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It is increasingly recognized that interaction of adipose cells with extracellular mechanophysical milieus
may play a role in regulating adipogenesis and differentiated adipocyte function and such interaction can
be mediated by the mechanics of adipose cells. We measured the stiffness and traction force of adipose
cells and examined the role of Rho/ROCK, the upstream effector of actin cytoskeletal contractility, in
affecting these mechanical properties. Cellular Young's modulus obtained from atomic force microscopy
(AFM) was significantly reduced by ROCK inhibitor (Y-27632) but elevated by Rho activator (CN01), for
both preadipocytes and differentiated adipocytes. Immunofluorescent imaging suggested this could be
attributed to the changes in Rho/ROCK-induced stressed actin filament formation. AFM also confirmed
that differentiated adipocytes had higher stiffness than preadipocytes. On the other hand, traction force
microscopy (TFM) revealed differentiated adipocytes exerted lower traction forces than preadipocytes.
Traction forces of both preadipocytes and adipocytes were decreased by ROCK inhibition, but not
significantly altered by Rho activation. Notably, an increasing trend of traction force with respect to cell
spreading area was detected, and this trend was substantially amplified by Rho activation. Such traction
force-cell area correlation was an order-of-magnitude smaller for differentiated adipocytes relative to
preadipocytes, potentially due to disrupted force transmission through cytoskeleton-focal adhesion
linkage by lipid droplets. Our work provides new data evidencing the Rho/ROCK control in adipose cell
mechanics, laying the groundwork for adipocyte mechanotransduction studies on adipogenesis and
adipose tissue remodeling.
© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Obesity and related metabolic diseases have reached global
epidemic proportion [1]. Obesity is characterized by increased
adipocyte number (hyperplasia) and size (hypertrophy), which
leads to systemic low-grade inflammation and metabolic
dysfunction. Revealing the regulatory factors involved in adipo-
genesis and physiological or pathological adipose tissue remodel-
ing can help better understand obesity and provide methods for
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obesity prevention and therapy [2]. In addition to biochemical
factors, cells and tissues in vivo are exposed to various types and
levels of mechanical loading in native environments, and the pro-
cess of cell sensing and response to these mechanical cues
(mechanotransduction) plays a regulatory role in cellular adapta-
tion and homeostasis [3]. Specifically for adipose tissue, it is now
recognized that adipocytes are also subjected to compound me-
chanical loading due to body weight, weight-bearing, and daily
motions [4]. Furthermore, mechanical properties of adipocytes, e.g.,
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cell stiffness [5] and traction force exerted by the cell [6], affect
their interactions with extracellular mechanophysical microenvi-
ronments, influencing adipogenesis and the functions of mature
adipocytes. Here we examined the stiffness and traction force of
adipocytes before and after adipogenic differentiation and report,
for the first time to our best knowledge, the possible mechanism
that governs the changes in adipocyte mechanics.

The mechanotransduction of extracellular loading into intra-
cellular signaling to modulate gene expression, protein synthesis,
and downstream behavior is achieved through the actions of
mechanosensors. Potential mechanosensors that can be involved in
adipogenesis include small GTPase Rho and its downstream
effector Rho Kinase (ROCK), as proposed by Hara et al. [7]. They
evidenced that obese mice fed a high-fat diet displayed increased
ROCK activity in the adipose tissue relative to the control. In gen-
eral, Rho/ROCK has been established as a crucial regulator of
myosin-based cytoskeletal contractility, enabling cells to sense
mechanophysical properties of extracellular matrix (ECM) [8e10].
This is achieved via Rho/ROCK induction of stressed actin filaments,
followed by enhanced focal adhesion formation (inside-out
signaling) or vice versa (outside-in). In obesity, an imbalanced
deposition and degradation of ECM components leads to fibrosis
around adipocytes, which is associated with increased adipocyte
death, inflammation, and insulin resistance [11,12]. However, there
is very little understanding on the role of Rho/ROCK in adipocyte
sensing of adipose ECM, in either healthy or pathological adipose
tissue expansion. Considering Rho/ROCK can be a mechano-
transduction mediator of adipogenesis [7], we investigated how
Rho/ROCK contributes to the mechanics of preadipocytes and
differentiated adipocytes. While studies measured the mechanical
properties of adipocytes using atomic force microscope (AFM) and
traction force microscope (TFM) [5,6,13,14], mechanosensors that
determine the adipocyte mechanical properties have not been
identified. Considering cellular mechanics contributes to influence
mechano-reactive downstream functions [3], revealing the
responsible mechanosensor that affects the stiffness and traction
force of adipose cells may lay the groundwork to advance our un-
derstanding of the mechanotransduction processes involved in
adipogenesis and adipose tissue remodeling.

2. Materials and methods

2.1. Adipogenic cell differentiation

The 3T3-L1 preadipocytes (ATCC, CL-173) were cultured in
growth medium composed of high glucose Dulbecco's modified
Eagle's medium (DMEM),10% fetal bovine serum, and 1% penicillin-
streptomycin. Adipogenic differentiation was conducted similar to
our protocol [15]. Adipogenesis was induced 2 days after seeding by
replacing the medium with adipogenic induction medium con-
taining 10 mg/ml insulin, 1 mM dexamethasone, and 0.5 mM 3-
isobutyl-1-methylxanthine. After 2 days of induction, the me-
diumwas changed to adipogenic maintenance mediumwith 10 mg/
ml insulin. Adipogenic maintenance was continued for 6e7 days
until about 90% of cells accumulated lipid droplets. The medium
was changed every 2e3 days.

2.2. Inhibitor/activator study

For inhibiting ROCK, cells were treated for 10minwith 0.96 mMof
Y-27632 (Selleck) inDMEM, and themediumwas replacedwith fresh
media beforemechanics tests. ForRho activation, CN01 (Cytoskeleton
Inc.)wasdissolved into 20ml dimethyl sulfoxideanddiluted inDMEM
at a concentration of 1 unit/ml. Cells were treated with CN01 for
30min, and the mediumwas replaced with freshmedia before tests.
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2.3. Atomic force microscopy

Young's modulus was assessed from the force-displacement
curves obtained using a Nanosurf Flex-Axiom AFM device. The
AFM setup was equipped on a Zeiss Axio7 inverted microscope and
operated with a C3000 controller. To position the AFM probe upon
the cell accordingly, the Nanosurf software was utilized. The DNP-
10 probe (Bruker Nano) was used having a nominal stiffness and
natural frequency of 0.12 N/m and 23 kHz, respectively. The force
spectroscopy module with a set point of 5 nN was used. The
deflection sensitivity of the probe was assessed on a glass slide
before testing cells. Force-displacement curves obtained when the
probe approaches the cell were utilized to calculate the Young's
modulus with the AtomicJ software (Supplementary Information).

2.4. Traction force microscopy

Traction forces exerted by the cell were measured from the
displacements of the fluorescent beads embedded on the cell-
seeded gel. The gel with known elastic modulus of 8 kPa (Matri-
gen) was embedded with 0.2 mm fluorescent beads (Matrigen) at a
1:1600 bead dilution ratio. For differentiated adipocytes, pre-
adipocytes were differentiated on the gel and then used for TFM.
The cell-seeded gel was washed with phosphate buffered saline
(PBS) and the mediumwas replaced with phenol red-free DMEM. A
Nikon TI-E microscope with a temperature-controllable incubator
was used for imaging the cell and fluorescent beads at
20 � magnification. After taking the first set of images, DMEM was
replaced by 2 ml trypsin to detach cells, and the gel was relaxed.
Then, TRITC image of the beads without cells at the same co-
ordinates was captured. Using ImageJ (NIH) and particle image
velocimetry (PIV) plugin, bead displacement fields before and after
cell trypsinization were obtained. Bead displacement data were
imported to the Fourier Transform Traction Cytometry (FTTC)
plugin to construct traction forces based on the gel modulus,
following published methods [16]. A custom MATLAB code was
used to calculate traction forces (Supplementary Information).

2.5. Immunofluorescent imaging

Cells were fixed for 15 min with 4% formaldehyde solution in
PBS. After washing, cells were permeabilized for 5 min with a so-
lution of 0.1% Triton X-100 in PBS, and treated with a 1:100
rhodamine phalloidin (Life Technologies) solution for actin im-
munostaining. After washing, nuclei were stained with DAPI (Santa
Cruz). A Zeiss LSM800 confocal microscope (63 � objective) with
ZEN confocal image acquisition and analysis (Zeiss) were utilized.

2.6. Statistics

A one-tailed Student's t-test was conducted to assess the sta-
tistical significance of the obtained data compared with the control.
Statistics are shown in each figure.

3. Results

3.1. Rho/ROCK-regulated stressed actin filament formation may
affect the Young's modulus of preadipocytes and differentiated
adipocytes

AFM probing was conducted upon nucleus and cytoplasm for
preadipocytes (Fig. 1A) and upon nucleus and lipid droplet for
differentiated adipocytes (Fig. 1D). We tried to minimize the effect
of substrate rigidity, e.g., AFM probing of cytoplasm region was
conducted close to the nucleus. Representative force-displacement



Fig. 1. ROCK inhibition decreases while Rho activation increases Young's modulus of preadipocytes and differentiated adipocytes. (A) AFM probe approaching a preadipocyte.
Arrow: nucleus; arrowhead: cytoplasm. Representative force-displacement curves of preadipocytes when probing on nucleus (B) and cytoplasm (C). ROCK inhibition and Rho
activation were conducted using Y-27632 and CN01, respectively. (D) AFM probing on differentiated adipocytes. Arrow: nucleus; arrowhead: lipid droplet. Representative force-
displacement curves of differentiated adipocytes when probing on nucleus (E) and lipid droplet (F). For both preadipocytes (G) and differentiated adipocytes (H), ROCK inhibi-
tion by Y-27632 decreased while Rho activation by CN01 increased cellular Young's modulus. *: p < 0.05, **: p < 0.01, and ***: p < 0.005 based on repeated AFM probing (n
numbers). Scale bar: 20 mm.
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curves when the probe approaches the nucleus and cytoplasm of
preadipocytes are shown in Fig. 1B and C, respectively. With
repeated AFM probing without or with ROCK inhibitor (Y-27632)
and Rho activator (CN01) (n numbers, Fig. 1G), we observed ROCK
inhibition induced about a two-fold decrease whereas Rho activa-
tion resulted in about a two-fold increase in Young's moduli of
preadipocytes relative to no inhibitor/activator controls. This was
observed for both probing cases upon nucleus and cytoplasm.
These suggest that inhibiting Rho/ROCK could prevent stressed
actin filament formation, resulting in decreased cell stiffness (see
Fig. 2 for actin immunostaining). The exposure to CN01 to activate
Rho/ROCK would strengthen actin stress fiber formation leading to
an increase in cell stiffness.

Representative AFM curves for differentiated adipocytes are
shown in Fig. 1E (probing upon nucleus) and 1F (upon lipid drop-
lets). As in Fig. 1H for differentiated adipocytes, effects of ROCK
inhibition by Y-27632 and Rho activation by CN01 on cellular
stiffness displayed analogous trends as those for preadipocytes (i.e.,
ROCK inhibition decreased while Rho activation increased Young's
modulus). This was observed similarly when probed upon lipid
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droplets. These indicate that Rho/ROCK-regulated stressed actin
filament formation could also play a vital role in determining the
stiffness of differentiated adipocytes. Note, the Young's modulus of
differentiated adipocytes was greater than that of preadipocytes
(two control cases when probing on nucleus, Fig. 1G and H),
consistent with the previous finding that evidenced increased
cellular stiffness with the time course of adipogenesis [5].

In immunofluorescent images (Fig. 2), actin filament bundles
were seen in preadipocytes and ROCK inhibition by Y-27632 dras-
tically reduced the formation of actin filaments. Exposure to CN01,
the Rho activator, produced even stronger stressed actin fibers in
preadipocytes. These effects of ROCK inhibitor and Rho activator for
preadipocytes were observed similarly for differentiated adipo-
cytes. These results imply the probable involvement of Rho/ROCK-
induced stressed actin filaments in determining adipocytic stiffness
(Fig. 1). Actin filaments could form cytoskeletal architecture to
affect cell stiffness by residing in the cytoplasm and surrounding
the nucleus in preadipocytes and surrounding the nucleus and lipid
droplets in differentiated adipocytes.



Fig. 2. ROCK inhibitor (Y-27632) disrupts and Rho activator (CN01) strengthens stressed actin filament formation in adipose cells. Actin was immunostained with rhodamine
phalloidin and nuclei with DAPI. Scale bar: 20 mm.
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3.2. Rho/ROCK affects traction force of adipose cells and traction
force dependency on cell spreading area

As another measure of cellular mechanical property, forces
exerted by adipose cells were evaluated. Preadipocytes generally
had a spindle-shaped morphology, and force vectors from TFM
showed that preadipocytes exerted higher forces at focal adhesion
sites near filopodia protrusions (red arrows, Fig. 3AeC). With ROCK
inhibition by Y-27632, the magnitudes of forces exerted by pre-
adipocytes were distinctly decreased, as seen by the colored force
bar with a lowered maximum force (Fig. 3B), force histogram
exhibiting a left-side shift or less number of higher force counts
(Fig. 3D), and significantly reduced mean traction force averaged
throughout each cell (Fig. 3E). Under Rho activation with CN01,
some preadipocytes displayed increased traction forces, which
however did not reach statistical significance compared with con-
trol (Fig. 3E). Thus, the suppression of actin stress fiber formation by
ROCK inhibition was effective in reducing cell-exerted force, while
Rho activation was less influential in affecting the traction force.

Differentiated adipocytes generally exhibited a rounded shape,
and traction forces were distributed rather uniformly throughout
cellular area (Fig. 3FeH). The effects of Y-27632 and CN01 on
traction forces in differentiated adipocytes, on the other hand, were
similar to those observed in preadipocytes. ROCK inhibition
induced less counts of high forces (Fig. 3I) and a reduction in
average traction force (Fig. 3J), while Rho activation did not result in
statistically significant changes (Fig. 3J). Combined, Rho/ROCK may
play a mediatory role in affecting the traction force for both pre-
adipocytes and differentiated adipocytes, but with a clearly
noticeable result when ROCK was inhibited. Notably, the level of
traction forces was markedly lower in differentiated adipocytes
compared with preadipocytes (Fig. 3D,E,I,J).

The correlation between traction force and cell spreading area
was plotted, as attempted by Abuhattum et al. [6]. Overall, the
traction force showed an increasing trend with projected cell area
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for both preadipocytes (Fig. 3K) and differentiated adipocytes
(Fig. 3L). The traction force dependency on cell area was greater
when preadipocytes were treated with CN01 resulting in a slope of
3.00 � 10�4 kPa, compared with 1.63 � 10�4 kPa and
1.62 � 10�4 kPa for control and Y-27632 treated preadipocytes,
respectively. For differentiated adipocytes, traction forces were
lower and cell spreading areas smaller than those of preadipocytes.
Though the overall increasing trend could be seen in the magnified
view (Fig. 3L), the dependencies for differentiated adipocytes
(4.16 � 10�5 kPa for CN01, 1.79 � 10�5 kPa for control, and
1.74 � 10�5 kPa for Y-27632) were an order-of-magnitude lower
than those of preadipocytes. Collectively, TFM results indicate that
ROCK inhibition decreases traction force and Rho activation in-
creases traction force dependency on cell area, for both pre-
adipocytes and differentiated adipocytes.

4. Discussion

We used AFM and TFM to measure the mechanical properties of
3T3-L1 preadipocytes and differentiated adipocytes under Rho/
ROCK inhibition and activation. AFM demonstrated that ROCK in-
hibition decreases while Rho activation increases cellular stiffness
of adipose cells, possibly via the changes of Rho/ROCK-regulated
stressed actin filament formation. We also confirmed that differ-
entiated adipocytes exhibit higher cellular stiffness than pre-
adipocytes. On the other hand, TFM showed that differentiated
adipocytes exert lower traction forces than preadipocytes. ROCK
inhibition reduced traction forces in adipose cells, and while Rho
activation did not induce significant changes in traction force
magnitude, Rho activation increased the traction force dependency
on cell spreading area. The traction force-cell area dependency was
substantially lower for differentiated adipocytes. We report, for the
first time, the role of a potential mechanosensor, Rho/ROCK, in
determining the mechanical properties of adipose cells. Consistent
with the notion that mechanophysical interaction of adipose cells



Fig. 3. Traction forces in adipose cells are decreased by ROCK inhibition, and traction force dependency on cell spreading area is increased by Rho activation. (AeC) Representative
TFM images of preadipocytes from control, Y-27632 treatment, and CN01 treatment, respectively. (D) Histogram of traction forces from TFM traction force vectors measured for
preadipocytes. (E) Average traction force for each cell obtained from entire traction force vectors. ROCK inhibition by Y-27632 significantly decreased traction force in preadipocytes,
while Rho activation by CN01 did not induce significant change. (FeH) Representative TFM images of differentiated adipocytes. (I) Traction force histogram for differentiated
adipocytes. (J) Differentiated adipocytes displayed substantially lower traction forces than preadipocytes. Trends of Y-27632 and CN01 exposure on the traction force of differ-
entiated adipocytes were similar to those in preadipocytes. (K,L) Traction force dependency on projected cell spreading area is increased by Rho activation, and such dependency is
less distinct in differentiated adipocytes. **: p < 0.01, ***: p < 0.001, and n.s.: non-significant. Scale bar: 5 mm.
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with extracellular environments may regulate adipogenesis and
mature adipocyte function, our findings implicate a potential role of
Rho/ROCK in mediating the mechanical adaptation of adipose cells.

Cellular mechanical properties may change throughout the life
cycle depending on intracellular functions and extracellular con-
ditions. Mesenchymal stem cells show increased Young's modulus
during osteogenesis [17]. Cancer metastatic potential is marked by
changes in the mechanical properties of tumorigenic cells, e.g.,
transformation into invasive cells is associated with decreased cell
stiffness [18]. For adipocytes, we showed that differentiated adi-
pocytes have increased Young's modulus relative to preadipocytes
(AFM, Fig. 1), in accordance with reported data [5]. It is apparent
that mechanical properties of both the cell and the environment
alter throughout cell differentiation [19]. For adipocyte differenti-
ation, lipids formed during adipogenesis induce localized changes
in tension and compression around lipid droplets, accompanying
elevated global cell deformation [20]. Furthermore, pathological
expansion of adipocytes within the ECM-confined condition in
obesity may evoke mechanical stress to the cells [21]. These
changes in intra- and extracellular mechanical environments
occurring during adipogenesis, in combination with the observa-
tion that lipid droplets are stiffer than cytoplasm based on AFM
tests [5], may contribute to the increase in Young's modulus for
differentiated adipocytes compared with preadipocytes. Note, the
widely used Hertz model was used in extracting the Young's
modulus from AFM force-displacement curves (as done in a study
by other group [22] and our previous work [23]). It is anticipated
that different mechanical models may result in slightly different
modulus values, but we do not expect a change in the results of
relative comparison among adipocytes of different conditions.

In contrast to cell stiffness assessed from the apical side of the
cell by AFM, traction forces measured from the basal side of the cell
by TFM decreased for differentiated adipocytes compared with
preadipocytes (Fig. 3). During adipogenesis, the cytoskeleton is
rearranged to accommodate for the development of lipid droplets
[24], which may in turn cause changes in the magnitude and dis-
tribution of traction forces. Our traction force results suggest that
cytoskeletal rearrangements associated with the lipid droplet for-
mation during adipogenesis may tend to diminish the force
transmission capacity through the cytoskeleton-focal adhesion
linkage. This may be partly supported by the order-of-magnitude
lower traction force-cell spreading area dependency for differen-
tiated adipocytes relative to preadipocytes (Fig. 3K,L), as the
increasing trend of traction forcewith cell area is correlatedwith an
enhanced development of cytoskeleton-focal adhesion
architecture.

As a clinically relevant example, the adipose tissue obtained
from individuals with type-2 diabetes exhibited a two-fold increase
in tissue stiffness compared to that from healthy subjects [25].
During the development of obesity, excessive collagen accumula-
tion in ECM (fibrosis) may lead to decreased tissue plasticity and
adipocyte dysfunction. Fibrosis, a typical character of obesity, is
responsible for inflammatory response and metabolic impairment
[26]. Since adipose tissue expansion accompanies ECM remodeling
for adipocytes to accommodate to the new tissue milieu, how ad-
ipocytes adapt to external mechanophysical environments could
determine healthy or pathological adipose tissue expansion and
resultant metabolic responses including insulin resistance [27].
Combined, these highlight the importance of adipose mechanics,
related biophysical adaptation, and regulatory mechanosensing
mechanism.

It is established for other cells that Rho/ROCK promotes the
activity of myosin motor protein, which, in turn, induces stressed
actin filament formation and elevates cytoskeletal contractility
[28]. This stimulates integrin clustering, enhancing the focal
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adhesion formation. These steps were attributed as the mechanism
of cellular sensing of ECM stiffness and morphology [8e10].
Further, Rho/ROCK-induced changes in cytoskeleton-focal adhesion
modulate cell migration [29], proliferation [30], and differentiation
[31] for bone, cancer, and stem cells. For adipocytes, Rho/ROCK
could play a role in the vicious cycle of obesity [7]: cultured adi-
pocytes displayed lipid accumulation in association with upregu-
lated ROCK and ROCK inhibitor suppressed adipokine secretion
during adipogenesis; mice fed a high-fat diet exhibited an increase
in ROCK activity and ROCK inhibition alleviated weight gain and
insulin resistance for high-fat diet mice. However, this study did not
test the role of Rho/ROCK in cell mechanosensing and mechanical
properties.

Our results provide evidence that Rho/ROCKmay alter adipocyte
functioning via formulating the mechanical stiffness inside the cell
and the traction force exerted to the matrix. We showed Rho/ROCK
manipulates the mechanical properties of adipose cells, not only for
preadipocytes with fibroblast-like character but also for differen-
tiated adipocytes. As a trend for differentiated adipocytes, ROCK
inhibition decreased cell stiffness and traction force, and Rho
activation increased cell stiffness but did not induce a significant
change in traction force (Figs. 1 and 3). These trends may be
correlated with Rho/ROCK-induced changes in stressed actin fila-
ment formation (Fig. 2). The relatively less responsive nature of
traction force in differentiated adipocytes was further observed in
the traction force-cell area dependency (Fig. 3). Lipid droplets
inducing cytoskeletal rearrangements may interrupt force trans-
mission through the cytoskeleton-focal adhesion linkage, even
under conditions of enhanced actin filament formation as seen in
CN01 treatment, hindering traction force generation at the terminal
linkage point of focal adhesion.

Our study is the first to support the implication of Rho/ROCK in
the control of preadipocyte and adipocyte stiffness and traction
force generation. Further research on the coordination of Rho/
ROCK-based actin cytoskeleton with focal adhesion signaling (in-
side-out and outside-in) and the linker of the nucleoskeleton and
cytoskeleton (LINC) may provide additional perspective into the
role of these connected mechanosensors in regulating the adipose
cell adaptation to extracellular mechanophysical milieus during the
process of adjusting adipogenesis and regulating mature adipocyte
functions including metabolic responses.
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