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Abstract

Bone marrow mesenchymal stem cells that are committed to adipogenesis were exposed daily to high-frequency low-
intensity mechanical vibrations to understand molecular, morphological and ultrastructural adaptations to mechanical sig-
nals during adipogenesis. D|-ORL-UVA mouse bone marrow mesenchymal stem cells were cultured with either growth
or adipogenic medium for | week. Low-intensity vibration signals (15 min/day, 90 Hz, 0.1 g) were applied to one group of
adipogenic cells, while the other adipogenic group served as a sham control. Cellular viability, lipid accumulation, ultra-
structure and morphology were determined with MTT, Oil-Red-O staining, phalloidin staining and atomic force micro-
scopy. Semiquantitative reverse transcription polymerase chain reaction showed expression profile of the genes
responsible for adipogenesis and ultrastructure of cells. Low-intensity vibration signals increased viability of the cells in
adipogenic culture that was reduced significantly compared to quiescent controls. Low-intensity vibration signals also
normalized the effects of adipogenic condition on cell morphology, including area, perimeter, circularization and actin
cytoskeleton. Furthermore, low-intensity vibration signals reduced the expression of some adipogenic markers signifi-
cantly. Mesenchymal stem cells are sensitive and responsive to mechanical loads, but debilitating conditions such as aging
or obesity may steer mesenchymal stem cells toward adipogenesis. Here, daily application of low-intensity vibration sig-
nals partially neutralized the effects of adipogenic induction on mesenchymal stem cells, suggesting that these signals may
provide an alternative and/or complementary option to reduce fat deposition.

Keywords
Mesenchymal stem cells, vibrations, in vitro cell culture, mechanical signals, adipogenic commitment, bone marrow

Date received: |3 November 2015; accepted: 9 December 2016

Introduction form marrow adipocytes.9 Studies show that obesity
inducing factors, such as high fat diet'®'" or leptin defi-
ciency,'? may disturb bone marrow mesenchymal stem
cell population, increase bone marrow fat and be detri-
mental to bone structure. These observations are sup-
ported by clinical evidence that an inverse relationship
exists between bone marrow fat and bone mass.'*!°
Bone marrow fat may be a serious threat to bone

Obesity is a multifactorial disease that leads to serious
health problems such as type 2 diabetes, cardiovascular
and cerebrovascular diseases, hypertension, digestive
disorders and cancer. The number of deaths declared by
the World Health Report shows the severity of the prob-
lem which indicates that more than 2.5 million of deaths
worldwide per year are weight related.' Increased fat
content in adipose tissue is the hallmark of obesity? and
that increase is related to genetic factors® as well as poor o I )
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health, not only because adipocytes compete with the
osteoblasts for the same stem cell pool, but also the
bone marrow composition can become more adipo-
genic and pro-inflammatory during the progression of
fat accumulation.'® Protection of bone marrow from
adipogenesis may require strategies that directly
affect stem cell population and steer commitment of
those cells to osteogenesis from adipogenesis.'” Out
of those strategies, efforts of daily mechanical interven-
tion showed promising results in suppressing
marrow adipogenesis during diet-induced obesity in
mice.” Suppressing marrow adipogenesis with a non-
pharmaceutical strategy that also affects other organs
and systems positively is plausible, yet the information
on which constituents of a mechanical signal is sensed
and responded by bone marrow stem cells is still
limited.'®"

Bone cells sense and respond to different forms of
mechanical loads, including cyclic stretch,? static pres-
sure,?! shear stress’>>® and nanoscale mechanotrans-
duction.**?* In addition to these loading variants, daily
application of low-intensity ( < 0.5g, 1g = 9.81 m/s?)
vibrations (LIVs) in high frequencies (> 30 Hz) is ana-
bolic to bone tissue and can suppress obesity in murine
and clinical studies.”**® LIV can also help maintaining
a healthy bone marrow during conditions that are det-
rimental to bone marrow, such as mechanical disuse?
or diet-induced obesity.>® On cellular level, LIV acts as
pro-osteogenic to bone marrow stem cells and influ-
ences their proliferation, morphology, cell-to-cell com-
munication and molecular markers in vitro®' >* but
cells of other developmental origins, such as epithelial
cells, appear to be less sensitive to LIV signals.>*
Furthermore, in vitro application of LIV signals during
adipogenesis inhibit lipid accumulation.

Application of LIV in vitro induces a broad range of
cellular and molecular responses to osteoprogenitor
cells,**>” however these responses are less known for
stem cells that are committed to adipogenesis. Here, we
subjected D1-ORL-UVA mouse bone marrow stem
cells daily to LIV signals during induced adipogenesis
to document isolated cellular adaptation of stem cells
on morphological, ultrastructural and molecular level.

Materials and methods

Cell culture

Mouse bone marrow pluripotent stem cell line
DI-ORL-UVA (American Type Culture Collection,
USA) that is able to differentiate into all mesenchymal
cell types including adipocytes was used in all experi-
ments. DI-ORL-UVA cells were grown and main-
tained in Dulbecco’s Modified Eagles Medium
(DMEM; Thermo Scientific HyClone, USA) supple-
mented with 10% fetal bovine serum (Biological
Industries, Israel) and 1% penicillin/streptomycin
(Biological Industries, Israel) as instructed by the

vendor. For all experiments, DI-ORL-UVA cells were
used between passages 6 and 12. Adipogenic induction
is achieved by addition of 5pug/mL of insulin (Sigma,
USA), 50uM of indomethacin (Sigma, USA) and
10 nM of dexamethasone (Sigma, USA) to the growth
medium, which can induce lipid accumulation. For all
experiments except atomic force microscopy (AFM)
and reverse transcription polymerase chain reaction
(RT-PCR), D1-ORL-UVA cells were plated at a den-
sity of 500 cells/well in 24-well plates (Corning, USA)
for individual cell morphology analysis and maintained
in the growth medium at 37°C and 5% CO,. Plated cell
number was selected based on the criteria that at the
end of experiment, cells would reach to 80%—-90% con-
fluency. For AFM experiments, 8 X 10* cells were
grown on 10cm plates and 5 X 10* cells were grown on
6-well plates for RT-PCR experiments. During experi-
ments, cells were first allowed to adhere to the culture
plate for 2days and then media was either refreshed
(for quiescence) or changed with adipogenic media (for
adipogenesis). Culture media was changed every 3 days
and all experiments were terminated at day 9 for mor-
phology, lipid content, mRNA expressions and AFM.
Some cultures were continued to assess osteogenic
potential of DI1-ORL-UVA cells after adipogenic
induction. For those experiments, osteogenic supple-
ments (1000 wg/mL ascorbic acid and 10mM B-gly-
cerol phosphate; Sigma, USA) were used to replace
adipogenic supplements. These follow-up experiments
were either continued for 1 week for mRNA expression
or 2weeks for micrographs of lipid and calcium phos-
phate accumulation.

Mechanical stimulation

Cells were either subjected to 90Hz, 0.15g vibrations
for 7days (15min/day) under room conditions or
received sham treatment to eliminate the effects of
ambient conditions.*'** Briefly, proper sinusoidal sig-
nals were generated via a custom-made platform
(Figure 1) and the brevity of this mechanical signal was
continuously monitored with a real-time accelerometer
(K-Beam; Kistler, USA) through LabVIEW 2010
Signal Express software (National Instruments, USA).
D1-ORL-UVA cells that were kept in the growth
media and received daily sham loading were reported
as Growth Control (GC). D1-ORL-UVA cells that
were cultured in adipogenic media that received daily
loading were reported as Adipogenic Vibration (AV),
while adipogenic DI1-ORL-UVA cells that received
sham loading were reported as Adipogenic Control
(AC). To understand long-term osteogenic potential,
after 9days, GC, AC and AV groups were continu-
ously cultured in osteogenic media (GCO—Growth
Control followed by osteogenic induction, ACO—
Adipogenic Control followed by osteogenic induction
and AVO—Adipogenic Vibration followed by osteo-
genic induction).
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Figure I. Mechanical stimulation applied to the cells at 90 Hz
and 0.15 g for the study: (a) components of the mechanical
vibration delivery platform and (b) representative data from
time and frequency domains. Note that the small peak in 50 Hz
corresponds to the electromagnetic noise from the power grid.

Cell growth and viability

At day 9, cell viability was analyzed via MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
assay, in which cells were incubated with 0.5mg/mL
MTT (AMRESCO LLC, USA) for 4 h. After the incu-
bation, tetrazolium salts were dissolved in 600 wL
dimethyl sulfoxide (DMSO) for 2 min and colorimetric
measurements were done at 570 nm with a background
subtraction at 650 nm.

Immunostaining and fluorescent microscopy

Cells were washed with phosphate buffered saline
(PBS) and fixed with 4% paraformaldehyde (PFA) for
20 min. PFA was triple washed with PBS followed by
membrane permeabilization with 0.1% Triton X/PBS
for 15min. Cells were blocked with 3% bovine serum
albumin (BSA) in 0.1% Triton X/PBS for 30 min and
were then incubated with Alexa488-conjugated phalloi-
din (Invitrogen, USA) for 30min in the dark for the
imaging of actin filaments. After gentle washing with
PBS, cells were incubated in 4',6-diamidino-2-phenylin-
dole (DAPI) solution for visualization of nuclei. Images
were acquired with an inverted microscope and fluores-
cent attachment (CKX71; Olympus, Japan). A mini-
mum of 10 sample images were used for signal intensity
measurement per condition from three different experi-
ments. Images were analyzed using ImageJ software.
Lipid content of cells was determined with Oil-Red-O

staining, while calcium phosphate accumulation was
determined with alizarin red stains.

AFM

Nanosurf FlexAFM (Nanosurf, Switzerland) was used
to get AFM images. Cells were probed with Non-
Contact/Tapping Mode-Long Cantilever-Reflex
Coating (NCLR) tip with 190 kHz resonance frequency
and 48 N/m force constant in DMEM. Scans were con-
ducted with 71.4143kHz vibration frequency and
3.07mV vibration amplitude. Cells were analyzed for
average surface roughness (Ra), root-mean-square
roughness (Rq), maximum height (Ry), maximum peak
height (Rp) and maximum valley depth (Rv) using
AFM image processing software Nanosurf Scan.

Gene expression analysis

Cells were lysed and total mRNA was isolated using
PureLink RNA mini kit (Invitrogen, USA). After veri-
fication of purity and determination of concentration
with NanoDrop (ND-1000; Thermo Scientific, USA),
two-step real-time PCR was performed. For reverse
transcription reaction, RevertAid first strand cDNA
synthesis kit (Thermo Scientific, USA) was used with
1000 ng template RNA. cDNA samples of 7.5 wL were
loaded with 12 uL of Sybr Green (Thermo Scientific,
USA), 2.5pL forward and reverse primers of adipo-
genic, osteogenic markers and cytoskeletal molecules
for semiquantitative RT-PCR (Bio-Rad, USA), where
GAPDH (glyceraldehyde 3-phosphate dehydrogenase)
was used as the house-keeping molecule (Table 1). For
all groups, 3—4 samples were used for gene expression
analysis.

Statistical analysis

All results were expressed as mean (*+ standard devia-
tion). Group comparisons were done using unpaired
t-tests between growth and adipogenic as well as con-
trol and vibration groups, in which the threshold for
statistical significance was set to 5%.

Results

Adipogenic induction and cell viability

Adipogenic induction resulted in positive Oil-Red-O
signal showing the lipid accumulation in DI1-ORL-
UVA cells at the end of first week, while stem cells that
remained in growth media did not show any signal
(Figure 2(a) and (b)). Cells that received mechanical
vibrations showed lipid accumulation to a lesser extent
(Figure 2(c)). Viability of AC cells was 28% (p < 0.01)
smaller compared to GC cells. Daily application of
LIV signal increased observed viability in AV group by
45% (p < 0.01) compared to AC cells (Figure 3).
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Table |. Primers designed for the gene expression analysis of cytoskeletal elements, adipogenic and osteogenic markers for D |-
ORL-UVA mouse mesenchymal stem cells. GAPDH (glyceraldehyde 3-phosphate dehydrogenase) was used as the house-keeping

molecule for all groups.

Gene Direction Sequence
B-Actin F CTTCTTTGC AGCTCCTTC GTT

R TTC TGACCC ATT CCCACCA
Desmin F GTG AAG ATG GCC TTG GAT GT

R GTA GCC TCG CTG ACAACCTC
Vimentin F ACG GTT GAG ACC AGA GAT GG

R CGTCTTTTG GGG TGT CAGTT
Lamin F ATC AAC TCC ACT GGA GAA GAAGT

R CAG ACA GGA GGT GGC ATG T
Collagen la F CAC CCT CAAGAG CCT GAG TC

R AGA CCG CTG AGT AGG GAA CA
[3-catenin F AAG GAA GCT TCC AGA CAT GC

R GCTTGC TCT CTT GAT TGC C
Osteocalcin F CTG ACA AAG CCTTCATGT CCAA

R GCG CCG GAG TCTGTT CACTA
Adipsin F GCTATC CCAGAATGC CTC GTT

R CCACTT CTT TGT CCT CGTATT GC
Resistin F CAA CTC CCT GTT TCC AAATGC

R CTC AAG ACT GCT GTG CCT TCT
C/EBP-a F TGG ACA AGA ACA GCA ACG AGTAC

R GCA GTT GCC CAT GGC CTT GAC
ENC-1 F AAG CTT CGG CATA

R AAG CT,| A
PPARYy F GCCTTG CTG TGG GGATGT C

R TCCTTGGCCCTCTGAGATGAG
PTK2 F TTG GAC CTG GCATCT TTG AT

R AGA ACATTC CGA GCA GCA AT
GAPDH F GAC ATG CCG CCT GGA GAA AC

R AGC CCAGGATGC CCTTTAGT
Cell morphology and AFM Gene expression

Morphological and ultrastructural differences induced
by adipogenesis and daily application of LIV were
quantified by single-cell analysis. Adipogenic induction
reduced cellular area by 39% (p < 0.01) compared to
GC cells (Figure 4(a)). LIV-applied AV cells showed
18% (p = 0.05) larger area compared to AC cells.
Similarly, cellular perimeter was reduced by 42%
(p < 0.01) in AC group compared to GC group
but vibrations increased AV cell perimeter by 20%
(p < 0.01) compared to AC group (Figure 4(b)).
Adipogenic conditions also increased the circularity of
AC cells by 50% (p < 0.01) compared to GC group
(Figure 4(c)). AV group had a 20% (p < 0.01) decrease
in circularity compared to AC cells. Actin fluorescent
signal per area was increased twofold (p < 0.01) with
adipogenic induction (Figure 4(d)). Mechanical vibra-
tions reduced the actin signal in AV group 22% (p
< 0.01) compared to AC cells.

Membrane probing for all groups using fluid-cell
AFM showed that adipogenic induction reduced
average membrane roughness of AC cells by 60%
(p < 0.05) but vibrations did not induce any change
(p = 0.4) in average roughness (Figure 5). Similarly,
application of LIV signals did not change the Rq, Ry
of cell surface, Rv of the cell surface roughness and Rp
(Table 2).

Molecular changes in bone marrow stem cells during
adipogenesis and vibrations were analyzed by semi-
quantitative RT-PCR (Figure 6). Results showed that
neither adipogenesis nor vibration change the expres-
sion of ultrastructural molecule actin, desmin and
lamin as well as B-catenin levels in DI-ORL-UVA
cells. Vimentin level was decreased by 36% (p < 0.05)
in AV group compared to AC cells. Adipogenic induc-
tion reduced the collagen level by 60% (p < 0.05)
compared to GC cells and AV cells showed a decline
by 57% (p < 0.01) relative to AC cells. Adipogenic
markers adipsin and resistin were increased in AC
cells by 19-fold and 214-fold (both p < 0.05), while
vibration decreased the expression level of these genes
by 59% and 94%, respectively (both p < 0.05).
Another adipogenic marker c-EBPa was increased by
55% (p = 0.05) in AC cells compared to GC cells, and
its expression was normalized with vibration by 52%
(p < 0.05) in AV group. PPARy which is another
regulator of adipogenesis showed a 40% (p < 0.05)
decrease in AV cells compared to AC cells. Moreover,
expression level of ENC-1 gene was normalized and
showed a closer level with GC cells via vibration by
2.5-fold increase in AV group compared to AC group
(p =0.01).



164

Proc IMechE Part H: | Engineering in Medicine 231(2)

Q @
| ()
e ? *
L J
,b jel |
\ e o/
~ ° :
> . L mom
‘ -

s . 2 < 3
: @ PTG
. o f, . - !
N A ¢ EREFES 15
o) RS g 3
TR A
’ ‘-.
. ’ .
L
«® Y
% ‘ .
S

Figure 2. Light microscopy of Oil-Red-O stain (lipid
accumulation) in DI-ORL-UVA cells after | week of culture in
(a) growth media, (b) adipogenic media and (c) adipogenic media
with daily application of mechanical vibrations.

Osteogenic potential

To test multipotency of DI-ORL-UVA cells after adi-
pogenic induction, we replaced adipogenic supplements
in the media with osteogenic supplements. Cells that
did not receive adipogenic supplement earlier (GCO)
were able to form clear mineral deposition after 2 weeks
of osteogenic culture (Figure 7(a)). Adipogenic culture
cells (ACO) were also able to form mineral deposits to
a lesser extent once exposed to osteogenic conditions.
Cells that received LIV during adipogenesis (AVO)
showed larger accumulation of deposits during
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Figure 3. Viability of the cells as quantified by MTT assay.
GC: Growth Control; AC: Adipogenic Control; AV: Adipogenic
Vibration.

Results are presented as mean =+ SD.

*p < 0.05 between GC and AG; er < 0.05 between AC and AV.

osteogenesis, even though LIV was discontinued on
these cells during osteogenesis (Figure 7(a) and (c)).
Furthermore, ACO cells still retained their lipid dro-
plets after 2weeks unlike AVO cells (Figure 7(c)).
Osteocalcin, a molecular marker for osteogenesis was
65% (p = 0.02) larger in AVO cells compared to ACO
(Figure 7(b)). PPARYy of AVO cells on the other hand
showed a trend (—40%, p = 0.15) in being smaller
compared to ACO cells.

Discussion

Morphological and molecular effects of LIV on bone
marrow mesenchymal stem cells during adipogenic
commitment were investigated in this study. LIV signal
was applied daily for 15min/day in low magnitude
(0.15¢g) and high frequency (90 Hz) for 1 week. Results
showed that adipogenesis-induced changes in morpho-
logical and molecular markers of stem cells were par-
tially normalized with daily mechanical signals similar
to quiescent controls. LIV application helped stem cells
to retain their osteogenic potential better once the adi-
pogenic environment was removed.

Inhibition of adipogenesis using mechanical signals
in vitro was initially studied using low-frequency, high-
magnitude signals, similar to those that are experienced
during strenuous exercise. It was shown that applica-
tion of cyclic mechanical stretching® and uniform biax-
ial strain®® reduced lipid accumulation in fibroblasts.
Reduced lipid accumulation in fibroblasts was linked to
the increased expression of B-catenin®’ and suppression
in PPARY.? Observations on the suppressive effect of
mechanical signals were also held with lower magnitude
and higher frequency signal form, both in vivo®®2"¥
and in vitro.>*%° Although our results did not indicate
a drastic change in B-catenin levels and possible invol-
vement of WNT pathway in DI-ORL-UVA cells, we
observed that expression levels of various adipogenic
markers were significantly reduced with the presence of
LIV signals. Adipsin,*' ¢/EBP-a** and PPARy**** are
important adipocyte specific markers and significant
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Figure 4. Differences in morphological and ultrastructural properties of cells including (a) area, (b) perimeter, (c) circularization
and (d) area normalized actin signal.
GC: Growth Control; AC: Adipogenic Control; AV: Adipogenic Vibration.
Results are presented as mean = SD.
*p < 0.05 between GC and AC; Tp < 0.05 between AC and AV.
Table 2. Components of cellular membrane roughness recorded with AFM probing including root-mean-square roughness (Rq),
maximum height (Ry) of cell surface, maximum valley depth (Rv) of the cell surface roughness and maximum peak height (Rp).
Group Rq (nm) Ry (nm) Rv (nm) Rp (nm)
GC 2.86 = 1.46 13.97 = 5.74* —-322+217 10.75 = 3.62*
AC 0.65 +0.26 3.71 = 1.34* —1.73x1.10 1.99 = 0.30*
AV 0.59 £ 0.07 3.18+0.77 —1.47 £ 0.31 .71 =0.59

GC: Growth Control; AC: Adipogenic Control; AV: Adipogenic Vibration;

height; Rv: maximum valley depth; Rp: maximum peak height.
Results are presented as mean = SD.
*p < 0.05 between Growth Control and Adipogenic Control groups.

suppression in their expression suggests that LIV sup-
presses adipogenic commitment and differentiation of
bone marrow stem cells.

Application of LIV signals during adipogenic induc-
tion also resulted in physical changes in the bone mar-
row stem cells. Adipogenesis-induced circularization in
bone marrow stem cells** was suppressed with LIV sig-
nals. Actin network is the main determinant of the
shape and structure of cells, and actin remodeling is
required for adipogenesis.*> The rearrangement and
increase in actin provide stability to the cell shape dur-
ing lipid accumulation.**® Our previous results
showed that LIV application increased total actin con-
tent in bone marrow stem cells during quiescence and
osteogenic commitment but that increase was homoge-
neous through the cell.*! Here, actin signal for adipo-
genic cells was mainly observed in cellular periphery
but actin signal was lower when the circularization was

SD: standard deviation; Rq: root-mean-square roughness; Ry: maximum

reduced and fibroblastic shape retained. In addition to
actin, ENC-1, an actin binding protein, plays media-
tory role in differentiation of fibroblastic preadipocytes
to mature adipocytes during cytoskeletal reorganiza-
tion and consistent with our results, its expression lev-
els are scant in mature adipocytes,*’ suggesting that
stem cells in AC group reached to maturity faster in
vitro, while LIV-applied cells were either delayed or
reverted to quiescent like characteristics.

In addition to shape and motility, cellular ultrastruc-
ture also determines the mechanical properties and
stiffness of cells.**** Bone marrow stem cells decrease
their global mechanical stiffness during adipogenesis,*’
possibly reflecting that reorganization of actin fila-
ments in the cellular periphery is not supported with
cortical stress fibers. Our results suggested that despite
the increase in peripheral actin signal, cellular cortex
was smoother as measured via AFM indicating that
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Figure 5. Membrane probing of D |-ORL-UVA cells in culture media using AFM: (a) representative surface map, (b) 3D surface and
(c) average cellular membrane roughness.

GC: Growth Control; AC: Adipogenic Control; AV: Adipogenic Vibration.

Results are presented as mean = SD.

*p < 0.05 between GC and AC.
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Figure 6. Molecular expression of selected cytoskeletal or adipogenic markers measured by qPCR normalized to house-keeping
gene (GAPDH).

GC: Growth Control, AC: Adipogenic Control, AV: Adipogenic Vibration.

Results are presented as mean = SD.

*p < 0.05 between GC and AG; Tp < 0.05 between AC and AV.
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Figure 7. Osteogenic potential of D|-ORL-UVA cells after | week of adipogenic induction: (a) global alizarin red staining,

(b) molecular expression of osteocalcin and PPAR+y and (c) micrographs from alizarin red and Oil-Red-O stains.

GCO: Growth Control followed by osteogenic induction; ACO: Adipogenic Control followed by osteogenic induction with no adipogenic induction;
AVO: Adipogenic Vibration followed by osteogenic induction with no adipogenic induction and vibration.

Results are presented as mean = SD.
*p < 0.05 between GCO and ACO; Tp < 0.05 between ACO and AVO.
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LIV signals did not induce any change in cortex rough-
ness. Since cells may lose their thicker actin fibers dur-
ing adipogenic differentiation and form new fibers
oriented in a thinner conformation after differentia-
tion,*® perhaps, the resolution of AFM was not able to
probe these thin filaments.

Cytoskeletal elements are also important modulators of
cellular mechanosensitivity, linking regional or global
deformations elsewhere in the cell to nuclear processes.”'*>
Bone marrow mesenchymal stem cells are readily sensitive
and responsive to mechanical loads, however pathological
conditions such as aging and obesity reduce their mechan-
osensitivity and therefore bone marrow adipogenesis
increases with a reduction in bone mass.'® These phenom-
ena are corroborated with degradations in cytoskeletal
assembly during aging and adipogenesis,™>* suggesting
that bone marrow stem cells may not be able to benefit
from LIV signals with high efficacy. Restoration of
mechanosensitivity during debilitating conditions may be
required to revert and increase osteogenic potential of adi-
pocyte committed mesenchymal stem cells. Improved
understanding on the sub-cellular determinants of mechan-
osensitivity may guide the clinical efforts for the suppres-
sion of bone marrow adipogenesis and increase in bone
mass during aging and obesity.
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