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Abstract. The present study aimed to establish a cellular model 
to test the hypothesis that oncogene-induced senescence (OIS) 
is triggered by aging-related activation of microglia. Primary 
microglia were incubated with phorbol 12-myristate 13-acetate 
(PMA), and β-galactosidase (β-Gal) staining was applied 
to subsequent assessment of cellular senescence. Moreover, 
flow cytometry was employed for examinations of cell cycle 
arrest and senescence-associated proteins, p53 and p21 were 
measured by western blotting. Furthermore, examination of 
tumor necrosis factor α (TNF-α) and interleukin-1β (IL-1β) 
were carried out with microglia supernatants undergoing 
age-related degenerative diseases in the nervous system, using 
ELISA. PC12 cells were co-cultured with microglia activated 
by aging-related alteration(s) to evaluate whether apoptosis was 
increased in PC12 cells. Cellular senescence-associated β-Gal 
staining showed that microglial β-Gal expression gradually 
increased with prolonged PMA stimulation. Microglia in the 
group receiving 72 h of PMA stimulation displayed the highest 
percentage of cells arrested in G0/G1, the highest amount of 
senescence-associated expression of p53 and p21, and the most 
prominent secretion of TNF-α and IL-1β. In comparison with 
controls, an increase of apoptotic PC12 cells was detected, 
which were co-cultured with aging microglia. Taken together, 
microglia tend to undergo senescence after PMA treatment, 

suggesting that microglial senescence is associated with inac-
tivation of certain oncogenes.

Introduction

Microglia are considered to be the largest population of 
residual immune cells, which play a major role in maintaining 
brain homeostasis. Microglia not only protect neurons by 
phagocytosing pathogens and harmful particles in the tissue, 
but also, they exhibit toxic effects upon neurons by secreting 
proinflammatory cytokines  (1). Age-associated microglial 
activation contributes to increasing sensitivity of dopami-
nergic neurons to neurotoxins (2). Microglia play essential 
roles in the numerous types of neuropathogenesis, including 
Alzheimer's disease and Parkinson's disease (PD) among 
other aging-related neurodegenerative diseases (3-5). Previous 
studies (6-8) have demonstrated that microglia activated by 
lipopolysaccharide, reduces dopaminergic (DA) neuron death 
caused by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, 
also known as a neurotoxin in newborn rats. However, DA 
neuron death increases in aged rats under the same conditions, 
suggesting a functional switch of microglia from neuroprotec-
tion to neurotoxicity. Microglial senescence may potentially 
explain this functional switch. Thus, microglial senescence 
is likely to be responsible for pathological progression and is 
considered as a pivotal step involved in age-associated neuro-
degenerative diseases (9).

A variety of internal and external stimuli, such as oxida-
tive stress  (10), injury  (11), radiation  (12), tumor protein 
activation  (13), and chemical mutagens  (14) can induce 
cellular senescence. Cellular senescence is basically defined 
as termination of, or a decrease in cell division and expression 
of senescence-related proteins, including elevated endogenous 
β-galactosidase activity (15) and p21 (16). The most common 
pathological senescence is called oncogene-induced senes-
cence (OIS). The initiation of OIS is an endogenous protective 
mechanism in the body, by which tumor growth and progres-
sion are restrained. Threatened by malignant transformation, 
cells cease their abnormal proliferation and initiate the senes-
cence progression, due to activation oncogenes mutations or 
inactivation of tumor suppressor genes  (13,17,18). Phorbol 
12-myristate 13-acetate (PMA), capable of effectively acti-
vating protein kinase C as well as being a potential carcinogen, 
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has a significant role in promoting cellular differentiation, mito-
genesis, survival, apoptosis and transformation (19) through 
the activation of oncogenes (20,21).

Therefore, the present study hypothesized that: i) Senescent 
microglia accumulate and release inflammatory cytokines, 
which drastically alter the cerebral microenvironment; 
and ii) microglial senescence can be over-activated by other 
pathological stimuli and cause damage to DA neurons. A 
previous study on adult rats found that microglial senescence 
can be induced by repeatedly intra-nigrostriatal injection of 
PMA (20). In this study, in vitro experiments were performed 
with microglial cultures to assess the effects of malignant 
transformation on the occurrence of microglia senescence 
and to explore the potential mechanism(s) underlying OIS 
signaling. The current study provides a basis to explore the 
possible mechanisms of PD pathogenesis further and to 
develop interventions through the regulation of dynamic cell-
microenvironmental interactions.

Materials and methods

Microglia and PC12 Culture. Primary microglia were 
obtained from Wuhan Pricells Biotechnology and Medicine 
Co., Ltd. All the procedures regarding animal experiments 
were carried out in compliance of the guidelines for the 
Care and Use of Laboratory Animals, which were approved 
and supervised by the Ethics Committee of China Medical 
University. As with previous studies, microglia cultures 
were isolated from brain tissues of Sprague-Dawley rat 
pups (Wuhan Pricells Biotechnology and Medicine Co., 
Ltd.) (22-24). In brief, after sacrificing the rats, the whole 
brains were dissected out in pre-cold minimum essential 
medium supplemented with L-glutamine (MEM; Invitrogen; 
Thermo Fisher Scientific, Inc.). The meninges were peeled 
off, followed by rinsing the remaining tissue. Afterwards, 
the tissues were in turn strained, digested with dispase 
(1.5  U/ml; Gibco; Thermo Fisher Scientific, Inc.), and 
pelleted by centrifugation at 300 x g for 10 min at room 
temperature. Following re-suspension in MEM, cells were 
seeded in medium containing MEM combined with 10% 
heat-inactivated fetal bovine serum (FBS; Sigma-Aldrich; 
Merck KGaA) and 0.05 mg/ml of gentamycin (Invitrogen; 
Thermo Fisher Scientific, Inc.) in an incubator with 5% CO2 
at 37˚C for 48 h. Afterwards, the medium was refreshed to 
remove cellular debris as well as non-adherent cells. In order 
to harvest microglia after 5-6 days culture, the flasks were 
shaken for 3-4 h on an orbital shaker at 70 x g (37˚C, 5% 
CO2), followed by collecting the supernatant that contained 
microglia and centrifugation at 300 x g for 10 min at room 
temperature. The pellet was re-suspended in freshly prepared 
medium containing MEM, 2% heat-inactivated FBS (GE 
Healthcare; Hyclone™; cat. no. SH30088.03), 0.002 mg/ml of 
penicillin and 0.002 mg/ml of streptomycin. After seeding, it 
normally took 2-3 days for microglia to settle at 37˚C in an 
incubator containing 5% CO2. PC12 cell lines obtained from 
Chinese Academy of Science, were employed as a substitute 
for neurons. They were cultured at 37˚C in a humidified 
incubator containing 5% CO2, utilizing RPMI 1640 medium 
(Thermo Fisher Scientific, Inc.; Gibco™; cat. no. A1049101) 
supplemented with 5% FBS and 10% horse serum (Thermo 

Fisher Scientific, Inc.; Gibco™; cat. no. 026050088). All the 
in  vitro experiments were performed in compliance with 
guidelines approved and supervised by the Ethics Committee 
of China Medical University.

Cell proliferation test (MTT). Microglia were seeded onto a 
96-well plate at the density of 1x104 cell per well and cultured 
in MEM media with 0.4 % FBS for 24 h prior to the addition 
of PMA at various concentrations and different time periods 
(24, 48, 72, and 96 h). Cells of different groups were stained 
with MTT (0.5 mg/ml) for 4 h at 37˚C. The optical density 
at 570 nm was determined, and counted with a Countstar 
Automated Cell Counter, which uses trypan blue staining for 
less than three minutes at room temperature to exclude live 
and dead cells. The proliferation rate (X) was determined 
using the following formula: X=cell counts of treatment group/
cell counts of control group.

Experimental procedure and groups. Either PMA stimulation 
(100 ng/ml in saline, which was diluted from stock solution 
in DMSO) or saline were added to the microglia culture for 
24, 48 or 72 h, respectively. They were subdivided into four 
groups as follows: i) Microglia stimulated with normal saline 
for 24, 48 and 72 h as controls; ii) microglia stimulated by 24-h 
PMA administration; iii) microglia stimulated by 48-h PMA 
administration, and iv) microglia stimulated by 72-h PMA 
administration.

Microglia-PC12 co-culture. Microglia were seeded onto 
permeable transwell chamber (BD Falcon; Becton, Dickinson 
and Company) at the density of 1x104 cell per well while PC12 
cells onto 24-well culture plates at 5x104 cell per well. They 
were both allowed to adhere for 48 h. Cell media had been 
refreshed 24 h prior to treatment. Microglia were treated 
with PMA stimulation (100 ng/ml) with 72-h administration. 
Subsequently, activated microglia underwent aging-related 
alteration(s). The transwell chamber with over-activated 
microglia can be easily transferred into the 24-well plate 
that had already been cultured with PC12 cells for co-culture 
for 24 h, thereby allowing material and/or energy exchange 
between PC12 cells and microglia activated by aging-related 
alteration(s). Finally, the transwell chamber and microglia were 
simultaneously removed from the system of the co-culture 
experiment, and the remaining PC12 cells were then tested 
alone on the 24-well plate under x400 magnification using a 
light microscope.

Cell cycle test (flow cytometry). When reaching 70-80% 
confluence, cells were treated with 0.25% trypsin (Hyclone; 
GE Healthcare) after rinses, followed by fixation with ice-cold 
70% cold ethanol overnight. Samples were then re-suspended 
in 0.5 ml of PBS and then underwent treatment with RNase 
(Sigma-Aldrich; Merck KGaA) to remove RNA. Afterwards, 
they were ready for staining with propidium iodide (Sigma-
Aldrich; Merck KGaA) for 1 h at 4˚C in the darkness. Using a 
Becton Dickinson FACScan system, their DNA was assessed 
by fluorescence-activated cell sorting. For analysis, first the 
pulse width-pulse area map was used to set the gate, a single 
cell population was selected, then this gating was applied to the 
scatter plot and significant cell debris was excluded. CellFIT 
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software (a Windows-based 2D version of CellFIT, known as 
Zazu was downloaded from webpage of Dr. Shane Hutson in 
Vanderbilt University, https://my.vanderbilt.edu/shanehutson/
software/cellfit-cellular-force-inference-toolkit/) was used to 
calculate the percentage of cells in each phase. The G0/G1- 
phase cell ratio was calculated as G0/G1/(G0/G1+S+G2/M). The 
S-phase cell ratio was calculated as S/(G0/G1+S+G2/M).

Senescence-associated β-galactosidase (SA-β-Gal) staining. 
After PBS rinses, microglia were fixed with 4% paraformal-
dehyde (PFA) for 15 min at room temperature, followed by 
removal of the remaining PFA solution. The incubated cells 
were kept in darkness overnight at 37˚C in a sealed and wet 
container. Those cells were covered by fresh staining buffer 
containing 1 mg/ml of X-gal, 40 mM of citric acid/sodium 
phosphate (Ph 6.0), 5 mM of potassium ferricyanide, 150 mM 
of NaCl and 2 mM of MgCl2, which was substituted with 
normal saline immediately before capturing using a light 
microscope under x400 magnification. Total and SA-β-Gal 
positive cells were counted, based on at least three distinct 
fields that were randomly selected, each of which contained 
100 cells in total under each condition.

Immunofluorescence staining. After PBS rinses, microglia 
were fixed with 4% PFA for 20 min at room temperature, 
followed by PBS rinses again and permeabilization with 
0.2%  Triton  X-100 for 10  min. After blocking with 10% 
goat serum (Thermo Fisher Scientific, Inc.; Gibco™; 
cat. no. 16210064) in PBS at room temperature for 30 min, 
cells were then incubated overnight at 4˚C with primary anti-
bodies against p53 (1:400; Cell Signaling Technology, Inc., 
cat. no. 48818) and p21 (1:400; Abcam, cat. no. ab218311), 
and incubated at room temperature for 2  h with fluores-
cent secondary antibodies (Thermo Fisher Scientific, Inc.; 
Invitrogen™; cat. no. A-11030 for goat anti-mouse IgG conju-
gated with Alexa Fluor 546, and A-11035 for goat anti-rabbit 
IgG conjugated with Alexa Fluor 546) in the darkness. Cells 
were then stained with DAPI for 3 min at room temperature. 
After rinses with PBS, the cells were analyzed under a micro-
scope using an inverted mode or a confocal laser scanning 
mode (LX71; Olympus Corporation).

Western blot analysis. Radioimmune precipitation assay 
buffer containing 1% Nonidet P-40, 0.5% sodium deoxycho-
late, 0.1% SDS, 100 mg/ml of phenylmethylsulfonyl fluoride, 
50 kallikrein inactivating units/ml aprotinin and 1 mM of 
sodium orthovanadate in PBS, was freshly prepared. Using the 
bicinchoninic acid assay Protein Assay (Beyotime Institute 
of Biotechnology), the protein concentration of each sample 
was evaluated. Accordingly, 100 mg of protein were loaded 
upon a 15% SDS-polyacrylamide gel and then they were 
transferred to polyvinylidene difluoride membranes (EMD 
Millipore). Immediately following blocking at room tempera-
ture for 60 min or 4˚C overnight, using western blocking 
buffer (Beyotime Institute of Biotechnology; western blocking 
buffer; cat.  no.  P0023B-100  ml), the membrane was then 
incubated with primary antibodies against p53 (1:1,000; Cell 
Signaling Technology, Inc.; cat. no. 48818) and p21 (1:1,000; 
Abcam; cat. no. ab218311) in a 5% skimmed milk-TBST solu-
tion containing 10 mM of Tris-Cl (pH 7.5), 150 mM of NaCl 

and 0.05% Tween 20 at 4˚C overnight. After rinses, all blots 
were then incubated by corresponding secondary antibody 
conjugated to horseradish peroxidase (1:2,500; Santa Cruz 
Biotechnology, Inc.; cat. no. sc-2357 for mouse anti-rabbit 
IgG conjugated with HRP, and sc-516102 for anti-mouse IgG 
Kappa binding protein secondaries) for 1 h at room tempera-
ture. Proteins were visualized via chemiluminescent methods 
(Beyotime Institute of Biotechnology, Chemiluminescent 
EMSA kit; cat.  no.  GS009) based on the manufacturer's 
protocol. Quantitative analyses for protein levels were carried 
out by gray value analysis in Gel-Pro-Analyzer (Media 
Cybernetics, Inc.; Gel-Pro Analyzer Version  6.3 image 
analysis software).

Measurement of intracellular ROS formation. After rinses 
and re-suspension in FBS-free RPMI, microglia were incu-
bated with 10 µM of dichlorodihydrofluorescein -diacetate 
(DCFH-DA; Beyotime Institute of Biotechnology) at 37˚C 
for 20  min, followed by rinsing again with FBS-free 
RPMI. The fluorescence intensity of DCF was evaluated 
in a microplate-reader under 485 nm excitation wavelength 
and 535 nm emission wavelength. Regarding cell observa-
tion using an inverted fluorescence microscope under x200 
magnification, they were stained with 10 µM of DCFH-DA 
for 20 min at 37˚C after rinses with FBS-free RPMI and then 
they were captured using confocal microscopy under x200 
magnification.

Cytokine secretion test (ELISA). Microglia were stimulated 
with PMA at the indicated time (0, 24, 48, 72 or 96 h following 
administration) and culture media removed. FBS-free RPMI 
was used for microglia culture for 24 h and then microglial 
supernatants were collected for ELISA assay. According to 
the standard protocols provided by manufacturers, ELISA kits 
were adopted to detect the TNF-α (Wuhan Boster Biological 
Technology, Ltd.; PicoKine™; cat.  no.  EK0525), IL-1β 
(Wuhan Boster Biological Technology, Ltd.; PicoKine™; 
cat. no. EK0392), serial dilutions of the protein standards and 
supernatant samples were added in a 96-well ELISA plate pre-
coated with TNF-α and IL-1β antibody, respectively. Samples 
then underwent incubation with shaking at 4˚C overnight. 
Subsequently following rinses in each well, the primary anti-
bodies were applied for further incubation at 37˚C for another 
2 h, followed by incubating with HRP-conjugated secondary 
antibody for 1 h. Afterwards, 3,3'-diaminobenzidine solution 
was added at room temperature and the mixture was kept in 
the darkness for ~15-30 min. Afterwards, the reaction was 
terminated by stopping solution and the densities of mixture 
were measured at 450 nm absorbance. Triplicates were used 
for each sample.

Detection of apoptosis of PC12 (flow cytometry). Apoptotic 
and necrotic cells were quantified by Annexin V binding and 
PI uptake. An apoptosis kit (Neobioscience Technology Co., 
Ltd.; cat. no. FAK015.50) was adopted for apoptosis detection. 
Briefly, PC12 cells were centrifuged at 300 x g for 5 min at 4˚C 
and collected in a 1.5 ml Eppendorf-tube and then washed 
twice with cold PBS for 2 times, after being resuspended in 
195 µl binding buffer, 5 µl FITC conjugated with Annexin V 
were applied to each sample and incubated for 3 min in the 
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Figure 1. PMA induces cellular senescence of microglia and inhibits their proliferation. (A) The proliferative evaluation of cells treated with PMA at each time 
point indicated that they were significantly suppressed as compared with the saline-treated 24 h group. (B) Microglia receiving PMA stimulation for 24, 48 and 72 h 
exhibited an increase in cell number, which have been arrested in the G0/G1 phase whereas lowered in the S phase, as compared to the saline-treated 24, 48 and 72-h 
group, respectively (n=10). *P<0.05 vs. the saline-treated 24-h group. (C) Different concentrations of PMA induced proliferation of microglia. Cells treated with PMA 
(100 and 200 ng/ml) had a significantly inhibited cell number compared with corresponding control groups at 24, 48 and 72 h, respectively, while 96 h group showed 
obviously enhanced cellular death. The signal intensity per cell was measured. *P<0.05 and **P<0.01 vs. Control group.PMA, phorbol 12-myristate 13-acetate.  
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darkness, 5 µl PI were added 10 min before flow cytometric 
detection, another 300 µl binding buffer was then supplemented 
till a total volume of 500 µl mixture. Triplicates were used 
for each sample and at least 10,000 cell events were recorded 
from each sample. Cells were analyzed using an automated 
flow cytometer (BD Biosciences; FACScan™) to determine 
the percentages of apoptotic cells with either Annexin V+/PI+ 
or Annexin V-/PI+ labeling.

Statistical analysis. Using SPSS 13.0 software (SPSS, Inc.), 
all data obtained were presented as mean ± standard error. 
Statistical differences between groups (n=10) were determined 
using one-way or two-way analysis of variance in addition to 
Bonferroni's test. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

PMA-induced alterations in microglial cell cycle. A decrease 
in the cell's proliferative ability is another biomarker of 
senescence and changes in the cell cycle reflect the prolifera-
tive potential of cells. Results from flow cytometry analysis 
demonstrated that, compared with the control group, the 
majority of cells from PMA-treated group were found to be 
arrested at the G0/G1 phase, along with a reduced number 
of cells at the S phase (Fig. 1A and 1B). Additionally, there 
was also a rise in the proportion of cells at the G0/G1 phase, 
when they received a longer duration of PMA stimulation, 
whereas the percentage of S phase cells decreased over time 
(Fig. 1A and 1B). Moreover, statistical significance also indi-
cated an obvious decrease in cell number in PMA-treated 

Figure 2. SA-β-gal staining revealing cellular senescence in response to PMA induction. (A) Microglia treated with PMA for different lengths indicated. 
SA-β-Gal signals were observed in cells receiving saline or PMA stimulation for 24, 48 or 72 h, respectively, among which, those cells with the PMA 
simulation for 72 h showed the strongest signals compared with that in the corresponding saline-treated 72-h group (n=10). Scale bars=20 µm. (B) A higher 
percentage of SA-β-Gal positive cells were observed in cells receiving PMA simulation for 24, 48 or 72 h, compared with that in their corresponding saline-
treated groups, respectively (n=10). *P<0.05 and **P<0.01. PMA, phorbol 12-myristate 13-acetate; SA-β-Gal, senescence associated-β-galactosidase.
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groups with higher concentration over time, compared with 
the corresponding saline-treated groups (P<0.05), indicating 
that PMA treatment induced a gradual stagnation of cell 
growth and caused a significant decrease in cell prolifera-
tion (Fig. 1C). Even though the proliferation of cell number 
in the control groups increased steadily over time, cells 
treated with PMA (100 and 200 ng/ml) showed a significant 
inhibition compared with the corresponding control group 
at 48, 72 and 96 h. In particular, 72 h of administration with 
100 ng/ml PMA was the most effective time point in terms 
of inhibition of proliferation, given that conditions of 96 h 

group showed increased cellular death (Fig. 1C). Therefore, 
the longest treatment time was set as 72 h in the following 
experiments.

Expression of SA-β-Gal in response to PMA induction. β-Gal 
is a biomarker that was used to detect cellular senescence. 
Under conditions of Ph 6.0, a blue signal indicates that the 
cells have become senescent. Increased blue signals were 
detected in intracellular particles during cellular senescence 
(Fig. 2). By comparison, quiescent cells, immortalized cells 
and tumor cells did not show any positive signal induced by 

Figure 3. Gene expression and localization of p53 or p21 following PMA induction. Microglia treated with PMA for different time points, i.e. for 24, 48 or 
72 h, respectively, as compared with saline-treated 24-h group, followed by evaluation of the expression levels of p53 (A) or p21 (B) protein, as detected via 
immunofluorescence. Scale bars=50 µm. Images are the representative from three independent experiments. PMA, phorbol 12-myristate 13-acetate.
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β-Gal activity. The present study found that β-Gal-stained 
cells were nearly undetectable in each control group, but levels 
of positively stained cells increased in microglia stimulated 
with phorbol 12-myristate 13-acetate (PMA) over time (Fig. 2). 
Additionally, the most robust staining was observed in cells 
incubated with PMA for 72 h (Fig. 2).

Expression of P53 and P21 protein in response to PMA induc-
tion. Utilizing immunofluorescence and western blotting, 
protein levels of p53 and p21 were examined to detect certain 
cellular responses to PMA induction. The p21 and p53 proteins 
(marked in red) were tested using immunofluorescence micros-
copy. very low levels of p21 and p53 were observed in the 
control group (Fig. 3). However, 24 h microglial stimulation 
with PMA increased p21 fluorescence intensity. The intensity 
of p21 fluorescence gradually increased over time and reached 
its maximum intensity at 72 h. similar changes were observed 
in the p53 protein level intensity (Fig. 3).

Through quantitative analyses for western blotting 
conducted for assessing protein level alterations in p53 and 
p21 from each group, the results showed that only trace 
amounts of p53 and p21 protein were detected in cells 
of the control group (Fig. 4). Compared with the control 
group, PMA treatment upregulated p53 and p21 protein 
levels in a time-dependent fashion. When microglia were 
tested after 24-h PMA treatment, p21 protein expression 
gradually increased (P<0.05) and reached its peak amount 
at 72 h (P<0.01). Comparatively, the p53 protein level was 
upregulated in a time-dependent manner and moreover, a 

significantly enhanced expression level of p53 protein was 
first observed at 48 h of PMA stimulation and peaked at 72 h 
(P<0.01), respectively (Fig. 4).

Expression of intracellular ROS in response to PMA treatment. 
In this study, flow cytometry was used to measure fluorescence 
intensities of intracellular DCF in microglia exposed to PMA 
and the mean fluorescence intensity values (mean values) were 
used to evaluate the level of ROS within microglia. Microglia 
ROS levels in the PMA-treated group displayed an apparent 
increase, compared with the control group and showed 
varying degrees of increase after 24, 48 and 72 h (Fig. 5B). 
The increase in DCF fluorescence intensity occurred after 
24 h PMA treatment and showed a statistically significant 
difference regarding intensity values (P<0.01), compared with 
the saline-treated 24-h control group. The increase in the 
DCF fluorescence intensity was time-dependent and peaked 
after 72 h of PMA treatment (Fig. 5B). A similar pattern was 
observed using immunofluorescence microscopy. The control 
group displayed weak DCF-mediated fluorescence, whereas 
fluorescence intensity gradually increased after 24 h in a time-
dependent manner and the qualitative intensity was highest at 
72 h (Fig. 5A).

Detection of IL-1β and TNF-α in microglia treated with PMA 
for various time points. ELISAs were used to detect the levels 
of IL-1β as well as TNF-α, both of which were secreted by 
microglia from both the control and PMA-treated groups 
(Fig. 6). There were also significant differences, regarding 

Figure 4. Assessment of p53 or p21 expression following PMA induction. (A) Protein levels of p53 and p21 were evaluated via western blotting. (B) Quantitative 
assessment for alterations in p53 or p21 protein level in response to PMA induction at different time points, i.e. for 24, 48 or 72 h, respectively, as compared 
with control (n=10). *P<0.05 and **P<0.01 vs. the saline-treated 24-h group. PMA, phorbol 12-myristate 13-acetate.
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Figure 5. Expression of intracellular ROS in response to PMA treatment. Microglia treated with PMA for different time points. Expression of intracellular 
ROS were detected by (A) fluorescent confocal microscopy and corresponding quantitative analysis, and they were assessed by (B) flow cytometry and 
followed by (C) relative quantification as well. Scale bars=20 µm, n=10. **P<0.01 vs. the saline-treated 24-h group. PMA, phorbol 12-myristate 13-acetate; 
DCF, dichlorodihydrofluorescein.
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levels of TNF-α from the control and PMA-treated groups, 
both of which were exposed for 48 and 72 h, respectively 
(P<0.05). Similarly, significant differences were also noted 
in the amount of IL-1β secreted by microglia at 48 and 72 h 
following PMA stimulation, as compared with the control 
group (P<0.01).

Abnormal morphology and apoptosis in PC12 cells 
following co-culturing with PMA-stimulated microglia. 
Under brightfield microscopy, PC12 cells in the control 
group were assessed and found to exhibit spindle- or 
triangle-shaped morphology and adherent growth (Fig. 7). 
In contrast, PC12 cells co-cultured with senescent microglia 
showed irregular cell morphology. Protruding structures 
gradually disappeared or were shortened and the cells 
became smaller and rounded. Flow cytometry analysis of 
the apoptotic rate demonstrated that, after being co-cultured 
with senescent microglia, in PC12 cells the apoptosis was 
apparently enhanced compared to the saline-treated 24-h 
control group (P<0.05; Fig. 7).

Discussion

Under physiological conditions, senescence occurs naturally 
and refers to a relatively stable state of dividing cells that 
irreversibly lose their proliferative ability and experience 
morphological changes with increasing age in human patients 
or animal models  (25). Based on whether it is related to 
telomere shortening, senescence is divided into physiological 
senescence and pathological senescence. The former is also 
known as replicative senescence because it is characterized by 
an increase in cell passages and the gradual loss of telomeric 
sequences. Pathological senescence is due to the stimulation of 
non-telomeric signals and is not related to telomere shortening 
and decreased proliferative capacity. It occurs in response 
to multiple stimuli under pathological conditions, such as 
oxidative stress (10) injury (11), radiation (12), tumor protein 
activation (13), and chemical mutagens (14), and is character-
ized by the expression of senescence-related proteins, such as 
p53, p21, and β-Gal and G0/G1 cell cycle arrest induced by 
the depletion of ribonucleotide pools without detectable DNA 
damage under certain conditions (26). This study investigated 
the possible mechanisms by which carcinogens induce OIS in 
primary cultures of rat microglia. After stimulating primary 
microglia with the carcinogen PMA for 24, 48 and 72 h, it 
was found that microglia displayed a typical pattern of cellular 
senescence, including cell cycle-arrest phenotypes in the 
G0/G1 phase, slowed cell proliferation, and reduced numbers 
of S-phase cells. In addition, time-dependent increases in β-Gal 
activity and expression levels of senescence-related proteins 
p53 and p21 concurrent with PMA-induced inflammation were 
observed, both of which indicate cellular senescence. During 
cellular senescence, functional alterations also occurred and 
hence normal cellular function is compromised. In the present 
study, it was found that the secretion of inflammatory media-
tors, including IL-1β, TNF-α and ROS, increased with longer 
PMA induction times and that the viability of PC12 cells 
decreased after being co-cultured with microglia stimulated 
by PMA, further confirming that the carcinogen PMA could 
induce pathological senescence in microglia. Senescent 
microglia not only show a significant increase in the release 
of inflammatory mediators (9), but they also have significantly 
different responses following injury, as compared to that of 
cultured neurons (27).

OIS is the most common form of pathological senes-
cence. An endogenous protective mechanism used to prepare 
the body fighting against cancer  (13,17). When cells are 
threatened by malignant transformation, OIS guides cells to 
terminate their abnormal proliferation and to initiate senes-
cence. Subsequently, OIS-induced senescent cells secrete 
cytokines, which in turn further promote cellular senes-
cence, thus potentially forming a positive feedback loop (28). 
Several other studies also pointed out that OIS can also be 
induced by oncogenes activation (29-32). For instance, moles 
are considered as cancerous and/or pre-cancerous tissues 
and are often accompanied by the occurrence of mutations in 
oncogenes. Oncogenic mutations can induce cell senescence 
by OIS and thus can prevent benign nevi from developing 
into a malignant melanoma (33). OIS is, therefore, an endog-
enous protective mechanism by which the body prevents 
cancer progression.

Figure 6. Assessment of expression levels of IL-1β or TNF-α in microg-
lial supernatants following treatment with PMA for different time points. 
Expression of IL-1β or TNF-α were evaluated by ELISA (n=10). *P<0.05 and 
**P<0.01 vs. the control group. IL, interleukin; TNF, tumor necrosis factor; 
PMA, phorbol 12-myristate 13-acetate.
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Senescent microglia are a cardinal cell type of the brain's 
inflammatory microenvironment. During senescence, over-
activated microglia will produce and release a large number 
of cytotoxic factors, such as TNF-α, IL-6, NO, and ROS, 
which have toxic effects on neurons and lead to neuronal 
degeneration and cell death (27,34). IL-1β and TNF-α are two 
important proinflammatory cytokines released by microglia 
during the inflammatory process in the CNS. Two previous 
studies found that inflammatory cytokines are important 
mediators regulating cellular senescence (35,36). The current 
study showed that microglia cultured in  vitro produced a 
large amount of IL-1β and TNF-α when stimulated by the 
carcinogen PMA, suggesting that PMA can induce microglial 
senescence and promote the release of proinflammatory cyto-
kines, including TNF-α and IL-1β, resulting in CNS neuronal 
damage. Moreover, as shown by the in vitro assays, oxidative 
stress can also result from PMA administration (20,37). It 
has been reported previously that ROS are critical factors 
during the senescence and that subsequent oxidative damage, 
resulting from ROS accumulation in senescent cells, can 
cause dysfunctional phenotype(s) (38). Long-term oxidative 
stress leads to the accumulation of oxidative damage, which 
elicits cytotoxicity against natural senescence and leads to 
senescence-related diseases (39,40). Overall, the current study 
verified these previous findings on the basis of generally 
consistent results.

The mechanisms underlying senescence are complex and 
not fully understood. Numerous studies have found a variety 
of signaling pathways (p16INK4a/Rb, p53/p21 and oxidative 
stress) involved in OIS signal transduction pathways (41-44). 
As a tumor suppressor, gene p53 is an important regulator of 

cellular senescence and is triggered by senescence-inducing 
stimuli. Activated p53 promotes the expression of a variety of 
downstream target genes, including p21, thereby inhibiting the 
activity of cyclin A/E and cyclin-dependent kinase 2, preventing 
Rb phosphorylation, and leading to the cessation of cell prolif-
eration (45,46). It has been reported that p53 is only transiently 
increased in senescent cells. In contrast, p21 expression level 
is increased in senescent cells and even can remain stable 
under different conditions (47), suggesting that p53 causes 
cell senescence by activating stable levels of p21 (48,49). The 
present results also indicate that in PMA-treated rat microglia, 
p21 protein levels gradually increased during the senescence 
and were positively correlated with p53 expression.

As a simplified in vitro model, PC12 cells did provide 
solid as well as reproducible results within a relatively short 
period of time, however, the authors admit that primary neuron 
cultures would have been most ideal, which will definitely be 
employed in future investigations. Moreover, a significant 
reduction in cell proliferation during PMA-induced microglia 
senescence was not found. In addition to individual differences 
in experiment operational performance, culture time may 
affect cell proliferation. In addition, although common indica-
tors of cellular senescence show sign of aging, they appear to 
initiate at different time points and increase at different speeds, 
indicating that they emerge during senescence-associated 
sequelae. However, the initiating factor remains to be further 
explored. In short, the current study believes that an in-depth 
investigation of the mechanism underlying microglia senes-
cence will lay the foundation for future explorations of the role 
of microglia in PD pathogenesis and lead to the translational 
application of PD and cancer treatments.

Figure 7. Morphological and flow-cytometric assessment of apoptosis for PC12 cells following PMA stimulation. (A and C) Morphological changes 
in (B and D) flow-cytometric detection of PC12 apoptosis after being co-cultured with PMA-stimulated microglia (n=10). **P<0.01 vs. the control group. 
(E) Quantitative analysis of PC12 cells under two conditions, among which, group I (A and B) stands for PC12 culturing alone, while group II (C and D) stands 
for PC12 co-culturing with PMA-stimulated microglia. PMA, phorbol 12-myristate 13-acetate.
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