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Abstract

It is increasingly considered that 3D cell culture systems are superior to 2D in evaluating health promoting effects of
candidate molecules because they better mimic tissue-like structures, thus testing in such systems will increase their
in vivo applicability. The present study sought to examine the potential usefulness of spheroid models for assessing
the antiadipogenic effect of polyphenols. The major food polyphenols were compared for their antiadipogenic effects
in 3T3-L1 cells grown in conventional 2D conditions and as 3D spheroids. Further, the study evaluated the effect of the
cell culture environment on the inhibition of the adipogenesis-related signaling pathway mediated by curcumin (CUR),
the most effective antiadipogenic polyphenol identified in 2D and 3D, and its cellular absorption rate. CUR treatment
inhibited the activity of signal transducer and activator of transcription 3 (STAT3) in cells cultured in both conditions;
however, it was more effective in 2D. Notably, 3T3-L1 preadipocytes in a 3D cell culture system maintained high STAT3
activity and CCAAT/enhancer-binding protein alpha (C/EBPa) expression compared with a 2D system. Additionally, the
cellular absorption rate was lower in 3D cultures. Thus, different cellular absorption rates, innate STAT3 activity, and C/
EBPa expression levels may contribute to the difference in CUR efficacy. This study demonstrated that the STAT3 inhi-
bition at least partly contributes to antiadipogenic effect of CUR. Moreover, it showed that the presentation of cells in
3D significantly alters activation of intracellular signaling pathways and absorption rate of CUR. Therefore, 3D spheroid
models are valuable tools to evaluate the anti-adipogenicity of candidate molecules.

Highlights

e Curcumin inhibits STAT3 activity on adipogenesis induction in 2D and 3D cell cultures; however, the inhibition is less
in the 3D culture.

e Culturing 3T3-L1 preadipocytes in 3D cell cultures maintained a high STAT3 activity and C/EBPa expression levels
compared with 2D systems.

e Curcumin’s cellular absorption rate was lower in the 3D compared with the 2D cell culture, although repeated treat-
ments increased both the cellular absorption and efficacy.
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1 Introduction

Obesity is rising rapidly and has become a major public health concern worldwide [1]. Furthermore, obesity is a
common cause of low-grade systemic inflammation, which greatly contributes to increased risk of various diseases,
including coronary heart disease, hypertension, type 2 diabetes mellitus, osteoarthritis, and cancer [2]. Adipose tissue
mass increases via the hypertrophy of mature adipocytes and the differentiation of preadipocytes into new adipocytes
in a process known as adipogenesis [3]. Adipocyte differentiation is regulated by genetic and environmental factors,
and its inhibition may serve as an effective therapeutic intervention in preventing obesity [4]. In light of this, various
food-derived compounds have been studied, and polyphenols have shown great promise [3, 5, 6].

Two-dimensional (2D) cell culture techniques have been exclusively used to evaluate antiadipogenic effects of
polyphenols. However, 2D in vitro systems may not reflect the complex three-dimensional (3D) in vivo environment
in which cells are exposed to concentration gradients of oxygen, nutrients, and cellular metabolites due to cell—cell
and cell-matrix interactions in all directions [7]. Thus, 3D cell culture systems better represent in vivo conditions [7,
8]. Particularly, spheroid cell cultures have been useful due to their simplicity and reproducibility [9]. Multicellular
spheroids show greater structural and functional resemblance to living tissues than 2D monolayer cell cultures [7, 9,
10]. Notably, cells in spheroids exhibit different characteristics from monolayer cells in terms of transcriptome profile
[9] and drug response [11, 12]. Therefore, 3D cell culture systems can represent certain aspects of cell behaviors in vivo
and provide important information when used in combination with 2D cell culture techniques.

Spheroid models of adipocytes, including 3T3-L1 cells, have been addressed [7, 9], however, they have not yet
been used to evaluate antiadipogenic molecules, including polyphenols, on preadipocyte differentiation. Polyphenol
absorption through multicellular layers can be relatively more challenging, a factor that could contribute to differ-
ences in their efficacy in cells grown in 3D compared with 2D cell culture conditions. Additionally, 3D cell culture
conditions alter the intrinsic activity of different cellular signaling pathways, i.e., decrease in AKT activity and increase
in extracellular signal-regulated kinase (ERK) and signal transducer and activator of transcription 3 (STAT3) activities
[13-15], which may also affect the anti-adipogenicity of polyphenols.

This study examined the usefulness of 3T3-L1 spheroids for identification and evaluation of potential antiadipo-
genic molecules such as polyphenols. The major polyphenol compounds found in plant foods were compared for
their antiadipogenic effect in 3T3-L1 cells grown in conventional 2D conditions and as 3D spheroids. Further, the
study evaluated the effect of the cell culture environment on the inhibition of the adipogenesis-related signaling
pathways mediated by curcumin (CUR), the most effective anti-adipogenic polyphenol identified, and its cellular
absorption rate.

2 Materials and methods
2.1 Polyphenols

All plant polyphenols, apigenin (API; =95%), CUR (=80%), chlorogenic acid (CHL; =95%), epigallocatechin gallate
(EGCG; = 80%), quercetin (QUE; =95%), and resveratrol (RES; > 99%) were purchased from Sigma-Aldrich Inc. (St.
Louis, MO, USA). Polyphenol compounds were dissolved in dimethyl sulfoxide (DMSO) as a 100 mM stock solution and
then diluted to final concentrations using cell culture media. The final concentration of DMSO was less than 0.04%.

2.2 3T3-L1 cell culture

Mouse preadipocyte 3T3-L1 cells were purchased from the American Type Culture Collection (Manassas, VA, USA)
and maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% calf serum. Cells were
cultured in a humidified incubator at 37 °C and 5% CO,. All reagents were purchased from Thermo Fisher Scientific,
Inc. (Waltham, MA, USA).
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2.3 Adipocyte differentiation in 2D and 3D cell cultures

The 3T3-L1 cells (20,000 cells/mL) were plated in a 24-well plate for the 2D culture. The differentiation was initiated
2 days after the cells reached 100% confluence by replacing the media with MDI media (DMEM containing 10% fetal
bovine serum [FBS] supplemented with 3-isobutyl-1-methylxanthine, dexamethasone, and insulin to final concen-
trations of 0.5 mM, 1 uM, and 10 pug/mL, respectively). After 3 days, the MDI media was replaced with insulin media
(DMEM containing 10% FBS and 10 pg/mL of insulin). After 3 days, the insulin media was replaced with DMEM con-
taining 10% FBS, and cultured for 3 days to complete differentiation.

For the spheroid culture, 3T3-L1 cells (750,000 cells/mL) were deposited in 20 uL drops onto the bottom of a lid.
Afterward, the lid was inverted and placed on a phosphate-buffered saline (PBS)-filled bottom chamber. Two days
later, cell aggregates were transferred to a 96-well ultra-low attachment plate, and differentiation was initiated by
changing the media as described in the 2D cell culture. The 3T3-L1 spheroids were imaged using an EVOS M5000
imaging system (Thermo Fisher Scientific) to monitor their size increase. The size of spheroids was estimated by meas-
uring the area of three individual spheroids for each treatment using ImagelJ (National Institutes of Health, Bethesda,
MD, USA). After completion of differentiation, spheroids were washed with PBS and fixed in 10% formalin for 2 h.
The fixed spheroids were embedded in 4% agarose, cut into 4 um sections, and placed onto slides for hematoxylin
and eosin staining. Polyphenols or vehicle control (CON) were treated in MDI media once unless otherwise specified.

2.4 Oil-Red-O staining

The differentiated 3T3-L1 cells were fixed with 10% formalin and washed. The cells were then rinsed with 60% iso-
propanol for 1 min, followed by incubation with a freshly prepared Oil-Red-O (ORO) working solution for 20 min.
After washing the cells three times with water, images were obtained using an EVOS M5000 imaging system. The
red staining was then extracted from the fixed cells with 100% isopropanol, and their absorbance was determined
at 492 nm using a VersaMax ELISA microplate reader (Molecular Devices, Sunnyvale, CA, USA).

2.5 Cell viability assay

The 3T3-L1 preadipocytes (40,000 cells/well) were cultured in maintenance media in 96-well plates overnight to
attach. Subsequently, the cells were incubated with polyphenols or CON for 72 h. Afterward, 3-[4,5-dimethylthiazol-
2-yl1-2,5 diphenyl tetrazolium bromide (MTT) (BioVision, Inc., Milpitas, CA, USA) was added, and the plates were
incubated for a further 4 h. The cell viability was determined by measuring absorbance at 540 nm using a VersaMax
ELISA microplate reader.

2.6 Immunoblotting

Proteins were extracted using radio-immunoprecipitation assay buffer supplemented with a protease inhibitor cock-
tail and a mixture of sodium orthovanadate, sodium fluoride, and B-glycerophosphate (Sigma-Aldrich). Afterward,
cell debris was removed by centrifugation at 13,000 rpm for 10 min, and the resulting supernatants were stored
at — 80 °C until analysis. The protein concentration was determined using a protein assay kit (Bio-rad Laboratories,
Inc., Hercules, CA, USA). For immunoblotting, the protein samples (50 ug) were denatured and separated by 10%
sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Target proteins were conjugated with the
indicated primary antibodies, followed by the secondary antibodies (Cell Signaling Technology, Inc., Danvers, MA,
USA). Primary antibodies against CCAAT/enhancer-binding protein alpha (C/EBPa), peroxisome proliferator-activated
receptor gamma (PPARy), phospho-STAT3, phospho-AKT, phospho-ERK, phospho-insulin-like growth factor 1 receptor
(IGF1R), ERK, AKT, and tubulin were purchased from Cell Signaling Technology and STAT3 was purchased from Santa
Cruz Biotechnology, Inc. (Dallas, TX, USA). The proteins were detected using a SuperSignal West Pico Plus (Thermo
Fisher Scientific).
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2.7 Leptin enzyme-linked immunosorbent assay

Media derived from the differentiated adipocytes were collected to measure the secreted leptin levels after the
completion of 3T3-L1 preadipocyte differentiation. The collected media were centrifuged at 13,000 rpm for 10 min,
and the obtained supernatants were frozen at —80 °C until analysis. Leptin levels were measured using a leptin Elisa
kit (Ray Biotech Life, Inc., Norcross, GA, USA) according to the manufacturer’s instructions.

2.8 Triacylglycerol level

After completion of adipocyte differentiation, spheroids were washed with PBS and lysed using 5% NP-40. Spheroid
lysates were subjected to two cycles of heating (80—100 °C) and cooling. Afterward, cell debris was removed by
centrifugation at 13,000 rpm for 2 min, and the remaining supernatants were stored at —80 °C until analysis. The
triacylglycerol (TAG) concentration was measured by the detection of a colorimetric product (absorbance at 540 nm)
of oxidized glycerol following the conversion of TAG to free fatty acids and glycerol using a Triglyceride Quantification
Kit (BioVision) according to the manufacturer’s instructions.

2.9 High-performance liquid chromatography analysis

The 3T3-L1 preadipocytes cultured in 2D and 3D environments were treated with various concentrations of CUR (0—40
pM) for different times (0—24 h). For the repeated CUR treatments, the cells were initially treated for 3 days from the
start of differentiation, followed by treatments every 2 days over 5 days. Then, the cells were extracted 2 h after the
final treatment. On the day of extraction, cells were also singly treated for 2 h before the extraction to estimate the
CUR levels attached or absorbed to the cell surface. The CUR levels in the media and cells were measured using a
previous HPLC method with slight modification as described below [16].

The CUR was extracted from the media using the same volume of 4% acetic acid dissolved in 100% acetonitrile
(ACN). The media extracts were centrifuged at 13,000 rpm for 15 min, and the resulting supernatants were stored
at — 20 °C until analysis. To determine the cellular level of CUR, the cells were lysed using 0.5% Triton after washing
thoroughly three times with PBS. Then, cell lysates were mixed with an equal volume of 4% acetic acid dissolved in
100% ACN and sonicated for 1 min. The cell extracts were centrifuged at 13,000 rpm for 15 min, and the resulting
supernatants were collected and stored at —20 °C until analysis. All the samples were filtered into an HPLC sample
vial through a 0.2 um syringe filter for HPLC analysis.

A Gilson HPLC system (Gilson, Inc., Middleton, WI, USA) equipped with an auto-injector and an ultraviolet-vis-
ible detector set at 425 nm was used for the HPLC analysis. The CUR was separated using a Zorbax 300SB-C18
(4.6 x250 mm, 5 um) column (Agilent Technologies, Inc., Santa Clara, CA, USA) by elution with isocratic ACN/2% acetic
acid (40/60, v/v) with a 1 mL/min flow rate. The injection volume was 20 uL. The CUR standard was dissolved in the
eluent at various concentrations (1.84, 3.68, 7.37, and 14.7 ug/mL) and analyzed under the same analytical conditions
as the samples. The obtained standard curves (peak area against concentration) were used to quantify the CUR levels
in the media (ug/mL) and cells (ug/mg) after normalization to protein concentration.

For the recovery test, CUR (1.84, 3.68, and 7.36 ug/mL) was spiked into the media and cells, and the recovery rates
were determined (79.6 +5.1%, 81.9 £ 5.4%, and 91.4 + 3.4%, respectively in the media; 100.2 + 5.3%, 120.2 + 3.3%, and
114.6 £9.0%, respectively in the cells). There was high linearity between the CUR concentration and peak area, with
a correlation coefficient of 0.9998. The limit of detection and limit of quantification (LOQ) were 0.31 and 0.93 pg/mL,
respectively. All the solvents used in the preparation of the solutions, extraction, and analysis were of analytical or
HPLC grade.

2.10 Statistical analyses

Statistical analyses were conducted using SAS software (version 9.4; SAS Institute, Inc., Cary, NC, USA), and p-values
less than 0.05 were considered significant and indicated as follows: *** for p <0.001, ** for p <0.01, and * for p < 0.05.
The student’s t-test was used to examine the differences between the CON and each polyphenol treatment group.
In addition, student’s t-test was performed for the following comparisons: CON and CUR treatment at different time
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points, and single and repeated treatments of CUR on its absorption at the cellular level. Two-way analysis of variance
(ANOVA) was used to examine the main effect of repeated CUR treatments on antiadipogenic activity.

3 Results
3.1 Inhibitory effect of polyphenols on adipocyte differentiation in 2D cell cultures

The 3T3-L1 cells were differentiated into adipocytes in the presence of various polyphenols during the first 3 d of dif-
ferentiation to compare their antiadipogenic efficacy. Treatments of CUR, QUE, and RES inhibited the differentiation of
preadipocytes into mature adipocytes; this was evident from the significantly lower fat (ORO staining) accumulation
(Fig. 1a). The dose-dependent effect was most apparent with 10 and 20 uM CUR, at 27% and 49% inhibition, respectively,
compared with vehicle-treated control (CON). In comparison, the treatment with 10 and 20 uM of QUE inhibited adipocyte
differentiation by 17% and 24%, respectively, and 10 and 20 uM of RES by 20% and 24%, respectively. Treatment with
API, CHL, or EGCG did not inhibit adipogenesis (Fig. 1a).

Adipocytes secrete leptin, and its level can reflect fat mass [17, 18]. Similar to the results of ORO staining, leptin levels
derived from the differentiated 3T3-L1 adipocytes were significantly decreased after treatment with CUR, QUE, and RES;
however, CUR was the most effective (Fig. 1b). The leptin level of the CON was 1.98 pg/mL, which decreased to 0.64 and
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Fig. 2 Effect of polyphenols on the expression levels of adipose differentiation-related proteins. The 3T3-L1 cells were extracted after 48 h
incubation with various polyphenols (apigenin [API], chlorogenic acid [CHL], curcumin [CUR], epigallocatechin gallate [EGCG], quercetin
[QUE], and resveratrol [RES]) at 10 and 20 uM on starting differentiation or left undifferentiated (Undiff). Representative western blot images
are shown in the upper panel. Densitometric analysis is shown in the lower panel. Values: mean + SE; n=3; *p < 0.05, **p < 0.01, and ***p <
0.001, compared with the vehicle-treated control (CON)

0.15 pg/mL following treatments with 10 and 20 uM of CUR, respectively. There was a less apparent decrease after 10
and 20 uM of QUE (0.83 and 0.61 pg/mL, respectively) and RES (0.56 and 0.67 pg/mL, respectively). In contrast, leptin
levels were not significantly different compared with the CON for API, CHL, and EGCG treatments (Fig. 1b). The observed
inhibitory effect of CUR, QUE, and RES on adipogenesis may not be due to cytotoxicity as cell viability was not affected
at 10 and 20 puM treatments of all polyphenols tested (Fig. 1c). However, at 40 uM, CUR and RES significantly decreased
the 3T3-L1 cell viability.

Polyphenols treatments made similar effect on the expression of major adipogenic transcription factors. Treatment
with 10 or 20 pM of CUR markedly inhibited the expression of PPARy and C/EBPa levels increased upon differentiation
(Fig. 2). Treatment with QUE at 10 and 20 uM and RES at 20 uM also resulted in a significant decrease in the expression of
C/EBPq, although less so compared with CUR treatment. Additionally, treatment with QUE at 10 and 20 uM significantly
inhibited the increase in PPARy expression (Fig. 2). At the same concentrations, API, CHL, and EGCG did not significantly
alter the expression of PPARy or C/EBPa.

3.2 Inhibitory effect of polyphenols on adipocyte differentiation in 3D cell cultures

The 3T3-L1 spheroid model was used to examine whether the antiadipogenic effects of polyphenols observed in 2D
cell culture conditions were retained in 3D environments. The 3T3-L1 cells were induced to differentiate into spheroids
and treated with various concentrations of CUR, EGCG, QUE, or RES for 3 d following inducing the adipocyte differen-
tiation to determine the concentration that requires for comparable antiadipogenic effect observed in 2D. Spheroids
increased in size during differentiation; the undifferentiated preadipocytes increased their diameter from approximately
300 to 800 um over the 12-day culture period (Fig. 3a). Fat accumulation was apparent in spheroids differentiated for 8 d
(Fig. 3b). Notably, the spheroids contained mostly unilocular lipid droplets (Fig. 3b), which is characteristic of complete
adipocyte differentiation [8].

Treatments with CUR, QUE, and RES significantly inhibited the increase in the 3T3-L1 spheroid size compared with
CON (Fig. 3a). At 10, 20, and 40 pM of CUR treatment, the spheroid sizes were inhibited by 8%, 14%, and 30%, respec-
tively, compared with the CON. In comparison, the inhibition was reduced by half to two-thirds following treatment
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with the same concentrations (10, 20, and 40 uM) of QUE (5%, 10%, and 14%, respectively) and RES (6%, 13%, and 21%,
respectively; Fig. 3b). However, treatment with EGCG did not significantly inhibit spheroid growth even at the highest
concentration (Fig. 3b). Similarly, triacylglycerol (TAG) accumulation was significantly reduced after treatment with CUR,
QUE, or RES compared with the CON (Fig. 3¢). The TAG content in the CON was 0.58 nmol/uL; treatment with 10 and 20
MM CUR decreased the TAG content by 16% and 29%, respectively (Fig. 3c). In comparison, the 10 and 20 uM QUE treat-
ments inhibited the TAG accumulation by 7% and 14%, respectively compared with the CON. At 10 and 20 uM of RES
treatment, the TAG accumulation was inhibited by 12% and 23%, respectively (Fig. 3¢). Spheroid size and TAG content
showed a significant positive correlation (r=0.96, p=4.385e—05) (Fig. 3d). As the spheroid size increased (or cells became
more differentiated), the TAG content increased, although the TAG level may be a more sensitive method to assess the
antiadipogenic efficacy of polyphenols than the spheroid size (Fig. 3a, c). As in 2D cell cultures, the increase of protein
expression levels of C/EBPa and PPARy were effectively inhibited in 3T3-L1 spheroids by 20 uM CUR (Fig. 3e). Treatment
with same concentration of QUE and RES also decreased the expression levels of both proteins; however, a significant
decrease only occurred in PPARYy levels (Fig. 3e). Collectively, the results demonstrated that CUR was the most effective
polyphenol in the 3D cell culture environment. However, antiadipogenic effect of CUR was lower in 3D compared with
2D cell culture conditions.

3.3 Effect of CUR treatment on adipogenesis-induced cellular signaling activation in 2D and 3D cell cultures

Multiple signaling pathways, including AKT, IGF1R, STAT3, and ERK pathways, are involved in the early stage of adipo-
genesis differentiation [19-23]. These signaling pathways can also be activated by cell-cell and cell-extracellular matrix
(ECM) interactions. Cells grown as 3D spheroids have different cell-cell and cell-ECM interactions compared with cells
cultivated in a 2D culture environment. Therefore, 3D spheroids may potentiate different cellular signaling pathways.
Moreover, this difference in their innate ability to activate adipogenesis-related signaling pathways may affect CUR-
induced antiadipogenic activity. Treatment with CUR had apparent antiadipogenic effect at 20 uM in both 2D and 3D
conditions. Thus, 20 uM CUR was used to examine the effect of culture condition and CUR treatment on the activation
of adipogenicity-related signaling pathway.

Consistently, inhibitory effects of CUR on C/EBPa and PPARy expressions were reduced in the 3D compared with the 2D
(Fig. 4). The culturing environment greatly influenced the activities of ERK and STAT3 at an undifferentiated state and upon
adipogenic induction. In an undifferentiated state, activities of ERK and STAT3 were greater in the 3T3-L1 preadipocytes
cultured in the 3D compared with the 2D condition. Particularly, at the beginning of adipogenesis (0-2 h), cells in 3D
exhibited higher STAT3 activation and C/EBPa expression compared with cells in the 2D environment (Fig. 4). However,
when 3T3-L1 preadipocytes were differentiated, they were reduced or similar to undifferentiated state in 3D, whereas
they were markedly increased in 2D conditions although the required time was different (Fig. 4).

Culturing 3T3-L1 cells in 3D conditions also altered the activation of other adipogenesis-related signaling pathways
during differentiation. For example, culturing 3T3-L1 cells in a 2D environment highly and acutely increased the expres-
sion levels of phospho-AKT and phospho-IGF1R (Fig. 4). AKT and IGF1R activation also occurred soon after inducing
adipogenesis in cells cultured in a 3D environment, as observed in 2D; however, the extent of activation was much
reduced. Thus, the activation of AKT, IGF1R, STAT3, and ERK signaling pathways in response to adipogenic stimulus was
substantially different between 3D and 2D cell cultures. This difference may also affect the efficacy of CUR. The CUR treat-
ment effectively inhibited STAT3 activation at 2 h following inducing differentiation in both cell culture environments.
However, inhibitory effect of CUR on STAT3 activity was reduced at 2 d of differentiation in 3D environments in contrast
to apparent inhibition in 2D conditions (Fig. 4). CUR treatment did not significantly alter other adipogenesis-related
signaling pathways, including IGF1R, AKT, and ERK (Fig. 4).

3.4 Cellular absorption of CUR in 2D and 3D cell cultures

The anti-adipogenic effect of CUR was greater in 2D than 3D cell cultures. It was examined whether this difference
is also related to the cellular absorption rate of CUR. The addition of 5, 10, 20, and 40 uM CUR resulted in 0.39, 1.09,
2.48,5.56,and 12.63 ug/mL of CUR in the 2D cell culture media, respectively, and the levels gradually decreased with
time for all concentrations (Fig. 5a). Notably, a large amount of CUR was bound to the cell surfaces and was detected
even after extensive cell washing immediately after the treatment (0 h); consequently, 0.95, 3.02, and 5.69 pg/mg
of protein was detected at 10, 20, and 40 uM, respectively. At the cellular level, the CUR concentration reached the
highest level at 2 h after the treatment. The detected values were 0.49, 1.83, and 2.71 ug/mg of protein after 10, 20,
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Fig. 4 Effect of the cell culture 2D 3D
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Fig. 5 Curcumin (CUR) levels in the culture media and 3T3-L1 cells in the 2D and 3D environments. The CUR was added to the culture media
in the 2D and 3D systems, and its levels in the media and 3T3-L1 cells were monitored over time. a The CUR levels in the media in 2D (left)
and 3D (right) cultures. b The CUR levels in the 3T3-L1 cell cultured in 2D monolayer (left) and spheroids (right). Cellular levels were derived
by subtracting the CUR level at 0 h from levels obtained at each time point. ¢ The cellular CUR levels of a single treatment and repeated
treatments. The CUR levels were measured 2 h after the final treatment at 5 days after the start of 3T3-L1 differentiation in 2D cell culture
conditions. d Cytotoxicity of polyphenols was assessed using a 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT) assay.
Optical density values are shown. Values: mean + SE; n=3; *p < 0.05 and **p < 0.01, compared with 0 h or single treatment

and 40 pM of CUR treatments, respectively, when subtracting the levels at 0 h (Fig. 5b); this corresponded to 15%,
16%, and 11% CUR absorption, respectively, by the cells (2 h) from the media (0 h). The cellular level of CUR rapidly
decreased after 2 h; no detectable level remained 24 h after the treatment (Fig. 5b). The addition of 5 uM of CUR led
to levels below the LOQ.

In spheroid cultures, the CUR levels in the media were 2.07 and 5.20 pg/mL with 10 and 20 uM treatments, respectively,
similar to the levels in the 2D cell cultures (Fig. 5a). The CUR levels in the spheroid were also significantly higher 2 h after
the treatment compared with 0 h (Fig. 5b). However, the spheroid CUR levels were much lower compared with cells grown
in 2D environments, reaching only 0.37 ug/mg of protein after treatment with 20 uM of CUR. The cellular CUR level was
under the LOQ following a 10 uM treatment. Therefore, only 5% of the CUR was absorbed into the spheroids from the
media, approximately one-third of the cellular absorption observed in the 2D cell cultures. The levels of CUR attached
to the cell surface were much lower in the spheroids, 0.15 pg/mg with a 20 uM CUR treatment, corresponding to only
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5% of the 2D cell culture levels. These results may be because more extensive washing (in all directions) is achievable in
spheroids, and fewer cells are directly in contact with the media compared with 2D systems.

Cellular CUR absorption rate was very low. To determine whether cellular CUR can be accumulated by repeated treat-
ments, a 10 uM of CUR treatment was repeated (at 3 and 5 days after the start of differentiation), and cellular absorption
levels were compared with single treatment in the 2D cell cultures. The CUR levels increased by repeated treatment,
resulting in 1.71 pg/mg of protein compared with 1.11 ug/mg of protein at a single treatment, which resulted in a sig-
nificant difference between the single and a repeated treatment (Fig. 5¢). Repeated treatments with 10 uM CUR did not
appreciably affect cell viability compared with a single treatment (Fig. 5d). Thus, observed increase in CUR absorption
may not be due to preferential attachment of CUR onto the dead cells.

3.5 Effect of repeated CUR and QUE treatments on antiadipogenicity in the 2D and 3D cell cultures

Repeated low-dose exposure may be more physiologically relevant. Moreover, cellular CUR level increased after repeated
treatments. Thus, the CUR treatment was repeated for 11 d (treated alternate days after the initial 3-day treatment, total
5 times) to test whether repeated treatments with low doses could enhance its antiadipogenic effect compared with a
single treatment (initial 3-day treatment). Repeated CUR treatments did not induce cytotoxicity (Fig. 5d). However, the
repeated treatments increased CUR’s antiadipogenic effect in both the 2D (p=0.0393) and 3D (p=0.0236) cell cultures,
based on two-way ANOVA for treatments with 5 and 10 uM of CUR (Fig. 6a, b). Repeated treatments of 10 uM of CUR
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curcumin (CUR) or quercetin
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cell adipogenesis. The CUR

or QUE were singly (initial
3-day treatment after starting
differentiation) or repeatedly
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enhanced the inhibition of lipid accumulation by over 1.6-fold compared with a single treatment in the 2D cell culture
system (30% vs. 49% inhibition) and by 1.8-fold in the 3D conditions (18% vs. 34% inhibition). Repeated treatments with
QUE also increased the antiadipogenic effect compared with a single treatment, but this was only apparent at 10 uM
(Fig. 6a).

4 Discussion

The inhibition of adipogenesis is an effective strategy for managing obesity. 3T3-L1 preadipocyte 2D cell culture systems
have been extensively used to evaluate anti-adipogenicity. However, 3D cell culture environments, which resemble bet-
ter in vivo conditions, may alter antiadipogenic effect of polyphenols due to potential differences in cellular absorption
and activation of cellular signaling pathways in cells presented in 3D compared with 2D conditions.

Previous studies evaluated the antiadipogenic effects of polyphenols using 2D cell cultures at relatively high con-
centrations (20-100 uM) [6, 24-27], thus low bioavailability of polyphenols was not fully considered [28]. In the current
study, CUR exhibited the most effective antiadipogenic effect in 2D conditions (Figs. 1 and 2). QUE and RES also inhibited
the adipogenesis of 3T3-L1 cells but had a comparatively lower inhibitory effect (Figs. 1 and 2). API, CHL, and EGCG may
require a higher concentrations and prolonged exposure compared with CUR, QUE, and RES to effectively inhibit adi-
pogenesis of 3T3-L1 preadipocytes. Importantly, antiadipogenic effect of CUR was retained in the 3D spheroid culture
conditions (Figs. 3 and 4). However, the CUR efficacy was lower in 3D compared with 2D culture conditions.

Culturing cells in spheroids has been shown to alter the basal and induced activation of cellular singling pathways,
probably due to different cell-cell and cell-ECM interactions in 3D compared with 2D environments [13, 29]. For example,
cell-cell adhesion is mediated by cadherins, and this engagement can trigger the activation of STAT3 [30]. In contrast,
integrin-mediated adhesion that anchor cells to the underlying ECM (or the plastic surface) can cause activation of focal
adhesion kinase, which in turn activates the AKT pathway [12, 15, 30]. Figure 4 shows that the 3T3-L1 cells presented in 3D
cultures enhanced basal activation of the STAT3 and ERK pathways as have been demonstrated previously [12, 13, 29, 31].
Cells being differentiated in 3D environments also had the reduced ability to activate AKT, IGF1, and ERK in response to
adipogenic stimuli (Fig. 4). Thus, culturing 3T3-L1 cells in 3D conditions altered basal and adipogenesis-induced activation
of signaling pathways compared with cells presented in 2D conditions. Coincidently, higher phospho-STAT3 expression
occurred together with the higher expression of C/EBPa in the 3D compared with the 2D cell culture at undifferentiated
preadipocytes and early stages of differentiation into adipocytes (Fig. 4). The relationship of high STAT3 activity with
increased C/EBPa expression needs to be further evaluated in the future. Interestingly, STAT3 activation augmented the
transcription level and activity of C/EBPa during granulocyte colony-stimulating factor-induced granulocyte differentia-
tion [32]. Therefore, presentation of 3T3-L1 cells in 3D environments may induce differential activation of signaling path-
ways and expression of transcription factors related with adipogenesis compared with culturing cells in 2D environments.

The differential signaling activation capabilities in cells cultured in the 3D may contribute to the lower efficacy of
CUR. In comparison to no effects of CUR treatment on activation of IGF1R, AKT, and ERK, it effectively reduced STAT3
activity in both culture conditions, suggesting that CUR may exert the antiadipogenic effect through inhibiting STAT3
signaling pathway. However, inhibitory effect of CUR on phospho-STAT3 expression was reduced in 3D environments in
contrast to marked inhibition in 2D environments particularly at the later time (2 d) of differentiation (Fig. 4). Activation
of STAT3 may be required to maintain multicellular structures of 3D spheroids [29, 31], making it difficult to inhibit. Thus,
higher intrinsic STAT3 activity in cells presented in 3D may lead to the lower efficacy of CUR. This finding suggested that
antiadipogenic molecules possessing an ability to inhibit STAT3 possibly reduce their effect in 3D compared with 2D
environments. Additionally, the lower efficacy of CUR in 3D compared with 2D cell cultures is likely related to the lower
cellular absorption of CUR in 3D spheroids (Fig. 5b). Nevertheless, CUR can cross the cell membrane due to its lipophilic-
ity. Repeated CUR treatments increased the cellular CUR levels (Fig. 5c), probably contributing to its improved efficacy
in 2D and 3D conditions (Fig. 6).

5 Conclusion
It is increasingly important to consider 3D cell culture systems, which mimic tissue-like structures better. Moreover,

the presentation of cells in 3D cell cultures can significantly alter the ability to activate adipogenesis-related signaling
pathways and the absorption rate of substances into the cell. Of the polyphenols tested, CUR was the most effective
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antiadipogenic in 2D and 3D cell culture conditions, and thus this study results support CUR as a promising candidate
in preventing and managing obesity. However, CUR treatments were less effective when 3T3-L1 cells were differentiated
in a 3D, which may be attributed to high intrinsic activity of STAT3 and CEBPa and lower cellular CUR absorption when
cells were presented in 3D cell cultures. Therefore, 3D spheroid models are valuable together with 2D cell cultures to
evaluate the anti-adipogenicity of polyphenols and enhance their in vivo applicability.
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