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ABSTRACT
Adipocytes might arise from vascular stromal cells, pericytes and endothelia within adipose tissue or from bone marrow cells resident in nonadipose tissue. Here, we identiﬁed adipose precursor cells resident in fascia, an uninterrupted sheet of connective tissue that extends
throughout the body. The cells and fragments of superﬁcial fascia from the rat hindlimb were
highly capable of spontaneous and induced adipogenic differentiation but not myogenic and
osteogenic differentiation. Fascial preadipocytes expressed multiple markers of adipogenic progenitors, similar to subcutaneous adipose-derived stromal cells (ASCs) but discriminative from
visceral ASCs. Such preadipocytes resided in fascial vasculature and were physiologically active
in vivo. In growing rats, adipocytes dynamically arose from the adventitia to form a thin adipose layer in the fascia. Later, some adipocytes appeared to overlay on top of other adipocytes,
an early sign for the formation of three-dimensional adipose tissue in fascia. The primitive adipose lobules extended invariably along blood vessels toward the distal fascia areas. At the
lobule front, nascent capillaries wrapped and passed ahead of mature adipocytes to form the
distal neovasculature niche, which might replenish the pool of preadipocytes and supply
nutrients and hormones necessary for continuous adipogenesis. Our ﬁndings suggest a novel
model for the origin of adipocytes from the fascia, which explains both neogenesis and expansion of adipose tissue. Fascial preadipocytes generate adipose cells to form primitive adipose
lobules in superﬁcial fascia, a subcutaneous nonadipose tissue. With continuous adipogenesis,
these primitive adipose lobules newly formed in superﬁcial fascia may be the rudiment of subcutaneous adipose tissue. STEM CELLS 2016;34:1407–1419

SIGNIFICANCE STATEMENT
Adipocytes are thought to arise from vascular stromal cells, pericytes and endothelial cells
within adipose tissue. Here, we identify preadipocytes in the rat superficial fascia, an uninterrupted connective tissue that locates between skin and skeletal muscles. Fascial preadipocytes
express stromal markers, are capable of spontaneous and inducible adipogenic differentiation
in vitro, and are physiologically active in vivo. This finding suggests a novel model for the fascia
origin of adipocytes to explain adipose neogenesis and expansion. Fascial preadipocytes generate adipocytes to form primitive adipose lobules in superficial fascia, a subcutaneous nonadipose tissue, and with continuous expansion this lobule might naturally become a rudiment of
subcutaneous adipose tissue.

INTRODUCTION
Postnatal development of adipose tissue comprises two major processes: massive expansion
of existing adipose tissue and de novo formation of adipose tissue. Expansion occurs in certain regions like the mesenteries, omenta, and
between subcutaneous dermis and skeletal
muscles, while de novo formation occurs at
many other anatomical sites without preexisting adipose tissue, particularly during the
onset of obesity. Because adipocytes do not
divide, adipose precursor cells must exist, in
adipose tissue and in certain nonadipose tis-
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sue, to generate new adipocytes for both
expansion and neogenesis of adipose tissue.
Until now, adipocytes have been thought to
arise from four origins, including vascular stromal cells, pericytes, endothelial cells localized
within adipose tissue, and hematopoietic stem
cells resident in bone marrow, a nonadipose tissue (for reviews, see [1, 2]). Among them,
adipose-derived
vascular
stromal
cells
(ASCs) have long been accepted as adipocyte
progenitors inside adipose tissue [2]. A
Lin2:CD241:CD291:CD341:Sca-11 subpopulation
of ASCs is capable of adipogenic differentiation
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in vitro, as well as in vivo in A-Zip lipodystrophic mice [3]. Furthermore, a subset of ASCs sharing pericyte markers has been
identiﬁed to process adipogenic differentiation [4–6], such ASCs
are localized within the vasculature of adipose tissue, but not in
nonadipose tissues like the skeletal muscles and kidneys [6]. In
contrast, the endothelial origin of preadipocytes remains controversial. It is reported that adipocytes might arise from vascular
endothelium of adipose tissue [7], but another study argues
that those endothelial cells do not contribute to the adipose lineage in vivo [4].
Given that adipogenic progenitors within vascular stromal
cells, pericytes and endothelial cells are found only in existing
adipose tissue, these mechanisms of adipocyte origination can
only explain expansion of preexisting adipose tissue, but cannot explain adipose neogenesis at locations where primitive
adipose tissue and its vasculature have not yet occurred.
Therefore, the search for nonadipose-resident adipogenic progenitors has long been an area of interest since the last century [1]. One proposed candidate is bone marrow stem cells
[1, 2]. Circulating hematopoietic progenitors could migrate
into adipose tissue and differentiate into multilocular adipocytes [8, 9]. However, other studies suggest that hematopoietic progenitors may only trans-differentiate into adipocytelike cells with tiny lipid droplets in vitro, but not in vivo [10,
11]. Also, it is unclear how hematopoietic progenitors could
home selectively to adipose tissue or sites of adipose
neogenesis.
Considering anatomy and histology, we speculate that
adipogenic progenitors exist in certain nonadipose tissues,
where they can generate adipose cells de novo forming a
primitive adipose tissue. Unlike circulating hematopoietic
progenitors, such adipogenic progenitors may be associated
with a connective tissue distributed throughout the body,
providing a capacity for continuous adipogenesis when
required. In this investigation, we identiﬁed a precursor of
adipose cells from superﬁcial fascia, a nonadipose connective
tissue with a widespread distribution, similar to that of adipose tissue.
Fascia is a continuous framework of loose connective tissue that extends throughout the body to envelop and separate all organs, tissues and their inside cells [12]. Superﬁcial
fascia locates at the interface of subcutaneous dermis and
skeletal muscles, anatomic locations where subcutaneous fat
may occur subsequently. The superﬁcial fascia in juvenile rats
had almost no adipocytes and was easily separable, thus, was
an ideal material for investigating nonadipose-resident preadipocytes. We identiﬁed that superﬁcial fascia-derived stromal
cells (FSCs) comprised abundant lineage-committed preadipocytes capable of spontaneous and induced adipogenic differentiation. We found that fascial preadipocytes expressed
multiple markers of adipogenic progenitors, were localized in
the fascial vasculature, and were physiologically active in vivo.
During growth of rats, early differentiated and fully differentiated adipocytes dynamically arose to form primitive adipose
lobules in superﬁcial fascia. Our ﬁndings provide the ﬁrst evidence for a fascia origin of adipocytes. This new model for
adipogenesis suggests that fascial preadipocytes generate adipose cells to form a primitive adipose lobule in subcutaneous
superﬁcial fascia, which may be a rudiment of subcutaneous
adipose tissue.
C AlphaMed Press 2016
V

MATERIALS

AND

METHODS

Animals
Sprague-Dawley male rats were fed standard chow diet and
decapitated at 1–7 weeks of age on demand. In each individual experiment, samples were obtained from at least three
rats but usually from more than ﬁve rats. Animal experiments
were conducted in accordance with the NIH guidelines for the
care and use of laboratory animals and approved by the animal care and utilization committee of Peking University Health
Science Center.

Separation of the Fascia
The superﬁcial fascia located between the dermis and hindlimb skeletal muscle groups, such as rectus femoris, adductor
longus, vastus medialis, and lateralis muscles, was lifted up
using surgical tweezer and then was cutoff by a scissor. Care
was taken to avoid contamination of superﬁcial fascia samples
from the deep fascia, epimysial, and perimysial fasciae of the
skeletal muscle. Superﬁcial fasciae at other anatomic sites
such as the forearm and abdomen were also separated. For
purpose of comparison, the pericardium fascia of the heart
and the fascial capsules of the kidney, liver, stomach, and testis were separated.

Histology and Immunostaining of Whole-Mounted
Fasciae
Fascial sheets were whole-mounted onto glass slides, airdried, and ﬁxed with 4% paraformaldehyde for 30 minutes
and rinsed with PBS. For routine histology, fascial tissue was
stained with hematoxylin-eosin (H&E). Collagen-elastic ﬁbers
were stained with 0.5% Victoria Blue in acid alcohol and 0.5%
Ponceau S in 1% picric acid. For immunostaining, fascial tissue
was treated with 0.1% Triton X-100, blocked with 1% defatted
albumin, incubated at 48C overnight with antibodies to
perilipin-1, CD24, CD29, or CD31, and then probed for 1 hour
with lgG (1:1000) conjugated to TRITC or FITC. Cell nuclei
were stained with Hoechst 33258 (Applygen Technologies,
Beijing, China; URLs: http://www.applygen.com). Fluorescent
signals were captured under confocal microscope (Leica TCS
SP8, Wetzlar, Germany; URLs: http://www.leica-microsystems.
com) or Nikon Eclipse 50i microscope.

Oil Red and Nile Red Staining
Adipocytes in culture and in whole-mounted fascia were
stained with 0.5% Oil Red for 15 minutes, or with 1 mg/ml
Nile Red for 20 minutes.

Isolation and Adipogenic Differentiation of FSCs
Fascia was minced to small pieces and digested for 1 hour
with 0.8 mg/ml type I collagenase in DMEM at 378C, with
shaking at 120 cycles/minutes. Digestive mixture was ﬁltrated
through a 100# steel mesh and centrifuged at 1,000 g for
10 min. FSCs pellets were collected and cultured in DMEM
with high glucose (4.5 g/l) and 10% FBS at 378C in 5% humidiﬁed CO2. FSCs appeared conﬂuent after cultured for 1 week,
with changing fresh medium every 2 days. Then, FSCs were
induced for 2 days with adipogenic differentiation cocktail
(10 mg/ml insulin, 250 mM isobutylmethylxanthine, and 0.1 mM
dexamethasone, and 10% FBS in high glucose DMEM. At day
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3, cells were maintained for 4 days in high glucose DMEM
containing 5 mg/ml insulin and 10% FBS.

Real-time Quantitative reverse transcriptionpolymerase chain reaction (RT-PCR) and Sources of
Antibodies

Isolation and Adipogenic Differentiation of AdiposeDerived Stromal Cells

The methods for the assay of RT-PCR and primers, and sources of antibodies, are described in Supplemental section.

Adipose-derived stromal cells were isolated from epididymal or
inguinal fat pads of male rats according to our laboratory
method [13, 14]. Fat pads were minced and digested on a
shaker at 378C in DMEM containing 0.8 mg/ml collagenase type
I, 1% defatted albumin, 200 nM adenosine, 25 mM Hepes,
pH 7.2. Digestive mixture was ﬁltered through an 80# and then
400# steel mesh and then centrifuged at 800 g for 10 min.
ASCs pellets were collected and cultured in DMEM/F-12 (1:1)
containing 10% FBS, at 378C in 5% humidiﬁed CO2. Adipogenic
differentiation of conﬂuent ASCs was induced for 2 days with
5 mg/ml insulin, 33 mM biotin, and 200 pM triiodothyronine in
serum-free DMEM/F-12. At day 3, cells were transferred to
serum-free DMEM/F-12 and maintained for 4 days.

Notes

Flow Cytometry
According to our laboratory method [15], FSC and ASC cells
were cultured for 1 week and collected at 80%–90% conﬂuence at passage zero. Cells were stained with antibodies
against adipose progenitor markers [2, 3]: CD24-PE, CD29Alexa Fluor 647, CD31-Alexa Fluor 488, CD44-FITC, CD45-PECy7, CD90-V450, and CD106-PE. To set proper compensation
and population gates, cells probed with single antibody alone
were designed as positive control and cells probed with ﬂuorescent isotype-matched IgG were negative controls. After
staining for 30 minutes on ice, the cells were analyzed on a
Navios 3-laser 10-color ﬂow cytometer (Beckman). Three independent samples were analyzed for each measurement.

Localization of Proliferative FSCs and Preadipocytes in
Fasciae
For detection of proliferative FSCs, 10 rats (90–100 g) were i.p.
injected with 5-ethynyl-2-deoxyuridine (EdU, 2 mg/g bw) once
every 2 days for 10 days. Control rats were injected with PBS.
Rats were killed 12 hours after the last injection, and then fasciae were sampled and whole-mounted. EdU assay was performed according to the manufacturer instruction (RiboBio,
Guangzhou, China). For detection of preadipocytes, wholemounted fasciae were immunostained with CD24 or CD29.
Early-differentiated adipocytes in whole-mounted fasciae were
immunostained with perilipin-1 or recognized by H&E staining.

Osteogenic and Myogenic Differentiation
FSCs and bone marrow stromal cells were cultured for 2
weeks, and medium was freshly changed every 2 days. Osteogenic differentiation was induced by addition of 10 nM dexamethasone, 2 mM b-glycerophosphate, and 50 mg/ml
ascorbate-2-phosphate. Positive osteocytes were stained with
0.5% Alizarin Red. For myogenic differentiation, cells were
induced for 2 weeks in DMEM with 10% FBS, 5% horse
serum, and 50 mM hydrocortisone. Myogenic cells were immunostained with primary antibody against desmin, an intermediate ﬁlament protein of muscle.
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All FSCs and ASCs cells were used at passage zero, without subculture. Whole mounted fasciae were used as specimens for all morphological and immunohistochemistrical examinations of fascia.

RESULTS
Preparation and Morphological Observation of the Rat
Superficial Fascia
The superﬁcial fascia is a continuous layer of loose connective
tissue located at the interface between the subcutaneous dermis
and skeletal muscles. The superﬁcial fascia in vivo appeared
semitransparent and viscoelastic, and was easily separable from
the deep fascia and muscle epimysium (Fig. 1A). After dissection,
the fascia had a pale and jelly like appearance (Fig. 1B). Oil Red
only stained the boundary regions of fascia isolated from 1week-old rats, a nonspeciﬁc stain because the edge was always
folded back. The areas beyond the border were unstained, indicating scarce or no adipocytes resident in the fascia (Fig. 1C).
For microscopic observation (see Fig. 1D, 1F), the fascia sheets
were whole-mounted on slides. Oil Red stain showed few early
differentiating adipocytes with small cytoplasmic lipid droplets
localized near small blood vessels (Fig. 1D). H&E stain (Fig. 1E)
and Victoria blue-Ponceau stain (Fig. 1F) showed that the fascia
consisted of small blood vessels, abundant collagens, and elastic
ﬁbers, ﬁbrocystes, and some mast cells in a thin substrate.

Spontaneous Adipogenic Differentiation of FSCs and
Fascial Tissue Fragments
We cultured fascial tissue pieces and isolated FSCs in standard
DMEM media without adipogenic inducers. The cells grown
from fascial tissue fragments exhibited some cytoplasmic
vacuoles at day 3, but spontaneously accumulated large lipid
droplets in the cytoplasm after day 6 (Fig. 2A), indicating an ex
vivo spontaneous adipogenesis of the fascial tissue. Isolated
FSCs adhered to cell culture plates within 48 hours and slowly
reached full conﬂuence, typically after 1 week. They exhibited
ﬁbroblast-like morphology. Another cytological feature was that
FSCs harbored many large cytoplasmic vacuoles at day 3, but
these vacuoles were not lipid droplets because they were not
stained by Oil Red (Fig. 2B). Interestingly, lipid droplets seemed
to occur later in the space of the vacuoles, because some
vacuoles became gradually stained by Oil Red from day 6 to
day 9 (Fig. 2B). At day 12, FSCs owned a classic phenotype of
adipocytes featuring multiple large lipid droplets in the cytoplasm (Fig. 2B). Differentiated FSC-adipocytes versus total cell
nuclei stained by Hoechst 33258, indicating that 25%–45% of
total FSCs were able to spontaneously differentiate into adipocytes, although the differentiation rate varied slightly from
batch to batch of cell preparations (data not shown). The
mRNA expression of peroxisome proliferator-activated receptorg (PPARg), a key adipogenic transcription factor, gradually
increased in FSCs during spontaneous adipogenic differentiation
C AlphaMed Press 2016
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Figure 1. Preparation and morphology of the superﬁcial fascia. Male rats at 1 week old were used. (A): The gross anatomy of the
superﬁcial fascia (asterisk) localized above the hindlimb vastus medialis muscle. Below the superﬁcial fascia were the saphenous artery
(a) and vein (v) and saphenous nerve (n) in the deep fascia and muscle epimysium. (B): Stereomicroscopic view of freshly dissected fascia. (C): Stereomicroscopic view of the fascia stained with Oil Red. Most regions of the fascia sheet had no adipocytes. Nonspeciﬁc stain
appeared at border regions because the fascia sheet was folded. (D): Microscopic view of whole-mounted fascia stained with Oil Red
and hematoxylin. A few early-differentiating adipocytes laden with small lipid droplets (arrows) were seen near a blood vessel (bv). (E):
H&E stain showed vessels and ﬁbrocystes in whole-mounted fascia. (F): Victoria Blue-Ponceau stain of whole-mounted fascia. The typical
components of fascia were the blood vessels (bv), collagenous (red) and elastic ﬁbers (f, blue threads), ﬁbrocystes, mast cells (big blue
cells) and ground substrate.

from day 3 to day 12 (Fig. 2C). Fatty acid binding protein 4
(also termed aP2) is an early marker of adipocyte differentiation and comprises 6% of total protein in mature adipocytes
[16]. Perilipin-1 coats lipid droplets exclusively in adipocytes
[17–19] and participates in the control of adipocyte differentiation [15]. The mRNA expression of FABP4 and perilipin-1 moderately increased during day 3 to day 9, but increased sharply
at day 12, dynamically corresponding to spontaneous adipogenic differentiation of FSCs (Fig. 2C). Clearly, these results
show that fascia cells are highly capable of spontaneous adipogenesis in vitro and ex vivo.

Fascia-Derived Stromal Cells are Lineage-Committed
Preadipocytes
After myogenic and osteogenic induction, FSCs failed to develop
phenotypes of myocytes (Fig. 3A) or osteocytes (Fig. 3B). In conC AlphaMed Press 2016
V

trast, bone marrow-derived stromal cells, as a positive control
cell, were induced to differentiate into desmin-immunoreactive
myocytes (Fig. 3A) or into osteocytes stained by Alizarin red
(Fig. 3B). Under adipogenic conditions (Fig. 3C), adipogenic differentiation of FSCs was faster and more efﬁcient than spontaneous differentiation (Fig. 3C). After a 1-week induction, 70%–
90% FSCs fully differentiated into adipocytes, with many large
lipid droplets positively stained by Oil Red and immunostained
for perilipin-1 (Fig. 3C). Morphologically, the number and size of
lipid droplets in FSC adipocytes seemed less uniform than the
relatively homogeneous lipid droplet clusters in adipocytes differentiated from epididymal ASCs (Fig. 3D). The mRNA expressions of PPARg and its downstream adipogenic targets, such as
fatty acid synthase, hormone-sensitive lipase, adipose triglyceride lipase, and perilipin-1, were increased on induction of adipogenic differentiation (Fig. 3E). These observations suggest that
STEM CELLS
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Figure 2. Spontaneous adipogenic differentiation of fascial cells. Isolated cells and tissue were cultured in standard DMEM containing
high glucose and 10% FBS but without adipogenic inducers. (A): Small fragments of superﬁcial fascia were cultured up to 12 days. Fascial cells outgrown from fascia fragments formed abundant cytoplasmic vacuoles (arrow) at day 3, and thereafter lipid droplets (arrowheads) occurred and gradually increased in size and number. During day 9 to 12, the outgrown fascial cells spontaneously accumulated
many large lipid droplets, demonstrating a typical phenotype of differentiated adipocytes under light microscope. (B): Fascia stromal
cells (FSCs) were isolated, cultured and stained with Oil Red. FSCs formed many cytoplasmic vacuoles (arrow) at day 3 and thereafter
lipid droplets gradually accumulated. At day 12, 25%–45% (data not shown) of total FSCs spontaneously differentiated into adipocytes
laden with large lipid droplets. (C): Real-time RT-PCR assay of gene expression during spontaneous adipogenic differentiation from 3 to
12 days. Abbreviations: PPARg, peroxisome proliferator-activated receptor g; FABP4, fatty acid binding protein 4; PLIN1, perilipin-1.

adipose precursor cells in fascia are lineage-committed preadipocytes capable of spontaneous and induced adipogenesis.

Fascial Cells from Different Species and Organs Exhibit
Different Adipogenesis Capacity
In rats, FSCs isolated from superﬁcial fasciae of skeletal muscles
of the hindlimb (Supporting Information Fig. S1A) and forearm
or abdomen (data not shown) can efﬁciently differentiate into
adipocytes after induction. In contrast, FSCs from the pericardial fascia (heart) only moderately differentiated into adipocytes. Only a few FSCs from fascial capsules of the kidney and
testis were found to differentiate, while FSCs from fascial capsules of the liver and stomach failed to differentiate. To examine species dependence of differentiation, superﬁcial fascia
cells from porcine abdomen muscles were tested and found
capable of both spontaneous (data not shown) and induced
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differentiation into adipocytes (Supporting Information Fig.
S1B). Surprisingly, FSCs derived from hindlimb superﬁcial fasciae of mice failed to differentiate into adipocytes typically
laden with large lipid droplets. Instead, mouse FSCs formed
only very tiny lipid droplets that did not further grow during
adipogenic induction (Supporting Information Fig. S1B). Quantitative RT-PCR assay showed that CD24 and CD29, surface
markers of adipose progenitor cells [2], were only highly
expressed in FSCs in the superﬁcial fascia close to the skeletal
muscle but not in capsular fasciae of the heart, kidney, testis,
and stomach in rats (Supporting Information Fig. S1C).

Cytological Phenotypes of the FSCs
As assayed by quantitative RT-PCR, the surface markers of
mural cells (vascular pericytes and smooth muscle cells), such
as CD146, a-smooth muscle actin (a-SMA) and platelet
C AlphaMed Press 2016
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Figure 3. FSCs were lineage-committed preadipocytes. Isolated FSCs were cultured under different differentiation inductions. FSCs
were not capable of myogenic (A) or osteogenic (B) differentiation. As controls, bone marrow mesenchymal stromal cells (BMSCs) were
differentiated into myocytes immunolabeled with desmin (A) or osteocytes stained by Alizarin red (B). On adipogenic induction (C–E),
FSCs were efﬁciently differentiated into adipocytes laden with many large lipid droplet labeled by Oil Red and perilipin-1 (C). Morphologically, lipid droplets in FSC-adipocytes appeared less uniform than relatively homogeneous lipid-droplet clusters of adipocytes differentiated from epididymal adipose-derived stromal cells (Epi ASCs) (D). The mRNA expressions (E) of PPARg, fatty acid synthase (FAS),
hormone-sensitive lipase (HSL), adipose triglyceride lipase (ATGL), and perilipin-1 (PLIN1), were increased in FSCs, epididymal (Epi) and
inguinal (Ing) ASCs on adipogenic induction. Nuclei were counterstained by Hoechst 33258 (blue).

derived growth factor receptor b (PDGFRb), were not
detected in primary FSCs. In contrast, these markers, especially a-smooth muscle actin, were relatively high expressed
in subcutaneous ASCs (Fig. 4A). In ﬂow cytometry assays, FSCs
rarely expressed hematopoietic marker CD45 (0.03%) or endothelial maker CD31 (0.44%; Fig. 4B). The FSC fraction contained
only a small subpopulation of cells that expressed CD24, but a
considerable subpopulation of cells expressing CD29 (99.4%),
CD44 (54.4%), CD90 (88%), or CD106 (34%) (Fig. 4B). These ﬁve
markers are known to label stromal adipogenic progenitors [2]. In
comparison, FSCs, subcutaneous ASCs and epididymal ASCs had a
large percentage of CD29 1 or CD44 1 cells. However, FSCs contained a high population of CD90 1 cells but a low percentage of
CD106 1 cells, similar to subcutaneous ASCs but inverse with epididymal ASCs (Fig. 4B). Multiple-color ﬂow cytometry (Fig. 4C-4E)
indicated that considerable amounts of FSCs simultaneously
expressed multiple markers of adipose progenitor cells. The
CD452:CD312:CD291:CD90 1 subpopulation
was
86.2%,
C AlphaMed Press 2016
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71.2%, and 25.3% in fractions of FSCs, subcutaneous ASCs and
epididymal ASCs, respectively (Fig. 4D, 4E). The
CD452:CD291:CD441:CD90 1 subpopulation
was
94.2%,
77.6%, and 19.7%, and the CD452:CD291:CD441:
CD901:CD106 1 subpopulation was 28.3%, 27.6%, and 16.7% in
fractions of FSCs, subcutaneous ASCs and epididymal ASCs,
respectively (Fig. 4D, 4E). These data indicate that FSCs contain
many adipose progenitors, whose cytological characteristics are
similar to subcutaneous ASCs but different from visceral ASCs.
Because of the low yield of primary FSC preparations, and the signiﬁcant loss of cells after ﬂow cytometry, we failed to identify adipogenic subpopulations by sorting FSCs.

Localization of Preadipocytes in Fascia
Despite lacking deﬁnite markers of fascia stromal cells, we
attempted to evaluate localization of preadipocytes within fascia.
First, considering that progenitor cells, including preadipocytes,
are a result of a proliferative status, the positions of proliferative
STEM CELLS

Su, Lyu, Wang, et al.

1413

Figure 4. Cytological phenotypes of the FSCs. (A): Quantitative RT-PCR. Vascular pericyte markers CD146, a-smooth muscle actin (aSMA) and platelet derived growth factor receptor b (PDGFRb) were undetectable in primary FSCs, but were highly expressed in inguinal
(Ing) ASCs. (B–E): Flow cytometry. Rat FSCs, inguinal (Ing) and epididymal (Epi) ASCs at passage zero were analyzed by 10-color ﬂow
cytometry. Cells were immunostained with individual (B) or multiple (C-E) antibodies against indicated stromal markers. The adipose progenitor population was gated (in box) and further separated into different populations coexpressing multiple markers (C). In fractions of
FSCs, Ing ASCs and Epi ASCs, the percentage yields of adipocyte progenitor populations positive for single (B) or multiple (D,E) markers
were denoted and compared.

cells should partially reﬂect preadipocyte locations in vivo. We
determined the positions of proliferative cells in whole-mounted
fasciae from EdU-injected rats. Two types of proliferative cells
were integrated EdU in vivo in fascia, one with rod-like nuclei
localized along main blood vessels and another with oval-like
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nuclei distributed sporadically near blood capillaries or around
mature adipocytes (Fig. 5A, 5B). Second, whole-mounted fasciae were immunolabeled with CD24 and CD29, surface
markers of adipose precursors [2, 3]. CD24-positive cells were
relatively small and spindly, with rod-like nuclei, and
C AlphaMed Press 2016
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Figure 5. Localization of preadipocytes in the rat fascia. Images show whole-mounted superﬁcial fasciae from the hindlimb of adult
male rats (bw, 902100 g). Boxed regions were ampliﬁed and showed aside. (A, B): Two types of proliferative cells existed in superﬁcial
fasciae from EdU-injected rats (n 5 5), one with rod-like nuclei (solid box) localized along main blood vessels (bv) and another one with
oval-like nuclei (dash box) distributed sporadically near blood capillaries and mature adipocytes (ad). (C): CD24-immunolabeled precursors were relatively small and thin, with rod-shaped nuclei, and localized along inferior blood vessels or around adipocytes. (D): CD29immunolabeled precursors appeared relatively larger and longer, with oval-like nuclei, and were distributed sporadically in fascia. (E–G):
The distribution pattern of early differentiating adipocytes might mirror the last locations of fascial preadipocytes before onset of differentiation. Early differentiating adipocytes with multiple small lipid droplets immunolabeled with perilipin-1 (E) were localized near small
blood vessels. Blood vessels were seen in the shadows of nonspeciﬁc stains (E) or labeled by vascular marker CD31 (F). H&E stain (G)
showed a clearer map of early differentiating adipocytes and their adjacent structures in thick slices of whole-mounted fascia. Lipid
droplets appeared in white vacuoles after H&E staining. Many early differentiating adipocytes with multiple small lipid droplets and
lately-differentiating adipocytes with relatively large lipid droplets were localized along small blood vessels or distributed sporadically in
the inferior vasculature network of fascia. Many early differentiating adipocytes had near round or oval-like nuclei, similar to EdUlabeled proliferative cells (A,B) and CD29-positive cells (D) with oval-like nuclei, distinguishable from vascular cells and ﬁbrocytes with
fusiform-shaped nuclei in fascia (G). Abbreviations: EdU, 5-ethynyl-2-deoxyuridine; bv, blood vessel; ad, mature adipocyte.

distributed along inferior blood vessels as well as around
mature adipocytes (Fig. 5C). CD29-positive precursors
appeared relatively larger and longer, with oval-like nuclei,
and were distributed sporadically in fascia (Fig. 5D).
Third, considering that preadipocytes are nonmigratory at
onset of differentiation, in reverse order the positions of early
C AlphaMed Press 2016
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differentiating adipocytes in situ in fascia may reﬂect the locations of preadipocytes at onset of differentiation. Thus, we
immunolabeled early differentiated adipocytes with perilipin1, which coats lipid droplets exclusively in adipocytes [17–19]
and is an early marker of adipocyte differentiation [15]. Many
early differentiating adipocytes laden with multiple small lipid
STEM CELLS
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Figure 6. Dynamic development of fascial adipose cells in growing rats. Whole-mounted superﬁcial fasciae of rats at 1–4 weeks old were
stained with Oil Red and hematoxylin. A. Each full-ﬁeld image with 500-mm scale bar (340) showed adipocytes within a fascial area of
7.2 mm2. B. Boxed regions in panel A and the image at 4 weeks were ampliﬁed. From 1 to 4 weeks of age, early differentiating adipocytes
laden with multiple small lipid droplets (arrows) and mature adipocytes (ad) ﬁlled with a large singular droplet gradually increased in number. They occurred primarily around main blood vessels (bv) and then scattered across more inferior vasculatures in fascia.

droplets occurred sporadically or near small blood vessels,
shown by background stain (Fig. 5E) and CD31 stain (Fig. 5F).
Furthermore, H&E staining allowed mapping of early differentiating adipocytes and relationship to adjacent structures in
thick slices of whole-mounted fascia. Clearly, a fair number of
early differentiating adipocytes with multiple small lipid droplets and fully differentiating adipocytes with relatively large
lipid droplets were localized along small blood vessels, or distributed sporadically in the inferior vasculature of fascia (Fig.
5G). Interestingly, early differentiating adipocytes usually
showed a near round or oval-like nucleus (Fig. 5G), similar to
EdU-labeled proliferative cells with oval-like nuclei but different from vascular cells and ﬁbrocytes with fusiform-shaped
nuclei (Fig. 5A, 5G). We cannot identify whether early differentiating adipocytes with oval-like nuclei were derived from
preadipocytes with similar oval-like nuclei, but localization of
early differentiating adipocytes might mirror the last location
of preadipocytes before differentiation.

Dynamic Development of Fascia Adipose
Cells in Fascia
To test whether fascial preadipocytes are physiologically active
in vivo, we examined the dynamic occurrence of adipocytes in
fasciae of growing rats from a juvenile stage to adulthood. In
1-week-old rats, most of the area of the fascia had no adipocytes (Fig. 6A, each image showed an area of 7.2 mm2).
Around the main blood vessel were found only few mature
adipocytes ﬁlled with a large singular droplet (20–100 mm in
diameter), and also a fair number of early differentiating adipocytes laden with multiple small lipid droplets (Fig. 6B). At 2
weeks, mature adipocytes increased in number to form adipose clusters departing from the main blood vessel towards a
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distant fascia location. Meanwhile, many early differentiating
adipocytes arose dramatically from the adventitia of the main
blood vessel and was also distributed sporadically in the network of the inferior vasculature (Fig. 6A, 6B). At 3 to 4 weeks,
the number of mature adipocytes signiﬁcantly increased near
the main blood vessel, and a number of adipocytes appeared
sporadically beyond the main vessel. More and more adipocytes were found to converge, forming clusters of adipose
cells that distributed toward distal fascia areas lacking adipocytes (Fig. 6A, 6B).

De Novo Formation of Adipose Lobule in Fascia
In adult rats at 7 weeks, a large number of adipocytes
assembled to form large monolayer sheets of adipose cells in
fasciae (Fig. 7A-7I). Some adipocytes appeared to overlay on
top of other adipocytes, an early indication of 3D lobules of
adipose tissue (Fig. 7A-7D). Adipose lobules always appeared
to originate from adventitia of the main vessels (Fig. 7E, 7H),
and extend along inferior branches toward distal fascia regions
lacking blood vessels (Fig. 7E-7I). Apparently, the main body of
newly formed adipose lobules was always associated with
abundant neovasculature network (Fig. 7A-7I). In contrast, if
the fascia area did not have an adipose lobule, this area had
less or no vasculature. At the front edge of renascent adipose
lobules, red blood cells (Fig. 7F, 7G) were clearly shown within
the blood capillaries around adipocytes, in the fasciae of rats
without draining the blood (Fig. 7F, 7G). Vigorous microvessels
wrapped around and passed ahead of individual mature adipocytes to form the distal inferior neovasculature of the lobules
(Fig. 7F-7I), which might preserve fascial preadipocytes and
niche for continuous adipogenesis. In addition, some mast cells
C AlphaMed Press 2016
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Figure 7. Formation of adipose lobule in fascia. Superﬁcial fasciae from 7-week-old rats were whole-mounted. Adipose lobules newly
formed in fascia were stained by Nile Red (A, B) and Oil Red (C, D). Nuclei were stained with Hoechst 33258. Some adipocytes (ad)
appeared to overlay on top of other adipocytes (B, D, boxes), indicating the formation of three-dimensional adipose tissue (A–D). H&E
stain (E–G) and Victoria blue-Ponceau S stain (H, I) showed that adipose lobules originated from the adventitia of the main blood vessel
(E, H) and extended along abundant inferior branches. At the front of adipose lobules, capillary vessels wrapped and passed ahead of
mature adipocytes to form a distal neovasculature niche (F, G, I). Red blood cells (RBC) were clearly seen within blood capillaries around
mature adipocytes in fasciae of rats killed without draining the blood from the body (F, G). Histological relationships of microvessels
(bv), elastic ﬁbers (f, blue threads), mast cells (blue cells), and adipocytes (ad) in fascia were shown (E–I). In the ﬁnal box (J), we propose a schematic model of the fascia origin of adipose cells, explaining both adipose neogenesis and expansion (J). Adipose precursor
cells reside in the vasculature of fascia and are physiologically active. During postnatal growth, adipose cells gradually arise from fascial
preadipocytes to form primitive adipose lobules. At the lobule front, capillaries wrap around and pass ahead of adipocytes to form the
distal neovasculature, which might replenish the pool of preadipocytes and supply nutrients and hormones to ensure continuous adipogenesis in situ (J). When some adipocytes overlay on top of other adipocytes, a primitive 3D adipose tissue is formed in the fascia.
Thereafter this fascia naturally becomes the connective tissue continuum of renascent adipose tissue, and still preserves fascial preadipocytes and niche to ensure regeneration of adipocytes inside adipose tissue (J). With continuous adipogenesis, primitive adipose
lobules in superﬁcial fascia, a subcutaneous nonadipose tissue, may gradually expand to from a rudiment of subcutaneous adipose tissue (J).

appeared in the vasculature of adipose lobules (Fig. 7H, 7I),
but this phenomenon was not investigated.

DISCUSSION
As opposed to human superﬁcial fascia, which tightly interdigitates subcutaneous fat [20, 21], superﬁcial fascia in juvenile
rats had no or few adipocytes, and was easily separable from
deep fascia and epimysium of the skeletal muscle, making it
an ideal material for investigating nonadipose-resident preadipocytes. Rat superﬁcial fascia had abundant committedC AlphaMed Press 2016
V

preadipocytes capable of spontaneous and induced adipogenic
differentiation but not myogenic and osteogenic differentiation. Fascial preadipocytes expressed multiple surface markers
of stromal adipogenic precursors, localized in the fascial vasculature, and were physiologically active in vivo. During
growth, early differentiating and fully differentiating adipocytes dynamically arose from preadipocyte-resident vasculatures, and appear to gradually assemble to form primitive
adipose lobules in fascia. At the lobule front, nascent microvessels wrapped around and passed ahead of mature adipocytes to form the distal neovasculature, which might replenish
a pool of preadipocytes and preserve a niche for supplying
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nutrients and hormonal factors necessary for continuous adipogenesis. These ﬁndings support a novel mechanism for a
fascia origin of adipocytes, which could explain the postnatal
neogenesis and expansion of adipose tissue.
To date, the nomenclature, classiﬁcation and even deﬁnition of fasciae remain highly controversial [12, 22, 23].
According to Paoletti’s The Fasciae, fascia is an uninterrupted
sheet of loose connective tissue, which distributes ubiquitously and extends throughout all organs and tissues, and
also surrounds individual cells with fascial ground substance
[12]. Gray’s Anatomy [23] and recent updates [22, 24] deﬁne
four common types of fasciae spanning from the dermis to
the inner body: (1) superﬁcial fascia, (2) deep fascia, (3) fasciae of the skeletal muscle epimysium, perimysium, and endomysium, and (4) visceral fasciae of internal organs. The
histology of all types of fascia is relatively simple; they consist
of abundant collagenous and elastic ﬁbers, ﬁbroblasts, migrant
blood cells, and ground substance. In addition, blood and
lymph vessels may traverse through fascia [12], thus, leaving
their component cells in the fascia. Recently, several studies
examined the differentiation potential of progenitor cells in fascia. Li et al. [25] reported that cells isolated from epimysial and
perimysial fasciae of the rat gluteus maximus have only chondrogenic potential. Wong et al. observed that this epimysial
type of fascial cells possess high chondrogenic but low osteogenic and adipogenic differentiation [26]. These two studies are
inconsistent, and distinct from our observations, possibly
because the fascial cells they tested were from muscle epimysium and perimysium, and were subject to serial subcultures.
In contrast, we used only primary (nonpassaged) fascial cells
from superﬁcial fascia, excluding deep fascia and muscle epimysium. Choi et al. described a 3D tissue culture system to culture the cells outgrown from connective tissues of periadipose
and interskeletal muscles, periadipose and interadipose tissue,
aorta adventitia, and peripheral nerve epineurium of humans
[27]. The specimen processed by Choi et al [27], the connective
tissue of peri skeletal and interskeletal muscles, includes the
superﬁcial and deep fascia and the muscle epimysial fascia
[27]. They observed that cells grown from these fasciae express
stromal markers CD29, CD44, and CD90, and are capable of
adipogenic differentiation in vitro [27], supporting our ﬁnding
of the fascia origin of preadipocytes and adipocytes.
Stromal precursor cells of the rat superﬁcial fascia rarely
expressed surface markers of hematopoietic and vascular endothelia and pericytes, likely due to relatively poor vascularity in
the fascia. Instead, considerable amounts of fascial progenitor
cells expressed CD29, CD44, and CD90 and relatively fewer
expressed CD106 and CD24. These ﬁve markers are known to
label stromal adipogenic precursors derived from adult adipose
tissue [2, 3]. Apparently, superﬁcial fascia is a source of adipogenic precursor cells. When comparison surface markers, fascial
preadipocytes appeared similar to ASCs of subcutaneous fat,
but can be discriminated from ASCs of visceral fat, implicating
a similar origin of preadipocytes from subcutaneous superﬁcial
fascia and subcutaneous adipose tissue. In vivo, fascial preadipocytes showed two distribution patterns in superﬁcial fascia,
along the main blood vessels, and sporadically localized in the
inferior vasculature that may surround mature adipocytes. In
agreement with this ﬁnding, early differentiated and fully differentiated adipocytes occurred always near the major vessel,
only subsequently appearing around microvessels, from which
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one can trace back to the last resident locations of fascial preadipocytes at the onset of differentiation.
Preadipocytes in superﬁcial fascia were found to be physiologically active in vivo. This was shown by the dynamic development of adipose cells and lobules in the superﬁcial fascia of
rats from juvenile stage to adulthood. During growth, more
and more adipocytes occurred and converged to gradually
form a thin adipose sheet. Later, some adipocytes appeared to
overlay on top of other adipocytes to form primitive 3D adipose lobules. Likely, there was a self-organizing process of adipogenesis and angiogenesis simultaneously occurred in the
fascia: primitive adipose lobules always originated from the
adventitia and extended along vessel branches toward the distal fascia, and vice versa, inferior blood vessels formed along
nascent adipose lobule and always branched toward the distal
fascia area. At the front of adipose lobules, capillaries passed
ahead of adipocytes to form the distal neovasculature niche,
which could replenish the pool of preadipocytes and also supply nutrients and hormones necessary for continuous adipogenesis. Taken together, we propose a model for a fascia origin of
adipocytes, as shown schematically in Figure 7J.
Subcutaneous adipose tissue occurs and extends at the
intersection of multiple layers of superﬁcial fascia and
between superﬁcial and deep fascia [20, 21, 24]. Who and
where are the earliest adipogenic precursor cells responsible
for adipogenesis, at an anatomical site where the primitive
subcutaneous fat and its inside preadipocytes have not yet
emerged? Our model suggests that fascial preadipocytes generate adipose cells to form primitive adipose lobules in superﬁcial fascia, a nonadipose tissue. In view of anatomy and
histology, we speculate that the newly formed adipose lobule
in subcutaneous superﬁcial fascia could be the rudiment of
subcutaneous adipose tissue, and with continuous adipogenesis it could develop into a visible depot of subcutaneous fat
(Fig. 7J). Fascia can universally and uninterruptedly extend
into adjacent soft tissues [12, 22, 23]. In fact, anatomical
studies reveal that superﬁcial fascia tightly interdigitates in
subcutaneous fat in adult humans and large mammalians [20,
21, 24]. Thus, once the 3D adipose tissue is formed in a given
superﬁcial fascia, this fascia will naturally become part of the
connective tissue continuum of the newly formed adipose tissue, but should still preserves fascial preadipocytes and niche
microenvironment for continuous adipogenesis inside renascent adipose tissue (Fig. 7J). Therefore, this model might also
explain the generation of new adipocytes from fascial preadipocytes within already-existent adipose tissue, which leads to
adipose massive expansion. In a broad sense, the so-called
adult adipose-derived stromal adipogenic precursors within
adipose tissue could be histologically considered to reside in
the adipose fascia or “adipofascia,” a term nominated recently
on the demand of plastic and liposuction surgery [20]. Choi
et al. observed that cells outgrown from loose connective tissue (adipofascia) of perilobular and interlobular adipose tissue
of humans are capable of adipogenic differentiation [27], supporting our model. If a fascia-speciﬁc promoter was available,
a lineage-tracing analysis could be performed to provide
deﬁnitive evidence for the fascia origin of adipocytes.
Depending on species, body region, gender, age, and
nutrition status, the fascia widely varies in its components,
vasculature, thickness, and arrangement [12, 21, 24, 28].
Accordingly, fascial progenitors may also vary in cell yield
C AlphaMed Press 2016
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and/or differentiation potential. Superﬁcial fascial cells from
humans [27], porcine and rats, but not mice, were capable of
adipocyte differentiation. The mouse fascial cells might contain less adipogenic progenitors, have low adipogenic potential or require special induction conditions. In contrast with
small rodents, humans and large mammals have considerable
amounts of pericardial fat surrounding the heart and the adipose capsule of the kidneys [12, 29]. We observed that fascial
cells of the rat pericardium were moderately differentiated
into adipocytes. However, cells from fascial capsules of the rat
kidney, stomach, and testis rarely expressed adipogenic
markers and were very poorly differentiated, likely due to
fewer adipogenic progenitors in such dense type of fascial
capsules that featured poor vasculatures but compact ﬁbers.
With the advantage of this model for the fascia origin of
adipocytes, further investigation may help to understand wide
variations for the development of adipose tissue in various
physiological and pathological states such as bodily location,
age, sex, or excess nutrition. Also, fascial preadipocytes might
be particularly active at onset of obesity, and thereby impeding adipogenesis in the fascia could be a novel strategy for
limiting adipose neogenesis and expansion in obesity. Furthermore, the bodily superﬁcial fascia is widespread, selfregenerating, and removable without obviously affecting adjacent tissues, therefore, it may be a promising alternative
source of adipogenic progenitors in clinical implications of tissue engineering therapies, such as breast reconstruction and
correction of soft tissue defects after trauma or surgery [30].

adipogenic differentiation in vitro, and are physiologically
active in vivo. Fascial preadipocytes generate adipocytes to
form primitive adipose lobules in superﬁcial fascia, a subcutaneous nonadipose tissue, and with continuous expansion the
adipose lobule might naturally become a rudiment of subcutaneous adipose tissue. This ﬁnding suggests a novel model for
the fascia origin of adipose cells to explain adipose neogenesis and expansion.
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CONCLUSION
We identiﬁed adipose precusor cells resident in the rat superﬁcial fascia, which are capable of spontaneous and inducible
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