
INTRODUCTION

Maxillofacial defects are caused by congenital anomalies 
(e.g., cleft palate), inflammation, trauma, or tumors1,2). 
Regenerative therapy using stem cells or multipotent 
progenitor cells is considered as a promising approach 
to launch such therapies3). In general, cell-based 
regenerative medicine requires procurement of a 
sufficient number of cells4). Expanding cells by subjecting 
them to repetitive passaging in cell culture in vitro is 
necessary and unavoidable, and this passaging process 
has been shown to induce replicative senescence in stem/
multipotent progenitor cells5-7).

Cellular senescence is characterized by the 
irreversible arrest of cell proliferation accompanied by 
morphological changes of cell morphology8). The modes 
of senescence are roughly distinguished into replicative 
senescence, oncogene-induced senescence, and stress-
induced premature senescence according to respective 
triggers9). Classically, telomere shortening associated 
with cell proliferation is thought to cause replicative 
senescence10). Stress-induced premature senescence is 
triggered by DNA damage induced by a wide variety of 
stressors, such as reactive oxygen species, irradiation, 
etc.11,12). In 2008, several research groups advocated the 
concept of senescence-associated secretory phenotypes 
(SASPs)13-15), which were later identified to contain 
various pro-inflammatory factors, miRNAs, and 
proteases16). Although cytokines and chemokines are 
the basic and common components of SASPs, SASPs are 
still found to be different from the types and origins of 

cells16,17). Studies on cellular senescence have revealed 
that SASPs are associated with various chronic diseases, 
wound healing, and development16,18).

Dedifferentiated fat (DFAT) cells derived from 
adipose tissue are considered a promising cell source 
for highly practical regenerative medicine19,20). DFAT 
cells have multilineage differentiation potential, such as 
adipogenic, osteogenic, and chondrogenic differentiation, 
similar to bone-marrow derived mesenchymal stem 
cells (BMSCs)20), dental pulp stem cells21), and adipose-
derived stem cells (ADSCs)22). In addition, DFAT cells 
can be harvested less invasively than BMSCs can 
be, regardless of donor age or underlying diseases23).  
Moreover, homogeneous cells of higher purity are easily 
obtained during the isolation of DFAT cells than during 
that of ADSCs as smooth muscle cells and vascular 
endothelial cells rarely get attached to the flask through 
the ceiling culture24). Despite a variety of studies on 
the promising abilities of DFAT cells exploitable in 
regenerative medicine, little is known about SASP factors 
secreted from senescent rat-derived DFAT cells cultured 
for long term. Thus, this research aims at exploring 
the possible SASP factors secreted from senescent 
DFAT cells comprehensively. In view of the deleterious 
effects of SASPs on inflammation and cytotoxicity16,25), 
the investigation of the SASPs of senescent DFAT cells 
is valuable to step forward the cell-based therapies. 
Therefore, in this study, we prepared senescent DFAT 
cells after long-term cell culture with repetitive passages 
and evaluated the mRNA expression of inflammatory 
cytokines categorized as SASPs using PCR arrays.
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Fig. 1	 (A) Schematic diagram of preparation procedures of rat-derived DFAT cells and microscopic images of DFAT cells 
with the passage number of 1 (p1-DFAT). (B) and (C) Phase-contrast microscopic images of DFAT cells with different 
passage numbers. Scale bar is 100 μm.

MATERIALS AND METHODS

Isolation and preparation of DFAT cells
Animal experimental procedures for isolating DFAT cells 
by the ceiling culture method reported previously26,27) 
(Fig. 1A) were approved by the Ethics Committee of 
Osaka Dental University (Approval No.22-02033) 
and strictly complied. Fat tissues (1 g) from the groin 
femurs of Fisher F344 rats (male, 8-week-old, Shimizu 
Laboratory Supplies, Kyoto, Japan) were collected 
and digested at 37°C for 1 h with 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES)-Dulbecco’s 
modified essential medium (DMEM; Invitrogen, 
Carlsbad, CA, USA) solution including bovine serum 
albumin (2%) and collagenase (0.1%) using a thermostatic 
shaker (BIO-Shaker BR-40LF, TAITEC, Saitama, 
Japan). After digestion and subsequent filtration 
through a nylon mesh followed by centrifugation (100×g 
for 3 min), the mature adipocytes floating in the upper 
layer of the filtered suspension were transferred into 
a culture flask fully filled with DMEM containing 20% 
fetal bovine serum (FBS; cat. no. SH30910.03; HyClone 
Laboratories, Logan, UT, USA). The bottom of flask was 
kept facing upwards during 1-week incubation at 37°C 
in 5% CO2. Then, the flasks were inverted and further 
cultured by changing the medium every 4 days until the 
cells reached confluence. These cells were regarded as 
DFAT cells with passage number 1 (p1-DFAT). DFAT 
cells were cultured in DMEM supplemented with 10% 

FBS and 1% antibiotics (cat. no. 161-23181; Fujifilm 
Wako Pure Chemical, Osaka, Japan) in a 5% CO2 
incubator at 37°C, and repeatedly passaged at each time 
the cells were reached 80% confluence. Cells were named 
according to their passage number (e.g., p3-DFAT for 
DFAT cells that underwent three passages). To observe 
cell morphology, images of p1-DFAT, p3-DFAT, p15-
DFAT, p40-DFAT, and p60-DFAT cells were captured 
using a microscope (IX70, Olympus, Tokyo, Japan) at 
random with a phase-contrast mode.

Flow cytometric analysis of DFAT cells
The surface antigens on the p3-DFAT and p60-DFAT 
cells were characterized by flow cytometry using 
FACSVerse (BD Biosciences, Franklin Lakes, NJ, 
USA). PE-conjugated anti-CD34 (NBP2-47911PE, 
Novus Biologicals, Littleton, CO, USA), APC-conjugated 
anti-CD105 (NB500-452APC, Novus Biologicals), PE-
conjugated anti-CD45 (202207, BioLegend, San Diego, 
CA, USA), and APC-conjugated anti-CD90 (202526, 
BioLegend) antibodies were used in this study. FlowJo 
X software (TreeStar, Ashland, OR, USA) was used for 
data analyses.

Cell Counting Kit-8 (CCK8) assay
CCK8 (Dojindo Laboratories, Kumamoto, Japan) was 
used to compare the proliferative ability of p3-DFAT 
and p60-DFAT cells. Cells were plated into 96 well 
plates (ThermoFisher Scientific, Waltham, MA, USA) at 
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an initial density of 3×103 cells/well. Working solution of 
CCK8 was added to the cells immediately or at 24, 48, 
and 72 h after seeding and incubated for 2 h at 37°C. The 
absorbance of each well at 450 nm was measured using a 
plate reader (SpectraMax M5, Molecular Devices, Tokyo, 
Japan).

Senescence-associated beta-galactosidase (SA-β-Gal) 
staining
p3-DFAT and p60-DFAT cells were separately seeded 
in triplicate in 24-well plates. After 48 h, SA-β-Gal 
activity was determined using a senescence detection 
kit (ab65351, Abcam, Cambridge, MA, USA). Images 
were randomly acquired at 10× magnification using an 
Olympus IX70 microscope (Olympus) in the bright field 
mode.

Real-time polymerase chain reaction (RT-PCR) analysis
The total RNA of p3-DFAT and p60-DFAT was 
extracted using an RNeasy Mini Kit (QIAGEN, Hilden, 
Germany) according to the manufacturer’s protocol. 
cDNA was synthesized from total RNA (500 ng) using  
the SuperScript® VILOTM cDNA synthesis kit (Thermo 
Fisher Scientific). PCR was performed using the One 
Step Plus PCR system under the following conditions. 
Thermal cycling conditions (cycle number: 40): 2 min at 
50°C, 20 s at 95°C, 1 s at 95°C, and 20 s at 60°C. The 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
gene (rat GAPDH endogenous control; Thermo Fisher 
Scientific) was used as the internal standard. Gene 
expression levels were calculated using the ∆∆CT method. 
The experiment was repeated thrice. The accession 
numbers of the TaqMan probes were Rn00589996_
m1(Cdkn1a), and Rn00580664_m1(Cdkn2a).

Immunofluorescent staining
The p3-DFAT and p60-DFAT cells were fixed in 
4% paraformaldehyde (PFA; Fujifilm Wako Pure 
Chemical) for 15 min at 25°C. The cells were blocked 
and permeabilized with phosphate-buffered saline 
(PBS) containing 5% goat serum (cat. no. S-1000; Vector 
Laboratories, Burlingame, CA, USA) and 0.1% Triton 
X-100 (Sigma Aldrich, St Louis, MO, USA) for 20 min. 
Thereafter the cells were incubated with each antibody 
overnight at 4°C. The antibodies (Bioss Antibodies, 
Woburn, MA, USA) were as follows: Alexa Fluor® 555-
conjugated anti-CDKN1A/p21 polyclonal antibody 
(bs-10129R-A555), and Alexa Fluor® 555-conjugated 
anti-CDKN2A/p16-INK4a polyclonal antibody (bs-
20656R-A555). Finally, the nuclei were co-stained 
with DAPI Fluoromount-G® (Southern Biotechnology 
Associates, Birmingham, AL, USA). Staining with an 
antibody for urokinase-type plasminogen activator 
receptor (uPAR) (NBP290454AF647, Novus Biologicals) 
was performed using the same procedure, except for that 
no permeabilization that was carried out. In addition, 
DNA damage detection kit (γH2AX-Green G265, Dojindo 
Laboratories) was used for immunofluorescence staining 
of γH2AX in p3-DFAT and p60-DFAT cells, according to 
the manufacturer’s instructions.

Images were captured using a fluorescence 
microscope (BZ-9000; Keyence, Osaka, Japan). The 
stained cells were quantified in four random fields 
using ImageJ software (1.50d, NIH Image, Bethesda, 
MD, USA) and expressed as the percentage of stained 
(positive) cells to total cells.

Nucleus staining
The p3-DFAT and p60-DFAT cells were fixed in 4% PFA 
for 15 min at room temperature. DAPI Fluoromount-G® 
was then added to the stained cell nuclei. Images were 
captured using a fluorescence microscope and the area 
of 50 DAPI-stained nuclei in each group was measured 
using ImageJ software.

RT2 profiler PCR array analysis
Rat cytokine and chemokine RT2 Profiler PCR Array (cat. 
no. 330231 PARN-150ZA, Qiagen) was used to analyze 
the expression of SASP-related genes in confluent p3-
DFAT (control group) and p60-DFAT cells (experimental 
group) cultured in 48-well plates for 3 days. The vendor 
web-based software module was used to determine 
and analyze the relative expression of each gene. The 
experiments were repeated in triplicate for each group.

Statistical analysis
Statistical significance was evaluated by Student’s 
t-test using the GraphPad Prism 8 software (La Jolla, 
CA, USA). Data are expressed as the mean±SD or mean 
of at least three independent experiments and were 
considered statistically significant when the p-value was 
less than 0.05.

RESULTS

Preparation of DFAT cells with different passage numbers
DFAT cells were isolated from the fat tissue of rats 
and prepared using the ceiling culture technique. 
Immediately after the ceiling culture, the adhered cells 
showed fibroblast-like morphology (Fig. 1A). DFAT cells 
at different passage numbers were obtained by repeated 
subculturing. DFAT cell morphology changed from 
a spindle shape to a flattened shape with vacuolated 
structures as the passage number increased (Figs. 1B 
and C). Flow cytometric analysis revealed no difference 
between the expression patterns of cell surface antigens 
on p3-DFAT and those on p60-DFAT cells (Fig. 2). 
Further, DFAT cells with passage numbers 3 (p3-
DFAT) and 6 (p60-DFAT) were used as explained below 
to explore the biological properties after replicative 
senescence.

Senescent behaviors of DFAT cells after repeated 
subculture
The senescent behaviors of p3- and p60-DFAT cells 
were evaluated through several examinations. First, the 
proliferation profiles of the cells were evaluated (Fig. 
3). Both p3- and p60-DFAT cells proliferated over time, 
the p60-DFAT cells proliferated slower than the p3-
DFAT cells, suggesting that the proliferation activity of 
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Fig. 2	 Expression patterns of surface antigens (CD34, CD45, CD90, and CD105) on DFAT cells with passage numbers 3 
(p3-DFAT) or 60 (p60-DFAT) evaluated by the flow cytometry.

Fig. 3	 Proliferation profiles of p3-DFAT and p60-DFAT 
cells (n=3).

Fig. 4	 Senescent markers expressed in the cytosol of p3-DFAT and p60-DFAT cells.
	 (A) Representative images of SA-β-gal staining. (B) Relative gene expression evaluated by RT-qPCR (n=3). (C–F) 

Representative immunofluorescent staining images for p21 (C) and p16 (D) and their semi-quantitation (E and 
F, violin plot, n=4) with mean gray value. Nucleus were co-stained with DAPI. Scale bar is 100 μm. **p<0.01, 
***p<0.001.

DFAT cells decreased with increasing passage number. 
Secondly, senescence markers expressed in the cytosol 
of p3- and p60-DFAT cells were detected (Fig. 4). The 
p60-DFAT cells had higher SA-β-gal activity than p3-
DFAT cells (Fig. 4A). The expression levels of cdkn1a 
and cdkn2a were higher in p60-DFAT cells than in 
p3-DFAT cells (Fig. 4B). Immunofluorescence staining 
revealed that the expression levels of senescence-related 
cytosolic proteins (p21 and p16) in p60-DFAT cells were 
significantly higher than those in p3-DFAT cells (Figs. 
4C–F). Third, the expression of uPAR, a senescentce-
related protein present on the cell surface, was evaluated 
using immunofluorescence staining. p60-DFAT cells 
expressed significantly greater uPAR than p3-DFAT 
cells (Fig. 5). Fourth, changes in the nuclei of DFAT cells 
associated with repeated subculture were explored (Fig. 
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Fig. 5	 A senescent marker (uPAR) expressed on the surface of p3-DFAT and p60-DFAT cells.
	 Representative immunofluorescent staining image (A) and its semi-quantitation (B, violin plot, n=4) with mean gray 

value. Nucleus were co-stained with DAPI. Scale bar is 100 μm. ***p<0.001.

Fig. 6	 Changes in the nucleus of p3-DFAT and p60-DFAT cells.
	 (A) Representative images of nucleus stained with DAPI. (B) Semi-quantification (violin plot, n=50) with nucleus 

area. (C–D) Representative immunofluorescent staining images for γH2AX (C) and its semi-quantitation (D, violin 
plot, n=4) with mean gray value. Nucleus were co-stained with DAPI. Scale bar is 100 μm. **p<0.01, ****p<0.0001.

6). The nuclei of p60-DFAT cells were larger than those 
of p3-DFAT cells (Figs. 6A and B). Expression of γH2AX 
protein, which is related to nuclear DNA breaks, was 
higher in p60-DFAT cells than in p3-DFAT cells (Figs. 
6C and D). These results clearly demonstrated that 
DFAT cells undergo cellular senescence after repeated 
subculturing.

Exploration of possible SASP
Based on these results, p3- and p60-DFAT cells 
were regarded as non-senescent and senescent cells, 
respectively. The possible SASPs were explored by 
comparing the gene expression levels between non-
senescent and senescent cells using the rat cytokine and 
chemokine RT2 profiler PCR array (Fig. 7). The array 

used in this study included 84 inflammatory factors 
that can be categorized as chemokines, growth factors, 
TNF superfamily members, interleukins, and cytokines. 
The expression levels of many genes were altered by 
replicative senescence (Fig. 7A). These results were 
analyzed based on expression differences (Fig. 7B), and 
the following 16 genes were upregulated in senescent 
DFAT cells (p60-DFAT) compared to their expression 
in non-senescent DFAT cell with fold-change more than 
2 and a significant p-value (Fig. 7C): chemokine (C-C 
motif) ligand 11(Ccl11), chemokine (C-C motif) ligand 
12 (Ccl12), chemokine (C-C motif) ligand 21 (Ccl21), 
chemokine (C-C motif) ligand 5 (Ccl5), colony stimulating 
factor 2 (Csf2), chemokine (C-X-C motif) ligand 11 (Cxcl1), 
chemokine (C-X-C motif) ligand 12 (Cxcl12), interferon 
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Fig. 7	 (A) Heat map of relative gene expression in DFAT cells.
	 Relative gene expression level of p60-DFAT cells to p3-DFAT cells was evaluated by the cytokine and chemokine 

RT2 profiler PCR array. Levels of gene expression relatively up-regulated and down-regulated are indicated in warm 
and cool colors, respectively. (B) The volcano plot of gene expression level in p60-DFAT cells (group 1) relative to p3-
DFAT cells (control group). Yellow, blue, and black plots indicate up-regulated (difference: >2-fold), down-regulated 
(difference: >2-fold), and non-differentially expressed genes (difference: ≤2-fold), respectively. (C) Bar chart of genes 
with fold-change greater than 2 and significant statistical (p<0.05) differences. The genes plotted in the upper-right 
corner of Fig. 7B. Data is expressed as the mean of observations (n=3).

alpha 2 (Ifna2), interleukin 11 (IL11), interleukin 12a 
(IL12a), interleukin 13 (IL13), interleukin 1 alpha (IL1a), 
interleukin 1 receptor antagonist (IL1rn), interleukin 6 
(IL6), macrophage migration inhibitory factor (Mif), and 
tumor necrosis factor (Tnf).

DISCUSSION

Advances in cell therapy have widened the use of 
various multipotent stem or progenitor cells, including 
DFAT cells28). Nevertheless, information regarding the 
replicative senescence and SASP behavior of rat DFAT 
cells is scarce. In this study, we demonstrated that 
cells cultured for up to 60 passages provoked cellular 
senescence, leading to elevated expression of mRNAs, 
encoding numerous inflammatory cytokines associated 
with SASP factors.

Senescent markers are known to show heterogeneity 
in senescent cells, depending on the cell type, origin, and 

senescence stage29,30). Cellular senescence is commonly 
verified using a variety of senescent markers and other 
hallmarks8,31). Additionally, senescent cells generally 
change their cell8) and nuclear shape32). In our data, there 
was a negligible difference in the cell surface antigens 
(CD 90 and 105) representative markers of DFAT cells33) 
up to passage 60 (Figs. 2 and 3) and slight attenuation 
of cell growth. However, we could confirm cellular 
senescence in p60 cells using a variety of representative 
senescence markers such as SA-β-Gal, p21, p16, and 
uPAR (Figs. 4 and 5). In addition to the expression 
changes of these markers, morphological changes were 
also observed in p60-DFAT cells that gradually got 
flattened with enlarged nuclear. These results indicated 
that DFAT undergoes replicative senescence when 
expanded in vitro.

p21, encoded by the CDKN1A gene, leads to cell cycle 
arrest at G1/S when highly expressed34); p16, encoded 
by the CDK2A gene, has been reported to be significant 
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in maintaining irreversible growth arrest35). Our data 
showed that p60-DFAT cells expressed both p21 and 
p16, as evident from PCR assay and immunofluorescence 
staining (Fig. 4). Nevertheless, cell proliferation ability 
was retained even in DFAT cells after long-term cell 
culture up to passage 60. Other porcine DFAT cells also 
exhibit similar resistance to long-term cell culture36). 
Meanwhile, other stem cells (e.g., ADSCs) or progenitor 
cells readily lose their proliferative ability after long-
term cell cultures37). Given these results, DFAT cells 
may have resistance mechanisms to evade cell cycle 
arrest when subjected to cellular senescence. In 
addition to the decrement of proliferative capacity, the 
cellular senescence impairs the capacity to differentiate 
stem cells38). MSCs have diminished the osteogenic 
differentiation potential with increasing passage 
numbers in vitro39). Our other unpublished findings 
also show that senescent DFAT cells do not escape the 
decline in osteogenic differentiation.

Although the relationship between replicative 
senescence and stress-induced premature senescence is 
controversial in the long history of cellular senescence 
study11), replicative senescence has been categorized 
differently from stress-induced premature senescence40). 
Indeed, other researchers have reported that replicative 
senescence can be distinguished from induced senescence 
by analyzing rDNA or methylation of its promoter41). 
Telomerase shortening, the main phenotype of cell 
replication, is thought to be the main trigger for inducing 
replicative senescence42,43). Recently, various studies have 
shown that telomere shortening causes constant DNA 
damage response, leading to stress-induced premature 
senescence44). Other researchers have shown that the 
substrate stiffness of the culture surface modifies the 
degree of cellular senescence; hydrogel stiffness reduces 
replicative senescence in MSCs45). In our study, we found 
more cells with γH2AX-positive nuclear DNA damage in 
p60-DFAT cells than in p3-DFAT cells. However, the 
damage was not present in all 60-DFAT cells, although 
most of them expressed p21, a well-known marker for 
senescence. We presume that p60-DFAT cells might 
undergo cellular senescence by telomere shortening 
and receive stress from the stiffness of the cell culture 
plates albeit not analyze the telomere shortening in this 
study.

SASP factors secreted from senescent cells not only 
reinforce senescence in their own via autocrine signaling 
but also affect adjacent cells and even alter the local 
microenvironment into an inflammatory niche through 
paracrine effects46). In our study, p60-DFAT cells secreted 
more cytokines than p3-DFAT cells as shown by the 
RT2-PCR array analysis. The up-regulated genes with 
statistical significance could be broadly classified into the 
following categories: interleukins (IL-11, IL-1a, IL-12a, 
IL-13, IL-1rn, IL-11, and IL-6), chemokines (Mif, Ccl5, 
Ccl11, Ccl12, Ccl21, Cxcl1, and Cxcl12), growth factors 
(Csf2), TNF family (Tnf), and other cytokines (Ifna2). All 
of their downstream proteins have been recognized as 
SASPs in a previous study47). Among them, IL-1a and 
IL-6 have been reported to enhance the senescent state 

through autonomous action35). Csf-2, IL-11, IL-13, IL-
1a, IL-6 and TNF are involved in DNA damage-induced 
senescence35).

SASPs have been considered a double-edged sword 
that mediates several pathological and physiological 
effects in senescent cells18). Some SASP secretions 
occasionally function as crucial factors for wound 
healing48) and development49). Acute short exposure to 
SASPs has been shown to promote regeneration through 
induction of cell plasticity and stemness50). In contrast, 
chronic accumulation of SASP factors can lead to negative 
results50). Those molecules damaged the surrounding 
tissues, hampering tissue regeneration processes such as 
bone formation51,52). Based on the complexity of SASPs, 
more specific experiments would be essential to clarify 
how SASP factors from DFAT cells that affect the host 
in vivo. Since the PCR array performed in this study 
is limited to evaluating the expression profiles at the 
mRNA level, the main limitation of this study is the lack 
of information on how the secreted SASPs interact with 
surrounding cells, which needs to clarified in the future 
investigation. However, the comprehensive data from 
our PCR array analysis may provide valuable insights 
to estimate the properties of senescent DFAT cells.

CONCLUSION

In this study, we investigated the characteristics of 
replicative senescent DFAT cells after long-term cell 
culture up to passage number 60 and comprehensively 
analyzed the changes in the SASP factors secreted from 
the cells. Our study indicates that DFAT also undergoes 
cellular senescence during continuous passage of 
cultures and may secrete various types of SASP factors. 
We could not find p21- and p16-positive cells at passage 
three, while p60-DFAT exhibited stable characteristic 
surface antigens and senescence markers (p21, p16, and 
uPAR), suggesting that DFAT cells became senescent 
after the passages. Additionally, p60-DFAT cells had 
larger nuclei than p3-DFAT cells did. γH2AX-positive 
nuclei were detected, indicating that the cells partially 
underwent DNA damage after long-term cell culture. 
During the PCR array analysis, numerous mRNAs 
encoding inflammatory cytokines (i.e., IL-6, TNF) and 
chemokines (i.e., Ccl12) were found to be increased in 
p60-DFAT cells compared to those in p3-DFAT cells. 
These results indicate that long-term cell culture causes 
cellular senescence in DFAT cells, resulting in the 
enhanced secretion of inflammatory SASP factors. The 
effect of SASP secretion should be carefully considered 
when using prolonged-cultured DFAT for cell-based 
treatment.
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