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Abstract

Aims: Insulin-like growth factor-I (IGF-I), parathyroid hormone (PTH) and

PTH-related protein (PTHrP) are hormones that have anabolic effects on

bone formation. The aim of this study was to investigate whether production

of nitric oxide (NO) is involved in the effect of IGF-I and PTH/PTHrP on

osteoblast-like cells.

Methods: Bone marrow stromal cells from adult endothelial nitric oxide

synthase (eNOS)-knockout (eNOSKO) mice and wild type (WT) counter-

parts were cultivated with osteogenic substances. The cells showed an oste-

oblastic phenotype measured as osteocalcin production and alkaline

phosphatase activity. DNA synthesis was measured as [3H] thymidine

incorporation in the bone marrow cells and in a human osteosarcoma cell-

line (SaOS-2).

Results: The stimulatory effect of IGF-I on thymidine incorporation seen in

WT animals was absent in eNOSKO mice. Addition of a NO donor to

eNOSKO cells recovered the effect of IGF-I on thymidine incorporation.

PTH/PTHrP stimulated cell proliferation in both WT and eNOSKO mice. In

SaOS-2 cells, incubation with IGF-I together with a NOS inhibitor resulted

in an inhibition of the anabolic effect of IGF-I on cell proliferation.

Conclusions: The stimulatory effect of IGF-I on WT cell proliferation was

abolished in eNOSKO cells, recovered by an NO donor and inhibited in

osteosarcoma cells by a NOS inhibitor. The results indicate that the effect of

IGF-I is dependent on NO production. The impaired IGF-I response may

contribute to the bone defect formation seen in eNOSKO animals.

Keywords endothelial NOS, human osteosarcoma cells, insulin-like growth

factor-I, parathyroid hormone, parathyroid hormone-related protein, stro-

mal bone marrow cells.

Nitric oxide (NO) is a free radical gas, which was

discovered to be a physiological mediator (Palmer et al.

1987). NO is produced by bone cells and synthesized

from l-arginine by nitric oxide synthases (NOS). The

NO-signalling pathway is involved in regulating bone

metabolism. Three different isoforms of NOS have been

identified and all are expressed in bone. Inducible NOS

(iNOS) is involved in the inflammatory response which

induces bone loss. Low amounts of neuronal NOS

(nNOS) have been found in bone and its role is still

unclear (Van’t Hof & Ralston 2001). The endothelial

constitutive NOS (eNOS) was originally discovered in

endothelial cells (Robinson et al. 1994). eNOS is the

most predominant form in bone and seems to mediate

NO-effects on bone formation and osteoblast-function.

It can be upregulated by oestrogen (Armour & Ralston

1998) and is involved in the anabolic effect on bone of

mechanical loading (Van’t Hof & Ralston 2001).

Inhibition of NO production in rats results in bone loss

(Turner et al. 1997). Armour et al. (2001) showed that
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female eNOS-knockout (eNOSKO) mice had reduced

bone mineral content both in the cortical and in the

trabecular compartment. Osteoblasts derived from

eNOSKO mice showed disturbed growth and differen-

tiation. The anabolic effect of oestradiol was blunted in

eNOSKO mice and osteoblasts from these animals had

an abnormal alkaline phosphatase (ALP) response

compared with wild type (WT) animals. These results

indicate a defect in bone formation. Insulin-like growth

factor-I (IGF-I) and parathyroid hormone-related pro-

tein (PTHrP) are hormones that have anabolic effects on

bone formation. Previous studies have shown that IGF-I

stimulates proliferation of osteoblasts in vitro (Werge-

dal et al. 1990). IGF-I induces production of both

collagen and non-collagen protein in cultures of fetal rat

calvaria and human osteoblasts (Canalis 1980, 1993,

Centrella et al. 1990, Wergedal et al. 1990). In vivo

studies have shown that IGF-I administration increases

bone turnover and bone formation marker proteins in

serum (Ebeling et al. 1993, Ghiron et al. 1995). In

endothelial cells IGF-I and insulin stimulate NO-pro-

duction and thus vascular relaxation (Tsukahara et al.

1994, Zeng & Quon 1996). PTHrP is produced in

osteoblasts and may have para-autocrine effects on

bone remodelling (Walsh et al. 1997, Tsai et al. 2000).

The mechanism whereby PTHrP exerts an anabolic

effect on bone is not clear. Selective disruption of the

PTHrP-gene in osteogenic cells had profound effects on

osteoblast number and function (Miao et al. 2002). In

vascular cells PTHrP increases NO production (Kali-

nowski et al. 2001).We addressed the question whether

production of NO is involved in the effect of IGF-I and

PTH/PTHrP on osteoblast-like cells. In the present

study we have investigated the effects of IGF-I, PTH and

PTHrP on [3H]-thymidine incorporation into bone

marrow stromal cells in eNOSKO mice compared with

WT counterparts.

Materials and methods

Chemicals

Alpha-minimal essential medium (a-MEM), McCoy’s

5A medium (modified with l-glutamine), fetal bovine

serum (FBS), bovine serum albumin (BSA), phosphate-

buffered saline (PBS), penicillin, streptomycin,

l-glutamine, trypsin-ethylenediaminetetraacetic acid

(trypsin-EDTA) and fungizone were all obtained from

Gibco (Grand Island, NE, USA). Gentamicin was from

Life Technologies (Paisley, Scotland), dexamethasone

from Merck Sharp & Dohme B.V. (Haarlem, Nether-

lands), b-glycerophosphate (b-GP), NG-nitro-l-arginine

methyl ester (l-NAME), S-nitroso-n-acetylpenicillamine

(SNAP) from Sigma-Aldrich Chemie Gmbh (Schnell-

dorf, Germany), and l (+)-ascorbic acid GR from

E. Merck, (Darmstadt, Germany). Type IV collagenase

and ALP staining reagents (Naphtol AS-TR and diazo-

nium salt fast-red violet LB) were obtained from Sigma

(St Louis, MO, USA). Vitamin K (Konakion Novum)

was from Roche AB (Stockholm, Sweden). IGF-I was a

gift from Pharmacia (Stockholm, Sweden). Human PTH

(1–34) and human PTHrP (1–34) were purchased from

Peninsula (San Carlos, CA, USA). [3H] thymidine

(6.70 Cimmol)1) was from NENTM (Boston, MA,

USA) and Ultima Gold scintillation liquid from Packard

BioScience CompanyTM (Groningen, Holland).

Animals

Male eNOSKO mice and age-matched control WT

mice, both of the C57b1/6J strain were purchased from

The Jackson Laboratory, Bar Harbor, ME, USA. They

were 31–38 weeks of age at the time of killing. The

inactivation of the eNOS gene was confirmed by studies

on the vasoresponse to acetylcholine in isolated aorta

and to different NOS-inhibitors in the isolated heart.

The animals had ad libitum access to standard mouse

chow and tap water. The experimental procedures,

handling and care of the animals, were approved by

the local ethical committee for animal research at

Karolinska Institutet.

Cell harvesting and culture

Mouse bone marrow stromal cells were isolated from

the femurs and tibias of 25–30 g male mice. The femurs

and tibias were dissected from attached muscle and

connective tissue under aseptic conditions and passed

through 4 washes of cell culture medium [a-MEM with

50 IU L)1 penicillin, 50 lg mL)1 streptomycin, 2 mm

l-glutamine, 0.3 lg mL)1 fungizone, 50 lg mL)1 gen-

tamicin sulphate, 10 mm b-GP and 10)8 m dexameth-

asone, 50 lg mL)1 freshly prepared ascorbic acid, and

10% (v/v) heat inactivated FBS] (Peter et al. 1998). The

ends of the bones were removed, and the marrow

flushed out with 5 mL of culture medium. The marrow

plugs were dispersed by passage through a 16-gauge

needle repeatedly. The released cells were collected in a

75 cm2 culture flask containing 15 mL culture medium.

The cells were grown at 37 �C in a humidified atmo-

sphere of 95% air and 5% CO2 for 3 days. The non-

adherent cell population was removed and the adherent

layer washed once with fresh media. Culture med-

ium was changed twice a week. After 3–5 weeks

the adherent cells were detached by 0.25% trypsin

containing 50 mm EDTA and seeded for different

experiments.

Human osteosarcoma (SaOS-2) cells were obtained

from DSMZ (Braunschweig, Germany) and maintained

in McCoy’s 5A modified medium containing 50 IU L)1
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penicillin, 50 lg mL)1 streptomycin and 10% (v/v)

heat-inactivated FBS.

Osteocalcin in cell culture medium

Cells from WT and eNOSKO mice were seeded in 12-

well plates 50 000 cells/well in cell culture medium.

After 72 h of incubation the cells were rinsed twice with

PBS and cultured in serum-free culture medium with

0.1% BSA for 96 h. During this period the culture

medium contained 10)5 m vitamin K as osteocalcin in

mice is a vitamin K-dependent protein (Shearer 2000).

The conditioned medium was then removed from the

cultured cells and immediately frozen at )20 �C for

later analysis. Osteocalcin was analysed with the Mouse

Osteocalcin IRMA Kit (Immutopics International, LLC,

San Clemente, CA, USA). The detection limit of the

assay was 0.1 ng mL)1.

Alkaline phosphatase activity staining of cells

Cells from WT and eNOSKO mice were detached with

trypsin-EDTA and seeded into 12-well plates at a

density of 50 000 cells/well in cell culture medium.

After 3–4 days the cells were washed twice with PBS,

cultured with serum-free culture medium with 0.1%

BSA for 96 h. The conditioned medium was removed

and the cells were washed twice with 1 mL of a

cytochemical staining assay buffer (50 mm Tris,

100 mm NaCl, 1 mm CaCl2, 5 mm KCl, 1 mm MgCl2,

pH 8.6) and incubated in 1 mg mL)1 Naphtol AS-TR

phosphate with 0.2 mg mL)1 diazonium salt fast-red

LB in assay buffer at 37 �C for 20–30 min. After

removal of the substrate, three washes with PBS and

fixation with ice-cold 95% ethanol were made. Staining

of alkaline phosphate activity was evaluated by three

different persons independently of each other by asses-

sing the staining intensity as follows: weak staining, +;

moderate staining, ++; and strong staining, +++.

[3H] thymidine incorporation

Influence of IGF-I, PTH and PTHrP. Proliferation of

bone marrow stromal cells was determined by quanti-

fying DNA synthesis through the incorporation of [3H]

thymidine, a widely accepted index of cell proliferation.

Briefly, cells from WT and eNOSKO mice were tryps-

inized and seeded into 24-well tissue culture plates at a

density of 15 000–30 000 cells/well in culture medium

(see above) and allowed to grow for approximately

5 days until subconfluency. The cells were washed with

PBS and cultivated for 24 h in serum-free culture

medium with 0.1% BSA. The cells were then incubated

with 0.1, 0.5 or 1 ng mL)1 IGF-I for 24 h in serum-free

culture medium together with [3H] thymidine

[1 lCi mL)1]. In another series of experiments the cells

were incubated in a similar way with 10)9 m PTH

(1–34) or 10)9 m PTHrP (1–34). The medium was

removed and cells were rinsed twice with 1 mL ice-cold

0.09% NaCl. The cells were incubated with 1 mL ice-

cold 5% trichloroacetic acid (TCA) for 15 min. After

removal of TCA, the precipitated layer was solubilized

in 0.5 mL of 0.1 m NaOH for 2 h at room temperature

under constant shaking. The radioactivity was counted

in a b-counter after addition of Ultima Gold scintilla-

tion liquid to the samples. FBS was used as positive

control in all experiments.

Influence of SNAP. We investigated whether the absent

effect of IGF-I on osteoblast-like cells from eNOSKO

mice could be recovered by an NO donor (SNAP).

SNAP in concentrations 1, 2 or 3 lm was added to the

cell cultures every day and when the cells reached

subconfluency they were seeded as above and incubated

with 1 ng mL)1 IGF-I for 24 h and [3H] thymidine was

incorporated. SNAP (2 lm) was the concentration that

was chosen in all experiments.

Thymidine incorporation was also performed on WT

cells with and without 2 lm SNAP.

SaOS-2 cells. DNA synthesis in SaOS-2 cells was

determined using [3H] thymidine incorporation. The

cells were detachedwith trypsin-EDTA and seeded in 24-

well plates (10 000–15 000 cells/well) in McCoy’s 5A

modified medium containing 10% (v/v) FBS, 50 IU L)1

penicillin and 50 lg mL)1 streptomycin. The cells were

grown for 48–72 h to subconfluency and then cultivated

for 24 h in serum-free medium with 0.1% BSA. They

were then incubated for 24 h with 10)4 m l-NAME,

0.5 ng mL)1 IGF-I or a combination of IGF-I and

l-NAME together with [3H] thymidine [1 lCi mL)1].

Statistical analysis

Statistical evaluation was carried out using one-way

analysis of variance (anova) for normally distributed

data. When normally test failed, Mann–Whitney rank

sum test or Kruskal–Wallis one-way anova followed by

the Dunn’s post-hoc test for multiple comparisons were

used. The results are expressed as mean � standard

deviation (SD) with P < 0.05 considered statistically

significant. SigmaStat� software was used for all calcu-

lations (Jandel Corp., Sausalito, CA, USA).

Results

Characterization of bone marrow stromal cells

Osteocalcin production in WT mice was 33.3 � 8.7 pg/

well (n ¼ 6), mean � SD. In cell culture medium from
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eNOSKO mice osteocalcin was below the detection

limit in all samples.

Alkaline phosphatase staining was stronger in cells

from WT than eNOSKO mice (Table 1). Every obser-

vation is the average of the staining in six wells.

[3H] thymidine incorporation

Effects of IGF-I. Incubation with 0.1, 0.5 and

1 ng mL)1 IGF-I for 24 h increased cell proliferation

significantly by 27, 39 and 55% (P < 0.05), respec-

tively, in cells from WT mice (Fig. 1).

Insulin-like growth factor-I had no stimulatory effect

on [3H] thymidine incorporation in eNOSKO cells

(Fig. 2). The data presented are the mean values of the

observations from three different experiments.

Effects of SNAP. Incubation with IGF-I (1 ng mL)1) for

24 h increased cell proliferation significantly by 83% in

cells from eNOSKO mice (P < 0.001) treated with 2 lm
SNAP (Fig. 3). The data presented are the mean values

of the observations from three different experiments.

Table 1 Evaluation of alkaline phosphatase staining

Day of harvesting WT mice eNOSKO mice

9 +++ +

18 +++ +

23/21 +++ ++

33/30 +++ ++

Cells from WT (9, 18, 23 and 33 days old) and eNOSKO (9,

18, 21 and 30 days old) mice were incubated for 72 h to

determine the presence of alkaline phosphatase activity.

Staining of alkaline phosphate activity was evaluated by three

different persons independently of each other by assessing the

staining intensity as follows: weak staining, +; moderate

staining, ++; and strong staining, +++. Every observation is the

average of the staining in six wells.
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Figure 1 Effect of insulin-like growth factor-I (IGF-I) on [3H]

thymidine incorporation in bone marrow stromal cells from

wild type mice. The cells were incubated for 24 h with 0.1

(n ¼ 18), 0.5 (n ¼ 17) and 1 ng mL)1 (n ¼ 16) of IGF-I.

Control conditions (n ¼ 23). The results are shown as the

mean � SD of the observations from three different experi-

ments. Statistical evaluation was performed by a Kruskal–

Wallis one-way anova on Ranks followed by Dunn’s test for

post-hoc comparisons. *P < 0.05 (n ¼ number of wells).
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Figure 2 Effect of insulin-like growth factor-I (IGF-I) on [3H]

thymidine incorporation in bone marrow stromal cells from

eNOSKO mice. The cells were incubated for 24 h with 0.1

(n ¼ 16), 0.5 (n ¼ 18) and 1 ng mL)1 (n ¼ 18) of IGF-I.

Control conditions (n ¼ 17). The results are shown as the

mean � SD of the observations from three different experi-

ments. Statistical evaluation was performed by one-way anova

(n ¼ number of wells).
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Figure 3 Effect of insulin-like growth factor-I (IGF-I) on [3H]

thymidine incorporation in bone marrow stromal cells from

eNOSKO mice treated with 2 lm SNAP. The cells were

incubated for 24 h with 1 ng mL)1 IGF-I (n ¼ 24). Control

conditions (n ¼ 24). The results are shown as the mean � SD

of the observations from three different experiments. Statistical

evaluation was performed by a Mann–Whitney rank sum

test (P < 0.001) (n ¼ number of wells).
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There was no difference in [3H] thymidine incorpor-

ation in WT cells incubated with and without SNAP.

Effects of l-NAME and IGF-I in SaOS-2 cells. Treat-

ment of SaOS-2 cells with IGF-I (0.5 ng mL)1) for 24 h

significantly increased cell proliferation (P < 0.05).

When l-NAME (10)4 m), was added together with

IGF-I, the stimulatory effect of IGF-I was inhibited.

l-NAME (10)4 m) by itself had no effect on cell

proliferation in the SaOS-2 culture. The data presented

are the mean values of the observations from three

different experiments (Fig. 4).

Effects of PTH and PTHrP in bone marrow stromal

cells. Incubation of cells for 24 h with 10)9 m PTH

(1–34) or 10)9 m PTHrP (1–34), stimulated cell prolif-

eration in WT and eNOSKO mice.

In cells incubated with 10)9 m PTH (1–34) and

10)9 m PTHrP (1–34) the proliferation was stimulated

with 128 and 103%, respectively (P < 0.05) in WT mice

(Fig. 5a).

In eNOSKO mice the stimulation was 161 and

143%, respectively (P < 0.05) (Fig. 5b). The data pre-

sented are the mean values of observations from two

different experiments.

Discussion

In the present study we report that the anabolic

response of IGF-I on proliferation of bone marrow

stromal cells was decreased in eNOSKO mice compared

with WT animals and that the effect of IGF-I was

restored after addition of an NO donor.

Nitric oxide is a regulator of bone metabolism. High

levels of NO and induction of iNOS has been found in

connection with inflammatory bone resorption. On the

contrary, eNOS, the constitutive and most abundant

form of NOS in bone, seems to be important for

osteoblast function and is involved in bone formation

(Van’t Hof & Ralston 2001). Previous studies on

eNOS-deficient animals have demonstrated that they

develop osteoporosis and have a histomorphologically

defective bone formation (Armour et al. 2001).

eNOSKO mice have a blunted anabolic response to

oestrogen, both in vivo (Armour et al. 2001) and

in vitro (O’Shaughnessy et al. 2000, Aguirre et al.

2001). Neonatal calvarial cells from eNOSKO mice
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Figure 4 Effect of insulin-like growth factor-I (IGF-I),

l-NAME and IGF-I + l-NAME on [3H] thymidine incorpor-

ation in osteosarcoma (SaOS-2) cells. The cells were treated for

24 h with 0.5 ng mL)1 of IGF-I (n ¼ 17), 10)4 m l-NAME

(n ¼ 18) and 0.5 ng mL)1 IGF-I together with 10)4 m

l-NAME (n ¼ 18). Control conditions (n ¼ 18). The results

are shown as mean � SD of the observations from three dif-

ferent experiments. Statistical evaluation was performed by a

Kruskal–Wallis one-way anova on Ranks followed by Dunn’s

test for post-hoc comparisons. *P < 0.05 (n ¼ number of

wells).
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Figure 5 Effect of PTH/PTHrP on [3H] thymidine incorpor-

ation in bone marrow stromal cells from wild type (WT) (a)

and eNOSKO (b) mice. The cells were incubated for 24 h with

10)9 m PTH (1-34) and 10)9 m PTHrP (1–34) (n ¼ 16 for WT

and n ¼ 15 for eNOSKO). The number of controls were the

same as for treated cells in every experiment. The results are

shown as mean � SD. Statistical evaluation was performed by

a Kruskal–Wallis one-way anova on Ranks followed by

Dunn’s test for post-hoc comparisons. *P < 0.05 (n ¼ number

of wells).
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have lower ALP activity and osteocalcin mRNA levels

compared with WT cells (O’Shaughnessy et al. 2000,

Armour et al. 2001, Afzal et al. 2002). The bone

marrow stromal cells used in the present study demon-

strated similar characteristics.

Insulin-like growth factor-I stimulates bone forma-

tion (Ebeling et al. 1993, Ghiron et al. 1995) and has

anabolic effects on bone cell proliferation measured as

thymidine incorporation (Wergedal et al. 1990). In the

vascular system, IGF-I causes vascular relaxation which

is mediated through increased eNOS activity and NO

production (Tsukahara et al. 1994, Zeng & Quon

1996). Our data support a similar mechanism in bone

cells.

In order to study this in a different species we used a

human osteosarcoma cell-line, SaOS-2. In these cells

IGF-I stimulated thymidine incorporation significantly

as in the mice bone marrow stromal cells. When an

eNOS inhibitor, l-NAME, was added the effect of IGF-I

was inhibited. This further supports the conclusion that

NO production is necessary for the IGF-I effect on cell

proliferation.

Parathyroid hormone and PTHrP are hormones that

have anabolic effects on bone. PTH increase prolifera-

tion of osteoblastic-like cells (Somjen et al. 1990). In

analogy with IGF-I both PTH (1–34) and PTHrP (1–34)

stimulate NO production in vascular cells and a Ca2+-

dependent activation of eNOS has been suggested

(Kalinowski et al. 2001). In the bone marrow stromal

cells we got a different pattern. PTH and PTHrP

stimulated thymidine incorporation in both WT and

eNOSKO mice indicating a mechanism not dependant

on a functional eNOS.

The eNOSKO animals were purchased and the

breeder has confirmed the absence of the eNOS-gene.

In addition, the animals were tested in parallel experi-

mental settings for the endothelial-dependent vascular

response by stimulation and inhibition of eNOS in the

heart and aorta. We only used animals with abolished

eNOS activity (A. Gonon, unpublished data). It has

earlier been demonstrated that other NOS forms can be

compensatory induced in certain tissues. It was con-

firmed by functional data and by immunoblotting that

there was an expression of neuronal and inducible NOS

in the eNOSKO and WT heart. There was no upreg-

ulation of these NOS in eNOSKO heart. (A. Gonon,

unpublished data). We did not measure nNOS expres-

sion in the bone cells. A stimulation of nNOS activity by

PTH/PTHrP could explain why we did not observe a

difference between eNOSKO and WT with PTH/

PTHrP. However, the loss of effect of IGF-I in eNOSKO

cells and the restoration with an NO donor does not

support an important influence of nNOS in this context.

In conclusion, our results indicate that the anabolic

effect of IGF-I on cell proliferation is dependent on NO

production. The deficient IGF-I function may contribute

to the impaired bone formation seen in eNOSKO

animals. In contrast, the effects of PTH and PTHrP on

cell proliferation did not seem dependent on eNOS

function.
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