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INTRODUCTION 
 

Most cells in the human body have a short lifespan,  

and senescent cells are detectable in a wide range  

of tissues from a very early age, well before reaching 

young adulthood [1]. p16INK4a mRNA is a widely used 

biomarker to measure cellular senescence [2–4], and is 

expressed in replicable cells (i.e., stem cells). Elevated 

p16INK4a expression in tissues inhibits cell proliferation, 

delays wound healing, and impairs physical fitness [5].
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ABSTRACT 
 

Higher intensity exercise, despite causing more tissue damage, improved aging conditions. We previously 
observed decreased p16INK4a mRNA in human skeletal muscle after high-intensity interval exercise (HIIE), with 
no change following equivalent work in moderate-intensity continuous exercise. This raises the question of 
whether the observed senolytic effect of exercise is mediated by inflammation, an immune response induced 
by muscle damage. In this study, inflammation was blocked using a multiple dose of ibuprofen (total dose: 
1200 mg), a commonly consumed nonsteroidal anti-inflammatory drug (NSAID), in a placebo-controlled, 
counterbalanced crossover trial. Twelve men aged 20–26 consumed ibuprofen or placebo before and after HIIE 
at 120% maximum aerobic power. Multiple muscle biopsies were taken for tissue analysis before and after HIIE. 
p16INK4a+ cells were located surrounding myofibers in muscle tissues. The maximum decrease in p16INK4a mRNA 
levels within muscle tissues occurred at 3 h post-exercise (−82%, p < 0.01), gradually recovering over the next  
3–24 h. A concurrent reduction pattern in CD11b mRNA (−87%, p < 0.01) was also found within the same time 
frame. Ibuprofen treatment attenuated the post-exercise reduction in both p16INK4a mRNA and CD11b mRNA. 
The strong correlation (r = 0.88, p < 0.01) between p16INK4a mRNA and CD11b mRNA in muscle tissues suggests a 
connection between the markers of tissue aging and pro-inflammatory myeloid differentiation. In conclusion, 
our results suggest that the senolytic effect of high-intensity exercise on human skeletal muscle is mediated by 
acute inflammation. 
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Table 1. Characteristics of participants. 

 Mean  SE 

Number of participants 12 

Age (y) 22.1  0.5 

Height (cm) 173.5  1.5 

Weight (kg) 74.3  3.5 

BMI 23.7  1.0 

VO2peak (ml/min/kg) 34.4  2.2 

Maximal Aerobic Power (Wmax) 196.5  9.8 

Rating of Perceived Exertion (RPE)  

Placebo 6.9  0.5 

Ibuprofen 6.9  0.6 

Maximal Heart Rate  

Placebo 179.4  4.2 

Ibuprofen 178.3  4.3 

(Values are represented as mean  standard error). 

 

Clearance of senescent cells has been shown to 

enhance physical fitness and healthspan in animals  

[6]. Senescent cell accumulation in tissues also results 

in low-grade chronic inflammation [7]. 

 

Cellular senescence has been shown to increase pro-

inflammatory myeloid differentiation for phagocytosis 

[8, 9], characterized by increased CD11b mRNA of 

myeloid cells in tissues [10, 11]. Inflammation is a local 

immune response that functions to recognize and clear 

senescent cells [12, 13], followed by cell regeneration 

until inflammation is resolved [14]. This negative 

feedback mechanism enables tissues to dynamically 

maintain their healthy and youthful state against various 

external challenges during the entire lifetime. However, 

most knowledge to construct this theory comes from 

extrapolation of in vitro works and animal injury studies. 

No human evidence is currently available to demonstrate 

the role of acute inflammation in the senolytic effect of 

exercise, as well as its subsequent impact on the pro-

inflammatory status in human skeletal muscle. 

 

We recently reported a significant decrease in p16INK4a 

mRNA levels in the human skeletal muscle of young 

men, 24 h after HIIE [15]. This senolytic outcome 

occurred after a significant immune cell infiltration 

(i.e., CD11b+ cells) in muscle tissues immediately 

post-exercise with elevation in γ-H2AX signals. 

However, no cell infiltration and senolytic outcomes 

were observed after moderate-intensity exercise with a 

similar cycling workload (~70 kJ). These findings 

suggest that inflammation, typically observed with a 

higher magnitude of muscle damage, may be necessary 

to trigger the senolytic effect of exercise in human 

skeletal muscle. Furthermore, it remains unclear 

whether the senolytic response can occur as early as 

within 3 h after high-intensity exercise. The present 

study was designed to investigate the causality between 

exercise-induced senolytic effects and inflammation 

using ibuprofen, a widely used anti-inflammatory 

drug. While demonstrating efficacy in alleviating pain, 

the maximum over-the-counter doses of ibuprofen  

can hinder both strength and muscle hypertrophic 

adaptations during an exercise training period in young 

adults [16]. Here we examined the time course of 

changes in p16INK4a mRNA and pro-inflammatory 

myeloid differentiation (CD11b mRNA) in human 

skeletal muscle at 3 h and 24 h following HIIE under 

ibuprofen-treated and placebo-treated conditions.  
 

RESULTS 
 

Participant characteristics are shown in Table 1. Rating 

of perceived exertion (RPE) and maximal heart rate 

(HRmax) at the end of HIIE were similar for the placebo 

and ibuprofen trials. 

 

Figure 1 presents the results of p16INK4a mRNA in 

muscle tissues after HIIE. During the placebo trial, 

p16INK4a mRNA expression in the skeletal muscle 

decreased by 82% at 3 h and 62% at 24 h post-exercise, 

compared to the pre-exercise baseline (Figure 1A) (3 h: 

p < 0.05, d = 1.23; 24 h: p < 0.05, d = 0.88). This 

response was significantly attenuated by ibuprofen at 

3 h after HIIE (placebo vs. ibuprofen: p < 0.05, d = 

2.03), and the difference between groups diminished  

in 24 h. Individual responses of p16INK4a mRNA in 

human muscle tissue after placebo and ibuprofen trials 

are shown in Figure 1B, 1C, respectively. The senolytic 

effect of HIIE was observed mostly in the muscle 

samples with high baseline senescence (n = 5) before 

exercise. p16INK4a is exclusively expressed in cells
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outside myofibers according to immunohistochemical 

(IHC) analysis. 

 

Figure 2 presents the results of CD11b mRNA 

expression in human muscle, which indicates pro-

inflammatory differentiation of infiltrated myeloid cells 

[10]. HIIE notably lowered CD11b mRNA in skeletal 

muscle over the 24-hour recovery period. The decreases 

reached 87% at 3 h and 80% at 24 h, compared to  

the pre-exercise baseline (Figure 2A) (3 h: p < 0.05, 

 

 
 

Figure 1. Effect of ibuprofen on p16INK4a expression in human skeletal muscle after HIIE. Decreased p16INK4a mRNA after HIIE was 

attenuated by ibuprofen administration (A). A wide individual variation of the exercise response was observed for both placebo (B) and 
ibuprofen (C) trials. †Denotes significant difference against placebo, p < 0.05; *denotes significant difference against Pre, p < 0.05. 
Abbreviation: HIIE: high intensity interval exercise. 
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d = 1.03; 24 h: p < 0.05, d = 0.92). This anti-

inflammatory effect of HIIE was attenuated by ibuprofen 

administration, with reductions of only 66% at 3 h  

and 73% at 24 h post-exercise (3 h: p = 0.06, d = 0.75;  

24 h: p < 0.05, d = 0.83). The disparity in CD11b mRNA 

at 3 h post-exercise between the placebo and ibuprofen 

trials was small (p = 0.07, d = 0.7). Individual responses  

of CD11b mRNA in human muscle tissue after placebo  

and ibuprofen trials are shown in Figure 2B, 2C,  

which also demonstrate a similar normalization trend of

 

 
 

Figure 2. Effect of ibuprofen on CD11b expression in human skeletal muscle after HIIE. Decreased CD11b mRNA after HIIE was 

moderately attenuated by ibuprofen administration (A). A wide individual variation of the exercise response was observed for both placebo 
(B) and ibuprofen (C) trials. †Denotes significant difference against placebo, p < 0.05; *denotes significant difference against Pre, p < 0.05. 
Abbreviation: HIIE: high intensity interval exercise. 
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HIIE as seen in the p16INK4a mRNA response.  

In particular, reductions in CD11b mRNA expression  

after exercise were observed only in muscle samples 

with high levels of CD11b mRNA before exercise  

(3 h: p < 0.05, d = 2.42; 3 h: p < 0.05, d = 2.05). A very 

high correlation between p16INK4a mRNA and CD11b 

mRNA was observed across all muscle samples in this 

study (r = 0.88, p < 0.001) (Figure 3). 

 

Figure 4 illustrates the results of DNA strand break 

(TUNEL-positive nuclei/mm2) and DNA repair markers 

(γ-H2AX-positive foci/mm2) in human skeletal muscle 

after HIIE. Representative immunofluorescence staining 

of TUNEL-positive nuclei in biopsied muscle is shown 

in Figure 4A. Decreases in DNA strand break levels 

after HIIE from pre-exercise baseline to 3 h and  

24 h was small and not statistically significant (Figure 

4B). A representative immunohistochemical staining 

image of γ-H2AX positive foci is shown in Figure  

4C. γ-H2AX levels at 3 h and 24 h after HIIE were  

not significantly different from pre-exercise baseline 

(Figure 4D). 
 

DISCUSSION 
 

HIIE is known to induce transient inflammation and 

DNA damage in skeletal muscle [15]. We have further 

found that the senolytic effect of exercise in human 

skeletal muscle occurs only at an intensity high enough 

to induce significant muscle inflammation (such as 

HIIE), as opposed to moderate intensity exercises with  

a similar amount of cycling work [15]. This effect  

was evident 24 h after exercise. Therefore, in this study 

we hypothesized that the senolytic effect of exercise is 

occurred rapidly within 3 h after HIIE and associated 

with transient inflammation during intense muscle 

contraction. To test this hypothesis, we measured the 

senolytic effect of HIIE under an anti-inflammatory 

condition to determine whether this effect may also 

occur as early as 3 h after exercise. The key findings  

of the study are as follows: (1) The most significant 

reduction in cellular senescence within the muscle 

occurred within 3 h following an acute session of high-

intensity interval exercise (HIIE). Subsequently, the 

senolytic effect gradually reversed over the next 3 to 

24 h; (2) The decreased CD11b expression in immune 

cells within muscle tissues suggests that a transition 

from the phagocytic phase to the regenerative phase  

of inflammation can occur within 3 h following HIIE; 

(3) Ibuprofen administration delayed both the senolytic 

and anti-inflammatory effects of HIIE in human skeletal 

muscle. It is noteworthy that the observed senolytic  

and anti-inflammatory effects in human muscle were 

achieved with a very low volume of high-intensity 

exercise (15 sets of 20-second cycling at 233 ± 11 

watts) completed within 10 minutes, and these dual 

effects persisted for a prolonged period (24 h). 

 

It is generally accepted that p16INK4a mRNA is 

expressed only in replicable cells [3, 17]. Lowered 

p16INK4a mRNA levels in skeletal muscle suggests  

the replenishment of new stem cells in exercised 

muscle tissues occurs within 3 h after HIIE. In  

this study, no p16INK4a+ signal was detected within 

myofibers, supporting the notion that the nuclei within 

myofibers are post-mitotic [18]. The replenishment  

of damaged nuclei in myofibers is primarily provided 

by surrounding stem cells [19]. 

 

 
 

Figure 3. A high correlation between p16INK4a mRNA (cellular senescence) and CD11b mRNA (pro-inflammatory myeloid 
differentiation) in human muscle tissues. 
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To further examine individual responses among 

participants, we have found that the significant decrease 

in p16INK4a mRNA was primarily contributed by the 

muscle samples with high baseline senescence status. 

Muscles with low pre-exercise levels of senescence 

showed negligible changes in p16INK4a mRNA. This  

in vivo evidence suggests that high-intensity exercise 

provides a stringent selection pressure to stem cells in 

the late stages of senescence. Furthermore, this outcome 

indicates that high-intensity exercise can lead to a

 

 
 

Figure 4. Effect of ibuprofen on DNA strand break and DNA repair (γ-H2AX+ foci) in human skeletal muscle after HIIE. DNA 

strand break in nuclei (blue) is visualized by TUNEL immunofluorescence stains (green light) (A). DNA strand break at 3 h and 24 h after HIIE 
was comparable to pre-exercise baseline during both placebo and ibuprofen trials (B). γ-H2AX+ foci, shown in representative 
immunohistochemical stains (brown precipitate), are located in both myonuclei and the nuclei outside myofibers (C). γ-H2AX+ nuclei at 3 h 
and 24 h after HIIE was similar to pre-exercise baseline during both placebo and ibuprofen trials (D). Abbreviations: HIIE: high intensity 
interval exercise; TUNEL: terminal deoxynucleotidyl transferase dUTP nick end labeling. 
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dynamic shift in the age profile of stem cells residing in 

human skeletal muscle. Whether this tissue renewal 

phenomenon is contributed to by Pax7+ satellite cell 

division, CD34+ bone marrow stem cell replenishment 

or decreased phagocytes remains to be examined [20]. 

 

In this study, we have found a prolonged reduction  

in CD11b mRNA 3 h following HIIE, suggesting a 

reduced proinflammatory myeloid differentiation of 

cells in skeletal muscle [21, 22]. Integrin CD11b is a 

surface marker presenting in many types of myeloid 

cells, particularly in neutrophils [23]. Myeloid cells 

can differentiate into both phagocytes and muscle stem 

cells depending on the tissue environment [24, 25]. 

Phagocytes specifically recognizes and clears senescent 

cells by phagocytosis, forming a negative feedback 

mechanism to maintain youthfulness of tissues to 

lower basal inflammation [12, 13]. The result of the 

present study, together with our previous findings [15], 

suggests that a longer period of anti-inflammatory 

outcomes in skeletal muscle can be attained by a 

transient pro-inflammatory stimulus from a short 

episode of HIIE. Ibuprofen is known to inhibit early 

(phagocytic) phase of inflammation [26], which in turn 

slow down the entire inflammation program, as the 

aforementioned negative feedback mechanism for cell 

renewal induced by exercise. The accumulation of 

senescent cells in tissues is a key driver of chronic 

inflammation, marked by a notable increase in pro-

inflammatory mediators [27]. 

 

In this study, a very high correlation between p16INK4a 

mRNA and CD11b mRNA in skeletal muscle, offering 

compelling in vivo human evidence to support this 

concept. The results also affirm a prior discovery [28], 

highlighting a significant correlation between the 

muscle cellular senescence marker p16INK4a mRNA and 

Myeloperoxidase (MPO) mRNA in human skeletal 

muscle. MPO, highly expressed in phagocytes, indicates 

reduced inflammation levels following the clearance of 

senescent cells after high-intensity exercise. 

 

An acute bout of high intensity exercise can induce an 

immediate release of bone marrow stem cells into 

circulation [29]. We have previously shown increased 

bone-marrow stem cell homing and proliferation in 

muscle tissues 24 h after HIIE [15, 28]. Chronic 

inflammation is currently known as a common 

denominator of age-associated metabolic disorders [30]. 

Therefore, the prolonged anti-inflammatory response 

after a brief pro-inflammatory stimulus from HIIE 

suggests a clinical promise in treating metabolic 

complications. Despite ibuprofen’s ability to delay 
senolytic and anti-inflammatory effects following HIIE, 

the clinical concern is minimal as both placebo and 

ibuprofen achieved comparably low levels of cellular 

senescence and decreased CD11b expression after 24 h 

of recovery. 

 

γ-H2AX+ myofibers and fragmented DNA levels in 

human skeletal muscle elevates immediately after HIIE 

(0 h), returning to the pre-exercise baseline within 24 h 

[15]. The speed at which this DNA damage repair can 

be resolved after HIIE is currently unknown. Our study, 

adjusted to the biopsy time (3 h after exercise), revealed 

no significant difference in γ-H2AX levels between the 

pre-exercise baseline and 3 h post-exercise, indicating  

a rapid resolution of DNA damage repair following 

HIIE. γ-H2AX is a protein necessary for recruiting  

and localizing proteins to form DNA repair machinery 

[31]. These results align with our earlier findings and 

with the observation that complete recovery from acute 

exercise-induced DNA fragmentation can occur within 

3 h after moderate prolonged exercise (60 minutes of 

exercise at 70% VO2max) [32]. DNA damage is a factor 

contributing to cellular senescence, which can increase 

when the extent of DNA damage exceeds the body’s 

DNA repair capacity [33]. 

 

The present study provides the first evidence 

demonstrating the importance of acute inflammation 

on the senolytic effect of exercise. Inflammation is an 

immune program required for muscle regeneration 

after injury [14]. Ibuprofen is an anti-inflammatory 

drug widely used to reduce pain during and after 

exercise in training athletes. Whether a long-term use 

of ibuprofen has a negative impact on the positive 

senolytic effect from exercise remains to be examined. 

It has been shown that a high dose of ibuprofen  

(1200 mg/day similar to the present study) attenuated 

training adaptation in muscle strength and muscle 

hypertrophy following 8 weeks of resistance exercise 

in young adults [16]. However, a moderate-dose 

ibuprofen study showed negligible effect on muscle 

hypertrophy, muscle strength, and rating of muscle 

soreness following 6 weeks of resistance training in 

young adults [34]. It is conceivable that rejuvenated 

tissues after senescent cell clearance have gained 

higher capability to extract nutrients compared with 

the tissues with greater proportion of senescent stem 

cells. It also remains to be seen whether the same 

inflammatory-mediating effects occur in the elderly 

consuming nonsteroidal anti-inflammatory drugs and 

exercising. For the future, more markers of inflam-

mation and senescence markers such as MPO, SABG, 

EDU, IL-6 should be measured to demonstrate the 

inflammatory blockade of ibuprofen. 
 

CONCLUSION 
 

We provide the first evidence demonstrating an 

attenuated senolytic effect of HIIE in human skeletal 
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muscle under ibuprofen treatments, suggesting the 

necessity of inflammation for the exercise-induced 

senolytic outcomes. Additionally, we further show a 

diminished pro-inflammatory myeloid differentiation 

3 h following HIIE, suggesting a fast transition from  

the phagocytic phase to the regenerative phase of 

inflammation. 

 

MATERIALS AND METHODS 
 

Participants 

 

Sixteen sedentary young men (aged 20–26 y) who did 

not engage in regular exercise (less than 1 day per 

week) were recruited via a website advertisement. 

Four initially shortlisted applicants withdrew from the 

study, leaving 12 participants for assessment. They 

had a range of weights (57–90 kg), heights (171–183 

cm), BMIs (20.4–29.4 kg/m2), and VO2peak levels  

(25–48 ml/kg/min) (Table 1). To prevent potential 

confounding factors related to menstruation-induced 

inflammation, only male participants were recruited 

for the experiment. 

 

To ensure study validity, all eligible participants  

were instructed to abstain from substances that  

could potentially affect inflammation (such as anti-

inflammatory medications, nutritional supplements,  

and vaccinations), for at least four weeks before and 

during the study. Individuals with drug allergies, recent 

smoking history, musculoskeletal, cardiovascular, 

respiratory disorders, or any inflammatory conditions 

were excluded from participation. All participants were 

instructed to maintain their usual levels of physical 

activity and dietary habits throughout the experimental 

period. 

 

This study received approval from the Institutional 

Review Board of the University of Taipei (IRB-2018-

078) and adhered to the principles of the Declaration  

of Helsinki. All participants were thoroughly briefed  

on the study’s objectives, experimental procedures, 

and potential risks. Written consent was obtained  

from each participant before the commencement of  

the study. 

 

Study design 

 

To examine the effect of exercise-induced inflammation 

on cellular senescence of human skeletal muscle after 

exercise, we performed in a randomized, double-blind, 

placebo-controlled, counter-balanced crossover trial of 

the anti-inflammatory medication ibuprofen or placebo 

with a washout period >3 weeks between trials. Pre-

exercise muscle samples were collected 3 weeks before 

the intervention began. A familiarization cycling trial  

to determine maximal aerobic power at peak oxygen 

consumption rate (VO2peak) was performed 3 weeks 

prior to pre-exercise biopsy. Formal assessment for 

VO2peak was conducted 2 weeks before pre-exercise 

biopsy. Following HIIE at 120% VO2peak, biopsied 

muscles were collected 3 h and 24 h on the same 

position of contralateral leg. Body composition was 

measured before the exercise. Participants were asked to 

maintain their normal dietary habit during the study.  

 

Experimental procedures  

 

Ibuprofen administration 

The participants were blinded with placebo (0.4 g of 

cornstarch) or ibuprofen (400 mg) capsule (Catalent, 

Victoria, Australia). The capsule was orally ingested 2 

hours before HIIE as well as 3 h and 8 hours after HIIE. 

The total ibuprofen dosage used in this study was 1200 

mg per day. The timing of drug intake is in accordance 

with the pharmacokinetics of ibuprofen [35]. 

 

VO2peak 

 

VO2peak was measured on a cycle ergometer (Monark 

LC6, Stockholm, Sweden) by using a VO2 gas analyzer 

(Cortex Metalyzer 3B, Leipzig, Germany) to obtain 

maximal aerobic power (Wmax) at maximal oxygen 

consumption. Initial pedaling work rate started from 40 

watts and the intensity was increased by 20 watts every 

2.5 min until volitional exhaustion. If body weight was 

>65 kg, the initial workload started from 50 watts and 

followed the same increments. Maximum aerobic power 

(Wmax) was obtained when VO2peak was reached. 

VO2peak is defined as the average VO2 value during the 

final 30 sec when a plateau is achieved, marked by an 

upswing in ventilation during maximal exertion. The 

value of VO2peak was considered when at least two of 

four following criteria were achieved: pedaling rate 

decreased <60 rpm for more than 10 s, respiratory 

exchange ratio ≥1.2, rating of perceived exertion >9; 

heart rate ≥100% of age-estimated value. 

 
HIIE protocol 

 

The exercise protocol was according to our previous 

published work [15]. In brief, the work rate of exercise 

challenge was controlled by the Monark Test Software 

(Monark LC6, Stockholm, Sweden). HIIE started 

immediately after a 3-min warm-up at 50 watts. 

Participants cycled at an intensity of 120% Wmax at 90 

rpm for 20 s with a stationary rest interval of 20 s. A 

total of 15 sets was completed, taking around 10 min. 

Participants took approximately 3–5 s to reach 90 rpm 

from the resting condition for each interval. Average 

cycling power of the participants for each HIIE session 

was 233  11 watts. 
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Rating of perceived exertion (RPE) 

 

Modification of rating of the perceived exertion (RPE) 

which scaled from 0 to 10 [36] was used in this study to 

monitor the difficulty to sustain the challenge and was 

self-reported 5 min post-exercise. 

 

Muscle biopsy 

 

Muscle biopsies were conducted by an experienced 

physician using an 18-G Temno disposable cutting 

needle (Cardinal Health, McGaw Park, IL, USA) 

inserted 3 cm in depth below skin surface of vastus 

lateralis, ~20 cm proximal to kneecap. The procedure 

was conducted in accordance with a previous study 

[28]. Local anesthesia (2% lidocaine hydrochloride) 

was administered before the muscle biopsy. The pre-

exercise baseline biopsy was conducted on the left  

leg 3 weeks before HIIE. The second muscle biopsy 

was conducted on the left leg at the same position  

3 h following HIIE. To avoid the acute inflammation 

induced by the biopsy, the third biopsy was conducted 

on the contralateral leg at the same position 24 h 

following HIIE. Muscle tissues were placed on a folded 

paper for alignment before cross-sectional cutting  

and immediately kept in a glass vial containing 4% 

paraformaldehyde solution. Muscle cross-section of  

the paraffin wax-embedded tissues was used for IHC 

staining analysis. Part of each muscle sample was 

immediately kept in liquid nitrogen for real-time PCR 

analysis. 

 

Hematoxylin and eosin (HE) staining and 

immunohistochemistry (IHC) staining  

 

Both HE staining and IHC staining of muscle  

cross-sections were performed by pathologists from 

Toson Technology Corporation (Zhubei City, Hsinchu, 

Taiwan). Leukocyte infiltration in muscle tissue was 

assessed on HE stained images (TA01HE, BioTnA, 

Kaohsiung, Taiwan). Muscle tissues were sliced (3 μm 

thick) from the paraffinized blocks, de-paraffinized in 

xylene and rehydrated in a graded alcohol series using 

ethanol (99.9%, 95%, 85% and 75%) each for 2 min, 

and stained with hematoxylin (TA01NB, BioTnA, 

Kaohsiung, Taiwan) for 3 min. After being washed in 

distilled water, muscle tissue sections were stained 

with eosin for 15 s and dehydrated in ethanol. 

 

Muscle tissue for IHC staining were sliced into cross-

sections (3 μm  thick) from the paraffinized blocks,  

de-paraffinized in xylene and rehydrated in a graded 

alcohol series using 99.9% ethanol, 90% ethanol,  
80% ethanol and 70% ethanol each for 4 min before  

the primary antibody incubation. Samples were then 

incubated in a de-peroxidase (H2O2) solution for 5 min 

at room temperature. Primary antibodies p16INK4a (1:500, 

#ab108349, Abcam, Cambridge, MA, USA), γ-H2AX 

(1:200, #ab2893, Abcam, Cambridge, MA, USA), and 

CD11b (1:200, #ab52478, Abcam, Cambridge, MA, 

USA) were applied on the slide and incubated for  

1 hour at room temperature followed by an incubation 

to horseradish peroxidase (HRP) conjugated anti-rabbit 

secondary antibody (TAHC02D, BioTnA, Kaohsiung, 

Taiwan) labeling for 30 min at room temperature 

according to the manufacturer’s procedure (BioTnA, 

Kaohsiung, Taiwan). 

 

To obtain unbiased IHC counting value, two 

independent assessors counted positive signals of the 

same image using the same criteria with a minimal 

acceptable correlation of 0.7. Whole-slide images were 

viewed using DSAssistant and EasyScanner software 

at Toson Technology Corporation (Zhubei City, 

Hsinchu, Taiwan). All glass slides were digitized using 

multi-level panoramic scanning of pathological slices 

with a Motic Easyscan Digital Slide Scanner (Motic 

Hong Kong Limited, Hong Kong, China) at 40X  

(0.26 µm/pixel). Positive markers within cells were 

quantified and expressed as positive signal number  

per total area of skeletal muscle fiber (mm2). Only  

the tissues areas of clustered myofibers were counted. 

The muscle with disrupted area >40% of muscle cross 

section was excluded.  

 

Terminal deoxynucleotidyl transferase dUTP nick 

end labeling (TUNEL) staining  

 

DNA strand break was assessed with an ApopTag  

Plus Fluorescein In Situ Apoptosis Detection Kit 

(S7111, Chemicon, Darmstadt, Germany). Muscle 

tissue sections were fixed in 1% paraformaldehyde and 

washed in PBS, incubated in equilibration buffer for  

10 min and incubated with terminal deoxynucleotidyl 

transferase (TdT) for 1 h. TdT is a DNA polymerase 

with good binding specificity to the 3′-OH of 

oligodeoxyribonucleotides, and commonly used to label 

fragmentated single-stranded and double-stranded 

DNA. Muscle tissue sections were then incubated with 

anti-digoxigenin conjugate for 30 min then washed with 

a stop buffer. After the PBS wash, muscle tissue 

sections were mounted with DAPI 4’–6’ diamino-2-

phentlindole (DAPI) (Chemicon, Darmstadt, Germany) 

and TUNEL-positive signals and DAPI-nuclei staining 

were captured under a fluorescent microscope (ZEISS 

Axioscan 7, Germany). Fluorescent whole-slide images 

were viewed and analyzed using Halo Image Analysis 

Platform software at Taiwan Mouse Clinic-National 

Comprehensive Mouse Phenotyping and Drug Testing 
Center. Only TUNEL-positive nuclei overlapping 

myofiber nuclei were quantified as nuclei with DNA 

strand break. 
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Quantitative polymerase chain reaction (qPCR) 

 
The quantitative PCR followed a standard procedure 

according to a previous study protocol [28]. RNA  

was extracted from biopsied muscle (<30 mg) using 

RNeasy kit (74104, QIAGEN, Hilden, Germany), 

RNase-Free Dnase Set (79254, QIAGEN, Hilden, 

Germany), and Proteinase K (19131, QIAGEN, Hilden, 

Germany) according to manufacturer’s instruction. A 

total volume of 20 µl was reversely transcribed to 

cDNA using iScript™ cDNA Synthesis Kit (1708891, 

Bio-Rad, Hercules, CA, USA). Real-time PCR was 

performed using MyiQ Single-Color Real-Time PCR 

Detection System (Bio-Rad, Hercules, CA, USA) and 

iTaq™ Universal Probes Supermix (1725132, Bio-Rad, 

Hercules, CA, USA). Gene expression was normalized 

to the mean of a housekeeping gene (RPP30) of each 

sample and expressed as a fold change relative to 

RPP30. The primers and probes for gene expression 

were supplied from Bio-Rad PrimePCR™ Probe Assay: 

p16INK4a (or CDKN2A) (Assay ID: qHsaCEP0057827, 

Bio-Rad, Hercules, CA, USA), CD11b (or ITGAM) 

(Assay ID: qHsaCIP0025989, Bio-Rad, Hercules, CA, 

USA), and RPP30 (Assay ID: qHsaCEP0052683, Bio-

Rad, Hercules, CA, USA). 

 
Statistical analysis 

 
Statistical analysis was conducted using IBM SPSS 

Statistics software, version 27.0. The Shapiro–Wilk 

test assessed normal distribution, and the Levene test 

confirmed homogeneity of variances. Comparisons 

between paired data utilized the nonparametric 

Wilcoxon signed-rank test. To analyze temporal 

changes, a Friedman test was applied, and upon 

detecting a significant F ratio, post hoc analysis was 

conducted using the Mann–Whitney U-test. The 

significance level was set at p < 0.05, and all values 

are presented as means ± standard error (SE). Cohen’s 

d was used to indicate the effect size of interventions 

where d = 0.2 was considered a small effect size; d = 

0.5 a medium effect size; d = 0.8 a large effect size; 

and d > 1.2 a very large effect size. The probability  

of type 1 error of 5% was considered significant; with 

5–10% considered moderately significant. 

 

AUTHOR CONTRIBUTIONS 
 
WHJ, YCL, and PYA performed the exercise 

experiments and muscle sample collection. PYA,  

KG, CAL, LD, and YCL provided IHC assessments  

and gathered PCR data; WHJ, YCL, and CHK 

performed and evaluated individual experiments; CHK 

designed and supervised the study; WHJ, YCL,  

PYA, CYH, and CHK prepared figures and wrote the 

manuscript. 

CONFLICTS OF INTEREST 
 

The authors declare no conflicts of interest related to 

this study. 

 

ETHICAL STATEMENT AND CONSENT 
 

This study received approval from the Institutional 

Review Board of the University of Taipei (IRB-2018-

078) and adhered to the principles of the Declaration 

of Helsinki. Written consent was obtained from each 

participant before the commencement of the study. 

 

FUNDING 
 

We would like to thank University of Taipei for  

the additional support to this study. This study was 

supported by grants from the National Science and 

Technology Council, Taiwan ROC (Grant Number: 

108-2410-H-845-022-MY3). 

 

REFERENCES 
 
1. Storer M, Mas A, Robert-Moreno A, Pecoraro M, 

Ortells MC, Di Giacomo V, Yosef R, Pilpel N, 
Krizhanovsky V, Sharpe J, Keyes WM. Senescence is  
a developmental mechanism that contributes to 
embryonic growth and patterning. Cell. 2013; 
155:1119–30. 
https://doi.org/10.1016/j.cell.2013.10.041 
PMID:24238961 

2. Uyar B, Palmer D, Kowald A, Murua Escobar H, 
Barrantes I, Möller S, Akalin A, Fuellen G. Single-cell 
analyses of aging, inflammation and senescence. 
Ageing Res Rev. 2020; 64:101156. 
https://doi.org/10.1016/j.arr.2020.101156 
PMID:32949770 

3. Waaijer ME, Parish WE, Strongitharm BH, van Heemst 
D, Slagboom PE, de Craen AJ, Sedivy JM, Westendorp 
RG, Gunn DA, Maier AB. The number of p16INK4a 
positive cells in human skin reflects biological age. 
Aging Cell. 2012; 11:722–5. 
https://doi.org/10.1111/j.1474-9726.2012.00837.x 
PMID:22612594 

4. Krishnamurthy J, Torrice C, Ramsey MR, Kovalev GI, 
Al-Regaiey K, Su L, Sharpless NE. Ink4a/Arf expression 
is a biomarker of aging. J Clin Invest. 2004; 114:1299–
307. 
https://doi.org/10.1172/JCI22475 
PMID:15520862 

5. Wilkinson HN, Hardman MJ. Senescence in Wound 
Repair: Emerging Strategies to Target Chronic Healing 
Wounds. Front Cell Dev Biol. 2020; 8:773. 
https://doi.org/10.3389/fcell.2020.00773 

8608

https://doi.org/10.1016/j.cell.2013.10.041
https://pubmed.ncbi.nlm.nih.gov/24238961
https://doi.org/10.1016/j.arr.2020.101156
https://pubmed.ncbi.nlm.nih.gov/32949770
https://doi.org/10.1111/j.1474-9726.2012.00837.x
https://pubmed.ncbi.nlm.nih.gov/22612594
https://doi.org/10.1172/JCI22475
https://pubmed.ncbi.nlm.nih.gov/15520862
https://doi.org/10.3389/fcell.2020.00773


www.aging-us.com 11 AGING 

PMID:32850866 

6. Baker DJ, Wijshake T, Tchkonia T, LeBrasseur NK, Childs 
BG, van de Sluis B, Kirkland JL, van Deursen JM. 
Clearance of p16Ink4a-positive senescent cells delays 
ageing-associated disorders. Nature. 2011; 479:232–6. 
https://doi.org/10.1038/nature10600 
PMID:22048312 

 7. Lasry A, Ben-Neriah Y. Senescence-associated 
inflammatory responses: aging and cancer 
perspectives. Trends Immunol. 2015; 36:217–28. 
https://doi.org/10.1016/j.it.2015.02.009 
PMID:25801910 

 8. Schmid MC, Khan SQ, Kaneda MM, Pathria P, Shepard 
R, Louis TL, Anand S, Woo G, Leem C, Faridi MH, 
Geraghty T, Rajagopalan A, Gupta S, et al. Integrin 
CD11b activation drives anti-tumor innate immunity. 
Nat Commun. 2018; 9:5379. 
https://doi.org/10.1038/s41467-018-07387-4 
PMID:30568188 

 9. Dziennis S, Van Etten RA, Pahl HL, Morris DL, 
Rothstein TL, Blosch CM, Perlmutter RM, Tenen DG. 
The CD11b promoter directs high-level expression of 
reporter genes in macrophages in transgenic mice. 
Blood. 1995; 85:319–29. 
PMID:7811988 

10. Ruhland MK, Loza AJ, Capietto AH, Luo X, Knolhoff BL, 
Flanagan KC, Belt BA, Alspach E, Leahy K, Luo J, 
Schaffer A, Edwards JR, Longmore G, et al. Stromal 
senescence establishes an immunosuppressive 
microenvironment that drives tumorigenesis. Nat 
Commun. 2016; 7:11762. 
https://doi.org/10.1038/ncomms11762 
PMID:27272654 

11. Lee HJ, Ko JH, Kim HJ, Jeong HJ, Oh JY. Mesenchymal 
stromal cells induce distinct myeloid-derived 
suppressor cells in inflammation. JCI Insight. 2020; 
5:136059. 
https://doi.org/10.1172/jci.insight.136059 
PMID:32453713 

12. Kay MM. Mechanism of removal of senescent cells by 
human macrophages in situ. Proc Natl Acad Sci U S A. 
1975; 72:3521–5. 
https://doi.org/10.1073/pnas.72.9.3521 
PMID:1059140 

13. Prata LGP, Ovsyannikova IG, Tchkonia T, Kirkland JL. 
Senescent cell clearance by the immune system: 
Emerging therapeutic opportunities. Semin Immunol. 
2018; 40:101275. 
https://doi.org/10.1016/j.smim.2019.04.003 
PMID:31088710 

14. Tidball JG. Regulation of muscle growth and 
regeneration by the immune system. Nat Rev 

Immunol. 2017; 17:165–78. 
https://doi.org/10.1038/nri.2016.150 
PMID:28163303 

15. Jean WH, Hsieh YW, Lai LF, Dewi L, Liao YC, Ye M, Yu 
SH, Kao CL, Huang CY, Kuo CH. Senolytic effect of high 
intensity interval exercise on human skeletal muscle. 
Aging (Albany NY). 2023; 15:765–76. 
https://doi.org/10.18632/aging.204511 
PMID:36779839 

16. Lilja M, Mandić M, Apró W, Melin M, Olsson K, 
Rosenborg S, Gustafsson T, Lundberg TR. High doses of 
anti-inflammatory drugs compromise muscle strength 
and hypertrophic adaptations to resistance training in 
young adults. Acta Physiol (Oxf). 2018; 222. 
https://doi.org/10.1111/apha.12948 
PMID:28834248 

17. He S, Sharpless NE. Senescence in Health and Disease. 
Cell. 2017; 169:1000–11. 
https://doi.org/10.1016/j.cell.2017.05.015 
PMID:28575665 

18. Yoshimoto Y, Ikemoto-Uezumi M, Hitachi K, Fukada 
SI, Uezumi A. Methods for Accurate Assessment of 
Myofiber Maturity During Skeletal Muscle 
Regeneration. Front Cell Dev Biol. 2020; 8:267. 
https://doi.org/10.3389/fcell.2020.00267 
PMID:32391357 

19. Chikenji TS, Saito Y, Konari N, Nakano M, Mizue Y, 
Otani M, Fujimiya M. p16INK4A-expressing mesenchymal 
stromal cells restore the senescence-clearance-
regeneration sequence that is impaired in chronic 
muscle inflammation. EBioMedicine. 2019; 44:86–97. 
https://doi.org/10.1016/j.ebiom.2019.05.012 
PMID:31129096 

20. Dewi L, Lin YC, Nicholls A, Condello G, Huang CY, Kuo 
CH. Pax7+ Satellite Cells in Human Skeletal Muscle 
After Exercise: A Systematic Review and Meta-
analysis. Sports Med. 2023; 53:457–80. 
https://doi.org/10.1007/s40279-022-01767-z 
PMID:36266373 

21. Wang J. Neutrophils in tissue injury and repair. Cell 
Tissue Res. 2018; 371:531–9. 
https://doi.org/10.1007/s00441-017-2785-7 
PMID:29383445 

22. Lagnado A, Leslie J, Ruchaud-Sparagano MH, Victorelli 
S, Hirsova P, Ogrodnik M, Collins AL, Vizioli MG, 
Habiballa L, Saretzki G, Evans SA, Salmonowicz H, 
Hruby A, et al. Neutrophils induce paracrine telomere 
dysfunction and senescence in ROS-dependent 
manner. EMBO J. 2021; 40:e106048. 
https://doi.org/10.15252/embj.2020106048 
PMID:33764576 

23. Hynes RO. Integrins: a family of cell surface receptors. 

8609

https://pubmed.ncbi.nlm.nih.gov/32850866
https://doi.org/10.1038/nature10600
https://pubmed.ncbi.nlm.nih.gov/22048312
https://doi.org/10.1016/j.it.2015.02.009
https://pubmed.ncbi.nlm.nih.gov/25801910
https://doi.org/10.1038/s41467-018-07387-4
https://pubmed.ncbi.nlm.nih.gov/30568188
https://pubmed.ncbi.nlm.nih.gov/7811988
https://doi.org/10.1038/ncomms11762
https://pubmed.ncbi.nlm.nih.gov/27272654
https://doi.org/10.1172/jci.insight.136059
https://pubmed.ncbi.nlm.nih.gov/32453713
https://doi.org/10.1073/pnas.72.9.3521
https://pubmed.ncbi.nlm.nih.gov/1059140
https://doi.org/10.1016/j.smim.2019.04.003
https://pubmed.ncbi.nlm.nih.gov/31088710
https://doi.org/10.1038/nri.2016.150
https://pubmed.ncbi.nlm.nih.gov/28163303
https://doi.org/10.18632/aging.204511
https://pubmed.ncbi.nlm.nih.gov/36779839
https://doi.org/10.1111/apha.12948
https://pubmed.ncbi.nlm.nih.gov/28834248
https://doi.org/10.1016/j.cell.2017.05.015
https://pubmed.ncbi.nlm.nih.gov/28575665
https://doi.org/10.3389/fcell.2020.00267
https://pubmed.ncbi.nlm.nih.gov/32391357
https://doi.org/10.1016/j.ebiom.2019.05.012
https://pubmed.ncbi.nlm.nih.gov/31129096
https://doi.org/10.1007/s40279-022-01767-z
https://pubmed.ncbi.nlm.nih.gov/36266373
https://doi.org/10.1007/s00441-017-2785-7
https://pubmed.ncbi.nlm.nih.gov/29383445
https://doi.org/10.15252/embj.2020106048
https://pubmed.ncbi.nlm.nih.gov/33764576


www.aging-us.com 12 AGING 

Cell. 1987; 48:549–54. 
https://doi.org/10.1016/0092-8674(87)90233-9 
PMID:3028640 

24. Zhao E, Xu H, Wang L, Kryczek I, Wu K, Hu Y, Wang G, 
Zou W. Bone marrow and the control of immunity. 
Cell Mol Immunol. 2012; 9:11–9. 
https://doi.org/10.1038/cmi.2011.47 
PMID:22020068 

25. Doyonnas R, LaBarge MA, Sacco A, Charlton C, Blau 
HM. Hematopoietic contribution to skeletal muscle 
regeneration by myelomonocytic precursors. Proc 
Natl Acad Sci U S A. 2004; 101:13507–12. 
https://doi.org/10.1073/pnas.0405361101 
PMID:15353585 

26. Matozzo V, Franchi N, Ballarin L. In vitro effects of the 
nonsteroidal anti-inflammatory drug, ibuprofen, on 
the immune parameters of the colonial ascidian 
Botryllus schlosseri. Toxicol In Vitro. 2014; 28:778–83. 
https://doi.org/10.1016/j.tiv.2014.02.006 
PMID:24657722 

27. Freund A, Orjalo AV, Desprez PY, Campisi J. 
Inflammatory networks during cellular senescence: 
causes and consequences. Trends Mol Med. 2010; 
16:238–46. 
https://doi.org/10.1016/j.molmed.2010.03.003 
PMID:20444648 

28. Lee TXY, Wu J, Jean WH, Condello G, Alkhatib A, Hsieh 
CC, Hsieh YW, Huang CY, Kuo CH. Reduced stem cell 
aging in exercised human skeletal muscle is enhanced 
by ginsenoside Rg1. Aging (Albany NY). 2021; 
13:16567–76. 
https://doi.org/10.18632/aging.203176 
PMID:34181580 

29. Agha NH, Baker FL, Kunz HE, Graff R, Azadan R, Dolan 
C, Laughlin MS, Hosing C, Markofski MM, Bond RA, 
Bollard CM, Simpson RJ. Vigorous exercise mobilizes 
CD34+ hematopoietic stem cells to peripheral blood 
via the β2-adrenergic receptor. Brain Behav Immun. 
2018; 68:66–75. 
https://doi.org/10.1016/j.bbi.2017.10.001 
PMID:29017969 

30. Schafer MJ, Miller JD, LeBrasseur NK. Cellular 
senescence: Implications for metabolic disease. Mol 
Cell Endocrinol. 2017; 455:93–102. 
https://doi.org/10.1016/j.mce.2016.08.047 
PMID:27591120 

31. Kuo LJ, Yang LX. Gamma-H2AX - a novel biomarker for 
DNA double-strand breaks. In Vivo. 2008; 22:305–9. 
PMID:18610740 

32. Wu J, Saovieng S, Cheng IS, Liu T, Hong S, Lin CY, Su 
IC, Huang CY, Kuo CH. Ginsenoside Rg1 
supplementation clears senescence-associated β-
galactosidase in exercising human skeletal muscle. 
J Ginseng Res. 2019; 43:580–8. 
https://doi.org/10.1016/j.jgr.2018.06.002 
PMID:31695564 

33. Chen JH, Hales CN, Ozanne SE. DNA damage, cellular 
senescence and organismal ageing: causal or 
correlative? Nucleic Acids Res. 2007; 35:7417–28. 
https://doi.org/10.1093/nar/gkm681 
PMID:17913751 

34. Krentz JR, Quest B, Farthing JP, Quest DW, Chilibeck 
PD. The effects of ibuprofen on muscle hypertrophy, 
strength, and soreness during resistance training. 
Appl Physiol Nutr Metab. 2008; 33:470–5. 
https://doi.org/10.1139/H08-019 
PMID:18461099 

35. Albert KS, Gernaat CM. Pharmacokinetics of 
ibuprofen. Am J Med. 1984; 77:40–6. 
https://doi.org/10.1016/s0002-9343(84)80017-0 
PMID:6465162 

36. Day ML, McGuigan MR, Brice G, Foster C. Monitoring 
exercise intensity during resistance training using the 
session RPE scale. J Strength Cond Res. 2004; 18:353–8. 
https://doi.org/10.1519/R-13113.1 
PMID:15142026 

8610

https://doi.org/10.1016/0092-8674(87)90233-9
https://pubmed.ncbi.nlm.nih.gov/3028640
https://doi.org/10.1038/cmi.2011.47
https://pubmed.ncbi.nlm.nih.gov/22020068
https://doi.org/10.1073/pnas.0405361101
https://pubmed.ncbi.nlm.nih.gov/15353585
https://doi.org/10.1016/j.tiv.2014.02.006
https://pubmed.ncbi.nlm.nih.gov/24657722
https://doi.org/10.1016/j.molmed.2010.03.003
https://pubmed.ncbi.nlm.nih.gov/20444648
https://doi.org/10.18632/aging.203176
https://pubmed.ncbi.nlm.nih.gov/34181580
https://doi.org/10.1016/j.bbi.2017.10.001
https://pubmed.ncbi.nlm.nih.gov/29017969
https://doi.org/10.1016/j.mce.2016.08.047
https://pubmed.ncbi.nlm.nih.gov/27591120
https://pubmed.ncbi.nlm.nih.gov/18610740
https://doi.org/10.1016/j.jgr.2018.06.002
https://pubmed.ncbi.nlm.nih.gov/31695564
https://doi.org/10.1093/nar/gkm681
https://pubmed.ncbi.nlm.nih.gov/17913751
https://doi.org/10.1139/H08-019
https://pubmed.ncbi.nlm.nih.gov/18461099
https://doi.org/10.1016/s0002-9343(84)80017-0
https://pubmed.ncbi.nlm.nih.gov/6465162
https://doi.org/10.1519/R-13113.1
https://pubmed.ncbi.nlm.nih.gov/15142026

