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LDL Induces Saos2 Osteoblast Death via Akt Pathways
Responsive to a Neutral Sphingomyelinase Inhibitor
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Abstract Atherosclerosis is epidemiologically associated with postmenopausal osteoporosis (OP) presumably by
common etiologic factors, reflecting a state of co-morbidity in aging. Osteoblasts make a significant facet of this co-
morbidity state. Since oxidized low-density lipoprotein (oxLDL) is amajor factor in generation of vascular wall pathology,
we examined the ability of native LDL (nLDL) andoxLDL to induce Saos2 osteoblasts growth arrest.OxLDL induced Saos2
cell death withmorphological features of apoptosis that was inhibitedmainly by caspase-9 and partially by caspase-3 but
not by caspase-8 inhibitors. nLDL, like oxLDL, has induced cell death, where 60% (P¼ 0.00033) and 30% (P¼ 0.075, ns)
of the cell death, respectively, could be inhibited by scyphostatin (a neutral sphingomyelinase [nSMase] inhibitor). Upon
similar condition, nLDL inhibited the phosphorylation of Akt and two of its downstream targets, fork head receptor (FKHR)
and glycogen synthase kinase-3 (GSK3). This is a pathway that stimulates cell survival and proliferation. nLDL has also
induced an increase in the proapoptotic Bcl-Xs and it has diminished the potential antiapoptotic Src kinase activity. At
the 4 h time-point, upon a substantial decrease in nLDL-induced Akt phosphorylation, scyphostatin has inhibited the
reduction in FKHR and GSK3 phosphorylation but inexplicably not that of Akt. Scyphostatin has also corrected the
reduction in Src kinase activity. Taken together, the results indicate that nLDL has induced apoptosis in Saos2 osteoblasts
by inactivationof thepathwaydownstream toAkt usingnSMase, andby involvement of Src kinase. Inferring that caspase-9
was the main executioner (rather than caspase-8 and-3) in Saos2 cell death, indicates that the nSMase-induced release of
ceramide, directly activated the intrinsic mitochondrial apoptotic pathway. With regard to the Akt inactivation by nLDL,
Saos2 osteoblasts responded in an opposite fashion to the response reported by others, in macrophages. J. Cell. Biochem.
98: 661–671, 2006. � 2006 Wiley-Liss, Inc.
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In recent years, a growing body of evidence is
supporting the hypothesis that atherosclerosis
(AS) and postmenopausal osteoporosis (OP)
are two linked processes. The linkage between
AS and OP was presented by epidemiological
publications [Barengolts et al., 1998; Hak et al.,
2000; Tanko et al., 2003] andmay reflect a state
of co-morbidity in aging. The possible biological

links between OP and AS have been reviewed
recently [Burnett and Vasikaran, 2002; McFar-
lane et al., 2004; Hamerman, 2005]. Several
factors may link between AS and OP, for
example, the mevalonate pathway [Garrett
et al., 2001] that gives rise to end products like
cholesterol that is a ‘‘passenger’’ of lipoproteins
(that are involved in AS generation), or iso-
prenes used in prenylation of small GTPases
which may be pro-osteoporotic. Isoprenes may
also interact with PPAR-g (peroxisome prolif-
erator activator receptor g), a transacting factor
that can divert osteoprogenitors to the adipo-
cyte lineage [Rzonca et al., 2004] and on the
other hand, based on its agonistic effect and by
an obscure mechanism, it participates in gen-
erating AS [Verrier et al., 2004]. There are
signaling protein candidates that could induce
bone-like matrix mineralization, mediated by
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vascular wall cells, and inversely, the loss of
mineralized osteoid in bone itself. For example,
Src kinase is essential for osteoclast activity
[Boyce et al., 1992] and monocyte differentia-
tion into macrophage-foam-cells in arterial
intima [Cai et al., 2004] in contrast, subsiding
of Src expression in osteoblasts [Klein et al.,
1998] is important for osteoblast differentiation
and, therefore, for bone formation [Marzia et al.,
2000]. High-density lipoprotein (HDL) that
removes excessive cholesterol from peripheral
cells, has shown an anti-alveolar bone resorp-
tion activity [Jonarta et al., 2002], and has been
shown to induce osteoclast apoptosis and to act
against AS [Francis and Perry, 1999; Fazio and
Linton, 2003; Spieker et al., 2004]. On the other
hand, low-density lipoprotein (LDL) inhibits
osteoblast growth [Klein et al., 2003] and
participates in AS generation [Kita et al.,
2001; Vasankari et al., 2001]. All these com-
pounds act as factors, which are responsible for
opposing biological processes relevant to OP
versus AS. We have shown that LDL, oxidized
(oxLDL) ornative (nLDL), inhibit osteoblast cell
line growth by different intensities, they can
induce osteoblastic apoptosis, affect the Bcl-2/
Bax anti-apoptotic ratios and Src kinase activ-
ity [Klein et al., 2003]. However, the signaling
pathway/s through which LDL induces growth
arrest in osteoblasts is awaitingmore studies in
order to discern targets in osteoblasts shared
with vascular and bone cells. It is also reason-
able to look for compounds (preferably food-
derived) that could antagonize the osteoblast
killing activity of LDL. Ideally, one should
identify in osteoblasts targets that are common
amongsignalingpathwayswithinvascular cells
and that respond toLDL. It has been shown that
oxLDL inhibits apoptosis inmacrophages [Hun-
dal et al., 2001] and induces proliferation in
vascular smoothmuscle cells (SMC) [Auge et al.,
2002] both via the Akt/PKB pathway activation
and sphingolipid signaling. This mitogenic
stimulation is in accord with the dependence
of bone resorbing osteoclasts on lipoprotein-
derived cholesterol for their generation, func-
tion, and survival [Luegmayr et al., 2004]. It
also fits into the opposite osteoblast response to
LDL, as these two cell types are functional
opponents. We, therefore, examined the level
of Akt activation and three of its immediate
downstream substrates in Saos2 osteoblasts
exposed to LDL. We found that, unlike in
macrophages [Hundal et al., 2001] and vascular

SMC [Hundal et al., 2001], in these osteoblast
cells LDL inhibited the activation of theAkt and
its sub-pathways.

MATERIALS AND METHODS

Reagents

Anti-Bcl-2 and anti-Bax antibodies were
purchased form Upstate Biotechnology (Lake
Placid, NY). Anti-phosphorylated Src antibo-
dies (anti-pY529 and pY418) were purchased
from BioSource Int (The Netherlands). Src
protein was detected by mAb 327 [Lipsich
et al., 1983]. Anti-Bcl-X antibodies were from
Santa Cruz Biotechnology, anti-pT308Akt,
anti-pS21/9GSK3, anti-pT1462tuberin, and
anti-pS256FKHR were from Cell-Signaling
Technology.Peroxidase-conjugatedsecondanti-
bodies were purchased from Jackson Immuno
Research Laboratories, Inc. (West Grove, PA)
fetal calf serum (FCS) was purchased from Life
Technologies Laboratories (Grand Island, NY).
Scyphostatin originates from Sankyo (Tokyo,
Japan). Tissue culture reagents; tissue culture
media, antibiotics, and trypsin-EDTA were
purchased from Biological Industries, (Bet
Haemek, Israel). Permeable caspase inhibitors
DEVD (3), IETD (8), and LEHD (9) were from
Biosource (Camarillo, CA).

Cell Culture

Saos2 osteoblastic cell line was cultured in
maintenance medium Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with
10% FCS, antibiotics, and 10 mM glutamine.
For experiments of cell-growth, kinetics cells
were seeded in 96-well microtiter plates 5� 103

cells/well in groups of 10 wells for each time
point as indicated in eachfigure.Cellswere then
cultured for 24 h in maintenance medium
subsequently either nLDL, oxLDL, control
dialysis fluids, CuSO4, or carrier were added
in fresh DMEM medium at indicated concen-
trations as specified in each legend. The LDL
was added at 1:10 dilution and indicated protein
concentration. Cells were counted 48 h after
exposure, following LDL addition using the
methylene blue staining method.

Quantitative Cell Staining

Cells were stained using the methylene blue
(MB) method, the plates were fixed in 0.5%
glutaraldehyde for 30 min, rinsed with distilled
water, and air dried overnight. Borate buffer
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(0.1 M boric acid brought to pH 8.5 with NaOH)
0.2 ml/well, was added to the cells for 2 min and
rinsed with tap water. Cells were then incu-
bated in 0.1 ml of 1% MB in borate buffer for
60 min at room temperature, rinsed exhaus-
tively with water, and air dried. The MB was
then eluted from the stained cells by incubation
with 0.2 ml of 0.1 N HCl at 378C for 60 min.
Optical density (OD) of the eluted MB was
measured at 620 nm by an ELISA reader.

Electrophoresis and Western Blot Development

Cells were seeded, 2� 104/well, in 6 cm
diameter dishes, 24 h later LDL-containing
medium at 1:10 dilution, or the post-LDL
dialysis fluid of the same LDL sample that was
treated similarly to the LDL. Cells were har-
vested for electrophoresis on indicated time
point by cell lysis. Dishes set on ice, were
washed twice with 6 ml of cold PBS removing
washing solution to dryness. Ice-cold electro-
phoresis sample buffer (with 7% 2-mercapto-
ethanol and 3% sodium dodecylsulfate [SDS])
50 or 100 ml was added to each dish and
incubated on ice for 5 min. The lysates were
quickly scraped off the plastic with a rubber
policeman and transferred to cold tubes, boiled
for 5 min, after removal of 10 ml for protein
determination, they were cooled on ice and
stored at �708C until further use. Samples of
50 mg of lysed cultures were adjusted to equal
volumes with plain sample buffer and fractio-
nated by electrophoresis on 7–15% SDS-poly-
acrylamid gradient gels (SDS–PAGE). Gels
were then electroblotted onto nitrocellulose
filters that were blocked with 3% bovine serum
albumin and 0.2%Tween 20 in PBS and divided
into two half blots below the 38 kDa level. For
phospho-c-Src detection and the phosphory-
lated Akt pathway, proteins filters were first
incubated with anti-phosphorylated protein
antibody and after washing, they were incu-
bated with appropriate second antibody con-
jugated to peroxidase. The filters were exposed
toECLbuffer to generate chemoilluminescence,
by the activated peroxidase conjugates, detec-
ted by photo-radiography.
After radiography, the anti-phosphotyrosine

antibodies were stripped off the filters and the
above procedure was repeated with the appro-
priate antibody that recognizes unphosphory-
lated epitope in the sameprotein. The lower half
blot was stained with mouse anti-Bcl-2 and

several days later with rabbit anti-Bax Abs and
rabbit anti-Bcl-Xwhich recognizes both splicing
variant. Strippingwas performed by incubation
of thefilters in62.5mMTris-HClpH6.7, 100mM
2-mercaptoethanol, and 2% SDS for 30 min in a
water bath shaking at 508C.

Protein Determination

Duplicates of 5ml electrophoresis samplewere
spotted onto 3-mm filter papers cut in pieces of
1 cm2, dried, andstainedwith2mg/mlCoomassie
blue for 20 min, destined with 40% methanol,
10% acetic acid until clearing of the unstained
background, the stained protein spots staining
dye was eluted with 3% SDS, protein quantities
determinedbyCoomassie blueoptical density at
620 nm compared with a similarly treated and
serially diluted BSA standard.

Lipoprotein Isolation

LDL was isolated from LDL apheresis car-
tridges immediately after their consumption in
the treatment of persons, homozygote in respect
to hyperlipidemia. The use of cartridges desig-
nated for disposal was approved by theHelsinki
committee for human experimentation. Remo-
val of the LDL from the column was done by
high ionic strength elution [Tani, 2000]. These
cartridges were of the Kaneka brand having
400 ml bed volume (Liposorber LA40, Kaneka
Corporation Osaka, Japan). Immediately after
the apheresis session, the cartridges were
washed with one bed volume of saline contain-
ing 2 mM EDTA and then eluted with increas-
ing NaCl concentrations 0.3–0.5MNaCl buffed
with 50 mM phosphate pH7.4. To follow NaCl
concentrations in various fractions, samples
were measured for conductivity against known
NaCl solutions. For additional purification, we
modified a published method [Chung et al.,
1980]. The eluted fractions were mixed with
0.7 g/ml KBr, rotated for 1 h at 48C and 13 ml
of the KBr-saturated LDL were placed at the
bottom ofQuick-Seal polyallomer tubes #342414
(Beckman, Palo Alto, CA) of 34 ml total volume
each. The LDL was overlaid with 21 ml of PBS.
The sampleswere spun for 3hat 108C inaVTi50
rotor, 45,000 rpm (170,000g). The tubes were
subjected to fraction collection from the bottom
or by needle aspiration through lateral punc-
ture, for specific visible fractions. The LDL was
dialyzed against 2 mM EDTA.
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LDL Oxidation

Oxidation of LDL was carried out by incuba-
tion of 2mlLDLadjusted to 10 mMCuSO4 for 3 h
in a gently shaking 378Cwater bath. The nLDL
was treated similarly but without CuSO4. Both
kinds of LDL samples were quantified by
protein measurement. The dialysis fluids of
each batch were saved for the use as control
carries in the comparative tissue culture experi-
ments. Before adding the LDL to the culture
medium, it was adjusted to 2 mM CaCl2 to
neutralize traces of EDTA.

Statistical Methods

Where the differences of compared results
were not clear a Student’s t-test was performed
mostly for paired samples or independent
samples.

RESULTS

LDL Inhibition of Saos2 Osteoblast Cultures

LDL, native or oxidized, at the range of 1–
2 mg/ml decreases Saos2 osteoblasts cell counts
(see for example Table I). oxLDL has decreased
Saos2 osteoblast cell counts, accompanied by
features of apoptosis such as lobulated or
pyknotic nuclei and apoptotic bodies (Fig. 1b).
To obtain a general indication about the main
pathways involved in the LDL-induced Saos2
growth arrest/apoptosis, we used the standard
100 mM concentration of inhibitors for three
strategic caspases (caspase-9, 8, and3). Figure 2
shows that in oxLDL-inducedgrowtharrest, the
most extensive correction has been achieved by
the caspase-9 inhibitor, as opposed to the
minimal inhibition achieved by the caspase-8
inhibitor. The caspase-3 inhibitor has shown an
intermediate result. This indicates that oxLDL
activates the intrinsic mitochondrial apoptotic
pathway and/or a post mitochondrial activation

of caspase-9, which resulted also in the next in-
sequence activation of caspase-3. LDL can
trigger release of ceramide from the plasma
membrane due to neutral sphingomyelinase
(nSMase) cleavage of sphingomyelin, and the
released ceramide can activate the mitochon-
drial apoptotic pathway. To obtain a clue about
the extent of the involvement of this apoptotic
pathway in the Saos2 growth arrest, we have
used scyphostatin, an nSMase-specific inhibitor
[Nara et al., 1999], in osteoblast cultures expo-
sed toLDL.Figure 3 shows that both oxLDLand
nLDL can induce growth arrest in Saos2
osteoblasts, and that scyphostatin antagonized
thisLDL-induced growtharrest at the lowdoses
with a biphasic mode. Both nLDL and oxLDL
showed a similar biphasic pattern of response to
scyphostatin that at 3 mM has corrected 60% of
the growth arrest induced by nLDL, more than
twofold the correction achieved by 1.5 mM (30%)
against the oxLDL effect.

Akt Inactivation by nLDL

The direct induction of Saos2 osteoblast
growth arrest via the mitochondrial pathway
by LDL interaction with the cells and the
possible triggering of the ceramide pathway
lead us to test the Akt pathway. This is because
the above result pointed towards a possible
lipids interference with phospholipids that may
have triggered cell signaling via phosphatydyl
inositol kinase through the PI3K/Akt pathway.
To test the extent of Akt pathway inactivation
in Saos2 osteoblasts following their exposure
to LDL, we extracted proteins, at three time
points, from cultures exposed to a 1:10 dilution
of nLDL. The proteins were fractionated by
SDS–PAGE and activated Akt/PKB was detec-
ted on Western blots, in addition to proteins
that represent three different sub-pathways
downstream to phosphorylated (active) Akt.
Figure 4A shows that phospho-Akt has been

TABLE I. Dose Response of Saos2 Osteoblasts Cell Counts to Native and Oxidized LDL

Parameters

oxLDL (n¼10/sample) nLDL (n¼12/sample)

Mean Significancea Parameters Mean Significance

Carrierb effect 1.062�0.035 P¼ 0.602 Carrier effect 1.0�0.029 n.s.
1:40/carrier 1.043�0.019 P¼ 0.00028 1:54/carrier 1.124� 0.021 P¼ 0.0006
1:20/carrier 0.936�0.026 P¼ 0.0011 1:18/carrier 1.082� 0.038 P¼ 0.0119
1:10/carrierc 0.722�0.020 P¼ 1.67E-07 1:6/carrier 0.521� 0.026 P¼ 3.84E-09

aPaired t-test 2 tail.
bCarrier for nLDL¼ last dialysis fluid, and for oxLDL dialysis fluidþCuSO4 (10 mM).
c1:10 LDL¼ 1.4 mg/ml protein equivalent for LDL.
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diminished relatively to the control cells
already after 1 h but its fall was dipper after
4 h, which is also seen in the quantitative bar
chart for which the bands were corrected in
reference to the b-actin bands (Fig. 4B). The
Fork Head receptor (FKHR) that downregu-
lates responses to growth factors in its unpho-
sphorylated state was kept active as a cell cycle

inhibitor (in its unphosphorylated state) in res-
ponse to nLDL, presumably due to inactivation
of Akt. Tuberin that by phosphorylation at thr-
eonine1462 inhibits translation via inhibition of

Fig. 1. Morphology of Saos2 osteoblasts exposed tooxLDL for 48h. Saos2 cellswere seeded (1.5� 104/cm2),
24h later, themediumwas replacedwith freshmedium1:10LDLdialysis fluid (a) and1:10oxLDL:mediumv/v
(b). Both the post LDL dialysis fluid and the LDL were treated with 10 mM CuSO4 for 3 h at 378C before use
(3.7 mg protein/ml concentration in culture). After exposure of 48 h to oxLDL, the cells were fixed with 0.5%
glutaraldehyde, stained with methylene blue, and photographed under an inverted microscope
(magnification¼1�200). Note the lobulated and pyknotic nuclei and apoptotic-bodies in panel b.

Fig. 2. Differential rescue of Saos2 cells by inhibitors of
caspase-9, 3, and 8. Saos2 cells were seeded in 96-well plates
at 5�103cells/well and after 24 h, the medium was replaced
with fresh medium containing either 100 mM cell-permeable
caspase inhibitorsor their solubilizationcarrier (DMSO).After1h
incubation, an equal volume of medium was added to all wells
containing 20% oxLDL (10% final, as in Fig. 1), except the
untreated controls to which post-LDL dialysis fluid was added.
The cultures were fixed and stained with methylene blue for
colorimetric cell count. The untreated and the caspase-inhibited
cultures were adjusted to unity and indices for the oxLDL alone
were calculated accordingly. Statistical significancewas derived
by the paired t-test between inhibited and uninhibited cultures,
matching each culture with its localization opponent in the plate
(n¼10).

Fig. 3. Scyphostatin inhibition of LDL-induced osteoblast cell
death. Saos2 osteoblastwere seeded as in Figure 2 and after 24 h,
the medium was replaced with fresh medium containing either
scyphostatin serial dilutions or equivalent dilutions of its carrier
(ethanol). Subsequently an equal volume of nLDL or oxLDL
was added to all wells apart from the control group with 0
scyphostatin. After 48 h, the cells were fixed, stained, and
counted. Each bar represents an index between each experi-
mental and its own uninhibited group of wells (n¼ 10 indices/
bar). Scyphostatin (3 mM) inhibited the nLDL-induced reduction
in cell count relative to 0 mM scyphostatin (P¼0.00033). Effects
of the other concentrations were also positive but not statistically
significant (for 1.5 mM P¼ 0.091, for 6.0 mM P¼ 0.108). The
effect of the highest ethanol carrier concentration relative to
untreatedwas 1.046�0.164. Scyphostatin inhibited the effect of
oxLDL non-significantly, (for 1.5 mM P¼ 0.076, for 3 mM
P¼0.317), while 6.0 mM increased the oxLDL effect non-
significantly (P¼ 0.108). In the oxLDL cultures, the effect of the
highest ethanol carrier concentration relative to untreated
cultures was 1.002�0.026.
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mammalian target of rapamycin (mTOR) has
shown an early activation (after 1 h under
nLDL) relative to the control cells. This active
state of tuberin became equal to its state in the
control cells after 4 h in spite of the deepest
Akt inactivation at this time point. Glycogen
synthase kinase-3 (GSK3) showed a relatively
lower phosphorylation at serine 21 and 9 more
so at 1 than at 4 h, this may have enabled it an
early contribution to cell cycle inhibition. The
phosphorylation of GSK3 resumed in parallel
with the reactivation of Akt at the 4 and 24 h
time points.

Bcl-2 and Bcl-X Response to nLDL

An early decrease in the index of the anti-
apoptotic Bcl-XL took place 1 h after exposure to
nLDL (Fig. 5A), which was accompanied by a
slight relative increase in the pro-apoptotic
Bcl-Xs. This has recovered at the 4 h time point

but the pro-apoptotic ratio resumed at the 24 h
time point (Fig. 5B). The Bcl-2 anti-apoptotic
protein showed a decrease only at the 4 h time
point while its pro-apoptotic opponent (Bax)
quantity did not change relative to b-actin.

Src Activity Response to nLDL

The c-Src protein responded to nLDL by a
decrease at the 1 and 4 h time points, which has
been inverted at the 24 h time point (Fig. 6A).
The ratio between phosphorylation states of
tyrosine418 and tyrosine529, in the human Src
protein, indicate the level of Src kinase activity.
The bar chart demonstrates that the nLDL-
induced decrease in Src activity index (Fig. 6B)
resulted from the loss of protein phosphorylated
on the tyrosine418 (kinase activation site)
rather than the gain of molecules predomi-
nantly phosphorylated on the inactivation site
on tyrosine529. This pattern is valid for the 1
and 4 h time points but completely changes at
the 24 h time point. nLDL induced a relative
gain in the Src protein, Figure 6B indicates that

Fig. 4. Akt pathway phosphorylation response to nLDL. Saos2
osteoblastswere seeded in 25 cm2 flasks (104 cells/cm2) and 24 h
later, the medium was replaced with 1:10 dilution of nLDL or
post-LDL dialysis buffer. At indicated time-points, proteins from
pairs of flasks (nLDL and dialysis buffer controls) were harvested
and run on SDS–PAGE for immunoblots preparation. The blots
were reacted with indicated antibodies and developed (A).
The scanned densities of all bands were normalized against the
b-actin of their lane. Each band is expressed as an index relative
to its proper nLDL-untreated control, unity represents the level of
no-change (B).

Fig. 5. Bcl-2 family proteins response to nLDL. The lower
molecular size portion of immunoblots prepared (as in Fig. 4)
were reacted with indicated antibodies (A). The scanned bands
were treated as in Figure 4 (B).
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this gain was accompanied by a higher portion
of the kinase-inactivating tyrosin529 phos-
phorylation versus a concomitant loss of the
phosphorylation of the kinase-activating tyro-
sine418.

The nLDL-inhibited Akt Response to Scyphostatin

We selected the 4 h time point after Saos2
osteoblasts exposure to nLDL in which the Akt
reached a substantial inactivating dephosphor-
ylation, to follow the effect of scyphostatin.
Figure 7A shows that although 3 mM scyphos-
tatin resulted in substantial correction of
the Saos2 osteoblast growth arrest induced
by nLDL, a very similar dose (2.5 mM) did not
inhibit the decrease in Akt protein phosphory-
lated at its threonine308, it has rather enabled
its further decrease. Yet the FKHR state of
serine256 phosphorylation has been increased
with 5 and 10 mM scyphostatin, which is
expected to relieve the cell cycle arrest. Only
the 5 mMdose of scyphostatin has decreased the

phosphorylated tuberin protein which should
enable relieve of the inhibition of protein
synthesis viamTOR.GSK3 shows a straightfor-
ward dose response in its serine21/9 phosphor-
ylation (Fig. 7A,B) that has resulted from the
scyphostatin treatment, which shows a clear
correction of the nLDL-induced GSK3 unpho-
sphorylated state.

Bcl-2 and Bcl-X Response to
Scyphostatin in the Presence of nLDL

The absolute quantity of Bcl-2 and Bax
decreased 4 h after exposure to nLDL (Fig. 8A)
as occurred also to Bcl-XL. Scyphostatin treat-
ment is accompanied by a minute recovery of
these proteins but upon b-actin normalization,
the ratios of Bax/Bcl-2 and those of Bcl-Xs/Bcl-
XL did not surpass the unity level (Fig. 8B).
These results indicate that Bcl-2 family protein

Fig. 6. Activity of c-Src kinase in response to nLDL. Immuno-
blots of proteins fromSaos2 cells exposed to nLDL, prepared as in
Figure 4were generatedwith various anti-Src proteins antibodies
in between stripping procedures (A). The bar chart (B) shows the
b-actin-corrected bands as compared between nLDL-treated and
untreated cultures.

Fig. 7. Recovery of phosphoproteins downstream to Akt from
nLDL-induced inhibition by treatment with scyphostatin. Saos2
osteoblasts seeded as in Figure 4 were first treatedwith indicated
concentrations of scyphostatin 10 min before addition of nLDL.
All the cultures were harvested after 4 h and processed as
described in the legendof Figure 4. Immunoblotswith antibodies
recognizing Akt pathways phosphoproteins are shown in
A. Quantitative bar chart is shown in B.
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response at the 4h time point is irrelevant to the
scyphostatin inhibition of the nLDL-induced
growth arrest.

Src Kinase Activity Response to
Scyphostatin in the Presence to nLDL

The Src protein showed a decrease in tyr-
osine418 phosphorylation that was not accom-
panied by change in the phosphorylation of
tyrosine529 (Fig. 9A). After quantitative nor-
malization with b-actin and plotting of Src
kinase activity ratios (Fig. 9B), it can be seen
that 5 mM scyphostatin were sufficient to
antagonized the decreased kinase activity ratio
induced by nLDL.

DISCUSSION

As far as the response of osteoblasts to LDL is
concerned we cannot as yet categorically state
that the oxidation is the most important factor
in the response of these cells to LDL. In fact, it
has been shown that in vascular SMC, mild
oxidation is sufficient for activation of numer-
ous apoptotic signals [Napoli et al., 2000]. We
have used nLDL which had an effect on the

osteoblasts similar to that of the oxLDL [Klein
et al., 2003]. Similarly, in the presentwork, both
nLDL and oxLDL induced growth arrest in
Saos2 osteoblasts. The inhibition of caspases in
cultures of Saos2 osteoblasts exposed to oxLDL
resulted in a similar outcome as obtained by
others [KumeandKita, 2004] invascularSMCs.
These authors claimed that caspase-9 and 3
were activated by oxLDL via lectin-like oxLDL
receptors (Lox-1) that has induced mitochon-
drial cytochrom-c release, in parallel the oxLDL
inhibited P3IK/Akt. The option of nSMase
activation via Fas receptor to release ceramide
[Suzuki et al., 2003] (while bypassing activation
of caspase-8) lead us to inhibit nSMase in the
presence of oxLDL or nLDL. Scyphostatin, the
specific nSMase inhibitor, has indeed inhibited
more than 60% of the nLDL (and only 30% of
the oxLDL)-induced Saos2 osteoblast growth
arrest, indicating that nLDL induction of
growth arrest is to a great extent depending on
nSMase activation. This is consistent with the
reports that oxLDL inhibits acid sphingomyeli-
nase (aSMase) [Hundal et al., 2001, 2003]
probablymore than it activates nSMase. Inhibi-
tion of one and activation of the other may

Fig. 8. Response to nLDL of pro/anti-apoptotic ratios of Bcl-2
family protein and the change by scyphoatatin. Immunoblot
shown in (A) and bar chart in panel B.

Fig. 9. Correction of c-Src kinase activity by scyphostatin.
Immunoblot with various anti-c-Src antibodies shown in panel A
and the quantitative bar chart is shown in panel B.
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reconcile the different results obtained with
oxLDL in macrophages [Hundal et al., 2001,
2003] and those obtained in endothelial cells
[Chen et al., 2004]. Based on accumulated
information on aSMase and nSMase and the
quantitative differences that nSMase inhibition
showed for oxLDL and nLDL (Fig. 3), this
differential response might result from diverse
reaction of these two SMases to a range of LDL
oxidation. The substantial correction (with
scyphostatin) of the cell counts decreased by
nLDL raised the question as to how the Akt/
PKBpathwaywould respond to the samenLDL.
Akt was partially dephosphorylated already 1 h
after exposure to nLDL and became even more
so after 4 h. This Akt inactivation is consistent
with result of others [KumeandKita, 2004] that
obtained it rather with oxLDL. FKHR and
GSK3 responded to nLDL as would have been
expected under Akt inhibition however, tuberin
(TSC2) showed a response thatwas incongruent
with the phosphorylation state of Akt. We
expected that active Akt will phosphorylate
tuberin on its threonine1462 and thereby
induce negative control onmTor. A relationship
of proper phospho-Akt to proper phospho-
tuberin was seen only after 24 h of nLDL
exposure, whereas at 1 h and 4 h time-points,
tuberin remainedphosphorylated in spite ofAkt
dephosphorylation. Tuberin could have been
phosphorylated by a different kinase, for exam-
ple, AMP-activated protein kinase (AMPK) that
may phosphorylate tuberin. Such activation
of tuberin may occur in response to an LDL-
induced stress signal (of an unknown nature) in
which LKB1 activates AMPK due to increased
AMP/ATP ratios [Inoki et al., 2003]. It is
however more likely that the aberrant phos-
phorylation of tuberin is related to the lack of
p53 expression in these Saos2 cells. It is known
[Karuman et al., 2001] that normally LKB1 is
physically bound to p53 therefore the lack of p53
could have resulted in the uncontrolled phos-
phorylation of tuberin and a delay of signal
termination by a proper phosphatase.
In parallel to Akt inactivation, exposure to

nLDLwas followedby a relative decrease inBcl-
XL and an increase in Bcl-Xs, which was not
seen at the 4 h time-point but has strongly
reappeared after 24 h. This surge in Bcl-Xs/Bcl-
XL ratio, is consistent with a possible NFkB
transcriptional activation of Bcl-XL [Glasgow
et al., 2001] under active Akt and a change to
transcriptional activation of its splicing variant

Bcl-Xs under inhibition of Akt, perhaps by
unleashing GSK3 to inhibit Cylin-D1. Cyclin-
D1 inhibition is associated with increased Bcl-
Xs expression [Mihara et al., 2003]. Bax was
overexpressed relative to Bcl-2 only at the 4 h
time-point. Although these results do not indi-
cate the intracellular localization, at least the
Bcl-Xs can be regarded as a participant in cell
death since its ratio to Bcl-XL is not dependent
on it ability to cause cell death [Heermeier et al.,
1996]. We have also followed the Src kinase
protein (pp60Src) because it is a balancing
factor within bone tissue between bone resorp-
tion and bone formation. Osteoclasts largely
depend on Src expression [Boyce et al., 1992]
and osteoblast-differentiation depends on
attenuation of its expression [Klein et al.,
1998; Marzia et al., 2000]. Src is also anti-
apoptotic and its kinase activity is clearly
reduced after 24 h under nLDL in spite of the
augmentation of its total protein. Note that
phosphorylation of tyrosine519 inhumanSrc by
Csk (as opposed to tyrosine418) has an inactiva-
tion effect on Src kinase. Csk activity is also
associatedwith activation of PI3K/Akt pathway
[Zagozdzon et al., 2002; Gu et al., 2003; Dey
et al., 2005]. This is consistent with reduction of
the Src activity index but not with the increase
in Src protein at the 24 h time point. In the
surviving cells, (after 24 h) nLDL induced a
relative gain in the Src protein (Fig. 6B), which
indicates that this gain is accounted for by the
portion of the kinase-inactivating tyrosin529
phosphorylation versus a concomitant loss of
the phosphorylation of the kinase-activating
tyrosin418. This may be interpreted as devel-
opment of Src protein resistance to breakdown
either because of an as yet obscure mechanism
perhaps related to the c-Src molecule folding on
it self (pY529 binding to its own SH3 domain).
Alternatively, mitochondrial recovery from un-
coupling and from cytochrome c release in the
selectively surviving cells 24 h after the nLDL
insult, could explain a gain in Src protein. It
has been shown that an uncoupling agent can
induce Src cleavage at a caspase-3 targeting
motif about 30 A.A. from its c-terminus, which
can be inhibited by the caspase-3 inhibitor
[Karni and Levitzki, 2000]. Taken together,
nLDL has set in motion several factors that
slowdown cell metabolism, growth, and prolif-
eration, and cause cell death. Most of this
response is consistent with inhibition of the
Akt signaling pathway. The growth arrest
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occurred in spite of the fact that tuberin acted
independently opposite to its normal response.
We selected the 4 h time-point to test the
inhibition of the nLDL effect because at this
point Akt showed a clear decline in its phos-
phorylation. Interestingly, scyphostatin has
inhibited (or corrected) the fall in FKHR and
GSK3 and has even increased the tuberin
phosphorylation dose dependently, in spite of
the fact that Akt phosphorylation itself, which
was inhibited by nLDL, was not corrected by
scyphostatin. The appearance of the Bcl-2
family ratios at the 4 h time-point do not
contribute to the understanding of the way that
scyphostatin protected the Saos2 cells from
nLDL growth arrest. On the other hand, Src
kinase activity at the 4 h time point was
corrected in parallel with scyphostatin treat-
ment in the presence of nLDL while the Src
protein quantity did not change. The correction
of the positive activities of FKHR, Src-kinase,
and the negative activity of GSK3 and the
phosphorylation state of tuberin by scyphosta-
tin was sufficient to prevent growth arrest.
However, we cannot show that this was achie-
ved via inhibition of the dephosphorylation of
threonine308 in Akt. Whatever the reason for
this unexplained phenomenon, it is clear that
nLDL arrested the Saos2 osteoblast growth in
parallel to inhibition of Akt activating phos-
phorylation and activation of at least two of its
downstream effectors, which reverted in paral-
lel to the inhibition of cell death.The importance
of these findings is that they are diagonally
opposed to the response of vascular macro-
phages to oxLDL, and thus underscore the
possible generation of a co-morbidity mechan-
ism causing bone and vascular pathology by
similar inducers, namely LDL together with
cellular elements of these tissues.
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