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To improve treatment of obesity, a contributing factor to multiple systemic and metabolic diseases, a better
understanding of metabolic state and environmental stress at the cellular level is essential. This work presents
development of a three-dimensional (3D) in vitro model of adipose tissue displaying induced lipid accumu-
lation as a function of fatty acid supplementation that, subsequently, investigates cellular responses to a pro-
inflammatory stimulus, thereby recapitulating key stages of obesity progression. Three-dimensional spheroid
organization of adipose cells was induced by culturing 3T3-L1 mouse preadipocytes on an elastin-like poly-
peptide-polyethyleneimine (ELP-PEI)-coated surface. Results indicate a more differentiated phenotype in 3D
spheroid cultures relative to two-dimensional (2D) monolayer analogues based on triglyceride accumulation,
CD36 and CD40 protein expression, and peroxisome proliferator-activated receptor-g (PPAR-g) and adipo-
nectin mRNA expression. The 3T3-L1 adipocyte spheroid model was then used to test the effects of a pro-
inflammatory microenvironment, namely maturation in the presence of elevated fatty acid levels followed by
acute exposure to tumor necrosis factor alpha (TNF-a). Under these conditions, we demonstrate that metabolic
function was reduced across all cultures exposed to TNF-a, especially so when pre-exposed to linoleic acid.
Further, in response to TNF-a, enhanced lipolysis, monitored as increased extracellular glycerol and fatty acids
levels, was observed in adipocytes cultured in the presence of exogenous fatty acids. Taken together, our 3D
spheroid model showed enhanced adipogenic differentiation and presents a platform for elucidating the key
phenotypic responses that occur in pro-inflammatory microenvironments that characterize obesogenic states.

Introduction

In recent decades, obesity has increased steadily within
the United States, thereby contributing to multiple sys-

temic and metabolic diseases in men and women of all ages,
races, and ethnicities.1–3 In obese individuals, diets rich in
carbohydrates and o-6 fatty acids, but poor in antioxidants
and o-3 fatty acids,4 combined with a sedentary lifestyle,
have been associated with chronic, low-grade systemic in-
flammation and overproduction of cytokines such as tumor
necrosis factor alpha (TNF-a), interleukin (IL)-1, and IL-
6.5–8 These pro-inflammatory events have been proposed to
result in the dysregulation of fatty acid metabolism (hy-
perlipidemia), glucose metabolism (hyperglycemia), and
insulin resistance.6 Though common treatment for obesity
involves a calorie-restricted diet and exercise,9 an optimal
solution in severely obese cases would ideally include in-
tervention at the cellular level. Indeed, such a goal has
motivated studies aimed at characterizing the mechanisms
regulating adipogenesis and inflammatory responses using
various in vivo and in vitro model systems.10–16

In keeping with the ability of fat tissue to respond to
changes in fatty acid composition and pro-inflammatory

stimuli, mature adipocytes express a number of plasma
membrane-associated transporters, immune-related recep-
tors, and intracellular signaling mediators that orchestrate
responses to their changing microenvironment. For exam-
ple, the transmembrane fatty acid transporter (FAT), CD36,
is expressed by differentiated adipocytes and has been
shown to mediate fatty acid uptake and glucose homeostasis
via insulin sensitization17 as well as fatty acid egress and
lipolysis.18 Likewise, CD40, a member of the TNF receptor
superfamily, is expressed during adipose differentiation and
has been shown to modulate the adipocyte inflammatory
response and insulin resistance via an interaction with sur-
rounding immune cells.19,20 In terms of intracellular media-
tors, peroxisome proliferator-activated receptor-g (PPAR-g)
has been established as a primary regulatory gene that is
responsible for adipocyte differentiation21–23 and increased
triglyceride accumulation,14 while the expression and se-
cretion of adiponectin has been shown to be important for
glucose homeostasis.14 Finally, the fatty acid class, partic-
ularly the degree of saturation, has been found to influence
inflammatory signaling in 3T3 adipocytes by modulating
TNF-a and IL-10 secretion,24 NF-kB activation,24,25 and
PPAR-g activation.26,27 Taken together, the fatty acid
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uptake via the CD36 transporters and their intracellular
processing, activation of genes responsible for adipogenic
differentiation, and the subsequent interaction of differen-
tiated adipocytes with the surrounding microenvironment
are important factors that should be recapitulated in models
that are designed to study adipogenic mechanisms and in-
flammatory responses.

The challenges posed for accurately capturing an inflamma-
tory response require a faithful replica of adipose physiology.
However, most in vitro models of adipose tissue function involve
culturing cells as two-dimensional (2D) monolayers atop rigid
substrata that fail to recapitulate the complex three-dimensional
(3D) histology found in vivo.14,18,24,28–33 Moreover, despite the
known role of fatty acids in inflammatory signaling,24–27 no
studies have been designed to characterize the effect of TNF-a
exposure on adipocytes that have undergone maturation in the
presence of elevated fatty acid levels. To address these issues, we
have engineered a 3D spheroid model of adipose tissue by using
a copolymer of elastin-like polypeptide (ELP) and poly-
ethyleneimine (PEI) as a coating substrate to induce adipocyte
spheroid formation.34 Given that elastin is a significant structural
component of adipose tissue,35 a genetically engineered version
of mammalian elastin, ELP, provides a physiologically relevant
substratum that also allows tight control over molecular weight
and structure, thereby minimizing batch-to-batch variations.
Further, the ELP molecule used in our study benefits from having
two reaction sites (i.e., at the C and N termini), thus limiting the
potential for complex side reactions and network formation
during the ELP-PEI conjugation process.

To accurately represent the pathophysiology of adiposity
while addressing experimental and logistical demands (Fig.
1), we exposed the maturing 3T3-L1 spheroid cultures to
physiologically relevant fatty acid levels36 for culture pe-
riods of 5 days. Here, we provided the maturing cells with
key extracellular fatty acids representing clinically and
nutritionally relevant classes (saturated, monounsaturated,
and polyunsaturated) implicated in influencing adipogen-
esis and inflammation (Table 1) to simulate the effects of
differential dietary intake on physiological cell condition-
ing. Following this regimen, we exposed the fatty acid-
exposed adipocytes to an acute dose of TNF-a to provoke
an inflammatory response, simulating that of chronic obe-

sity. Using this system, we have characterized the pheno-
typic and genotypic changes induced by the adipocyte
inflammatory response.

Materials and Methods

Expression, purification, and chemical
modification of ELP

ELP with a primary sequence [Valine-Proline-Glycine-
Valine-Glycine]40 was produced in a suspension culture of
Escherichia coli and purified by an inverse transition tem-
perature method.37 The purified ELP (molecular weight =
17,000 Da) was chemically conjugated to branched PEI
(molecular weight = 800 Da; Sigma, St. Louis, MO) using
carbodiimide chemistry as previously described.34,38

ELP-PEI coating

ELP-PEI coating masks the underlying adherent tissue
culture polystyrene (TCPS), thereby altering cell morphol-
ogy and differentiation.34 ELP-PEI conjugate was adsorbed
to 24-well TCPS plates at a concentration of 5 mol%, pre-
viously identified as optimal for spheroid formation in 3T3-
L1 mouse preadipocytes.34

3T3-L1 cell culture

3T3-L1 mouse preadipocytes39 were obtained from Amer-
ican Type Culture Collection (ATTC, Manassas, VA). 3T3-L1
mouse preadipocytes (passage 7–13) were cultured in high-
glucose (4.5 g/L) Dulbecco’s Modified Eagle Medium
(DMEM; Invitrogen, Carlsbad, CA) supplemented with 10%
calf serum and 100 U/mL penicillin–100mg/mL streptomy-
cin at 5% CO2 and 37�C and harvested before reaching 70%
confluence.

3T3-L1 mouse preadipocytes (50,000 cells per well of a 24-
well plate; 26,000 cells/cm2) were cultured either for 3 days
atop uncoated TCPS to allow cells to reach confluence as a 2D
monolayer or for 3 days atop ELP-PEI-coated TCPS to gen-
erate 3D spheroids. Subsequently, cells were differentiated for
3 days using DMEM supplemented with 10% fetal bovine se-
rum (FBS), 1mM dexamethasone, 0.5 mM IBMX, and 0.1 U/
mL insulin.34 After differentiation, cells were fed control or

FIG. 1. Timeline of cell culture ac-
tivities performed in study. Color
images available online at www
.liebertpub.com/tea

Table 1. Fatty Acid Treatments Applied During Adipocyte Maturation

Fatty acid class Selected fatty acid Dietary source44

Saturated SA (C18:0) CH3(CH2)16COOH Meat and chocolate
Monounsaturated (o-9) OA (C18:1) CH3(CH2)7CH = CH(CH2)7COOH Olive oil and seed oils
Polyunsaturated (o-3) LA (C18:2) CH3(CH2)4(CH = CHCH2)2(CH2)6COOH Vegetable oil and corn oil

LA, linoleic acid; OA, oleic acid; SA, stearic acid.
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experimental medium for 5 days. Half of the media volume was
changed every 48 h. Control medium was prepared by sup-
plementing DMEM with 10% FBS and 2% bovine serum al-
bumin (BSA; Sigma). The control medium was sonicated for
45 min at 40�C, cooled to 4�C, sterile filtered, and added with
0.2 U/mL insulin and 100 U/mL penicillin–100mg/mL strep-
tomycin. Fatty acid-supplemented medium was prepared by
including 0.5 mM of linoleic acid (LA), oleic acid (OA), or
stearic acid (SA) in the control medium. The entire medium
was sonicated at 40�C for 45 min. After cooling to 4�C, the
medium was supplemented with 0.2 U/mL insulin and 100 U/
mL penicillin–100mg/mL streptomycin. Fatty acid loading
efficacy was verified by gas chromatography (GC) as described
elsewhere.34

After an 11-day culture period, cells were incubated in
TNF-free media (DMEM + 10% FBS + antibiotics) or media
containing 125 ng/mL mouse TNF-a (Sigma). After 24 h,
media and lysate samples were collected for further analy-

ses. A timeline for the experimental protocols is shown in
Figure 1.

Imaging and live/dead assay

An IX-81 microscope (Olympus, Center Valley, PA) was
used to image cells with ImageJ digital analysis software
used to quantify spheroid dimensions. Live/Dead assay was
performed as per the manufacturer’s protocol (Invitrogen)
on 2D and 3D cultures on day 3 (Fig. 2).

Biochemical analyses

After exposure to TNF-free or TNF-a containing media,
3T3-L1 monolayers or spheroids were recovered by trypsi-
nization. Aliquots were centrifuged for 2 min at 1000 rpm,
resuspended in PBS, and sonicated for 30 s at 10% ampli-
tude using a Branson Digital Sonifier 450 (Danbury, CT).
Protein and intracellular triglyceride content were analyzed

FIG. 2. Comparison of phenotypic and
genotypic markers of adipogenesis dem-
onstrated by cells grown in 3D spheroid
versus 2D monolayer morphology, in-
cluding (a) bright field morphology and
Live/Dead imaging, (b) total intracellular
protein, (c) intracellular triglyceride
content, (d) CD36 FAT protein expres-
sion, (e) CD40 protein expression, (f)
PPAR-g mRNA expression, and (g) adi-
ponectin mRNA expression. Blue bars =
3D spheroid culture, Red bars = 2D
monolayer culture. ND, not detected.
*p £ 0.05. Error bars represent 95% con-
fidence intervals. 2D, two-dimensional;
3D, three-dimensional; FAT, fatty acid
transporter; PPAR-g, peroxisome pro-
liferator-activated receptor-g. Color ima-
ges available online at www.liebertpub
.com/tea
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using assays performed as per the manufacturer’s protocols
and measured on an absorbance plate reader (Biotek
ELx800, Winooski, VT) with a 540 nm filter. Assays were
performed in triplicate for each sample taken from three
experimental wells exposed to unique experimental media
and culture conditions, yielding nine total measurements per
condition. A chromatic BCA total protein assay (Thermo
Fisher Scientific, Rockford, IL) was performed on cell ly-
sates in accordance with the manufacturer’s suggested pro-
tocol. Cell protein concentration was quantified by
comparison against standard curves constructed from seri-
ally diluted albumin stocks. Total protein data were subse-
quently used to normalize individual markers collected with
the other assays. Intracellular triglyceride accumulation and
free glycerol were measured using a Serum Triglyceride
Determination Kit (Sigma). Measurements were quantified
by comparison with a glycerol standard solution (Sigma).

Quantification of CD36 and CD40 proteins

Levels of CD36 and CD40 were determined by ELISA
(Abcam, Cambridge, MA) in accordance with the manu-
facturer’s protocol. Assays were performed in triplicate for
each culture condition, one sample per experimental well,
yielding a total of three measurements per condition.

MTT assay

The influence of exogenous fatty acid and TNF-a
treatments on cell viability/metabolism was quantified us-
ing a Molecular Probes MTT assay (Eugene, OR). All
medium was removed at the time of the assay and replaced

with 250 mL control maintenance medium and 50 mL of
12 mM MTT assay. The cultures were then incubated at
37�C for 2 h to allow cells to metabolize the MTT to the
reduced formazan. Excess media were removed, and the
reduced tetrazolium salt was resolubilized using 1 mL
DMSO. The stained solution was centrifuged at 14,000 rpm
for 5 min to remove debris and absorbance measurements
were determined at 540 nm using a Biotek plate reader,
with nine measurements per condition. Wells containing
only media and assay were read to acquire baseline mea-
surements. The assay was performed for cultures grown in
three wells under each culture condition (2D vs. 3D) and
media treatment.

GC analysis of fatty acid media

GC was used to monitor fatty acid levels via binding with
BSA as well as subsequent release after TNF-a treatment.
Lipophilic elements were separated from whole media
using Bligh-Dyer extraction technique.40 as previously de-
scribed.34 Fatty acid content was quantified by logarithmic
identification and integration of peaks produced by detector
response relative to the internal standard. Individual com-
ponents were identified and fit to standard curves produced
from a Restek Marine Oil FAME Mix (Bellefonte, PA)
consisting of 20 common lipid metabolites, including LA,
OA, and SA.

Gene expression of 3T3-L1 adipocytes

RNA was extracted from 3T3-L1 cultures using Qiagen
(Germantown, MD) RNeasy Plus Mini kit after 5 days in

FIG.3. 3T3-L1adipocyte totalproteincontent
was reduced in cultures treated with TNF-a.
Total protein content of (a) 3D spheroid and (b)
2D monolayer 3T3-L1 adipocytes matured in
presence of various fatty acids and then exposed
to TNF-a free (blue bars) or 125 ng/mL TNF-a
(red bars) media for 24 h. *p £ 0.05 versus
Control; {p £ 0.05 versus equivalent TNF-a-
untreated culture; £,Ox,$p £ 0.05 versus equivalent
LA, OA, and SA treatment, respectively. Error
bars represent 95% confidence intervals. LA,
linoleic acid; OA, oleic acid; SA, stearic acid;
TNF-a, tumor necrosis factor alpha. Color ima-
ges available online at www.liebertpub.com/tea

FIG. 4. Metabolic function of differentiated
and matured 3T3-L1 adipocytes cultured as (a)
3D spheroid and (b) 2D monolayer was reduced
by TNF-a treatment. MTT assay of 3T3-L1
adipocytes matured in presence of various fatty
acids and then exposed to TNF-a free (blue
bars) or 125 ng/mL TNF-a (red bars) media for
24 h. *p £ 0.05 versus Control; �p £ 0.05 versus
equivalent 2D monolayer culture; {p £ 0.05
versus equivalent TNF-a-untreated culture;
£,Ox,$p £ 0.05 versus equivalent LA, OA, and
SA treatment, respectively. Error bars represent
95% confidence intervals. Color images avail-
able online at www.liebertpub.com/tea
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control or fatty acid-supplemented media and after 24 h of
exposure to TNF-a. mRNA expression levels were deter-
mined relative to control GAPDH gene (DDCT) and ex-
pressed as mean fold change (2DDCT) – 95% CI.

Statistical analysis

Quantitative results are reported as mean – 95% confi-
dence intervals. Statistical evaluation of the results was
performed with analysis of variance followed by Games-
Howell posthoc test for unequal variance. Values with
p £ 0.05 were deemed significantly different.

Results

When 3T3-L1 cells were induced to differentiate into
mature adipocytes as either 2D monolayers or 3D spheroid
cultures, distinct responses were observed with regard to
changes in cell morphology as well as genotypic markers of
adipogenesis (Fig. 2). Under standard conditions, cells in 2D
monolayer cultures accumulated fat droplets over the 11-day
culture period, but few cells showed unilocular fat droplets
characteristic of complete adipocytic differentiation (Fig.
2a). In 3D cultures, the average size of newly formed
spheroids of undifferentiated preadipocytes (i.e., 39 – 2 mm)
increased *3.5-fold in diameter over the 11-day culture
period, reaching a final average size of 133 – 10mm (Fig.

2a). Importantly, and in contrast with 2D culture conditions,
fat deposits in adipocyte spheroids were largely unilocular
(Fig. 2a).

To begin characterizing changes in adipocyte differenti-
ation markers, we noted that total intracellular protein levels
were five-fold higher in 2D culture relative to 3D spheroids,
reflecting the fact that cell number increased in monolayer
culture until confluent conditions were reached as opposed
to the growth-restricted spheroids.34,38 Specifically, within
the first 72 h of culture, the 3D spheroid cultures displayed
contact-inhibited growth arrest and cells in 2D cultures
continued to proliferate until achieving confluence. Thus, at
the time of differentiation on day - 3 (Fig. 1), both 2D and
3D cultures were discouraged from further proliferation and
were more susceptible to undergo differentiation. This
process introduced significant differences in the total cell
population, and, therefore, all markers of adipogenic dif-
ferentiation were normalized to protein content. Using this
baseline, triglyceride accumulation, indicative of adipogenic
differentiation, increased almost two-fold in 3D spheroid
cultures relative to 2D monolayers (Fig. 2c). CD36 FAT
protein expression, a key regulator of fatty acid uptake,17,18

was also significantly upregulated almost 10-fold in 3D
spheroids versus 2D monolayers (Fig. 2d). Likewise, CD40,
a cytokine receptor protein involved in adaptive immuni-
ty,19,20 was significantly increased in 3D spheroid cultures
while remaining undetectable in 2D monolayers (Fig. 2e). In

FIG. 5. Normalized triglyceride content in
3T3-L1 adipocytes was not downregulated
by TNF-a treatment. Intracellular triglycer-
ide content of (a) 3D spheroid and (b) 2D
monolayer 3T3-L1 adipocytes matured in
presence of various fatty acids and then
exposed to TNF-a free (blue bars) or
125 ng/mL TNF-a (red bars) media for
24 h. *p £ 0.05 versus Control; �p £ 0.05
versus equivalent 2D monolayer culture;
£,Ox,$p £ 0.05 versus equivalent LA, OA,
and SA treatment, respectively. Error bars
represent 95% confidence intervals.
Color images available online at www
.liebertpub.com/tea

FIG. 6. TNF-a treatment triggered glycerol
release by 3T3-L1 adipocytes. Glycerol re-
lease by (a) 3D spheroid and (b) 2D mono-
layer 3T3-L1 adipocytes matured in presence
of various fatty acids and then exposed to
TNF-a-free (blue bars) or 125 ng/mL TNF-a
(red bars) media for 24 h. Changes in extra-
cellular glycerol were measured with tri-
glyceride assay and normalized to day 5 and
6 total protein data. *p £ 0.05 versus Control;
�p £ 0.05 versus equivalent 2D monolayer
culture; {p £ 0.05 versus equivalent TNF-a-
untreated culture; £,Ox,$p £ 0.05 versus equiv-
alent LA, OA, and SA treatment, respec-
tively. Error bars represent 95% confidence
intervals. Color images available online at
www.liebertpub.com/tea
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keeping with the superior characteristics of the spheroid
culture system, PPAR-g mRNA levels were five-fold higher
in 3D spheroid cultures relative to the 2D monolayers,
whereas adiponectin expression was increased more than
three-fold (Fig. 2f, g). Minimal changes in cell viability
occurred under either 2D or 3D culture conditions with
minimal cell death detected at any time point (Fig. 2a).

To next assess the responses of adipocytes cultured under
2D or 3D conditions to pro-inflammatory stimuli, cells were
cultured in either control media or media supplemented with
LA, OA, or SA and then incubated with or without TNF-a
for an additional 24 h period. After fatty acid supplemen-
tation, the protein content of adipocytes cultured under ei-
ther 3D or 2D conditions was comparable to controls (Fig. 3,
blue bars). TNF-a treatment reduced total protein levels
by*20% under all 2D monolayer culture conditions and
45% under all 3D spheroid culture conditions (Fig. 3, red
bars), while this effect was exaggerated in LA-supplemented
cultures. As TNF-a has been shown to impact cell viability
and loss of metabolic function,28 we assessed the effect of
TNF-a on our cultures using the MTT assay. Differentiated
3D and 2D cultures treated with TNF-a (125 ng/mL) dis-
played reduction of 20–40% in metabolic function (Fig. 4).
Again, this effect was exaggerated in LA-supplemented

cultures. Three-dimensional spheroid cultures showed im-
proved metabolic function/viability after exposure to TNF-a
relative to the 2D monolayer cultures (Fig. 4).

Three-dimensional spheroid cultures displayed an en-
hanced intracellular triglyceride content after culture in
each class of exogenous fatty acid treatment compared
with cultures fed the control medium (Fig. 5a, blue bars).
Specifically, basal triglyceride content was increased four,
three, and two-fold by treatment with LA, OA, and SA,
respectively. Triglyceride content in 2D monolayer cul-
tures (Fig. 5b, blue bars) also exhibited a dependency on
class of fatty acid treatment, but to a lesser degree than that
observed in 3D spheroid cultures. By contrast, TNF-a
treatment did not alter intracellular triglyceride content in
3D or 2D cultures at a statistically significant level (Fig. 5;
p > 0.05).

As changes in total intracellular triglyceride content might
not reflect rapid mobilization coupled with efficient uptake,
we next assessed the possible effect of TNF-a on lipolysis
under 3D versus 2D cultures by quantifying glycerol and
fatty acid release. Extracellular glycerol levels were signif-
icantly upregulated under all 3D spheroid cultures after
TNF-a exposure (Fig. 6a, red bars). By contrast, only small
increases were observed in 2D cultures (Fig. 6b). Likewise,

FIG. 7. 3T3-L1 adipocytes released free
fatty acid in response to TNF-a treatment.
Gas chromatography data of extracellular
fatty acid concentrations from cultures of (a)
3D spheroid and (b) 2D monolayer 3T3-L1
adipocytes matured in presence of various
fatty acids and then exposed to TNF-a free
(blue bars) or 125 ng/mL TNF-a (red bars)
media for 24 h. No significant fatty acid re-
lease detected in control 3D and 2D cultures.
�p £ 0.05 versus equivalent 2D monolayer
culture; {p £ 0.05 versus equivalent TNF-a-
untreated culture; £,Ox,$p £ 0.05 versus
equivalent LA, OA, and SA treatment, re-
spectively. Error bars represent 95% confi-
dence intervals. Color images available
online at www.liebertpub.com/tea

FIG. 8. 3T3-L1 adipocyte expression of
CD36 protein was unaffected by TNF-a
treatment. ELISA assay of CD36 expression
in (a) 3D spheroid and (b) 2D monolayer
3T3-L1 adipocytes matured in presence of
various fatty acids and then exposed to TNF-
a-free (blue bars) or 125 ng/mL TNF-a (red
bars) media for 24 h. *p £ 0.05 versus Con-
trol; �p £ 0.05 versus equivalent 2D mono-
layer culture; £,Ox,$p £ 0.05 versus equivalent
LA, OA, and SA treatment, respectively.
Error bars represent 95% confidence inter-
vals. Color images available online at
www.liebertpub.com/tea
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extracellular free fatty acid levels also increased in TNF-a-
stimulated 3D cultures (Fig. 7a, red bars) with only blunted
responses recorded in 2D cultures (Fig. 7b). Further, while
fatty acid supplementation enhanced TNF-a-mediated li-
polysis relative to control 3D spheroid cultures (Figs. 6a and
7a), similar effects were not observed in 2D monolayer
cultures (Figs. 6b and 7b).

CD36 content was found to be greatly increased in 3D
spheroid cultures after differentiation, but no significant
differences were displayed after fatty acid treatment (Fig.
8a, blue bars) or subsequent TNF-a exposure (Fig. 8a, red
bars). In 2D culture, CD36 levels were only modestly in-
creased relative to control 3T3-L1 cells and were not al-
tered after TNF-a exposure (Fig. 9b). Likewise, CD40 was
also upregulated across all 3D spheroid culture conditions
relative to 2D monolayer cultures and undifferentiated
3T3-L1 cells (Fig. 9a, b). However, CD40 levels were
significantly lower in all fatty acid-treated 3D cultures
compared with control 3D culture, though significant dif-
ferences were not detected between the individual fatty
acid-supplemented culture conditions (Fig. 9a, blue bars).
Similar to CD36, C40 protein expression was also unaf-
fected by the subsequent TNF-a treatment in 3D spheroids
(Fig. 9a, red bars).

To determine the impact of fatty acids and TNF on adi-
pogenic programs at the level of gene expression, mRNA
was collected from 3T3-L1 adipocytes cultured under 3D or
2D conditions and PPAR-g as well as adiponectin expres-
sion assessed by RT-PCR. No obvious differences were
found in PPAR-g expression based on fatty acid treatment
under 2D monolayer or 3D spheroid culture conditions (Fig.
10, blue bars). By contrast, TNF-a treatment consistently
reduced PPAR-g expression under all culture conditions
(Fig. 10, red bars). Unlike PPAR-g, adiponectin expression
did not show a consistent trend in response to fatty acid
supplementation or the TNF-a treatment (Fig. 11).

Discussion

Here, we report that expression of multiple adipogenic
factors is significantly upregulated in the 3D spheroid model
relative to standard 2D monolayer culture systems. These
features highlight fundamental differences in cell behavior
due to effects on both cell morphology and 3D organization,
and they support the improved recapitulation of adipogen-
esis and metabolic function in the spheroid model. In vivo,
obesogenic states expose adipocyte precursors as well as
mature adipocytes to increased levels of fatty acids as well

FIG. 9. 3T3-L1 adipocyte expression of
CD40 protein was unaffected by TNF-a
treatment. ELISA assay of CD40 expression
in (a) 3D spheroid and (b) 2D monolayer
3T3-L1 adipocytes matured in presence of
various fatty acids and then exposed to TNF-
a free (blue bars) or 125 ng/mL TNF-a (red
bars) media for 24 h. *p £ 0.05 versus Con-
trol; �p £ 0.05 versus equivalent 2D mono-
layer culture; £,Ox,$p £ 0.05 versus equivalent
LA, OA, and SA treatment, respectively.
Error bars represent 95% confidence inter-
vals. Color images available online at
www.liebertpub.com/tea

FIG. 10. PPAR-g mRNA expression from
(a) 3D spheroid and (b) monolayer cultures
of 3T3-L1 adipocytes matured in presence
of various fatty acids and then exposed to
TNF-a free (blue bars) or 125 ng/mL TNF-a
(red bars) media for 24 h. Error bars repre-
sent 95% confidence intervals. Color images
available online at www.liebertpub.com/tea
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as pro-inflammatory cytokines.41,42 As such, we sought to
assess the effect of fatty acid supplementation and TNF-a on
adipocyte differentiation and function using 3T3-L1 cells
cultured either as 3D spheroids or as standard 2D mono-
layers (summarized in Fig. 12).

Independent of the quantity of the fat present in the diet,
the composition and nature of the fatty acids appear to in-
fluence human health.23,27,43 For example, a wide range of
saturated and unsaturated fatty acids have been found to
differentially interact with molecular sensors such as PPAR-
g, a key operator in adipocyte differentiation and regulator
of characteristic activities such as sensitivity to insulin, li-
pogenesis from fatty acids, and subsequent lipolysis of stored
triglycerides.23,27,44,45 Therefore, fatty acids representing
different classes of nutritional classes, namely, LA (C18:2),
OA (C18:1), and SA (C18:0), were selected for our study.
LA is a polyunsaturated o-6 fatty acid that may be con-
verted into arachidonic acid, which, in turn, may influence
the intensity and duration of inflammatory processes by
contributing to the formation of pro-inflammatory cytokines
and eicosanoids.6 SA is a saturated fatty acid that has been
implicated in pathological insulin resistance in adipocytes
due to oxidative stress induced during metabolism.43 As OA

is a monounsaturated o-9 fatty acid, it served as a nonin-
flammatory comparison in our study. Based on our results,
polyunsaturated LA appears to be more efficiently converted
into triglyceride relative to SA (Fig. 5). Interestingly, PPAR-
g and adiponectin gene expressions did not appear to be
affected by fatty acid supplementation (Figs. 10 and 11, blue
bars). In a comparative study, Xu et al.27 found unsaturated
fatty acids, such as arachidonic acid, were effective agonists
for PPAR-g, while SA and OA had a lesser binding affinity.
However, the effect of fatty acids on PPAR-g mRNA ex-
pression has not been previously reported. On the other
hand, fatty acids have been reported to affect adiponectin
expression, but only under specific conditions. For example,
while Dordevic et al.46 and Bueno et al.47 showed no impact
on adiponectin expression after a 4 or 48 h OA treatment
period, Granados et al.48 reported a 25% increase in adi-
ponectin expression after a 24 h OA treatment. In our long-
term studies (i.e., 5 day culture period of mature adipocytes
with fatty acids), no consistent effects on adiponectin ex-
pression were observed.

When administered globally, TNF-a has been shown to
induce lipolysis in human adipose tissue49 and a similar
response has been modeled in vitro using cultures of

FIG. 11. Adiponectin mRNA expression
from (a) 3D spheroid and (b) 2D monolayer
cultures of 3T3-L1 adipocytes matured in
presence of various fatty acids and then
exposed to TNF-a free (blue bars) or
125 ng/mL TNF-a (red bars) media for 24 h.
Error bars represent 95% confidence inter-
vals. Color images available online at
www.liebertpub.com/tea

FIG. 12. (a) Mechanistic
description of changes ob-
served in TNF-a versus con-
trol media. (b) Flow-chart
explaining inflammatory re-
sponse of 2D monolayer and
3D spheroid cultures to TNF-
a treatment. Color images
available online at www
.liebertpub.com/tea
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human,28,29 rat,30,31 and mouse 3T3-L1-derived14,17,18,24,32,50

adipocytes. In our study, reduced metabolic activity was
observed across all cultures after TNF-a treatments as as-
sessed by the MTT assay (Fig. 4), with proportional de-
creases in intracellular protein (Fig. 3). Significant increases
in both extracellular glycerol (Fig. 6) and free fatty acids
(Fig. 7) were found after TNF-a treatment. Expression of
PPAR-g mRNA was also found to be downregulated after
TNF-a treatment (Fig. 10). Taken together, these results
indicate that after fatty acid supplementation and TNF-a
treatment, the differentiated and maturing 3T3-L1 adipo-
cytes assume a more pro-inflammatory state and respond
by releasing products of lipolysis. It should be noted that
while these effects were displayed in both the 2D monolayer
and 3D spheroid cultures, the effects observed in the 3D
spheroid cultures were significantly enhanced, possibly due
to the increased expression of CD36 (Fig. 8). Curiously, the
intracellular triglyceride content (Fig. 4) was not shown to
be reduced after TNF-a exposure despite large increases in
extracellular glycerol and fatty acids (Figs. 6 and 7). Pub-
lished studies have typically associated TNF-a stimulation
with lipolysis,28–33,50–53 and our own observations of increased
extracellular lipolysis products (Figs. 6 and 7) corroborated
those findings. However, previous studies18,28–33,50–53 did
not measure intracellular triglyceride content but based their
conclusions regarding lipolysis on extracellular glycerol
measurements and/or gene expression. Most likely, the ab-
sence of significant changes in intracellular triglyceride
content in response to TNF-a reflects the rapid re-synthesis
of triglycerides from glycerol reactants combined with ex-
isting or recycled fatty acid molecules from the surrounding
media. In this regard, Beale et al. have proposed that such
glycerol reactants could be produced by glyceroneogenesis
and the production of new glycerol 3-phosphate from glu-
coneogenic precursors.54 This mechanism clearly warrants
further investigation, perhaps by measuring glucose uptake,
GLUT4 expression, or glucose metabolism.

Conclusions

We used our 3T3-L1 spheroid model of adipogenesis to
test the effects of an inflammatory microenvironment,
namely maturation in an environment of elevated fatty acids
followed by acute TNF-a exposure. We observed that the cell
metabolic function was reduced across all cultures exposed to
TNF-a, and the loss was increased by pro-inflammatory LA
treatment. Both extracellular glycerol and fatty acids, con-
ventional markers of lipolysis, increased after TNF-a treat-
ment, particularly in cultures matured with elevated fatty acid
concentrations. These effects were also mirrored in the ex-
pression of PPAR-g. Overall, the 3D spheroid model dem-
onstrated enhanced adipocyte-specific function when
exposed to fatty acids and TNF-a and provided an important
system for future mechanistic investigations of the qualitative
and quantitative effects of pro-inflammatory stimuli on adi-
pocyte function.
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