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The increased incidence of both type 2 diabetes mellitus and obesity has prompted the need to develop phys-
iologically relevant adipose tissue models for controlled study of both normal and diseased adipose functions.
Insulin resistance, characteristic of both type 2 diabetes mellitus and obesity, is often preceded by hyper-
insulinemia. We propose here a three-dimensional (3D) co-culture adipose tissue model to study the effects of
high insulin exposure, which enabled the study of physiological cell responses to hyperinsulinemic conditions.
Two-dimensional adipocyte studies were initially conducted to establish a baseline control in which insulin
levels were established. Adipocytes and endothelial cells were subsequently co-cultured on 3D porous silk
fibroin scaffolds in normal or high insulin concentrations, and their physiological responses were assessed with
respect to lipogenesis and lipolysis. High insulin levels stimulated both an increase in triglyceride accumulation
and a decrease in lipolysis levels compared to that of normal insulin conditions. In contrast, adipocyte mono-
cultures did not exhibit any differences between insulin levels. The ability of this 3D system to elicit physio-
logical responses to hyperinsulinemia in co-culture serves as a significant step forward in adipose tissue
engineering. The development of physiologically relevant 3D in vitro adipose tissue models presents promise for
the study of disease mechanisms as well as in assessing therapeutic treatments.

Introduction

The incidence of type 2 diabetes mellitus (T2DM) and
obesity continues to increase around the world, adding

to the already critical problem of cardiovascular disease.1 In
the United States alone, about two-thirds of adults are con-
sidered overweight or obese, and in the year 2000, 171 mil-
lion individuals worldwide were estimated to have
diabetes.2 Therefore, much needs to be done to further our
understanding of these diseases, toward the development of
treatment options. Current treatment options for obesity
consist of combinatorial therapies targeting weight loss, ex-
ercise, and a healthy diet.3 T2DM has been associated with
obesity, and the initial treatment regimes for T2DM include
weight management therapies typically targeted for a 5%–
10% reduction of body weight.4 Additionally, the majority of
T2DM patients also require pharmacotherapy. There are
several classes of drugs that are currently being used for
treatment of T2DM: agents to stimulate insulin production of
b cells (sulfonylureas and meglitinides), drugs to decrease
liver glucose production (biguanides and thiazolidinediones
[TZDs]), dipeptidyl peptidase-4 (DPP) inhibitors, and a-
glucosidase inhibitors.5 Although current treatment options

offer benefits in attaining glycemic control, complications
include risks of hypoglycemia, weight gain, and decreased
blood-glucose control over time.4

A characteristic of both T2DM and obesity is insulin re-
sistance, defined by impaired insulin signaling and de-
creased insulin sensitivity.6 Insulin resistance is also highly
correlated with hyperinsulinemia.7,8 Although insulin resis-
tance is found in various tissues of the body, there is growing
evidence that adipose tissue is among the first tissues to
exhibit insulin resistance in the body.1 In adipose tissue, in-
sulin is a critical modulator of adipose function, in which it
participates in adipogenic differentiation, glucose transport,
triglyceride (TG) synthesis, and lipolysis inhibition.6 Normal
plasma insulin levels of insulin are in the range of 5–
10mU=mL (30–60 pM).7,9,10 In the insulin-resistant state,
normal insulin signaling is impaired, affecting adipocyte
glucose uptake and metabolism.6 Various studies have
shown that hyperinsulinemia suppresses basal glycerol re-
lease from adipocytes and increases TG accumulation
through increased glucose transporter-4 (Glut4) recruitment,
and upon prolonged hyperinsulinemia, adipocytes become
resistant to insulin as characterized by lowered glucose up-
take and increased basal lipolysis.11–13
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A number of two-dimensional (2D) culture and clinical
studies have helped to develop an understanding of insulin
resistance in adipose tissue, and of hyperinsulinemia.12,14,15

The development of three-dimensional (3D) in vitro human
tissue systems to further elucidate mechanisms involved in
the disease in a controlled, physiologically relevant man-
ner would offer a significant advancement in adipose tissue
biology and in screening of potential new treatments. The
utilization of 3D adipose tissue systems to study different
physiological states provides several advantages over tradi-
tional 2D culture studies. The 3D environment provides a
scaffold structure that functions as a more physiologically
relevant microenvironment, promotes cell attachment and
migration, and facilitates cell–cell and cell–matrix interac-
tions.16 Therefore, regenerative medicine strategies—more
specifically, adipose tissue engineering—provide promising
avenues for the study of adipose tissue in both the normal
and diseased states. Common biochemical methods that
have been used to measure adipose tissue functionality are
presented in Figure 1. Key regulators of adipogenesis, as well
as important variables involved with both lipogenesis and
lipolysis are included.

In this study, we utilized a 3D adipose tissue system that
we developed previously17 based on tissue engineering stra-
tegies. The aim of the present work was to demonstrate that
3D co-culture provides a physiologically relevant setting for
controlled study of hyperinsulinemia on lipolytic function.
Specifically, our in vitro model consisted of co-culturing hu-
man adipocytes differentiated from human adipose-derived
stem cells (hASCs) with human umbilical vein endothelial
cells (HUVEC) on 3D porous silk scaffolds. Our experimental
design consisted of 2D baseline studies and 3D cultures,
specifically 3D hASC monocultures, HUVEC monocultures,
and hASC=HUVEC co-cultures. The physiological response
observed in the 3D co-cultures brings us another step for-
ward in the development of a functionally relevant adipose
tissue system.

Materials and Methods

Cell culture

hASCs were isolated according to published methods from
subcutaneous adipose tissue donated with written consent by
healthy volunteers undergoing elective liposurgery.18 The
work was reviewed and approved by the Pennington Bio-

medical Research Center Institutional Review Board. Isolated
hASCs were cultured in Dulbecco’s modified Eagle’s medium
(DMEM)=F-12 supplemented with 10% fetal bovine serum
(FBS) and 1% antibiotic–antimycotic. Media were replenished
every 3 days, and cells were passaged at 80% confluency us-
ing trypsin–EDTA and frozen using cell culture growth media
containing 10% dimethyl sulfoxide. HUVECs were cultured
according to company protocols. Briefly, HUVECs were ex-
panded in endothelial growth medium (EGM) supplemented
with EGM-bullet kit. Media were replenished every 2 days
and followed the same passaging=freezing protocols as for the
hASCs. hASCs seeded in 2D culture flasks were grown for
1 week in DMEM=F-12 media supplemented with 10% FBS
and 1% penicillin–streptomycin (GM). Adipogenic differenti-
ation was induced for 7 days in DMEM=F-12 media contain-
ing 3% FBS, 1% penicillin–streptomycin, 33mM biotin, 17mM
pantothenate, 1mM insulin, 1mM dexamethasone, 500mM
3-isobutyl-1-methyl-xanthine, and 5mM TZD differentiation
medium-Diff (Diff). Differentiated adipocytes were main-
tained in Diff minus 3-isobutyl-1-methyl-xanthine and TZD
containing normal (1mM) or high (10mM) insulin levels
maintenance medium (MM).

Preparation of aqueous silk scaffolds

Cocoons from Bombyx mori silkworm were supplied by
Tajimia Shoji (Yokohama, Japan). Aqueous silk solution was
prepared as previously described.19 The resulting silk solution
(7%–8% w=v) was further diluted to yield a 6% silk solution.
Porous (500–600mm pore size) aqueous silk scaffolds were
prepared as previously described.19 A biopsy punch was uti-
lized to obtain final 4�2 mm (diameter�height) scaffolds.

DNA quantification

Scaffolds were harvested in TEX (10 mM Tris, 1 mM EDTA,
and 1% triton X-100) and Proteinase K, and stored at �208C.
Samples were thawed, and incubated in 568C water bath
overnight for complete sample digestion. Samples were then
chopped and centrifuged at 15,700 g for 10 min at 48C, and
supernatants were collected. DNA content was determined
fluorometrically at 480=525 nm (ex=em) using an FLx800
spectrofluorometer (BioTek, Winooski, VT). The amount of
DNA was determined by interpolation from a standard curve
prepared using lambda DNA in 10 mM Tris-HCl (pH 7.4),
5 mM NaCl, and 0.1 mM EDTA over a range of concentrations.

FIG. 1. Schematic of adipose tissue outcome measures. Adipogenic differentiation is initiated upon inhibition of both Wnt
and Hedgehog (Hh) signaling. PPARg and C=EBPa are key transcriptional regulators that promote expression of adipogenic
genes such as GAPDH, Glut4, FABP4, and ACS. Triglyceride (TG) synthesis subsequently occurs, causing mature adipokines to
be secreted (leptin and adiponectin) and extracellular matrix (ECM) production. TG breakdown, or lipolysis, is mediated by 2
key lipases (adipose triglyceride lipase [ATGL] and hormone sensitive lipase [HSL]), producing glycerol and fatty acids.
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Lipid accumulation

Scaffolds were harvested in sodium dodecyl sulfate buffer
(0.1% w=v) and stored at �208C. At time of assay, samples
were thawed, chopped, and sonicated briefly. After sonica-
tion, samples were centrifuged at 15,700 g for 10 min at 48C,
and supernatants were collected for assay. TG was measured
using an enzymatic assay, in which a quinoneimine dye is
produced proportional to glycerol, and quantified at 540 nm

Free glycerol secretion

Media samples were collected and stored at �808C.
Samples were thawed, and centrifuged at 15,700 g for 10 min
at 48C, and supernatants were collected. Detected glycerol
was measured (540 nm) using the TG kit described earlier,
however, excluding the hydrolysis step. Glycerol levels de-
tected in medium samples from blank scaffolds were sub-
tracted from all medium samples.

Real-time reverse transcription-polymerase
chain reaction

Total RNA was extracted from cells using Trizol reagent.
Scaffolds harvested in Trizol were stored at �808C. After
thawing, scaffolds were chopped and centrifuged at 15,700 g
for 10 min at 48C. Supernatants were transferred to new
tubes, and RNA was isolated according to supplier’s
instructions. Reverse transcription was performed using
high-capacity cDNA reverse transcription kit following
supplier’s instructions. Commercially available primers
and probes from TaqMan� Gene Expression Assays were
utilized for target genes Glut4 and platelet-endothelial cell
adhesion molecule (CD31), and normalized to the house-
keeping gene, GAPDH, using the 2DDCt formula. Specifically,
real-time reverse transcription (RT)-polymerase chain
reactions were performed using an ABI 7500 Sequence
Detection System (Applied Biosystems, Foster City, CA) at
508C for 2 min, 958C for 10 min, followed by 40 cycles of
amplifications, consisting of a denaturation step at 958C for
15 s, and extension step at 608C for 1 min.

Experimental design

Preliminary 2D studies were conducted to establish the
ability of hASCs to respond to normal MM containing 1mM

insulin, and to hyperinsulinemic MM containing 10mM in-
sulin. Phase-contrast images were collected to investigate
morphological changes, and free glycerol secretion quanti-
fied as measure of basal lipolysis in both insulin conditions.

Three-dimensional studies were then conducted in which
HUVECs were seeded on silk scaffolds (500,000 cells=
scaffold) on day 0. Seven-day-differentiated adipocytes
(235,000 cells=scaffold) were added to HUVEC-seeded scaf-
folds 1 week later. After 3 days (considered as day 0 in this
experiment), the medium was exchanged to either normal
MM containing 1mM insulin or to hyperinsulinemic MM
containing 10mM insulin. Control cultures included adipo-
cyte monocultures and endothelial monocultures, in which
the number of each cell type was equivalent to the number
seeded in co-culture (i.e., adipocyte monocultures were see-
ded with 235,000 cells=scaffold, and endothelial monocul-
tures with 500,000 cells=scaffold). All scaffolds were cultured
in 1:1 EGM:MM media, and media exchanged every 3 days.
On days 0, 3, 6, and 9, samples were collected for DNA
content, TG quantification, and free glycerol secretion, and
evaluated for specific gene expression levels. On day 9, the
medium of hyperinsulinemic samples was exchanged for
normal MM containing 1 mM insulin, and cultured for an
additional 3 days.

Statistical analysis

All reported values were averaged (n¼ 3) and expressed
as mean� standard deviation. Statistical differences were
determined using Student’s two-tailed t-test and differences
were considered statistically significant at p< 0.05.

Results

Hyperinsulinemic effects on 2D hASC culture

In a baseline study, hASCs were differentiated for 7 days
in 2D and subsequently cultured in a medium containing 1
or 10 mM insulin for 12 days. Phase-contrast images were
taken as a preliminary screen of differentiated adipocyte
morphology and lipid content (Fig. 2). Differentiated adi-
pocytes cultured in 1 mM insulin accumulated lipid as shown
through phase-contrast images. The hASCs changed from
fibroblastic-like morphology to a rounded morphology, in
which adipocytes were found in clusters throughout the

FIG. 2. Two-dimensional adipogenic-differentiated hASCs. hASCs were cultured for 12 days in the medium containing
10 mM insulin (A–D) or 1 mM insulin (E–H) (n¼ 3), and secreted glycerol (mg=mL) was measured at each time point (I). Scale
bar¼ 50 mm. Original magnification, 10�. Significant difference between insulin levels are labeled as þp< 0.05; significant
differences from day 0 levels are labeled as *p< 0.05.
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culture well with time. Additionally, images displayed in-
creased intracellular lipid content with time, contributing to
the increase in adipocyte size. Adipocytes cultured in high
insulin media (10mM) also exhibited similar changes in mor-
phology with time in addition to increased lipid content after
9 days culture. However, at 12 days, intracellular lipid con-
tent decreased as evident by decreased cell size and less clus-
tering of adipocytes.

Basal lipolysis of differentiated adipocytes cultured in
1 mM or 10 mM insulin was measured through secreted
glycerol quantification (Fig. 2I). Secreted glycerol levels were
greater in 1 mM adipocytes at each time point compared with
10 mM adipocytes; however, a significant difference was no-
ted only at day 6 (þp< 0.05). Adipocytes cultured in both 1 or
10 mM insulin secreted increased glycerol with time
(*p< 0.05).

Proliferation of 3D adipocyte mono and co-cultures

The 3D constructs consisted of hASC monocultures, HU-
VEC monocultures, and hASC=HUVEC co-cultures. DNA
content in 3D constructs was measured over 12 days for both
normal and hyperinsulinemic conditions (Fig. 3). Adipocyte
monocultures and co-cultures exhibited increased prolifera-
tion compared to day 0 during culture (*p< 0.05). There were
no significant differences between insulin conditions, and
endothelial monocultures showed a decrease in DNA con-
tent over time, with no significant differences between
insulin levels.

At day 9, hyperinsulinemic cultures were switched to
normal insulin levels, as marked by dotted line on all plots.
In co-culture (Fig. 3A), DNA content decreased after change
in insulin condition, whereas normal insulin cultures con-
tinued to increase. In adipocyte monocultures (Fig. 3B), DNA
content was unaffected by the change in insulin conditions
after 3 days. Finally, endothelial monocultures (Fig. 3C) did
not exhibit significant change after change in insulin con-
centration.

TG accumulation

In 3D adipocyte mono and co-cultures, intracellular TG
levels peaked under hyperinsulinemic conditions at days 3
and 6, respectively (Fig. 4A, B). Specifically, in co-cultures
(Fig. 4A), hyperinsulinemic cultures exhibited a decrease in
TG content from day 0 to 3, but peaked at day 6, and then
declined again at day 9. Co-cultures in normal insulin con-
ditions, however, showed a progressive decline in TG to day
9 (*p< 0.05). In adipocyte monocultures (Fig. 4B), both nor-
mal and hyperinsulinemic cultures followed similar trends;
however, a statistical increase in TG accumulation from day
0 to 3, followed by a decline in TG by day 9 in hyper-
insulinemic cultures, was observed (*p< 0.05). Finally, en-
dothelial monocultures cultured in both normal and
hyperinsulinemic conditions were evaluated for TG content
(Fig. 4C). TG was detected at basal levels, and was similar
between the two insulin conditions.

Upon switching hyperinsulinemic cultures to normal in-
sulin conditions at day 9, adipocyte co-cultures continued to
decrease in TG content, whereas adipocyte monocultures
exhibited an increase in TG level (Fig. 4A, B). All normal
insulin cultures along with endothelial monocultures main-
tained TG levels at day 12. By day 12, TG levels of all con-

structs, those cultured in both normal and hyperinsulinemic
conditions, reached similar levels.

Glycerol secretion

Secreted glycerol was measured in all constructs as a
measure of basal lipolysis (Fig. 4D–F). In adipocyte co-
cultures (Fig. 4D), glycerol levels were lower in hyper-
insulinemic cultures than normal cultures on days 0, 3, and 6.
However, at day 9, hyperinsulinemic cultures increased
glycerol secretion, whereas glycerol secretion in normal in-
sulin cultures declined. In adipocyte monocultures (Fig. 4E),
glycerol levels remained relatively constant during culture,
and there were no significant differences between normal
and hyperinsulinemic conditions. Finally, all endothelial
monocultures exhibited basal glycerol levels throughout
culture (Fig. 4F).

Glycerol content after change in hyperinsulinemic cultures
to normal insulin conditions did not result in any significant
changes in secreted glycerol after 3 days for all constructs.
Normal insulin constructs, however, exhibited increased
glycerol secretion at day 12 compared to that of day 9.
Endothelial monocultures exhibited basal levels throughout
culture.

FIG. 3. DNA content of 3D constructs in the medium
containing 10 or 1mM insulin. (A) Adipocyte=endothelial co-
cultures, (B) adipocyte monocultures, and (C) endothelial
monocultures were evaluated (n¼ 3). Significant differences
from day 0 levels are labeled as *p< 0.05.
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Transcript expression

Glut4 transcript expression was evaluated for all con-
structs (Fig. 5). The hASC=HUVEC co-cultures exhibited
different Glut4 trends than monocultures (Fig. 5A). In co-
culture, constructs cultured in either normal or hyper-
insulinemic conditions increased Glut4 expression with time.
By day 9, both normal and hyperinsulinemic cultures sig-
nificantly increased Glut4 expression compared to day 0
levels (*p< 0.05). The ASC monocultures (Fig. 5B) main-
tained under normal insulin conditions exhibited a gradual
decline in Glut4 expression from day 0 to 6 (*p< 0.05);
however, by day 9, Glut4 increased, reaching a peak in ex-
pression. Hyperinsulinemic conditions followed a similar
trend as normal insulin cultures, in which by day 6, glycerol
secretion had significantly declined from day 0 levels
(*p< 0.05). Endothelial monocultures consisted of lower
Glut4 expression than adipocyte mono and co-cultures, and

remained at a relatively consistent level throughout culture
(Fig. 5C).

Upon switching hyperinsulinemic cultures to normal in-
sulin media, ASC=HUVEC co-cultures exhibited an increase
in expression by day 12 and monocultures resulted in un-
detectable Glut4 expression after 3 days. Endothelial mono-
cultures retained basal levels after change in insulin
concentration.

The endothelial marker, CD31, was also measured as an
indicator of endothelial cells in co-culture. As expected, CD31
expression was undetectable in adipocyte monocultures, and
was at peak levels in endothelial monocultures (Fig. 5D–F).
Adipocyte co-cultures (Fig. 5D) expressed CD31 through-
out the culture period; however, levels were greatest at day 0.
CD31 expression then continued to decrease by day 9 (*p<
0.05). In both endothelial monocultures and hASC=HUVEC
co-cultures, CD31 expression was similar in normal insu-
lin exposure to that of hyperinsulinemic conditions. CD31

FIG. 4. Triglyceride accumulation and secreted glycerol measurements of 3D constructs cultured in medium containing
10 mM or 1mM insulin. (A, D) adipocyte=endothelial co-cultures, (B, E) adipocyte monocultures, and (C, F) endothelial
monocultures were evaluated (n¼ 3). Significant differences from day 0 levels labeled as *p< 0.05.
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transcript expression after change in hyperinsulinemic cul-
tures to normal insulin conditions did not result in any sig-
nificant changes after 3 days for all constructs.

Discussion

In this study, 3D hASC=HUVEC co-cultures exhibited a
differential response to hyperinsulinemic as compared to
normal insulin levels, which was absent in 3D hASC
monocultures. Greater TG accumulation and inhibited basal
lipolysis levels were evident in co-cultures, whereas mono-
cultures did not exhibit these physiological trends. This im-
plies that 3D co-cultures provide a more robust ex vivo model
for human adipose tissue biology compared to 3D adipocyte
monocultures.

Understanding hyperinsulinemia is of great importance
both biologically and clinically. The majority of in vitro
studies of hyperinsulinemia and its role in insulin resistance

have been conducted using 2D cell culture studies and as
clinical studies.12,14,15 We propose here an approach to study
hyperinsulinemia under biologically relevant yet controllable
conditions, by co-culture of adipose and vascular cells in a
3D setting. This is, to the best of our knowledge, the first
report demonstrating the physiological effects of hyper-
insulinemia in 3D tissue-engineered adipose constructs.

The use of 3D systems provides significant advantage over
traditional 2D cultures as they provide a microenvironment
for cells to adhere to, proliferate, and mature,16 which is
more representative of the native cell microenvironment. Silk
fibroin scaffolds in particular have been previously shown
to support adipose tissue formation.20 Thus, investigating
physiological responses to hyperinsulinemia in 3D studies
may provide significant insight into mechanisms observed
in vivo that may not have been evident in 2D models, as well
as serve as a potential tissue model in which adipose-related
therapies can be developed and tested.

FIG. 5. Real time reverse transcription (RT)-PCR measurements for glut4 and CD31 transcript expression of 3D constructs
cultured in medium containing 10mM or 1mM insulin. (A, D) adipocyte=endothelial co-cultures, (B, E) adipocyte mono-
cultures, and (C, F) endothelial monocultures were evaluated (n¼ 3). Significant differences from day 0 levels are labeled as
*p< 0.05.

1162 CHOI ET AL.



In the current study, we have exposed 3D tissue-
engineered adipose constructs to both normal insulin culture
conditions (1 mM) and hyperinsulinemic conditions (10 mM).
We specifically looked at hASC monocultures and
hASC=HUVEC co-cultures on 3D silk fibroin scaffolds, as
recently reported.17 We evaluated the effects that insulin has
on various aspects of lipogenesis and lipolysis. There are
very limited reports of adipocyte=endothelial co-cultures17,21;
however, the addition of endothelial cells into our culture
system serves an important role. Endothelial co-culture
strengthens our system not only in a physiological manner,
as endothelial cells make up the vast capillary network of
native adipose tissue,22 but also in a biochemical manner, as
endothelial cells are also affected in T2DM and obesity.23

Specifically, endothelial dysfunction, primarily due to an
altered balance in vasodilator and vasoconstrictor factor se-
cretion by endothelial cells, has often preceded T2DM.23,24

Endothelial dysfunction, characterized by a reduction in ni-
tric oxide bioactivity, observed in the insulin-resistant state
has been shown to be closely related to adipose tissue se-
cretion of proinflammatory cytokines and increased free fatty
acid levels.24–26

We initially conducted baseline studies in 2D hASC
monocultures. We were interested in establishing an ex-
perimental design such that hyperinsulinemic effects that
have been previously reported in 2D could be exhibited in
our hASC culture system. Insulin is known to both stimu-
late recruitment of glucose transporters27 and have an an-
tilipolytic effect in adipocytes.11 Therefore, in our studies,
we cultured differentiated adipocytes for 12 days, and in-
vestigated lipid accumulation and glycerol secretion in
normal (1 mM) and high (10 mM) insulin levels (Fig. 2). These
levels were chosen, as 1 mM is the concentration typically
found in adipocyte induction media for hASCs, and in vivo
hyperinsulinemia levels typically range from 5 to 10 times
that of normal levels9; thus, we chose 10 mM as the high
insulin condition in our cultures. We found that adipocytes
in both insulin conditions accumulated lipid to a similar
degree through day 9 culture (Fig. 2). However, we notice a
significant decrease in lipid content by day 12 in 10 mM
cultures (Fig. 2D) compared to 1 mM (Fig. 2H). To further
explain the observations, we measured glycerol secretion by
adipocytes over the culture period (Fig. 2I). We saw a
physiological effect, in that hyperinsulinemic cultures re-
sulted in less glycerol secretion compared to normal insulin
cultures. This remained consistent throughout the 12 days
of culture, with day 6 having the greatest difference in
glycerol levels. We speculate that adipocytes cultured in hy-
perinsulinemic conditions were beginning to gain insensi-
tivity toward insulin, thereby increasing glycerol secretion,
as lipolysis is less inhibited in the insulin resistant state.12

Therefore, as a result, we see glycerol levels increasing with
time, and lipid content decreased at day 12 possibly due
to a deficiency in insulin-mediated Glut4 membrane re-
cruitment.28

Once establishing that in 2D, hASC-differentiated adipo-
cytes responded in a physiological manner to both insulin
levels, we proceeded to our 3D adipose tissue system. We
investigated effects that insulin levels may have on prolif-
eration (Fig. 3). In co-cultures, we observed that hyper-
insulinemic conditions may have caused a slight lag in

proliferation compared to 1mM insulin, as hyperinsulinemic
adipocytes proliferated to a significant extent by day 9, and
1mM adipocytes reached their peak earlier, at day 6 (Fig. 3A).
Adipocyte monocultures, however, exhibited similar trends
in both insulin levels (Fig. 3B), and endothelial monocultures
showed a decrease in DNA content over time, with no dif-
ferences between insulin conditions (Fig. 3C). The presence
of endothelial cells in co-culture constructs therefore may
suggest that endothelial cells contribute to the hyper-
insulinemic effect we see in vivo.

Interestingly, as with proliferation, we observed differences
in TG accumulation and glycerol secretion in co-cultures, but
it was not as evident in adipocyte and endothelial mono-
cultures. Specifically, in co-culture, we observed differences
in TG accumulation profiles between hyperinsulinemic and
normal insulin cultures (Fig. 4A). Co-cultures in normal
insulin media exhibited a gradual decline in TG content
through day 9, whereas hyperinsulinemic cultures exhibited
a decline at day 3, followed by an increase at day 6 and slight
decline again by day 9 (Fig. 4A). Correlating this to glycerol
levels (Fig. 4D), we see that in normal insulin cultures,
glycerol levels continued to decline through day 9 culture,
whereas hyperinsulinemic cultures declined to day 6, before
increasing at day 9. In hyperinsulinemic cultures, glycerol
levels reached a minimum when TG levels were at its peak.
This is indicative of the dual role insulin has in adipocytes,
which is to inhibit lipolysis, therefore decreasing glycerol
secretion, and stimulate TG accumulation through Glut4
membrane recruitment. Glut4 transcript expression did not
exhibit similar profiles to either TG or glycerol, but in-
stead increased steadily over the culture period (Fig. 5A).
This suggests that varying insulin levels may in fact directly
impact Glut4 at the protein level versus at the transcript
level.12

In adipocyte monocultures, normal insulin levels did not
impact TG content to a significant extent, as TG levels re-
mained relatively constant during the culture period (Fig.
4B). Hyperinsulinemic cultures, however, exhibited a sig-
nificant increase in TG at day 3, and a gradual decline for the
remainder of culture. Glycerol secretion was not as distinct
as it was in co-cultures, in that glycerol levels did not fluc-
tuate significantly throughout the culture (Fig. 4E). Glut4
transcript expression in adipocyte monocultures declined in
expression at day 6 for both insulin conditions, and an in-
crease in expression at day 9 (Fig. 5B). Further studies need
to be conducted to understand the mechanisms of this re-
sponse. Endothelial monocultures, as expected, consisted of
a basal level of both TG and glycerol throughout culture (Fig.
4C, F). Likewise, Glut4 transcript expression remained at low
levels throughout culture (Fig. 5C). This confirmed that
while endothelial cells may have played a role in hyper-
insulinemic effects on adipocyte TG accumulation and
glycerol secretion in co-culture, they did not themselves ac-
cumulate significant TG or secrete glycerol to a significant
extent.

Finally, at day 9, we switched all hyperinsulinemic cul-
tures to medium containing normal insulin levels (1 mM) and
cultured for 3 additional days. We observed that the change
in insulin concentration did not significantly affect DNA
content in all three groups. While TG content remained
similar in normal insulin cultures, hyperinsulinemic cultures
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decreased in both TG content and glycerol release upon
switching insulin levels (Fig. 4A, D). However, adipocyte
monocultures exhibited an increase in TG content and glyc-
erol secretion after the change from hyper to normal insulin
levels.

In our 3D system, hyperinsulinemia (high insulin culture
conditions) affected adipocyte lipogenesis and lipolysis in co-
culture with endothelial cells to a greater extent than in
monoculture. We demonstrated that the co-culture of adi-
pocytes with endothelial cells was necessary for observing a
physiological response to hyperinsulinemia with respect to
both TG accumulation and basal glycerol secretion. The 3D
adipocyte monocultures, however, did not exhibit significant
differential effects in response to normal or high insulin
levels, suggesting that endothelial cells play a vital role in
establishing physiologically relevant responses in this 3D
adipose tissue system. Future studies would involve inves-
tigating long-term effects of high insulin levels on adipocyte
function, as well as studies to further elucidate endothelial
contributions and more specifically that of endothelial dys-
function in the hyperinsulinemic state. The work presented
here brings us a significant step forward in the development
of a 3D in vitro adipose tissue system for detailed studies of
disease and therapeutic options.
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