cell number)
did not significantly differ between control,
glucose and mannitol treated cultures at day 7
(1.0+0.2, 1.1 +0.1, 1.4+ 0.1, relative to day 7
controls, respectively) but by day 14 (1.94+0.3,
1.7+£0.2, 1.74+0.2 relative to day 7 controls,
respectively) and 21-28 days (2.7+0.2, 2.2 +
0.2,2.2+0.1) a gradual decrease in cell number
was noted in glucose and mannitol treated
cultures. This decrease did not reach statistical
significance. Visual examination of the cells
under bright field did not demonstrate any
remarkable differences in osteoblast morphol-
ogy or confluency under hyperglycemic and/or
hyperosmotic conditions (Fig. 1). However,
examination of histological staining demon-
strated that alkaline phosphatase activity was
increased in glucose treated cultures (Fig. 1).
Staining for mineralization did not appear to
differ between conditions (data not shown).

Next, analyses of gene expression were
carried out. Four subsets of genes were exam-
ined and included those associated with early
osteoblast maturation, late osteoblast matura-
tion, adipocyte maturation, and metabolic stress/
hypoxia. For each set of genes, chronic and
48 hour treatments were examined. Cyclophilin
mRNA levels were not significantly modulated
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Fig. 1. Osteoblast morphology and number does not change
under chronic hyperglycemia, but alkaline phosphatase activity
is increased. Mouse osteoblasts (MC3T3-E1 cells) were treated
with 30 mM glucose or mannitol or remained untreated (control).
Sugars were added with each feeding. Shown is a brightfield
image of confluent cultures taken at day 14 and a representative
photo of alkaline phosphatase activity staining. [Color figure
can be viewed in the online issue, which is available at www.
interscience.wiley.com.]

by glucose or mannitol treatments and were
used as a housekeeping control gene. Figure 2
depicts the time course of early osteoblast
maturation markers (runx2, alkaline phospha-
tase, and collagen I mRNA levels) under control,
chronic glucose (30 mM) or chronic mannitol (30
mM) treatments. While runx 2 mRNA levels
were elevated at 7, 14, and 29 days under
hyperglycemic conditions, the change was not
significant compared to untreated osteoblasts.
However, the marked induction of alkaline
phosphatase expression by hyperglycemia was
significant at all time points and was consistent
with the observed elevation in alkaline phos-
phatase staining (Fig. 1). This effect was not
osmotic in nature since chronic treatment with
mannitol did not affect alkaline phosphatase
expression. Expression of collagen I was not
markedly modulated by any treatment, but at
day 29 glucose levels reached statistical sig-
nificance in glucose compared to control cul-
tures. To determine if these changes with long-
term treatment could be contributed to a short-
term response to the continual glucose addition,
we examined if alkaline phosphatase or col-
lagen ImRNA levels were altered by 48 hours of
glucose or mannitol treatment. The short-term
responses were variable and did not exactly
follow long-term responses (Fig. 3). Again,
collagen I expression was not markedly modu-
lated by any treatment, but its levels were
modestly but significantly affected in day 7
mannitol treated cells. Alkaline phosphatase ex-
pression was decreased by short-term mannitol
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Fig. 2. Expression of early and mid stage markers of osteoblast
differentiation is modulated by chronic hyperglycemia. Osteo-
blasts were chronically treated with 30 mM glucose (triangles) or
mannitol (diamonds) or were maintained under standard 5.5 mM
glucose conditions (control, squares). Cells were harvested at 7,
14,21, or 29 days and expression of runx2, alkaline phosphatase
and collagen | was determined and expressed relative to
cyclophilin (housekeeping gene) levels. Each point represents
an average of three separate experiments £ SE, *P < 0.05.

treatment at 14 days (unlike any response seen
in chronic treatment), but tended to increase
under short-term hyperglycemic conditions
at 21 days and was significantly increased at
29 days (Fig. 3).

As expected, examination of late stage mar-
kers of osteoblast differentiation, osteocalcin,
and collagenase 3/MMP-13 [Stein et al., 1996;
Winchester et al., 2000], demonstrated an incre-
ase in expression in control cells with increasing
time in culture (Fig. 4, control). However under
chronic hyperglycemic conditions osteocalcin
and MMP-13 mRNA levels were decreased by
hyperglycemia; this is in contrast to hypergly-
cemia-induced elevation of early stage osteo-
blast maturation (Fig. 2). Specifically, at 14 and
21 days post-seeding osteocalcin expression was
decreased in glucose treated cultures and by
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Fig. 3. Expression of early and mid stage markers of osteoblast differentiation is modulated by 48-h
hyperglycemic conditions. Osteoblasts were treated for 48 h with 30 mM glucose (black bars) or mannitol
(gray bars) or were maintained under standard 5.5 mM glucose conditions (control, white bars). Cells were
harvested at 7, 14, 21, or 29 days and expression of alkaline phosphatase and collagen | was determined and
expressed relative to cyclophilin (housekeeping gene) levels. Each point represents an average of three

separate experiments & SE, *P < 0.05.

29 days the decrease was statistically signifi-
cant (Fig. 4). Mannitol treated cells also showed
atrend toward decreased osteocalcin expression
at days 14 and 21, however the difference
was never statistically significant. In contrast,
MMP-13 expression was significantly sup-
pressed by both glucose and mannitol treat-
ments at 7, 14, 21, and 29 days, suggesting that
chronic hyperglycemia-associated hyperosmotic
stress is responsible for the suppression in
MMP-13 expression in osteoblasts. When
short-term (48 h) responses were examined

(Fig. 5), both osteocalcin and MMP-13 mRNA
levels were significantly suppressed by glucose
treatment in day 21 and 29 cells. This reflects
the suppression seen with chronic treatment.
While acute mannitol treatment did not affect
MMP-13 mRNA levels in maturing osteobalsts
(Fig. 5), it did increase MMP-13 expression in
day 7 cells (similar to Col I regulation). Acute
mannitol treatment also suppressed osteocalcin
mRNA levels in day 29 osteobalsts (Fig. 5).
Previously we have shown that diabetes type
I is associated with increased bone PPARy2
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Fig. 4. Expression of late stage markers of osteoblast differ-
entiation is modulated by chronic hyperglycemiaand, in the case
of MMP-13, hyperosmolarity. Osteoblasts were chronically
treated with 30 mM glucose (triangles) or mannitol (diamonds)
or were maintained under standard 5.5 mM glucose conditions
(control, squares). Cells were harvested at 7, 14, 21, or 29 days
and expression of osteocalcin and MMP-13 was determined and
expressed relative to cyclophilin (housekeeping gene) levels.
Each point represents an average of three separate experi-
ments + SE, *P < 0.05.

mRNA levels and marrow adiposity [Botolin
et al., 2005]. Therefore, we next asked the
question: can chronic hyperglycemia or hyper-
osmotic stress directly influence PPARy2
mRNA expression, a marker of early stage
adipocyte differentiation? Figure 6 demon-
strates that hyperglycemia and its associated
hyperosmotic stress can increase mRNA levels
of PPARYy2. Specifically, chronic glucose treat-
ment and mannitol treatment for 14 and 21 days
lead to nearly a two-fold induction in PPARy2
mRNA levels. However, the response was vari-
able and reached statistical significance only in
chronically glucose treated day 21 cultures;
lipid staining at this time point did not differ
between conditions (data not shown). The
PPARy2 response to 48 hour glucose or manni-
tol treatment did not demonstrate a significant
difference between conditions (data not shown).

Given that diabetes type I is associated with
decreased circulation, we next examined the
expression of genes associated with vascular-
ization and hypoxic /glycolytic responses: vas-
cular endothelial growth factor (VEGF) and
glyceraldehyde phosphate dehydrogenase

(GAPDH). Figure 7 demonstrates that basal
expression of VEGF and GAPDH is increased
with osteoblast differentiation and that chronic
hyperglycemia is effective at suppressing the
expression of both of these genes at days 21 and
29. Chronic hyperosmolarity did not cause a
significant suppression, but did trend toward
decreasing VEGF and GAPDH and gave an
intermediate response between control and
glucose treated cells. Acute hyperglycemic
treatment at day 29 was also effective at
suppressing both VEGF and GAPDH mRNA
levels (Fig. 8).

DISCUSSION

Elevated blood glucose level is a key char-
acteristic of type I diabetes. Chronic hypergly-
cemia itself is thought to contribute to diabetic
complications. To examine the influence of
chronic hyperglycemia and its associated hyper-
osmotic stress on osteoblast phenotype, mouse
osteoblasts were cultured in vitro under patho-
logic conditions of hyperglycemia as seen in
streptozotocin-induced type I diabetic mice. In
addition, cells were exposed to pathologic
hyperosmolality at levels also seen in diabetic
mice. This approach allows the distinction bet-
ween responses directly related to hyperglyce-
mia and hyperosmolality versus those that are
secondary to other diabetes-modulated factors
(serum hormones and nutrients) or involve
other cell types (immune, hematopoetic, neural,
osteocyte, etc....). Our findings demonstrate
that indeed osteoblasts respond to chronic
hyperglycemia through modulated gene expres-
sion. Specifically, chronic hyperglycemia in-
creases alkaline phosphatase activity and
expression and decreases osteocalcin, MMP-
13, VEGF, and GAPDH expression. Changes
were apparent by day 7 for alkaline phospha-
tase and MMP-13 and were maintained thro-
ughout the rest of the time course. Of these
genes, only MMP-13 mRNA levels exhibit a
similar suppression in response to hyperosmo-
larity (mannitol treatment). Examination of
48-hour treatment indicates that induction of
alkaline phosphatase and suppression of osteo-
calcin, MMP-13, VEGF, and GAPDH can be
mediated acutely in day 29 osteoblasts (and for
osteocalcin and MMP-13, also in day 21 osteo-
blasts). In addition, similar to in vivo gene
analyses [Botolin et al., 2005], osteoblasts
exhibit a trend toward increased PPARy2
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*P<0.05.

expression, suggesting a potential contribution
by hyperglycemic and hyperosmotic conditions
toward this phenomenon.

Interestingly, chronic treatment tended to
influence osteoblast gene expression at signifi-
cantly earlier time points compared to acute
treatments. For example, acute hyperglycemia
suppresses osteocalcin and MMP-13 in day 21
and 29 cells, but not in day 7 or 14 cells (as seen
for MMP-13 expression in chronically treated
osteoblasts). Alkaline phosphatase, GAPDH

and VEGF changes are only seen with acute
treatment of day 29 cells, despite chronic
treatment causing a significant change day 7,
14, 21 osteoblasts, respectively. These findings
suggest that chronic elevation of blood glucose
levels in vivo could impact osteoblasts at all
stages of maturation, whereas periodic bouts of
hyperglycemia will predominantly influence
mature osteoblast function.

Similar to our previous studies examining 1
and 24 hour glucose treatments [Zayzafoon
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Fig. 6. Expression of adipocyte-phenotype marker, PPARY2, is
increased under chronic hyperglycemic conditions. Osteoblasts
were chronically treated with 30 mM glucose (triangles) or
mannitol (diamonds) or were maintained under standard 5.5 mM
glucose conditions (control, squares). Cells were harvested at 7,
14, 21, or 29 days and PPARY2 expression was determined and
expressed relative to cyclophilin (housekeeping gene) levels.
Each point represents an average of three separate experi-
ments £ SE, *P < 0.05.

et al., 2000, 2002], we also found that longer
incubations (48 hour and chronic 29 day treat-
ments) suppress osteocalcin mRNA levels.
Unlike our previous studies, long-term suppres-
sion of osteocalcin expression was not hyper-
osmolality dependent. In fact, modulation of
alkaline phosphatase, VEGF, and GAPDH
mRNA levels by hyperglycemia was also not
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Fig. 7. Expression of VEGF and GAPDH is modulated by
chronic hyperglycemia. Osteoblasts were chronically treated
with 30 mM glucose (triangles) or mannitol (diamonds) or were
maintained under standard 5.5 mM glucose conditions (control,
squares). Cells were harvested at 7, 14, 21, or 29 days and
expression of VEGF and GAPDH was determined and expressed
relative to cyclophilin (housekeeping gene) levels. Each point
represents an average of three separate experiments =+ SE,
*P<0.05.

associated with a hyperosmolality. This suggests
that osteoblasts exhibit at least two hypergly-
cemia responses: an early acute response that is
hyperosmolality driven and a late acute and
chronic response that is predominantly hyper-
glycemia driven. These findings are consistent
with those of Balint et al. [2001] who reported
that chronic hyperglycemia but not hyperos-
molality influences calcium uptake in osteoblast
cultures in vivo.

Mechanisms accounting for long-term
responses to hyperglycemia include activation
of the PKC signaling pathway, nonenzymatic
glycosylation, modulation of redox state, in-
creased polyol pathway activity, and increased
glucose metabolism [Gabbay, 1973; Brownlee
et al., 1984; Bucala et al., 1984; Craven et al.,
1990; Wolf et al., 1991; Larkins and Dunlop,
1992; Locatto et al., 1993; Lee et al., 1994;
Katayama et al.,, 1996; Inaba et al., 1997,
McCarthy et al., 1997; Ceolotto et al., 1999].
The later possibility is of interest since it is
related to an observed decrease in medium pH
(ranging from 7.4 to 7.1), 48 h after hypergly-
cemic treatment. The drop did not occur in
mannitol treated cultures, which retained a pH
of 7.4 hours throughout the experiment. An
increase in glucose metabolism would contri-
bute to the suppression of pH by increasing
extracellular lactic acid production or another
byproduct of glucose metabolism. Previous
studies have demonstrated that osteoblasts
express acid-sensitive channels [Jahr et al.,
2005; Pi and Quarles, 2005] and respond to
decreased extracellular pH by decreasing mine-
ralization and gene expression [Brandao-Burch
et al., 2005]. However, acid pH is shown to sup-
press alkaline phosphatase mRNA levels while
we see alkaline phosphatase mRNA levels
increase in glucose treated cells. This suggests
that extracellular pH changes may contribute to
some but not all of the changes that we see in
osteoblast gene expression under high glucose
conditions.

Reduced hypoxia inducible factor (HIF) activ-
ity may also contribute to suppression of VEGF
and GAPDH by chronic elevated glucose condi-
tions. Hypoxia and its corresponding induction
of HIFs are known to upregulate VEGF and
GAPDH [Forsythe et al., 1996; Steinbrech et al.,
1999; Semenza, 2000; Ontiveros et al., 2004].
Recent studies suggest that hyperglycemia and
hyperosmolality can reduce HIF transcriptional
activity and hypoxia responsiveness in primary
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Fig. 8. Expression of late VEGF and GAPDH in differentiated osteoblasts is reduced under 48-h
hyperglycemic conditions. Osteoblasts were treated for 48 h with 30 mM glucose (black bars) or mannitol
(gray bars) or were maintained under standard 5.5 mM glucose conditions (control, white bars). Cells were
harvested at 7, 14, 21, or 29 days and expression of VEGF and GAPDH was determined and expressed
relative to cyclophilin (housekeeping gene) levels. Each point represents an average of three separate

experiments £ SE, *P < 0.05.

dermal fibroblasts and endothelial cells
[Catrina et al., 2004]. A similar response may
be occurring in osteoblasts and is in the process
of being tested.

While elevated extracellular glucose plays a
key role in osteoblast gene regulation, MMP-13
also responds significantly to elevated extra-
cellular mannitol (hyperosmolality) at all time
points studied (days 7, 14, 21, 29). This suggests
that under chronic hyperglycemia conditions
osteoblasts are actively mediating a hyperos-
motic response that modulates expression of a

subset of genes. Other cells, such as mesangial
and endothelial, also mount an osmotic
response to pathologic elevations (22 mM) in
extracellular glucose [Kreisberget al., 1994]. In
addition, human retinal corneal epithelial cells
exhibit changes in MMP-13 (as well as other
MMPs) expression in response to hyperosmolar
conditions [Li et al., 2004]. However the retinal
osmotic-response causes an induction of MMP-
13 whereas we see a suppression of MMP-13.
These differences may stem from differences in
specific transcription factors present in the two
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different cell types, retinal epithelial versus
osteoblast. For example runx2 is expressed in
osteoblasts and binds the MMP-13 promoter
(along with ubiquitous AP-1 members) to
regulate its transcription [Selvamurugan
et al., 1998].

Taken together, we hypothesize that osteo-
blasts exhibit immediate/early acute changes in
gene expression in response to hyperglycemia
that are predominantly driven by hyperosmol-
ality. During this period osteoblasts undergo
immediate volumetric changes (cell shrinking)
induced by hyperglycemia-associated hyperos-
molality. With longer incubations, osteoblasts
develop adaptive measures to compensate for
the hyperosmotic stress, which no longer influ-
ence expression of osteoblast marker genes,
except for a subset that includes MMP-13.
Under these conditions, elevated levels of
glucose and its consequences (other than hyper-
osmolality) are responsible for changes in
osteoblast gene expression. The changes that
we observed, suppression of markers of late
stage osteoblast differentiation, in combination
with the finding that osteoblast marker genes
are suppressed in diabetic mouse bones [Botolin
et al., 2005], suggest that diabetic hyperglyce-
mia may contribute to the suppression of
osteoblast differentiation and bone loss in
diabetic mice.
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