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Jiang, Guang-Liang, Charles R. White, Hazel Y.
Stevens, and John A. Frangos. Temporal gradients in
shear stimulate osteoblastic proliferation via ERK1/2 and
retinoblastoma protein. Am J Physiol Endocrinol Metab 283:
E383–E389, 2002. First published April 23, 2002; 10.1152/
ajpendo.00547.2001.—Bone cells are subject to interstitial
fluid flow (IFF) driven by venous pressure and mechanical
loading. Rapid dynamic changes in mechanical loading cause
transient gradients in IFF. The effects of pulsatile flow (tem-
poral gradients in fluid shear) on rat UMR106 cells and rat
primary osteoblastic cells were studied. Pulsatile flow in-
duced a 95% increase in S-phase UMR106 cells compared
with static controls. In contrast, ramped steady flow stimu-
lated only a 3% increase. Similar patterns of S-phase induc-
tion were also observed in rat primary osteoblastic cells.
Pulsatile flow significantly increased relative UMR106 cell
number by 37 and 62% at 1.5 and 24 h, respectively. Pulsatile
flow also significantly increased extracellular signal-regu-
lated kinase (ERK1/2) phosphorylation by 418%, whereas
ramped steady flow reduced ERK1/2 activation to 17% of
control. Correspondingly, retinoblastoma protein was signif-
icantly phosphorylated by pulsatile fluid flow. Inhibition of
mitogen-activated protein (MAP)/ERK kinase (MEK)1/2 by
U0126 (a specific MEK1/2 inhibitor) reduced shear-induced
ERK1/2 phosphorylation and cell proliferation. These find-
ings suggest that temporal gradients in fluid shear stress are
potent stimuli of bone cell proliferation.

shear stress; pulsatile fluid flow; osteoblasts

(RE)MODELING OF BONE in the skeletal system is strongly
influenced by mechanical loading and unloading. Ex-
ercise has been shown to stimulate increases in bone
mass (24), whereas prolonged mechanical unloading
results in bone atrophy (36, 45). It has been hypothe-
sized that exercise-induced (re)modeling of bone may
result from stimulation of osteoblasts by interstitial
fluid flow (IFF) through the porous structure of bone
(10, 31). Interstitial fluid flows radially outward
through the bone cortex and is driven by hydrostatic
pressure gradients across the cortex and pressure gra-
dients from mechanical loading (21, 23, 39, 42). Theo-
retical models of IFF indicate significant fluid shear
stresses in the canaliculi ranging between 6 and 30
dyn/cm2 (44). During physical activity, rapid dynamic
changes in mechanical loading cause transient changes

in bone marrow pressure and IFF (30, 43). Rapid
changes in IFF subject bone cells to large temporal
gradients in interstitial fluid shear stress. Temporal
shear stress gradients are defined as the rapid change
in shear stress over a small period of time (�0.5 s) at
any given location on the cell surface. Steady shear
stress is devoid of temporal gradients and can be es-
tablished if the onset and/or cessation of flow is slowly
transitioned. In any given system of flow, if the change
in flow is sudden, significant temporal gradients are
generated (8, 46). Given that similar temporal gradi-
ents in shear stress in other cell types have been shown
to be promitogenic compared with steady fluid flow (2),
repeated temporal gradients in shear stress through
the bone matrix may also stimulate osteoblast prolif-
eration (10, 43).

A number of investigators have demonstrated that
IFF stimulates elaborate mechanochemical signaling
cascades in osteoblasts. Fluid shear has been shown to
stimulate osteoblast production and release of cAMP,
prostaglandin E2 (PGE2), inositol triphosphate, and
nitric oxide (NO) (17, 32–34). Osteoblasts respond not
only to steady IFF but also to shear intensity and
frequency of fluid flow (11, 16, 22). Pulsatile flow has
been shown to stimulate greater PGE2 production in
osteoblasts compared with steady flow (31). The acti-
vation of G proteins is essential for the flow-mediated
responses in osteoblasts (32). Temporal gradients in
shear cause a fourfold higher NO release, which is
mediated by a G protein- and calcium-dependent path-
way. In contrast, steady fluid flow devoid of temporal
gradients stimulates a low level of NO release, which is
independent of the G protein and calcium pathway
(22). Although IFF mediates both local and systemic
bone homeostasis by stimulating the release of auto-
crine/paracrine factors that alter the dynamic balance
between osteoblast and osteoclast activity, the cellular
response and signaling pathways that dictate osteo-
blast proliferation are poorly understood. The promito-
genic effect of IFF may be mediated via a mitogen-
activated protein kinase (MAPK) pathway. MAPKs are
members of a conserved cascade of kinases that stim-
ulate phosphorylation of transcription factors and
other targets in response to extracellular signals such
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as growth factors, cytokines, and fluid shear stress
(47). In higher eukaryotes, the physiological role of
MAPK signaling has been correlated with cellular
events such as proliferation and progression of the cell
cycle (4, 15). In endothelial cells, fluid shear stress has
been demonstrated to rapidly activate a specific mem-
ber of the MAPK family, extracellular signal-regulated
kinase (ERK1/2) (2). The ERK pathway is thought to be
involved primarily in the regulation of cell prolifera-
tion and differentiation (19), whereas other members of
the MAPK family, such as stress-activated protein
kinase/c-Jun-NH2-terminal kinase and p38, may also
be important in the regulation of cell apoptosis and
inflammation (12, 18, 26). ERK1/2 is believed to medi-
ate cell proliferation through the phosphorylation of
other downstream proteins, one of which is retinoblas-
toma protein (Rb), which controls the cell cycle transi-
tion from G1 phase to S phase (19, 37).

To better elucidate the underlying shear-induced
signal transduction pathway, the present studies ex-
amined the effect of repeated temporal gradients (pul-
satile fluid flow) and ramped steady flow devoid of
temporal gradients on rat osteoblast-like sarcoma cell
(UMR106) and rat primary osteoblastic cell prolifera-
tion. The shear-induced activation of the ERK1/2-sig-
naling pathway and the regulation of cell cycle progres-
sion via Rb phosphorylation was investigated.

MATERIALS AND METHODS

Cell culture and treatment. Rat osteosarcoma UMR106
cells were seeded onto collagen-coated glass microscope
slides at 5 � 105 cells per slide. Cells were grown to conflu-
ence within 72 h in DMEM (Irvine Scientific). Medium was
supplemented with 2% FBS (Biocell), 0.5 U/ml penicillin, and
0.05 mg/ml streptomycin. Confluent cell cultures used for the
ERK1/2 inhibition assay were pretreated with 30 �M U0126
(a specific inhibitor of the MAPK/ERK kinase (MEK)1/2 en-
zyme; Calbiochem) or vehicle for 1 h (27). All cell cultures
were maintained in a humidified 5% CO2-95% air incubator
at 37°C.

Isolation and characterization of rat primary osteoblasts
were prepared using techniques previously described (25,
40). Briefly, femora collected from 3-wk-old female rats were
dissected free of epiphysial cartilage, cleaned of marrow, and
minced finely. Chips were incubated in trypsin (2.5 mg/ml) at
37°C for 10 min, washed and then incubated in collagenase
type IV (Sigma; 1 mg/ml) in Hanks’ balanced salt solution for
1 h at 37°C. Cells were resuspended in �-MEM containing
10% FCS and plated. At confluence, the cells were
trypsinized (day 0, batch 1) and plated at 4.5 � 103 cells/cm2

in �-MEM and 10% FCS with medium changed every 2nd
day. At confluence, cells were supplemented with 100 �g/ml
ascorbic acid and 10 mM �-glycerophosphate to promote
differentiation, and medium was changed every 2nd day. The
cultures were maintained for 16 days of supplementation
(batch 2) and analyzed for expression of osteoblastic features.
Cells were fixed in 4% paraformaldehyde for alkaline phos-
phatase activity (41) and in 70% ethanol for alizarin red
detection of bone nodules (38). Primary osteoblastic cells
supplemented with mineralization medium produced bone
nodules (day 16) and were heterogeneous with patchy stain-
ing for alkaline phosphatase activity.

Flow experiments. Protein-free DMEM supplemented with
0.5 U/ml penicillin and 0.05 mg/ml streptomycin was used as

the perfusing medium for all experimental procedures. Me-
dium perfusion was driven by a computer-controlled syringe
pump through a conventional parallel-plate flow chamber (2).
All flow chambers and accompanying apparatus were main-
tained at 37°C throughout the experiment. Time-matched
sham controls, where cells were placed on the chamber with-
out perfusion, were performed for all experimental groups.

Confluent UMR106 monolayers and rat primary osteoblas-
tic cells were subjected to one of the following laminar flow
files. 1) Ramped steady flow (a smooth 30-s ramped increase
from 0 to 12 dyn/cm2, sustained steady shear for 7 min, and
a smooth 30-s ramped decrease). Cells were left on the
chamber for an additional 7 min after the cessation of flow. 2)
One-hertz pulsatile (a repeated sequence of square-wave
impulses of 12 dyn/cm2 at a frequency of 1 Hz for 15 min). 3)
Cells were removed immediately after the cessation of flow.
Both profiles exposed cells to the same total volume of per-
fusion medium (100 ml) over 15 min.

Cell proliferation assay. Proliferating UMR106 cells and
rat primary osteoblastic cells were identified by using a
commercially available in situ monoclonal antibody kit for
the detection of bromodeoxyuridine (BrdU) incorporation
into cellular DNA during cell division (Boehringer Mann-
heim). Immediately after exposure to flow, slides were re-
moved from the chamber and allowed to recover in an incu-
bator at 37°C for 1 h before the addition of BrdU. UMR106
cells were labeled with 10 mM BrdU for 30 min. Rat primary
osteoblastic cells were labeled with 10 mM BrdU for 30 min
or 24 h. Slides were then fixed with 70% ethanol (in 50 mM
glycine buffer, pH 2.0) and immunostained for BrdU incor-
poration. To identify all cell nuclei, slides were double
stained with 4,6-diamidino-2-phenylindole (DAPI). BrdU-
and DAPI-positive cells were visualized under a fluorescence
microscope (Nikon, Diaphot TMD). Six random, nonoverlap-
ping, �40 high-power fields of view were photographed.
DAPI-positive and corresponding BrdU-positive cells were
visually counted.

Total cell numbers were also independently assessed from
parallel cultures. Cells were trypsinized and counted by the
trypan blue exclusion assay.

Western blot analysis. Cells were collected at 30, 60, and 90
min after fluid flow stimulation. Cells were quickly washed
with ice-cold PBS and lysed in buffer (50 mM HEPES, pH 7.4,
250 mM NaCl, 0.1% Nonidet P-40, 1 mM dithiothreitol, and
1 mM EDTA) at 4°C for 30 min. Samples were clarified by
centrifugation, and protein concentrations were determined.
Proteins were resolved by 12% SDS-PAGE for ERK1/2 acti-
vation and 4–20% gradient SDS-PAGE for Rb. Proteins were
subsequently electroblotted onto Immobilon-P membranes
(Millipore). Membranes were blocked with 4% nonfat milk in
50 mM Tris �HCl, 150 mM NaCl, and 0.1% Tween 20 buffer
(pH 8.0). Membranes were agitated in the same buffer with
primary antibodies overnight at 4°C. Rabbit anti-ERK1/2,
anti-phospho-(p)ERK1/2, and rabbit anti-pRb-780 were pur-
chased from Cell Signaling Technology. Rabbit anti-Rb (c-15)
was purchased from Santa Cruz Biotechnology; horseradish
peroxidase-conjugated anti-rabbit was used as a secondary
antibody (Cell Signaling). Immunodetection was carried out
using enhanced chemiluminescence (Pierce). Protein band
quantitation was performed on a DuoScan T2500 (AGFA).

Statistics. All experimental values are given as means �
SD. All reported values of n represent three separate exper-
iments. Significant differences between means were calcu-
lated using a Student’s t-test and ANOVA. Statistical signif-
icance was taken at the P � 0.05 level.
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Fig. 1. Temporal gradients in shear, but not ramped
steady flow, promoted DNA synthesis in UMR106 and
primary rat osteoblastic cells. One hour after exposure
to flow, cells were labeled with 10 mM bromodeoxyuri-
dine (BrdU) for 30 min and immunostained for BrdU
incorporation. A: typical nuclear 4,6-diamidino-2-phe-
nylindole (DAPI; blue) and BrdU (green) immunostain-
ing in UMR106 cells. Arrows indicate a telophase cell
that had completed DNA synthesis before BrdU label-
ing. B: BrdU-positive UMR106 nuclei expressed as per-
cent sham control. Left: BrdU incorporation in un-
treated cells 1 h after exposure to flow. Right: inhibi-
tion of extracellular signal-regulated kinase (ERK1/2)
activity abolished flow-induced BrdU incorporation in
U0126-treated cells 1 h after exposure to flow. C: BrdU-
positive primary rat osteoblastic nuclei expressed as
percent sham control at 1.5 h (left) and 24 h (right) after
exposure to flow. Values are expressed as means � SD.
*Significant increase in BrdU labeling compared with
both sham controls and ramped steady flow (P � 0.002,
n � 3).
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RESULTS

Effect of pulsatile and ramped steady flow on
UMR106 and primary osteoblastic proliferation. In
UMR106 cells, pulsatile fluid flow induced a 95 � 22%
mean increase in BrdU-positive cells compared with
sham static controls (P � 0.001). In contrast, ramped
steady flow stimulated no significant increase in BrdU
uptake relative to sham static controls (3 � 3%; Fig. 1,
A and B). Furthermore, pulsatile flow significantly
increased UMR106 cell number by 37 � 24 and 62 �
23% at 1.5 and 24 h after flow cessation, respectively
(P � 0.05). Ramped steady flow had no effect on cell
number (Fig. 2).

In primary osteoblastic cells, pulsatile fluid flow in-
duced a significant 52 � 10 and 111 � 48% increase in
BrdU-labeled cells relative to sham controls at 1.5 and
24 h after flow cessation, respectively (P � 0.002; Fig.
1C). In contrast, time-matched BrdU incorporation
into primary osteoblastic cells exposed to ramped
steady flow was not significantly different from that of
time-matched sham controls (91 � 12 and 104 � 5%,
1.5 and 24 h, respectively).

Effect of pulsatile and ramped steady flow on the
ERK1/2-signaling pathway and regulation of cell cycle.
Pulsatile fluid flow resulted in a significant 14-fold
increase in Rb phosphorylation relative to sham con-
trol (P � 0.05). Ramped steady flow induced only a
fourfold increase in Rb phosphorylation (Fig. 3). To test
whether pulsatile fluid flow-induced phosphorylation
of Rb was mediated by a mitogen-activated protein
kinase (MAPK) pathway, activation of ERK1/2 was
monitored. Pulsatile fluid flow generated a significant
fourfold peak increase in ERK1/2 phosphorylation (rel-
ative to sham controls) 30 min after the cessation of
flow (P � 0.05; Fig. 4, A and B). Elevated levels of
ERK1/2 phosphorylation were sustained over 90 min,
whereas ramped steady flow did not significantly in-
crease ERK1/2 phosphorylation over the same period.
In contrast, ramped steady flow decreased ERK1/2

Fig. 2. Temporal gradients in shear, but not ramped steady flow,
stimulated the proliferation of UMR106 cells. Left: in untreated cells,
total cell number increased significantly relative to sham control 1.5
and 24 h after exposure to pulsatile fluid flow. Right: inhibition of
ERK1/2 activity abolished flow-induced proliferation in U0126-
treated cells 1.5 and 24 h after exposure to flow. Values are expressed
as means � SD. *Significant increase in cell number compared with
both sham controls and ramped steady flow (P � 0.05, n � 3).

Fig. 3. Temporal gradients in shear stimulated the phosphorylation
of retinoblastoma (Rb) protein. Rb samples were prepared 1.5 h after
exposure to fluid flow. Equal amounts of total protein were resolved
in SDS-PAGE. A: total Rb protein was probed with Rb c-15 antibody
binding with both phosphorylated (p) and dephosphorylated forms.
pRb was probed with pRb780 phosphorylation-specific antibody. B:
densitometric quantification of Rb phosphorylation. Relative levels
of pRb over Rb were obtained by dividing the levels of pRb/Rb in cells
exposed to ramped steady flow or pulsatile flow by that in time-
matched sham control cells. Values are expressed as means � SD.
*Significant increase in Rb phosphorylation compared with both
sham controls and ramped steady flow (P � 0.05, n � 3).

Fig. 4. Temporal gradients in shear, but not ramped steady flow,
induced specific phosphorylation of ERK1/2. A: Western blot result
showing both phosphorylated and total ERK1/2 proteins recognized
by specific antibodies. B: densitometric quantification of flow-in-
duced activation of ERK1/2. Relative levels of pERK1/2 over ERK1/2
were obtained by dividing the levels of pERK/ERK in cells exposed to
ramped steady flow or pulsatile flow by that in time-matched sham
control cells. Values are expressed as means � SD. *Significant
increase in ERK1/2 phosphorylation compared with ramped steady
flow (P � 0.001, n � 3).
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phosphorylation to 17% of control 90 min after the
cessation of flow. Activation of ERK1/2 by fluid shear
was inhibited with the addition of U0126 (Fig. 5A).
Flow-induced phosphorylation of Rb was also inhibited
when cells were treated with the MEK1/2 inhibitor
U0126 (Fig. 5B).

To address whether inactivation of the MEK/ERK
signal cascade can functionally affect shear-stimulated
proliferation, BrdU incorporation was also assessed in
the presence of U0126. U0126 treatment clearly abol-
ished pulsatile fluid flow-stimulated proliferation
(Figs. 1B and 2).

DISCUSSION

Exercise has long been recognized as a potent stim-
ulant of bone (re)modeling (24). It has been hypothe-
sized that exercise-induced remodeling of bone may
result from stimulation of osteoblasts by IFF (10, 34).
At rest, IFF is relatively steady, with only minor fluc-
tuations driven by microvascular pressure pulsations
(28). During physical activity, rapid dynamic changes
in mechanical loading cause large temporal gradients
in interstitial fluid shear stress induced by increases in
intramedullary pressure (30, 43). Similar to other cell
types (2, 46), osteoblasts selectively discriminate be-
tween distinct fluid flow profiles. Two distinct fluid flow
profiles, steady shear stress and temporal gradients in
shear, have been shown to stimulate different biochem-
ical pathways in osteoblasts (16, 22). The present study
is the first to demonstrate that temporal gradients in
shear stimulate osteoblast proliferation. By use of well

defined computer-controlled fluid flow profiles, re-
peated temporal gradients in shear stress (pulsatile
fluid flow) were found to selectively promote the prolif-
eration of cultured rat osteosarcoma UMR106 cells and
primary rat osteoblastic cells. Conversely, steady shear
stress devoid of temporal gradients (ramped steady
flow) did not induce such a response. Furthermore,
pulsatile fluid flow was shown to stimulate the progres-
sion of the cell cycle via the ERK1/2-signaling pathway
and the subsequent phosphorylation of retinoblastoma
protein.

In vivo, IFF has been associated with other biophys-
ical phenomena, such as chemotransport and stream-
ing potentials. Fluid flow increases chemotransport,
generates a streaming potential, and subjects the en-
dosteal surface and osteocytes in the canaliculi to fluid
shear stresses (23, 28, 29, 44). In a parallel plate flow
chamber, an increase in chemotransport is predicted
only between 0 and 0.25 dyn/cm2 (3). Dose-dependent
shear stress, release of NO, and shear-induced in-
creases of intracellular calcium have been demon-
strated to be independent of chemotransport (14, 22,
34). Therefore, it is unlikely that chemotransport me-
diates flow-induced signaling at shear above 0.25 dyn/
cm2. Similarly, streaming potentials are also depen-
dent on shear rate but do not vary with viscosity (22).
Although other possible signaling mechanisms of shear
stress are not fully excluded, shear-induced signal
transduction, independent of chemotransport or stream-
ing potentials, likely represents the primary biophysi-
cal stimulus in the present study.

Fig. 5. U0126 abolished fluid flow-in-
duced phosphorylation of ERK1/2 and
Rb. A: Western blot showing the effect
of U0126 treatment on phosphorylated
ERK1/2 proteins (left). Densitometric
quantification of flow-induced activa-
tion of ERK1/2. Relative levels of
pERK1/2 over ERK1/2 (right). B: West-
ern blot showing the effect of U0126
treatment on phosphorylated Rb pro-
teins (left). Densitometric quantifica-
tion of Rb phosphorylation. Relative
levels of pRb over Rb (right). Values
are expressed as means � SD. *Signif-
icant increase compared with ramped
steady flow (P � 0.05, n � 3).
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In the present study, the mitogenic effect of fluid flow
was assessed by BrdU incorporation (Fig. 1) and by
changes in total cell number (Fig. 2). Under appropri-
ate conditions, BrdU is substituted stoichiometrically
for thymidine in newly replicated DNA in a time-
related and concentration-dependent manner. Once a
cell has entered S phase (which in this case is marked
by the uptake of BrdU), it is generally considered to be
fully committed to replication. To segregate cells di-
rectly stimulated by flow from the subsequent replica-
tion of daughter cells under static conditions, BrdU
incorporation was assessed 1.5 h after cells had been
exposed to flow. In relatively slow-growing rat primary
osteoblastic cells, BrdU incorporation was also as-
sessed at 24 h. When exposed to pulsatile flow, several
BrdU-negative cells were observed in the later stages
of telophase (arrows in Fig. 1A), indicating that these
cells had completed DNA synthesis before BrdU label-
ing. This phenomenon suggests that pulsatile fluid flow
may be able to promote mitosis and facilitate G2/M
phase transition. ERK1/2 activation has been reported
to regulate G2/M transition and mitotic exit (M/G1
transition) (9, 49). Activation of ERK1/2 promotes the
completion of cell division within 80 min (48). In con-
trast, the abolishment of ERK1/2 activation induces a
prompt G2 arrest in synchronized G1/S cells (9, 49).
This may also explain why cell number increased fol-
lowing pulsatile flow after only 1.5 h (Fig. 2).

Phosphorylation of Rb controls the cell cycle transi-
tion from G1 phase to S phase. Rb phosphorylation
causes the release of the E2F transcription factor,
which is committed to promote the entrance of S phase
from G1 (6). The phosphorylation of Rb is regulated by
cyclin-dependent kinases (CDK) in combination with
cyclin D1 (1). The induction of cyclin D1 transcription
can be activated by the MAPK-signaling pathway (1, 5,
7). ERK1/2 activation is regulated by the upstream
enzyme MEK1/2. ERK1/2 activation can be specifically
blocked by the MEK1/2 inhibitor U0126. In the present
study, U0126 was able to block the activation of
ERK1/2 induced by temporal gradients in shear (Fig.
5A). U0126 also abolished the phosphorylated form of
Rb resulting from the stimulation of temporal gradi-
ents in shear (Fig. 5B). Subsequently, osteoblast pro-
liferation stimulated by temporal gradients in shear
was inhibited with the addition of ERK1/2 inhibitor
(Figs. 1B and 2). These results suggest that the mito-
genic effect of temporal gradients in shear may be
mediated by the MAPK signal cascade. Upstream ac-
tivation of ERK1/2 mediates Rb phosphorylation and
cell cycle progression. Given that the MAPK pathway
is involved in the upregulation of the transcription of
cyclin D1, which forms a complex with CDK4 to phos-
phorylate Rb, it follows that the activity of ERK1/2
regulates Rb phosphorylation. Although Rb phosphor-
ylation was not significantly elevated above sham con-
trols in response to ramp flow (Fig. 5B), it should be
noted that pRb was enhanced at 1.5 h. This is consis-
tent with the finding that ramp flow also resulted in a
nonsignificant elevation of pERK1/2 at an earlier time
point (Fig. 4B). It is possible that the transient eleva-

tion of pERK1/2 also led to a similar downstream
response in pRb.

In summary, we have shown that temporal gradients
in shear stress lead to enhanced osteoblast prolifera-
tion in both transformed osteoblast-like UMR106 cells
and primary osteoblastic cells, whereas steady, uni-
form shear stress affects proliferation no differently
than in sham controls. Furthermore, the promitogenic
stimulus of the temporal gradient was linked to the
ERK1/2-signaling pathway and the subsequent phos-
phorylation of Rb. Thus this study suggests that cul-
tured bone cells are more responsive to unsteady fluid
shear stress, which in vivo may stimulate proliferation
of osteoblasts in response to changes in mechanical
loading.
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