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ABSTRACT

Obesity isamajor risk factor foranumberofchronicdiseases, includingdiabetes, cardiovasculardiseases,
and cancer. Expansion of the adiposemass requires adipocyte precursor cells that originate frommulti-
potent adipose-derived stromal cells (ASCs), which in turn also participate in repair activities. ASC func-
tion might decline in a disease milieu, but it remains unclear whether ASC function varies during the
development of obesity.We tested the hypothesis thatmicroenvironmental inflammatory changes dur-
ing development of metabolic disorders in obesity affect ASC function. Domestic pigs were fed with an
atherogenic (n = 7) or normal (n = 7) diet for 16weeks. Abdominal adipose tissue biopsieswere collected
after 8, 12, and 16 weeks of diet for ASC isolation and immunohistochemistry of in situ ASCs and tumor
necrosis factor-a (TNF-a). Longitudinal changes in proliferation, differentiation, and anti-inflammatory
functions of ASCs were assessed. At 16 weeks, upregulated TNF-a expression in adipose tissue from
obese pigs was accompanied by increased numbers of adipocyte progenitors (CD24+/CD34+) in adipose
tissue and enlarged adipocyte size. In vitro, ASCs from obese pigs showed enhanced adipogenic and os-
teogenic propensity,whichwas abolishedbyanti-TNF-a treatment,whereas leanASCs treatedwith
TNF-a showedenhancedadipogenesis.Furthermore,obeseASCsshowedincreasedsenescencecompared
with lean ASCs, whereas their immunomodulatory capacity was preserved. Adipose tissue inflammation
promotes an increase in resident adipocyte progenitors and upregulated TNF-a enhances ASC adipogen-
esis. Thus, adipose tissue anti-inflammatory strategiesmight be anovel target to attenuate obesity and its
complications. STEM CELLS TRANSLATIONAL MEDICINE 2016;5:893–900

SIGNIFICANCE

Adipose-derived stromal cell (ASC) function might decline in a disease milieu, but it remains unclear
whether ASC function varies during the development of obesity. This study tested the hypothesis that
microenvironmental inflammatory changes during development of metabolic disorders in obesity
affect ASC function. It was found that ASCs show increased propensity for differentiation into adipo-
cytes,which is partlymediated byupregulated tumor necrosis factor-a (TNF-a), likely in their adipose
tissue microenvironment. Furthermore, TNF-amagnified obese ASC senescence, although it did not
regulate their anti-inflammatory properties. Thus, adipose tissue inflammationmight beanovel ther-
apeutic target to avert ASC maldifferentiation and senescence.

INTRODUCTION

Obesity is a major risk factor for many chronic
diseases, especially cardiovascular diseases.

Its prevalence is on a rampant increase, leading

to increased morbidity and mortality [1]. By

2030, almost 60% of the world’s adult popula-

tion could be either overweight or obese [2].

Clearly, better understanding of the adipose tis-

sue biology is critical to design targeted novel

interventions to minimize the deleterious ef-

fects of obesity.
The adipose tissue constitutes almost half the

body weight in obese individuals, making it the

largest endocrine organ in humans. Even minor

metabolic changes in such a large secretory organ
have the potential to affect broadly the entire
body.Adipose tissue-releasedadipokinesplay im-
portant roles in the regulation of angiogenesis,
blood pressure, glucose homeostasis, lipid me-
tabolism, and vascular hemostasis. Furthermore,
in obesity, adipocytes have intrinsic inflammatory
properties. They can express receptors for tumor
necrosis factor-a (TNF-a),whichmediates inflam-
matory signals and induces secretion of various
potent inflammatory cytokines and mediators.
In turn, adipocytes not only initiate inflammatory
signaling cascades on activation by interleukin
(IL)-1b, IL-4, IL-6, and IL-11, as well as interferon-g
(IFN-g) but also induce the expression of TNF-a,
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as well as adiponectin and leptin [3]. In addition, in obese pa-
tients, the population of macrophages rises from 5%–10% to
up to 60% of all adipose tissue cells [4] and tends to manifest a
proinflammatory (M1) phenotype, secreting TNF-a and IL-6 [5].
Therefore, the adipose tissue in obese individuals is character-
ized by an inflammatory milieu.

Over the past decade, stem cells application in a broad
range of diseases has expanded remarkably. Stem cells have
been often harvested from the bone marrow, but the adipose
tissue is an increasingly preferred source because of the ease
of harvesting, abundance of adipose tissue, pluripotency, and
proliferative capacity of adipose-derived stromal cells (ASCs).
The ASCs can differentiate not only into adipocytes but also into
cardiomyocytes, muscle myoblasts, bone-forming osteoblasts,
cartilage-forming chondrocytes, endothelial cells, epithelial
cells, hematopoietic-supporting cells, hepatocytes, andpancre-
atic cells [6–8]. Adipose tissue is, therefore, a convenient and
useful source of stem-cell harvesting for cellular regenerative
therapy.

Adipogenesis is the process whereby undifferentiated pro-
genitor cells differentiate into fat cells [9]. During the evolution
of obesity, expansion of the adipose tissue mass is accomplished
through an increase in both adipocyte numbers (hyperplasia) and
size (hypertrophy) [10]. Because mature adipocytes are postmi-
totic, proliferative adipocyte precursor cells contribute to in-
creased adipocyte numbers to respond to metabolic demands.
Recent studies suggest that approximately 10% of the body’s
fat cells are regenerated each year [11]. Furthermore, large adi-
pocytes have an increased lipolytic capacity, which is regulated
by proteins in the lipolytic cascade, such as hormone-sensitive li-
pase (HSL) and adipose triglyceride lipase (ATGL) [12].

ASCs fromhigh fat diet-fed rats show increased production of
IL-1, IL-6, and TNF-a and increased nuclear factor k-B (NF-kB) and
reduced peroxisome proliferator-activated receptor-g (PPAR-g)
expression, which may affect ASC function [13]. However, the
manner in which ASC function is modulated during the develop-
ment of obesity, and whether an inflammatory microenviron-
ment in adipose tissue affects adipocyte precursor numbers,
remains poorly understood. Thus, we tested the hypothesis that
microenvironmental changes during the development of obesity
modulate ASC function and that TNF-a is an important mediator
of this process.

MATERIALS AND METHODS

Study Protocols

The Institutional Animal Care and Use Committee approved this
study. Fourteen 3-month-old domestic pigs were randomized
in two groups (n = 7 each). Obese pigs were fed with a high-fat/
high-fructose diet (5B4L fed ad libitum, with protein 16.1%,
ether extract fat 43.0%, and carbohydrates 40.8%; Purina TestDiet,
Richmond, IN, http://www.testdiet.com) and control (lean) pigs
were fed standard chow for a total of 16 weeks. At 8, 12, and 16
weeks, subcutaneous abdominal adipose tissue biopsies were
collected under anesthesia and sterile conditions in all pigs. At
16 weeks, the pigs were studied in vivo with a multidetector
computed-tomography (MDCT) to assess abdominal fat volume.
Pigs were euthanized with pentobarbital-sodium (100mg/kg i.v.;
Sleepaway; Fort Dodge Laboratories, Fort Dodge, IA, https://
www.zoetisus.com) 3 days after in vivo studies.

Subcutaneous abdominal adipose tissue biopsies were pro-
cessed for ASC culture, and tissue studies were performed for as-
sessments of resident ASCs, fat inflammation, and remodeling.
Systemic total cholesterol, triglycerides, low-density lipoprotein
(LDL), and high-density lipoprotein (HDL)weremeasured by stan-
dard procedures (F. Hoffmann-La Roche AG, Basel, Switzerland,
http://www.roche.com), and circulating TNF-a levels using an
enzyme-linked immunosorbent assay (ELISA) kit. Systemic glu-
cose and insulin levels were measured at 12 and 16 weeks, and
homeostasis model assessment of insulin resistance (HOMA-IR)
(fasting plasma glucose3 fasting plasma insulin / 22.5) was used
as an index of insulin resistance [14].

Abdominal Fat Volume

MDCT volume scanning (Somatom Sensation-128, SiemensMed-
ical Solution, Forchheim, Germany, http://www.healthcare.
siemens.com) was performed at suspended respiration to assess
abdominal (subcutaneous and visceral) fat fraction. Fat tissue
area and abdominal cross sectional area were both traced in 15
abdominal tomographic slices starting at themiddle level of right
kidney onMDCT images. The average abdominal fat fraction was
expressed relative to theabdominal cross sectional area (percent-
age), modified from previous methods described [14–17].

ASC Function In Vitro

ASC Culture

Subcutaneous adipose tissue (3–5 g) harvested at each timepoint
in each pig was digested in collagenase-H for 1 hour, filtered, and
cultured in Advanced MEM medium supplemented with 5%
platelet lysate (PLTMax, Mill Creek Life Sciences, Rochester,
MN, http://www.millcreekls.com). The seeding density for the
stromal vascular fraction was approximately 4 3 106 cells in a
T-75 flask, and the subculture seeding density was 23 106 cells.
ASCs (passage 3) were subsequently characterized using staining,
as we have previously described [18, 19], by cell surface markers
positivity to CD90, CD44, and CD105, negativity to CD14, CD34,
CD31, andCD45, following criteria set by the International Society
for Cellular Therapy [20]. ASCs were quantitatively analyzed with
fluorescence-activated cell sorting for CD44, CD90, andCD105 (all
$ 70% positive). The third passages of ASCs were collected and
kept in280°C for later use. ASC functions were further evalu-
ated by their (a) capacity to proliferate and transdifferentiate
into adipocytes, chondrocytes, and osteocytes; (b) their anti-
inflammatory capacity; and (c) their cell senescence.

ASC Proliferation

ASC proliferation was evaluated by calculating doubling time of
cell numbers between the second and third passages. Briefly, ap-
proximately 23 106 cells were seeded into T-75 flasks and times
needed for ASCs to reach 90% confluencewere recorded. Conflu-
ent ASCs in each flask were counted and doubling time was cal-
culated using an online formula [21].

ASC Transdifferentiation

Passage 3 cells were differentiated into adipocyte, osteocyte, and
chondrocyte lineages to evaluate their multipotency, using a
commercial kit (catalog no. SC006; R&D Systems, Minneapolis,
MN, https://www.rndsystems.com). In parallel experiments,
TNF-a (1 mg/ml) or anti-TNF-a antibody (1:200; Abcam) were
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added to the culture media throughout the adipogenic differen-
tiation assay. In all cultures, themediumwas replaced every 324
days, and cells were studied at 21 days.

Adipogenic differentiation. ASCs (2.13 104/cm2) were plated in-
to a 24-well plate with StemXVivo adipogenic medium (R&D Sys-
tems) containing hydrocortisone, isobutylmethylxanthine, and
indomethacin. Cells were cultured to 100% confluence, and at
21 days adipocytes were fixed for detection of fatty acid binding
protein 4.

Osteogenic differentiation. ASCs (4.23 103/cm2) were plated in-
to a 24-well plate with StemXVivo Osteogenic medium (R&D Sys-
tems) containing dexamethasone, ascorbate-phosphate, and
b-glycerolphosphate, cultured to 50%–70% confluence, and at
21 days osteocytes were fixed for detection of osteocalcin.

Chondrogenic differentiation. ASCs (2.53 105) were transferred
to a 15-ml conical tube, centrifuged, and cultured in a chondro-
genic differentiationmedium containing insulin, transferrin, sele-
nious acid, linoleic acid, dexamethasone, ascorbate-phosphate,
proline, pyruvate, and recombinant TGF-b3. At 21 days the chon-
drogenic pellet was harvested for detection of aggrecan.

Adipokine Expression in ASCs

ASCswerehomogenizedusing lysisbuffer, andprotein expression
of TNF-awas measured using Western blotting. For adiponectin,
ASCs (33 105) obtained from lean and obese pigs after 16 weeks
of diet were seeded in six-well plates, culture medium was col-
lected after a 24-hour culture, and adiponectin levels were mea-
sured using an ELISA kit.

ASC Modulation of Macrophage Phenotype In Vitro

Macrophages were obtained by activating monocytes (U-937, 53
105 cells; ATCC, Manassas, VA, http://www.atcc.org) cultured for 7
days inRPMI1640supplementedwith20%fetalbovineserum(FBS)
in FBS-coated dishes at a density of 1.53 105/cm2. The cultureme-
dium was supplemented with 100 ng/ml of macrophage-colony
stimulating factor (R&D Systems), 100 ng/ml of lipopolysaccharide
(Sigma-Aldrich, St. Louis, MO, http://www.sigmaaldrich.com) plus
20 ng/ml IFN-g (R&D Systems) to induce M1 polarization [22].
M1-polarized cells were then cultured either alone in RPMI 1640
media with 5% FBS or cocultured with ASCs (53 105) for 16 hours.
Protein expression of inducible nitric oxide synthase (iNOS) and
arginase-1 (both1:200)wereevaluatedusingWesternblotting.Cul-
turemediawere collected, and TNF-a, IL-1b, and IL-12 (which stim-
ulates production of TNF-a) levels measured by Luminex assay
(Millipore, Billerica, MA, http://www.emdmillipore.com).

ASC Senescence

ASC senescencewasevaluatedby theexpressionof theDNAdam-
age marker H2AX (1:200; Abcam, Cambridge, U.K., http://www.
abcam.com) and p16 (1:500, Lifespan BioSciences, Seattle, WA,
https://www.lsbio.com) using Western blot, as well as telomer-
ase reverse transcriptase (TERT, the telomerase-specific domains
for functional activity of telomerase) using quantitative polymer-
ase chain reaction (qPCR) (primer from Life Technologies, catalog
no. Ss03376807_u1). Furthermore, senescence activity of ASCs
wasmeasured using a Cellular Senescence Activity Assay kit (Enzo
Life Sciences, Farmingdale, NY, http://www.enzolifesciences.
com) following the assay protocol. Lysates of ASCs obtained from

lean and obese pigs after 16 weeks of diet were incubated with
SA-b-Gal substrate for 1hour at 37°C. Fluorescencewas then read
with a plate reader at 360 nm (excitation)/465 nm (emission), and
results normalized by the number of cells loaded.

Adipose Tissue Histology and Gene Expression

Immunohistochemistry was performed in 5 mm thick either fro-
zen or paraffin-preserved subcutaneous adipose tissue following
standard protocols. Inflammationwas assessed by TNF-a staining
(1:50). To explore adipocyte progenitors in the adipose tissue, ad-
ipose tissue sections were stained with the adipocyte progeni-
tor markers CD24 and CD34 [23], as well as with TNF-a. Image
analysis utilized a computer-aided image-analysis program
(AxioVision Carl Zeiss Micro Imaging, Thornwood, NY, http://
www.zeiss.com). In addition, total RNA from 100 mg of adipose
tissue was isolated, and HSL (Life Technologies primer, catalog
no. ss03383966_u1), ATGL (Life Technologies primer, catalog
no. ss03385996_u1), and PPAR-g (Life Technologies primer,
catalog no. ss03394829_m1) expression evaluated using stan-
dard qPCR protocol.

Statistical Analysis

Statistical analysis was performed using JMP software package
version 8.0 (SAS Institute, Cary, NC, http://www.sas.com). Re-
sults were expressed as mean 6 SD for normally distributed
data. Comparisonswithin groupswere performedusing a paired

Table 1. Systemic measurements in lean and obese pigs

Parameters Lean (n = 7) Obese (n = 7)

Body weight (kg)

Baseline 19.06 0.6 20.06 0.7

12 wk 61.66 4.0 76.96 1.2a

16 wk 71.46 4b 93.46 0.9a,b

Intra-abdominal fat volume (%) 9.1 6 0.3 13.16 0.5a

Adipocyte size (mm2) 2.9 6 0.2 3.96 0.2a

Mean arterial pressure (mmHg) 101.46 4.0 126.36 4.2a

Total cholesterol (mg/dl) 73.36 2.8 523.96 57a

HDL (mg/dl) 39.46 4.6 97.86 29.6a

LDL (mg/dl) 28.76 2.8 371.16 49a

LDL/HDL 0.7 6 0.1 2.56 0.3a

Triglycerides (mg/dl) 7.1 6 0.7 11.76 2.1a

TNF-a (pg/ml) 88.26 8.6 190.16 60.5a

Glucose (mg/dl)

12 wk 106.36 10.0 103.86 7.8

16 wk 137.66 9.4b 139.16 17.5b

Insulin (mg/dl)

12 wk 0.116 0.03 0.196 0.03

16 wk 0.136 0.02 0.266 0.06a

HOMA-IR

12 wk 0.4 6 0.1 1.06 0.1a

16 wk 0.7 6 0.1 1.76 0.5a,b

ap , .05 vs. lean.
bp, .05 vs. 12 wk.
Abbreviations: HDL, high-density lipoprotein; HOMA-IR, homeostasis
model assessment of insulin resistance; LDL, low-density lipoprotein;
TNF-a, tumor necrosis factor-a.
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Student t test and among groups using ANOVA or Wilcoxon
when appropriate. A value of p # .05 was considered statisti-
cally significant.

RESULTS

All pigs grew in size during observation, but after 12 and 16weeks
of diet, obese pigs had significantly increased body weight com-
pared with lean pigs, and their abdominal subcutaneous and vis-
ceral adipose tissue volumes and adipocyte sizewere significantly
increased (Table 1). Obese pigs also showed elevated blood pres-
sure, systemic total cholesterol, triglycerides, LDL, and HDL
(Table 1). Furthermore, circulating TNF-a level was increased in
obese pigs (Table 1). Fasting blood glucose levels rose similarly
at 16 compared with 12 weeks in both lean and obese pigs,
whereas insulin level was elevated only at 16weeks in obese pigs,
as were HOMA-IR levels, suggesting development of insulin resis-
tance in obese pigs (Table 1).

ASC Function In Vitro

As per doubling time, ASCs from obese and lean pigs had similar
proliferation capacity (Fig. 1A) throughout the observation pe-
riod. On the other hand, compared with lean ASCs, obese ASCs

had increasedH2AX expression anddecreased telomerase activ-
ity at all time points, and p16 expression started rising at 8
weeks, although at 12 weeks its expression in lean ASCs in-
creased to match obese ASCs. By 16 weeks, p16 expression
showed a marked increase in obese ASCs, which did not reach
statistical significant difference from lean due to high variability.
b-Gal activity in obese ASCs was significantly elevated at 16
weeks, suggesting increased senescence (Figs. 1A, 1B, 1C).
TNF-a expressionwas upregulated in obese comparedwith lean
ASCs 8 weeks after initiation of diet but subsequently increased
to similar levels in both groups. The release of adiponectin by
obese ASCs in the culturemediumwas increased comparedwith
lean ASCs at 16 weeks of diet (Figs. 1B, 1C). ASC transdifferen-
tiation toward adipocyte and osteocyte-lineages in obese ASCs
was enhanced at 16 weeks compared with lean ASCs, whereas
chondrogenesis was transiently enhanced at 8 weeks but fell
by 16 weeks of diet (Fig. 2A).

The Effects of TNF-a on ASC Differentiation
and Senescence

At 16 weeks, the enhanced adipogenesis observed in obese
ASCs was abolished by inhibition of TNF-a, whereas lean ASCs
treatedwith TNF-a showed enhanced adipogenesis. TNF-aalso

Figure 1. Adipose-derived stromal cell (ASC)proliferation, inflammation, andsenescence in leanandobesepigs. (A):ASCs fromobeseand leanpigs
showedsimilarproliferationcapacity (doubling time),butobeseASCshadconsistently increasedH2AXexpressionanddecreasedtelomeraseactivity,
suggesting increased senescence. (B):TNF-a expressionwasupregulatedearlier in obeseASCs comparedwith leanASCsbut roseat 12and16weeks
comparedwith8weeks inboth lean andobeseASCs. Theexpressionofp16 inobeseASCswas initially upregulatedat 8weeksbutwasnotnoticeably
elevated at 12 and 16 weeks compared with lean, due to the upregulation of p16 expression in lean (at 12weeks) and the large variability in obese
(at 16weeks). (C):b-Gal activity and adiponectin release in culturemedia were increased in obese ASCs comparedwith lean after 16weeks of diet.
p, p, .05, vs. lean at the same time point. #, p, .05, vs. 8 weeks at the same group. Abbreviations: GAPDH, glyceraldehyde-3-phosphate dehy-
drogenase; RFU, relative fluorescence units; TERT, telomerase reverse transcriptase; TNF-a, tumor necrosis factor-a.
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induced lean ASC senescence, reflected in H2AX expression,
but its inhibition failed to rescue senescence in obese ASCs
(Fig. 2B).

ASCs Modulate Macrophage Phenotype In Vitro

M1macrophages activated by M-CSF, LPS, and IFN-g showed in-
creased iNOSanddecreased arginase-1 expression (Fig. 3A). After
coincubation with either lean or obese ASCs, both arginase-1 and
iNOS expression were restored to control levels, suggesting that
obeseASCs retained their capacity for revertingmacrophagephe-
notype. In line with these observations, M1 macrophages were
found to secrete inflammatory cytokines (TNF-a, IL-1b, and
IL-12) into the culture media, all of which returned to normal lev-
els after coculture with either lean or obese ASCs (Fig. 3A).

Adipose Tissue Microenvironment

Adipose tissue histology showed that TNF-a expression in obese
adipose tissuewas upregulated at 12weeks andwas extensive by
16 weeks (Fig. 3B). Furthermore, the number of adipocyte pro-
genitor cells (CD34+/CD24+) in obese comparedwith lean adipose
tissuewas elevated at both 8 and 16weeks, and theM1/M2mac-
rophage ratio was markedly and consistently elevated. On the
contrary, there were no significant differences of HSL, ATGL,
and PPAR-g mRNA expression between lean and obese adipose
tissue (Fig. 3C).

DISCUSSION

This study shows that adipose tissue-derived ASCs show in-
creased propensity for differentiation into adipocytes, which
is partly mediated by upregulated TNF-a, likely in their adipose
tissue microenvironment. Furthermore, TNF-a magnified obese
ASC senescence, although it did not regulate their anti-
inflammatory properties. Thus, adipose tissue inflammation
might be a novel therapeutic target to avert ASC maldifferen-
tiation and senescence.

Obesity is aworldwide health problem, and elucidation of the
determinants of adipogenesis during the evolution of obesity is
important to design targeted interventional strategies. The adi-
pose tissue not only is considered the primary energy storage or-
ganbut also is recognized as an important endocrine tissueandan
abundant source of ASCs. ASCs have been applied to address a
wide range of disease conditions, thanks to their multipotential
differentiation and immunomodulation capacities, although their
immunoprivileged features may allow development of allogenic
applications. Delivery of autologous ASCs is associated with the
least likelihood of cell rejection or extrusion. However, delivery
of autologous ASCs derived from patients in need of treatment
would require ascertaining that ASC function is intact. Given that
ASC differentiation and proliferation are determined by their
niche, theobesity-relatedmetabolicmilieumayalter their pheno-
type. A previous study [24] showed that ASCs derived from

Figure 2. Adipose-derived stromal cell (ASC) trilineage transdifferentiation and the effect of TNF-a. (A): ASC transdifferentiation analysis showed
that adipocyte (FABP4, red) andosteocyte (osteocalcin, red) lineages in obese ASCswere enhanced at 16weeks comparedwith lean ASCs, whereas
chondrogenic (aggrecan, red) lineage initially increased but was subsequently blunted. p, p, .05, vs. lean at the same time point. #, p, .05 vs. 8
weeks at the same group. (B): Enhanced adipogenesis (FABP4, red) in 16 weeks obese ASCs was abolished by anti-TNF-a treatment, whereas lean
ASCs treated with TNF-a showed enhanced adipogenesis. Furthermore, TNF-a stimulates lean ASC senescence (H2AX), whereas anti-TNF-a anti-
bodyfails toattenuateobeseASCsenescence.Abbreviations:GAPDH,glyceraldehyde-3-phosphatedehydrogenase; TNF-a, tumornecrosis factor-a.
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subcutaneous adipose tissue of obese donors have impaired cell
proliferation, chondrogenic ability, and immunophenotype, but
their differentiation toward osteogenic and adipogenic lineages
remains intact. The biological microenvironment in vivo, such
as obesity-related inflammation, may play a key role in ASC im-
pairment. Our study extends previous studies by showing that
obesity, at least at its early stage, has a relatively minor effect
on several aspects of adipose-derived ASC functions. Compared
with lean ASCs, obese ASCs had intact proliferation and immuno-
modulatory capacity and enhanced adipogenesis and osteogene-
sis. We also observed a significant increase in adipocyte
progenitor numbers in fat tissue obtained from obese animals,
whichmay contribute to expansion of adipose tissue volume dur-
ing the development of obesity. It is possible that at a later stage
of obesity, impaired ASC proliferation may affect adipogenesis as
well. Nonetheless, fat inflammation may increase ASC senes-
cence substantially. Thus, autologous ASCs isolated from obese
individuals may be useful for cell based therapy but may show

a propensity to differentiate toward adipocytes and develop a se-
nescent phenotype, which is toxic for neighboring cells. There-
fore, in obese individuals, interventions that attenuate adipose
tissue inflammation may improve adipose ASC function. Further-
more, systemic anti-inflammation strategies may potentially
blunt ASC transdifferentiation into adipocytes in situ, and thereby
attenuate fat deposition. A retrospective study using anti-
inflammatory (aspirin and/or statin) therapy on body weight in
individuals with type 2 diabetes mellitus indeed showed that at-
tenuation of inflammation was associated with weight loss [25].

The adipose tissue in obesity also showed notable tendency
toward overproduction of proinflammatory adipokines, accom-
panied by reduced production of anti-inflammatory adipokines.
Multiple mechanisms may be involved in adipose tissue inflam-
mation. A high-fat diet causes imbalance of energy intake and ex-
penditure, leading to adipocyte hypertrophy. Hypertrophied
adipocytes are known to release large amounts ofmonocyte che-
moattractant protein-1 (MCP-1)/chemokine (C-C motif) ligand 2

Figure 3. Anti-inflammatory and immunomodulatory capacity of adipose-derived stromal cells (ASCs) obtained from lean and obese pigs. (A): Acti-
vationofmacrophagestowardM1(proinflammatory)phenotype increasedexpressionof iNOSanddecreasedarginase-1.Aftercoincubationwitheither
lean or obese ASCs, both arginase-1 and iNOS expressionwere restored.M1macrophages-release of inflammatory cytokines (TNF-a, IL-1b, IL-12) into
the culturemedia also returned to normal levels after coculturewith lean or obese ASCs. p, p, .05, vs. control. (B): TNF-a expression in obese adipose
tissuewas elevated at 12weeks and rosemarkedly by 16weeks. (C): The numbers of CD34+/CD24+ adipocyte progenitors in obese adipose tissuewere
significantly increased at 8 and 16 weeks. There were no significant differences of HSL, ATGL, and PPAR-g mRNA expression between lean and obese
adipose tissue, indicating unaltered lipolytic capacity. The ratio ofM1/M2macrophageswas significantly increased from8weeks to 16weeks in obese
fat, suggestingaproinflammatoryphenotypeshifting.p,p, .05vs. leanat thesametimepoint. #,p, .05vs. 8weeksat thesamegroup.Abbreviations:
ATGL, adipose triglyceride lipase; DAPI, 49,6-diamidino-2-phenylindole; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HSL, hormone-sensitive
lipase; IL, interleukin; iNOS, inducible nitric oxide synthase; PPAR-g, proliferator-activated receptor-g; TNF-a, tumor necrosis factor-a.
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(CCL2), a central mediator of macrophage infiltration, and TNF-a,
[26] which increase the adipose tissue inflammatory response. In
obese human individuals, the number of infiltratingmacrophages
is positively correlated to bodymass index and C-reactive protein
levelswith the size of adipocytes [27]. In fact, as shown inmice [5],
we have found that our obese pig model manifests transforma-
tion of adipose tissue macrophages from an anti-inflammatory
“alternatively activated” (M2) phenotype, seen in lean fat, to pre-
ponderance of inflammatory, “classically activated” (M1) macro-
phages, which also secrete TNF-a and cause tissue inflammation.
ASCs also expressed TNF-a, although itwas upregulated at 12 and
16weeks in both lean and obese pigs, implying that TNF-amaybe
required for normal ASC function during growth.However, in lean
animals, ASC TNF-a does not necessarily contribute to tissue in-
flammation, because the observed adipose tissue TNF-a level
gradually fell over time. The increased adiponectin release from
obese ASCsmay be related to their enhanced potential for adipo-
genesis, because adiponectin secretion steadily increases as adi-
pogenesis proceeds in ASCs [28].

Large adipocytes show an increased lipolytic capacity, proba-
bly due to enrichment of distal regulatory proteins in the lipolytic
cascade, such as HSL and ATGL [12]. However, we observed no
significant differences in the expression ofHSL andATGLbetween
lean and obese adipose tissue. On the contrary, obese pigs had
increased plasma triglycerides levels, which may promote their
accumulation in organs such as liver and adipose tissue, andmag-
nify fat cell hypertrophy inobesity. TNF-a treatment of rodent ad-
ipocytes results in downregulation of HSL expression [29] and
ATGL mRNA expression [30], implicating TNF-a in lipolytic func-
tion in advanced obesity. TNF-a may not only induce adipocyte
hypertrophy but also contribute to the expansion of adipose tis-
sue mass via hyperplasia. Indeed, TNF-a enhances adipose stem
cell proliferation in vitro [31]. Our study also showed that in-
creased TNF-a expression in the adipose tissue of obese animals
was associatedwith increased numbers of adipocyte progenitors,
suggesting a role of TNF-a in development of obesity.

Our study may be limited by the use of relatively young pigs,
with early obesity but no diabetes or cardiovascular diseases.We
also cannot rule out the effect of mild hypertension on ASC func-
tion, and evaluated ASC function only in subcutaneous fat tissue,

the most accessible source for ASCs in clinical studies. Some as-
says were performed only at the 16-week endpoint because of
limited sample availability. Nevertheless, our results demon-
strate that in early swine obesity, adipose-derived ASCs preserve
most of their normal functions, such as proliferation and immu-
nomodulatory capacity, yet show enhanced adipogenesis, osteo-
genesis, and senescence, which may be mediated by increased
tissue inflammation.

CONCLUSION

Our study suggests thatASCsderived fromadipose tissueofobese
subjects may be useful for autologous delivery but may warrant
pretreatment with anti-inflammatory strategies to blunt their
transdifferentiation into adipocytes and their early aging.
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Regulation of lipolysis in small and large fat
cells of the same subject. J Clin Endocrinol
Metab 2011;96:E2045–E2049.
13 CortezM, Carmo LS, RogeroMMet al. A

high-fat diet increases IL-1, IL-6, and TNF-a
production by increasing NF-kB and attenu-
ating PPAR-g expression in bone marrow mes-
enchymal stem cells. Inflammation 2013;36:
379–386.
14 Li ZL, Woollard JR, Ebrahimi B et al. Tran-

sition fromobesity tometabolic syndrome is as-
sociated with altered myocardial autophagy
and apoptosis. Arterioscler Thromb Vasc Biol
2012;32:1132–1141.
15 Li Z, Woollard JR, Wang S et al. Increased

glomerular filtration rate in earlymetabolic syn-
drome is associatedwith renal adiposity andmi-
crovascular proliferation. Am J Physiol Renal
Physiol 2011;301:F1078–F1087.
16 Li ZL, Ebrahimi B, Zhang X et al.

Obesity-metabolic derangement exacerbates
cardiomyocyte loss distal tomoderate coronary

Zhu, Ma, Eirin et al. 899

www.StemCellsTM.com ©AlphaMed Press 2016



artery stenosis in pigs without affecting global
cardiac function. Am J Physiol Heart Circ Physiol
2014;306:H1087–H1101.
17 Zhang X, Li ZL, Woollard JR et al. Obesity-

metabolic derangement preserves hemody-
namics but promotes intrarenal adiposity and
macrophage infiltration in swine renovascular
disease. Am J Physiol Renal Physiol 2013;305:
F265–F276.
18 Zhu XY, Ebrahimi B, Eirin A et al. Renal

vein levels of microRNA-26a are lower in the
poststenotic kidney. J Am Soc Nephrol 2015;
26:1378–1388.
19 Eirin A, Zhu XY, Krier JD et al. Adipose

tissue-derived mesenchymal stem cells im-
prove revascularization outcomes to restore
renal function in swine atherosclerotic renal
artery stenosis. Stem Cells 2012;30:1030–
1041.
20 Bourin P, Bunnell BA, Casteilla L et al.

Stromal cells from the adipose tissue-derived
stromal vascular fraction and culture expanded
adipose tissue-derived stromal/stem cells: A
joint statement of the International Federation
for Adipose Therapeutics and Science (IFATS)

and the International Society for Cellular
Therapy (ISCT). Cytotherapy 2013;15:641–648.
21 Doubling time. Available at: http://www.

doubling-time.com/compute.php. Accessed on
April 22, 2015.
22 Martinez FO, Gordon S, Locati M et al.

Transcriptional profilingof thehumanmonocyte-
to-macrophage differentiation and polarization:
Newmolecules and patterns of gene expression.
J Immunol 2006;177:7303–7311.
23 Rodeheffer MS, Birsoy K, Friedman JM.

Identification of white adipocyte progenitor
cells in vivo. Cell 2008;135:240–249.
24 De Girolamo L, Stanco D, Salvatori L et al.

Stemness and osteogenic and adipogenic po-
tential are differently impaired in subcutaneous
and visceral adipose derived stem cells (ASCs)
isolated fromobesedonors. Int J Immunopathol
Pharmacol 2013;26(suppl):11–21.
25 BoazM, Lisy L, Zandman-GoddardGet al.

The effect of anti-inflammatory (aspirin and/or
statin) therapy on body weight in Type 2 dia-
betic individuals: EAT, a retrospective study.
Diabet Med 2009;26:708–713.
26 Sartipy P, Loskutoff DJ. Monocyte che-

moattractant protein 1 in obesity and insulin

resistance. Proc Natl Acad Sci USA 2003;100:
7265–7270.
27 Zhang HM, Chen LL,Wang L et al. Macro-

phage infiltrates with high levels of Toll-like re-
ceptor 4 expression in white adipose tissues of
male Chinese. NutrMetab Cardiovasc Dis 2009;
19:736–743.
28 Martella E, Bellotti C, Dozza B et al. Se-

creted adiponectin as a marker to evaluate in
vitro the adipogenic differentiation of human
mesenchymal stromal cells. Cytotherapy
2014;16:1476–1485.
29 SumidaM, Sekiya K, Okuda H et al. Inhib-

itory effect of tumor necrosis factor on gene ex-
pression of hormone sensitive lipase in 3T3-L1
adipocytes. J Biochem 1990;107:1–2.
30 Kim JY, TillisonK, Lee JHet al. The adipose

tissue triglyceride lipase ATGL/PNPLA2 is down-
regulatedby insulin andTNF-alpha in 3T3-L1ad-
ipocytes and is a target for transactivation by
PPARgamma. Am J Physiol Endocrinol Metab
2006;291:E115–E127.
31 Zubkova ES, Beloglazova IB, Makarevich

PI et al. Regulation of adipose tissue stem cells
angiogenic potential by tumor necrosis factor-
alpha. J Cell Biochem 2016;117:180–196.

900 ASC Function in Obesity

©AlphaMed Press 2016 STEM CELLS TRANSLATIONAL MEDICINE

http://www.doubling-time.com/compute.php
http://www.doubling-time.com/compute.php

