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Abstract: To elucidate the additive effects of an EP2 agonist, omidenepag (OMD) or butaprost (Buta)
on the Rho-associated coiled-coil-containing protein kinase (ROCK) inhibitor, ripasudil (Rip) on
adipose tissue, two- or three-dimension (2D or 3D) cultures of 3T3-L1 cells were analyzed by lipid
staining, the mRNA expression of adipogenesis-related genes, extracellular matrix (ECM) molecules
including collagen (Col) -1, -4 and -6, and fibronectin (Fn), and the sizes and physical properties
of 3D organoids, as measured by a micro-squeezer. The results indicate that adipogenesis induced
(1) an enlargement of the 3D organoids; (2) a substantial enhancement in lipid staining as well as
the expression of the Pparγ, Ap2 and Leptin genes; (3) a significant softening of the 3D organoids,
the effects of which were all enhanced by Rip except for Pparγ expression; and (4) a significant
downregulation in Col1 and Fn, and a significant upregulation in Col4, Col6, the effects of which
were unchanged by Rip. When adding the EP2 agonist to Rip, (1) the sizes of the 3D organoids were
reduced substantially; (2) lipid staining was increased (OMD), or decreased (Buta); (3) the stiffness of
the 3D organoids was substantially increased in Buta; (4-1) the expression of Pparγ was suppressed
(2D, OMD) or increased (2D, Buta), and the expressions of Ap2 were downregulated (2D, 3D) and
Leptin was increased (2D) or decreased (3D), (4-2) all the expressions of four ECM molecules were
upregulated in 2D (2D), and in 3D, the expression of Col1, Col4 was upregulated. The collective
findings reported herein indicate that the addition of an EP2 agonist, OMD or Buta significantly but
differently modulate the Rip-induced effects on adipogenesis and the physical properties of 2D and
3D cultured 3T3-L1 cells.

Keywords: ROCK inhibitor; EP2 agonist; 3-dimension tissue cultures; 3T3-L1 cell

1. Introduction

It has been reported that adipogenesis occurs in the determination phase; the con-
version of mesenchymal stem cells (MSCs) to an adipocyte lineage or pre-adipocytes,
and pre-adipocytes develop into mature adipocytes following the terminal differentiation
phase [1]. During the terminal differentiation phase, several key transcription factors,
including the peroxisome proliferator-activated receptor γ (PPARγ), the nuclear receptor,
and the CCAAT-enhancer-binding protein (C/EBP) transcription factors are sequentially
activated. Among these, PPARγ, a member of the nuclear-receptor superfamily, functions
as the master regulatory gene for adipogenesis. Thus, PPARγ is not only required, but also
sufficient, for adipogenesis as well as for the maintenance of adipocyte naturation [2–5]. It is
also known that PPARγ and C/EBPα initiate the expression of various metabolic genes that
are required for the maintenance of adipocyte phenotypes, including the fatty acid-binding
protein 4 (FABP4; AP2) and glucose transporter 4 (GLUT4; SLC2A4), among others [1].
In addition, the expression of both PPARγ and C/EBPα are initiated by early transcrip-
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tion factors, C/EBPβ and C/EBPδ, which are activated within hours after stimulation for
adipogenic differentiation [6].

Rho-associated coiled-coil-containing protein kinases (ROCKs) are recognized as
important regulators of actin cytoskeleton remodeling in a variety of cells [7,8]. ROCK
isoforms ROCK1 and ROCK2 share a high degree of homology within the amino and
carboxyl termini, which make up the catalytic kinase domain and the Rho-binding domain
(RBD), respectively, although their coiled-coil regions have only a 55% identity. Functionally,
ROCKs are also known to play pivotal roles in cytokinesis, differentiation, apoptosis,
glucose metabolism, cell adhesion/motility, and inflammation, in addition to the regulation
of actin cytoskeleton remodeling [1,9–11]. Concerning the role of ROCKs in adipogenesis,
it was reported that ROCK signaling inhibits adipocyte differentiation. In fact, in 3T3-
L1 cells, it is known that ROCK2, but not ROCK1, is responsible for the suppression of
adipogenesis, since ROCK inhibitors (ROCK-is), such as Y-27632 and fasudil, promote
adipocyte differentiation [12]. Furthermore, by knockdown and genetic approaches, it
was demonstrated that only ROCK2 induces anti-adipogenic activities within 3T3-L1 cells
as well as mouse embryonic fibroblasts (MEFs) [13]. In our recent study, we reported
the effects of pan-ROCK-is, ripasudil (Rip) and Y27632 on adipogenesis in two- or three-
dimension (2D or 3D) cultures of 3T3-L1 cells and found that adipogenesis induced an
increase in the sizes of the 3D organoids, in lipid staining and in the expression of mRNA of
adipogenesis-related genes, and Col4 and Col6 were further enhanced by ROCK-is [14]. In
addition, a micro-squeezer analysis demonstrated that the adipogenesis-induced softening
of the 3D organoids was also further enhanced by ROCK-is. Based upon these collective
findings, we concluded that ROCK-is significantly enhanced the production of large lipid-
enriched 3T3-L1 3D organoids.

Alternatively, similar effects of ROCK-is on 2D and 3D cultured 3T3-L1 cells, as above,
were also found for prostanoid EP2 agonists, omidenepag (OMD) and butaprost (Buta) [15].
This means that EP2 agonists also caused an increase in size and a decreased stiffness of
the 3D 3T3-L1 organoids. However, it is known that EP2 receptors are also expressed in
3T3-L1 cells and that they are involved in different intracellular signaling pathways, in
which the EP2 receptor is coupled to Gαs, resulting in an increase in cAMP [16] levels,
as compared to those of ROCKs. Interestingly, it is known that both ROCK-is and EP2
agonists function to decrease intraocular pressures (IOPs) in several animal models [17,18],
and in fact, among these, ROCK-i, Rip, and the EP2 agonist, OMD, are currently available
for treating patients with glaucoma or ocular hypertension [19,20]. In addition, due to the
local adverse effects of anti-glaucoma medications, significant attention has been paid to
the issue of prostaglandin (PG)-induced peri-orbitopathy, such as the deepening of the
upper eyelid sulcus (DUES) [21,22]. Recently, to study these anti-glaucoma medications
for use in treating periocular tissues, especially orbital fatty tissues, the 3T3-L1 cell, a
most frequently used preadipocyte cell line for adipogenesis related studies, has also been
used [23]. Therefore, taking these similarities between ROCK-is and EP2 agonists toward
the adipogenesis of the 3T3-L1 cells into account, it would be of great interest to learn
more regarding the simultaneous effects of these materials, and this may rationally become
the fundamental basis for estimating what would happen in cases where these drugs are
clinically used together. In fact, several fixed combinations of anti-glaucoma medications
are currently available in our glaucoma clinic [24].

Therefore, in the current study, we evaluated the effects of adding EP2 agonists (OMD
and Buta) to pan-ROCK-i, Rip on adipogenesis of 3D 3T3-L1 organoids based on organoid
volume, lipid production, ECM expression, and physical stiffness during the adipogenesis
process. In terms of the rationale for using mouse preadipocytes, 3T3-L1 cells that were
used in the present study, this cell line is the most extensively used line for adipogenesis-
related research. As a result, the obtained observations should be useful for future studies
in which human orbital fibroblasts and other cells are used.
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2. Results

Our previous studies demonstrated that the EP2 agonist, OMD [15] and the ROCK
inhibitor, Rip [14], had quite similar effects on the physical properties of the 3D 3T3-L1
organoids, although both drugs not only affect different signal transduction pathway, but
also are differently regulated. To study this further, the additive effect of EP2-ag to the
ROCK inhibitor, Rip on 2D and 3D cultured 3T3-L1 cells, their adipogenesis as well as
ECM expression (2D and 3D) and the physical properties (3D) were examined. Since the
3D 3T3-L1 sphenoid maturation was complete within a 7-day culture period [14,15,25], all
experiments described below involved the use of a 7-day culture 2D and 3D 3T3-L1 cells.

As shown in Figure 1, lipid staining with Oil Red O, and the quantitative PCR of
adipogenesis-related genes of the 2D cultured 3T3-L1 cells were significantly enhanced
upon adipogenesis (DIF+) and these DIF+-induced effects were not significantly changed
in the presence of Rip, as described in our previous study [14]. However, insufficient adipo-
genesis, as determined by Oil Red O, was also recognized in our previous studies [14,15,25].
This may be ascribed to differences in the efficacy of adipogenic differentiation between 2D
and 3D cultures [14,15,25]. The addition of OMD to Rip resulted in a significant increase
in staining intensities by Oil Red O and Leptin expression, and a significant decrease in
Ap2 expression was observed, while in contrast, the addition of Buta to Rip resulted in
a significant increase in the expression of Pparγ and Leptin, whereas Oil Red O staining
intensities and Ap2 expression were substantially decreased. These results suggest that
the addition of OMD or Buta to Rip have different effects on the adipogenesis processes
of the 2D cultured 3T3-L1 cells. Upon DIF+, the mRNA expressions of ECMs in the 2D
cultured 3T3-L1 cells, the levels of Col1 and Fn were downregulated and the levels of Col4
and COL6 were upregulated. In the presence of Rip, the DIF+ induced changes in these
ECMs were not significantly altered. In the case of the addition of EP2-ags to Rip, all four
of these ECMs were substantially upregulated (Figure 2).

We then examined the additive effect of EP2-ags to Rip on the physical properties,
size and stiffness, of 3D 3T3-L1 organoids. As shown Figures 3 and 4, consistently with our
previous study: (1) the sizes of the DIF- 3D 3T3-L1 organoids became smaller during the 6-
day culture period; (2) upon adipogenesis (DIF+) their mean area sizes became significantly
larger and softening was observed; and (3) such DIF+-induced effects were significantly
enhanced in the presence of 10 µM Rip [14]. The addition of 100 nM EP2-ags diminished
the Rip-induced enlargement and softening effects of the 3D organoids.

To study the additive effects of EP2-ags to Rip on adipogenesis in 3D 3T3-L1 organoids,
lipid staining by BODIPY and the mRNA expression of adipogenesis-related genes includ-
ing Pparγ, Ap2 and Leptin were investigated. As shown in Figure 5A,B, in adipogenesis, the
DIF+-induced enhancement in BODIPY staining intensities were not significantly altered
in the presence of Rip, and these effects were further enhanced by the addition of Buta or
suppressed by the addition of OMD. The mRNA expression of Pparγ, Ap2 and Leptin in the
3D cultured 3T3-L1 cells were also significantly increased with adipogenesis (DIF+). The
DIF+-induced effects on the expression of Ap2 and Leptin were further enhanced by Rip,
and this enhancement was substantially decreased by the addition of EP2-ags (Figure 5C).
In terms of the expression of ECM molecules in the 3D 3T3-L1 organoids (Figure 6), the
DIF+-induced downregulation of Col1 and Fn, and the upregulation of Col4 and Col6 were
observed, similar to the results of the 2D cell culture experiments described above. In the
presence of Rip, the expressions of Col1 and Col4 were significant upregulated, and this
upregulation of Col1 was further enhanced by the addition of OMD to Rip (Table 1).
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Figure 1. Additive effects of EP2 agonists to ripasudil (Rip) on the adipogenesis of 2D cultured 3T3-L1 cells. The 2D cul-
tures of 3T3-L1 cells were prepared under several sets of conditions: preadipocytes of 3T3-L1 cells (DIF-) or their adipo-
genic differentiation (DIF+) with or without combinations of 10 μM ripasudil (Rip) and EP2 agonist, 100 nM omidenepag 
(OMD) or 100 nM butaprost (Buta). These specimens were subjected to analysis by Oil Red O lipid staining (panel A: 
representative phase contrast images, scale bar: 100 μm; and panel B: their staining intensities, O.D.) and qPCR of the 
master adipogenesis gene, Pparγ, Ap2 and Leptin (panel C 1–3). All experiments were performed in triplicate using fresh 
preparations, each of which consisted of 5 specimens. Data are presented as the arithmetic mean ± the standard error of 
the mean (SEM). **** p < 0.001 (ANOVA followed by a Tukey’s multiple comparison test). 

Figure 1. Additive effects of EP2 agonists to ripasudil (Rip) on the adipogenesis of 2D cultured 3T3-L1 cells. The 2D cultures
of 3T3-L1 cells were prepared under several sets of conditions: preadipocytes of 3T3-L1 cells (DIF-) or their adipogenic
differentiation (DIF+) with or without combinations of 10 µM ripasudil (Rip) and EP2 agonist, 100 nM omidenepag (OMD)
or 100 nM butaprost (Buta). These specimens were subjected to analysis by Oil Red O lipid staining (panel A: representative
phase contrast images, scale bar: 100 µm; and panel B: their staining intensities, O.D.) and qPCR of the master adipogenesis
gene, Pparγ, Ap2 and Leptin (panel C 1–3). All experiments were performed in triplicate using fresh preparations, each
of which consisted of 5 specimens. Data are presented as the arithmetic mean ± the standard error of the mean (SEM).
**** p < 0.001 (ANOVA followed by a Tukey’s multiple comparison test).
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Figure 2. Additive effects of EP2 agonists to ripasudil (Rip) on the mRNA expression of ECMs of 2D cultured 3T3-L1
cells. The 2D cultures of 3T3-L1 cells were prepared under several sets of conditions: preadipocytes of 3T3-L1 cells (DIF-)
or adipogenic differentiation (DIF+) with or without a combination of 10 µM ripasudil (Rip) and the EP2 agonist, 100
nM omidenepag (OMD) or 100 nM butaprost (Buta). These specimens were subjected to a qPCR analysis to estimate the
expression of the mRNA of the major ECMs (Col1: collagen 1; Col4: collagen 4; Col6: collagen 6; Fn: fibronectin). All
experiments were performed in triplicate using fresh preparations, and each experiment consisted of 5 samples. Data are
presented as the arithmetic mean ± the standard error of the mean (SEM). * p < 0.05, ** p < 0.01, *** p < 0.005, **** p < 0.001
(ANOVA followed by a Tukey’s multiple comparison test).
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Figure 3. Additive effects of EP2 agonists to ripasudil (Rip) on the mean sizes of the 3T3-L1 3D organoids during
adipogenesis. The 3D organoids of 3T3-L1 cells were prepared under several sets of conditions: preadipocytes of 3T3-L1
cells (DIF-) or adipogenic differentiation (DIF+) with or without a combination of 10 µM ripasudil (Rip) and the EP2 agonist,
100 nM omidenepag (OMD) or 100 nM butaprost (Buta). Their mean area sizes (µm2) were measured and plotted during
a 7-day culture period (left panel) and those at Day 7 were compared among the experimental groups (right panel). All
experiments were performed in triplicate using fresh preparations, each consisting of 16 organoids. Data are presented
as the arithmetic mean ± the standard error of the mean (SEM). **** p < 0.001 (ANOVA followed by a Tukey’s multiple
comparison test).
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Figure 4. Additive effects of EP2 agonists to ripasudil (Rip) on the physical stiffness of 3T3-L1 3D organoids. The 3D
organoids of 3T3-L1 cells were prepared under several sets of conditions: preadipocytes of 3T3-L1 cells (DIF-) or adipogenic
differentiation (DIF+) with or without a combination of 10 µM ripasudil (Rip) and the EP2 agonist, 100 nM omidenepag
(OMD) or 100 nM butaprost (Buta). The specimens collected on Day 7 were subjected to a physical solidity analysis. A
single 3D organoid was placed on a 3 mm × 3 mm plate and was then compressed to 50% deformation during a period of
20 s, while being continuously monitored by a microscopic camera (panel A,B: S: micro-sensor of the mechanical force (µN),
P: compression plate, O: single 3D organoid). Among above experimental conditions, the required force (µN) was measured
and force/displacement (µN/µm) was potted (right panel). ** p < 0.01, **** p < 0.001 (ANOVA followed by Tukey’s multiple
comparison test).



Int. J. Mol. Sci. 2021, 22, 4648 7 of 13

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 7 of 13 
 

 

including Pparγ, Ap2 and Leptin were investigated. As shown in Figure 5 A,B, in adipo-

genesis, the DIF+-induced enhancement in BODIPY staining intensities were not signifi-

cantly altered in the presence of Rip, and these effects were further enhanced by the addi-

tion of Buta or suppressed by the addition of OMD. The mRNA expression of Pparγ, Ap2 

and Leptin in the 3D cultured 3T3-L1 cells were also significantly increased with adipo-

genesis (DIF+). The DIF+-induced effects on the expression of Ap2 and Leptin were further 

enhanced by Rip, and this enhancement was substantially decreased by the addition of 

EP2-ags (Figure 5C). In terms of the expression of ECM molecules in the 3D 3T3-L1 organ-

oids (Figure 6), the DIF+-induced downregulation of Col1 and Fn, and the upregulation of 

Col4 and Col6 were observed, similar to the results of the 2D cell culture experiments de-

scribed above. In the presence of Rip, the expressions of Col1 and Col4 were significant 

upregulated, and this upregulation of Col1 was further enhanced by the addition of OMD 

to Rip (Table 1). 

 

Figure 5. Additive effects of EP2 agonists to ripasudil (Rip) on the adipogenesis of 3T3-L1 3D or-

ganoids. The 3D organoids of 3T3-L1 cells were prepared under several sets of conditions: preadi-

pocytes of 3T3-L1 cells (DIF-) or adipogenic differentiation (DIF+) with or without a combination 

of 10 μM ripasudil (Rip) and the EP2 agonist, 100 nM omidenepag (OMD) or 100 nM butaprost 

(Buta). These samples were immunostained with DAPI (blue), phalloidin (green) and BODIPY 

M
e
rg

e
B
O
D
IP
Y

O M D +R ipR ipD IF+DIF−A

B

R
e
la
ti
v
e
 S
ta
in
 

In
te
n
s
it
y
 (
g
ra
y
/p
ix
e
l)

B uta+R ip

A p2 Leptin

N
o
rm

a
li
z
e
d
 m

R
N
A

e
x
p
re
s
s
io
n

Pparγ

N
o
rm

a
li
ze

d
 m

R
N
A

e
x
p
re
s
s
io
n

C  2 C  3

C  1

D IF

R ip

O M D

B uta

−

−

−

−

+

−

−

−

+

+

+

−

+

+

−

+

+

+

−

−

D IF

R ip

O M D

B uta

−

−

−

−

+

−

−

−

+

+

+

−

+

+

−

+

+

+

−

−

D IF

R ip

O M D

B uta

−

−

−

−

+

−

−

−

+

+

+

−

+

+

−

+

+

+

−

−

N
o
rm

a
li
z
e
d
 m

R
N
A

e
x
p
re
s
s
io
n

D IF

R ip

O M D

B uta

−

−

−

−

+

−

−

−

+

+

+

−

+

+

−

+

+

+

−

−

Figure 5. Additive effects of EP2 agonists to ripasudil (Rip) on the adipogenesis of 3T3-L1 3D
organoids. The 3D organoids of 3T3-L1 cells were prepared under several sets of conditions:
preadipocytes of 3T3-L1 cells (DIF-) or adipogenic differentiation (DIF+) with or without a combina-
tion of 10 µM ripasudil (Rip) and the EP2 agonist, 100 nM omidenepag (OMD) or 100 nM butaprost
(Buta). These samples were immunostained with DAPI (blue), phalloidin (green) and BODIPY (red).
Merge images and BODIPY images are shown in panel A (scale bar: 100 µm) and their staining
intensities (gray/pixel) were plotted (panel B). The expression of the mRNA of adipogenesis-related
genes including Pparγ, Ap2 and Leptin under the above conditions were plotted and the data are
shown in panel C 1–3. All experiments were performed in duplicate using fresh preparations, each
consisting of 16 organoids. Data are presented as the arithmetic mean ± the standard error of the
mean (SEM). * p < 0.05, ** p < 0.01, *** p < 0.005, **** p < 0.001 (ANOVA followed by a Tukey’s multiple
comparison test).
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Figure 6. Additive effects of EP2 agonists to ripasudil (Rip) on the mRNA expression of ECMs in 3T3-L1 3D organoids.
The 3D organoids of 3T3-L1 cells were prepared under several sets of conditions: preadipocytes of 3T3-L1 cells (DIF-) or
adipogenic differentiation (DIF+) with or without the combination of 10 µM ripasudil (Rip) and the EP2 agonist, 100 nM
omidenepag (OMD) or 100 nM butaprost (Buta). The specimens collected at Day 7 were subjected to a qPCR analysis to
estimate the expression of mRNA for the ECMs (Col1: collagen 1; Col4: collagen 4; Col6: collagen 6; Fn: fibronectin). All
experiments were performed in duplicate using fresh preparations, each of which consisted of 16 organoids. Data are
presented as the arithmetic mean ± the standard error of the mean (SEM). * p < 0.05, ** p < 0.01, **** p < 0.001 (ANOVA
followed by a Tukey’s multiple comparison test).

Table 1. Summary of effects of single or combinations of Rip and EP2 agonists on the physical properties
of the 3D 3T3-L1 organoids and adipogenesis and gene expressions of 2D and 3D cultured 3T3-L1 cells.

Rip OMD * Buta * Rip + OMD Rip + Buta

size ↑↑↑ (−) (−) ↑↑↑ (−)
stiffness ↓ (−) (−) (−) ↑↑↑

lipid stain 2D (−) ↓↓↓ ↓↓↓ ↑↑↑ ↓↓↓
3D (−) ↓ ↓ ↑↑↑ ↓↓↓

Pparγ 2D (−) (−) ↓ ↓↓↓ ↑↑↑
3D (−) ↓↓↓ ↓↓↓ (−) (−)

Ap2 2D (−) (−) (−) ↓↓↓ ↓↓↓
3D ↑ ↓↓↓ ↓↓↓ ↓↓↓ ↓↓↓

Leptin 2D (−) N.D. N.D. ↑↑↑ ↑↑↑
3D ↑↑↑ N.D. N.D. (−) (−)

Col1 2D (−) (−) (−) ↑↑↑ ↑↑↑
3D ↑↑ ↑↑↑ ↑↑↑ ↑↑↑ ↑↑↑

Col4 2D (−) (−) (−) ↑↑↑ ↑↑↑
3D ↑ ↓↓↓ ↓↓↓ ↑ (−)

Col6 2D (−) (−) (−) ↑ ↑↑↑
3D (−) ↓↓ ↓↓↓ (−) (−)

Fn 2D (−) (−) (−) ↑↑↑ ↑↑↑
3D (−) (−) (−) (−) (−)

Rip: ripasudil; OMD: omidenepag; Buta: butaprost; 2D: two-dimension culture; 3D: three-dimension culture;
Pparγ: peroxisome proliferator-pctivated peceptor γ; Ap2: adipocyte protein 2; Col: collagen; Fn: fibronectin; (−):
not significant change; ↑: significant increase (p < 0.05); ↑↑: significant increase (p < 0.01); ↑↑↑: significant increase
(p < 0.01); ↓: significant decrease (p < 0.05); ↓↓: significant decrease (p < 0.01); ↓↓↓: significant decrease (p < 0.005);
N.D.: not determined; * results are recruited from our previous studies [15].
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3. Discussion

It is well known that PGE2 is linked to four G protein-coupled receptor subtypes, EP1
through EP4 [26]. Functionally, EP1 increases intracellular Ca2+ levels but EP2 and EP4,
or EP3 induce increases or decreases in cAMP levels, respectively [27]. Concerning these
receptor distributions, EP2 is distributed within leukocytes, smooth muscle, the central
nervous system (CNS), the reproductive system and ocular tissues, and functions in several
signal transduction pathways [28]. An in vivo study demonstrated that EP2 receptor
agonists induce a decrease in intraocular pressure (IOP) [29]. Among them, omidenepag
isopropyl (OMDI), an OMD prodrug, which is metabolized into an active form, OMD,
during its penetration into the eye, has recently been approved for the treatment of patients
with glaucoma or ocular hypertension [22,29,30]. In terms of the effects of OMD on
adipose tissue, it was reported that OMD had no effect on adipogenesis in 2D cultured
3T3-L1 cells [31]. However, in our subsequent study using the 2D and 3D cultures of the
3T3-L1 cells, we found that OMD induced a significant suppression of adipogenesis in
these cultures [15], similar to PGE2 and PGF2α [32,33]. Furthermore, we also found that
OMD significantly induced the enlargement and less stiffness in 3D 3T3-L1 organoid [15],
while PGF2α resulted in substantially smaller and less stiff 3D 3T3-L1 organoids [25,34].
Therefore, these collective findings suggest that the EP2 agonist, OMD may exert some
unknown effects on the architecture of 3D organoids, in addition to the suppression of
adipogenesis. As another possibility, these drugs may have different efficacies toward
PPARγ proteins which could cause different states of adipogenesis based upon following
observations: (1) two isoform proteins of PPARγ, PPARγ 1 and PPARγ 2, in which PPARγ
1 lacks 30 N-terminal amino acids, which were found to be missing as compared with
PPARγ 2 [35,36]; (2) PPARγ 1 is expressed in many tissues including adipose, skeletal
muscle, heart, liver and large intestine despite the exclusive expression of PPARγ 2 within
adipose tissues [37]; and (3) a previous study reported that that PPARγ 2 mainly activates
adipogenesis in adipose tissue [38], although both PPARγs have an intrinsic adipogenesis-
stimulating ability [39].

Similar to the EP2 agonist, OMD, a previous study demonstrated that ROCKs are
negative regulators of adipocyte differentiation, and thus, ROCK-is, Y-27632 and fasudil,
conversely promote adipocyte differentiation [12]. In addition, in our previous study,
pan-ROCK-i, Rip was also found to significantly increase the adipogenesis of the 3D 3T3-L1
organoids, contrary to the EP2 agonist, OMD [14]. In addition, the effects of Rip and OMD
on mRNA expressions of adipogenesis-related genes were also different (Table 1 in [15]).
That is, Rip did not alter Pparγ but induced the upregulation of Ap2 and leptin expressions,
although an EP2 agonist, OMD caused the significant downregulation of Pparγ and Ap2.
More interestingly, in the current study, the addition of OMD or Buta to Rip induced
also different effects toward lipid staining (2D and 3D), that is, an increase or decrease,
respectively. As for the additive effects of EP2 agonists to Rip on the mRNA expressions of
adipogenesis-related genes, diverse effects of OMD vs. Buta as well as 2D vs. 3D were also
recognized as follows; 2D; Pparγ (OMD; no significant change, Buta; downregulated), Ap2
(OMD, Buta; no significant change), 3D; Pparγ (OMD, Buta; downregulated), Ap2 (OMD,
Buta; downregulated). In terms of these discrepancies of lipid staining and adipogenesis-
related gene expressions among 2D and 3D cultures, it was not surprising because since
the lipid staining intensities represent their spatial 3D distribution, those may not always
correspond with their related gene expressions as observed in our previous study [25].
Taken together, these collective findings suggested that the addition of an EP2 agonist,
OMD or Buta, significantly modulate the Rip-induced adipogenesis of the 3T3-L1 cells,
and such additive effects were diverse between OMD and Buta.

It is known that the main adipocyte ECMs are COL1, 4, and 6, and FN and are modified
during adipogenesis [40–42]. In fact, the expression of ECM is characteristically altered
during in vivo and in vitro adipogenesis [43]. Previous studies using 2D or 3D cultures of
3T3-L1 preadipocytes revealed the in vitro remodeling from COL1- and FN-rich ECM in
preadipocyte cells into further basal membrane type-rich ECMs, such as COL4 and 6, in
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adipocyte cells [40–42]. In the current study, such a downregulation of Col1 and Fn, and
the upregulation of Col4 and Col6 expression upon adipogenesis were also confirmed in
both 2D and 3D cultures of the 3T3-L1 cells. As was observed in the effects of ROCK-i,
Rip enhanced the adipogenesis-induced upregulation of Col1 and Col4 in 3D, but in 2D,
while the expressions of Col6 and Fn were not affected. While in contrast, as shown in our
previous study (Table 1 in [15]), OMD or Buta induced the significant upregulation of Col1
and downregulation of Col4 and Col6 in 3D [15]. Surprisingly, in the presence of both Rip
and EP2-ags, ECM expressions were absolutely different, that is, all four were dramatically
upregulated (Table 1 in [15]). Furthermore, lipid staining and adipogenesis-related gene
expressions were also unexpectedly modulated as compared to the results by one of these
drugs as above.

Our previous studies revealed that despite similar effects towards the physical prop-
erties, sizes and stiffness, of the 3D 3T3-L1 organoids between Rip and EP2 agonists,
their effects toward adipogenesis and ECM expressions were almost the opposite of each
other [14,15]. In addition to the current unexpected simultaneous effects of both Rip and
Ep2-ags toward 2D and 3D cultured 3T3-L1 cells, some unidentified mechanisms should be
present. In fact, since it was suggested that as adverse effects, OMDI possesses a potential
risk for cystoid macular edema and was especially advocated for patients undergoing
cataract surgery with intraocular lens implantation or who are aphakic, the use of both Rip
and OMDI may cause unexpected and unknown side effects.

Thus, our current study facilitates better understanding the pharmacological aspects
of Rip and OMDI as well as additional basic and clinical investigations to elucidate their
simultaneous effects in human subjects.

4. Materials and Methods
4.1. Adipocyte Cultures and the Differentiation of 3T3-L1 Cells

3T3-L1 preadipocytes (#EC86052701-G0, KAK) were grown in 2D cultures and sub-
jected to further 3D cultures using a hanging droplet culture plate (# HDP1385, Sigma-
Aldrich, St. Louis, MO, USA) during 7 days, as described previously [15,25,34]. In terms
of this 7-day culture period, our previous study revealed that the 3D 3T3-L1 sphenoid
maturation was complete and that the cultures were stabilized after a 7-day culture pe-
riod [14]. Therefore, for the following experiments, these fresh 3D 3T3-L1 sphenoids were
used as they were also used in our previous studies [14,15,25]. The adipogenic differen-
tiation in the 2D or 3D cultured 3T3-L1 cells [15,25,34] was initiated by the addition of
250 nM dexamethasone, 10 nM T3 for two days and with 10 µM troglitazone, and 1 µg/mL
insulin for the next three days. To study the drug efficacy of the pan-ROCK-i, Rip and EP2
agonists, 10 µM Rip without or with 100 µM OMD or Buta were added during the course
of adipogenic induction. These drug concentrations were confirmed to be optimum for
following analysis in our previous studies [14,15].

4.2. Oil Red O (2D) or BODIPY (3D) Lipid Staining

2D cultured 3T3-L1 cells, as described above, were subjected to Oil Red O staining, as
described by the manufacturer protocol (Abcam, Cambridge, UK, #133102).

Regarding BODIPY lipid staining [15,25,34], 4% paraformaldehyde (PFA) fixed 3D
organoids were incubated in 0.1% BODIPY (#D3922, Thermo Fisher Scientific, Waltham,
MA, USA), 0.1% DAPI (#D523, Doujin, Tokyo, Japan) and 0.1% phalloidin (#20553, Fu-
nakoshi, Tokyo, Japan) in phosphate buffered saline containing 3% bovine serum albumin
for 3 h. The microscopy images of above lipid stainings were taken by a Nikon A1 confocal
microscope (Tokyo, Japan) and quantified using the Image J software version 2.0.0 (NIH,
Bethesda, Rockville, MD, USA).

4.3. Quantitative PCR

Total RNA extraction (a RNeasy mini kit, Qiagen, Valencia, CA, USA), reverse transcrip-
tion (the SuperScript IV kit, Invitrogen, Carlsbad, CA, USA) and real-time PCR (Applied
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Biosystems/Thermo Fisher Scientific) were performed as described previously [15,25,34]. The
normalization of the cDNA levels of the respective genes was performed by the standard
curve method for relative quantitation using the 36B4 (Rplp0) gene as the housekeeping
gene [44]. Sequences of the primers and Taqman probes used are shown in Table S1.

4.4. Micro-Indentation Force Analysis

The micro-indentation force for a single living 3D organoid was studied by a micro-
squeezer (CellScale, Waterloo, ON, Canada) as described previously [15,25,34]. Briefly, the
force (µN) required to achieve a 50% deformation during a period of 20 s (force/displacement,
µN/µm) was measured.

4.5. Statistical Analysis

All statistical analyses were performed using the Graph Pad Prism 8 (GraphPad
Software, San Diego, CA, USA). To analyze the difference between groups, a grouped
analysis with two-way analysis of variance (ANOVA) followed by a Tukey’s multiple
comparison test was performed. Data are presented as the arithmetic mean ± the standard
error of the mean (SEM).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms22094648/s1.

Author Contributions: Conceptualization, Y.I.; data curation, M.W.; writing—original draft prepara-
tion, Y.I.; writing—review and editing, H.O.; project administration, F.H. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Cristancho, A.G.; Lazar, M.A. Forming functional fat: A growing understanding of adipocyte differentiation. Nat. Rev. Mol. Cell

Biol. 2011, 12, 722–734. [CrossRef] [PubMed]
2. Rosen, E.D.; Walkey, C.J.; Puigserver, P.; Spiegelman, B.M. Transcriptional regulation of adipogenesis. Genes Dev. 2000, 14,

1293–1307.
3. Tontonoz, P.; Hu, E.; Spiegelman, B.M. Stimulation of adipogenesis in fibroblasts by PPAR gamma 2, a lipid-activated transcription

factor. Cell 1994, 79, 1147–1156. [CrossRef]
4. Tamori, Y.; Masugi, J.; Nishino, N.; Kasuga, M. Role of peroxisome proliferator-activated receptor-gamma in maintenance of the

characteristics of mature 3T3-L1 adipocytes. Diabetes 2002, 51, 2045–2055. [CrossRef] [PubMed]
5. Imai, T.; Takakuwa, R.; Marchand, S.; Dentz, E.; Bornert, J.M.; Messaddeq, N.; Wendling, O.; Mark, M.; Desvergne, B.; Wahli, W.;

et al. Peroxisome proliferator-activated receptor gamma is required in mature white and brown adipocytes for their survival in
the mouse. Proc. Natl. Acad. Sci. USA 2004, 101, 4543–4547. [CrossRef]

6. Galic, S.; Oakhill, J.S.; Steinberg, G.R. Adipose tissue as an endocrine organ. Mol. Cell. Endocrinol. 2010, 316, 129–139. [CrossRef]
[PubMed]

7. Leung, T.; Manser, E.; Tan, L.; Lim, L. A novel serine/threonine kinase binding the ras-related Rhoa GTpase which translocates
the kinase to peripheral membranes. J. Biol. Chem. 1995, 270, 29051–29054. [CrossRef] [PubMed]

8. Ishizaki, T.; Maekawa, M.; Fujisawa, K.; Okawa, K.; Iwamatsu, A.; Fujita, A.; Watanabe, N.; Saito, Y.; Kakizuka, A.; Morii, N.; et al.
The small GTP-binding protein Rho binds to and activates a 160 kDa Ser/Thr protein kinase homologous to myotonic dystrophy
kinase. Embo J. 1996, 15, 1885–1893.

9. Riento, K.; Ridley, A.J. ROCKs: Multifunctional kinases in cell behaviour. Nat. Rev. Mol. Cell Biol. 2003, 4, 446–456. [CrossRef]
[PubMed]

10. Chun, K.-H.; Araki, K.; Jee, Y.; Lee, D.-H.; Oh, B.-C.; Huang, H.; Park, K.S.; Lee, S.W.; Zabolotny, J.M.; Kim, Y.-B. Regulation
of glucose transport by ROCK1 differs from that of ROCK2 and is controlled by actin polymerization. Endocrinology 2012, 153,
1649–1662. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms22094648/s1
https://www.mdpi.com/article/10.3390/ijms22094648/s1
http://doi.org/10.1038/nrm3198
http://www.ncbi.nlm.nih.gov/pubmed/21952300
http://doi.org/10.1016/0092-8674(94)90006-X
http://doi.org/10.2337/diabetes.51.7.2045
http://www.ncbi.nlm.nih.gov/pubmed/12086932
http://doi.org/10.1073/pnas.0400356101
http://doi.org/10.1016/j.mce.2009.08.018
http://www.ncbi.nlm.nih.gov/pubmed/19723556
http://doi.org/10.1074/jbc.270.49.29051
http://www.ncbi.nlm.nih.gov/pubmed/7493923
http://doi.org/10.1038/nrm1128
http://www.ncbi.nlm.nih.gov/pubmed/12778124
http://doi.org/10.1210/en.2011-1036


Int. J. Mol. Sci. 2021, 22, 4648 12 of 13

11. Zandi, S.; Nakao, S.; Chun, K.-H.; Fiorina, P.; Sun, D.; Arita, R.; Zhao, M.; Kim, E.; Schueller, O.; Campbell, S.; et al. ROCK-
isoform-specific polarization of macrophages associated with age-related macular degeneration. Cell Rep. 2015, 10, 1173–1186.
[CrossRef]

12. Diep, D.T.V.; Hong, K.; Khun, T.; Zheng, M.; Ul-Haq, A.; Jun, H.-S.; Kim, Y.-B.; Chun, K.-H. Anti-adipogenic effects of KD025
(SLx-2119), a ROCK2-specific inhibitor, in 3T3-L1 cells. Sci. Rep. 2018, 8, 1–14. [CrossRef]

13. Noguchi, M.; Hosoda, K.; Fujikura, J.; Fujimoto, M.; Iwakura, H.; Tomita, T.; Ishii, T.; Arai, N.; Hirata, M.; Ebihara, K.; et al.
Genetic and pharmacological inhibition of rho-associated kinase II enhances adipogenesis. J. Biol. Chem. 2007, 282, 29574–29583.
[CrossRef] [PubMed]

14. Ida, Y.; Hikage, F.; Ohguro, H. ROCK inhibitors enhance the production of large lipid-enriched 3D organoids of 3T3-L1 cells. Sci.
Rep. 2021, 11, 1–12. [CrossRef] [PubMed]

15. Ida, Y.; Hikage, F.; Umetsu, A.; Ida, H.; Ohguro, H. Omidenepag, a non-prostanoid EP2 receptor agonist, induces enlargement of
the 3D organoid of 3T3-L1 cells. Sci. Rep. 2020, 10, 1–11. [CrossRef] [PubMed]

16. Narumiya, S.; Sugimoto, Y.; Ushikubi, F. Prostanoid receptors: Structures, properties, and functions. Physiol. Rev. 1999, 79,
1193–1226. [CrossRef]

17. Akaiwa, K.; Namekata, K.; Azuchi, Y.; Sano, H.; Guo, X.; Kimura, A.; Harada, C.; Mitamura, Y.; Harada, T. Topical ripasudil
suppresses retinal ganglion cell death in a mouse model of normal tension glaucoma. Investig. Opthalmol. Vis. Sci. 2018, 59,
2080–2089. [CrossRef] [PubMed]

18. Kirihara, T.; Taniguchi, T.; Yamamura, K.; Iwamura, R.; Yoneda, K.; Odani-Kawabata, N.; Shimazaki, A.; Matsugi, T.; Shams,
N.; Zhang, J.-Z. Pharmacologic characterization of omidenepag isopropyl, a novel selective EP2 receptor agonist, as an ocular
hypotensive agent. Investig. Opthalmol. Vis. Sci. 2018, 59, 145–153. [CrossRef]

19. Al-Humimat, G.; Marashdeh, I.; Daradkeh, D.; Kooner, K. Investigational Rho kinase inhibitors for the treatment of glaucoma. J.
Exp. Pharmacol. 2021, 13, 197–212. [CrossRef] [PubMed]

20. Aihara, M.; Lu, F.; Kawata, H.; Iwata, A.; Odani-Kawabata, N.; Shams, N.K. Omidenepag isopropyl versus latanoprost in primary
open-angle glaucoma and ocular hypertension: The phase 3 AYAME study. Am. J. Ophthalmol. 2020, 220, 53–63. [CrossRef]
[PubMed]

21. Alm, A.; Grierson, I.; Shields, M.B. Side effects associated with prostaglandin analog therapy. Surv. Ophthalmol. 2008, 53, S93–S105.
[CrossRef] [PubMed]

22. Shah, M.; Lee, G.; Lefebvre, D.R.; Kronberg, B.; Loomis, S.; Brauner, S.C.; Turalba, A.; Rhee, D.J.; Freitag, S.K.; Pasquale, L.R. A
cross-sectional survey of the association between bilateral topical prostaglandin analogue use and ocular adnexal features. PLoS
ONE 2013, 8, e61638. [CrossRef]

23. Guru, A.; Issac, P.K.; Velayutham, M.; Saraswathi, N.T.; Arshad, A.; Arockiaraj, J. Molecular mechanism of down-regulating
adipogenic transcription factors in 3T3-L1 adipocyte cells by bioactive anti-adipogenic compounds. Mol. Biol. Rep. 2021, 48,
743–761. [CrossRef]

24. Aptel, F.; Chiquet, C.; Romanet, J.-P.; Aptel, F. Intraocular pressure-lowering combination therapies with prostaglandin analogues.
Drugs 2012, 72, 1355–1371. [CrossRef]

25. Ida, Y.; Hikage, F.; Itoh, K.; Ida, H.; Ohguro, H. Prostaglandin F2α agonist-induced suppression of 3T3-L1 cell adipogenesis affects
spatial formation of extra-cellular matrix. Sci. Rep. 2020, 10, 1–12. [CrossRef] [PubMed]

26. Negishi, M.; Sugimoto, Y.; Ichikawa, A. Prostanoid receptors and their biological actions. Prog. Lipid Res. 1993, 32, 417–434.
[CrossRef]

27. Ungrin, M.D.; Carrière, M.-C.; Denis, D.; Lamontagne, S.; Sawyer, N.; Stocco, R.; Tremblay, N.; Metters, K.M.; Abramovitz, M. Key
structural features of prostaglandin E2 and prostanoid analogs involved in binding and activation of the human EP1 prostanoid
receptor. Mol. Pharmacol. 2001, 59, 1446–1456. [CrossRef] [PubMed]

28. Suzawa, T.; Miyaura, C.; Inada, M.; Maruyama, T.; Sugimoto, Y.; Ushikubi, F.; Ichikawa, A.; Narumiya, S.; Suda, T. The role
of prostaglandin E receptor subtypes (EP1, EP2, EP3, and EP4) in bone resorption: An analysis using specific agonists for the
respective EPs. Endocrinology 2000, 141, 1554–1559. [CrossRef]

29. Fuwa, M.; Toris, C.B.; Fan, S.; Taniguchi, T.; Ichikawa, M.; Odani-Kawabata, N.; Iwamura, R.; Yoneda, K.; Matsugi, T.; Shams,
N.K.; et al. Effects of a novel selective EP2 receptor agonist, omidenepag isopropyl, on aqueous humor dynamics in laser-induced
ocular hypertensive monkeys. J. Ocul. Pharmacol. Ther. 2018, 34, 531–537. [CrossRef]

30. Iwamura, R.; Tanaka, M.; Okanari, E.; Kirihara, T.; Odani-Kawabata, N.; Shams, N.; Yoneda, K. Identification of a selective,
non-prostanoid EP2 receptor agonist for the treatment of glaucoma: Omidenepag and its prodrug omidenepag isopropyl. J. Med.
Chem. 2018, 61, 6869–6891. [CrossRef] [PubMed]

31. Yamamoto, Y.; Taniguchi, T.; Inazumi, T.; Iwamura, R.; Yoneda, K.; Odani-Kawabata, N.; Matsugi, T.; Sugimoto, Y.; Shams, N.K.
Effects of the selective EP2 receptor agonist omidenepag on adipocyte differentiation in 3T3-L1 Cells. J. Ocul. Pharmacol. Ther.
2020, 36, 162–169. [CrossRef]

32. Diao, K.; Chen, Y.-H.; Catalano, P.J.; Lee, S.; Milani, N.; Killoran, J.H.; Baldini, E.H.; Chen, A.B.; Kozono, D.E.; Mak, R.H. Radiation
toxicity in patients with collagen vascular disease and intrathoracic malignancy treated with modern radiation techniques.
Radiother. Oncol. 2017, 125, 301–309. [CrossRef]

33. Casimir, D.A.; Miller, C.W.; Ntambi, J.M. Preadipocyte differentiation blocked by prostaglandin stimulation of prostanoid FP2
receptor in murine 3T3-L1 cells. Differentiation 1996, 60, 203–210. [CrossRef]

http://doi.org/10.1016/j.celrep.2015.01.050
http://doi.org/10.1038/s41598-018-20821-3
http://doi.org/10.1074/jbc.M705972200
http://www.ncbi.nlm.nih.gov/pubmed/17681946
http://doi.org/10.1038/s41598-021-84955-7
http://www.ncbi.nlm.nih.gov/pubmed/33750898
http://doi.org/10.1038/s41598-020-72538-x
http://www.ncbi.nlm.nih.gov/pubmed/32994409
http://doi.org/10.1152/physrev.1999.79.4.1193
http://doi.org/10.1167/iovs.17-23276
http://www.ncbi.nlm.nih.gov/pubmed/29677370
http://doi.org/10.1167/iovs.17-22745
http://doi.org/10.2147/JEP.S259297
http://www.ncbi.nlm.nih.gov/pubmed/33664600
http://doi.org/10.1016/j.ajo.2020.06.003
http://www.ncbi.nlm.nih.gov/pubmed/32533949
http://doi.org/10.1016/j.survophthal.2008.08.004
http://www.ncbi.nlm.nih.gov/pubmed/19038628
http://doi.org/10.1371/journal.pone.0061638
http://doi.org/10.1007/s11033-020-06036-8
http://doi.org/10.2165/11634460-000000000-00000
http://doi.org/10.1038/s41598-020-64674-1
http://www.ncbi.nlm.nih.gov/pubmed/32409724
http://doi.org/10.1016/0163-7827(93)90017-Q
http://doi.org/10.1124/mol.59.6.1446
http://www.ncbi.nlm.nih.gov/pubmed/11353805
http://doi.org/10.1210/endo.141.4.7405
http://doi.org/10.1089/jop.2017.0146
http://doi.org/10.1021/acs.jmedchem.8b00808
http://www.ncbi.nlm.nih.gov/pubmed/29995405
http://doi.org/10.1089/jop.2019.0079
http://doi.org/10.1016/j.radonc.2017.10.002
http://doi.org/10.1046/j.1432-0436.1996.6040203.x


Int. J. Mol. Sci. 2021, 22, 4648 13 of 13

34. Itoh, K.; Hikage, F.; Ida, Y.; Ohguro, H. Prostaglandin F2α agonists negatively modulate the size of 3D organoids from primary
human orbital fibroblasts. Investig. Opthalmol. Vis. Sci. 2020, 61, 13. [CrossRef]

35. Elbrecht, A.; Chen, Y.; Cullinan, C.A.; Hayes, N.; Leibowitz, M.; Moller, D.E.; Berger, J. Molecular cloning, expression and
characterization of human peroxisome proliferator activated receptors gamma 1 and gamma 2. Biochem. Biophys. Res. Commun.
1996, 224, 431–437. [CrossRef]

36. Rosen, E.D.; Spiegelman, B.M. PPARgamma: A nuclear regulator of metabolism, differentiation, and cell growth. J. Biol. Chem.
2001, 276, 37731–37734. [CrossRef]

37. Braissant, O.; Foufelle, F.; Scotto, C.; Dauça, M.; Wahli, W. Differential expression of peroxisome proliferator-activated receptors
(PPARs): Tissue distribution of PPAR-alpha, -beta, and -gamma in the adult rat. Endocrinology 1996, 137, 354–366. [CrossRef]

38. Ren, D.; Collingwood, T.N.; Rebar, E.J.; Wolffe, A.P.; Camp, H.S. PPARgamma knockdown by engineered transcription factors:
Exogenous PPARgamma 2 but not PPARgamma 1 reactivates adipogenesis. Genes Dev. 2002, 16, 27–32. [CrossRef] [PubMed]

39. Mueller, E.; Drori, S.; Aiyer, A.; Yie, J.; Sarraf, P.; Chen, H.; Hauser, S.; Rosen, E.D.; Ge, K.; Roeder, R.G.; et al. Genetic analysis
of adipogenesis through peroxisome proliferator-activated receptor gamma isoforms. J. Biol. Chem. 2002, 277, 41925–41930.
[CrossRef]

40. Gregoire, F.M.; Smas, C.M.; Sul, H.S. Understanding adipocyte differentiation. Physiol. Rev. 1998, 78, 783–809. [CrossRef]
41. Divoux, A.; Clément, K. Architecture and the extracellular matrix: The still unappreciated components of the adipose tissue.

Obes. Rev. 2011, 12, e494–e503. [CrossRef]
42. Weiner, F.R.; Shah, A.; Smith, P.J.; Rubin, C.S.; Zern, M.A. Regulation of collagen gene expression in 3T3-L1 cells. Effects of

adipocyte differentiation and tumor necrosis factor alpha. Biochemistry 1989, 28, 4094–4099. [CrossRef] [PubMed]
43. Mori, S.; Kiuchi, S.; Ouchi, A.; Hase, T.; Murase, T. Characteristic expression of extracellular matrix in subcutaneous adipose

tissue development and adipogenesis; comparison with visceral adipose tissue. Int. J. Biol. Sci. 2014, 10, 825–833. [CrossRef]
44. Schefe, J.H.; Lehmann, K.E.; Buschmann, I.R.; Unger, T.; Funke-Kaiser, H. Quantitative real-time RT-PCR data analysis: Current

concepts and the novel “gene expression’s CT difference” formula. J. Mol. Med. 2006, 84, 901–910. [CrossRef]

http://doi.org/10.1167/iovs.61.6.13
http://doi.org/10.1006/bbrc.1996.1044
http://doi.org/10.1074/jbc.R100034200
http://doi.org/10.1210/endo.137.1.8536636
http://doi.org/10.1101/gad.953802
http://www.ncbi.nlm.nih.gov/pubmed/11782442
http://doi.org/10.1074/jbc.M206950200
http://doi.org/10.1152/physrev.1998.78.3.783
http://doi.org/10.1111/j.1467-789X.2010.00811.x
http://doi.org/10.1021/bi00435a070
http://www.ncbi.nlm.nih.gov/pubmed/2752011
http://doi.org/10.7150/ijbs.8672
http://doi.org/10.1007/s00109-006-0097-6

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Adipocyte Cultures and the Differentiation of 3T3-L1 Cells 
	Oil Red O (2D) or BODIPY (3D) Lipid Staining 
	Quantitative PCR 
	Micro-Indentation Force Analysis 
	Statistical Analysis 

	References

