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Abstract. Mature adipocytes are the major cell type in adipose 
tissue. This study aimed to explore the osteogenic potency of 
dedifferentiated fat cells obtained from osteoporotic patients 
(opDFATs) in  vitro and in  vivo. Mature adipocytes and 
adipose‑derived stem cells (opASCs) were harvested from 
subcutaneous adipose tissue. Mature adipocytes were dedif-
ferentiated to produce opDFATs by the ceiling culture method. 
OpDFATs were osteogenically induced in vitro with opASCs as 
a control. Cell growth, alkaline phosphatase (ALPase) activity 
and cell mineralization were determined, and expression levels 
of osteogenesis‑specific genes (collagen I, osteocalcin and 
bone sialoprotein) were analyzed using quantitative reverse 
transcription polymerase chain reaction. After 14 days, the 
opDFATs were combined with a poly(lactide‑co‑glycolide)‑ 
β‑tricalcium phosphate porous scaffold after being suspended 
in collagen I gel and implanted into nude mice for 4 weeks 
prior to histological analysis. Unilocular lipid droplets in 
mature adipocytes gradually split into smaller droplets 
and disappeared from the cytoplasm. Mature adipocytes 
dedifferentiated to opDFATs and cell morphology changed 
from spherical to elongated. High levels of ALPase and cell 
mineralization were observed in opDFATs by staining. No 
significant differences were found between the growth curves, 
ALPase activity, cell mineralization and expression levels of 
osteogenesis‑specific genes between opDFATS and opASCs. 
After implantation for 4 weeks, new bone tissue was observed 

histologically in the opDFATs‑based biocomposite. OpDFATs 
are implicated as a novel type of seed cell for bone tissue 
engineering based on their osteogenic potency and higher 
abundance in adipose tissue compared with opASCs.

Introduction

In an aging population, osteoporosis, which is defined as 
bone mineral density reduction and bone microarchitecture 
deterioration, is becoming an increasingly common health 
problem (1). Even minor trauma, such as a fall from standing 
height, is sufficient to cause severe fractures at multiple sites 
(principally in the spine, hip, distal radius and proximal 
humerus (1). Such fractures are referred to as fragility fractures 
and are exclusively related to osteoporosis (1). Furthermore, 
once these fractures occur, measures adopted for osteoporosis 
prevention and treatment become difficult and less effective (1). 
If internal fixation techniques fail (due to screw loosening or 
pull‑out), aseptic prosthetic loosening after arthroplasty and 
periprosthetic fractures become more likely due to decreased 
strength and increased fragility of the osteoporotic bone (1). 
This situation may be worsened when reconstructing large 
bone defects and non‑unions become unavoidable after major 
trauma or tumor resections (1). To date, autologous cancellous 
bone grafting remains the therapeutic gold standard method 
used to reinforce bone mass and strength; however, limited 
graft availability, donor site morbidity and decreased bone 
marrow osteogenesis limit its use for this type of clinical 
application (2‑4).

Cell‑based bone tissue engineering holds great promise. 
Selecting suitable seed cells, which possess favorable  
bone formation capacity, is critical for the fabrication of 
eligible bioengineering composites. The osteogenic potency 
of bone marrow mesenchymal stem cells (BMSCs) and 
adipose tissue mesenchymal stem cells (ASCs) has been 
widely identified and used to enhance bone tissue formation 
by combination with bioengineering scaffolds and/or osteo-
genic cytokines (1,5,6).

However, widespread application of BMSCs and ASCs 
for this purpose is unsuitable in elderly patients. Osteoporosis 
is frequently related to obesity (7,8), although the underlying 
mechanism for this has not yet been fully elucidated. Osteoblasts 
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and adipocytes are both derived from BMSCs; therefore, 
decreased osteogenesis and increased adipogenesis of BMSCs 
increases bone marrow adiposity and also enhances body fat 
deposition (9,10). The application of BMSCs with reduced 
osteogenic capacity could limit the potential of these cells for 
the treatment of bone defects. However, abundant fat tissues 
could be a source of alternatives to BMSCs for this purpose. 
Compared with BMSCs, ASCs exhibit superior osteogenic 
capacity, and could be used to maintain adequate capability 
in elderly people suffering from osteoporosis  (1,11,12). As 
terminally differentiated cells, mature adipocytes can be 
transformed into more primitive dedifferentiated fat cells 
(DFATs), which regain multilineage differentiation poten-
tial (13‑15). After osteogenic differentiation, DFATs combined 
with biocomposites have been used to form new bone tissue 
in ectopic sites and to repair lacunar bone defects  (14,16). 
Derived from mature adipocytes, which constitute the major 
part of adipose tissue, DFATs are a more abundant cell type 
compared with ASCs. Therefore, DFATs should be a key focus 
of bone tissue engineering research, especially for the treat-
ment of osteoporosis and related diseases.

Previous studies have demonstrated that ASCs from 
osteoporotic patients (opASCs) possess favorable osteogenic 
potency (1). In the present study, DFATs were derived from the 
fat cells of osteoporotic patients (opDFATs) and their osteo-
genic potential was evaluated both in vitro and in vivo.

Materials and methods

Isolation and culture of opDFATs and opASCs. Before cell 
harvesting, related protocols were approved by the Medical 
Ethics Committee of Yantai Yuhuangding Hospital Affiliated 
to Qingdao University Medical College (Yantai, China; 
approval no.  YYYLLS[2014]126) and written informed 
consent was provided by all patients. Subcutaneous fat 
tissues were obtained from 12  patients between January 
and December 2014 (8 females and 4 males; average age 
65.2±16.8 years) during surgery for the repair of hip fractures 
by internal fixation or total hip arthroplasty. The adipose 
tissues were washed with sterilized phosphate buffered 
saline, finely minced and digested with 0.1% collagenase I 
(Sigma‑Aldrich; Merck KGaA, Darmstadt, Germany) at 37˚C 
for 1 h. Collagenase I was neutralized by adding an equal 
volume of control medium containing Dulbecco's modified 
Eagle's medium (Gibco; Thermo Fisher Scientific, Inc.) 
and 10% fetal bovine serum (Hangzhou Sijiqing Biological 
Engineering Materials Co., Ltd., Hangzhou, China), then the 
tissues were filtered through a 150‑µm mesh filter to remove 
the debris. The filtrate was centrifuged at 150 x g for 6 min. 
The top layer, containing unilocular adipocytes, and the 
pellet were collected separately. The pellet was resuspended 
and processed consecutively to isolate and culture opASCs 
in vitro as previously described (1).

Mature adipocytes were isolated using the ceiling culture 
method. A total of ~5x104 mature adipocytes were placed in each 
25 cm2 culture flask (Nalge Nunc International, Penfield, NY, 
USA) that were completely filled with the control medium and 
incubated at 37˚C under 5% CO2. The cells floated and adhered 
to the top inner layer of the flasks. During the first 3‑4 days, 
mature adipocytes adhered loosely to the ceiling surface and 

cell movement could be observed with gentle shaking of flasks. 
At day 7‑8, the cells started to lose their spherical shapes and 
adhered more strongly to the ceiling layer; no cell movement 
could be detected with shaking. After sufficient attachment of 
cells (usually 10‑12 days), the flask was reinverted. The medium 
was removed and replaced every 3 days with ~5 ml on each 
occasion. At confluence, the cells were passaged with 0.25% 
trypsin/EDTA and replated at a 1:3 dilution.

In vitro osteogenic differentiation. OpDFATs and opASCs at 
passage 2 were induced in 6‑well plates (2x104 cells/well) in 
osteogenic differentiation medium [control medium supple-
mented with 0.1  µM dexamethasone, 50  µg/ml ascorbic 
acid‑2‑phosphate and 10  mM β‑glycerophosphate (all 
Sigma‑Aldrich; Merck KGaA)]. The medium was replaced 
every 3 days. In order to evaluate the osteogenic potency of 
opDFATs, alkaline phosphatase (ALPase) activity and calcium 
deposition assays were conducted using the diazo coupling 
method and von Kossa staining as previously described (17,18), 
respectively, at 14 and 21 days after induction.

The DNA content of opDFAT and opASC wells was deter-
mined by fluorometric assay. At day 1, 7 and 14, cells were 
treated with trypsin, collected by centrifugation at 150 x g 
for 6 min at room temperature and lysed by sonication. The 
homogenate was mixed with Hoechst 33258 stain (Dojindo 
Molecular Technologies, Inc., Kumamoto, Japan). Emission  
and excitation spectra were obtained using a Modulus Microplate 
Luminometer (Turner BioSystems; Promega Corporation, 
Madison, WI, USA) at 458 and 356 nm, respectively.

ALPase activity and cell mineralization measurement under 
osteogenic differentiation in vitro. At day 7 and 14, opDFATs 
and opASCs were lysed by trypsinization, centrifugation and 
sonication. The ALPase activity of cell lysates was determined 
by measuring the release of p‑nitrophenol from p‑nitrophenyl 
phosphate (Sigma‑Aldrich; Merck KGaA). The release of 
p‑nitrophenol was monitored by measuring the optical density 
at 405 nm. The optical densities were then compared with 
a standard p‑nitrophenol solution (Sigma‑Aldrich; Merck 
KGaA). The protein concentrations of cell lysates were deter-
mined biochemically using the Bicinchoninic Acid Protein 
Assay kit (Pierce; Thermo Fisher Scientific, Inc.) according 
to the manufacturer's protocols. Results are expressed as nmol 
p‑nitrophenol per µg protein per min.

For evaluation of cell mineralization, cell lysates were 
obtained using the aforementioned method and incubated 
overnight at 4˚C with 1 ml 0.5 N HCl with gentle shaking. 
Ca2+ ion levels were determined using the o‑cresolphthalein 
complexone method with a commercial Calcium C kit (Wako 
Pure Chemical Industries, Ltd., Osaka, Japan) according to the 
manufacturer's protocols.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR) of osteogenesis‑specific genes under osteogenic 
differentiation in vitro. At days 1, 7 and 14, total RNA was 
extracted from opDFATs and opASCs using TRIzol reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.) and was 
reverse‑transcribed to cDNA using a PrimeScript™ RT 
reagent kit (Takara Biotechnology Co., Ltd., Dalian, China) 
according to the manufacturer's protocol. Then, qPCR assays 
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were performed in a total volume of 25 µl containing 1 µl 
cDNA, 10 µM gene‑specific primers, 2x SYBR Premix Ex 
Taq™ (Takara Biotechnology Co., Ltd.), 50x ROX Reference 
Dye and dH2O, in an ABI 7500 Real‑Time Thermocycler 
(Applied Biosystems; Thermo Fisher Scientific, Inc.). The 
reaction conditions were as follows: Initial denaturation at 
94˚C for 10 min, followed by 45 cycles of 94˚C for 40 sec, 60˚C 
for 30 sec and 72˚C for 30 sec. β‑actin was used as an internal 
control to evaluate total RNA input. The expression levels of 
the osteogenesis‑specific genes collagen I (COL I), osteocalcin 
(OC) and bone sialoprotein (BSP) were calculated using the 
comparative threshold‑cycle method. The efficiency of each 
assay was calculated using the formula E=10‑1/slope. The 
following primer sequences were used in RT‑qPCR assays 
(sense, antisense): β‑actin (5'‑ACA​GAG​CCT​CGC​CTT​TGC​C‑3', 
5'‑ACA​TGC​CGG​AGC​CGT​TGT​C‑3'), COL I (5'‑GCA​AGG​G 
AGA​AAA​GGG​TGA​ACC‑3', 5'‑GTG​GCT​CCA​GCA​GGA​C 
CA​G‑3'), OC (5'‑CTC​CAG​GCA​CCC​TTC​TTT​CC‑3', 5'‑ATT​C 
CT​CTT​CTG​GAG​TTT​ATT​TGG​G‑3'), BSP (5'‑ATA​CCA​TCT​
CAC​ACC​AGT​TAG​AAT​G‑3', 5'‑AAC​AGC​GTA​AAA​GTG​T T 
C​CTA​T TTC‑3').

In vivo implantation of opDFATs. Approval was obtained 
from the Institutional Animal Review Committee of Yantai 
Yuhuangding Hospital Affiliated to Qingdao University 
Medical College (approval no. YYYDWS[2014]058) prior 
to beginning animal research in this study. A total of 6 
4‑week‑old nude mice (sex ratio 1:1; body weight 14‑16 g) 
were bought from the Animal Center of BinZhou Medical 
College (Yantai, China) and housed in specific pathogen 
free cages, supplied with autoclaved food, water and bedding 
ad libitum at 26‑28˚C with 40‑60% humidity at the animal 
center of BinZhou Medical College, (Yantai, China). Before 
implantation, collagen I gel and poly (lactide‑co‑glycolide)/β
‑tricalcium phosphate (PLGA‑β‑TCP) porous scaffold were 
prepared as previously described  (1). Passage 2 opDFATs 
were suspended in 100 µl collagen I at 2x106 cells/ml and 
seeded into the porous PLGA‑β‑TCP scaffold on ice. They 
were then incubated at 37˚C for 30 min to allow gel forma-
tion to fabricate the opDFAT‑COL/PLGA‑β‑TCP composite. 
The constructs were cultured in osteogenic medium at 37˚C 
in an atmosphere containing 5% CO2 for 14 days. Mice were 
anesthetized with 1% pentobarbital sodium at 40  mg/kg 
(Sigma‑Aldrich; Merck KGaA) and constructs were implanted 
into the space between the subcutaneous tissue and the deep 
fascia of nude mice. The mice were sacrificed by cervical 
dislocation 4 weeks later and the implants were harvested and 
prepared for histological analyses by hematoxylin and eosin 
staining. An acellular COL/PLGA‑β‑TCP composite was 
implanted as a blank control.

In addition, scanning electron microscopy (SEM) was 
used to observe cell adhesion and fabrication structure of the 
opDFAT‑COL/PLGA‑β‑TCP composite. Briefly, the osteogenic 
medium was removed following 14 days of in vitro culture and 
the cell‑scaffold composites were washed 3 times with PBS, 
fixed with 2.5% glutaraldehyde, dehydrated through a graded 
series of ethanol, and critical point dried. Samples were fixed 
onto SEM aluminum stubs, sputter coated with gold and 
observed under a scanning electron microscope (Hitachi Ltd., 
Tokyo, Japan).

Statistical analysis. All quantitative data are expressed as the 
mean ± standard deviation. SPSS 19.0 software (IBM SPSS, 
Armonk, NY, USA) was used for data analysis. Student's 
t‑tests were used to analyze the results of ALPase activity and 
extracellular mineralization assays. The relative expression 
level of osteogenesis‑specific genes was compared by analysis 
of variance. P<0.05 was considered to indicate a statistically 
significant difference.

Results

In vitro osteogenic differentiation of opDFATs. At day 1, the 
unilocular mature adipocytes floated on the top layer of the 
medium and made contact with the inner ceiling surface of the 
flasks (Fig. 1A). Small movements of the mature adipocytes 
were observed with gentle shaking. At day 6‑7, the unilocular 
adipocytes adhered tightly to the inner ceiling surface of the 
flasks. Mature adipocytes started to lose their spherical shape 
and exhibit fibroblast‑like morphology. Unilocular lipid drop-
lets in the cytoplasm gradually split into smaller droplets at 
day 10‑12 (Fig. 1B). The culture medium was then replaced 
and the flasks were reinverted so that the cells were cultured 
on the bottom surface. Primary culture duration to reach 
confluence was usually 15‑20 days (Fig. 1C).

Subsequently, the cells were passaged with 0.25% 
trypsin/EDTA and replated at a 1:3 dilution. The primary 
culture of opASCs was performed as described previously (8). 
OpDFATs and opASCs at passage 2 were cultured in osteo-
genic medium and received further examination. As shown 
in Fig. 1D, opDFATs and opASCs exhibited similar growth 
profiles. The DNA content of opDFATs increased continu-
ously, with no statistically significant differences detected as 
compared with opASCs.

ALPase activity and extracellular mineralization of 
opDFATs. From day 7 to 14, the ALPase activity of opDFATs 
was found to be significantly enhanced (P<0.05; Fig. 2A). 
There was no statistically significant difference between 
ALPase activity levels in opDFATs and opASCs (Fig. 2A). 
The results of the diazo coupling method revealed an exten-
sive purple‑stained area, confirming ALPase activity in 
opDFATs (Fig. 2B).

Extracellular mineralization of opDFATs increased 
significantly from day 7 to 14 (P<0.05; Fig. 2C). No statisti-
cally significant difference was detected between extracellular 
mineralization levels in opDFATs and opASCs (Fig.  2C). 
Von Kossa staining of extracellular matrix mineralization 
confirmed that calcium deposition was present in opDFAT cell 
culture, visible as black nodules (Fig. 2D).

Osteogenesis‑specific gene expression. COL I expression 
in opDFATs increased significantly at days 4, 7 and 14 as 
compared with day 1 (all P<0.05; Fig. 3A), with no significant 
differences in COL I expression levels observed between 
opDFATs and opASCs. Compared with day 1, a continuous 
increase in OC expression was observed in opDFATs on 
days 4, 7 and 14, with significant differences at each time point 
(all P<0.05; Fig. 3B). No significant differences in OC expres-
sion levels were observed between opDFATs and opASCs. 
Similarly, BSP expression in opDFATs increased continuously 
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Figure 2. (A and B) ALPase activity and (C and D) extracellular mineralization of opDFATs. Quantitative expression of (A) ALPase activity (C) extracellular 
mineralization in opDFATs. Qualitative staining of (B) ALPase activity and (D) extracellular mineralization in opDFATs after osteogenic induction for 14 
and 21 days respectively. Expression of ALPase activity can be observed as purple‑stained area and calcium deposition as black nodules. Magnification, x20. 
*P<0.05 vs. day 14, statistically significant difference between opDFATs. ALPase; alkaline phosphatase opDFAT, dedifferentiated fat cell obtained from an 
osteoporotic patient; opASC, adipose‑derived stem cell obtained from an osteoporotic patient.

Figure 1. In vitro culture of opDFATs. (A) Mature adipocytes obtained using the ceiling culture method. Black arrows indicate unilocular lipid droplets. 
(B) Mature adipocyte morphology changed from spherical to elongated. Black arrows indicate unilocular lipid droplets that have split into smaller droplets. 
(C) Mature adipocytes dedifferentiated into fibroblast‑like opDFATs and reached confluence. (D) DNA content of opDFATs compared with opASCs under 
osteogenic induction. Magnification, x20. *P<0.05, statistically significant difference between opDFATs at different culture time‑points. opDFAT, dedifferenti-
ated fat cell obtained from an osteoporotic patient; opASC, adipose‑derived stem cell obtained from an osteoporotic patient.
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from day 1 to days 4, 7 and 14, with significant differences 
between each time point (all P<0.05; Fig. 3C). No significant 
differences in BSP expression levels were observed between 
opDFATs and opASCs.

In vivo implantation of the opDFATs‑based composite. For the 
opDFAT‑COL/PLGA‑β‑TCP composite, surfaces and pores of 
the PLGA‑β‑TCP scaffold (Fig. 4A) were filled with opDFATs, 
which were entrapped by collagen I gel as demonstrated by SEM 
(Fig. 4B and C). Four weeks after in vivo implantation, woven 
bone tissue with visible osteocytes containing lacunae was 

formed evenly in the pores of the opDFAT‑COL/PLGA‑β‑TCP 
composite (Fig. 4D). In contrast, no bone tissue was observed 
except connective tissues in the COL/PLGA‑β‑TCP composite 
(data not shown).

Discussion

In the present study, it was demonstrated that mature adipo-
cyte‑derived DFATs isolated from subcutaneous fat tissues of 
osteoporotic patients (opDFATs) possess osteogenic differen-
tiation capacity equivalent to that of opASCs.

Figure 3. Osteogenesis‑specific gene expression of opDFATs and opASCs under osteogenic induction. Reverse transcription‑quantitative polymerase chain 
reaction was conducted to evaluate (A) COL I, (B) OC and (C) BSP expression levels. *P<0.05, statistically significant difference among opDFATs at different 
culture time-points (COL I and OC); **P<0.05, statistically significant difference between opDFATs at days 1, 4, 7 and 14 (BSP). COL I, collagen I; OC, 
osteocalcin; BSP, bone sialoprotein; opDFAT, dedifferentiated fat cell obtained from an osteoporotic patient; opASC, adipose‑derived stem cell obtained from 
an osteoporotic patient.

Figure 4. In vivo implantation of an opDFAT‑based composite. Scanning electron microscope images of (A) PLGA‑β‑TCP scaffold (magnification, x100) and 
(B) opDFAT‑COL/PLGA‑β‑TCP (magnification, x100). (C) Magnified view of the insert from B, in which opDFATs can be seen in close contact (magnifica-
tion, x200). (D) Hematoxylin and eosin staining. Black arrows indicate typical osteocytes, ‘s’ indicates scaffold and ‘b’ indicates bone tissue. Magnification, 
x100. opDFAT, dedifferentiated fat cell obtained from an osteoporotic patient; opASC, adipose‑derived stem cell obtained from an osteoporotic patient.
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Treatment of osteoporotic fractures is highly demanding 
because of the inherent changes in bone tissue, including 
reduced bone mineral density, unfavorable geometry at cortical 
bone sites and deteriorated bone microarchitecture  (2,3). 
Cell‑based tissue engineering can be used to augment bone 
mass, strengthen osteointegration around the periprosthetic 
region and reconstruct bone defects. BMSCs exhibit a low 
proliferative capacity and decreased osteogenic potential 
among the elderly population, especially those individuals 
with osteoporosis (19,20). Harvesting and in vitro culture of 
BMSCs obtained from this population is problematic due to 
increased patient distress, donor site morbidity, infection risk 
and poor osteogenic capacity (1). These problems decrease the 
feasibility of translating the isolation of BMSCs from osteopo-
rotic patients into a potentially clinical application (1).

Previous results have suggested that osteoporosis and 
obesity share common etiological features. These include 
overlapping genetic and environmental predisposition, high 
concurrence of osteoporosis and bone marrow adiposity 
during normal aging, similar regulation mechanisms via 
the hypothalamus and sympathetic nervous system for bone 
remodeling and adiposity, and common progenitor mesen-
chymal stem cells (7). However, the interaction between fat 
mass and bone is complex. Previous studies have indicated that 
excessive fat mass is associated with beneficial effects on bone 
that protect against osteoporosis (21,22), although conflicting 
results have also been reported (23,24). This discrepancy may 
be due to complicated regulation mechanisms, which are 
mediated by adipocyte‑derived peptides, pancreatic hormones 
and mesenchymal stem cell differentiation (25).

In relation to bone tissue engineering, excessive fat mass 
is favorable because it represents an abundant seed cell source 
that can be utilized to treat osteoporosis‑related fractures (1). 
Adipose tissue contains adipocytes and non‑adipose cells 
(ASCs, fibroblasts, endothelial cells, blood cells and macro-
phages)  (26). Studies conducted both in  vitro and in  vivo 
have demonstrated that human ASCs can differentiate 
towards multiple lineages, such as adipocytes, osteoblasts, 
chondrocytes, myocytes, neuronal cells, endothelial cells and 
hepatocytes  (27). ASCs have been demonstrated to main-
tain proliferative and osteogenic differentiation capacity, 
particularly in elderly people with osteoporosis  (1,11,12); 
however, ASCs account for only a small proportion of 
the total cells in adipose tissue. Several studies have also 
demonstrated that ASCs are a heterogeneous population 
containing smooth muscle cells, endothelial cells, mast cells 
and lineage‑committed progenitor cells (28,29). These factors 
could hinder the osteogenic induction process of ASCs, by 
making in vitro culturing more difficult and time‑consuming 
before implantation in vivo.

Mature adipocytes are functionally the most important 
cell type in adipose tissue, with a typical morphology char-
acterized by the presence of a single, large cytoplasmic lipid 
droplet accounting for ~90% of its volume (26). As demon-
strated in this study, mature adipocytes can be isolated using 
the traditional ceiling culture method. The unilocular lipid 
droplets in mature adipocytes cause the cells to float in the 
culture medium and they can therefore be easily isolated from 
other cell populations. Previously, flow cytometric analysis has 
revealed that a highly homogeneous population of opDFATs 

cells can be obtained using this technique (26). As terminally 
differentiated cells, mature adipocytes can be dedifferentiated 
and transdifferentiated towards multiple lineages, including 
chondrocytes, osteoblasts, skeletal myocytes, smooth muscle 
cells and cardiomyocytes (26,30‑33). During ceiling culture 
in vitro, it was observed that the lipid droplets in mature adipo-
cytes gradually diminished, accompanied by changes in cell 
morphology from spherical to elongated. The cells then dedif-
ferentiated as opDFATs and entered a proliferation phase similar 
to opASCs. In vitro investigations suggested that opDFATs 
possess favorable osteogenic potential comparable to that of 
opASCs. Furthermore, in vivo studies confirmed ectopic bone 
tissue formation of opDFAT‑based bioengineering composites. 
Previous studies have demonstrated the osteogenic capacity of 
DFATs and related biocomposites (14,34); however, there have 
been few reports of osteogenesis‑related research on DFATs 
isolated from osteoporotic patients. DFATs harvested from the 
ovariectomy‑induced osteoporosis model in rabbits showed 
osteogenic activity similar to cells from healthy samples (16). 
Intra‑bone marrow injection of autologous DFAT cells 
significantly increased the bone mineral density at the injected 
site  (16). Hence, opDFATs could become an alternative to 
opASCs as a seed cell source for bone defect repair in osteo-
porotic patients by bone tissue engineering methods.

Previous results of molecular analysis indicate that mature 
adipocytes contain transcripts for embryonic stem cell genes, 
which are required for self‑renewal and pluripotency (15). 
During the dedifferentiation process in culture, DFATs lose 
mature adipocyte markers including lipoprotein lipase, leptin, 
glucose transporter type 4, adiponectin, adipocyte protein 2 
and preadipocyte factor‑1 (15,26). Transcription factors which 
regulate adipocytic differentiation (peroxisome prolifer-
ator‑activated receptor gamma and CCAAT‑enhancer‑binding 
proteins α, β and δ) are also significantly downregulated, 
while those that are critical for osteogenesis and chondro-
genesis (runt‑related transcription factor 2 and SRY‑box 9) 
are expressed during dedifferentiation (26). Flow cytometric 
analysis demonstrated that DFATs exhibit uniform cell 
surface protein expression similar to that of BMSCs  (26). 
After dedifferentiation in culture, DFATs showed the capacity 
to transdifferentiate toward the osteogenic lineage under 
osteogenic induction in culture (34). Similar to BMSCs and 
ASCs, the BMP signaling pathways participate in this process. 
Upregulation of BMPR‑IB has been shown to promote osteo-
blast differentiation of DFATs (34,35).

In addition to the aforementioned confirmation of 
opDFATs as a suitable source of seed cells, it has previously 
been demonstrated that three‑dimensional porous scaffolds 
act as micro frames for seed cells to adhere, proliferate and 
differentiate. PLGA‑β‑TCP (7:3  w/w) scaffolds with 90% 
porosity and 300 to 350 µm pores were designed and produced 
using the low‑temperature deposition manufacturing tech-
nique (36). Previous experiments by the current authors have 
demonstrated that the PLGA‑β‑TCP scaffold possesses good 
biocompatibility, biodegradability, osteoconductivity and 
mechanical properties after combination with ASCs in vitro 
and in vivo (5). In the present study, opDFATs were encapsulated 
in collagen I hydrogel and then combined with a PLGA‑β‑TCP 
porous scaffold. Collagen I hydrogel can hold large numbers 
of seed cells in porous scaffolds and promote their osteogenic 
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differentiation (5,12). SEM evaluation indicated that opDFATs 
were in close cell‑to‑cell contact, mediated via crosslinking of 
collagen I fibers and complete overgrowth around and into the 
porous scaffold. New bone tissue was formed after implanta-
tion of opDFAT‑COL/PLGA‑β‑TCP composites in vivo.

Previous results have demonstrated that opASCs exhibit 
sustained proliferation and adequate osteogenicity in contrast 
to the impaired BMSCs in osteoporotic patients (8). In the 
present study, mature adipocytes were harvested and dediffer-
entiated to generate opDFATs. In vitro and in vivo osteogenic 
differentiation analyses suggested that opDFATs also exhibit 
favorable osteogenesis capacity. By using collagen I hydrogel as 
a cell carrier and incorporation with a PLGA‑β‑TCP scaffold, 
an opDFAT‑COL/PLGA‑β‑TCP composite was fabricated and 
demonstrated to form new bone tissue in vivo. Future studies 
will focus on the repair of bone defects in orthotopic sites.

The present study is not without limitations. The osteogenic 
potential of opDFATs was primarily evaluated through in vitro 
culture and in ectopic sites with COL/PLGA‑β‑TCP scaffolds 
as cell carriers. Future studies should focus on a combination 
of opDFATs at different densities with various biomaterials 
and their bone formation capacity both in vitro and in vivo. 
The opDFATs‑based biocomposites should be applied to repair 
larger bone defects in animals so as to provide more convincing 
data concerning sustained osteogenesis of opDFATs.
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