
Obesity and Type 2 diabetes, which are 
now well recognized as interdependent 
diseases, are leading preventable causes of 
mortality and morbidity worldwide, with 
increasing prevalences in adults as well as 
in children [1]. National health authori-
ties now view both obesity and diabetes as 
being two of the most serious public health 
problems of the 21st century, especially 
given the inter-relationships between these 
diseases and hypertension, atherosclerosis 
and dyslipidemia. Understanding the func-
tion of adipose tissue is key to successfully 
addressing these problems. 

Adipose tissue is a complex organ that, 
other than serving as a means for energy 
storage in the form of triglycerides, is able 
to secrete hormones and cytokines [2]. The 
increased mass of adipose tissue, which is 
characteristic of obesity, is due to hyper
trophy of adipocytes and also an increase in 
the number of adipocytes, as is evident from 
tissue histology [3]. The number of adipo-
cytes can increase through mitosis (mostly 
in adipocytes that have not yet started to 
produce lipids) or through differentia-
tion from preadipocyte cells. Despite the 
fact that it is unknown which of these two 

mechanisms actually functions, or which 
is more dominant in humans in vivo, it is 
often hypothesized that maturation of pre-
adipocytes into adipocytes is an important 
cause of obesity [4,5]. Adipogenesis is initi-
ated and regulated through the activation of 
key transcription factors such as peroxisome 
proliferator-activated receptor (PPAR)-g

2
, 

which is an adipocyte-specific nuclear hor-
mone receptor/adipogenic transcription 
factor, and through subsequent cascades of 
biochemical signaling involving members 
of the CCAAT/enhancer-binding protein 
family and the Kruppel-like factor family, as 
well as several extracellular-mediated signal-
ing pathways [6]. Lipolysis, the breakdown 
of lipids stored in the adipocytes, occurs 
in response to signaling from other tissues 
that are energetically deprived, and involves 
hydrolization of triglycerides to glycerol 
and fatty acids (each triglyceride molecule 
breaks into one glycerol and three fatty 
acid molecules) [7]. Other than responding 
to stimuli caused by energy deprivation at 
other tissues in the body, adipocytes also go 
through a basal lipolytic activity, which is 
mediated primarily by expression of adipose 
triglyceride lipase [8]. 
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Clinical treatment of obesity as well as strate-
gies to reduce the blood glucose levels are aimed 
at decreasing the amount of excessive adipose 
tissue by changing the balance between the 
intake and expenditure of energy via physical 
exercise, diet control or both. These guidelines 
are given to patients under the assumption that 
if there are no hormonal disorders present, the 
obesity is caused by calorie consumption that is 
not counterbalanced by sufficient calorie burn. 
However, other than this conventional think-
ing, there could also be a second mechanism 
that plays a role in the development of obesity, 
and later on, in the development of diabetes, 
based on the concept of mechanotransduction 
(conversion of mechanical stimuli into bio-
chemical activity) as follows: sustained static 
mechanical loading of adipocytes, which is 
characteristic of a sedentary lifestyle, stimulates 
the cells to produce more lipids. This mecha-
nism is hypothesized to exist based on research 
that has been conducted in the laboratory of 
the author over the last 5 years, which has led 
to the following findings: first, adipose tissue 
in the buttocks is subjected to large mechani-
cal deformations during sitting or lying, with 
tensional, compressive and shear components. 
This is evident from a method combining open-
MRI imaging and finite element (FE) analysis, 
which we developed and applied for studying 
control subjects as well as patients post-spinal 
cord injury (SCI) [9,10]. Second, patients post-
SCI, that is, who are immobilized in their lower 
body, have substantially more fat in their but-
tocks, and their fat tissue is more intensively 
loaded than that of controls, particularly with 
respect to tension strains [10,11]. 

Our findings described at the organ/tissue 
scale provide the motivation to look for a mech-
anism at the cell scale that drives the prolifera-
tion of fat tissue in immobilized SCI patients or, 
in general, in sedentary subjects, surmising that 
mechanical loads may play a role in both the 
anabolism and catabolism of lipid droplets in 
adipocytes (e.g., the role that mechanical loads 
play in stimulating fibroblasts to synthesize 
procollagen [12]). Accordingly, we have recently 
developed a number of research tools to deter-
mine both the internal mechanical loads that 
develop in mechanically stimulated cultured 
adipocytes and the outcome of lipid production 
by such mechanically stimulated cells. In order 
to study mechanical loads at the cellular and 
subcellular levels in adipocytes, we developed a 

method called ‘confocal-based cell-specific FE 
modeling’, which, in brief, is a methodology 
to study cellular deformations in realistic cell 
geometries based on confocal scanning of the 
cells that is followed by computer modeling of 
the scanned cells [13,14]. Cell-specific FE model-
ing is able to analyze deformations in the plasma 
membrane, cytoplasm and nucleus of the cells, 
as well as in the cytoplasmatic surroundings of 
the lipid droplets within adipocytes [14], while 
simulating typical test configurations used in 
cellular mechanics studies (e.g., stretching or 
compression of cultures). Most importantly, 
cell-specific FE modeling allows extrapolation 
from controlled mechanical loads applied on a 
culture in laboratory experiments to deforma-
tions that occur in the actual cells, their distri-
butions and inhomogeneity properties [13,14]. A 
second research tool that we have recently intro-
duced in the field of adipocyte biomechanics is 
designed for the continuous and nondestructive 
monitoring of lipid production in biochemically 
or mechanically stimulated adipocytes over 
periods ranging from weeks to over a month. 
This is made possible by means of a novel image 
processing-based method for the identification 
and measurement of lipid droplets in maturing 
adipocytes, which does not require staining of 
the cells and, thus, causes no cytotoxic effects 
or chemical bias of the experiments [15]. These 
research tools will now allow systematic and 
rigorous testing of the aforementioned hypoth-
esis, which, if proven correct, will provide a 
completely new understanding of the mecha-
nisms that play a role in obesity as well as in 
Type 2 diabetes. 

Indeed, the understanding that adipocytes 
respond to mechanical loading and that load-
ing could be used to regulate lipid production 
is consistent with what we know regarding the 
effect of mechanical loads on other cell types 
(e.g., osteoblasts, which produce mineralized 
bone given a sufficient mechanical stimulation 
[i.e., strain/stress; although mostly dynamic 
strain/stress in the case of osteoblasts]) [16]. 
There is a considerable volume of literature that 
demonstrates the responsiveness of other cell 
types to mechanical loads, including cardio-
myocytes, vascular endothelial cells, smooth 
muscle cells and skeletal muscle cells [17]. 
Adipocytes can therefore also be expected to 
respond to mechanical loads, and using some 
insight from the bone remodeling theory [16], 
it might further be expected that some loading 
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patterns will inhibit lipid production in adi-
pocytes whereas other patterns will promote 
lipid production, much like how the static 
loading of bone induces bone loss, whereas 
dynamic loading at certain ranges of magni-
tude and frequency causes bone gain. In fact, 
there is already some evidence that the dynamic 
(cyclic) stretching of adipocytes to 130% of 
their undeformed length at a frequency of 
1  Hz inhibits their differentiation, and this 
has been attributed to reduced expression of 
PPAR‑g

2
, which is mediated by activation of 

an extracellular signal-regulated protein kinase/
mitogen-activated-protein kinase pathway [18]. 
However, surprisingly there is very little infor-
mation in the literature regarding the effects 
of static stretching on lipid production in 
adipocytes. Static loading was applied in the 
form of compressive forces in one study, using 
weights [5], and some inhibition of the adipo-
genesis post-loading was observed; however, it 
is a concern that this might have been an arti-
fact of unintentionally squashing some cells. 
The two published studies, the one applying 
cyclic loading [18] and the one applying com-
pressive loading [5], were also limited by the 
methodology of the destructive testing of lipid 
contents in the cultures, by either chemical 
staining (Oil-Red-O) [5,18] or western blotting 
[18], which not only limited the number of time 
points at which cells could be studied, but also 
compromised the statistical power (since cul-
tures could not be their own controls). It is 
important to note here that our new method 
for monitoring lipid production in cultured 
adipocytes [16] is not limited by these issues. 
That being said, combining the aforemen-
tioned hypothesis with the results of the one 
reported study in which dynamic stretching 
was applied [18] allows further development 
of the hypothesis as follows: sustained static 
stretching delivered to adipocytes within a cer-
tain physiological range can stimulate them to 
produce lipids, whereas physiological dynamic 
(cyclic) stretching is able to inhibit lipid pro-
duction. The author of this article believes 
that the above hypothesis should be investi-
gated very thoroughly, since, if proven to be 
correct, it could revolutionize the way that we 
understand obesity and diabetes. Accordingly, 
efforts are now being taken by the author’s 
research group to answer the following research 
questions: first, does static stretching promote 
lipid production in cultured adipocytes, and, 

if so, to what levels of stretch do adipocytes 
respond? Second, does dynamic stretching 
suppress lipid production in cultured adipo-
cytes, and, if so, at which levels and frequencies 
of stretch, and to which extent? Third, how 
do adipocytes respond to static and dynamic 
stretches in terms of proliferation versus 
differentiation behaviors? 

The significance of successfully answering 
the above questions lies in both the basic sci-
ence aspects and the applications side. First, 
providing the correct answers to these ques-
tions should lead to new insights regarding 
the mechanisms of being overweight, obesity 
and diabetes, with further implications on 
closely related conditions such as hyperten-
sion and dyslipidemia. In particular, examin-
ing adipocyte-level processes in the context of 
mechanotransduction will enable us to broaden 
our understanding of why obesity and diabetes 
occur beyond the simple, or perhaps simpli-
fied, explanation of balance of calories that are 
consumed and burned. In other words, it is 
likely that studying mechanotransduction in 
adipocytes will provide novel descriptions and 
explanations regarding how a sedentary life-
style may lead to people becoming overweight, 
obese and diabetic from a cellular mechanics 
perspective rather than from a nutritional per-
spective, which opens a completely new path 
for research of obesity, diabetes and related 
morbidities. In terms of applications, correctly 
answering the aforementioned research ques-
tions might lead to the development of new 
means and tools to quantitatively predict how 
lipid production would be affected by static 
and dynamic deformations around and within 
adipocytes. This may then provide informa-
tion that can later be employed in the design 
of new physical exercise protocols, technologies 
and devices that induce vibration and dynamic 
stretching of tissues to minimize lipid production 
in adipocytes.
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