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a b s t r a c t 

Worldwide obesity, defined as abnormal or excessive fat accumulation that may result in different comorbidities, 
is considered a pandemic condition that has nearly tripled in the last 45 years. Most studies on obesity use 
animal models or adipocyte monolayer cell culture to investigate adipose tissue. However, besides monolayer 
cell culture approaches do not fully recapitulate the physiology of living organisms, there is a growing need 
to reduce or replace animals in research. In this context, the development of 3D self-organized structures has 
provided models that better reproduce the in vitro aspects of the in vivo physiology in comparison to traditional 
monolayer cell culture. 

Besides, recent advances in omics technologies have allowed us to characterize these cultures at the proteome, 
metabolome, transcription factor, DNA ‐binding and transcriptomic levels. These two combined approaches, 3D 

culture and omics, have provided more realistic data about determined conditions. Thereby, here we focused 
on the development of an obesity study pipeline including proteomic analysis to validate adipocyte-derived 
spheroids. Through the combination of collected mass spectrometry data from differentiated 3T3-L1 spheroids 
and from murine white adipose tissue (WAT), we identified 1732 proteins in both samples. By using a compre- 
hensive proteomic analysis, we observed that the in vitro 3D culture of differentiated adipocytes shares important 
molecular pathways with the WAT, including expression of proteins involved in central metabolic process of the 
adipose tissue. Together, our results show a combination of an orthogonal method and an image-based analysis 
that constitutes a useful pipeline to be applied in 3D adipocyte culture. 
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Overweight and obesity are defined as abnormal or excessive fat ac-
umulation, an issue that has grown to epidemic proportions causing the
eath of nearly 4 million people per year due to health complications,
ccording to the global burden of disease [1] . To find solutions for obe-
ity, the biomedical researchers have been exploring the development
f adipocyte cell culture and adipose tissue models [2] to understand bi-
logical mechanisms with the aim of designing interventions to achieve
nd maintain healthy metabolism and body weight. Instead of using ani-
als, most of the studies are performed in vitro using adipocytes, being

he mouse 3T3-L1 cell line the most common model for this purpose
6-8] . 
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For many years researchers have been using animal models to an-
wer important scientific questions aiming to understand obesity and
verweight [ 2 , 3 ]. The use of animal models could be often costly, time-
onsuming and present scientific limitations such as poor relevance to
uman biology [4] . The proposed Principles of Human Experimental
echnique promulgated the 3Rs of Replacement, Reduction and Refine-
ent [5] in science. Since then, researchers have been developing new
ethods to substitute animal models which can also fill the gaps in-
erent to them mainly when knowledge must be translated to human
hysiology. Currently, cell monolayer is widely used, however, they do
ot represent tissue morphology, organization and physiology; to bring
n vitro experiments closer to those performed with animals, several
odels of 3D cell culture have been developed [6-8] . The 3D cell cul-

ure is an in vitro self-organized and stimulus-sensitive representation
f an in vivo tissue being more realistic than cultures in monolayer [9] .
he adipocyte spheroids and organoids have been developed to help
ubstitute the animal use in obesity research. Therefore, it is crucial
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o investigate and characterize these models in comparison with the
ell-established animal models used in metabolic research and preclin-

cal testing. 
Moreover, recent advances in omics technologies, such as mass spec-

rometry (MS), have become an extensively applied method for 3D cul-
ures characterization. The development of methodologies and improve-
ents in the resolution and sensitivity of MS instruments have allowed it

o address a variety of biological questions [ 10 , 11 ]. Here we present the
evelopment of an obesity study pipeline including proteomic analysis
o validate adipocyte-derived spheroids. Our results indicate MS-based
roteomics as a method to validate spheroidal 3D cell culture of mouse
T3-L1 cells to study adipose tissue and its molecular pathways, which
orrelates with white adipose tissue (WAT). 

ethods 

T3-L1 cell culture and differentiation 

3T3-L1 mouse preadipocytes were obtained from American Type
ulture Collection (ATCC). 3T3-L1 mouse preadipocytes (passage 10-
5) were cultured in high glucose (4.5 g/L) Dulbecco’s Modified Ea-
le Medium supplemented with 10% calf serum and 100 U/mL peni-
illin 100 mg/mL streptomycin at 5% CO 2 and 37 °C and harvested
efore reaching 70% confluence for spheroid assemble. After assem-
led, the spheroids were differentiated with the use of the induction
edium for 48h composed of DMEM, 10% FBS, 1% w/v antibiotics

penicillin and streptomycin), 1 μM dexamethasone, 1 μg/mL of insulin
nd 0.5 mM of 3-isobutyl-1-methylxanthine (IBMX). After the induction
eriod, medium was aspirated and the maintenance medium composed
f DMEM, 10% FBS, 1% w/v antibiotics, 1 μg/mL insulin was added.
he maintenance medium was changed every 48 hours until reaching
4 days of differentiation. 

pheroid assemble 

Based on the afore described method [8] , cells after reaching a 70%
onfluence were counted and the nanomagnetic particles NanoShuttle
M -PL (Greiner) were added in the proportion of 1 uL for each 1x10 4 

ells. After magnetization, 1,5x10 4 cells were added to a 96-well cul-
ure plate (Greiner Bio-One 655970 - 96 well microplate, PS, well with
/chimney bottom, cell-repellent surface, clear, sterile), ( Fig.1 ). For
pheroids formation, a device with 96 magnetic cylinders (Greiner Bio-
ne 655830) was positioned below the culture plate and the cells re-
ained 24 hours incubated with magnets and kept in a humid incubator

t 37 °C and 5 % CO 2 . 

nimal model 

Male C57BL/6J mice were purchased from Model Organisms Labo-
atory (LOM) mouse facility at LNBio/CNPEM (Campinas, SP, Brazil).
ice were weaned with 21 days old and were maintained at 22 ± 1 °C

n a 12 hours light-dark cycle, with free access to food and water. They
ere fed a chow diet (Nuvilab CR1) for 12 weeks. The composition of the
iet is as follows: crude protein, 220 g/kg; fat, 50 g/kg; carbohydrate,
00 g/kg; crude fiber, 70 g/kg; neutral detergent fiber 200 g/kg (20%),
sh, 90 g/kg (9%); energy density, 3860 kcal/kg; calories from protein,
2%; calories from fat, 5%; and calories from carbohydrate, 60%. 

At the age of 17 weeks, mice were euthanized in fed state and the
erigonadal white adipose tissue (WAT) pads were dissected, washed
n PBS and immediately frozen with liquid nitrogen. Later, they were
tored at –80 °C until use. The Ethical Committee of CNPEM/LNBio
Comissão de Ética no Uso de Animais ” (CEUA-CNPEM) specifically re-
iewed and approved this study (approval identification 61). The proto-
ols were performed following the guidelines for ethical conduct in the
are and use of animals established by the Brazilian Society of Labora-
ory Animal Science (SBCAL/COBEA). Animals were treated humanely
nd with regard to alleviate suffering. 
168 
pheroid viability and size 

On the day of assemble (day 0) and days 2, 4, 6, 8, 10, 12 and 14; 12
pheroids were collected per day in order to measure the cell viability
hrough ATP production. The ATP was quantified using a CellTiter-Glo®
D Cell Viability Assay (Promega, cat. G9681) following the manufac-
urer’s instructions; the luminescence was recorded in a Glow Max Plate
eader (Promega). The spheroids diameter was measured every 2 days.
he images were captured with Operetta High Content Imaging System
Perkin Elmer, Waltham, MA, USA) and quantified using Harmony Soft-
are (Perkin Elmer). 

icroscopy 

The lipid droplets and the nuclei were stained after spheroids were
xed for 1 hour in 4% formalin and washed 3 times in PBS. The
ipidSpot (Biotium; cat. Number 70065-T) lipid marker probe and the
API (Biotium; cat. Number 40043) were added according with man-
facturer’s instructions. After staining with the fluorescent probes, the
mages were obtained using a TCS SP8 (Leica) confocal microscope. 

ample preparation for X-ray microtomography 

The 3T3-L1 spheroids were fixed in 4% formalin for 1 hour at
oom temperature, contrasted with 0.4% osmium solution, and then
ehydrated in ethanol baths (70%, 80%, 90%, 95% and 100%). Af-
er dehydration, samples were clarified in two xylol baths (30 min-
tes each) and included in paraplast Plus® (sigma; cat. Number P3683-
KG). The included samples were mounted on a stub in the rotation
tage. 

-ray microtomography 

Briefly the 3T3-L1 spheroids mounted on a stub were submitted to
icro tomography, the images were acquired at the Synchrotron Na-

ional Light Laboratory (LNLS), on the beamline dedicated to X-ray mi-
ro tomography (IMX). More than 2000 X-ray transmission images were
btained by rotating the sample in 360 degrees around a fixed rotation
xis, in uniformly spaced angular steps, to produce a stack of synograms
hat were later computationally transformed into a 3D density map sam-
le electronics [12] . 

The 3D reconstructed data obtained on the IMX beamline were
rocessed using the Avizo Fire 9.4 software ( https://www.fei.com/
oftware/avizo-for-materials- science/). A median filter was applied to
ll images to remove noise and allow segmentation and quantification
f the image. After filtering, an interactive threshold was applied, in or-
er to separate the signal from the noise. The reconstructed and filtered
D image was visualized using the 3D rendering function. 

roteomics 

roteolytic digestion 

All samples, WAT, non-differentiated (ND) and differentiated 3T3-
1 spheroids (WA), were submitted to the same protocol of protein ex-
raction and trypsin digestion. Briefly, the samples were homogenized
ith 8 M urea, 2 M thiourea in 30 mM Tris-HCl pH 8.5, containing 1
M EDTA, and 1 mM PMSF. The proteins were quantified by Bradford
ethod [13] and an aliquot containing 10 μg of proteins was submitted

o reduction. Proteins were reduced with 5 mM dithiothreitol (DTT) for
5 minutes at 56 °C and alkylated with 14 mM iodoacetamide (IAA) for
0 minutes at room temperature in the dark. The remaining IAA was
emoved by the addition of excess DTT. To reduce the final concentra-
ion of urea to 1 M, the mixtures were diluted with 50 mM ammonium
icarbonate buffer. Proteins were digested with trypsin (1:50, w/w) for
8 hours at 37°C, and then 1% formic acid (v/v) was added to stop the
igestion. The tryptic peptides were desalted with C18 stage tips [14] .

https://www.fei.com/software/avizo-for-materials-
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Fig. 1. A. Scheme of Scaffold-free generation of spheroids and Phase-contrast image of spheroids, after magnetization the plate was incubated at 37 °C in a humidified 
chamber for 1 day to allow for magnetic assembly of pre-adipocytes into spheroids. The resultant spheroids were then differentiated for applications. Spheroids were 
maintained in base media showed no appreciable change in size after 2 weeks of observation. B. fluorescence image of spheroid after assembled, stained with DAPI, 
measurements realized showed sphericity around 1. C. ATP measurements of spheroids for 14 days. The ATP was quantified with CellTiter-Glo®, luminescence was 
recorded with one spheroid per well. The dot plots represent the luminescence mean ± SD (n = 12 spheroids per day), the statistical test ANOVA two way, (adjusted 
p-value < 0.05) indicate that the day of the spheroids were make (day 0) and the day 2 were significantly different from the measurement of other days, from 

day 4 the spheroids appear to stabilize the ATP production. D. Measurement of spheroids diameter during 14 days, the measurement was performed with n = 12 
spheroids/day in an automatized microscopy. The statistical test, ANOVA two way, (adjusted p-value < 0.05) indicate no significance variation for 10 days. 
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o avoid bias during measurements, all data collection was randomized
sing the R (v3.4.0) environment. 

C-MS/MS analysis 

The peptide mixtures (2.0ml) were analyzed using an LTQ Orbitrap
elos (Thermo Fisher Scientific) mass spectrometer coupled to nanoflow

iquid chromatography on an EASY-nLC system (Proxeon Biosystems)
ith a Proxeon nanoelectrospray ion source. Peptides were separated in
 2 to 35% acetonitrile gradient in 0.1% formic acid, using a PicoFrit
nalytical column (20 cm × ID 75,5 𝜇m particle size, New Objective),
t a flow rate of 300 nL/min over 175 minutes, as previously described
15] . 

roteomic data analysis 

Raw data were processed using MaxQuant v1.5.8 software [27] ,
nd MS/MS spectra were searched against the Mus musculus
niProt database (released in December, 2020, 63,724 sequences, and
8,586,808 residues) using the Andromeda search engine [28] . A toler-
nce of 10 ppm was considered for precursor ions, and 1 Da for-fragment
ons, with a maximum of two missed cleavages. A fixed modification
f carbamidomethylation of cysteine and variable modifications of me-
hionine oxidation and protein N-terminal acetylation were considered.
 1% false discovery rate (FDR) was set for both protein and peptide
169 
dentifications. Protein quantification was performed using the LFQ al-
orithm, with a minimal ratio count of 1 and a window of 2 minutes for
atching between runs. Data were processed in Perseus v1.6.7.0 soft-
are, excluding reverse sequences and those identified “only by site ” en-

ries. Protein abundance was calculated based on the normalized spec-
rum intensity (LFQ intensity) and was log2-transformed. The signif-
cance was assessed using Student’s t-test (P-value < 0.05). For data
isualization, Volcano plot was performed with fold-change (FC) and p-
alue threshold value of 2.0 and 0.05, respectively, using the software
etaboanalyst v 5.0. 

esults 

pheroids are stable for at least 14 days 

Cultured 3T3-L1 pre-adipocytes were assembled in spheroids accord-
ng to the already proposed methodology [16] . Spheroids were set up
ith 1.5x10 4 3T3-L1 cells and magnetized for 24 hours resulting in a

pherical 3D structure ( Fig. 1 -A, B). After magnetization, the spheroids
ere kept in culture for 14 days in basal medium and evaluated for their

tability and viability. ATP production and diameter were checked ev-
ry two days, and the data obtained showed that until day 2 the culture
eems to be in a period of high metabolic demand, probably because of
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Fig. 2. A. Scheme of data acquisition on IMX beam line. The fixed samples were stained and mounted in a stub and exposed to synchrotron x-ray. Images were 
acquired and recorded as a sinograms; all data were computationally processed and reconstructed using a specific 3D reconstruct software (Avizo) B. X-Ray Micro- 
tomography characterization of pre-adipocyte spheroids. The image of a whole spheroid is depicted in the superior left, at superior right and inferior left are the 
reconstructed images of two different cross sections and at inferior right is the center of the spheroid, showing no lack of cell in its nuclei. The spheroids size 
quantification demonstrated that they retain an elliptical format, with an average diameter of 200 um and 500μm long. 
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he change of the type of culture from monolayer to 3D. From day 4 on,
he spheroids reached stability on ATP production ( Fig. 1 -C), suggesting
hat cell viability was kept. 

Additionally, spheroid diameter ( Fig. 1 -D) was measured concomi-
antly to ATP quantification, exhibiting low variation until day 12, when
he quantification indicated a reduction of the diameter, without cell
eath as founded in ATP quantification. Finally, to characterize the
pheroid shape, the confocal fluorescence measurement indicated that
pheroids are compact and well-formed, presenting sphericity around
( Fig. 1 -B). 
170 
icro-tomography revealed uniform and reproducible 3T3-L1 spheroids 

To access the internal structure and morphology, the spheroids
N = 24) were submitted to high-resolution synchrotron-based X-ray mi-
rotomography (IMX). Spheroids, processed as indicated in method sec-
ion, were mounted on a stub in the rotation stage for data acquisition
 Fig. 2 -A). 

The 3D reconstructed data obtained on the IMX demonstrated that
T3-L1 cells formed uniform and stable spheroids, as can be observed
hrough the morphological details on X-ray microtomography images.
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Fig. 3. In panel, spheroids no differentiated in the superior line (NDIF, A, B, C) and differentiated spheroids in the inferior line (WA, D, E, F). The cell’s nucleus were 
stained with DAPI (A, D), lipid droplets were stained with LipidSpot (B, E) and both staining were superposed (C, F). Almost the whole space of adipocytes is occupied 
by lipid droplets after 14 days exposed to differentiated cocktail (WA) when compared with undifferentiated condition (NDIF). Confocal laser scan microscopy was 
applied to detect DAPI and LipidSpot. 
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ross section images showed the absence of deformed nuclei, which in-
icates that formed spheroids do not exhibit necrotic centers. Also, it
as observed that spheroids present external shape of an elliptical form

eaturing well-adhered cells and average size of 500 μm ( Fig. 2 B). 

T3-L1 spheroids developed lipid droplets on cells characterizing mature 

dipocytes 

To produce adipocyte-derived spheroids, 3T3-L1-assembled
pheroids were differentiated for 14 days. After differentiated,
pheroids were stained with LipidSpot ( Fig.3 ) to assess the increase of
ipid content in the adipocyte cytoplasm. Confocal images of differ-
ntiated (WA) and undifferentiated (NDIF) spheroids ( Fig. 3 ) showed
n increase in lipid droplets in spheroids treated with differentiation
edium (WA), when compared to NDIF spheroids. The presence of

ipid droplets indicated a mature state of adipocytes. 

roteomics of adipose tissue spheroids demonstrated similarity to mouse 

dipose tissue 

As an orthogonal method to investigate molecular similarity between
urine white adipose tissue (WAT) and differentiated 3T3-L1-derived

pheroids (WA), we characterized the global proteome of WA (n = 24)
nd perigonadal WAT from mice (n = 3). 

Tissue dissected from mice and differentiated spheroids from three
ndependent experiments were lysate to extract the proteins. The extrac-
ion had a protein average yield of 1,5μg/μl and 10μg of protein lysate of
ach sample (pool of spheroids and perigonadal WAT) were submitted
o proteolytic digestion ( Fig. 4 -A). After proteolytic digestion, the pep-
ide mixture was analyzed using an LTQ Orbitrap Velos (Thermo Fisher
cientific) mass spectrometer coupled to nanoflow liquid chromatogra-
hy on an EASY-nLC system (Proxeon Biosystems) with a Proxeon nano-
lectrospray ion source. The proteomes of WAT and WA spheroids were
nalyzed using quantitative MS and label-free protein quantitation (LFQ
ntensity) to compare the relative abundance of proteins. 
171 
The data shows that for WA, 646 proteins were confidently identi-
ed. For the WAT dataset, 1083 proteins were quantified. The proteomic
ata analysis identified 536 common and exclusive proteins from WA
pheroids and WAT ( Fig. 4 -A). Paired Student’s t test (P value < 0.05)
ndicated 110 proteins that were preferentially expressed in WA, and
47 in WAT. The relatively small number of protein expression iden-
ified exclusively in WA spheroids reflects their biological similarity to

AT, and the higher number of identified proteins in WAT reflects the
omplexity of a real tissue extracted from an organism. As expected,
on-differentiated spheroids were very different in terms of found pro-
eins in WA and WAT (Supplementary Figure 1 – FS1). 

Biological replicates from WA and WAT were combined to investi-
ate proteomic changes. The Volcano plot, in Fig. 4 -B, shows the up
nd downregulated proteins, in which 63 proteins were upregulated
nd 43 downregulated in WAT. Moreover, the 13 proteins with major
ifference of expression between the groups are named in the graph
 Fig. 4 -B), most of them are associated with fatty acid metabolism, mi-
ochondrial activity, and energy expenditure. On the other hand, 101
roteins (Supplementary material – Table 1) did not present significant
ifference in expression profile between the groups, indicating that half
f the expressed proteins in spheroids and in mouse tissue are the same
nd presented the same expression rates, which is a strong validation of
ow our spheroids can mimic the mouse organism. 

nrichment analysis of biological processes of differentiated adipose 

pheroids 

Functional enrichment analysis for the combined up- and down-
egulated proteins was performed to analyze biological processes. En-
iched processes of WA compared to WAT are shown in Figure 5 . This
lassification system uses information on protein sequence to assign a
ene to an ontology group based on the Gene Ontology (GO) terms
ttp://www.geneontology.org/ . 

The results obtained in functional enrichment featured that 7 of 15
rocesses are shared between WA and WAT. In general, for similar bio-

http://www.geneontology.org/
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Fig. 4. A. Pipeline of mass spectrometry-based proteomics of adipose spheroids and white adipose tissue. The samples (WAT or WA spheroids) were submitted 
to protein extraction; proteolytic digestion followed by MS analysis. Venn diagram of identified proteins, WA and WAT share 536 common proteins, WA have 110 
exclusive proteins and WAT 547 proteins. B. Volcano plots for experimental comparison of WA X WAT in which abundance ratio (Log2) is plotted against the p-value 
( − log10). There are 63 upregulated proteins and 43 downregulated proteins indicated in plot (adjusted p-value < 0.05), in the right side in pink are the proteins 
up regulated in WA and in left the proteins up regulated in WAT, the proteins with major expression difference are named in the graph. The proteins plotted in 
grey color (101) did not present expression profile differences between the groups, that means the similarity between the groups. 

Fig. 5. Functional enrichment analysis of murine WAT (left) and WA spheroids (right). A combined list of significantly up- and downregulated proteins was used 
for analysis, and an adjusted p-value < 0.05 was considered statistically significant. Enrichment analysis for GO biological processes was performed using METAS- 
CAPE. Bar colors indicate groups of selected processes that appear in the two groups. The biological processes names and IDs, GO:0043270 Positive regulation 
of ion transport; GO:0006457 Protein folding; GO:0072593 Reactive oxygen species metabolic process; GO:0072659 Protein localization to plasma membrane; 
GO:0031329 Regulation of cellular catabolic process; GO:0034446 Substrate adhesion-dependent cell spreading; GO:0030036 Actin cytoskeleton organization; 
GO:0045454 Cell redox homeostasis; GO:0009611 Response to wounding; GO:0055086 Nucleobase-containing small molecule metabolic process ; GO:0044283 
Small molecule biosynthetic process; GO:0006979 Response to oxidative stress; GO:0006091 Generation of precursor metabolites and energy; GO:0044282 Small 
molecule catabolic process; GO:0032787 Monocarboxylic acid metabolic process; GO:0019693 Ribose phosphate metabolic process; GO:0043648 Dicarboxylic acid 
metabolic process; GO:0006790 Sulfur compound metabolic process; GO:0043270 Positive regulation of ion transport; GO:0043523 Regulation of neuron apoptotic 
process; GO:0034446 Substrate adhesion-dependent cell spreading; GO:0098754 Detoxification. 

172 
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ogical processes found enriched in WAT and WA, the most significantly
nes are related to generation of precursor metabolites and energy. The
nalysis revealed the regulation of various metabolic processes in WA
ith a central role in adipose tissue, being the response to oxidative

tress (represented in purple in Fig. 4 ) one of the top enriched. Moreover,
ther metabolic processes were identified in which the most significant
ere monocarboxylic catabolic acid process and oxoacid metabolic pro-

ess. 
Regarding the differentially enriched metabolic processes between

A and WAT, WA was enriched in carbohydrate metabolism, detox-
fication, symbiotic interaction, and neuron apoptotic process, while

AT was enriched in plasma lipoprotein particle levels, catabolism,
ytoskeleton and mitochondrion organization, and small molecule
etabolism, including ROS metabolism. However, despite some of those
rocesses not being identical, they presented some similarities when
rouped in a higher order. As an example, protein regulation-related
rocesses, which were presented as protein-binding regulation in WA
nd as protein stabilizing/membrane-anchoring processing WAT; or car-
ohydrate metabolism-related process that was more detailed in WA and
as restricted to monosaccharide metabolic process in WAT. Addition-
lly, functional enrichment analysis was performed to evaluate the bi-
logical processes of non-differentiated (ND) spheroids, comparing ND,
A and WAT. From these group, only one process (GO:0006457 Protein

olding) was shared (Supplementary material – FS1), the low similarity
robably is related to metabolic characteristics of a non-differentiated
ells comparing to an adipocyte. In summary, WA and WAT share
 significantly enriched biological processes indicated by functional
nalysis. 

iscussion 

The worldwide pandemic of obesity demands efforts to understand
he mechanisms involved in metabolic unbalance caused by overweight
eing the adipose tissue a central player in obesity treatment and con-
rol. Furthermore, the advent of 3D cultures made possible the develop-
ent of disease and tissue models that can be used to substitute or, at

east, to contribute with studies using traditional animal models in re-
earch. Moreover, these 3D cultures have been considered more realis-
ic and reduce the average number of animals in experimentation. Some
tudies demonstrated that 3T3-L1 spheroids could be valuable models
o investigate obesity and adipogenesis [17-20] , contributing with new
vidences in biological mechanisms of these conditions. Even though
dipose spheroids present morphological similarities to adipose tissue,
heir application as an ally or substitute of animal models depends on
heir capacity of recapitulation other physiological characteristics of this
issue. Our data show that differentiated 3T3-L1-derived spheroids pro-
uced stable and uniform cultures as shown in details by microtomogra-
hy. To validate the spheroid model, we proposed a proteomics analysis
f WA spheroid in comparison to murine WAT. This evaluation provided
ovel insights about this type of 3D culture and the potential differ-
nces found between this model and the tissue from a living organism.
n a quantitative proteomics approach, a total of 1726 unique proteins
ere identified in both samples. WA and WAT share 536 proteins, repre-

enting 83% of the total identified proteins in WA spheroids. This data
ndicates a high similarity rate between 3D WA model and the tissue
issected from the animal. The proteins recovery for WAT after submit-
ed to protein extraction presented superior yield in comparison with
roteins recovery in WA, certainly because the complexity of a tissue,
hich cannot be totally reproduced in spheroids and organoids. 

Recently, some studies reported the proteomic profile of 3T3-L1
dipocytes in monolayer [ 21 , 22 ]. Similar to data obtained from pro-
eomics in monolayer, our protein enrichment analysis data revealed
arious processes associated with the regulation of metabolism, includ-
ng those involved in adipogenesis and fatty acid metabolism. Both pro-
esses are fundamental for the physiology of the tissue that we propose
o mimic. 
173 
The enrichment analysis of biological processes revealed important
athways shared between WA and WAT. One of them was the "response
o the oxidative stress" associated with preadipocyte proliferation in-
rease, adipocyte differentiation, and the size of mature adipocytes [23-
6] . In obesity, this biological process is related to a several health dis-
unctions [26] , showing once again the great resemblance of our 3D
odel with the murine WAT itself. Another enriched process, "genera-

ion of precursor metabolites and energy" is on the top of the enriched
rocesses listed in both models. It represents an important pathway for
dipocytes involved in the regulation of energy consumption and ex-
enditure. Also, this pathway was associated to energy expenditure dur-
ng exercise and as a diabetic marker [ 29 , 30 ]. All these results indicate
hat the functional enrichment data was an important tool to identify
hich biological processes are present in both animal and 3D cell cul-

ure model. With this data we exhibit that it is possible to use the 3D
odels more assertively, with focus on proteins present in keys biolog-

cal pathways. 
In summary, here we proposed a model to validate 3D cultures com-

aring them to a model organism. Our findings demonstrate that differ-
ntiated 3T3-L1 spheroids recapitulate important in vivo properties of
urine WAT and provide a framework for future investigations to deci-
her underlying mechanisms and test therapeutic targets to manage or
reat diseases associated with adipose tissue like obesity. 
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