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Abstract Human bone marrow mesenchymal stem cells
(MSCs) are pleiotrophic cells that differentiate to either
adipocytes or osteoblasts as a result of crosstalk by specific
signaling pathways including heme oxygenase (HO)-1/-2
expression. We examined the effect of inducers of HO-1
expression and inhibitors of HO activity on MSC differ-
entiation to the osteoblast and following high glucose
exposure. MSC cultured in osteogenic medium increased
expression of osteonectin, Runt-related transcription factor
2 (RUNX-2), osteocalcin, and alkaline phosphatase. HO-1
expression during differentiation was initially decreased
and then followed by a rebound increase after 15 days of
culture. Additionally, the effect of HO-1 on osteoblasts
appears different to that seen in adipocyte stem cells. On
addition of a cobalt compound, the resultant induction of
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HO-1 decreases adipogenesis. Moreover, glucose (30 mM)
inhibited osteoblast differentiation, as evidenced by
decreased bone morphogenetic protein (BMP)-2, osteo-
nectin, osteocalcin, and osteoprotegerin (OPG). In contrast,
MSC-derived adipocytes were increased by glucose.
Increased HO-1 expression increased the levels of osteo-
nectin, OPG, and BMP-2. Inhibition of HO activity pre-
vented the increase in osteonectin and potentiated the
decrease of osteocalcin and OPG in cells exposed to high
glucose levels. Furthermore, targeting HO-1 expression
increased pAMPK and endothelial nitric oxide synthase
(eNOS) and restored osteoblastic markers. Our findings
suggest that targeting HO-1 gene expression attenuates the
hyperglycemia-mediated decrease in MSC-derived osteo-
blast differentiation. Finally, the mechanism underlying the
HO-1-specific cell effect on osteoblasts and adipocytes is
yet to be explored. Thus, the targeting of HO-1 gene
expression presents a portal to increase osteoblast function
and differentiation and attenuate osteoporosis by promot-
ing bone formation.

Keywords Osteopenia - Osteoporosis - MSC -
Diabetes - HO-1

Introduction

Human bone marrow-derived mesenchymal stem cells
(MSCs) are multipotent cells that have the potential to
proliferate and differentiate into a variety of cell types
characteristic of bone, skeletal and cardiac muscle, adipose
tissue, and neural cells [1-4]. Diabetes affects dynamic
bone formation in both humans and animals, leading to
osteopenia and osteoporosis [5, 6]. Bone mineral density
and biochemical markers of bone turnover are adversely
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affected in individuals with diabetes [7]. Reduction of bone
mass, occurring with increased frequency in individuals
with diabetes mellitus, has been attributed to poor glycemic
control, but the pathogenic mechanisms remain unknown.
High concentrations of glucose (hyperglycemia) in dia-
betics exacerbate this complication [7-9]. Osteoblasts
secrete growth factors including platelet-derived growth
factor, insulin-like growth factors, and bone morphogenetic
proteins (BMPs) [10] that are stored in the bone matrix.
Whether these factors are affected by diabetes remains to
be seen. The molecular mechanism underlying osteoblastic
differentiation has not been fully elucidated. Recently,
Abraham et al. [12] have shown the essential role of HO-1
in restoration of mice bone marrow-derived stem cells [11]
and prevention of type 2 diabetes. HO-1 increases stem cell
differentiation to various lineages [13—15].

Heme oxygenase-1 (HO-1) plays a major role during
bone marrow stem cell differentiation [16—18]. Heme
oxygenase, which exists in two forms, HO-1 (inducible)
and HO-2 (constitutive), catalyzes the rate-limiting step in
heme degradation, resulting in the formation of carbon
monoxide (CO), iron, and biliverdin; the latter is subse-
quently reduced to bilirubin by biliverdin reductase. Both
CO and nitric oxide (NO) protect against tumor necrosis
factor-induced apoptosis in osteoblasts [19]. In addition,
during fracture repair, activation of hypoxia-inducible
factor (HIF)-1 and its target genes, vascular endothelial
growth factor (VEGF) and HO-1, regulate osteoclasto-
genesis and bone reabsorption [20], suggesting a role of
HO-1 in bone metabolism. HO-1 expression decreases
adipogenesis in obese animals [11, 19-21], suggesting that
HO-1 may have a differential effect other than that
described for vascular smooth muscle cells and endothelial
cells [19, 22].

HO-1 expression is increased as an adaptive response
to several injurious stimuli including heme, hyperoxia,
hypoxia, endotoxin, and heavy metals [23]. Induction of
HO-1 is implicated in numerous clinically relevant dis-
ease states including transplant rejection, hypertension,
atherosclerosis, lung injury, and endotoxic shock [16, 19,
23]. The proposed role of the HO-1/HO-2 system in
osteoblast cell proliferation stems from the observation
that HO-1 is a potent regulator of cell growth and angi-
ogenesis. The effect of HO-1-derived CO signaling in
promoting angiogenesis in human microvessel endothelial
cells is well established [24]. Previously, we have dem-
onstrated that overexpression of the HO-1 gene in endo-
thelial cells caused a significant increase in angiogenesis
[25], somatic cell growth [26], and cell proliferation [27].
Changes in HO-1-derived CO modulate vascular calcifi-
cation [28].

Osteocalcin, an osteoblast-specific protein, is of con-
siderable significance in metabolic disease and is secreted
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in the circulation from osteoblastic cells [29, 30]. Osteo-
calcin regulates glucose metabolism and fat mass in
genetically modified mice [31]. Osteocalcin-knockout mice
display decreased f3-cell proliferation, glucose intolerance,
and insulin resistance. Osteocalcin administration also
regulates gene expression in [ cells and adipocytes
(including adiponectin expression) and affects the devel-
opment of obesity and type 2 diabetes in wild-type mice
[32].

However, the role of HO-1 expression in MSC devel-
opment and differentiation to osteoblasts is poorly under-
stood. HO-1 expression and its role in diabetes and other
pathologies is a burgeoning area of research [19, 23]. Heme
oxygenase is a target gene for the prevention of diabetes
and obesity [19]. As seen in obese mice, the apolipoprotein
mimetic L-4F or cobalt compounds targeted HO-1
expression, which reduced visceral and subcutaneous adi-
posity, increased adiponectin levels, and improved insulin
sensitivity [11].

In the present study, we hypothesized that increased
HO-1 expression serves to counteract the negative effects
of high glucose on osteoblastic differentiation but increases
adipocyte differentiation by targeting HO-1 expression or
inhibition of HO activity by CoPP and SnMP, respectively.
We demonstrate that osteoblast differentiation was
increased by induction of HO-1, which was associated with
a reduction of reactive oxygen species (ROS) formation,
thereby permitting the restoration of osteoblastic markers,
specifically induction of osteoprotegerin (OPG) and oste-
ocalcin, while increasing the levels of endothelial nitric
oxide synthase (eNOS) and pAMPK.

Materials and methods
Chemicals and reagents

Ficoll-Paque PLUS, Dulbecco’s modified essential med-
ium (DMEM), fetal bovine serum (FBS), and antibiotic—
antimycotic were purchased from Gibco (Carlsbad, CA,
USA). Ascorbic acid, dexamethasone, p-glucose, alizarin
red S, and oil red O were purchased from Sigma (St. Louis,
MO, USA); f[-Glycerophosphate was from Calbiochem
(San Diego, CA, USA). Antirabbit polyclonal antibody
against HO-1 was from Stressgen (Victoria, BC), antirabbit
polyclonal antibodies against pAMPK, AMPK, eNOS, and
peroxisome proliferator-activated receptor (PPAR)-y were
from Cell Signalling Technology (Beverly, MA, USA);
human receptor activator of nuclear factor kappaB
ligand (SRANKL) and OPG ELISA kits were from Bio-
Vendor (Modrice, Czech Republic), and the OCN
ELISA kit was from BioSource International (Camarillo,
CA, USA).
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Culture of human bone marrow-derived mesenchymal
stem cells (MSCs)

Bone marrow samples were obtained from patients who
underwent bone marrow aspirates from donor patients. The
fraction of bone marrow mononuclear cells was isolated
with a density gradient using Ficoll-Paque PLUS. Mono-
nuclear cells were cultured in flasks coated with polystyrene
at a concentration of 2 x 10> cm™? in the following basic
media: DMEM + 2 mM glutamax (Gibco) with 20% fetal
bovine serum (FBS) and 1x antibiotic—antimycotic
(Gibco), incubated at 37°C in a humidified atmosphere
containing 5% CO,. The nonadherent cells were discarded
after 72 h, and the adherent cells were incubated in fresh
medium for an additional 4 days. The medium was replaced
every 3 or 4 days. When the flask was 90% confluent, cells
were trypsinized by 0.05% trypsin and 0.53 mM ethylene-
diaminetetraacetic acid (EDTA) at 37°C for 5 min, washed,
and resuspended with basic media. Cells were seeded again
at 1:4 density ratios and tested by flow cytometry, with
positive results for CD13, CD29, CD44, CD90, CD73, and
CD105, but negative results for hematopoietic markers such
as CD34 and CD45. The study protocol was approved by
the IRB, University of Catania, Italy.

Experimental protocols

Undifferentiated MSCs (control group) and cells that
underwent osteoblastic differentiation for 7, 14, and
21 days were analyzed in this study. Osteoblastic differ-
entiation of hMSCs was induced by incubation in an
osteogenic induction medium (OM): DMEM + 10% fetal
calf serum (FCS) + 100 U/ml penicillin 4+ 100 pg/ml
streptomycin, 0.2 mM ascorbic acid (Sigma), 0.1 pm
dexamethasone (Sigma), and 10 mM f-glycerophosphate
(Calbiochem). Medium was changed every 2 days. In
addition, treatment with 5 uM tin (Sn*")-mesoporphyrin
1X-2CI (SnMP), 30 mM glucose, 0.5 pM cobalt (C03+)-
protoporphyrin 1X-Cl (CoPP), or media changes were
applied every 2 days. The conditioned media was har-
vested after 7, 14, and 21 days of culture, and the levels of
markers such as BMP-2, Runx-2, osteocalcin (OCN),
osteonectin, alkaline phosphatase activity, OPG (osteo-
protegerin), and receptor activator of nuclear factor kappaB
ligand (RANKL) were determined by quantitative reverse
transcription-polymerase chain reaction (qQRT-PCR) and
enzyme-linked immunosorbent assay (ELISA). The change
in morphology of MSCs during osteoblastic differentiation
was evaluated by light microscopy and by alizarin red
staining. HO-1, pAMPK, AMPK, eNOS, and PPAR-y
protein expression was also evaluated during osteoblastic
differentiation of MSCs at 7, 14, and 21 days, in the
presence or absence of CoPP, SnMP, and glucose

(30 mM). Cells were tested for their susceptibility to high
glucose concentration; ROS release was measured at the
start of the experiment and during differentiation. mRNA
adiponectin expression was measured by real-time PCR
quantification.

Alkaline phosphatase activity

Cells were plated in six-well plates. Cell layers were
washed twice with ice-cold phosphate-buffered saline
(PBS), then harvested in 1 ml 50 mM Tris—HCI (pH 7.6),
sonicated twice on ice, and then centrifuged at 4°C for
15 min at 1000g. The supernatants were stored at —20°C
until analysis for alkaline phosphatase activity, using
p-nitrophenylphosphate as substrate. Absorbance was read
at 405 nm using a microplate reader (Benchmark; Bio-Rad,
Hercules, CA, USA). Alkaline phosphatase activity was
expressed as nmol p-nitrophenol released/min per pg DNA.
All analyses were done in six replicates. Each experiment
was repeated two or three times.

Analysis of cultured cell mineralization

Mineralization was determined using alizarin red S
(Sigma) staining and phase-contrast microscopy at 21 days
after treatment. Cells were instead incubated with 2%
alizarin red with pH 4.2 for 10 min and subsequently
washed with distilled water. Subcultured cells were
observed by phase-contrast microscopy at 21 days to
examine cell morphology and to verify the presence of
mineralized nodules.

Immunoblot analysis

The cultures were washed with PBS and trypsinized
(0.05% trypsin w/v with 0.02% EDTA). The pellets were
lysed in buffer [Tris—Cl 50 mM, EDTA 10 mM, Triton
X-100 1% v/v, phenylmethylsulfonyl fluoride (PMSF)
1%, pepstatin A 0.05 mM, and leupeptin 0.2 mM] and,
after mixing with sample loading buffer [Tris—Cl
50 mM, sodium dodecyl sulfate (SDS) 10% w/v, glyc-
erol 10% v/v, 2-mercaptoethanol 10% v/v, and bromo-
phenol blue 0.04%] in a ratio of 4:1, were boiled for
5 min. Samples (10 pg protein) were loaded onto 12%
gels and subjected to electrophoresis (150 V, 80 min).
The separated proteins were transferred to nitrocellulose
membranes (Bio-Rad; 1h, 200 mA per gel). After
transfer, the blots were incubated overnight with 5% fat-
free milk in Tris-buffered saline (TTBS) followed by
incubation with 1:1000 dilution of the primary antibody
for 3 h. The polyclonal rabbit antibody directed against
the human HO-1 was obtained from Stressgen Biotech-
nologies (Victoria, BC). After washing with TTBS, the
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blots were incubated for 2 h with secondary antibody
(1:5000) and conjugated with alkaline phosphatase.
Finally, the blots were developed using a premixed
solution containing 0.56 mM 5-bromo-4-chloro-3-indolyl
phosphate (BCIP) and 0.48 mM nitro blue tetrazolium
(NBT) in buffer (Tris-sHClI 10 mM, NaCl 100 mM,
MgCl, 59.3 uM, pH 9.5). The blots were scanned, and
the optical density of the bands was measured using
Scion (New York, NY) Image software.

mRNA isolation

Total RNA was isolated using tryzol (Invitrogen, Carlsbad,
CA, USA). First-strand cDNA was synthesized with Roche
(Branford, CT, USA) reverse transcription reagents. Total
RNA (1 pg) was analyzed by real-time PCR.

Real-time PCR quantification

The quantitative real-time polymerase chain reaction
(qQRT-PCR) was performed with the TagqMan gene
expression assay on an ABI Prism 7900 sequence analyzer
according to the manufacturer’s recommended protocol
(Applied Biosystems, Foster City, CA, USA). Each reac-
tion was run in triplicate. The comparative threshold cycle
(Ct) method was used to calculate the amplification fold as
specified by the manufacturer. A value of 10 ng of reverse-
transcribed RNA samples was amplified by using the
TagMan Universal PCR Master Mix and TagMan gene
expression assays (ID Hs01055564_m1 for human BMP-2,
ID Hs00231692_ml for RUNX2, ID Hs 00605917_m1l
for adiponectin, ID Hs00157965_m1 for HO-1, and ID
HS99999901_s1 for 18S as an endogenous control;
Applied Biosystems).

Detection of ROS

Generation of ROS was assessed using fluorescent probe-
dihydroethidium (DHE) staining (Sigma). In the presence
of superoxide (O, ), DHE is oxidized to fluorescent
products, which were monitored by flow cytometry (FC500
Beckman Coulter). Briefly, cells were incubated with
20 uM DHE in culture medium for 30 min at 37°C, and
then washed, resuspended in PBS, and subsequently mon-
itored by flow cytometry.

Human bone marrow-derived adipocyte mesenchymal
stem cells

Frozen bone marrow mononuclear cells were purchased
from Allcells (Emeryville, CA, USA). After thawing the
cells, mononuclear cells were resuspended in an ¢-minimal
essential medium («-MEM; Invitrogen) supplemented with
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Fig. 1 Osteoblast differentiation and relative markers. a—f Morpho- »
logical features of undifferentiated and osteoblastic differentiated
mesenchymal stem cells (MSCs). Light microscopy analysis of cells
after 14 days (b) and 21 days (c) of culture in osteogenic differen-
tiation media shows a gradual increase in the number of osteoblastic
cells compared with undifferentiated MSCs (a). d—f Presence of
mineralized nodules following alizarin red staining analysis of
undifferentiated cells (d) and at 14 (e) and 21 (f) days after culture
in osteogenic differentiation media. g—k Expression of osteoblastic
markers in differentiated MSCs by quantitative real-time polymerase
chain reaction (QRT-PCR) and enzyme-linked immunosorbent assay
(ELISA) testing. qRT-PCR reveals a marked increase in bone
morphogenetic protein (BMP)-2 (g), Runt-related transcription factor
2 (RUNX-2) (h), and osteonectin (i) at 21 days of osteoblastic
differentiation. ELISA shows an increase of osteocalcin secreted in
the medium at 21 days with respect to undifferentiated cells (j). k
Alkaline phosphatase (AP) activity during osteoblastic differentiation
from BM MSCs. Bars represent the mean £+ SEM of three indepen-
dent experiments. *P < 0.05 versus undifferentiated cells; n = 4

10% heat-inactivated fetal bovine serum (FBS; Invitrogen)
and 1% antibiotic/antimycotic solution (Invitrogen). The
cells were plated at a density of 1-5 x 10° cells per
100 cm? dish. The cultures were maintained at 37°C in a
5% CO, incubator, and the medium was changed after 48 h
and every 3-4 days thereafter. When the MSCs were
confluent, the cells were recovered by the addition of
0.25% trypsin/EDTA (Life Technologies, Frederick, MD,
USA). MSCs (passage 2—3) were plated in a 60 cm? dish at
a density of 1-2 x 10* and cultured in «-MEM with 10%
FBS for 7 days. The medium was replaced with adipogenic
medium, and the cells were cultured for an additional
21 days. The adipogenic media consisted of complete
culture medium supplemented with OM EM-high glucose,
10% (v/v) FBS, 10 pg/ml insulin, 0.5 mM dexamethasone
(Sigma-Aldrich), 0.5 mM isobutylmethylxanthine (Sigma-
Aldrich), and 0.1 mM indomethacin (Sigma-Aldrich).

Oil red O staining

For oil red O staining, 0.21% oil red O in 100% isopro-
panol (Sigma-Aldrich) was used. Briefly, adipocytes were
fixed in 10% formaldehyde, washed in oil red O for
10 min, rinsed with 60% isopropanol (Sigma-Aldrich), and
eluted with oil red O by adding 100% isopropanol for
10 min. Optical density (OD) was measured at 490 nm for
a 0.5-s reading.

ELISA assay

By using a specific ELISA test, according the recommen-
dations of the manufacturer, we evaluated the osteocalcin
(OCN; BioSource International), OPG, and RANKL levels
in the culture supernatant (BioVendor Laboratory Medi-
cine, Modrice, Czech Republic).
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Statistical analysis

Differences among the groups were analyzed by the ¢ test
and ANOVA. Values were expressed as mean £+ SEM, and
differences between groups were considered to be signifi-
cant at P < 0.05.

Results

Differentiation of mesenchymal stem cells in
osteoblastic cells

MSCs were cultured in osteogenic differentiation media
and collected on days 7, 14, and 21. At 14 days after cul-
ture in osteogenic differentiation media, 30% of cells
showed osteoblastic cell morphology (Fig. 1b). On day 21,
90% of cells presented typical osteoblastic cell morphology
as assessed by light microscopy examination (Fig. lc).
Real-time PCR quantification and ELISA of undifferenti-
ated MSCs and cells at 21 days after culture in differenti-
ation media confirmed that cells were positive for early
mature osteoblastic markers such as BMP-2, RUNX-2,
osteonectin, and osteocalcin (Fig. 1g—j). Alkaline phos-
phatase (AP) activity increased in a time-dependent man-
ner during differentiation (Fig. 1k). Furthermore, at
21 days of differentiation, the cultures showed the presence
of mineralized nodules following alizarin red staining
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analysis (Fig. 1d—f). These data support the hypothesis that
MSCs can be successfully differentiated into osteoblastic
cells when appropriately stimulated in vitro.

HO-1 mRNA and protein expression profile during
osteoblastic differentiation from MSCs

HO-1 mRNA and protein expression during osteoblastic
differentiation indicated that HO-1 is significantly down-
regulated (P < 0.05) at 7 days of culture (Fig. 2a, b), but
it was restored and remained constant at days 14 and 21
(Fig. 2a). The presence of high glucose levels had no
effect on mRNA, but its level was increased by CoPP, an
inducer of HO-1, even in the presence of glucose. These
findings suggest that differentiation of MSCs into osteo-
blastic cells results in a decrease of HO-1 expression.
Interestingly, CoPP and SnMP, an inducer and an inhib-
itor of HO activity, respectively, were able to induce the
enzyme expression during differentiation (Fig. 2b). In
particular, at 21 days of differentiation CoPP (0.5 uM)
was able to increase HO-1 expression by 10.6 fold
(P < 0.05) with respect to undifferentiated cells, whereas
cells treated with CoPP (0.5 uM) and glucose 30 mM
showed an increase of HO-1 expression by 15 fold
(P < 0.05) with respect to undifferentiated cells (Fig. 2b,
left panel). Treatment with SnMP (5 pM), in the presence
or absence of glucose 30 mM, increased HO-1 expres-
sion 2.18- and 4.54-fold, respectively, with respect to
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Fig. 2 a Development pattern of heme oxygenase (HO)-1 mRNA
and protein expression in undifferentiated cells, and at 7, 14, and
21 days. Shown are changes in HO-1 mRNA (upper panel), analyzed
by gRT-PCR, and protein expression (lower panel), analyzed by
Western blot during osteoblastic differentiation of MSCs. The profile
of HO-1 mRNA and protein expression during osteoblastic
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differentiation shows that HO-1 is significantly downregulated during
osteoblastic differentiation. b Effect of CoPP, HO-1 inducers (left
panel), and HO inhibitor (SnMP) (right panel) on HO-1 mRNA levels
after 21 days of osteoblastic differentiation. Bars represent the
mean = SEM of three independent experiments. *P < 0.05 versus
undifferentiated cells (hMSCs); n = 3
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undifferentiated cells (Fig. 2b, right panel). Finally, in all
treated groups (CoPP, SnMP, and high glucose), cell
morphology was unchanged.

The role of the HO system in BMP-2, RUNX-2,
and osteonectin expression

No significant effect of high glucose concentration on
RUNX-2 expression during osteoblastic differentiation was
detected (Fig. 3a, b). In addition, induction of HO-1
expression following CoPP treatment showed no signifi-
cant changes in the levels of these markers of differentia-
tion. Osteonectin mRNA during osteoblastic differentiation
is significantly downregulated (P < 0.05) following high
glucose treatment, whereas CoPP (0.5 pM) and glucose
(30 mM) exposure increased osteonectin expression by
about threefold (P < 0.05) compared to high glucose
treatment and about onefold compared to control (Fig. 3c).
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BMP-2 (a), RUNX-2 (b), and osteonectin (c) after 21 days of
osteoblastic differentiation. Bars represent the mean = SEM of four
independent experiments. *P < 0.05 versus osteogenic medium
(OM); TP < 0.05 versus glucose 30 mM (OM + glucose); n = 5

Effect of the HO system and high glucose on ROS
formation, osteoprotegerin (OPG), and osteocalcin
during differentiation

To verify the toxicity of high glucose on osteoblastic
differentiation, we quantified levels of reactive oxygen
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Fig. 4 a Quantification of reactive oxygen species (ROS) by cytoflu-
orimetric analysis during osteoblastic differentiation. Osteoblastic
differentiation resulted in a slight ROS production starting from
14 days of differentiation. b ROS emission spectrum obtained after
21 days of osteoblastic differentiation. ¢ Osteoprotegerin (OPG)
secretion during differentiation measured in the medium by ELISA.
CoPP 0.5 uM treatment in presence of high glucose concentration
(OM + glucose + CoPP) is able to restore the OPG level to similar
values of OM and osteocalcin secretion. d During differentiation,
measured in the medium by ELISA, CoPP 0.5 pM (OM + glucose +
CoPP) treatment at high glucose levels, osteoblastic differentiation was
able to induce osteocalcin secretion with respect to exposure to high
glucose only. CoPP treatment in the presence of glucose 30 mM
(OM + glucose + CoPP) shows a decrease of mRNA expression with
respect to OM + glucose. Bars represent the mean = SEM of four
independent experiments. *P < (.05 versus osteogenic medium (OM);
P < 0.05 versus glucose 30 mM (OM + glucose)
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Fig. 5 Effect of increased

HO-1 on adipogenesis and A Adipogenesis
osteogenesis in hMSC. a Basal
levels of HO-1 in adipogenesis d5 d10
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were measured by Western blot.
b mRNA expression levels of
PPAR-y, adiponectin, and
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respectively. ¢ hMSCs were also c

treated with 1 and 5 uM CoPP 2 40

in adipogenesis media for - 8

14 days. Area and size of lipid o g 20 N
droplets were determined by E i

measuring individual lipid o -% 0

droplets (pixel area) from three © 5 Days 10 Days

different fields using ImagePro
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stained with alizarin red. Levels
of significance: *P < 0.05,

*#*P < 0.01 control versus
CoPP; n =4

C Adipogenesis
Control 1uM CoPP

D Osteogenesis
Control

species (ROS) by cytofluorimetric analysis. Osteoblastic
differentiation resulted in a slight increase in ROS pro-
duction commencing at day 14. Furthermore, high glucose
increased ROS formation by about 25% with respect to
control at both 14 and 21 days of differentiation (Fig. 4a,
b). CoPP treatment resulted in a significant (P < 0.05)
reduction in ROS release following high glucose at both
days 14 and 21, thus restoring values to control levels.
Furthermore, ROS formation was increased by SnMP and
high glucose treatment with respect to control (Fig. 4a, b).
OPG secretion during differentiation showed an increase
of ~24 ng/ml with respect to undifferentiated cells,
whereas glucose (30 mM) exposure in the presence or
absence of SnMP (5 pM) showed a reduction in OPG
levels of ~8.5 ng/ml with respect to control. CoPP
(0.5 uM) treatment, in the presence of high glucose lev-
els, restored the OPG level to values similar as control
(Fig. 4c). Osteocalcin secretion during differentiation
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showed an increase with respect to undifferentiated cells,
whereas glucose (30 mM) exposure showed a significant
(P < 0.050) reduction in osteocalcin secretion with
respect to differentiated cells (control). CoPP (0.5 pM)
treatment in high glucose showed that differentiation was
able to induce osteocalcin secretion with respect to
exposure to high glucose only (Fig. 4d). These data
indicate that increased levels of HO-1 produced an
increase in osteocalcin levels when secretion is reduced
by high glucose concentration.

Differential effect of HO-1 protein expression and HO
activity on adipocyte stem cell differentiation

The effects of HO-1 expression on adipocyte stem cell
differentiation are shown in Fig. 5a. We show that adi-
pocytes express basal levels of HO-1 (Fig. 5a). HO-1
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Fig. 6 a Western blots and A

densitometer analysis of HO-1,
pAMPK, PPAR-y, and fS-actin
in undifferentiated cells (MSC)
and at 10 days of osteoblast
differentiation in presence or
absence of CoPP treatment.
Bars represent the

mean £+ SEM of four
independent experiments.

*P < 0.05 versus
undifferentiated cells (MSC);
P < 0.05 versus 10 days.
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expression was decreased at days 10 and 15. Adiponectin
mRNA levels were also decreased at day 10 when com-
pared to day 5. However, the adipocyte markers PPAR-y
and C/EBP-o were increased during adipogenesis at day
10 (Fig. 5b). We then examined the significance of
modulation of HO-1 levels on adipocyte stem cell dif-
ferentiation by measuring oil red O-stained lipid droplets.
As seen, the addition of CoPP to adipocytes resulted in a
decrease in the shape and number of lipid droplets com-
pared to control (Fig. 5c). Opposite effects were obtained
with osteoblasts (Fig. 5d). These results indicate that
upregulation of HO-1 in adipocytes decreases adipogen-
esis. The opposite was seen in osteoblasts. CoPP

treatment decreases adipogenesis in a dose-dependent
manner (Fig. 5¢). In contrast, CoPP increases osteoblast
development and differentiation (Fig. 5d).

The role of the HO system in eNOS and pAMPK
expression

HO-1 protein expression was decreased after 10 days of
osteoblastic differentiation, and CoPP treatment was able
to increase HO-1 and pAMPK expression (Fig. 6a).
Further, osteoblast differentiation under high glucose
concentration decreased HO-1 protein (Fig. 6b), and
treatment by CoPP was able to increase HO-1 expression
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Fig. 7 Scheme of the mechanisms of HO-1 regulation of osteoblast
and adipocyte differentiation. Hyperglycemia causes an increase in
ROS, resulting in the overproduction of superoxide and subsequent
impairment in osteoblast differentiation by a decrease of BMP-2,
osteonectin, osteocalcin, and OPG. Targeting HO-1 by a cobalt
compound increased the levels of osteonectin, OPG, and BMP-2.
Furthermore, targeting HO-1 expression increased pAMPK and
eNOS, reduced ROS formation, and restored osteoblastic markers,
suggesting an antiinflammatory or antioxidant role

with respect to high glucose exposure. Increased HO-1
expression reversed the hyperglycemia-induced suppres-
sion and increased pAMPK and eNOS expression
(Fig. 6b). These results suggest overproduction of super-
oxide and subsequent impairment in osteoblast differenti-
ation by a decrease of BMP-2, osteonectin, osteocalcin, and
OPG (Fig. 7). Therefore, targeting HO-1 by CoPP
increased the levels of osteonectin, OPG, and BMP-2,
which may involve increased pAMPK, eNOS, and restored
osteoblast markers.

Discussion

In the present study we show, for the first time, that the
upregulation of HO-1 increases MSC-mediated osteoblast
lineages but decreases adipocytes. The CoPP-mediated
increase in HO-1 levels increases osteoblast proliferation
and differentiation and is associated with an increase in
osteoblast function via an increase in AKT. A significant
increase in CoPP-mediated cell proliferation was observed
while, in contrast, SnMP, a competitive inhibitor of HO
activity, reversed the CoPP-mediated effect, suggesting that

@ Springer

the effect of CoPP was dependent on an increase in both
HO-1 expression and HO activity. In addition, osteoblasts
cultured in the presence of an inhibitor of HO-1, as in cells
exposed to high glucose, exhibited a decrease in the levels
of BMP-2, osteonectin, pAMPK, and eNOS. However,
upregulation of HO-1 by CoPP in cultured osteoblasts res-
cued the hyperglycemia-mediated decrease in BMP-2, HO-
1, eNOS, and pAMPK. Previous studies have shown that
eNOS was expressed in osteoblasts and that a deficiency of
this enzyme resulted in a significant reduction in bone
formation in mice [33]. Thus, the CoPP-mediated increase
in HO-1 and eNOS can be regarded as a pivotal step in bone
metabolism through an ability to modulate osteoblast
function. eNOS and NO are stimulators of the levels of
BMP-2 and increase differentiation of osteoblasts [34, 35].
More recently, we reported that HO-1 overexpression in
animal models of both type 1 and type II diabetes attenu-
ates vascular dysfunction via an increase in pAMPK and
AKT and a decrease in oxidative stress [19, 36, 37]. Dia-
betes affects the integrity and functionality of bone tissue
[38—40], possibly through increased adiposity [41]. Patients
with diabetes frequently show either low bone mass
(osteopenia) or increased bone mineral density with an
increased risk of fracture and an impairment in bone
healing [34], presumably the result of stimulation of
osteoblast apoptosis [42], as recently reviewed [43].
Finally, the present data provide a differential effect of
HO-1 on MSC-mediated adipocyte stem cells. We inves-
tigated the effect of HO-1 expression on differentiation. A
clear induction of adipogenic transformation was observed
upon exposure of MSC to glucose. The capacity of high
glucose to activate adipogenic differentiation has been
described in isolated adipocytes [44] and was shown to be
dependent on suppression of HO-1. In agreement with
these results, glucose increased adipogenesis, and this was
associated with the suppression of HO-1 protein levels. We
observed, in the present study, the susceptibility of MSCs
to high glucose levels, which results in a significant
increase in ROS formation commencing on day 14 of
differentiation (see Fig. 4a, b). The glucose concentrations
used in this study correspond to those reported in healthy
individuals (5.5 mM) [45] and to those found in patients
with hyperglycemia (glucose = 30 mM) [46]. Glucose has
been shown to suppress HO-1 promoter and HO-1 levels
[47, 48]. High glucose suppressed HO-1 expression in cell
lines [48-50] as well as in animal models [11, 51, 52].
SnMP is known as an inhibitor of HO activity, but it can
also increase HO-1 gene expression [19].Thus, fluctuations
in osteonectin levels may be regarded as a marker for the
onset of oxidative damage in osteoblasts. The under-
standing that inhibition of HO-1 expression increased the
MSC shift toward adipocytes has at least two important
conceptual implications. First, high glucose has an
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adipogenic potential, and a direct link exists between the
suppression of HO-1 and the increase in adipogenesis and
metabolic syndrome. Second, inhibition of HO-1 increases
the ROS need for adipocyte expansion. We recently showed
that HO-1 recruits EC-SOD to act as an antioxidant to
dissipate H>O, [51] and in triggering an increase in adipo-
nectin and the signaling pathway pAMPK—pAKT-PPAR-y.
Additionally, Fig. 5 shows that HO-1 expression decreased
during differentiation, whereas PPAR-y levels increased.
PPAR-y is commonly referred to as the master regulator of
adipogenesis [53, 54]. Ectopic expression and activation of
PPAR-y are sufficient to induce adipocyte differentiation.
Given the role of HO-1 expression in preventing obesity
[19], it is possible that the differential role of HO-1 in
adipocytes and osteoblast lineage might represent a strategy
to curb adiposity and increase osteogenesis.

The results of the present study show that increased
HO-1 expression and HO activity are essential for MSC
growth to the osteoblast lineage and are consistent with the
role of HO-1 in hematopoietic stem cell differentiation
[13, 15, 55] in which HO-1 regulates stem cell differenti-
ation to a number of lineages [13—15]. The HO-1/HO-2
system participates in the regulation of cell differentiation
in osteoblasts and adipocytes in a cell-specific but very
different manner. Although the basal levels of HO-1 pro-
tein and HO activity are needed for osteoblast cell growth,
an increase in the basal level of HO-1 resulted in the
enhancement of osteoblast differentiation. Induction of
HO-1 is essential for the resultant increase in pAKT,
PAMPK, peNOS level, and NO bioavailability [19, 36]. An
increase in NO may be necessary for CoPP-mediated
osteoblastic activity [10]; upregulation of NO was shown to
play a positive role in bone formation [33-35]. The dif-
ferential effect of HO-1 in suppression of adipocyte dif-
ferentiation but increased osteoblast differentiation
contributed to the evidence that HO activity and its prod-
ucts, bilirubin, CO, and iron, play a different role in cell
proliferation. More recently, it was shown that the eleva-
tion of HO-1-derived CO in endothelial cells enhanced
endothelial cell proliferation [19, 24, 56]. In contrast,
increased HO-1 levels caused a decrease in vascular
smooth cells [57]. The effect of HO-1 expression on
osteoblasts and adipocytes is mirrored by the effect of HO-
1 on endothelial cells and vascular smooth muscle cells
[57]. In fact, adipocyte stem cells from both obese rats and
mice have low levels of HO-1 protein and HO activity,
which may reflect an increase in adiposity [11, 20]. Thus,
the site-specific delivery of HO-1 to adipocytes may play a
regulatory role in the prevention of adipocyte differentia-
tion in a variety of vascular diseases, including metabolic
syndrome [19]. Our results provide direct evidence that
HO-1 gene expression has a differential effect on osteo-
blast and adipocyte cell proliferation and differentiation.

Thus, by manipulating the expression of HO-1, it will be
possible to attenuate the hyperglycemia-mediated inhibi-
tion of osteoblast differentiation while simultaneously
inhibiting adipocyte differentiation, thereby offering
potential in the management of the metabolic syndrome.
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