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ARTICLE INFO ABSTRACT

Keywords: Adipose tissues are closely related to physiological functions and pathological conditions in most
3T3-L1 preadipocytes organs. Although differentiated 3T3-L1 preadipocytes have been used for in vitro adipose studies,
3D culture

the difference in cellular characteristics of adipogenic differentiation in two-dimensional (2D)
culture and three-dimensional (3D) culture remain unclear. In this study, we evaluated gene
Gene ontology (GO) expression patterns using RNA sequencing and metabolic functions using an extracellular flux
Enrichment analysis analyzer in 3T3-L1 preadipocytes with and without adipogenic induction in 2D culture and 3D
Ingenuity pathway analysis (IPA) culture. In 2D culture, 565 up-regulated genes and 391 down-regulated genes were identified as
Seahorse Bioanalyzer differentially expressed genes (DEGs) by adipogenic induction of 3T3-L1 preadipocytes, whereas
only 69 up-regulated genes and 59 down-regulated genes were identified as DEGs in 3D culture.
Ingenuity Pathway Analysis (IPA) revealed that genes associated with lipid metabolism were
identified as 2 out of the top 3 causal networks related to diseases and function in 3D spheroids,
whereas only one network related to lipid metabolism was identified within the top 9 of these
causal networks in the 2D planar cells, suggesting that adipogenic induction in the 3D culture
condition exhibits a more adipocyte-specific gene expression pattern in 3T3-L1 preadipocytes.
Real-time metabolic analysis revealed that the metabolic capacity shifted from glycolysis to
mitochondrial respiration in differentiated 3T3-L1 cells in the 3D culture condition but not in
those in the 2D cultured condition, suggesting that adipogenic differentiation in 3D culture in-
duces a metabolic phenotype of well-differentiated adipocytes. Consistently, expression levels of
mitochondria-encoded genes including mt-Nd6, mt-Cytb, and mt-Col were significantly increased
by adipogenic induction of 3T3-L1 preadipocytes in 3D culture compared with those in 2D cul-
ture. Taken together, the findings suggest that induction of adipogenesis in 3D culture provides a
more adipocyte-specific gene expression pattern and enhances mitochondrial respiration,
resulting in more adipocyte-like cellular properties.
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RNA sequencing analysis

* Corresponding author.
E-mail address: furuhasi@sapmed.ac.jp (M. Furuhashi).
1 These authors are equally contributed to this work.

https://doi.org/10.1016/j.heliyon.2023.e20713
Received 10 June 2023; Received in revised form 15 September 2023; Accepted 4 October 2023

Available online 5 October 2023
2405-8440/© 2023 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

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


mailto:furuhasi@sapmed.ac.jp
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2023.e20713
https://doi.org/10.1016/j.heliyon.2023.e20713
https://doi.org/10.1016/j.heliyon.2023.e20713
http://creativecommons.org/licenses/by-nc-nd/4.0/

K. Endo et al. Heliyon 9 (2023) €e20713

1. Introduction

Adipose tissue is known to play pivotal roles in physiological functions and various pathological conditions in most organs [1]. In
recent years, in addition to the conventional physiological and pathological roles of adipose tissue, novel functions of adipose tissue,
such as aging [2-4], also have been identified, leading to an increasing need for advancing adipose tissue-related research. In this
context, adipocytes, the primary cells that form adipose tissue, are characterized by their elasticity and plasticity, and these physio-
logical structures are organized in three-dimensional (3D) space. Therefore, a more biological, accurate, and comprehensive envi-
ronment is required to properly conduct adipocyte research. Indeed, various in vitro, in vivo, and ex vivo models have been developed
using differentiated preadipocytes and primary mature adipocytes to study physiological and pathological aspects relevant to research
on adipocytes [5]. Among these models, an important recent development has been the establishment of 3D culture methods that may
mimic the physiological function and morphology of adipocytes [5]. 3D culture methods have been increasingly gaining importance in
a variety of research areas in relation to extracellular matrix diversity, distinct gene expression patterns, cell-cell adhesion, and cellular
metabolism [6,7].

Recently, we have demonstrated that cellular properties of 3D spheroids that are grown by using a drop culture method [8] are
quite different from those of conventional 2D cultured cells not only for 3T3-L1 pre-adipocytes [9-12] but also for other cells including
trabecular meshwork cells [13], retinal pigment epithelium cells [14], conjunctival fibroblasts [15], orbital fibroblasts [16], and
melanoma cells [17]. Notably, in 3T3-L1 preadipocytes, 3D culture significantly enhanced the expression of adipogenesis-related
genes and promoted lipid content compared with those in conventional 2D culture, suggesting that a 3D culture condition pro-
motes spontaneous adipogenesis [9,18]. However, it remains unclear whether responses to adipogenic induction affect gene
expression patterns and whether cellular metabolic characteristics are different in 2D and 3D culture conditions. Novel insights into
the adipogenic differentiation process in 2D and 3D cultures have the potential to advance the research field of adipocytes.

Therefore, the aim of the present study was to clarify the differences in cellular properties of 3T3-L1 preadipocytes and those that
underwent adipogenic differentiation in 2D and 3D culture conditions. Cellular properties were analyzed by assessing the lipid content
of differentiated cells, changes in gene expression patterns using an RNA sequencing method and gene function analyses, and cellular
metabolism including mitochondrial respiration and glycolytic capacities, which are essential functional characteristics in adipocytes.

2. Materials and methods
2.1. Protocols for adipogenic differentiation of the 2D and 3D cultured 3T3-L1 preadipocytes

2D cell cultures and 3D spheroid cultures of 3T3-L1 preadipocytes (#EC86052701-G0, KAK) were performed as described in
previous reports [9-12]. In brief, 3T3-L1 preadipocytes were cultured in planar 2D culture dishes at 37 °C in a high-glucose
(HG)-DMEM medium supplemented with 8 mg/L d-biotin, 4 mg/L calcium pantothenate, 100 U/mL penicillin, 100 pg/mL strepto-
mycin (b.p. HG-DMEM), 10 % calf serum (CS) and methylcellulose (Methocel A4M). After reaching approximately 90 % confluence,
the cells were divided into planar 2D cultures and 3D spheroid cultures using a hanging droplet spheroid 3D culture system [8]. Under
these conditions, the 2D planar cultured 3T3-L1 cells were maintained with medium changes daily until Day 7. Alternatively, in the 3D
3T3-L1 spheroid cultures, each well of the drop culture plate (#HDP1385, Sigma-Aldrich) was seeded with approximately 20,000 cells
in 28 pL of the medium (3D/Day 0) and thereafter maintained by exchanging half of the culture medium each day until Day 7. To
obtain different levels of adipogenic differentiation in 2D planar cultured 3T3-L1 cells, the following three conditions were evaluated:
1) addition of 250 nM dexamethasone during the initial two days, and addition of 500 uM isobutylmethylxanthine (IBMX) and 1 pg/ml
insulin each day for 7 or 10 days, 2) addition of 250 nM dexamethasone and 10 nM triiodothyronine (T3) during the initial two days,
and addition of 10 pM troglitazone and 1 pg/ml insulin each day for 7 or 10 days, and 3) addition of 250 nM dexamethasone during the
initial two days and addition of 500 pM IBMX, 10 uM troglitazone, and 1 pg/ml insulin each day for 7 or 10 days. After confirming the
conditions for optimal induction of adipogenesis in 2D culture, induction of adipogenesis by conditions in the 3D cultures was per-
formed by addition of 250 nM dexamethasone and 10 nM T3 during the initial two days, and addition of 10 uM troglitazone and 1
pg/ml insulin each day for 7 days.

2.2. Lipid staining

To assess lipid contents in the cells, Oil Red O lipid staining in the 2D cultured cells and BODIPY lipid staining in the 3D spheroids
were performed as previously described [9].

2.3. RNA isolation, reverse transcription, and quantitative RT-PCR

RNA isolation, reverse transcription and quantitative RT-PCR in the 2D planar cells and 3D spheroids were performed as described
in our previous report [10]. Briefly, total RNA was extracted using an RNeasy mini kit (Qiagen, Valencia, CA). Reverse transcription
was performed with the SuperScript IV kit (Invitrogen) according to the manufacturer’s instructions. Respective gene expression was
quantified by RT-PCR with Universal Tagman Master mix using a StepOnePlus instrument (Applied Biosystems/Thermo Fisher Sci-
entific). Gene expression levels were normalized to the expression of internal control 36B4 (Rplp0). All experiments in quantitative
RT-PCR were performed in duplicate. Sequences of primers and Taqgman probes used are shown in Supplementary Table 1.
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Fig. 1. Determination of an optimal protocol for inducing adipogenic differentiation of 3T3L-1 preadipocytes by assessing adipogenesis-
related gene expression and intracellular metabolic function in 2D culture.

Three different protocols for inducing adipogenic differentiation in 2D cultured 3T3-L1 cells were investigated: 1) addition of 250 nM dexa-
methasone during the initial two days, and addition of 500 pM IBMX and 1 pg/ml insulin each day for 7 or 10 days (=IBMX), 2) addition of 250 nM
dexamethasone and 10 nM T3 during the initial two days, and addition of 10 pM troglitazone and 1 pg/ml insulin each day for 7 or 10 days (=Tro +
T3), and 3) addition of 250 nM dexamethasone during the initial two days, and addition of 500 pM IBMX, 10 pM troglitazone, and 1 pg/ml insulin
each day for 7 or 10 days (=IBMX + Tro). Each sample was subjected to quantitative RT-PCR analysis for adipogenesis-related genes (n = 3) and
cellular metabolic function analyses using a Seahorse XFe96 Bioanalyzer (n = 5). Panel A: Expression levels of mRNA of Ppary, Cebpa, Fabp4,
Adiponectin, and Leptin in the three different protocols. Panel B: Measurement of the rate of oxygen consumption (OCR). Panel C: Measurement of
the rate of extracellular acidification (ECAR). Panel D: Levels of major indices of mitochondrial functions and glycolytic functions. Basal OCR was
determined as the average of OCR at baseline minus the average of OCR after a rotenone/antimycin injection. Maximal respiration was determined
as the average of OCR after FCCP injection minus the average of OCR after a rotenone/antimycin injection. Basal ECAR was determined as the
average of ECAR at baseline minus the final measurement of ECAR after 2-DG injection. Glycolytic capacity was determined as the average of ECAR
after an oligomycin injection minus the final measurement of ECAR after injection of 2-DG. Data are presented as means + the standard error of the
mean (SEM). *P < 0.05, (ANOVA followed by Tukey’s multiple comparison test). Tro: troglitazone, Oligo: oligomycin, FCCP: carbonyl cyanide p-
trifluoromethoxyphenylhydrazone, R/A: rotenone/antimycin A, 2DG: 2-deoxyglucose.
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2.4. RNA sequencing and gene function analyses

RNA sequencing and gene function analyses were performed as described in our previous report with slight modifications [10]. In
brief, two independently prepared samples of 2D cultured 3T3-L1 cells or 3D cultured 3T3-L1 spheroids with or without adiopogenic
induction were subjected to RNA isolation, and total RNA was initially extracted from each sample. After checking the RNA content
and quality (more than 8.5 RIN; an RNA integrity number), cDNA libraries were prepared, and their quality and quantity were
validated. After that, sequential steps including cluster generation, sequencing the multiplexed samples, image analysis, base calling,
and quality filtering were carried out. The differentially expressed genes (DEGs, fold-change >2.0 and FDR adjusted P < 0.05 and q <
0.2) were statistically determined by using mapping of sequence data (Qiagen, Redwood City, CA, USA). To elucidate possible gene
functions, gene ontology (GO) enrichment analysis and Ingenuity Pathway Analysis (IPA, Qiagen, https://www.qiagenbioinformatics.
com/products/ingenuity-pathway-analysis) were carried out. The datasets are available in the Gene Expression Omnibus (GEO)
database (accession number: GSE233707).

2.5. Cellular metabolic function analyses using an extracellular flux analyzer

To assess cellular metabolic function in the 2D and 3D cultured 3T3-L1 preadipocytes with or without adipogenic induction, the
oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were determined by using an extracellular flux analyzer
(Seahorse XFe96 Bioanalyzer, Agilent Technologies) as previously described with slight modification [13,14]. Briefly, 2.0 x 10* 2D
cultured cells were placed in each well of an XFe96 Cell Culture Microplate (Agilent Technologies, #103794-100). The culture medium
was then replaced with 180 pL of XF DMEM Medium (Agilent Technologies, #103575-100) supplemented with 5.5 mM glucose, 1.0
mM sodium pyruvate, and 2.0 mM glutamine, with the pH of the assay buffer adjusted to 7.4. For 3D cultured cells, the spheroids were
washed twice with phosphate buffered saline and three to five spheroids were then transferred into each well of an XFe96 Spheroid
Microplate (Agilent Technologies, # 102978-100) containing 180 pL of the assay buffer. The assay plates were incubated in a CO5-free
incubator at 37 °C for 1 h before the measurements. OCR and ECAR were simultaneously measured in a Seahorse XFe96 Bioanalyzer
under a 3 min mix and a 3 min measure protocol at baseline and after following sequential injections of oligomycin (final concen-
tration: 2.0 pM), carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP, final concentration: 5.0 pM), rotenone/antimycin A
mixture (R/A, final concentration: 1.0 pM), and 2-deoxyglucose (2DG, final concentration: 10 mM). Considering the difference in the
effects of drug injection in 2D and 3D conditions, 3 cycles in each measurement were conducted for the 2D cells, and 8 cycles for
measurement with oligomycin and 4 cycles for other measurements were used in the 3D spheroids. Each value was obtained from the
measurement in a single well.

2.6. Statistical analysis

Statistical differences between groups were determined by Student’s t-test for two group comparison or ANOVA followed by
Tukey’s multiple comparison test using Graph Pad Prism 9 (GraphPad Software, San Diego, CA).

3. Results
3.1. Determination of a method for inducing adipogenic differentiation of 3T3-L1 preadipocytes

Before examining the characteristics of induction of adipogenic differentiation of 3D spheroids, we needed to evaluate an
appropriate and effective way for inducing adipogenic differentiation in 3T3-L1 preadipocytes under 2D culture conditions, since
spontaneous adipogenic differentiation was observed in 3T3-L1 preadipocytes in 3D culture conditions but not in 2D culture conditions
in our previous study [9]. To determine suitable experimental conditions for differentiation for our research purpose, 2D-cultured
3T3-L1 preadipocytes were subjected to the following three different protocols for inducing adipogenic differentiation: 1) addition
of 250 nM dexamethasone during the initial two days, and addition of 500 pM IBMX and 1 pg/ml insulin each day for 7 or 10 days, 2)
addition of 250 nM dexamethasone and 10 nM triiodothyronine (T3) during the initial two days, and addition of 10 pM troglitazone
and 1 pg/ml insulin each day for 7 or 10 days, and 3) addition of 250 nM dexamethasone during the initial two days, and addition of
500 pM IBMX, 10 uM troglitazone, and 1 pg/ml insulin each day for 7 or 10 days. Among the three different adipogenic induction
protocols, the expression levels of five major adipogenesis-related genes, including peroxisome proliferator-activated receptor-y
(Ppary), CCAAT-enhancer-binding protein o (Cebpa), fatty acid-binding protein 4 (Fabp4), adiponectin (Adiponectin), and leptin, and
metabolic profiles were examined and compared at days 7 and 10 of adipogenic induction. As shown in Fig. 1A, expression levels of
adipogenesis-related genes were significantly different among the three protocols and were generally more upregulated in the
following order: 3) 500 pM and 10 mM troglitazone, 2) 10 pM T3 and 10 mM troglitazone, and 1) 500 pM IBMX. The difference of gene
expression levels of PPARy and leptin on days 7 and 10 were varied among three protocols, but expression levels of the other three
genes were not different among the three protocols on days 7 and 10.

The levels of both mitochondrial respiration and glycolytic capacities were also different among the three protocols for inducing
adipogenic differentiation as shown in Fig. 1B-D. However, quite interestingly, those changes were in the reverse orders of the effi-
ciencies of adipogenic induction assessed by levels of adipogenesis-related gene expression, suggesting that the level of differentiation
and energy requirement are not proportional in 2D cultured cells. Based on these results, protocol 2) (addition of 250 nM dexa-
methasone and 10 nM T3 during the initial two days, and addition of 10 pM troglitazone and 1 pg/ml insulin each day for 7) was
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considered the most appropriate differentiation state for both expression levels of adipogenesis-related genes and energy status by
adipogenesis induction among the three protocols. Thus, it was postulated that protocol 2 using T3 and troglitazone should be adopted
to examine the characteristics of induction of adipogenic differentiation of 3T3-L1 preadipocytes in 2D and 3D culture conditions.

3.2. Responses to adipogenic induction are different in 2D and 3D cultured 3T3-L1 preadipocytes with different patterns of differentially
expressed genes (DEGs)

Next, we examined whether the responses to adipogenic induction are different in 2D and 3D cultured 3T3-L1 preadipocytes by

performing lipid staining and RNA sequencing analysis. The protocol for induction of differentiation in 2D and 3D cultures in this study
is shown in Fig. 2A. Upon adipogenic differentiation, lipid staining of the 2D cultured cells by Oil Red O was substantially increased,
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Fig. 2. Diagram of the 2D and 3D cultures of 3T3-L1 preadipocytes and those differentiated by adipogenic induction. 2D cultured 3T3-L1
preadipocytes without induction of differentiation (DIF-) were further processed under 2D cell culture and 3D spheroid culture conditions for 7 days.
In the 3D spheroid culture, approximately 20,000 cells were placed in each well of a drop culture plate for 3D spheroid generation (Day 0), and the
3D spheroids were then maintained as described in the Materials and Methods section (Panel A). To stimulate adipogenic differentiation (DIF+), the
culture was supplemented with 250 nM dexamethasone and 10 nM T3 and with 10 mM troglitazone and 1 mg/ml insulin from Day 1 to Day 3 and
from Day 1 to Day 7, respectively. Representative lipid Oil-red O (2D) and BODIPY (3D) stainings, and phase contrast (3D) images are shown in
panel B. Scale bar: 100 pm.
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Fig. 3. Assessment of differentially expressed genes (DEGs) induced by adipogenic induction in 2D and 3D culture conditions in the 3T3-
L1 preadipocytes using RNA sequencing.

DEGs induced by adipogenic induction in the 2D and 3D culture conditions of 3T3-L1 preadipocytes and are shown by hierarchical clustering
heatmaps (2D: panel A, 3D: panel D), Minus-Average (M—A) plots of the relationship between the mean expression values [log (baseMean); x-axis]
and the magnitude of change in gene expression (log2 of fold-change; y-axis) (2D: panel B, 3D: panel E) and volcano plots of the relationship
between magnitude of gene expression change (log2 of fold-change; x-axis) and statistical significance of the change [-1og10 of false discovery rate
(FDR); y-axis] (2D: panel C, 3D: panel E). Red and blue points represent significantly over-expressed or under-expressed DEGs (cutoff FDR <0.05
and/or magnitude of change >2) upon adipogenic induction, respectively. DIF-: undifferentiated cells. DIF+: differentiated cells.
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and the 3D spheroids were also associated with the numbers of oil droplets in phase contrast images and lipid staining by BODIPY was
markedly enhanced (Fig. 2B), confirming that adipogenic differentiation was attained in both 2D and 3D culture conditions by adi-
pogenic induction. However, the expression levels of adipogenesis-related genes including Ppary, a master regulator gene of adipo-
genesis, were significantly higher in the 3D 3T3-L1 spheroids than in the 2D cultured cells (Fig. 2C), suggesting that the degrees of
adipogenic differentiation induced by a mixture of dexamethasone, T3, troglitazone, and insulin are quite different in 2D and 3D
cultures.

In order to further investigate the differences in gene expression patterns between 2D and 3D induction upon adipogenic differ-
entiation, we comprehensively evaluated the patterns of gene expression changes by RNA sequencing analysis. Differentially expressed
genes (DEGs) were determined with a false discovery rate (FDR) of <0.05 and an absolute fold-change >2. As shown in Fig. 3, 565
genes were up-regulated and 391 genes were down-regulated as DEGs upon differentiation in the 2D cultured 3T3-L1 preadipocytes
(Fig. 3A-C), while in contrast, only 128 DEGs (69 up-regulated and 59 down-regulated genes) were detected in the 3D cultured 3T3-L1
spheroids (Fig. 3D-F). The top 10 up-regulated DEGs in the 2D and 3D cultured conditions are listed in Tables 1 and 2, respectively.
Among them, two of the DEGs detected only in the 2D culture conditions including adipogenin (Adig) and Melanocortin 2 Receptor
Accessory Protein (Mrap), and DEGs detected in both 2D and 3D culture conditions including cluster of differentiation 36 (Cd36),
Adiponectin, and Cell Death Inducing DFFA Like Effector C (Cidec) were also evaluated by quantitative RT-PCR and consistency with
the results of RNA sequencing was confirmed (Fig. 4). These results indicate that different responses in gene expression patterns are
induced by adipogenic differentiation in 2D and 3D culture conditions.

3.3. Gene ontology (GO) enrichment analysis and Ingenuity Pathway Analysis (IPA) of DEGs induced by adipogenic differentiation in 2D
and 3D cultures

To estimate functional roles of the DEGs that were detected by adipogenic induction in 2D and 3D culture conditions of 3T3-L1
preadipocytes, multi-omics analysis including gene ontology (GO) enrichment analysis and Ingenuity Pathway Analysis (IPA) (Qia-
gen, Redwood City, CA) were employed. The results of GO enrichment analysis of DEGs that were up-regulated or down-regulated in
the 2D and 3D culture conditions are shown in Fig. 5. Upon adipogenesis of 3T3-L1 preadipocytes in both 2D and 3D culture con-
ditions, lipid metabolic processes, brown fat cell differentiation, and metabolic processes including fatty acid metabolic processes were
significantly up-regulated, while immune system processes were significantly down-regulated (Fig. 5A and B). However, compared to
the 2D culture condition, the 3D culture condition showed more prominent changes in a group of genes related to adipocyte function
and metabolism without a decrease in important physiological functions such as angiogenesis and cell adhesion (Fig. 5C and D).

To compare the functional changes in DEGs by induction of adipogenesis in 2D and 3D culture conditions, graphical summaries of
IPA in the 2D and 3D culture conditions are shown in Fig. 6. The 2D culture condition showed a more complex network compared to
that in the 3D culture; however, PPARs, the master regulators of adipogenesis, were at the centers of the pathways in the 3D culture-
based adipogenic induction, whereas pathways related to differentiation and proliferation were prominent in the 2D culture-based
adipogenic induction, suggesting that induction of adipogenic differentiation in the 3D culture induces DEGs that are more specific
to adipogenesis (Fig. 6A and B). In addition, energy homeostasis was conspicuously located next to the PPARy pathway in adipogenic
differentiation of 3D cultures (Fig. 6B). Furthermore, as shown in Table 3, the results of the IPA analysis showed that nine and three
DEGs were significantly involved in the top networks related to disease and function with IPA network scores more than 30 in the 2D
and 3D culture conditions upon adipogenic induction, respectively. Interestingly, two of the three networks in the 3D spheroids were
associated with genes related to lipid metabolism, while only one of the nine network was found to be related to lipid metabolism in the
2D cells (Table 1). Thus, the results of the IPA analysis also suggest that 3D spheroid culture provides a more specific environment to
study adipogenic differentiation of 3T3-L1 preadipocytes.

3.4. The 3D culture condition predominantly enhances mitochondrial spare respiratory capacity in adipogenic induction of 3T3-L1 cells
with increased expression of mitochondria-encoded genes

Finally, in order to assess the response in cellular metabolic function of 2D and 3D cultured 3T3-L1 preadipocytes to adipogenic

Table 1

Top 10 genes that were up-regulated or down-regulated in 2D DIF + compared with those in 2D DIF-.
2D Up-regulation (Total: 565 genes) Down-regulation (Total: 391 genes)

log 2 Fold Change Gene Symbol Gene Biotype log 2 Fold Change Gene Symbol Gene Biotype

1 14.68 Cidec protein_coding —6.01 Cxcll5 protein_coding
2 13.04 Plinl protein_coding —5.95 Rtn4r protein_coding
3 12.92 Adipoq protein_coding -5.91 Tek protein_coding
4 12.59 Retn protein_coding —5.75 Acan protein_coding
5 11.17 Cd36 protein_coding -5.73 Adam5 protein_coding
6 11.07 Mrap protein_coding -5.15 GFgl2 protein_coding
7 10.08 Slc2a4 protein_coding —4.05 Atp6v0a4 protein_coding
8 9.72 Fam83a protein_coding -3.81 Prss16 protein_coding
9 9.02 Ffar2 protein_coding -3.77 8020351A03Rik Processed_transcript
10 8.81 Adig protein_coding -3.76 Slc6al7 protein_coding
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Table 2

Top 10 genes that were up-regulated or down-regulated in 3D DIF + compared with those in 3D DIF-.
3D Up-regulation (Total: 69 genes) Down-regulation (Total: 59 genes)

log 2 Fold Change Gene Symbol Gene Biotype log 2 Fold Change Gene Symbol Gene Biotype

1 10.01 Adipoq protein_coding —6.60 Aocl protein_coding
2 8.47 Cidec protein_coding —3.03 Akrlc18 protein_coding
3 8.01 Aldhla7 protein_coding —2.74 U90926 protein_coding
4 7.97 Atpla2 protein_coding —2.69 Mmp8 protein_coding
5 7.51 Cd36 protein_coding —2.67 Splnk5 protein_coding
6 6.37 Thrsp protein_coding —2.58 Cck protein_coding
7 5.70 Sultlal protein_coding —2.57 Saa3 protein_coding
8 5.16 Fabp4 protein_coding —2.54 Slco4al protein_coding
9 4.77 Retn protein_coding —2.46 Slpi protein_coding
10 4.68 Tusc5 protein_coding -2.41 C4b protein_coding

induction, cells or spheroids were analyzed using a Seahorse XFe96 Bioanalyzer. To compare 2D planar cells and 3D spheroids, which
are different in size and stress response, metabolic indices were corrected for %baseline in the present study. As shown in Fig. 7, no
significant difference was observed between undifferentiated and differentiated cells in the 2D culture conditions in the oxygen
consumption rate (OCR) in response to an ionophore FCCP injection, which reflects mitochondrial maximal respiratory capacity
(Fig. 7A and B). The changes in extracellular acidification rate (ECAR) in response to an oligomycin injection, which reflects glycolytic
reserve, were also comparable in undifferentiated and differentiated cells in the 2D culture conditions (Fig. 7C and D). However, the
change in OCR in response to the FCCP injection, which means mitochondrial spare respiratory capacity, was significantly higher by
2.3-fold in differentiated spheroids than in undifferentiated spheroids (Fig. 7E and F). In addition, the change in ECAR in response to an
oligomycin injection was significantly lower by 0.72-fold in differentiated spheroids than in undifferentiated spheroids (Fig. 7G and
H). These results suggest that the intracellular metabolic ability is predominantly shifted from glycolysis to mitochondrial oxidative
phosphorylation by induction of adipogenic differentiation in the 3D culture condition, whereas such metabolic adaptation is not
observed in the 2D cultured condition.

To address molecular mechanisms of different metabolic responses in 2D and 3D culture conditions upon adipogenic differenti-
ation, we compared DEGs obtained by RNA sequencing in differentiated 3T3-L1 cells in 2D and 3D culture conditions. Quite inter-
estingly, several mitochondria-encoded genes that are associated with oxidative phosphorylation (mt-Nd1, mt-Nd2, mt-Nd4, mt-Nd>5,
mt-Nd6, mt-Col, and mt-Cytb) and amino-acid metabolism (mt-Te) were determined as significantly up-regulated DEGs in the 3D
culture spheroids compared to those in 2D culture planar cells (Fig. 8A), suggesting that the shift of energy reserve to mitochondrial
respiration in spheroids differentiated in 3D culture is associated with increased expression of mitochondrial electron transport chain
complexes. Indeed, among these mitochondria-encoded genes, expression levels of mt-Nd6 (complex I), mt-Cytb (complex IIT) and mt-
Col (complex IV) were also assessed by quantitative RT-PCR and were found to be markedly and significantly upregulated in
differentiated 3D spheroids compared with other groups (Fig. 8B).

4. Discussion

Despite extensive studies on several biological aspects including gene expression patterns and cellular function in adipogenic
differentiation of 3T3-L1 preadipocytes in 2D culture [19,20], knowledge of those in 3D culture has been limited. Even in this context,
there have been several previous studies in which the differences between 2D and 3D cultures with respect to molecular expression
were examined [21,22]. Turner et al. [21] showed by using transcriptome analysis that DEGs associated with adipogenesis, such as
fatty acid metabolism, PPARy signaling, and adipocytokine signaling, were increased in 3D spheroids of 3T3-L1 cells compared to those
in 2D cells during adipogenesis, while DEGs associated with Rho-GTPase 3, matrix metalloproteinases, integrins, and
actin-cytoskeletal molecules, which are associated with cell-cell interaction [23-26], were decreased in the 3D condition. In the
present study, despite the fact that the adipogenic induction protocol was different from that in the study by Turner et al. [21], similar
gene expression patterns were observed. A graphical summary of IPA in the present study visually highlighted pathways specific to
adipogenesis and lipid metabolism in the 3D culture conditions compared to the 2D culture conditions, in addition to the finding that
the pathway of energy homeostasis was next to PPARy, a master regulator of adipogenesis. These findings in the present study are in
agreement with the results of proteomic analysis of 3D spheroids in adipose-differentiated 3T3-L1 cells in a previous study by Lee et al.
[22] showing increased expression of proteins related to carbohydrate metabolism and mitochondrial fatty acid oxidation. These
collective observations regarding molecular expression rationally suggest that a 3D spheroid environment may be more optimal for
studies related to adipogenesis of 3T3-L1 cells regardless of the method of adipogenic induction. Although insulin signaling is one of
the essential signals for lipid droplet synthesis, results of GO analysis in the present study revealed that the pathways involved in
insulin signaling were not selected as highly characterized pathways under both 2D and 3D culture conditions, suggesting that dif-
ferences in insulin signaling are, at least, not major regulators for differentiating 2D and 3D cells. However, it should be noted that gene
expression levels do not necessarily correspond to protein expression levels. While our results of RNA sequencing analysis well
explained the results of the metabolic function analysis, the recent multi-omics evaluation of proteins including proteome analysis and
phosphoproteomics may lead to the elucidation of novel regulatory mechanisms for the differences between 2D and 3D cells.

While the precise mechanisms underlying these differences in adipogenesis between 2D and 3D cultures of 3T3-L1 preadipocytes
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Fig. 4. Quantitative RT-PCR analysis of selected genes among the top 10 up-regulated DEGs upon adipogenic differentiation in the 2D and
3D cultured 3T3-L1 preadipocytes. 2D and 3D cultures of 3T3-L1 preadipocyte (NT) and their adipogenesis forms (DIF) at Day 6 were subjected to
qPCR analysis of Adig and Mrap, or Cd36, Adiponectin and Cidec which were identified as predominantly upregulated in the 2D culture condition or
commonly upregulated in 2D and 3D culture conditions, respectively. All experiments were repeated twice using fresh preparations consisting of 16
spheroids for each qPCR analysis. Data are presented as means =+ standard error of the mean (SEM). ****P < 0.001 (ANOVA followed by Tukey’s
multiple comparison test).
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Fig. 5. Gene ontology (GO) enrichment analysis of DEGs upon adipogenic differentiation in 2D and 3D 3T3-L1 preadipocytes. Up-regulated
processes (2D: panel A, 3D: panel C) and down-regulated processes (2D: panel B, 3D: panel D) by adipogenic induction.
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Fig. 6. Graphical summary of Ingenuity Pathway Analysis (IPA) in the 2D and 3D culture conditions. Panel A: 2D culture condition. Panel B:
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Table 3
Lists of the top 9 (2D) and 3 (3D) causal networks of diseases and functions with IPA network score >30.
No. Top Diseases and IPA Focus
Functions Score  Molecules
2D 1 Cancer, Organismal Injury and Abnormalities, Reproductive System Diseases 54 34
2 Carbohydrate Metabolism, Molecular Transport, Orgamismal Development 46 31
3 Amino Acid Metabolism, Developmental Disorder, Small Molecular Biochemistry 41 29
4 Antimicrobial Response, Digestive System Development and Function, Inflammatory Response 37 27
5 Cellular Development, Digestive System Development and Function, Hepatic System Development 32 25
and Function
6 Embryonic Development, Nervous System Development and Function, Organ Development 30 24
7 Lipid Metabolism, Molecular Transport, Small Molecular Biochemistry 30 24
8 Cellular Assembly and Organization, Cellular Development, Cellular Function and Maintenance 30 24
9 Amino Acid Metabolism, Molecular Transport, Protein Synthesis 30 24
3D 1 Energy Production, Lipid Metabolism, Small Molecules Biochemistry 40 20
2 Cancer, Hematological System Development and Function, Organismal Injury and Abnormalities 30 16
3 Cellular Movement, Lipid Metabolism, Molecular Transport 30 16

remain undermined, the difference in cellular metabolism at least seems to be associated with the different phenotypes of 2D cells and
3D spheroids. In the present study, cellular metabolic capacity shifted from glycolysis to mitochondrial respiration in differentiated
3T3-L1 cells in the 3D culture condition but not in those in the 2D culture condition with increased expression of mitochondria-
encoded genes in the 3D spheroids upon adipogenic induction. Indeed, there have been several reports showing that differentiated
adipocytes exhibit higher oxygen consumption rates than those of undifferentiated cells [27-30], although the difference in 2D and 3D
culture conditions was not extensively assessed. Mitochondrial respiration is known to be regulated by not only simple molecular
expression but also other multiple factors, including post-translational modification of molecules and supercomplex formation in the
electron transport chain [31]. In the present study, since multiple mitochondria-encoded genes that are associated with oxidative
phosphorylation were prominently increased in 3D cultured adipogenic spheroids, increased expression of mitochondrial electron
transport chain complexes, at least partially, was associated with the increase in mitochondrial spare respiratory capacity observed in
the 3D culture condition. PPARy is a well-known regulator of mitochondrial biogenesis [32]. However, in the present study, PPARy was
upregulated by induction of adipogenesis in both 2D and 3D culture conditions, suggesting that increased PPARy expression alone may
not explain the differences in cellular metabolism between 2D and 3D cultures. Recently, the importance of mitochondria existing in
the 3D condition, forming a reticular network contacting other cell organelles, has been proposed and studied [33-35]. Thus, the 3D
environment itself, rather than molecular-based mechanisms, may be essential for increased mitochondria-encoded gene expression
and altered metabolic characteristics in adipocytes. Further studies to address the detailed mechanisms of metabolic changes in the 3D
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Fig. 7. Measurement of metabolic functions in the 2D and 3D culture conditions of 3T3-L1 preadipocytes with or without adipogenic
differentiation.

2D and 3D cultures of the 3T3-L1 preadipocytes (DIF-) and those treated by adipogenic differentiation (DIF+) were subjected to mitochondrial and
glycolysis function analyses using a Seahorse XFe96 Bioanalyzer. Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) at
baseline were calculated as 100 % and their changes were assessed by the following injections: (i) oligomycin, (ii) carbonyl cyanide p-tri-
fluoromethoxyphenylhydrazone (FCCP), (iii) rotenone/antimycin, and (iv) 2DG. Panel A: Measurements of OCR in 2D DIF- and DIF + cells. Panel
B: Spare respiratory reserve defined as the difference between average of OCR in the presence FCCP and average of OCR at baseline in 2D DIF- and
DIF + cells. Panel C: Measurements of ECAR in 2D DIF- and DIF + cells. Panel D: Glycolytic reserve defined as the difference between the final
measurement of ECAR in the presence of oligomycin and average of ECAR at baseline in 2D DIF- and DIF + cells. Panel E: Measurements of OCR in
3D DIF- and DIF + spheroids. Panel F: Spare respiratory reserve in 3D DIF- and DIF + spheroids. Panel G: Measurements of ECAR in 3D DIF- and
DIF + spheroids. Panel H: Glycolytic reserve in 3D DIF- and DIF + spheroids. Data are presented as means =+ the standard error of the mean (SEM).
*P < 0.05 (Student’s t-test).

spheroids of 3T3-L1 preadipocytes upon adipogenic induction are required.

The present study also showed that expression levels of adipogenesis-related genes and the energetic state of 3T3L-1 preadipocytes
in 2D culture varied depending on the conditions used to induce adipogenic differentiation as shown in Fig. 1. Consistent with the fact
that IBMX-based protocols have been commonly used for adipogenesis [36], our experiments showed that the adipogenesis-induction
protocol using a combination of IBMX and thiazolidine in addition to dexamethasone and insulin derivatives increased expression
levels of adipogenesis-related genes the most; however, this protocol resulted in the lowest levels of both mitochondrial spare res-
piratory capacity and glycolytic capacity, which is not consistent with the high metabolic capacity that is a well-known characteristic
of differentiated cells. Recently, induction of adipogenic differentiation using both IBMX and thyroid hormones has been reported
[37]. Nevertheless, the expression levels of adipogenesis-related genes may not match the metabolic state of the cells under 2D culture
conditions regardless of the induction protocol, and from these points of view, induction of adipogenic differentiation in 3D culture, as
obtained in the results of this study, may be optimal for mimicking the physiological phenotype of adipocytes.

We acknowledge that there are some limitations in the present study. First, the number of samples provided for RNA sequencing
was small. Nevertheless, each sample was obtained in independent experiments, heatmaps (Fig. 3A and D) showed that there was little
variation within groups, and gene expression levels of some DEGs were validated by quantitative RT-PCR in addition to RNA
sequencing. Second, there are many different factors between 2D planar cells and 3D spheroids, making their comparison challenging.
It remains unclear whether the results are due solely to culture conditions themselves or due to the differences in sensitivities of the
drugs that induced adipogenesis. It should be noted that because of the different drug sensitivities between 2D and 3D culture con-
ditions, different protocols for measuring real-time metabolic function had to be used for 2D planar cells and 3D spheroids [13,14].
Novel protocols need to be established through careful experiments to compare 2D and 3D culture conditions directly. In addition,
lipidome analysis using recent mass spectrometry may be able to assess not only lipid content but also differences in lipid distribution
and composition between 2D and 3D culture conditions [38]. Third, this study was conducted using cell lines, which may exhibit
different properties compared to preadipocytes taken and grown directly from living organisms. Finally, no genetic modification or
drug intervention for specific molecules was performed in the present study, since the purpose of this study was to evaluate the
characteristics of induced adipogenic differentiation of 3T3-L1 preadipocytes in 2D and 3D cultures. Although all of the pathways
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Fig. 8. Differentially expressed genes (DEGs) for differentiated 3T3-L1 cells between 2D and 3D cultures.

Panel A: DEGs of DIF+ 3T3-L1 cells between 2D and 3D cultures are shown by a volcano plot. Among the significantly up-regulated DEGs, several
mitochondria-related genes were detected. Panel B: 2D and 3D cultures of 3T3-L1 preadipocytes (NT) and their adipogenesis forms (DIF) at Day 7
were subjected to quantitative RT-PCR analysis of selected mitochondrial factors, in which there was a significant correlation with adipocyte
metabolism: mt-Nd6 (complex I), mt-Cytb (complex III) and mt-Col (complex IV). All experiments were conducted using fresh preparations con-
sisting of 16 spheroids each for qPCR analysis. Data are presented as means =+ standard error of the mean (SEM). ****P < 0.001 (ANOVA followed
by Tukey’s multiple comparison test).

highlighted by IPA in 3D spheroids in this study are important pathways for adipocytes, future studies, including genetic manipulation
of molecules detected as DEGs only in 3D spheroids, may provide a precise understanding of the characteristics of 3D culture-based
adipogenic induction of 3T3-L1 cells.

5. Conclusion

The findings in this study suggest that inducing adipogenesis in a 3D culture condition of 3T3-L1 preadipocytes leads to more
adipocyte-specific gene expression patterns and metabolic phenotypes with increased expression of mitochondria-encoded genes,
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which may be associated with more differentiated adipocyte-like cellular properties compared with those in a 2D culture condition.
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