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Abstract 
 
Mechanical loading provides an anabolic 
stimulus for bone. More importantly, the 
mechanosensing apparatus in bone directs 
osteogenesis to where it is most needed for 
improving bone strength. The biological 
processes involved in bone 
mechanotransduction are poorly 
understood, and further investigation of the 
molecular mechanisms involved might 
uncover drug targets for osteoporosis. 
Several pathways are emerging from current 
research, including membrane ion channels, 
adenosine triphosphate (ATP) signaling, and 
second messengers, such as prostaglandins 
and nitric oxide. Some key molecular targets 
include the alpha 1C isoform of the L-type 
calcium channel, a gadolinium-sensitive 
stretch-activated channel, P2Y2 and P2X7 
purinergic receptors, EP2 and EP4 
prostanoid receptors, and the parathyroid 
hormone receptor. 
 
Background 
 
Mechanical stresses and the resultant tissue 
deformation (strains) are caused by skeletal 
loads. Stresses are not uniform throughout a 
bone, but can be concentrated in certain 
regions (e.g., in muscle attachments). It is in 
these regions of stress concentration that 
bone is most likely to fail. The skeleton 
possesses an inherent biological control 
system that directs bone formation in 
response to high mechanical stresses (or 
strains), thus strengthening the skeleton in 
highly stressed regions. This system, 
sometimes called the “mechanostat” (1), 

involves resident cells within bone tissue 
that detect and respond to mechanical 
loads. Mechanical loading has the following 
effects on bone tissue: bone formation on 
the periosteal bone surfaces is increased, 
thus improving bone strength, and bone 
turnover is reduced, reducing bone porosity. 
Consequently, mechanical loading can 
improve both bone size and shape and 
strengthen bone tissue by improving tissue 
density.    
 
The Characteristics of Skeletal 
Mechanotransduction 
  
Mechanotransduction in bone involves 
several cell types. The cells that ultimately 
form or resorb bone may not be the same 
ones that transduce and respond to 
mechanical signals. Mechanotransduction 
might involve signaling through mechanically 
activated ion channels in the cell membrane, 
focal adhesions of the cytoskeleton, or a G 
protein-coupled mechanoreceptor. In 
cultured osteoblastic cells, fluid shear stress 
mobilizes intracellular calcium within 
minutes. The inositol 1,4,5-triphosphate 
pathway plays a key role in intracellular 
calcium release (2,3), and intracellular 
calcium signaling seems to be required for 
expression of some bone matrix proteins. 
Intracellular calcium mobilization triggers a 
mitogen-activated protein kinase signaling 
pathway, which is linked to the expression of 
osteopontin (3). This response to shear 
stress is suppressed by gadolinium, a 
blocker of the stretch-activated calcium 
channel (4) and by apyrase, which rapidly 
hydrolyzes 5’-nucleotide triphosphates to 
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monophosphates (5). In addition, the L-type 
voltage-operated calcium channel probably 
plays a role in bone cell 
mechanotransduction. Studies using bone 
explants have shown that gadolinium 
abolishes loading-related responses in 
osteocytes, whereas a blocker of L-type 
calcium channels inhibits loading-related 
responses in osteoblasts (6). In addition, two 
blockers of L-type calcium channels, 
verapamil and nifedipine, have been shown 
to strongly suppress mechanically induced 
bone formation in rats (7,8).  
 

Osteoblastic cells attach to the bone matrix 
through the integrin-cytoskeleton complex. 
Integrins, heterodimeric transmembrane 
proteins that bind to the extracellular matrix 
on the outside of cells, are linked to the actin 
cytoskeleton via the short cytoplasmic 
domain of the β subunit on the inside of cells 
at specialized sites known as “focal 
adhesions.” Several lines of evidence 
obtained with various cell types, including 
fibroblasts, epithelial cells, endothelial cells, 
neutrophils, as well as osteoblasts, indicate 
that the protein α-actinin is a key molecule 
in mediating linkage of actin filaments to 
integrin cytoplasmic domains (9). Fluid flow 
or mechanical stretch applied to osteoblastic 
cells induces recruitment of integrins to focal 
adhesions and causes actin filaments in the 
cell to reorganize into large bundles of actin 
filaments called “stress fibers” (10,11). 
Microinjection into osteoblasts of a 53-kDa 
proteolytic fragment of α-actinin, which 
contains the integrin binding domain (but not 
the actin binding domain), causes the 
competitive displacement of the endogenous 
α-actinin from focal adhesions and blocks 
fluid flow-induced gene expression (10).  

 

Within minutes of a mechanical stimulus, 
several biochemical signaling pathways are 
set in motion. The interacting effects of 
paracrine and autocrine signaling pathways 
on cell-to-cell communication or osteoblastic 
activity are poorly understood. For example, 
release of prostaglandins is consistently 
observed after the loading of bone explants 
or application of a mechanical stimulus to 
osteoblasts in culture. The ultimate effect of 
released prostaglandins on the cellular 
response involves an extremely complicated 

and tangled web of interactions. 
Prostaglandins might respond by: (1) 
recruiting new osteoblasts from marrow 
stroma; (2) amplifying their own release by 
stimulating expression of prostaglandin 
synthases; (3) improving cell-to-cell 
communication through cellular gap 
junctions; (4) reducing apoptosis in 
osteoblasts; or (5) amplifying the loading-
related increase of osteoblastic expression 
of matrix proteins. The relative importance of 
each of these effects is difficult to ascertain. 
At this time, the best description of the 
biochemical signaling downstream from a 
mechanical stimulus remains somewhat 
simplistic.  

 

Prostaglandins and nitric oxide (NO) are 
released from bone cells within minutes of 
dynamic mechanical loading (12-15). 
Blockade of prostaglandin synthesis using 
nonsteroidal anti-inflammatory drugs 
(NSAIDs) suppresses mechanically induced 
bone formation in vivo (16-18), as does the 
nitric oxide synthase (NOS) inhibitor L-
NAME (19). NO release from bone cells 
seems to be involved in cellular 
mechanotransduction. The endothelial 
isoform of nitric oxide synthase (NOS-3) is 
thought to mediate the effects of mechanical 
forces in bone tissue (15), but the manner in 
which NO affects intracellular signaling 
pathways in osteoblastic cells is unclear. In 
other cell types, NO binds to soluble 
guanylyl cyclase, thus stimulating the 
enzyme and increasing intracellular cyclic 
guanosine monophosphate (cGMP). cGMP 
has several effects in different cell types and 
may be a mediator of mechanical loading in 
osteoblastic cells (20). NO may play a more 
important role as a mediator of the 
suppressive effects of mechanical loading 
on osteoclasts. NO is known to be a strong 
inhibitor of osteoclast activity (21-23) and 
has been shown to decrease expression of 
receptor activator of NF-κB ligand (an 
osteoclast differentiation factor) and 
increase expression of osteoprotegerin (an 
inhibitor of osteoclast differentiation), which 
in turn leads to decreased recruitment of 
osteoclasts (24). Therefore, it seems that 
local release of NO enhances bone 
formation and suppresses bone resorption, 
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suggesting that NO potentiates an anabolic 
response. 

 

Much more is known about the cellular 
effects of prostaglandins than those of NO. 
PGE2 and PGI2, the two most active 
prostaglandins in bone cells, are released 
from osteoblasts or osteocytes shortly after 
mechanical loading and have numerous 
effects on bone, including the recruitment of 
osteoblasts from marrow stroma (25). 
Exogenous PGE2 administered in rats is 
strongly osteogenic and results in increased 
recruitment of osteoblasts and accelerated 
osteoblastic activity (26). The E family of 
prostaglandins also has the ability to amplify 
its own production (13,27). This 
autoamplification effect is mediated through 
the EP1 prostaglandin receptor (27), 
indicating that EP1 is linked to expression of 
prostaglandin synthase. The anabolic effects 
of PGE2, however, are mediated through the 
EP4 prostaglandin receptor (28), suggesting 
that signaling downstream from EP4 is 
important in bone matrix synthesis. 
Prostaglandin release also improves cell-to-
cell communication through cellular gap 
junctions (29,30) and reduces apoptosis in 
osteoblasts (31) by inhibiting caspase-3. 

 

There are two isoforms of prostaglandin 
synthase (cyclooxygenase): constitutive 
(COX-1) and inducible (COX-2). Selective 
inhibition of COX-2 using NS-398 is 
considerably more effective in blocking 
loading-induced bone formation in vivo than 
is indomethacin, which blocks both isoforms 
of cyclooxygenase (17,18). Loading of bone 
cells causes immediate prostaglandin 
release from cells and increased expression 
of COX-2 about one hour after loading (13). 
NSAIDs given before mechanical loading 
suppress loading-induced expression of 
early response genes like c-fos (16). In one 
study, administration of NS-398 three hours 
before mechanical loading suppressed bone 
formation by 67% in rat tibia, whereas 
administration of the drug 30 minutes after 
loading had no significant effect (18). These 
findings demonstrate that prostaglandin 
synthesis is most important prior to loading, 
suggesting that prostaglandins must be 

available at the time of loading to potentiate 
the osteogenic response.  

 

ATP signaling plays a role in skeletal 
mechanotransduction. Osteoblastic cells can 
communicate through autocrine or paracrine 
activity of secreted ATP on P2Y2 purinergic 
receptors (32), and P2Y2 signaling seems to 
be mechanosensitive (5). A local mechanical 
stimulus initiates intercellular calcium 
signaling, mediated by ATP receptors, which 
rapidly propagates from cell to cell. In 
addition, the P2X family of receptors is 
probably an important target for 
mechanically derived signals. P2X7 receptor 
knockout mice have an osteopenic 
phenotype that resembles the skeleton of 
animals subjected to chronic disuse. P2X7 
signaling is important for promoting 
osteoblastic activity and bone formation, 
whereas P2X7 signaling suppresses 
osteoclastic bone resorption (33). The 
osteogenic response to mechanical loading 
is greatly suppressed in mice with a null 
mutation in the P2X7 receptor (34). 
Osteoblasts from mice deficient in the P2X7 
receptor do not secrete PGE2 when 
exposed to fluid shear stress, indicating that 
P2X7 is crucial for prostaglandin release 
after mechanical loading (34). 

 

Osteocytes and marrow stromal 
osteoprogenitor cells probably act as 
mechanotransducers. Skeletal 
mechanotransduction involves 
mechanosensitive and L-type ion channels, 
focal adhesions, and a putative G protein-
coupled mechanotransducer. For the most 
part, the ion channels have been identified 
with fairly general pharmacological blockers, 
although it seems that the α1C isoform of 
the L-type calcium channel is most likely one 
of the channels involved in 
mechanotransduction (35). Likewise, the key 
focal adhesion proteins involved in 
mechanotransduction have not yet been 
identified. It is possible that extracellular 
matrix connections to the cytoskeleton act 
mainly as amplifiers of mechanical signals, 
rather than as actual mechanotransducers 
(36). The targets for ATP signaling are 
better defined. P2Y2 is a G protein-coupled 
receptor that has all of the characteristics of 
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the putative G protein-coupled 
mechanotransducer proposed by Reich et 
al. (37). The P2X7 receptor is an ATP-gated 
ion channel, which may be a second major 
signaling pathway for mechanotransduction.  

 

Several examples of hormones that might 
amplify the effects of mechanical loading 
include parathyroid hormone (PTH) or the 1-
34 PTH fragment, estrogen, and insulin-like 
growth factors. PTH(1-34) acts 
synergistically with mechanical loading to 
enhance periosteal bone formation (38) and 
has been shown to enhance the anabolic 
effect of mechanical loading on endocortical 
and trabecular surfaces in rats (8,39). In 
addition, the anabolic effect of mechanical 
loading is abolished, if the parathyroid 
glands are removed (39). In cultured 
osteoblasts, PTH(1-34) sensitizes cells to 
mechanical forces, possibly by enhancing 
the mobilization of intracellular calcium 
(35,40). PTH(1-34) has been shown to be 
strongly anabolic, if administered 
intermittently and is now used clinically to 
treat osteoporosis. Of interest, the drug has 
site-specific anabolic effects in the skeleton. 
Although PTH(1-34) has been shown to 
stimulate periosteal bone formation in the 
vertebrae (41), it does not stimulate bone 
formation around the spinal canal and 
therefore does not cause spinal stenosis 
(42). The site specificity of osteogenesis 
may in some part be the result of the ability 
of PTH(1-34) to activate mechanical loading 
pathways. PTH(1-34) differs from 
mechanical loading in that the former 
stimulates bone resorption, whereas the 
latter suppresses it. This discrepancy was 
addressed by Bakker et al. (43), who applied 
mechanical stress to primary osteoblasts in 
culture and observed that both NO and 
PGE2 production were elevated twofold; in 
addition, PTH(1-34) also increased PGE2 
production (but had no effect on NO release) 

and reduced NOS enzyme activity. Thus, 
PTH(1-34) and mechanical loading have 
opposite effects on NO production, which 
may explain the different actions of these 
two stimuli on bone resorption.  

 

Estrogen is another hormone that may 
interact with mechanical loading pathways, 
but the nature of the interaction remains 
unclear. Osteoblast proliferation following a 
mechanical stimulus seems to depend on 
the number of estrogen receptors (ERs) and 
involves estrogen response elements (44). 
Mechanical loading increases ER-α 
phosphorylation in osteoblasts through 
activation of extracellular signal-regulated 
kinase 1 (45). In addition, mice deficient in 
ER-α expression have shown suppressed 
osteogenic responsiveness to mechanical 
loading (46), whereas other mice have 
shown that estrogen suppresses the 
anabolic effect of mechanical loading (47). 
These observations might be reconciled by 
considering that the effects of estrogen on 
the skeleton are site specific. Estrogen 
suppresses bone resorption on trabecular 
and endocortical bone surfaces, thus 
preserving bone mass. Conversely, 
estrogen suppresses bone formation on 
periosteal surfaces (48). The ability of 
estrogen to preserve bone mass is thought 
to result mostly from signaling through ER-α 
(49,50), whereas the suppression of 
periosteal bone formation signals mainly 
through ER-β (51). Consequently, the 
interaction between estrogen and 
mechanical loading may depend on ER 
signaling pathways. One effective way that 
mechanical loading strengthens bones is by 
increasing periosteal bone formation. 
Estrogen suppresses periosteal bone 
formation (52), so whether the combined 
effects of estrogen and mechanical loading 
will strengthen bones more than mechanical 
loading alone is questionable. 
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Figure 1. Fluid shear on osteocytes (OCYs) induces an influx of extracellular Ca2+ via voltage-
sensitive (V) and perhaps mechanosensitive (M) channels. Shear stress also causes vesicular 
ATP release, which binds to the purinergic receptors P2X (ionotropic) and P2Y (metabotropic). 
Signaling through P2Y is required for Ca2+ release from intracellular stores via a Gq – PLC – PIP2 
– IP3 pathway. PGE2 is released in response to shear stress, perhaps via a P2X7R-dependent 
mechanism. PGE2 binds and signals through one of the EP receptors, probably EP2 and/or EP4, 
and ultimately results in enhanced bone formation. PTH signaling also seems to be required for 
mechanotransduction to occur. Pressure in the marrow cavity and/or fluid shear forces on marrow 
stromal cells (MSCs) may stimulate NOS activity and NO release. NO is a strong inhibitor of bone 
resorption and probably acts by inhibiting receptor activator of NF-κB ligand (RANKL) expression, 
while increasing osteoprotegerin (OPG) production (RANKL enhances osteoclast differentiation, 
whereas OPG suppresses this process). ECF indicates extracellular fluid; ERK1/2 = extracellular 
signal-regulated kinase 1/2; OB = osteoblast; PTHrP = parathyroid hormone-related protein. 
 
 
Conclusions 
 
Bone tissue possesses 
mechanotransduction machinery that directs 
bone formation to where it is most needed, 
which is the most effective way to 
strengthen bone. However, 
mechanotransduction is only understood as 
a phenomenon; more knowledge of 

molecular mechanisms is needed to better 
design drugs for osteoporosis. Nevertheless, 
several key pathways are emerging from 
skeletal mechanotransduction research, 
including membrane ion channels, ATP 
signaling, and second messengers, such as 
prostaglandins and NO. 
  

 
 
 



BoneKEy-Osteovision. 2004 September;1(9):15-23 
http://www.bonekey-ibms.org/cgi/content/full/ibmske;1/9/15 
DOI: 10.1138/20040135 
 

20 
 

Copyright 2004 International Bone and Mineral Society 

References 
 

1. Frost HM. Bone's mechanostat: a 
2003 update. Anat Rec. 2003 
Dec;275A(2):1081-101.   

2. Chen NX, Ryder KD, Pavalko FM, 
Turner CH, Burr DB, Qiu J, Duncan 
RL. Ca(2+) regulates fluid shear-
induced cytoskeletal reorganization 
and gene expression in osteoblasts. 
Am J Physiol Cell Physiol. 2000 
May;278(5):C989-97.   

3. You J, Reilly GC, Zhen X, Yellowley 
CE, Chen Q, Donahue HJ, Jacobs 
CR. Osteopontin gene regulation by 
oscillatory fluid flow via 
intracellular calcium mobilization 
and activation of mitogen-activated 
protein kinase in MC3T3-E1 
osteoblasts. J Biol Chem. 2001 Apr 
20;276(16):13365-71.   

4. Hung CT, Allen FD, Pollack SR, 
Brighton CT. Intracellular Ca2+ 
stores and extracellular Ca2+ are 
required in the real-time Ca2+ 
response of bone cells experiencing 
fluid flow. J Biomech. 1996 
Nov;29(11):1411-7.    

5. You J, Jacobs CR, Steinberg TH, 
Donahue HJ. P2Y purinoceptors are 
responsible for oscillatory fluid flow-
induced intracellular calcium 
mobilization in osteoblastic cells. 
J Biol Chem. 2002 Dec 
13;277(50):48724-9.  

6. Rawlinson SC, Pitsillides AA, 
Lanyon LE. Involvement of different 
ion channels in osteoblasts' and 
osteocytes' early responses to 
mechanical strain. Bone. 1996 
Dec;19(6):609-14.  

7. Li J, Duncan RL, Burr DB, Turner 
CH. L-type calcium channels 
mediate mechanically induced bone 
formation in vivo. J Bone Miner Res. 
2002 Oct;17(10):1795-800.   

8. Li J, Duncan RL, Burr DB, Gattone 
VH, Turner CH. Parathyroid 
hormone enhances mechanically 
induced bone formation, possibly 
involving L-type voltage-sensitive 

calcium channels. Endocrinology. 
2003 Apr;144(4):1226-33.   

9. Pavalko FM, Burridge K. Disruption 
of the actin cytoskeleton after 
microinjection of proteolytic 
fragments of alpha-actinin. J Cell 
Biol. 1991 Aug;114(3):481-91.   

10. Pavalko FM, Chen NX, Turner CH, 
Burr DB, Atkinson S, Hsieh YF, Qiu 
J, Duncan RL. Fluid shear-induced 
mechanical signaling in MC3T3-E1 
osteoblasts requires cytoskeleton-
integrin interactions. Am J Physiol. 
1998 Dec;275(6 Pt 1):C1591-601.   

11. Meazzini MC, Toma CD, Schaffer 
JL, Gray ML, Gerstenfeld LC. 
Osteoblast cytoskeletal modulation 
in response to mechanical strain in 
vitro. J Orthop Res. 1998 
Mar;16(2):170-80.  

12. Reich KM, Gay CV, Frangos JA. 
Fluid shear stress as a mediator of 
osteoblast cyclic adenosine 
monophosphate production. J Cell 
Physiol. 1990 Apr;143(1):100-4.  

13. Klein-Nulend J, Burger EH, Semeins 
CM, Raisz LG, Pilbeam CC. 
Pulsating fluid flow stimulates 
prostaglandin release and inducible 
prostaglandin G/H synthase mRNA 
expression in primary mouse bone 
cells. J Bone Miner Res. 1997 
Jan;12(1):45-51. 

14. Johnson DL, McAllister TN, Frangos 
JA. Fluid flow stimulates rapid and 
continuous release of nitric oxide in 
osteoblasts. Am J Physiol. 1996 
Jul;271(1 Pt 1):E205-8. 

15. Pitsillides AA, Rawlinson SC, 
Suswillo RF, Bourrin S, Zaman G, 
Lanyon LE. Mechanical strain-
induced NO production by bone 
cells: a possible role in adaptive 
bone (re)modeling? FASEB J. 1995 
Dec;9(15):1614-22. 

16. Chow JW, Fox SW, Lean JM, 
Chambers TJ. Role of nitric oxide 
and prostaglandins in mechanically 



BoneKEy-Osteovision. 2004 September;1(9):15-23 
http://www.bonekey-ibms.org/cgi/content/full/ibmske;1/9/15 
DOI: 10.1138/20040135 
 

21 
 

Copyright 2004 International Bone and Mineral Society 

induced bone formation. J Bone 
Miner Res. 1998 Jun;13(6):1039-44. 

17. Forwood MR. Inducible cyclo-
oxygenase (COX-2) mediates the 
induction of bone formation by 
mechanical loading in vivo. J Bone 
Miner Res. 1996 Nov;11(11):1688-
93.  

18. Li J, Burr DB, Turner CH. 
Suppression of prostaglandin 
synthesis with NS-398 has different 
effects on endocortical and 
periosteal bone formation induced 
by mechanical loading. Calcif Tissue 
Int. 2002 Apr;70(4):320-9.  

19. Turner CH, Takano Y, Owan I, 
Murrell GA. Nitric oxide inhibitor L-
NAME suppresses mechanically 
induced bone formation in rats. Am 
J Physiol. 1996 Apr;270(4 Pt 
1):E634-9. 

20. Rodan GA, Bourret LA, Harvey A, 
Mensi T. Cyclic AMP and cyclic 
GMP: mediators of the mechanical 
effects on bone remodeling. 
Science. 1975 Aug 
8;189(4201):467-9. 

21. MacIntyre I, Zaidi M, Alam AS, Datta 
HK, Moonga BS, Lidbury PS, 
Hecker M, Vane JR. Osteoclastic 
inhibition: an action of nitric oxide 
not mediated by cyclic GMP. 
Proc Natl Acad Sci U S A. 1991 Apr 
1;88(7):2936-40. 

22. Lowik CW, Nibbering PH, van de 
Ruit M, Papapoulos SE. Inducible 
production of nitric oxide in 
osteoblast-like cells and in fetal 
mouse bone explants is associated 
with suppression of osteoclastic 
bone resorption. J Clin Invest. 1994 
Apr;93(4):1465-72. 

23. Kasten TP, Collin-Osdoby P, Patel 
N, Osdoby P, Krukowski M, Misko 
TP, Settle SL, Currie MG, Nickols 
GA. Potentiation of osteoclast bone-
resorption activity by inhibition of 
nitric oxide synthase. Proc Natl 
Acad Sci U S A. 1994 Apr 
26;91(9):3569-73. 

24. Fan X, Roy E, Zhu L, Murphy TC, 
Ackert-Bicknell C, Hart CM, Rosen 
C, Nanes MS, Rubin J. Nitric oxide 
regulates receptor activator of 
nuclear factor-kappaB ligand and 
osteoprotegerin expression in bone 
marrow stromal cells. 
Endocrinology. 2004 
Feb;145(2):751-9.  

25. Keila S, Kelner A, Weinreb M. 
Systemic prostaglandin E2 
increases cancellous bone 
formation and mass in aging rats 
and stimulates their bone marrow 
osteogenic capacity in vivo and in 
vitro. J Endocrinol. 2001 
Jan;168(1):131-9.  

26. Li XJ, Jee WS, Li YL, Patterson-
Buckendahl P. Transient effects of 
subcutaneously administered 
prostaglandin E2 on cancellous and 
cortical bone in young adult dogs. 
Bone. 1990;11(5):353-64. 

27. Suda M, Tanaka K, Yasoda A, 
Natsui K, Sakuma Y, Tanaka I, 
Ushikubi F, Narumiya S, Nakao K. 
Prostaglandin E2 (PGE2) 
autoamplifies its production through 
EP1 subtype of PGE receptor in 
mouse osteoblastic MC3T3-E1 
cells. Calcif Tissue Int. 1998 
Apr;62(4):327-31. 

28. Machwate M, Harada S, Leu CT, 
Seedor G, Labelle M, Gallant M, 
Hutchins S, Lachance N, Sawyer N, 
Slipetz D, Metters KM, Rodan SB, 
Young R, Rodan GA. Prostaglandin 
receptor EP(4) mediates the bone 
anabolic effects of PGE(2). 
Mol Pharmacol. 2001 Jul;60(1):36-
41. Erratum in: Mol Pharmacol. 
2003 Jul;64(1):192. 

29. Cheng B, Kato Y, Zhao S, Luo J, 
Sprague E, Bonewald LF, Jiang JX. 
PGE(2) is essential for gap junction-
mediated intercellular 
communication between osteocyte-
like MLO-Y4 cells in response to 
mechanical strain. Endocrinology. 
2001 Aug;142(8):3464-73. 

30. Civitelli R, Ziambaras K, Warlow 
PM, Lecanda F, Nelson T, Harley J, 



BoneKEy-Osteovision. 2004 September;1(9):15-23 
http://www.bonekey-ibms.org/cgi/content/full/ibmske;1/9/15 
DOI: 10.1138/20040135 
 

22 
 

Copyright 2004 International Bone and Mineral Society 

Atal N, Beyer EC, Steinberg TH. 
Regulation of connexin43 
expression and function by 
prostaglandin E2 (PGE2) and 
parathyroid hormone (PTH) in 
osteoblastic cells. J Cell Biochem. 
1998 Jan 1;68(1):8-21. 

31. Pavalko FM, Gerard RL, Ponik SM, 
Gallagher PJ, Jin Y, Norvell SM. 
Fluid shear stress inhibits TNF-
alpha-induced apoptosis in 
osteoblasts: a role for fluid shear 
stress-induced activation of PI3-
kinase and inhibition of caspase-3. J 
Cell Physiol. 2003 Feb;194(2):194-
205.  

32. Jorgensen NR, Geist ST, Civitelli R, 
Steinberg TH. ATP- and gap 
junction-dependent intercellular 
calcium signaling in osteoblastic 
cells. J Cell Biol. 1997 Oct 
20;139(2):497-506. 

33. Ke HZ, Qi H, Weidema AF, Zhang 
Q, Panupinthu N, Crawford DT, 
Grasser WA, Paralkar VM, Li M, 
Audoly LP, Gabel CA, Jee WS, 
Dixon SJ, Sims SM, Thompson DD. 
Deletion of the P2X7 nucleotide 
receptor reveals its regulatory roles 
in bone formation and resorption. 
Mol Endocrinol. 2003 
Jul;17(7):1356-67. 

34. Li J, Liu D, Ke HZ, Duncan RL, 
Turner CH. Osteogenesis after 
mechanical loading requires the 
P2X7 nucleotide receptor. J Bone 
Miner Res 2004; 19(Suppl 1), in 
press. 

35. Miyauchi A, Notoya K, Mikuni-
Takagaki Y, Takagi Y, Goto M, Miki 
Y, Takano-Yamamoto T, Jinnai K, 
Takahashi K, Kumegawa M, 
Chihara K, Fujita T. Parathyroid 
hormone-activated volume-sensitive 
calcium influx pathways in 
mechanically loaded osteocytes. J 
Biol Chem. 2000 Feb 
4;275(5):3335-42. 

36. Weinbaum S, Guo P, You L. A new 
view of mechanotransduction and 
strain amplification in cells with 

microvilli and cell processes. 
Biorheology. 2001;38(2-3):119-42. 

37. Reich KM, McAllister TN, Gudi S, 
Frangos JA. Activation of G proteins 
mediates flow-induced 
prostaglandin E2 production in 
osteoblasts. Endocrinology. 1997 
Mar;138(3):1014-8. 

38. Ma Y, Jee WS, Yuan Z, Wei W, 
Chen H, Pun S, Liang H, Lin C. 
Parathyroid hormone and 
mechanical usage have a 
synergistic effect in rat tibial 
diaphyseal cortical bone. J Bone 
Miner Res. 1999 Mar;14(3):439-48. 

39. Chow JW, Fox S, Jagger CJ, 
Chambers TJ. Role for parathyroid 
hormone in mechanical 
responsiveness of rat bone. Am J 
Physiol. 1998 Jan;274(1 Pt 1):E146-
54.  

40. Ryder KD, Duncan RL. Parathyroid 
hormone enhances fluid shear-
induced [Ca2+]i signaling in 
osteoblastic cells through activation 
of mechanosensitive and voltage-
sensitive Ca2+ channels. J Bone 
Miner Res. 2001 Feb;16(2):240-8. 

41. Rehman Q, Lang TF, Arnaud CD, 
Modin GW, Lane NE. Daily 
treatment with parathyroid hormone 
is associated with an increase in 
vertebral cross-sectional area in 
postmenopausal women with 
glucocorticoid-induced osteoporosis. 
Osteoporos Int. 2003 Jan;14(1):77-
81. 

42. Sato M, Westmore M, Clendenon J, 
Smith S, Hannum B, Zeng GQ, 
Brommage R, Turner CH. Three-
dimensional modeling of the effects 
of parathyroid hormone on bone 
distribution in lumbar vertebrae of 
ovariectomized cynomolgus 
macaques. Osteoporos Int. 
2000;11(10):871-80.  

43. Bakker AD, Joldersma M, Klein-
Nulend J, Burger EH. Interactive 
effects of PTH and mechanical 
stress on nitric oxide and PGE2 
production by primary mouse 
osteoblastic cells. Am J Physiol 



BoneKEy-Osteovision. 2004 September;1(9):15-23 
http://www.bonekey-ibms.org/cgi/content/full/ibmske;1/9/15 
DOI: 10.1138/20040135 
 

23 
 

Copyright 2004 International Bone and Mineral Society 

Endocrinol Metab. 2003 
Sep;285(3):E608-13.  

44. Zaman G, Cheng MZ, Jessop HL, 
White R, Lanyon LE. Mechanical 
strain activates estrogen response 
elements in bone cells. Bone. 2000 
Aug;27(2):233-9. 

45. Jessop HL, Sjoberg M, Cheng MZ, 
Zaman G, Wheeler-Jones CP, 
Lanyon LE. Mechanical strain and 
estrogen activate estrogen receptor 
alpha in bone cells. J Bone Miner 
Res. 2001 Jun;16(6):1045-55. 

46. Lee K, Jessop H, Suswillo, R, 
Zaman G, Lanyon L. Endocrinology: 
bone adaptation requires oestrogen 
receptor-alpha. Nature. 2003 Jul 
24;424(6947):389. 

47. Jarvinen TL, Kannus P, Pajamaki I, 
Vuohelainen T, Tuukkanen J, 
Jarvinen M, Sievanen H. Estrogen 
deposits extra mineral into bones of 
female rats in puberty, but 
simultaneously seems to suppress 
the responsiveness of female 
skeleton to mechanical loading. 
Bone. 2003 Jun;32(6):642-51. 

48. Kim BT, Mosekilde L, Duan Y, 
Zhang XZ, Tornvig L, Thomsen JS, 
Seeman E. The structural and 
hormonal basis of sex differences in 
peak appendicular bone strength in 
rats. J Bone Miner Res. 2003 
Jan;18(1):150-5. 

49. Lindberg MK, Moverare S, Skrtic S, 
Alatalo S, Halleen J, Mohan S, 
Gustafsson JA, Ohlsson C. Two 
different pathways for the 
maintenance of trabecular bone in 
adult male mice. J Bone Miner Res. 
2002 Apr;17(4):555-62. 

50. Lindberg MK, Erlandsson M, Alatalo 
SL, Windahl S, Andersson G, 
Halleen JM, Carlsten H, Gustafsson 
JA, Ohlsson C. Estrogen receptor 
alpha, but not estrogen receptor 
beta, is involved in the regulation of 
the OPG/RANKL 
(osteoprotegerin/receptor activator 
of NF-kappa B ligand) ratio and 
serum interleukin-6 in male mice. J 
Endocrinol. 2001 Dec;171(3):425-
33. 

51. Windahl SH, Vidal O, Andersson G, 
Gustafsson JA, Ohlsson C. 
Increased cortical bone mineral 
content but unchanged trabecular 
bone mineral density in female 
ERbeta(-/-) mice. J Clin Invest. 1999 
Oct;104(7):895-901. 

52. Turner RT, Colvard DS, Spelsberg 
TC. Estrogen inhibition of periosteal 
bone formation in rat long bones: 
down-regulation of gene expression 
for bone matrix proteins. 
Endocrinology. 1990 
Sep;127(3):1346-51. 

 


