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Osteoblasts are sensitive to altered gravity conditions, displaying changes in RNA and protein expression,
proliferation, and differentiation; however, the effect of hypergravity on the mechanical properties of
osteoblasts remains unclear. In this study, atomic force microscopy (AFM) was used to evaluate the effect
of hypergravity on the elasticity of osteoblasts. We demonstrate that a continuous hypergravitational
environment increased the elasticity of the cytoplasm, but not the nuclei zone, of MC3T3-E1 osteoblasts.
Actin filaments, but not microtubules, dominated in the increased elasticity. These findings provide new
insights on cellular gravity-sensing mechanisms.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Space flight leads to osteoblast dysfunction, which can result in
bone loss (Turner, 2000). Gravitational alterations affect osteoblast
adhesion, protein expression, signal transduction, proliferation,
and differentiation (Hughes-Fulford and Lewis, 1996; Kumei
et al., 1996; Berezovskaia and Rodionova, 1998; Hughes-Fulford
and Gilbertson, 1999; Harris et al.,, 2000). Hypergravity, accom-
plished by centrifugation, is a convenient way to study the effects
of altered gravity on cells in vitro. Previous reports by us and other
groups have indicated that hypergravity triggers biochemical
changes and the activation of certain mechanotransduction path-
ways in osteoblasts (Furutsu et al., 2000; Fitzgerald and Hughes-
Fulford, 1996, 1999; Zhou et al., 2015a,b; Searby et al.,, 2005;
Gebken et al., 1999; Saito et al., 2003; Li et al., 2009). However,
the effects of hypergravity on the mechanical properties of osteo-
blasts remain uninvestigated.

The mechanical properties of cells contribute to cell shape and
structure, thereby regulating intracellular tension (Kuznetsova
et al., 2007). Moreover, cell stiffness can indicate their sensitivity
to force (Chowdhury et al., 2010). Therefore, studying the elasticity
of osteoblasts in response to hypergravity can assist in understand-
ing the mechanisms involved in gravity sensing.

Of the various mediators of cellular elasticity, the cytoskeleton
plays a crucial role. Several previous studies have demonstrated
that the disruption of actin filaments affects cell elasticity
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(Ketene et al., 2012; Moreno-Flores et al., 2010; Cai et al., 2010;
Rotsch and Radmacher, 2000; Takai et al., 2005; Titushkin and
Cho, 2007), while examinations of the contribution of microtubules
have produced inconsistent results (Rotsch and Radmacher, 2000;
Takai et al., 2005; Titushkin and Cho, 2007; Ingber et al., 1995; Wu
et al., 1998, 2000). The aim of this study was to investigate the
impact of continuous hypergravity on the elasticity of osteoblasts,
and evaluate the contributions of actin filaments and microtubules.

Common methods to measure the elasticity of cells include
micropipette aspiration, optical tweezers, and atomic force micro-
scopy (AFM) (Kasza et al., 2007; Kollmannsberger and Fabry, 2011;
Alsteens et al., 2017). AFM enables the measurement of both the
topography and the mechanical properties of living cells (Alsteens
et al, 2017). In this study, MC3T3-E1 osteoblasts were placed
under hypergravitational conditions or 1g, after which the elastic-
ity was investigated by AFM. In addition, we probed for cytoskele-
tal components involved in hypergravity-increased elasticity in the
cytoplasm of MC3T3-E1 cells.

2. Materials and methods
2.1. Cell culture

MC3T3-E1 osteoblasts were cultured as described in Supple-
mentary material. Once confluent, cells were trypsinized, seeded
in confocal dishes (NEST Biotechnology) for 2 h, and then exposed
to continuous hypergravity at 10g (279 rpm), 20g (396 rpm), or 30g
(485 rpm) for 24 h at 37 °C. Control cells were subjected to the
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same drug treatments, without exposure to hypergravity. After sta-
tic culture or centrifugation, cells were assayed by AFM in culture
medium or fixed for immunofluorescence.

2.2. Cell indentation experiments

The AFM setup described in Supplementary material was used
to measure the elasticity of MC3T3-E1 cells. All measurements
were conducted using pyramidal tips (DNP-10, Bruker) with a
nominal stiffness of 0.06 N/m. One point in the nuclei zone and
three to five points in the cytoplasm of each cell were randomly
chosen, and force-indentation curves were acquired. In force map-
ping experiment, a force-indentation curve was acquired at each
point in a 16 x 16 pixels scan area. Force-indentation curves were
acquired at an indentation rate of 5 um/s until a maximum load at
3 nN. In experiments to test strain rate effects, low level of strain
rate (0.5 pm/s) was used.

2.3. Data analysis

All measured force curves were fitted with the Hertz/Sneddon
model to determine the elastic modulus of the cells (Fig. S1). More
experimental process was described in Supplementary material.

2.4. Statistical analysis

All data are shown as the mean + standard error of the mean
(SEM), and were analyzed by two-tailed analysis of variance with
Student’s t-test to compare cell elasticity in 1g and hypergravity.
P < 0.05 was considered statistically significant.

Full methods are included in Supplementary material.
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3. Results
3.1. Effects of hypergravity on the elasticity of MC3T3-E1 cells

We first examined the hypergravitational effects on the elastic-
ity of MC3T3-E1 cells. Control cells were cultured at 1g, while
experimental cells were subjected to continuous hypergravity by
centrifugation at 10g, 20g, 30g for 24 h. Subsequently, one point
in the nucleus zone and three to five points in the cytoplasmic area
were randomly chosen and the elasticity of cells at each point was
measured by AFM (Fig. 1A). Our results revealed that 24 h of 20g
and 30g increased the average Young’s modulus of MC3T3-E1 cells
(Fig. 1B).

3.2. Effects of hypergravity on the spatial distribution of elasticity of
MC3T3-E1 cells

To further analyze the hypergravitational effects on the spatial
distribution of elasticity, the Young’s moduli in the nucleus zone
and cytoplasmic areas were quantified separately. Upon 20g and
30g hypergravity stimulation, the cytoplasmic elasticity of cells
increased, while the elasticity of nucleus zone remained
unchanged compared to control cells (Fig. 1C and D). In addition,
the cytoplasmic elasticity of cells increased with increasing of
the level of gravity (Fig. 1C). These results indicate that the level
of hypergravity above 20g specifically increases the cytoplasmic
elasticity of MC3T3-E1 cells. We therefore chose 20g to further
investigate the effect of hypergravity on the elasticity of MC3T3-
E1 cells.

The force mapping results confirmed that hypergravity specifi-
cally increases the cytoplasmic elasticity of MC3T3-E1 cells
(Fig. 2A-C). The quantification of the average elasticity of the cyto-
plasm of each cell also confirmed that continuous hypergravity at
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Fig. 1. Effect of hypergravity on the elasticity of MC3T3-E1 cells. (A) One point (square) in the nucleus zone and three to five points (crosses) in the cytoplasm of each MC3T3-
E1 cell were chosen at random. (B) The average Young’s modulus of the chosen points of each cell after 24 h (mean + SEM; the total force curve numbers were 325, 96, 260,
and 81 for the 1g, 10g, 20g, 30g conditions). (C) Average Young’s moduli of cytoplasm of MC3T3-E1 cells after 24 h (mean + SEM; the total force curve numbers were 304, 72,
205, and 60 for the 1g, 10g, 20g, 30g conditions). (D) Average Young's moduli of nucleus zone of MC3T3-E1 cells after 24 h (mean + SEM; the total force curve numbers were
21, 24, 55, and 21 for the 1g, 10g, 20g, 30g conditions). n.s. indicates no statistical difference between 1g and hypergravity conditions. P < 0.05.
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