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ARTICLE INFO ABSTRACT

Keywords: Biomechanical cues could effectively govern cell gene expression to direct the differentiation of specific stem cell
Extracellular fluid viscosity lineage. Recently, the medium viscosity has emerged as a significant mechanical stimulator that regulates the
Osteogenesis ) cellular mechanical properties and various physiological functions. However, whether the medium viscosity can
Cell mechanical properties 1 h hanical . h 1 1L ivel . .

TRPV4 regulate the mechanical properties of human mesenchymal stem cells (hMSCs) to effectively trigger osteogenic
NFATc differentiation remains uncertain. The mechanism by which cells sense and respond to changes in medium

YAP viscosity, and regulate cell mechanical properties to promote osteogenic lineage, remains elusive. In this study,
we demonstrated that hMSCs, cultured in a high-viscosity medium, exhibited larger cell spreading area and
higher intracellular tension, correlated with elevated formation of actin stress fibers and focal adhesion matu-
ration. Furthermore, these changes observed in hMSCs were associated with activation of TRPV4 (transient
receptor potential vanilloid sub-type 4) channels on the cell membrane. This feedback loop among TRPV4
activation, cell spreading and intracellular tension results in calcium influx, which subsequently promotes the
nuclear localization of NFATc1 (nuclear factor of activated T cells 1). Concomitantly, the elevated intracellular
tension induced nuclear deformation and promoted the nuclear localization of YAP (YES-associated protein). The
concurrent activation of NFATc1 and YAP significantly enhanced alkaline phosphatase (ALP) for pre-osteogenic
activity. Taken together, these findings provide a more comprehensive view of how viscosity-induced alterations
in biomechanical properties of MSCs impact the expression of osteogenesis-related genes, and ultimately promote
osteogenic lineage.

1. Introduction modulate various physiological functions of cells, including prolifera-

tion, migration, and differentiation [8,9]. These biomechanical stimuli

Human Mesenchymal stem cells (hMSCs), capable of self-renewal
and differentiation into various cell types, are promising for treating
osteoporosis [1,2]. Although hMSCs for osteoporosis treatment has been
demonstrated in animal models and preclinical investigations, various
challenges have yet to be overcome for their clinical application [3,4].
To date, the pursuit of effective methods to enhance the osteogenic
differentiation of MSCs for clinical application in osteoporosis treat-
ment, remains an ongoing active area of research [5-7].

Biomechanical cues in the cell microenvironment have been identi-
fied as crucial stimuli that can alter gene expression, reorganize the
cytoskeleton, and influence the distribution of focal adhesions, to
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include factors such as fluid shear stress, substrate stiffness, geometric
patterns, mechanical stretching, and viscosity [10-12]. Previous
research has shown that hMSCs, cultured on substrates with a stiffness
exceeding 25 kPa, tend to undergo osteogenic differentiation [13].
Rabbit bone marrow-derived MSCs, exposed to oscillatory shear stress at
10 mPa, effectively enhance their osteogenic differentiation [14].
Likewise, hMSCs, cultivated on polydimethylsiloxane (PDMS) mem-
branes and subjected to cyclic stretching via a mechanical stretching
device (with 8 % strain and 1 Hz frequency), promote their osteogenic
differentiation [15]. Moreover, the guidance provided by cell geometry,
specifically through micropatterning with square and circular shapes of
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the same area (2883 pm?), significantly influences hMSC differentiation.
Square patterns generally favor osteogenic differentiation, while circu-
lar patterns tend to induce adipogenic differentiation [16].

Viscosity stands as a crucial property in the realm of biomedical
sciences, dictating the flow behavior of fluids, including those inherent
to biological systems [17,18]. Within biomedical applications, a
comprehensive understanding of viscosity is paramount for numerous
processes, encompassing drug delivery [19], tissue engineering [20],
and diagnostic methodologies [21]. One notable application of hydrogel
viscosity in biomedical engineering emerges in the realm of 3D bio-
printing. Hydrogel viscosity serves as a supportive biomaterial, facili-
tating diverse avenues for biofabrication, particularly evident in
extrusion-based bioprinting of bioinks [22]. Furthermore, a recent
study from Bera et al. [23] has pinpointed extracellular fluid (ECF)
viscosity as a notable biomechanical trigger capable of altering the
mechanical characteristics of cancer cells. This alteration can, in turn,
enhance the migration and invasion of cancer cells [23]. A highly
viscous ECF regulates various mechanical characteristics in cancer cells,
including cell adhesion, traction force generation, and migratory capa-
bilities, and jointly promotes cancer metastasis [24]. Additionally, ECF
viscosity may serve as a crucial biomechanical cue influencing and
regulating the mechanical properties and differentiation capacity of
stem cells. The viscosity of the physiological microenvironment of
hMSCs, specifically in the bone marrow, ranges from 37.5 to 400 cP,
which is significantly higher than that of the culture medium (0.98 cP)
[25]. However, it remains uncertain whether hMSCs response to the
mechanical environments induced by viscosity can be harnessed to
promote osteogenic differentiation. Furthermore, the mechanisms un-
derlying how hMSCs respond to viscosity stimulation, and to ultimately
enhance osteogenic differentiation, remain elusive.

TRPV4 (transient receptor potential vanilloid sub-type 4) is a non-
selective cation channel that plays a crucial role in sensing shear stress
[26,27], mechanical strain [28], and viscosity [23,24]. The trans-
location of TRPV4 protein from the cytoplasm to the cell membrane is a
crucial step in facilitating calcium influx [29,30]. TRPV4 activation, in
response to mechanical stimuli, increases calcium influx, and activates
the Rho kinase signaling pathway [31], which in turn directs the reor-
ganization of the cytoskeleton and focal adhesions [32]. Furthermore,
the cell cytoskeleton and focal adhesions play crucial roles in mecha-
notransduction, serving as essential components that transmit extra-
cellular stimuli and initiate a signaling cascade [33,34]. This cascade
results in various changes in cell mechanical properties, encompassing
alterations in cell morphology, viscoelastic properties, adhesion, and
traction forces, all of which affect the cell functions [35,36]. The
Yes-associated protein (YAP) assumes a pivotal role as a mechano-
sensitive protein, acting as a vital link between biomechanical stimu-
lation, cellular mechanics, and the physiological and pathological
functions of cells [37,38]. The translocation of YAP into the nucleus
stands as a critical factor in the promotion of osteogenesis [39], and this
translocation is facilitated by biomechanical cues, such as substrate
stiffness, cell spreading area, shear stress, and traction force [38,40,41].
Additionally, the deformation of cells’ nuclei, due to higher intracellular
tension, has been acknowledged as a crucial mechanism in driving YAP
nuclear translocation [42-44]. Thus, these cellular mechanical proper-
ties can serve as the indicators of the differentiation potential of hMSCs,
as well as the critical targets for significant mediators that can be
manipulated to enhance hMSCs differentiation [36,45].

In this study, we aimed to explore the potential application of
manipulating ECF viscosity to improve the biomechanical characteris-
tics of hMSCs and subsequently promote osteogenic differentiation.
Additionally, we sought to understand the role of viscosity stimulation
in regulating the process of osteogenesis. Our findings unveiled that high
ECF viscosity rapidly enhanced the biomechanical properties of hMSCs,
including an increase in cell spreading area and heightened intracellular
tension. Furthermore, our findings revealed a noteworthy connection
between viscosity-induced alterations in biomechanical properties and
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the translocation and activation of TRPV4 channels on the cell mem-
brane. This activation subsequently increased calcium influx and raised
intracellular tension, which played a role in expanding cell spreading
and causing nuclear deformation. These effects, in turn, facilitated the
nuclear translocation of both NFATc and YAP, and ultimately enhanced
osteogenic lineage.

2. Material and method
2.1. Cell culture

Human mesenchymal stromal cells (hMSCs) were purchased from
Lonza (PT-2501). hMSCs were cultivated in DMEM (low glucose) sup-
plemented with 10 % FBS (SH30070.03, Cytiva Hyclone) and 1 %
penicillin/streptomycin (15140-122, Gibco). hMSCs passage ranging
from 4 to 7 [42] were used in this study. For osteogenesis induction, we
used the osteogenesis induction medium (OIM) composed of 0.1 pM
dexamethasone (D8893, Sigma), 5 mM f-glycerophosphate (G9422,
Sigma), and 50 pM L-ascorbic-2-phosphate (FL-4972, Sigma). For adi-
pogenesis induction, we used the adipogenesis induction medium (AIM)
contains 1 pM dexamethasone (SI-D8893, Sigma), 0.5 mM 3-isobutyl-1--
methylxanthine (15879, Sigma), 10 pg/mL insulin (12585-014, Gibco),
and 100 pM indomethacin (18280, Sigma). In cases of mixed differen-
tiation, we used a 1:1 ratio of OIM and AIM media, fostering a more
moderate differentiation environment wherein hMSCs have equal op-
portunities to enter either osteogenic or adipogenic pathways [46-49].

2.2. Staining of MSCs to detect ALP activity and lipid droplets

The effectiveness of directed differentiations was evaluated by using
alkaline phosphatase (ALP) staining for osteogenesis and Oil Red O
staining for adipogenesis. The procedure for staining hMSCs followed
previously established methods [50,51]. Initially, cells were fixed using
4 % paraformaldehyde, followed by a PBS rinse. Subsequently, they
were subjected to staining with Fast BCIP/NBT (B1911, Sigma) to
identify alkaline phosphatase (ALP) activity. Following this, the cells
underwent a 60 % isopropanol rinse and were stained with 30 mg/mL
Oil Red O (1320-06-5, Sigma) in 60 % isopropanol to detect lipids.
Finally, the cells were stained with 5 pg/mL of Hoechst 33342 (H3570,
Thermo Fisher Scientific) for cell counting via a Nikon Eclipse TE100
microscope equipped with a 10 x air objective (MRH00105, Nikon;
numerical aperture = 0.3).

2.3. Immunofluorescence staining

The primary antibodies used in this experiment were 1:100 dilution
of anti-TRPV4 rabbit antibody (65893, Cell Signaling), 1:50 dilution of
anti-NFATcl mouse monoclonal antibody (sc-7294, Santa Cruz
Biotechnology), 1:200 dilution of anti-paxillin rabbit polyclonal anti-
body (GTX125891, GeneTex), and 1:200 dilution of anti-YAP rabbit
polyclonal antibody (GTX129151, GeneTex). Stainings via 5 pg/mL of
Hoechst 33342 (H3570, Thermo Fisher Scientific) and 165 nM of rho-
damine-phalloidin (R415, Thermo Fisher Scientific) were used to visu-
alize cell nuclei and F-actin, respectively. Immunofluorescence images
were captured using an epi-fluorescence microscope system (Eclipse Ti,
Nikon) equipped with a 40 x oil-immersion objective (MRH01401,
Nikon; numerical aperture = 1.3).

2.4. Immunostaining for TRPV4 on the cell surface

To identify TRPV4 on the cell membrane, hMSCs were fixed with 4 %
paraformaldehyde for 10 min and subsequently rinsed twice with PBS.
Then, non-permeabilized fixed MSCs were subjected to a series of 1-h
blocking steps with 3 % BSA, followed by a 1-h incubation with anti-
TRPV4 antibodies and two subsequent PBS washes; the cells were then
exposed to an Alexa Fluor 488-conjugated antibody for 1 h.
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2.5. Preparation of medium with various viscosities

To modulate the viscosity of the culture medium, we added different
concentrations of methylcellulose (M0512, Sigma), an inert viscosity
modifying agents, into the cell culture medium at four specific levels (0
%, 0.2 %, 0.4 %, and 0.8 %). The viscosities at these concentrations were
subsequently quantified using a rheometer (HR-2, TA Instruments). The
osmolarity of 0.8 % MC solution (296.3 + 3.3 mmol/kg) approached the
critical range of normal osmolality of the extracellular fluid (275-295
mmol/kg) (Fig. S5A). This criticality restricted our ability to further
increase viscosity levels without compromising the integrity of the cell
culture environment.

2.6. Interference reflection microscopy

We followed the established procedures for interference reflection
microscopy (IRM) with minor adjustments [52,53]. Specifically, an IRM
setup was integrated into an epi-fluorescence microscope (Ti Eclipse,
Nikon). This setup included a filter cube comprising an excitation filter
(535 nm band-pass filter) and a beam splitter (80/20; Reflection/-
Transmission). The light reflected from the sample was gathered using a
60x oil-immersion objective (MRD01691, Nikon, numerical aperture =
1.49) and then directed through the 80/20 beam splitter into a CMOS
camera (DMK 33UX174, Imaging Source) for image capture. Time-lapse
IRM images were imported into ImageJ software, and the cell edges
were manually traced to determine the cell area at successive time
points.

2.7. Traction force microscopy

hMSCs were cultured on polyacrylamide gels (PA) with a stiffness of
21.5 kPa coated with fibronectin. These elastic PA gels were created
using a mixture containing acrylamide (1610140, Bio-Rad) and Bis-
acrylamide (1610142, Bio-Rad) at final concentrations (v/v) of 10
%/0.2 % [54]. Additionally, 200 nm-diameter fluorescent beads (F8810,
Thermofisher) were incorporated into the gel mixture. The displacement
of these fluorescent beads around cells with vs. without trypsin treat-
ment were recorded using an epi-fluorescence microscope system
(Eclipse Ti, Nikon) equipped with a 60 X oil-immersion objective
(MRD71670, Nikon; numerical aperture = 1.49). The analysis of particle
displacements was carried out using PIVlab software [55]; and the
traction forces and intracellular tension were calculated using the
TFMatlab software [56-58].

2.8. Calcium imaging

To track the calcium influx in hMSCs, cells were loaded with Fluo-8
AM (ab142773, abcam), a green fluorescent calcium indicator, for
visualizing and quantifying intracellular calcium levels. hMSCs were
initially incubated in DMEM without additional FBS and penicillin/
streptomycin (P/S) for 1 h. Following this, they were exposed to 5 pM of
Fluo8-am for 1 h. Finally, the cells were rinsed twice with PBS and
placed back into the growth medium. Imaging of intracellular calcium
signals was accomplished using an epi-fluorescence microscope (Ti-E,
Nikon) equipped with an 60x oil-immersion objective (MRD01691,
Nikon, numerical aperture = 1.49) and a CMOS camera (DMK 33UX174,
Imaging Source).

2.9. Analysis of nuclear volume

To assess the volume and deformation of nuclei, we stained the
nuclei with 10 pM of Hoechst 3324 and captured 3D nuclear images with
a z-step size of 0.25 pm utilizing a laser scanning confocal microscope
system (LSM 900, ZEISS), equipped with a plan-apochromat 63 x oil-
immersion objective lens (420782-9900-000, Zeiss, numerical aperture
= 1.4). The 3D micrographs of nuclei were obtained via ZEN software
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(Zeiss). The nuclear morphology, including nuclear volume, maximum
projected area, and nuclear thickness, was quantified via the Fiji
software.

2.10. Image analysis

The assessment of individual focal adhesion (FA) area and the count
of FAs per cell were conducted using MetaMorph software. Additionally,
ImageJ software was applied to analyze the fluorescence intensity of
TRPV4, and NFATc of hMSCs. The N/C ratio was determined by dividing
the mean fluorescence intensity of the cell nucleus by that of the
cytoplasm.

2.11. Statistical analysis

Statistical analysis of the data was conducted using MATLAB; it
involved one-way ANOVA, followed by Tukey’s test for post hoc anal-
ysis. The statistical significance is represented as * for p < 0.05, ** for p
< 0.01, and N.S. (not significant), as indicated in the figures.

3. Results
3.1. Higher viscosity of extracellular fluid enhanced cell spreading

To examine the impact of ECF viscosity on the biomechanical
properties and the differentiation of hMSCs, we modified the viscosity of
the culture medium by adding different concentrations of methylcellu-
lose (MC) at four distinct levels (0 %, 0.2 %, 0.4 %, and 0.8 %). The
resulting viscosities, measured via a rheometer, revealed a significant
increase in medium viscosity as the concentration of MC increased.
Specifically, the viscosities of cell culture medium supplemented with
the four different MC concentrations (0 %, 0.2 %, 0.4 %, and 0.8 %) were
0.98 + 0.04, 8.44 + 1.94, 21.83 + 3.21, and 68.14 + 1.59 cP, respec-
tively (Fig. 1A and B). Furthermore, compared to the viscosity of the cell
culture medium, the viscosity levels achieved with 0.4 % and 0.8 % MC
supplementation more closely resembled the viscosity (37.5-400 cP) of
the hMSCs’ physiological microenvironment, such as the bone marrow
[25].

We then proceeded to assess the impact of medium viscosity on
various biomechanical properties, such as cell spreading area, actin
polymerization, and focal adhesion formation. In order to gain a
comprehensive understanding of how cells adhered and spread in
response to viscosity stimulation over time, we cultured hMSCs on a
glass-bottom dish and examined them via interference reflection mi-
croscopy (IRM). The time-lapse images provided a clear depiction of
hMSCs rapidly initiating spreading and protrusion upon exposure to the
high-viscosity medium (Fig. 1C and Supplementary Movie 1). Notably,
the higher viscosity medium resulted in a significant increase in cell
spreading area (Fig. 1D and E). Furthermore, to assess the prolonged
effect of viscosity stimulation on cell spreading, we conducted experi-
ments capturing time-lapse images of hMSCs in regular culture medium,
as well as in high-viscosity medium (68.14 cP) over a 6-h period (Sup-
plementary Movie 2). Upon the addition of the viscous medium, we
immediately observed an increase in the cell spreading area, reaching an
initial plateau after approximately 60 min (Fig. S1 A-C). Subsequently,
fluctuations in cell spreading area associated with cell retraction and
protrusion, indicative of cell migration, were observed beyond the 1-h
mark (Fig. S1 A-C).

Supplementary data related to this article can be found online at http
s://doi.org/10.1016/j.mtbio.2024.101058

3.2. Higher viscosity of extracellular fluid enhanced actin stress fibers and
focal adhesions formation

Cell morphology and spreading are regulated by the dynamics of the
cytoskeleton and focal adhesions [59-61]. Next, we sought to delve into
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Fig. 1. Higher viscosity of extracellular fluid significantly increased the spreading area of human mesenchymal stem cells (hMSCs). (A) Different values of viscosity
of the culture medium (DMEM) were obtained by supplementing it with different concentrations (w/v) of methylcellulose (MC) at 0 %, 0.2 %, 0.4 %, and 0.8 %, and
measured by a rheometer. All measurements were maintained at 37 °C over the range of 0.05-100 Hz. Data represent mean + SD (n = 3; i.e., three replicated
independent experiments). (B) Right: Statistical comparisons were conducted for the viscosity of all viscous media at 100 Hz. Data represent mean + SD (n = 3; i.e.,
three replicated independent experiments). Left: The viscosity of each medium measured at a shear rate of 100 Hz and a temperature of 37 °C. (C) Interference
reflection micrographs of hMSCs were captured at three sampling time points: 0, 30, and 60 min after the culture medium (0.98 cP) was replaced by a high-viscosity
medium (68.14 cP). Scale bars = 20 pm. (D) The relative change in hMSCs’ area over time (t) after a change in the medium with different viscosities. The relative
change (%) = {[A(t) - A(0)]/A(0) x 100}, where A(0) and A(t) represent cell area at 0 min and at different time points “t”, respectively. Data represent mean + SD (n
= 10). (E) The corresponding relative change in cell area over 60 min. Data represent mean + SD (n = 10). ** for p < 0.01; N.S.: Not significant.

the molecular organization of hMSCs under high viscosity stimulation.
To achieve this, we analyzed the expressions and distribution patterns of
focal adhesion proteins, specifically paxillin, along with actin filaments
through immunofluorescence staining (Fig. 2A). In comparison with
hMSCs in cultured medium (DMEM), hMSCs in higher viscosity medium
(21.83 and 68.14 cP) for 1 h displayed a larger number of
paxillin-marked FAs (Fig. 2B) and also induced the formation of more
actin stress fibers. These fibers included dorsal stress fibers, linked to
focal adhesions at their distal ends along the cell periphery, and ventral
stress fibers, attached to focal adhesions at both ends (Fig. 2C). We
further examined actin stress formation dynamics in hMSCs during cell
spreading under high-viscosity conditions. To visualize F-actin struc-
tures, we transfected hMSCs with Lifeact-GFP. Time-lapse images
capturing both cell spreading and F-actin formation were acquired via

integrated fluorescence microscopy and interference reflection micro-
scopy (Supplementary Movie 3). Our results revealed a significant in-
crease in formation of actin stress fibers, accompanied by enhanced cell
spreading, in rapid response to high-viscosity stimulation (Fig. S2).
These findings underscore the pivotal role of viscosity in promptly
influencing cytoskeletal dynamics and cellular morphology.

To investigate whether the sustained exposure to high viscosity
consistently promotes the maturation of focal adhesions over an
extended period, we applied interference reflection microscopy (IRM)
and fluorescence time-lapse imaging microscopy of hMSCs transfected
with paxillin-GFP. This allowed us to observe cell spreading and paxillin
dynamics in response to the high-viscosity medium (68.14 cP) over a 6-h
period (Supplementary Movie 4 & Fig. S1 D). These images vividly
illustrated that the high viscosity medium continuously enhances focal
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Fig. 2. Medium with higher viscosity promoted actin polymerization and focal adhesion maturation of human mesenchymal stem cells (hMSCs) to elevate intra-
cellular tension. (A) Representative immunofluorescence micrographs of hMSCs cultured in DMEM with viscosities of 0.98 cP, 8.44 cP, 21.83 cP, and 68.14 cP for 1 h;
red: TRITC-labeled phalloidin for actin, and green: FITC-labeled paxillin. Scale bars = 50 pm. (B-C) hMSCs cultured in a high-viscosity medium (21.83 & 68.14 cP)
for 1 h displayed a larger number of focal adhesions and actin stress fibers, including both Dorsal and Ventral stress fibers (DSFs & VSFs). Data represent mean + SD
(n = 10). Significant differences from “DSFs of hMSCs” are indicated by **P < 0.001, and from “DSFs” by++ P < 0.001 in Figure C. (D-F) Elevated viscosity induced
cells to generate stronger cell traction forces and intracellular tension after 1 h. Data represent mean + SD (n = 15). *for p < 0.05 and ** for p < 0.01; N.S.: Not
significant. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

adhesion maturation over an extended period. Furthermore, we
analyzed the organization of focal adhesions and stress fibers of hMSCs
cultured in low (0.98 cP) and high (68.14 cP) viscosity of differentiation
medium at day 1, 3, and 7. These results revealed that high viscosity
medium sustainably enhance cell adhesion, actin stress fibers, and
spreading area of hMSCs over an extended period (Fig. S3). Taken
together, these results suggest a sustained enhancement of spreading
area and formation of actin stress fibers and focal adhesion over an

extended duration in the presence of the viscous medium.
Supplementary data related to this article can be found online at http
s://doi.org/10.1016/j.mtbio.2024.101058

3.3. hMSCs displayed high intracellular tension to counter-balance
stronger viscous forces

Previous studies have established that when subjected to physical
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force stimulation, cells adjust their traction forces and intracellular
tension by remodeling the cytoskeleton and focal adhesion complexes to
balance extracellular and intracellular forces [62-64]. We hypothesize
that the changes in hMSCs are attributed to alterations in intracellular
tension to counter-balance the effects of viscosity stimulation. To test
this hypothesis, we applied traction force microscopy to quantify the
traction forces exerted by hMSCs in response to four different medium
viscosities. Subsequently, we calculated their intracellular tension
(Fig. 2D). Our results indicated that hMSCs exhibited stronger traction
forces and intracellular tension, correlated with the high expression of
large focal adhesion-associated proteins and actin stress fibers in
response to elevated viscosity stimulation for 1hr (Fig. 2E and F).
Furthermore, in the medium with higher viscosity (21.83 cP and 68.14
cP), cells exerted stronger traction forces not only at both ends but also
in regions such as lamellipodia and the central cell region, correlated
with the locations of ventral stress fiber and dorsal stress fiber formation
(Fig. 2A and D). In summary, when hMSCs were subjected to high vis-
cosity stimulation, they adjusted their biomechanical properties to
counteract the viscous force by promoting the maturation of focal ad-
hesions and the formation of stress fibers, leading to stronger traction
forces, larger cell spreading area, and elevated intracellular tension.
Together, these mechanisms worked to balance the viscous force on the
cell membrane.

3.4. Higher viscosity of extracellular fluid stimulated and promoted
osteogenic lineage

Next, we investigated whether the changes in hMSC mechanical
properties, induced by viscosity, could promote osteogenic lineage. To
evaluate the impact of extracellular fluid viscosity on hMSC differenti-
ation, we prepared four different viscosities (0.98, 8.44, 21.83, and
68.14 cP) of differentiation medium (DM), each comprising a 1:1 com-
bination of adipogenesis and osteogenesis induction medium, and
exposed hMSCs to these four distinct viscosity levels of DM for 14 days.
We then quantified the proportions of cells exhibiting alkaline phos-
phatase (ALP) activity, an indicator of osteogenesis, and those con-
taining lipid droplets, indicative of adipogenesis, to assess how viscosity
affects hMSC commitment (Fig. 3A). Our findings demonstrated that
higher viscosity (21.83 cP and 68.14 cP) promoted osteogenic lineage in
hMSCs while concurrently suppressing adipogenesis when compared to
those cultured in lower viscosity (0.98 and 8.44 cP) differentiation
medium (Fig. 3B).

3.5. Higher viscosity of extracellular fluid activated TRPV4 to boost cell
spreading and promote osteogenesis

In the context of hMSCs, TRPV4 plays a significant role in sensing
shear stress [65] and hypo-osmotic pressure [66], thereby enhancing the
osteogenic differentiation process. However, it remained uncertain
whether TRPV4 could be activated by viscosity-related stimulation to
regulate the mechanical properties of hMSCs, and to subsequently
enhance osteogenic differentiation. To investigate whether ECF viscos-
ity triggers calcium influx in hMSCs through the activation of TRPV4, we
incubated hMSCs with the fluorescent calcium indicator (Fluo-8 am) and
examined them via an integrated fluorescence microscopy and inter-
ference reflection microscopy platform. This approach enabled us to
simultaneously visualize and quantify intracellular calcium levels and
cell spreading.

Additionally, we used the TRPV4 antagonist (GSK205) to further
validate the involvement of TRPV4 in this process. We observed a sub-
stantial increase in intracellular calcium levels concomitant with an
expansion in cell area when the culture medium (0.98 cP) was swiftly
switched to a high viscosity state (68.14 cP). Notably, when hMSCs were
pre-treated with a 10 pM of GSK205 for 3 h prior to viscosity stimula-
tion, we observed a reduction in both calcium influx and cell area
compared to hMSCs without GSK205 pretreatment (Fig. 4A and B and
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Fig. 3. Elevated viscosity promoted early osteogenesis in human mesenchymal
stem cells (hMSCs). (A) Representative micrographs of mesenchymal stem cells
(hMSCs) cultured in differentiation medium with varying viscosities for 14
days. The cells were then stained to visualize the presence of ALP activity (in
purple) and lipids (Oil Red O, red). Scale bars = 50 pm. (B) The percentage of
osteogenesis (ALP-positive cells) and adipogenesis (Oil Red O-positive cells) in
hMSCs, as depicted in (A). Data represent mean + SD (n = 3; i.e., three repli-
cated independent experiments). * for p < 0.05 and ** for p < 0.01. ; N.S.: Not
significant. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)

Supplementary Movie 5). This suggests that TRPV4 activation plays a
crucial role in mediating the response of hMSCs to viscosity-induced
mechanical stimulation, including the increased calcium influx and
cell spreading.

To further validate the translocation of TRPV4 to the cell membrane
induced by ECF viscosity, we quantified TRPV4 expression on the cell
membrane using surface immunostaining on non-permeabilized fixed
hMSCs. Our results indicated that, compared to hMSCs cultured in a
regular medium, high viscosity led to a larger amount of TRPV4 on the
cell membrane of hMSCs (Fig. 4C-F). In contrast, in high viscosity
stimulation, the translocation of TRPV4 to the membrane was sup-
pressed by pretreatment with 10 pM of GSK205. Furthermore, we
observed that viscosity-enhanced osteogenic lineage was also sup-
pressed by TRPV4 antagonist (Fig. 4G-J). These findings collectively
demonstrated the translocation of TRPV4 to the hMSCs’ membrane, in
response to activated calcium influx due to viscosity stimulation. This
activation, in turn, enhanced cell mechanical properties and promoted
osteogenic lineage.

Supplementary data related to this article can be found online at http
s://doi.org/10.1016/j.mtbio.2024.101058

3.6. Calcium influx, induced by higher viscosity of extracellular fluid,
promoted the nuclear translocation of NFATc1

NFATcl(nuclear factor of activated T cells 1) is another vital
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Fig. 4. Higher extracellular viscosity enhanced the translocation of TRPV4 to the cell membrane, thereby promoting calcium influx and osteogenic lineage in hMSCs.
(A) The time course of intracellular Ca®* levels, quantified in terms of Fluo 8-am, in hMSCs with and without a 3-h pre-treatment of the 10 uM TRPV4 inhibitor
(GSK205), followed by stimulation with a high-viscosity medium (68.14 cP). Cell culture in DMEM (0.98 cP) serves as control. (B) Time-dependent relative changes
in hMSCs’ area, corresponding to Fig. 4A. Data represent mean + SD (n = 10). (C-E) The surface labeling of TRPV4 (in green) on hMSCs, with and without prior
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N.S.: Not significant. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

transcription factor in osteogenic differentiation, activated by calcium
signaling pathways [67,68]. To further substantiate the notion that
calcium influx, facilitated by mechanisms such as TRPV4 activation in
response to viscosity stimulation, is pivotal in enhancing osteogenic
lineage, we used immunostaining to assess the distribution of NFATc1 in
hMSCs subjected to high-viscosity stimulation (68.14 cP) (Fig. 5A). Our
findings revealed an elevation in the translocation of NFATc1 into the
nucleus after exposure to high viscosity (68.14 cP) for 1 h, associated
with increased membrane translocation of TRPV4 and enhanced cell
spreading (Fig. 5B-D). When we pretreated hMSCs with a 10 pM of
GSK205 and subsequently subjected them to high-viscosity medium
stimulation (68.14 cP), we observed a reduced translocation of NFATc1
into the nucleus, concomitant with a decreased expression of TRPV4 on
the cell membrane, and a decrease in cell area (Fig. 5B-D).

3.7. Higher viscosity of extracellular fluid induced nuclear deformation
and nuclear translocation of YAP

Based on our research findings, which demonstrated that a high-
viscosity medium can enhance cell spreading area and increase trac-
tion force, we sought to investigate whether elevated viscosity induces
nuclear deformation and promotes YAP nuclear translocation. To
accomplish this, we used confocal microscopy to track the 3D nuclear
morphology of live hMSCs before and after exposure to the high-

viscosity medium (68.14 cP). We observed that higher viscosity led to
an expansion of the maximum projected nuclear area, a reduction in
maximum nuclear thickness, and a decrease in nuclear volume, and
ultimately resulting in nuclear flattening and compression (Fig. 6A and
B). Furthermore, immunostaining of YAP and the nucleus in hMSCs
cultured in media both without and with the addition of a high-viscosity
supplement (Fig. 6C and D) revealed that compared to those cultured in
a lower-viscosity medium, cells cultured in higher-viscosity medium
exhibited a significant increase in YAP nuclear localization.

4. Discussion

Bone marrow is a viscous tissue with viscosity ranging from 37.5 to
400 cP; it resides in the bones and houses MSCs [25]. MSCs play a crucial
role in bone regeneration as they differentiate into osteoblasts. MSCs are
uniquely exposed to various mechanical stimuli in the bones. These
stimuli include hydrostatic pressure, fluid-induced shear stress, topo-
graphical cues, stiffness, and viscosity, all of which have a significant
impact on functionality of MSCs [25]. In this study, we demonstrated
that a medium with a viscosity in the range of 21.83-68.14 cP, closely
resembling the physiological viscosity of bone marrow, can promote
osteogenic lineage while suppressing adipogenic differentiation. Kyubae
Lee et al. reported their study where they cultured hMSCs in 3D gelatin
solutions with varying viscosities to explore how gelatin viscosity affects
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MSCs’ osteogenesis and adipogenesis [48]. Consistently, their findings
revealed that a high-viscosity gelatin solution enhances the activation of
osteogenesis-related genes, such as ALP and Runx2, and promotes
osteogenic differentiation. However, the mechanisms underlying how
hMSCs sense and respond to viscosity stimulation to ultimately enhance
osteogenic differentiation remain unclear. Here, we observed that high
viscosity medium prompted early differentiation of hMSCs towards an
osteogenic pathway. This effect was mediated through the activation of
TRPV4, which triggered calcium influx and the translocation of NFATc
into the nucleus, and ultimately leading to the up-regulation of
osteogenesis-related genes, ALP.

TRPV4, a calcium-permeable membrane ion channel, plays a crucial
role in bone development. In human, mutations in the TRPV4 gene have
been linked to disruptions in normal skeletal development [69]. The
reduced osteogenic differentiation potential observed in mesenchymal
stem cells (MSCs) from TRPV4 knockout mice underscores the signifi-
cance of TRPV4 in processes related to bone formation [70]. Moreover,
TRPV4-initiated mechano-regulatory pathways are pivotal in guiding
skeletal development. Consequently, TRPV4 represents a valuable target
for advancing strategies aimed at skeletal regeneration and repair [71].
Additionally, TRPV4 can be directly activated by membrane tension or
strain induced by shear flow, hypo-osmotic pressure, and viscous me-
diums, leading to enhanced calcium influx [23,66,72]. Consequently,
mechanically activated TRPV4 has been widely applied to promote
osteogenic differentiation of MSCs. Previous research has revealed that
fluid shear stress [65] and hypo-osmotic pressure [66] can potentially
boost osteogenesis, indicating that these mechanical factors might
induce osteogenic differentiation through the TRPV4 signaling pathway.
In this study, we delved into the mechanisms underlying how

viscosity-induced enhancements in cell spreading, intracellular tension,
and nuclear deformation are regulated by the activation of
TRPV4-mediated calcium influx. This interplay between TRPV4 acti-
vation, elevated calcium levels, and biomechanical changes facilitates
the nuclear translocation of NFATc and YAP, ultimately promotes
osteogenic differentiation. To further confirm the role of a high-viscosity
medium in enhancing the mechanical properties of hMSCs and pro-
moting osteogenic lineage, we prepared another high-viscosity medium
by adding 1 % poly (ethylene oxide) (PEO) to the cultured medium,
which increased the medium’s viscosity to 160 cP [24]. Consistently, we
observed that the 1 % PEO-enriched medium led to increments in cell
spreading, cell traction forces, intracellular tension, and calcium influx
(Figs. S4A-D). Furthermore, the enhanced calcium influx and intracel-
lular tension facilitated the translocation of NFATc and YAP into the
nucleus, respectively (Fig. S4 E-H), ultimately promoted osteogenic
lineage (Figs. S41-J).

Macromolecular crowding (MMC), a crucial element within cellular
environments defined by the dense arrangement of biomolecules, leads
to the excluded volume effect (EVE) [73-75]. This phenomenon signif-
icantly influences many cellular processes, encompassing protein phase
separation [76], tissue engineering [77], extracellular matrix organi-
zation [78,79], and differentiation [80]. MMC amplifies the extracel-
lular accumulation of human bone marrow-derived mesenchymal stem
cells, indicating its pivotal involvement in tissue regeneration [78].
Furthermore, within the realm of adipogenic differentiation, adding
MMC to culture media fosters adipogenic differentiation in stem cells,
highlighting its regulatory role in steering cellular fate determinations
[80]. To elucidate whether the observed increase in cell adhesion and
spreading with 0.8 % methylcellulose medium is attributed to viscosity,
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MMC induction, or a combination of both, we prepared two
MMC-inducing agents, 0.6 % w/v Dextran (Mw: 70 kDa) and 3.6 % w/v
Ficoll400 (Mw: 400 kDa) in culture medium (DMEM supplemented with
10 % FPS and 1 % P/S), with similar molarity (90.9 pM) to 0.8 % w/v
MC, and assessed their viscosity. We found that the viscosity of 0.6 %
w/v Dextran (1.20 + 0.01 cP) and 3.6 % w/v Ficoll400 (1.68 & 0.01 cP)
were comparable to that of the culture medium (0.98 + 0.04 cP)
(Fig. S5A). We quantified their osmolality via an osmometer (WESCOR
Vapro 5520). The osmolality of 0.6 % Dextran (311 + 0.0 mmol/kg) and
3.6 % Ficoll400 (318.3 + 3.4 mmol/kg) were slightly higher compared
to that of the culture medium (286.3 + 0.9 mmol/kg) (Fig. S5A); yet,
they did not exceed the threshold for significant hyperosmolarity (320
mmol/kg) [81]. Consistently, time-lapse interference reflection micro-
scopy (IRM) imaging of hMSCs exposed to low viscosity of 0.6 % Dextran
and 3.6 % Ficoll400, revealed no significant alteration in cell spreading
area (Supplementary Movie 5 and Fig. S5 B-C). Subsequently, we
examined the impact of a high concentration of 10 % (252 pM) and 20 %
w/v (505 pM) Ficoll400, a commonly employed concentration for MMC.
We found that the viscosity slightly increased in 10 % Ficoll400 (3.50 +
0.02 cP) and significantly heightened in 20 % Ficoll400 (15.04 + 0.13
cP). Moreover, 10 % (334.7 + 3.8 mmol/kg) and 20 % (382.7 + 4.6
mmol/kg) Ficoll400 resulted in significant hyperosmolarity (>320
mmol/kg) and severe hyperosmolarity (>350 mmol/kg) [81], respec-
tively (Fig. S5A). Interestingly, high concentration of Ficoll400 medium
caused cell retraction with decreased cell area (Supplementary Movie 6
& Figs. S5B-C), possibly attributable to either the MMC itself or its
hyperosmolar effect. These results suggest that the augmented cell
spreading observed with 0.8 % methylcellulose medium (68.14 + 1.59
cP) is likely due to viscosity rather than MMC induction. However,
further investigations may be warranted to fully elucidate the interplay
between viscosity and MMC in influencing cellular behavior.
Supplementary data related to this article can be found online at http
s://doi.org/10.1016/j.mtbio.2024.101058

5. Conclusions

In summary, our findings revealed that medium viscosity is pivotal in
promoting osteogenic lineage in hMSCs through a series of inter-
connected mechanisms. This process begins with the activation of
TRPV4 channels, which triggers their translocation to the cell membrane
and the subsequent calcium influx. This sequence of events leads to the
increments of cell spreading and intracellular tension, characterized by
the formation of robust actin stress fibers and mature focal adhesions.
These changes ultimately drive the translocation of NFATc and YAP into
the nucleus and further enhance pre-osteogenic activity for osteogenic
differentiation (Fig. 7). Tuning cell culture medium viscosity could be a
viable and flexible approach to achieve synergistic and more efficient
hMSC differentiation towards the osteogenic path.
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