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Response of human mature adipocytes to hypoxia-reoxygenation
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Abstract
Background aims. Adipocytes are metabolically active cells and have endocrine functions, such as cytokine secretion. Notably,
adipocytes are found underneath skin and are thought to be involved in the body’s response to ischemia-reperfusion (I-R).
I-R injury is an important factor in the pathogenesis of chronic skin wounds. In this study, we investigated the response of
human adipocytes to hypoxia-reoxygenation (H-R), the in vitro equivalent of I-R. Methods. We cultured human mature
adipocytes by enclosing them in hydrogel composed of hyaluronan and collagen and analyzed their proliferation and
response to H-R. Results. The average diameter of mature adipocytes isolated from abdominal subcutaneous fat tissue was
between 60 and 109 mm, and a positive correlation was found between adipocyte size and body mass index. Hydrogel-
enclosed human adipocytes displayed viability in in vitro culture and were capable of expressing foreign genes for at least 1
month. Proliferation analysis revealed 5-bromo-20-deoxy-uridine labeling and positive Ki67 signaling. vascular endothelial
growth factor expression was differentially altered in adipocytes in response to hypoxia and H-R. Adipocyte messenger RNA
expression of pro-inflammatory cytokines, such as interleukin-1, interleukin-8 and tumor necrosis factor-a, was upregulated
in response to H-R. In addition, the expression of heat shock protein 70, a cytoprotective gene, and inducible nitric oxide
synthase, a proapoptotic gene, were both increased in H-R. Survival of hydrogel-enclosed adipocytes was found at 2 months
after delivery into athymic mice. Conclusions. These and previous results from our group show that mature adipocytes can be
cultured in vitro within a matrix and that they are functionally active cells that respond to environmental changes.
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Introduction

Adipose tissues are primarily found underneath skin
(subcutaneous fat) and around internal organs
(visceral fat). They are primarily composed of adipo-
cytes and exist in two forms, white adipose tissue
(WAT) and brown adipose tissue (BAT).WAT stores
energy in the form of triglycerides and BAT dissipates
stored energy by producing heat [1,2]. Recent studies
have revealed endocrine functions for adipocytes,
including the secretion of adipokines, which are
involved in autocrine and paracrine signaling [3e6].
Dysregulationof adipokine expressionor secretion can
result in inflammation and obesity-related metabolic
disorders, such as hypertension, stroke, cardiovascular
disease and type 2 diabetes [7e9]. Adipose tissues
also contain other cell types, such as monocytes/
macrophages, endothelial cells and pre-adipocytes.
Adipocytes in adipose tissue are surrounded by an
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extracellular matrix composed of collagen, hyaluronic
acid and elastin [10e12].

Cytokines secreted by mature adipocytes are
called adipokines and include tumor necrosis factor-a
(TNF-a) and interleukin (IL)-6. Adipocytes also
secrete adipose-specific factors, such as leptin, adi-
ponectin and resistin [2e4,6,13,14]. Adipokines relay
information to different organs, including the liver,
brain and b-islet cells. Dysregulation of adipokines
results in a chronic low-grade inflammation, which
could lead to atherosclerosis, hypertension and type 2
diabetes [3,6,15,16]. Environmental signals such as
nutrient intake affect the volume of adipose tissues,
which suggests that adipose tissues are capable of
plasticity [17e19]. An understanding of the mecha-
nism behind adipocyte proliferation and differentia-
tion is essential for the study of obesity and diabetes.
Traditionally, mature adipocytes have been studied
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by differentiating primary pre-adipose cells or estab-
lished pre-adipocyte cell lines that readily attach to the
plastic plates used in cell culture. The ability to culture
mature adipocytes harvested from tissue has been
limited by the buoyancy of these cells. Differentiation
of primary pre-adipose cells and pre-adipocyte cell
lines is achieved with the use of an adipogenic cocktail
containing isobutylmethylxanthine, dexamethasone
and insulin [20,21]. However, differentiated adipo-
cytes are different frommature adipocytes in that they
contain multilocular lipid droplets. In contrast,
mature adipocytes inWAT have a unique structure in
which one large lipid droplet occupies the entire
cytoplasm and pushes the nucleus peripherally.
Recently, we established a novel in vitro method to
culture mouse mature adipocytes by enclosing them
in a hydrogel [22].

Ischemia-reperfusion (I-R) has been studied
extensively in the brain, heart, liver and kidney. I-R
injury is also an important factor in the pathogenesis of
chronic skin wounds [23,24]. Ischemia leads to tissue
compromise and eventually, death. Restoration of
blood flow (tissue reperfusion) is necessary to prevent
continued tissue injury and death. Paradoxically,
reperfusion can lead to additional tissue compromise.
One of the major molecular mechanisms thought to
mediate I-R injury is the generation of oxidative stress
on reperfusion. In I-R states, highly reactive oxygen
species inflict damage on cellular structures. This
direct cellular damage is further augmented by injury
from the ensuing inflammatory cascade. In diabetic
ulcers and pressure sores, direct pressure over a
localized area is followed by reperfusion, and this cy-
cle is often repeated. In venous ulcers, the arteriove-
nous gradient in a leg is lost when the leg is dependent,
resulting in blood stasis and loss of perfusion. Perfu-
sion is restored when the leg is elevated and venous
hypertension is relieved [24]. Reperfused tissues are
subjected to oxidative damage, which may contribute
to the development of chronic wounds [25,26].
Recent data from our group with the use of a model of
subclinical, cyclic I-R injury in rabbit ears showed a
consistent, quantitative impairment in wound healing
and altered gene expression [27].

We recently showed that mousemature adipocytes
play a critical role in stress response [22]. Expression
of hypoxia-regulated genes, including vascular endo-
thelial growth factor (VEGF) and heme oxygenase 1
was upregulated in response to hypoxia in mouse ad-
ipocytes.Herewe report that human adipocytes can be
cultured by enclosing them in hydrogel. We show that
human adipocytes respond to hypoxia-reoxygenation
(H-R) in vitro, which is the equivalent of I-R injury
in vivo. Our current and previous reports suggest that
mature adipocytes are functionally active cells that
respond to environmental changes.
Methods

Isolation of human mature adipocytes

Human subcutaneous fat tissues collected from
elective abdominoplasties were used to isolate mature
adipocytes. Human tissues were obtained according
to the guidelines of a protocol approved by the Insti-
tutional Review Board of Northwestern University.
Mature adipocytes were isolated as previously
described with somemodifications [22]. Briefly, 5mL
of the fat tissues were minced and were then treated
with collagenase II (0.25%, dissolved in Hank’s
buffered salt solution [HBSS], Gibco-BRL, Grand
Island, NY, USA) in a final 10 mL for 1 h at 37�C in a
shaking water bath. After complete digestion, 5 mL of
HBSS was added to the reaction and mixed by
inverting. The stromal vascular fraction, which con-
tains mesenchymal cells (pre-adipocytes), fibroblasts
and erythrocytes, was separated from mature adipo-
cytes by taking advantage of the buoyant properties of
adipose cells. The mixture was centrifuged for 10 min
at 300g at room temperature, and approximately 2
mL of the floating layer containing mature adipocytes
was recovered and resuspended in 13 mL of new
HBSS. This step was repeated for an additional 2
cycles to ensure complete removal of the stromal
vascular fraction from the mature adipocytes. The
diameter of mature adipocytes was determined by
analyzing the captured image of mature adipocytes by
means of light microscopy, with the use of the NIH
ImageJ program as previously described [22].
In vitro culture of mature adipocytes

Mature adipocytes were enclosed in a hydrogel matrix
(Extracel-HP, BioTime Inc, Alameda, CA,USA) and
cultured in vitro as previously described [22].We used
a ratio of 2:2:1 for Glycosil:Gelin:Extralink with 10%
human mature adipocytes. Dulbecco’s modified Ea-
gle’s medium/F12 medium containing 10% fetal
bovine serum was used as a culture medium, which
was changed every 2e3 days. Hypoxia (1% O2) was
achieved with the use of a hypoxic chamber (Invivo2
1000, Ruskinn Technology, Sanford, ME, USA).
Viability test and green fluorescence protein expression in
mature adipocytes

Viability of isolated mature adipocytes was assessed by
means of 0.4% trypan blue vital staining [22,28]. The
LIVE/DEAD Viability/Cytotoxicity Kit (Invitrogen,
Carlsbad, CA, USA) was used to determine the
viability of mature adipocytes. Samples were treated
with red fluorescent ethidium homodimer-1 (2.5
mmol/L) and green fluorescent calcein-AM (1 mmol/L)
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for 20 min at room temperature. Signal was detected
with the use of a fluorescent microscope.

Adipocytes were transduced with a lentivirus (LV-
GFP) in which GFP expression is driven by a cyto-
megalovirus promoter. Equal volumes of lentivirus
(7 � 107 infectious units/mL, 10 mL) and adipocytes
(10 mL) were mixed in the presence of 6 mg/mL of
polybrene and enclosed in hydrogel. The mixture was
cultured as described, and GFP expression was
analyzed under a fluorescent microscope.
Reverse transcriptionequantitative polymerase chain
reaction and Western blot analysis

Adipocytes in hydrogel were homogenized for 90
seconds at 5000 rpm in a MagNA Lyser homoge-
nizer (Roche, Indianapolis, IN, USA) with the use of
the Zirconia beads (2.0-mm diameter, Biospec
Products Inc, Bartlesville, OK, USA) in the presence
of Tri Reagent (Sigma-Aldrich, St Louis, MO,
USA). After genomic DNA was removed with the
use of the Turbo DNA-free kit (Ambion, Austin,
TX, USA), complementary DNA was made from
total RNA with the use of Superscript II (Invitrogen,
Carlsbad, CA, USA) with random primers. Poly-
merase chain reaction (PCR) was performed to
detect expression of messenger RNA (mRNA). For
the quantitative analysis, quantitative PCR (qPCR)
analyses with the use of SYBR green I were per-
formed with the use of an ABI prism 7000 sequence
detection system or 7900HT Fast Real-Time PCR
System (Applied Biosystems, Foster City, CA,
USA). Expression of each gene was normalized to
the level of b-actin to get a DCt. The 2�DDCt method
was used to calculate gene expression difference be-
tween differentiated and control samples. Primer sets
are shown in Table I.
Table I. Primer sequences used to detect human mRNA.

Gene Sense

IL-1b CTCGCCAGTGAAATGATGGCT
MCP-1 CAGCCAGATGCAATCAATGCC
TNF-a ATGAGCACTGAAAGCATGATC
IL-6 AAATTCGGTACATCCTCGACG
IL-8 TTTTGCCAAGGAGTGCTAAAG
IL-1a ATCATGTAAGCTATGGCCCAC
MIP GTTCCTCTCCGAGCTCACC
Cxcl2 GCAGGGAATTCACCTCAAGA
HO-1 GTCTTCGCCCCTGTCTACTTC
iNOS TCATCCGCTATGCTGGCTAC
Cox-2 GTGCAACACTTGAGTGGCTAT
Hsp70 TTTGAGGGCATCGACTTCTAC
Leptin GAACCCTGTGCGGATTCTTGT
Adiponectin GGCATGACCAGGAAACCAC
Fabp4 AGCACCATAACCTTAGATGGG
b-Actin CATGTACGTTGCTATCCAGGC
For Western blot analysis, proteins were prepared
with the use of Tri Reagent according to the manu-
facturer’s protocol. Isolated proteins were resus-
pended in 1% sodium dodecyl sulfate, run on a
sodium dodecyl sulfate polyacrylamide gel and
transblotted on nitrocellulose membranes. Mem-
branes were incubated with anti-VEGF antibody
(1:5,000; Santa Cruz Biotechnology, Santa Cruz,
CA, USA) and then were incubated with horseradish
peroxideeconjugated secondary antibody (1:5000
dilution; Vector Laboratories, Burlingame, CA,
USA). Specific bands were visualized through the
use of an enhanced chemiluminescence detection kit
(GE Healthcare, Piscataway, NJ, USA). The blots
were probed with antieb-actin antibody (1:5000
dilution; Sigma-Aldrich, St Louis, MO, USA) to
serve as a control for gel loading.
5-Bromo-20-deoxy-uridine and Ki67 staining

The adipocyte and hydrogel mixture was treated with
5-bromo-20-deoxy-uridine (BrdU) labeling reagent
(1:100 dilution, Invitrogen, Carlsbad, CA, USA) and
cultured for 3 days. The matrix-adipocyte mixture
was fixed overnight in 4% paraformaldehyde in
phosphate-buffered saline at 4�C. The samples were
treated with 30% sucrose overnight at 4�C before
embedding in OCT compound and cut into 10-mm-
thick sections. Incorporated BrdU signal was detec-
ted with the use of the BrdU staining kit (Zymed
Laboratories, San Francisco, CA, USA) and visual-
ized with the use of 3,30-diaminobenzidine. Hema-
toxylin was used to visualize the hydrogel matrix. For
Ki67 detection, mouse anti-Ki67 (1: 1,000 dilution,
BD Biosciences, San Jose, CA, USA) was used as a
primary antibody, and the signal was detected with
the use of the Vectastain kit (Vector Laboratories,
Antisense

TCGGAGATTCGTAGCTGGAT
TGGAATCCTGAACCCACTTCT

C GAGGGCTGATTAGAGAGAGGTC
G GGAAGGTTCAGGTTGTTTTCTGC
A AACCCTCTGCACCCAGTTTTC
T CTTCCCGTTGGTTGCTACTAC

TGCTGTAGGAGCGGTTCTG
GGATTTGCCATTTTTCAGCA
CTGGGCAATCTTTTTGAGCAC
CTCAGGGTCACGGCCATTG
AGCAATTTGCCTGGTGAATGAT

A CCAGGACCAGGTCGTGAATC
TCCATCTTGGATAAGGTCAGGAT
TTCACCGATGTCTCCCTTAGG

G CGTGGAAGTGACGCCTTTCA
CTCCTTAATGTCACGCACGAT
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Burlingame, CA, USA) and visualized with the use
of 3,30-diaminobenzidine.
Figure 1. Correlation of BMI and adipocyte size. Mature adipo-
cytes were isolated from human subcutaneous fat tissue and their
size was measured with the use of the ImageJ program. Data are
from 19 patients. More than 100 cells per sample were analyzed,
and the diameter of adipocytes was presented as average � stan-
dard error of the mean. Both BMI and diameter of adipocytes data
were used to fit in a linear model performed by linear regression
analysis in R. R2 value of the model is 0.401; P value for F-test is
0.0036.
Delivery of hydrogel/human adipocytes to Nu/Nu mice

All animal experiments were performed under a pro-
tocol approved by the Northwestern University Insti-
tutional Animal Care and Use Committee. Isolated
human mature adipocytes were enclosed in hydrogel
(Hystem-C LS kit, BioTime Inc, Alameda, CA, USA)
and delivered into immunodeficient mice (8e12-
week-old male Nu/Nu mice, Charles River Labora-
tories, Wilmington, MA, USA). Four subcutaneous
injections of 0.1mL ofmixture were deliveredwith the
use of a 22-gauge needle (inner diameter, 0.413 mm).
Skin samples injected with adipocyte/hydrogel
mixture were harvested at 2 weeks and 2 months after
injection. Six animals were analyzed for each time
point. The mixture was fixed in formalin, embedded
in paraffin blocks, and sectioned on a microtome at a
thickness of 5 mm. The sections were stained with the
use of hematoxylin and eosin.
Results

Body mass index and the size of mature adipocytes show
a positive correlation

We investigated the relationship between body mass
index (BMI) and adipocyte size. Mature adipocytes
were isolated from fat tissues obtained from female
patients (BMI, 19.6e36.0; age 24e57 years). Because
anatomic location can affect the size of mature adi-
pocytes, we analyzed only abdominal subcutaneous fat
tissues obtained from elective abdominoplasties. The
average adipocyte diameter of the patients ranged
from 60e109 mm (Figure 1). Statistical analysis
showed a positive correlation between adipocyte size
and BMI (Pearson correlation coefficient, 0.63; R2 ¼
0.40; P ¼ 0.0036).
Hydrogel-enclosed human mature adipocyte culture in
vitro

We developed a novel culture method for mouse
mature adipocytes, which otherwise cannot be
culturedwith the use of conventionalmethods because
theyfloat on the surface of culturemedia as the result of
their high cytoplasmic lipid content [22]. We
addressed whether human adipocytes can be cultured
with the use of the method. First, we addressed the
viability of mature adipocytes in vitro. Vital trypan blue
staining showed that most mature adipocytes were
viable after isolation (Figure 2A). In addition, live and
dead staining with fluorescence dyes showed thatmost
cells were viable after isolation (Figure 2C). Viability
was found in most hydrogel-enclosed adipocytes after
being cultured in vitro for 4 days (Figure 2D).

Next, we investigatedwhether foreign genes can be
introduced to mature adipocytes. We were unable to
determine the multiplicity of infection because iso-
lated human mature adipocytes float in medium and
are thus difficult to count. Instead, we mixed equal
volumes of GFP-expressing lentiviruses with adipo-
cytes and enclosed them in hydrogel. GFP signal was
detected 3 days after culture (Figure 3D). The num-
ber of GFP-positive adipocytes increased continu-
ously (day 16, Figure 3E). Although GFP-positive
cells were detected (Figure 3F), the number of wrin-
kled adipocytes was increased at day 39 (Figure 3C).
The number of GFP-expressing adipocytes was
notably decreased at day 42 (data not shown).
Proliferation markers were found in human adipocytes
cultured in vitro

It is known that mature adipocytes are terminally
differentiated post-mitotic cells and that undifferen-
tiated pre-adipocytes in adipose tissues proliferate in
response to environmental stimuli such as food intake
[29e32]. Recently, analysis of human adipose tissues
has suggested that mature adipocytes proliferate
[18,33]. We have previously shown that hydrogel-
enclosed mouse mature adipocytes proliferate in vitro
[22]. In the present study, we addressed whether
human mature adipocytes proliferate. Hydrogel-
enclosed adipocytes were cultured for 3 days in the
presence of BrdU. Positive signals were found in
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Figure 2. Viability of adipocytes. (A) Vital trypan blue staining. Isolated mature adipocytes after collagenase digestion were treated with
0.4% trypan blue. (BeD) LIVE/DEAD staining. Live and dead cells were stained by calcein-AM (green) and ethidium homodimer-1 (red),
respectively. (B) Minced human fat tissue before collagenase digestion. Nuclei were stained with 40-6-diamidino-2-phenylindole. (C)
Adipocytes after isolation. (D) Hydrogel-enclosed adipocytes cultured for 4 days in vitro. Scale bar, 100 mm.
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some adipocytes when fixed sections were analyzed
with an anti-BrdUespecific antibody (Figure 4A).
Analysis of another proliferation marker, Ki67, with
an anti-Ki67 antibody showed proliferation of mature
adipocytes in hydrogel (Figure 4B).
Expression of pro-inflammatory genes was upregulated in
adipocytes in response to H-R

Previously we showed that mouse mature adipocytes
are functionally active cells that respond to hypoxia in
Figure 3. Delivery of a foreign gene in adipocytes. GFP-expressing le
cultured in vitro. (AeC) Bright field image. (DeF) Fluorescence image.
adipocytes are indicated by arrowheads. Scale bar, 100 mm (A, D), 200
vitro [22]. We cultured hydrogel-enclosed human
adipocytes in a hypoxic environment (1% oxygen) for
24 h. Expression of VEGF mRNA was increased by
3.2-fold after hypoxia treatment in human adipocytes
comparedwith a normoxic control (Figure 5A). In line
with mRNA expression, increased VEGF protein
expression was found in human adipocytes after hyp-
oxia treatment (Figure 5C, lane 1 versus lane 2). Next,
we investigated the response of human adipocytes to
H-R. VEGF expression in adipocytes was reduced by
50% in H-R at 3 h after reoxygenation (Figure 5B).
ntiviruses were mixed with adipocytes, enclosed in hydrogel and
(A, D) day 3, (B, E) day 16, (C, F) day 39 after culture. Wrinkled
mm (B, C, E and F).
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Figure 4. Human mature adipocytes proliferate in vitro. Adipocytes were enclosed in hydrogel, cultured in vitro in the presence of BrdU for 3
days and analyzed for the proliferation makers. (A) Anti-BrdU staining. (B) Anti-Ki67 staining. Hematoxylin was used to visualize the
hydrogel after developing signals. Positive and negative signals in nuclei are indicated by closed and open arrowheads. Scale bar, 100 mm.
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Decreased expression of VEGF mRNA and protein
was found in adipocytes 24 h after reoxygenationwhen
compared with hypoxia alone (Figure 5).

We analyzed the mRNA expression of various
cytoprotective, pro-inflammatory and proapoptotic
genes in adipocytes subjected to H-R (Figure 6).
Whereas expression of heat shock protein (Hsp) 70, a
cytoprotective stress response protein, was highly
increased (8.9�2.3efold that of hemeoxygenase 1), a
heme catabolizing enzyme with cytoprotective
Figure 5. Human adipocyte response to H-R in vitro. Human mature ad
The culture was then placed in normoxic condition (21% oxygen, H-R) fo
Total RNAs were isolated and reverse transcription (RT)-qPCR was
expression level of b-actin. The level of VEGF expression in hypoxia and
(B) The level of VEGF expression in H-R was compared with that in hyp
fold change. Data are from 19 patients (A) and 4e5 patients (B) and pre
not significant. (C) Western blot analysis. Proteins were prepared hu
Expression of VEGF was detected with its specific antibody. b-Actin wa
shown (i, ii and iii). Lane 1, normoxia; lane 2, hypoxia; lane 3, H-R.
properties was only marginally increased (1.3 �
0.1efold) by H-R. Expression of iNOS, a proapo-
ptotic gene, andCox-2, a pro-inflammatory gene, were
upregulated by 7.0 � 2.4efold and 1.8 � 0.3efold,
respectively, in response to H-R. Interestingly, the
expression of many pro-inflammatory cytokines—IL-
1b (3.0 � 0.5efold), monocyte chemoattractant pro-
tein 1 (MCP-1) (3.8 � 0.9), TNF-a (5.1 � 1.6), IL-6
(2.7 � 0.5), IL-8 (5.6 � 1.4), IL-1a (10.8 � 3.5),
macrophage inflammatory proteins (MIP) (1.8� 0.3)
ipocytes were cultured in hypoxic condition (1% oxygen) for 24 h.
r 24 h (A, C) or as indicated (B). (A, B) VEGF mRNA expression.
performed. VEGF expression was normalized according to the
H-R was compared with that of normoxia, which was set at 1 (A).
oxia, which was set at 1. Gene expression level was presented as a
sented as average � standard error of the mean. ***P < 0.001; ns,
man mature adipocytes; Western blot analyses were performed.
s detected as a loading control. Western blots from 3 patients are
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Figure 6. Messenger RNA expression of genes in adipocytes
subjected to H-R. Hydrogel-enclosed human mature adipocytes
were cultured in hypoxic condition (1% oxygen) for 24 h and
placed in normoxic condition (21% oxygen, H-R) for 24 h. Total
RNAs were isolated and RT-qPCR was performed. Individual
gene expression was first normalized to corresponding levels of
b-actin and was then presented as fold changes in H-R adipocytes
relative to hypoxia adipocytes (average � SEM). n ¼ 13e18
(outliers, more than 2 standard deviations from the mean, were
excluded for the analysis). *P < 0.05, **P < 0.01, ***P < 0.001;
ns, not significant.
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and Cxcl2 (12.1 � 4.9)— was also upregulated. We
analyzed adipocyte-specific genes, including adipo-
kines in H-Retreated adipocytes. Expression of leptin
was upregulated by 4.8 � 1.7efold. Although the
expression of adiponectin and Fabp4 was modestly
increased, the change was not statistically significant.
Survival of hydrogel-enclosed human adipocytes in vivo

Fat autografts are commonly used to fill soft-tissue
defects. However, long-term survival of transplanted
fat is low, and themajority of grafted fat is absorbed by
the body. Transplanted fat cells are also collapsed
when delivered to non-native sites because a suitable
microenvironment is not provided for their survival.
Adipocytes in vivo exist in a 3-dimensional matrix that
consists of hyaluronan and collagen. We investigated
the behavior of adipocytes when adipocytes are
delivered in conjunction with a 3-dimensional matrix
in vivo. After optimizing the hydrogel-human adipo-
cyte ratio, we found that Hystem-C LS with 20%
adipocytes solidified in 20e25 min in vitro. The
hydrogel-adipocyte mixture was placed into 1-mL
syringes and continuously mixed in a rotary shaker
until solidified to ensure a homogeneous distribution
ofmature adipocytes in hydrogel.We injected 0.1-mL
aliquots of the mixture subcutaneously into 4 sites
(shoulder and inguinal fat pad regions). We used
athymic immunodeficient nude mice, which have
been used for xenograft studies. The injected material
was found remaining in the animals when analyzed 2
weeks and 2 months after injection (Figure 7A). The
volume of mixture remaining was 36.1 mL at 2 weeks
after injection (input was 99.2 mL). The volume was
further reduced to 25.8 mL at 2 months after injection
(Figure 7B). Similar results were found when
measuring weight: 90.8, 32.4 and 20.5 mg for input, 2
weeks, 2 months samples, respectively (Figure 7B).
Histological analysis showed that the adipocyte-
hydrogel mixture was mostly intact when analyzed 2
weeks after injection (Figure 7C, left). Cells from the
host were found in the adipocyte-hydrogel mixture,
and host tissues were integrated into themixture when
analyzed 2 months after injection (Figure 7C, right).
Discussion

The buoyant nature of adipocytes has limited the
culture of mature adipocytes in vitro. We have pre-
viously developed an in vitro method to culture
mature mouse adipocytes with the use of hydrogel, a
material composed of hyaluronan and collagen [22].
Hydrogel was used for two purposes; to provide a 3-
dimensional matrix, which is the environment found
in native adipose tissue, and to keep adipocytes from
floating by encasing them. Adipocytes are metaboli-
cally active and function as endocrine cells by
expressing and secreting many cytokine and hor-
mones. We found that human adipocytes cultured in
vitro respond to hypoxia and H-R (Figure 5). I-R (or
H-R) injury generates reactive oxygen species, which
causes cell damage and induces an inflammatory
cascade [34,35]. H-R resulted in the upregulation of
multiple pro-inflammatory cytokines in adipocytes
including MCP-1, MIP, IL-1a, IL-1b, IL-6, IL-8,
Cxcl2 and TNF-a (Figure 6). The expression of
cytoprotective stress response protein, heat shock
protein 70, was also increased. The expression of
iNOS, which creates nitro oxideefree radicals, was
also upregulated by H-R in adipocytes.

We investigated the possibility of performing gain-
of-function studies inmature adipocytes. By enclosing
lentiviruses andadipocytes inhydrogel,wewere able to
infect adipocytes with GFP-expressing lentivirus and
achieve GFP expression in adipocytes (Figure 3).
Although we were able to culture adipocytes in vitro
with the use of hydrogel, we were unable to stock
mature adipocytes in liquid nitrogen. This is one lim-
itation to the use ofmature adipocytes for adipogenesis
studies compared with the use of primary pre-adipo-
cytes or pre-adipocyte cell lines. It is thought that
mature adipocytes are terminally differentiated cells
that do not proliferate [31,32]. It has been suggested
that a higher rate of proliferation in pre-adipocytes or
increased adipocyte volume in response to environ-
mental stimuli causes obesity. However, mature
adipocytes have the potential to proliferate because
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Figure 7. Adipocytes/hydrogel mixture in immunodeficient mice. Hydrogel-enclosed human mature adipocytes were delivered to athymic
nude mice. Four sites of the subcutaneous skin received 0.1 mL of the mixture by injection; (A) 2 weeks (upper) and 2 months after in-
jection. Delivered materials are indicated by arrowheads. (B) Weight (mg) and volume (mL) measurement. The mixtures at day 0 (n ¼ 8), 2
weeks (n ¼ 8) and 2 months (n ¼ 9) were analyzed. **P < 0.01, ***P < 0.001. (C) Hematoxylin and eosin staining. The mixture was
harvested with host skin tissue 2 weeks after injection (left). Junction area between the mixture and host tissue is demarcated by white dotted
lines. The mixture was harvested without host skin tissue 2 months after injection (right). Inlets are analyzed areas with lower magnification.
Scale bar, 200 mm; inlet, 1000 mm.
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de-differentiated adipocytes proliferate in a 3-dimen-
sional collagen gel matrix in vitro [36,37]. Our studies
with BrdU labeling and Ki67 staining suggest that
mature mouse and human adipocytes have prolifera-
tive potential in vitro (Figure 4) [22]. Although in-
dications that adipocytes proliferate in vivo have
previously been reported [18,33], the proliferation of
mature adipocytes in vivo is controversial.

Our analysis of abdominal subcutaneous adipo-
cytes shows a positive correlation between BMI and
the size of mature adipocytes (Figure 1). Consistent
with this finding, other reports have suggested that the
size of mature adipocytes is closely related to BMI
[38e41]. BMI is determined by dividing one’s weight
in kilograms by the square of their height in meters.
People are classified as underweight (<18.5), normal
(18.5e24.9), overweight (25.0e29.9) and obese
(�30.0), according to BMI. Higher BMI is associated
with increased all-cause mortality in adults [42].
Positive correlation between BMI and cytokine
expression, such as nesfatin-1, and TNF-a has pre-
viously been shown [43,44]. Although all adipocytes
are morphologically similar, their characteristics vary,
depending on location. The size of adipocytes within a
single patient (or animal) also varies, depending on
the location of the fat tissue [39e41]. Adipocytes in
WAT are unilocular cells, whereas those in BAT are
multilocular cells [1,13,45]. Gene expression in
visceral white adipocytes is different from that of
subcutaneous adipocytes [46e49]. A comparative
analysis of these diverse adipocyte types and their
response to hypoxia or H-R injury is crucial to our
understanding of adipocyte physiology. Additionally,
the study of adipocyte behavior in disease conditions
such as diabetes is important to our overall under-
standing of adipocyte function.

In summary, we showed that human mature ad-
ipocytes can be cultured in vitro by enclosing them in
a 3-dimensional matrix. Our data suggest that hu-
man mature adipocytes are functionally active cells
that respond to environmental changes such as
hypoxia and H-R.
Acknowledgments

This study was supported by internal funding from
the Division of Plastic and Reconstructive Surgery,
Northwestern University, Feinberg School of Medi-
cine, and BioTime Inc.
Disclosure of interests: The authors have no
commercial, proprietary, or financial interest in the
products or companies described in this article.

mailto:end body part
mailto:end body part
mailto:end body part
mailto:end body part
mailto:end body part


1664 S. J. Hong et al.
References

[1] Lidell ME, Enerback S. Brown adipose tissue: a new role in
humans? Nat Rev Endocrinol 2010;6:319e25.

[2] Poulos SP, Hausman DB, Hausman GJ. The development
and endocrine functions of adipose tissue. Mol Cell Endo-
crinol 2010;323:20e34.

[3] Gustafson B. Adipose tissue, inflammation and atheroscle-
rosis. J Atheroscler Thromb 2010;17:332e41.

[4] Tilg H, Moschen AR. Adipocytokines: mediators linking
adipose tissue, inflammation and immunity. Nat Rev
Immunol 2006;6:772e83.

[5] Lazar MA. How obesity causes diabetes: not a tall tale. Sci-
ence 2005;307:373e5.

[6] Ouchi N, Parker JL, Lugus JJ, Walsh K. Adipokines in
inflammation and metabolic disease. Nat Rev Immunol
2011;11:85e97.

[7] Cao Y. Adipose tissue angiogenesis as a therapeutic target for
obesity and metabolic diseases. Nat Rev Drug Discov 2010;9:
107e15.

[8] Guilherme A, Virbasius JV, Puri V, Czech MP. Adipocyte
dysfunctions linking obesity to insulin resistance and type 2
diabetes. Nature Rev 2008;9:367e77.

[9] Wajchenberg BL. Subcutaneous and visceral adipose tissue:
their relation to the metabolic syndrome. Endocrine Rev
2000;21:697e738.

[10] Choi JS, Kim BS, Kim JY, Kim JD, Choi YC, Yang HJ, et al.
Decellularized extracellular matrix derived from human ad-
ipose tissue as a potential scaffold for allograft tissue engi-
neering. J Biomed Mater Res 2011;97:292e9.

[11] Divoux A, Clement K. Architecture and the extracellular
matrix: the still unappreciated components of the adipose
tissue. Obes Rev 2011;12:e494e503.

[12] Mariman EC, Wang P. Adipocyte extracellular matrix
composition, dynamics and role in obesity. Cell Mol Life Sci
2010;67:1277e92.

[13] Cristancho AG, Lazar MA. Forming functional fat: a
growing understanding of adipocyte differentiation. Nature
Rev 2011;12:722e34.

[14] Scherer PE. Adipose tissue: from lipid storage compartment
to endocrine organ. Diabetes 2006;55:1537e45.

[15] Kern PA, Ranganathan S, Li C, Wood L, Ranganathan G.
Adipose tissue tumor necrosis factor and interleukin-6
expression in human obesity and insulin resistance. Am J
Physiol Endocrinol Metab 2001;280:E745e51.

[16] Gustafson B, Smith U. Cytokines promote Wnt signaling
and inflammation and impair the normal differentiation and
lipid accumulation in 3T3eL1 preadipocytes. J Biol Chem
2006;281:9507e16.

[17] Ukropec J, Ukropcova B, Kurdiova T, Gasperikova D,
Klimes I. Adipose tissue and skeletal muscle plasticity
modulates metabolic health. Arch Physiol Biochem 2008;
114:357e68.

[18] Tchoukalova YD, Votruba SB, Tchkonia T, Giorgadze N,
Kirkland JL, Jensen MD. Regional differences in cellular
mechanisms of adipose tissue gain with overfeeding. Proc
Natl Acad Sci U S A 2010;107:18226e31.

[19] Coppack SW. Adipose tissue changes in obesity. Biochem
Soc Trans 2005;33:1049e52.

[20] Poulos SP, Dodson MV, Hausman GJ. Cell line models for
differentiation: preadipocytes and adipocytes. Exp Biol Med
2010;235:1185e93.

[21] Rosen ED, MacDougald OA. Adipocyte differentiation from
the inside out. Nature Rev 2006;7:885e96.

[22] Hong SJ, Jin da P, Buck DW 2nd, Galiano RD, Mustoe TA.
Impaired response of mature adipocytes of diabetic mice to
hypoxia. Exp Cell Res 2011;317:2299e307.
[23] Mustoe T. Understanding chronic wounds: a unifying hy-
pothesis on their pathogenesis and implications for therapy.
Am J Surg 2004;187:65Se70S.

[24] Mustoe TA, O’Shaughnessy K, Kloeters O. Chronic wound
pathogenesis and current treatment strategies: a unifying
hypothesis. Plast Reconstr Surg 2006;117:35Se41S.

[25] Carden DL, Granger DN. Pathophysiology of ischaemia-
reperfusion injury. J Pathol 2000;190:255e66.

[26] Varadarajan R, Golden-Mason L, Young L, McLoughlin P,
Nolan N, McEntee G, et al. Nitric oxide in early ischaemia
reperfusion injury during human orthotopic liver trans-
plantation. Transplantation 2004;78:250e6.

[27] Steinberg JP, Gurjala AN, Jia S, Hong SJ, Galiano RD,
Mustoe TA. Evaluating the Effects of Subclinical, Cyclic
Ischemia-Reperfusion Injury onWoundHealingUsing aNovel
Device in the Rabbit Ear. Ann Plast Surg 2014;72:698e705.

[28] Cui X, Pu LL. The search for a useful method for the
optimal cryopreservation of adipose aspirates: part I. In vitro
study. Aesthet Surg J 2009;29:248e52.

[29] Tong Q, Hotamisligil GS. Molecular mechanisms of adipocyte
differentiation. Rev Endocr Metab Disord 2001;2:349e55.

[30] Hausman DB, DiGirolamo M, Bartness TJ, Hausman GJ,
Martin RJ. The biology of white adipocyte proliferation.
Obes Rev 2001;2:239e54.

[31] Spalding KL, Arner E, Westermark PO, Bernard S,
Buchholz BA, Bergmann O, et al. Dynamics of fat cell
turnover in humans. Nature 2008;453:783e7.

[32] Park KW, Halperin DS, Tontonoz P. Before they were fat:
adipocyte progenitors. Cell Metab 2008;8:454e7.

[33] Sato K, Umeno H, Nakashima T. Histological investigation
of liposuctioned fat for injection laryngoplasty. Am J Oto-
laryngol 2005;26:219e25.

[34] van Golen RF, van Gulik TM, Heger M. The sterile immune
response during hepatic ischemia/reperfusion. Cytokine
Growth Factor Rev 2012;23:69e84.

[35] den Hengst WA, Gielis JF, Lin JY, Van Schil PE, De
Windt LJ, Moens AL. Lung ischemia-reperfusion injury: a
molecular and clinical view on a complex pathophysiological
process. Am J Physiol 2010;299:H1283e99.

[36] Sugihara H, Yonemitsu N, Miyabara S, Toda S. Prolifera-
tion of unilocular fat cells in the primary culture. J Lipid Res
1987;28:1038e45.

[37] Sugihara H, Yonemitsu N, Toda S, Miyabara S,
Funatsumaru S, Matsumoto T. Unilocular fat cells in three-
dimensional collagen gel matrix culture. J Lipid Res 1998;29:
691e7.

[38] Eiras S, Teijeira-Fernandez E, Salgado-Somoza A, Couso E,
Garcia-Caballero T, Sierra J, Juanatey JR. Relationship be-
tween epicardial adipose tissue adipocyte size and MCP-1
expression. Cytokine 2010;51:207e12.

[39] Bambace C, Telesca M, Zoico E, Sepe A, Olioso D, Rossi A,
et al. Adiponectin gene expression and adipocyte diameter: a
comparison between epicardial and subcutaneous adipose
tissue in men. Cardiovasc Pathol 2011;20:e153e6.

[40] Tchoukalova YD, Koutsari C, Karpyak MV, Votruba SB,
Wendland E, Jensen MD. Subcutaneous adipocyte size and
body fat distribution. Am J Clin Nutr 2008;87:56e63.

[41] Drolet R, Richard C, Sniderman AD, Mailloux J, Fortier M,
Huot C, et al. Hypertrophy and hyperplasia of abdominal
adipose tissues in women. Int J Obes 2008;32:283e91.

[42] Berrington de Gonzalez A, Hartge P, Cerhan JR, Flint AJ,
Hannan L,MacInnis RJ, et al. Body-mass index andmortality
among 1.46 million white adults. N Engl J Med 2010;363:
2211e9.

[43] Ramanjaneya M, Chen J, Brown JE, Tripathi G,
Hallschmid M, Patel S, et al. Identification of nesfatin-1 in
human and murine adipose tissue: a novel depot-specific

http://refhub.elsevier.com/S1465-3249(14)00703-8/sref1
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref1
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref1
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref2
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref2
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref2
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref2
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref3
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref3
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref3
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref4
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref4
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref4
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref4
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref5
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref5
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref5
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref6
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref6
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref6
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref6
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref7
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref7
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref7
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref7
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref8
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref8
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref8
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref8
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref9
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref9
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref9
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref9
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref10
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref10
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref10
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref10
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref10
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref11
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref11
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref11
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref11
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref12
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref12
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref12
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref12
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref13
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref13
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref13
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref13
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref14
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref14
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref14
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref15
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref15
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref15
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref15
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref15
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref16
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref16
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref16
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref16
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref16
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref16
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref17
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref17
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref17
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref17
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref17
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref18
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref18
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref18
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref18
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref18
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref19
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref19
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref19
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref20
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref20
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref20
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref20
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref21
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref21
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref21
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref22
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref22
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref22
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref22
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref23
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref23
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref23
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref23
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref24
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref24
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref24
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref24
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref25
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref25
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref25
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref26
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref26
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref26
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref26
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref26
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref26f
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref26f
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref26f
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref26f
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref26f
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref27
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref27
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref27
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref27
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref28
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref28
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref28
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref29
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref29
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref29
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref29
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref30
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref30
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref30
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref30
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref31
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref31
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref31
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref32
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref32
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref32
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref32
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref33
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref33
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref33
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref33
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref34
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref34
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref34
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref34
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref34
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref35
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref35
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref35
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref35
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref36
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref36
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref36
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref36
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref36
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref37
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref37
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref37
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref37
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref37
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref38
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref38
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref38
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref38
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref38
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref39
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref39
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref39
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref39
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref40
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref40
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref40
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref40
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref41
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref41
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref41
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref41
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref41
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref42
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref42
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref42


Adipocyte response to hypoxia-reoxygenation 1665
adipokine with increased levels in obesity. Endocrinology
2010;151:3169e80.

[44] Arner E, Ryden M, Arner P. Tumor necrosis factor alpha
and regulation of adipose tissue. N Engl J Med 2010;362:
1151e3.

[45] Enerback S. The origins of brown adipose tissue. N Engl J
Med 2009;360:2021e3.

[46] Madec S, Chiarugi M, Santini E, Rossi C, Miccoli P,
Ferrannini E, Solini A. Pattern of expression of inflammatory
markers in adipose tissue of untreated hypertensive patients.
J Hypertens 2010;28:1459e65.
[47] Sackmann-Sala L, Berryman DE, Munn RD, Lubbers ER,
Kopchick JJ. Heterogeneity among white adipose tissue de-
pots in male C57BL/6J mice. Obesity 2012;20:101e11.

[48] Herrero L, Shapiro H, Nayer A, Lee J, Shoelson SE. Inflam-
mation and adipose tissue macrophages in lipodystrophic mice.
Proc Natl Acad Sci U S A 2010;107:240e5.

[49] Siersbaek MS, Loft A, Aagaard MM, Nielsen R, Schmidt SF,
Petrovic N, et al. Genome-wide profiling of peroxisome pro-
liferator-activated receptor gamma in primary epididymal,
inguinal, and brown adipocytes reveals depot-selective binding
correlatedwith gene expression.MolCell Biol 2012;32:3452e63.

http://refhub.elsevier.com/S1465-3249(14)00703-8/sref42
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref42
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref42
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref43
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref43
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref43
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref43
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref44
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref44
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref44
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref45
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref45
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref45
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref45
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref45
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref46
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref46
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref46
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref46
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref47
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref47
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref47
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref47
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref48
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref48
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref48
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref48
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref48
http://refhub.elsevier.com/S1465-3249(14)00703-8/sref48

	Response of human mature adipocytes to hypoxia-reoxygenation
	Introduction
	Methods
	Isolation of human mature adipocytes
	In vitro culture of mature adipocytes
	Viability test and green fluorescence protein expression in mature adipocytes
	Reverse transcription–quantitative polymerase chain reaction and Western blot analysis
	5-Bromo-2′-deoxy-uridine and Ki67 staining
	Delivery of hydrogel/human adipocytes to Nu/Nu mice

	Results
	Body mass index and the size of mature adipocytes show a positive correlation
	Hydrogel-enclosed human mature adipocyte culture in vitro
	Proliferation markers were found in human adipocytes cultured in vitro
	Expression of pro-inflammatory genes was upregulated in adipocytes in response to H-R
	Survival of hydrogel-enclosed human adipocytes in vivo

	Discussion
	Acknowledgments
	References


