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ABSTRACT

Future cell-based therapies such as tissue engineering will benefit from a source of autolo-
gous pluripotent stem cells. For mesodermal tissue engineering, one such source of cells is
the bone marrow stroma. The bone marrow compartment contains several cell populations,
including mesenchymal stem cells (MSCs) that are capable of differentiating into adipogenic,
osteogenic, chondrogenic, and myogenic cells. However, autologous bone marrow procure-
ment has potential limitations. An alternate source of autologous adult stem cells that is ob-
tainable in large quantities, under local anesthesia, with minimal discomfort would be ad-
vantageous. In this study, we determined if a population of stem cells could be isolated from
human adipose tissue. Human adipose tissue, obtained by suction-assisted lipectomy (i.e., li-
posuction), was processed to obtain a fibroblast-like population of cells or a processed
lipoaspirate (PLA). These PLA cells can be maintained in vitro for extended periods with
stable population doubling and low levels of senescence. Immunofluorescence and flow cy-
tometry show that the majority of PLA cells are of mesodermal or mesenchymal origin with
low levels of contaminating pericytes, endothelial cells, and smooth muscle cells. Finally, PLA
cells differentiate in vitro into adipogenic, chondrogenic, myogenic, and osteogenic cells in
the presence of lineage-specific induction factors. In conclusion, the data support the hy-
pothesis that a human lipoaspirate contains multipotent cells and may represent an alter-
native stem cell source to bone marrow-derived MSCs.

INTRODUCTION

THE THERAPEUTIC POTENTIAL of multilineage stem cells for applications such as tissue engineering and
gene therapy is enormous. Conceptually, there are two general types of stem cells potentially useful

for these applications: embryonic stem cells (ESCs) and autologous stem cells. Although theoretically ap-
pealing because of their pluripotentiality, the practical use of ESCs is limited due to potential problems of
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cell regulation and ethical considerations. In contrast, autologous stem cells, by their nature, are immuno-
compatible and have no ethical issues related to their use. For the engineering of mesodermally derived tis-
sues, autologous stem cells obtained from bone marrow have proven experimentally promising. Human
bone marrow is derived from the embryonic mesoderm and is comprised of a population of hematopoietic
stem cells (HSCs), supported by a mesenchymal stroma.1–5 Although the proliferation and differentiation
of HSCs have been well documented, less is known about the stromal component. The bone marrow stroma,
in both animals and humans, is heterogenous in composition, containing several cell populations, includ-
ing a stem cell population termed mesenchymal stem cells or MSCs.6 Studies on MSCs have demonstrated
their differentiation into adipocytes,7,8 chondrocytes,6,8–11 myoblasts,12,13 and osteoblasts.6,8,14–19 These cells
represent a promising option for future tissue engineering strategies. However, traditional bone marrow pro-
curement procedures may be painful, frequently requiring general or spinal anesthesia and may yield low
numbers of MSCs upon processing (approximately 1 MSC per 105 adherent stromal cells8,17,20). From a
practical standpoint, low stem cell numbers necessitate an ex vivo expansion step to obtain clinically sig-
nificant cell numbers. Such a step is time consuming, expensive, and risks cell contamination and loss. An
ideal source of autologous stem cells would, therefore, be both easy to obtain, result in minimal patient
discomfort, yet be capable of yielding cell numbers substantial enough to obviate extensive expansion in
culture.

Adipose tissue may represent such a source. Although it is known that many tissues contain lineage-com-
mitted progenitor cells for tissue maintenance and repair, several studies have demonstrated the presence
of uncommitted MSCs within the connective tissue matrices of several organs in birds, mice, rats, and rab-
bits.21–26 Furthermore, adipose tissue, like bone marrow, is derived from the embryonic mesoderm and con-
tains a heterogenous stromal cell population.27–31 These similarities, togetherwith the identificationof MSCs
in several tissues, make plausible the concept that a stem cell population can be isolated from human adi-
pose tissue. Therefore, in this study, we sought to determine if a population of multipotential stem cells
could be isolated from human adipose tissue.

MATERIALS AND METHODS

Materials

All materials were purchased from Sigma (St. Louis, MO) unless otherwise stated. All tissue culture
reagents were purchased from Life Technologies (New York, NY). Fetal bovine serum (FBS) and horse
serum (HS) were purchased from Hyclone (Logan, UT) and Life Technologies, respectively.

Cell lines

Normal human osteoblasts (NHOsts), human skeletal muscle (SkM) cells, and population of MSCs derived
from bone marrow were purchased from Clonetics (Walkersville, MD). The murine 3T3-L1 preadipocyte
cell line32 was obtained from ATCC (Rockville, MD). Human foreskin fibroblasts (HFFs) were obtained
from Cascade Biologics (Portland, OR).

Isolation and culture of stem cells—PLA and MSCs

Human adipose tissue was obtained from elective liposuction procedures under local anesthesia (HSPC
#98-08 011-02). In this procedure, a hollow blunt-tipped cannula was introduced into the subcutaneous
space through small (,1 cm) incisions. The cannula was attached to gentle suction and moved through the
adipose compartment, mechanically disrupting the fat tissue. A solution of saline and the vasoconstrictor
epinephrine was infused into the adipose compartment to minimize blood loss and contamination of the tis-
sue by peripheral blood cells. The raw lipoaspirate (,300 cc) was processed according to establishedmethod-
ologies to obtain a stromal vascular fraction (SVF).33,34 To isolate the SVF, lipoaspirates were washed ex-
tensively with equal volumes of phosphate-buffered saline (PBS), and the ECM was digested at 37°C for
30 min with 0.075% collagenase. Enzyme activity was neutralized with Dulbecco’s modified Eagle’s
medium (DMEM), containing 10% FBS and centrifuged at 1200 3 g for 10 min to obtain a high-density

ZUK ET AL.

212



SVF pellet. The pellet was resuspended in 160 mM NH4Cl and incubated at room temperature for 10 min
to lyse contaminating red blood cells. The SVF was collected by centrifugation, as detailed above, filtered
through a 100-mm nylon mesh to remove cellular debris and incubated overnight at 37°C/5% CO2 in con-
trol medium (DMEM, 10% FBS, 1% antibiotic/antimycotic solution). Following incubation, the plates were
washed extensively with PBS to remove residual nonadherent red blood cells. The resulting cell population
was termed a processed lipoaspirate (PLA), to distinguish it from the SVF obtained from excised adipose
tissue. PLA cells were maintained at 37°C/5% CO2 in noninductive control medium. Cells did not require
specific FBS sera lots for expansion and differentiation (data not shown). For immunofluorescence studies,
a populationof MSCs was obtained from human bone marrow aspirates according to the protocol of Rickard
et al.17 and maintained in control medium. To prevent spontaneous differentiation, cells were maintained
at subconfluent levels.

Indirect immunofluorescence of PLA cells

PLA cells and MSCs obtained from human bone marrow aspirates were plated onto glass chamber slides
and fixed for 15 min in 4% paraformaldehyde in 100 mM sodium phosphate buffer (pH 7.0). The cells were
washed for 10 min in 100 mM glycine in PBS (PBS/glycine) and blocked for 1 h in immunofluorescent
blocking buffer (IBB) containing 5% bovine serum albumin (BSA), 10% FBS, 1 3 PBS, 0.1% Triton X-
100). The cells were subsequently incubated for 1 h in IBB containing the following cell-specific mono-
clonal antibodies: (1) anti-smooth muscle actin (anti-SMA; Cedarlane Inc., Hornby, Ontario), to identify
smooth muscle cells and pericytes35–38; (2) anti-Factor VIII (anti-FVIII; Calbiochem, San Diego, CA), to
identify endothelial cells39,40; and (3) ASO2 (dianova, Hamburg, Germany), to identify fibroblasts and cells
of mesenchymal origin.41,42 The cells were washed extensively with PBS/glycine and incubated for 1 h in
IBB containing an fluoroisothiocyanate (FITC)-conjugated secondary antibody. The cells were washed with
PBS/glycine and mounted with a solution containing DAPI to detect nuclei (VectaShield, Vector Labs,
Burlingame, CA).

Flow cytometry

PLA samples from 5 donors were cultured in control medium for 72 h prior to analysis. Flow cytome-
try was performed on a FACScan argon laser cytometer (Becton Dickson, San Jose, CA). Cells were har-
vested in 0.25% trypsin/EDTA and fixed for 30 min in ice-cold 2% formaldehyde. Following fixation, cells
were washed in flow cytometry buffer (FCB; 1 3 PBS, 2% FBS, 0.2% Tween-20). Cell aliquots (1 3 106

cells) were incubated in FCB containing monoclonal antibodies to FVIII, smooth muscle actin, or ASO2.
In addition, cells were also incubated with FCB containing a monoclonal antibody to vimentin (anti-VIM;
Biogenesis, Brentwood, NH), to identify mesenchymal cells.43,44 To assess viability, duplicate samples were
harvested, fixed for 30 min with ice-cold 1% paraformaldehyde, permeabilized with 0.05% Nonidet-40, and
incubated with propidium iodide (PI) at a concentration of 25 mg/mL. Debris and dead cells were excluded
by eliminating PI-positive events. All subsequent PLA samples were corrected accordingly.

Cumulative population doubling

PLA cells were maintained in control medium until 80% confluent. Cells were harvested at confluence
and population doubling calculated using the formula log N1/log N2, where N1 is the number of cells at con-
fluence prior to passaging and N2 is the number of cells seeded after passaging. Cumulative population dou-
bling was determined in cultures maintained until passage 13 (approximately 165 days). The mean cumu-
lative population doubling obtained from 3 donors was expressed as a function of passage number.

Cell senescence assay

Senescence was assessed using a b-gal actosidase (b-Gal) staining assay, in which b-Gal activity is de-
tected in senescent cells at pH 6.0 but is absent in proliferating cells.45 Cells from each culture passage
(passage 1 to passage 15) were fixed for 5 min in 2% formaldehyde/glutaraldehyde and incubated in a b-
Gal reaction buffer (containing 1 mg/ml X-Gal, 40 mM citric acid/sodium phosphate buffer (pH 6.0), 5 mM
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each of potassium ferrocyanide and potassium ferricyanide, 150 mM NaCl, and 2 mM MgCl2). Senescent
cells (blue) were identified by light microscopy.

Confirmation of multilineage differentiation of PLA cells

PLA cells at passage 1 were analyzed for their capacity to differentiate toward the adipogenic, osteogenic,
chondrogenic, and myogenic lineages. To induce differentiation, PLA cells were cultured with specific in-
duction media, as detailed in Table 1. Each medium has been previously described and shown to induce
multilineage differentiation of MSCs.8,14,15,31,33 Differentiation was confirmed using the histological and
immunohistological assays outlined in Table 2. A commercial source of bone marrow-derived MSCs and
lineage-specific precursors were examined as positive controls. PLA cells maintained in control medium
and HFFs were analyzed as negative controls.

Adipogenesis: Adipogenic differentiation was induced by culturing PLA cells for 2 weeks in adipogenic
medium (AM) and assessed using an Oil Red O stain as an indicator of intracellular lipid accumulation.46

Prior to staining, the cells were fixed for 60 min at room temperature in 4% formaldehyde/1% calcium and
washed with 70% ethanol. The cells were incubated in 2% (wt/vol) Oil Red O reagent for 5 min at room
temperature. Excess stain was removed by washing with 70% ethanol, followed by several changes of dis-
tilled water. The cells were counterstained for 2 min with hematoxylin.

Osteogenesis: Osteogenic differentiation was induced by culturing PLA cells for a minimum of 2 weeks
in osteogenic medium (OM) and examined for alkaline phosphatase (AP) activity and ECM calcification
by von Kossa staining. To detect AP activity, cells were incubated in OM for 2 weeks, rinsed with PBS,
and stained with a 1% AP solution (1% naphthol ABSI phosphate, 1 mg/mL Fast Red TR) at 37°C for 30
min. For von Kossa staining, the cells were incubated in OM for 4 weeks and fixed with 4% paraformalde-
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TABLE 1. LINEAGE-SPECIFIC DIFFERENTIATION INDUCED BY MEDIA SUPPLEMENTATION

Medium Media Serum Supplementation

Control DMEM 10% FBS none
Adipogenic (AM) DMEM 10% FBS 0.5 mM isobutyl-methylxanthine (IBMX), 1 mM

dexamethasone, 10 mM insulin, 200 mM
indomethacin, 1% antibiotic/antimycotic

Osteogenic (OM) DMDM 10% FBS 0.1 mM dexamethasone, 50 mM ascorbate-2-phos-
phate, 10 mM b-glycerophosphate, 1% antibiotic/
antimycotic

Chondrogenic (CM) DMEM 1% FBS 6.25 mg/ml insulin, 10 ng/ml TGF-b1, 50 nM
ascorbate-2-phosphate, 1% antibiotic/antimycotic

Myogenic (MM) DMEM 10% FBS, 0.1 mM dexamethasone, 50 mM hydrocortisone, 1%
5% HS antibiotic/antimycotic

TABLE 2. DIFFERENTIATION MARKERS AND ASSAYS OF LINEAGE-SPECIFIC DIFFERENTIATION

Lineage Lineage-specific determinant Histologic/immunohistochemical assay

Adipogenic Lipid accumulation Oil Red O stain
Osteogenic 1. AP activity 1. AP stain

2. Calcified matrix production 2. Von Kossa stain
Chondrogenic 1. Sulfated proteoglycan-rich matrix 1. Alcian Blue (pH 1.0) stain

2. Collagen II synthesis 2. Collagen II-specific monoclonal antibody
Myogenic 1. Multinucleation 1. Phase contrast microscopy

2. Skeletal muscle myosin heavy-chain 2. Myosin- and MyoD1-specific
and MyoD1 expression monoclonal antibodies



hyde for 60 min at room temperature. The cells were rinsed with distilled water and then overlaid with a
1% (wt/vol) silver nitrate solution in the absence of light for 30 min. The cells were washed several times
with distilled water and developed under UV light for 60 min. Finally, the cells were counter-stained with
0.1% eosin in ethanol.

Chondrogenesis: Chondrogenic differentiation was induced using the micromass culture technique.47–49

Briefly, 10 mL of a concentrated PLA cell suspension (8 3 106 cells/mL) was plated into the center of each
well and allowed to attach at 37°C for 2 h. Chondrogenic medium (CM) was gently overlaid so as not to
detach the cell nodules, and cultures were maintained in CM for 2 weeks prior to analysis. Chondrogene-
sis was confirmed using the histologic stain Alcian Blue at acidic pH. PLA cell nodules were fixed with
4% paraformaldehyde for 15 min at room temperature and washed with several changes of PBS.

Studies have shown specific staining of sulfated proteoglycans, present in cartilagenous matrices, at pH
levels of 1 and below.50 In light of this, the cells were incubated for 30 min with 1% (wt/vol) Alcian Blue
(Sigma A-3157) in 0.1 N HCl (pH 1.0) and washed with 0.1 N HCl for 5 min to remove excess stain. In
addition to Alcian Blue staining, expression of the cartilage-specific collagen type II isoform was also de-
termined. PLA cells were fixed in 4% paraformaldehyde for 15 minutes at room temperature. Cells were
incubated in 0.2 U/mL chondroitinase ABC for 40 min at 37°C to facilitate antibody access to collagen II.
The cells were rinsed in PBS and endogenous peroxidase activity quenched by incubating for 10 min in
3% hydrogen peroxide in methanol. Following a wash in PBS, nonspecific sites were blocked by incubat-
ing cells for 1 h in blocking buffer (PBS, containing 10% horse serum). The cells were subsequently incu-
bated for 1 h in blocking buffer containing a monoclonal antibody specific to human collagen type II (ICN
Biomedical, Costa Mesa, CA). The cells were washed extensively in blocking buffer, and collagen type II
was shown using a commercially available kit for the detection of monoclonal antibodies according to the
manufacturer (VectaStain ABC kit, Vector Labs Inc., Burlingame, CA).

Myogenesis: Myogenic differentiation was induced by culturing PLA cells myogenic medium (MM) for
6 weeks and confirmed by immunohistochemical staining for the muscle-specific transcription factor MyoD1
and the myosin heavy chain. Cells were rinsed twice with PBS, fixed for 20 min with 4% paraformalde-
hyde, and washed several times with PBS. The cells were incubated with 3% hydrogen peroxide in PBS
for 10 min to quench endogenous peroxidase enzyme activity, and nonspecific sites were blocked by incu-
bation in blocking buffer (PBS, 10% HS, 0.1% Triton X-100) for an additional 60 min. The cells were
washed three times for 5 min each in blocking buffer and incubated for 1 h in blocking buffer containing
either a monoclonal antibody specific to skeletal muscle myosin heavy chain (Biomeda, Foster City, CA)
or to MyoD1 (Dako Corp, Carpenteria, CA). The cells were washed extensively in blocking buffer and the
monoclonal antibodies detected using the VectaStain ABC kit according to manufacturer’s specifications.
The cells were counterstained with hematoxylin for 3 min.

RESULTS

In this study, we examined the constituent cell types and multilineage potential of a putative mesoder-
mal stem cell population obtained from human adipose tissue. Human adipose tissue was obtained by suc-
tion-assisted lipectomy (i.e., liposuction), and the lipoaspirates were processed based on adapted method-
ologies,34 to obtain a PLA cell population containing the putative stem cell fraction. Processing of 300 cc
of liposuctioned tissue routinely yielded PLA samples of 2–6 3 108 cells. PLA cultures were maintained
in DMEM supplemented with 10% FBS. Supplementation with FBS has been shown to be important for
human and animal MSC attachment and proliferation in vitro.16,51,52 However, studies suggest that prolif-
eration and differentiation of human MSCs may be dependent upon FBS source and quality, making sera
screening critical.51,52 PLA cells expanded easily in vitro and exhibited a fibroblast-like morphology, con-
sistent with that of MSCs obtained from bone marrow and a commercial source (Fig. 1A). PLA cells did
not appear to require specific sera lots for expansion and multilineage differentiation. Ten FBS lots from
three manufacturers were tested and did not appear to alter PLA cell morphology, proliferation rate, or their
differentiative capacity in vitro (data not shown).
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Growth kinetics and composition of the PLA

PLA cells, obtained from 20 donors and cultured under standard conditions (i.e., 10% FBS), exhibited
an average population doubling time of 60 h using several sera sources and lots (data not shown). Follow-
ing isolation, an initial lag time of 5–7 days was observed in PLA cultures (data not shown). Cells then en-
tered a proliferative phase, reaching confluence within 48 h. To examine long-term growth kinetics of PLA
cultures, we measured cumulative population doublings with respect to passage number in multiple donors.
Consistent with the observed lag time upon initial culture, PLA cells underwent an average of three popu-
lation doublings prior to the first passage (Fig. 1B). An average of 1.5 population doublings was observed
upon subsequent passages. A linear relationship between cumulative population doubling and passage num-
ber was observed, indicating a relatively constant population doubling rate over the range studied. Fur-
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FIG. 1. Morphology, growth kinetics and senescence of PLA cells over long-term culture. (A) The morphology of a
processed lipoaspirate or PLA obtained from liposuctioned adipose tissue is shown. (B) PLA cells, obtained from 3
donors, were cultured for an extended period and cumulative population doubling was measured and expressed as a
function of passage number. (C) Senescence in PLA cultures was detected by staining cells at passages 1, 7, and 15
(P1, P7, and P15, respectively) for b-Gal expression at pH 6.0. Representative senescent cells are shown (arrows).



thermore, no appreciable decrease in cumulative populationdoublingswas observed at later passages (P13 5
165 days in culture), suggesting that PLA cultures maintain their proliferative potential during extended
culture periods.

In addition to cumulative population doubling, we also examined cell senescence in long-term PLA cul-
tures using a b-Gal staining protocol, in which b-Gal expression is absent in proliferating cells but can be
detected in senescent cells at a pH of 6.0.45 Using this assay, PLA cultures were examined for senescence
at each passage. PLA cultures at passage 1 exhibited no appreciable b-Gal staining (Fig. 1C, P1). An in-
crease in b-Gal staining was observed at later passages (P7 and P15); however, the percentage of senes-
cent cells remained below 5% through 10 passages and increased to 15% at passage 15 (data not shown).
Taken together, the data indicate that PLA samples are relatively stable over long-term culture, maintain-
ing a consistent population doubling rate and exhibiting low levels of senescence.

The SVF processed from excised adipose tissue is a heterogenous population including mast cells, en-
dothelial cells, pericytes, fibroblasts, and lineage-committed progenitor cells, or preadipocytes.29,33 These
components may also be present, together with the putative stem cell fraction, in the PLA obtained from
liposuctioned adipose tissue. However, no literature regarding this has been published. To characterize the
PLA phenotypically, samples from several donors were examined by indirect immunofluorescence using
antibodies specific to established cell-surface markers. A bone marrow stromal fraction obtained from hu-
man marrow aspirates was also examined as a control. To identify endothelial cells, PLA cells were incu-
bated with a monoclonal antibody to FVIII.39,40 Smooth muscle cells were identified using a monoclonal
antibody to smooth muscle actin.43,44 This antibody has also been shown to react with transitional pericytes
(i.e., pericytes of pre- and post-capillaries) and the contractile apparatus of pericytes committed to the smooth
muscle lineage.37,53 Low levels of endothelial cells, smooth muscle cells and pericytes were observed in
the PLA (Fig. 2). In comparison, no staining for these markers was observed in processed bone marrow
stromal samples. In addition to FVIII and smooth muscle actin, cells were also incubated with a monoclo-
nal antibody (ASO2) specific to fibroblasts and mesenchymal cells.41,42 The majority of the PLA and bone
marrow stromal cells stained positively with ASO2, suggesting a mesenchymal origin (Fig. 1, ASO2
panels).

To determine PLA composition quantitatively, samples were analyzed by flow cytometry using the cell-
surface markers described above. PLA samples were obtained and cultured for 72 h in control medium.
Cell size and granularity were measured using forward- and side-scatter settings (Fig. 3A). The majority of
the PLA sample was comprised of small, agranular cells. In addition, PLA cells were incubated with mono-
clonal antibodies to FVIII, smooth muscle actin, and ASO2 and a monoclonal antibody to vimentin, an in-
termediate filament protein found predominantly in cells of mesenchymal origin.43,44 Viability was assessed
using propidium iodide and samples were corrected for viability, nonspecific fluorescence, and autofluo-
rescence. Data are shown from a representative patient (Fig. 3B). Cytometry data was collected from 5
donors, and the number of positive events for each cell-specific marker was expressed as a percentage of
the total PLA cell number. Consistent with the immunofluorescent data, a fraction of the PLA cells ex-
pressed FVIII (FVIII-positive cells 5 24.9% 6 8.2 of total PLA cell number) and SMA (SMA-positive
cells 5 29.2% 6 2.1 of total PLA cell number) (Fig. 3C), indicating that the PLA contains endothelial cells,
smooth muscle cells, and, possibly, pericytes. Furthermore, the majority of the PLA cells stained positively
for ASO2 (ASO2-positive cells 5 85.0% 6 12.8 of total PLA cell number) and vimentin (VIM-positive
cells 5 63.2% 6 5.6 of total cell number), indicative of cells of mesenchymal origin. Taken together, the
results suggest that the PLA is a relatively homogenous population of mesodermal or mesenchymal cells
with low contamination by endothelial cells, pericytes, and smooth muscle cells.

PLA cells exhibit multilineage potential

To study the multilineage capacity of PLA cells, cells were differentiated toward the adipogenic, os-
teogenic, chondrogenic, and myogenic lineages using lineage-specific induction factors (Table 1). Human
and animal bone marrow-derived MSCs have been shown to differentiate toward the adipogenic, osteogenic,
and chondrogenic lineages with appropriate medium supplementation.8,14,15,31,33 Following induction, dif-
ferentiation was assessed using histology and immunohistochemistry (Table 2). Commercially available
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MSCs and lineage-committed progenitor cells served as positive controls whereas PLA cells maintained in
control medium and HFF cells were examined as negative controls.

Preadipocytes and MSCs treated with adipogenic induction medium, containing cAMP agonists and in-
duction agents such as isobutyl-methylxanthine (IBMX), indomethacin, insulin, and dexamethasone, de-
velop lipid-containing droplets that accumulate the lipid dye Oil Red-O.8,54,55 To determine if PLA cells
undergo adipogenesis, cells were cultured in medium containing these agents (adipogenic medium, AM)
and stained with Oil Red-O. PLA cells cultured in AM were reproducibly induced toward the adipogenic
lineage as early as 2 weeks post-induction (Fig. 4). A significant fraction of the cells contained multiple,
intracellular lipid-filled droplets that accumulated Oil Red-O. The Oil Red O-containing PLA cells exhib-
ited an expanded morphology with the majority of the intracellular volume (90–98%) occupied by lipid
droplets, consistent with the phenotype of mature adipocytes. The mean level of adipogenic differentiation
measured in 6 donors under 35 years of age was 42.4% 6 10.6% (% Oil Red O-positive cells/total PLA
cell number; data not shown). Prolonged culture times (i.e., 4 weeks) resulted in the detachment of differ-
entiating cells from the culture plate and flotation to the surface (data not shown). The observed morphol-
ogy and lipid accumulation of differentiated PLA cells were similar to that observed upon treatment of bone
marrow-derived MSCs and the preadipocyte cell line 3T3-L1 in AM. No lipid droplets were observed in
undifferentiated PLA cells or in HFF negative controls (data not shown). In contrast to MSCs, in which
adipogenic differentiation dramatically decreases beyond the third culture passage,56 the adipogenic poten-
tial of PLA cells was maintained over long-term culture (i.e., passage 15 5 175 days culture) (data not
shown). Taken together, the results indicate that PLA cells undergo adipogenic differentiation.
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FIG. 2. Composition of the PLA: indirect immunofluorescence. PLA cells (PLA), in addition to bone marrow stro-
mal cells (BMS), were processed for immunofluorescenceusing the following antibodies to cell type-specific markers:
(1) anti-Factor VIII (FVIII); (2) anti-smooth muscle actin (SMA); and (3) ASO2 (ASO2). Factor VIII- and smooth mus-
cle actin-expressing cells are shown (arrows).



Differentiation of osteoprogenitor cells and marrow-derived MSCs into osteoblasts is induced in vitro by
treating cells with low concentrations of ascorbic acid, b-glycerophosphate, and dexamethasone.8,15,56 Early
differentiation of these cells into immature osteoblasts is characterized by AP enzyme activity with human
MSCs expressing AP as early as 4 days and maximum levels observed at 12 days post-induction.57 To con-
firm their osteogenic capacity, PLA cells were treated with OM for 14 days, and the expression of AP was
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FIG. 3. Composition of the PLA: flow cytometry. (A) PLA samples were examined by flow cytometry using for-
ward and side scatter (FS and SS, respectively). A representative PLA sample is shown. (B) The cell composition of
a representativePLA sample from one donor (PLA) was determined by incubating the sample with the following mono-
clonal antibodies: anti-Factor VIII (FVIII), anti-smooth muscle actin (SMA), ASO2, and a monoclonal antibody to vi-
mentin (VIM), an additional marker for cells of mesenchymal origin. (C) Flow cytometry data from 5 donors was col-
lected and the mean number of positive events for each cell-specific marker is expressed as a percentage of total PLA
cell number.



examined. PLA cells cultured in OM formed an extensive network of dense, multilayered nodules that
stained positively for AP (Fig. 5). The mean number of AP-positive staining cells measured in 6 donors
was 50.2% 6 10.8% of total PLA cell number (data not shown). Expression of AP was also observed in
both MSCs and NHOst-positive controls maintained in OM. In contrast, undifferentiated PLA cells and
HFF negative controls (data not shown) did not show evidence of AP expressions. Although AP expres-
sion is dramatically upregulated in osteogenic tissues, its expression has been observed in several nonos-
teogenic cell types and tissues such as cartilage, liver, and kidney.58–60 Therefore, AP expression is fre-
quently used, in conjunction with other osteogenic-specific markers, as an indicator of osteogenesis. One
such indicator is the formation of a calcified ECM. Mature osteoblasts secrete a collagen I-rich ECM that
becomes calcified during the later stages of differentiation.61 Therefore, to confirm osteogenic differentia-
tion, calcification of the ECM matrix was assessed in PLA cells using a von Kossa stain. Calcification ap-
pears as black regions within the cell monolayer. Consistent with osteogenesis, several black regions, in-
dicative of a calcified ECM, were observed in PLA cells treated for 4 weeks in OM. Calcification was also
identified in MSC and NHOst-positive controls, whereas no calcification was observed in undifferentiated
PLA cells or HFF cells (data not shown). The osteogenic potential of PLA cells was maintained over long-
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FIG. 4. PLA cells accumulate lipid-filled droplets upon treatment with adipogenic medium (AM). PLA cells (PLA),
bone marrow-derived MSCs (MSC), and 3T3-L1 preadipocyte cells (3T3-L1) were cultured for 2 weeks in AM and
stained with Oil Red O to identify lipid-filled intracellular vacuoles. Undifferentiated PLA cells maintained in control
medium (2ve Control) were stained as a negative control.

FIG. 5. PLA cells induced with osteogenic medium (OM) express AP and are associated with a calcified ECM. PLA
cells (PLA), MSCs (MSC), and a human osteoblast cell line (NHOst) were cultured in OM to induce osteogenesis.
Cells were stained at 2 weeks for AP activity (AP; red). The presence of a calcified extracellularmatrix (black regions)
was examined at 4 weeks (von Kossa). Undifferentiated PLA cells maintained in control medium were examined for
AP expression and matrix calcification as a negative control (2ve Control).



term culture, with cells expressing AP as late as 175 days of culture (data not shown). Taken together, the
expression of AP by PLA cells and the production of a calcified ECM strongly suggest that these adipose-
derived cells can be induced toward the osteogenic lineage.

Chondrogenic differentiation can be induced in vitro using a micromass culture technique, in which cel-
lular condensation (a critical first event of chondrogenesis) is duplicated.47–49,62 Enhanced differentiation
can be obtained by treating cells with dexamethasone and transforming growth factor-b1 (TGF-b1).63 Mar-
row-derived MSCs, cultured with these agents under micromass conditions, form cell nodules associated
with a well-organized ECM rich in collagen II and sulfated proteoglycans.8,64 These sulfated proteoglycans
can be specifically detected using the stain Alcian Blue under acidic conditions.50 To assess the chondro-
genic capacity of PLA cells, cells were cultured via micromass in CM, containing dexamethasone and TGF-
b1. Micromass culture of PLA cells resulted in the formation of dense nodules consistent with chondro-
genic differentiation. The PLA nodules were associated with an Alcian Blue-positive ECM, indicative of
the presence of sulfated proteoglycans within the matrix (Fig. 6). Cartilaginous nodules were also observed
upon micromass culture of MSC controls. To confirm the specificity of Alcian Blue for cartilaginous ma-
trices, human cartilage and bone sections were stained with Alcian Blue under acidic conditions. As ex-
pected, human cartilage sections stained positively with Alcian Blue, whereas no staining was observed in
bone sections (data not shown). In addition to the presence of sulfated proteoglycans within the ECM, both
PLA cells and human cartilage sections expressed the collagen type II isoform, but no staining was ob-
served in undifferentiated PLA cells. Consistent with adipogenic and osteogenic differentiation, PLA cells
retained their chondrogenic differentiation potential after extended culture periods (i.e., up to 175 days; data
not shown). The above results suggest that PLA cells possess the capacity to differentiate toward the chon-
drogenic lineage.

Myogenesis is characterized by a period of myoblast proliferation, followed by the expression of mus-
cle-specific proteins and fusion to form multinucleated myotubules. Early myogenic differentiation is char-
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FIG. 6. PLA cells treated with chondrogenic medium (CM) are associated with a proteoglycan-rich matrix and ex-
press collagen type II. PLA cells (PLA) and MSCs (MSC) were cultured for 2 weeks in CM using the micromass tech-
nique to induce chondrogenesis.The cells were fixed and processed for the presence of sulfated proteoglycanswith Al-
cian Blue under acidic conditions (Alcian Blue). Paraffin sections of human cartilage were used as a positive control
(Cartilage) while undifferentiatedPLAs maintained in control medium were processed as a negative control (2ve Con-
trol). In addition, the expression of collagen type II (Collagen II) was examined in PLA cells and human cartilage sec-
tions. PLA cells cultured in control medium (2ve Control) were stained with Alcian Blue and for collagen II expres-
sion as a negative control.



acterized by the expression of several myogenic regulatory factors including myogenic determination fac-
tor 1 (MyoD1).65–67 Terminally differentiated myoblasts can be characterized by the expression of myosin
and the presence of multiple nuclei.68 Proliferation and myogenic differentiation of muscle precursors and
bone marrow-derived stem cells can be induced by dexamethasone and results in the expression of muscle-
specific proteins.14,69,70 Furthermore, addition of hydrocortisone is known to stimulate human myoblast pro-
liferation, prior to their transition into differentiated myotubules.71 To examine if PLA cells undergo myo-
genesis, cells were cultured for 6 weeks in the presence of dexamethasoneand hydrocortisone, and incubated
with antibodies specific to MyoD1 and myosin (heavy chain). Consistent with early myogenic differentia-
tion, treatment of PLA cells with MM for 1 week induced the expression of MyoD1 (Fig. 7). PLA cells
treated for longer time periods (6 weeks) stained positively for myosin. In addition to myosin expression,
the presence of discrete ‘patches’ of large, elongated cells with multiple nuclei were also observed, sug-
gesting that PLA cells underwent myoblast fusion (PLA panel, inset). Like PLA cells, MyoD1 and myosin
heavy-chain expression were also detected in human skeletal muscle-positive control cells. Using myogenic
medium, myogenic differentiation was not observed in MSC controls even at 6 weeks of induction (data
not shown). These cells may be adversely affected by hydrocortisone and may require alternate conditions
to induce differentiation. Myogenic differentiation levels in PLA cells averaged 12% (data not shown).
Multinucleation, myosin heavy-chain, and MyoD1 expression were not observed in undifferentiated PLA
cells nor in HFF negative controls (data not shown). The presence of multinucleated cells and the expres-
sion of both MyoD1 and myosin heavy chain suggest that PLA cells have the capacity to undergo myo-
genic differentiation.

DISCUSSION

In this paper, we report that a cellular fraction with multiple mesodermal lineage capabilities can be
processed from human lipoaspirates. This cellular fraction, which we call a processed lipoaspirate (PLA),
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FIG. 7. PLA cells cultured in myogenic medium (MM) express the myosin heavy chain and MyoD1. PLA cells (PLA)
were treated with MM and stained with antibodies specific to skeletal muscle myosin heavy chain (Myosin) or MyoD1
(MyoD1). A human skeletal muscle cell line (SKM) was examined as a positive control. In addition, the presence of
multinucleated cells in PLA cultures is shown (PLA, inset box). Myosin and MyoD1 expression were also assessed in
undifferentiated PLA cells (2ve Control) as a negative control.



is comprised of fibroblast-like cells that can be expanded easily in vitro without the need for specific sera
lots or media supplementation. PLA samples, from several donors, maintained a linear growth rate with no
appreciable senescence over extended culture periods. The PLA population was heterogeneous in nature,
with the majority of the cells being mesenchymal in origin. However, contaminating endothelial, smooth
muscle, and pericyte cell populations were identified. PLA cells also exhibited multilineage potential in
vitro, differentiating toward the adipogenic, osteogenic, chondrogenic, and myogenic lineages when cul-
tured in the presence of established lineage-specific differentiation factors. PLA differentiation results were
consistent with those observed upon lineage-specific differentiation of bone marrow-derived MSCs and lin-
eage-committed precursors.

Although the apparent multidifferentiative capacity of PLA cells suggests the presence of a stem cell
population within human liposuctioned adipose tissue, it is not conclusive. Multilineage differentiation may
also be due to the presence of: (1) multiple lineage-committed progenitor cells; (2) multipotent cells from
other sources (e.g., pericytes, marrow-derived MSCs from peripheral blood); or (3) a combination of the
above.

The observed differentiation may be due to the presence of lineage-committed progenitor cells, such as
preosteoblasts, premyoblasts, or preadipocytes within the PLA. Cellular fractions (i.e., SVFs) obtained from
excised adipose tissue are known to contain preadipocytes that differentiate into mature adipocytes.29,30 It
is possible that the observed adipogenic differentiation by PLA cells is simply the commitment of existing
preadipocytes and not the differentiation of a multipotent cell. However, we do not believe this to be the
case. As little as 0.02% of the SVF obtained from excised adipose tissue have been identified as preadipocytes
capable of adipogenic differentiation.29 If preadipocyte numbers within the PLA are comparable to those
levels measured in the SVF from excised tissue, one would expect a relatively low level of adipogenesis.
However, the degree of adipogenesis observed in the PLA is significant (,40% of the total PLA cell num-
ber) and may result from the differentiation of additional cell types (i.e. stem cells).

Damage to the underlying muscle during liposuction may introduce myogenic precursor cells or satel-
lite cells into the PLA, resulting in the observed myogenic differentiation by these cells. Located between
the sarcolemma and the external lamina of the muscle fiber, myogenic precursor cells in their undiffer-
entiated state are quiescent and exhibit no distinguishing features, making their identification difficult.
Several groups have attempted to identify unique markers for these precursors with limited success. Cur-
rently, the expression of the myogenic regulatory factors, MyoD1, and myogenin have been used to iden-
tify satellite cells during embryogenesis and in regenerating adult muscle in rodents.72–76 In addition,
MyoD1 expression has been identified in proliferating myoblasts prior to the onset of differentiation.66

Although these markers have not been used to identify myogenic precursors in human subjects, MyoD1
is expressed during early myogenic differentiation in normal skeletal muscle and has been used to iden-
tify the skeletal muscle origin of rhabdosarcomas in humans.77–79 The absence of MyoD1 expression in
PLA cells maintained in noninductive CM (see Fig. 7), suggests that our observed myogenic differentia-
tion is not due to the presence of myogenic precursors or proliferating myoblasts within the PLA. Con-
sistent with this, the blunt contour of the liposuction cannula would make it extremely difficult to pene-
trate the fibrous fascial cavity surrounding the muscle and introduce these precursors into the adipose
compartment.

Human adipose tissue is vascularized and, as such, contains potential systemic vascular ‘conduits’ for con-
tamination by multipotent cells, such as pericytes and marrow-derived MSCs. Disruption of the blood sup-
ply during liposuction may result in the release of pericytes, known to possess multilineage potential both in
vivo and in vitro.80–82 Consistent with this, our immunofluorescent and flow cytometry data show that a small
fraction of the PLA is comprised of cells that express smooth muscle actin, a component of transitional per-
icytes and pericytes committed to the smooth muscle lineage.37 The multilineage differentiation observed in
PLA may be, in part, due to the presence of pericytes. Disruption of the blood supply may also introduce
MSCs into the PLA. However, the literature is conflicted as to the presence of these stem cells in the pe-
ripheral blood.83,84 If the peripheral blood does indeed represent a source of MSCs, our observed multilin-
eage differentiation by PLA cells may be due to the contamination of adipose tissue by these stem cells.
However, MSCs are a small constituent of the bone marrow stroma in humans (,1 MSC per 105 adherent
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stromal cells.8,17,20 If these cells do exist in peripheral blood, they are likely to be in even smaller quantities
than in the bone marrow and contamination levels of the PLA by these cells may be negligible.

These arguments provide support for the presence of a multipotent stem cell population within liposuc-
tioned adipose tissue; however, definitive confirmation requires the isolation and characterization of mul-
tiple clones derived from a single cell. Preliminary data confirm that clonal PLA cell populations possess
multilineage potential, capable of adipogenic, osteogenic, and chondrogenic differentiation.85 Although
promising, isolation and analysis of multiple PLA cell clones will be required to confirm the presence of a
stem cell population within liposuctioned adipose tissue.

The future of engineering mesodermally derived tissues from stem cells is promising and the develop-
ment of these strategies will likely require a readily available source of donor cells. Current research has
demonstrated exciting results using bone marrow-derived MSCs. MSCs can differentiate into osteogenic
and chondrogenic tissues in vivo,86–89 and preliminary data suggest that these cells can be used to repair
bony and cartilagenous defects.12,88–92 We believe that PLA cells obtained from liposuctioned adipose tis-
sue may represent another source of multilineage mesodermal stem cells. Like the bone marrow stroma,
our data suggest that adipose tissue may contain a significant fraction of cells with multilineage capacity.
These adipose-derived stem cells may be readily available in large quantities with minimal morbidity and
discomfort associated with their harvest. The autologous nature of these stem cells, together with their pu-
tative multipotentiality and ease of procurement, may make these cells an excellent choice for many future
tissue engineering strategies and cell-based therapies.
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