
Wu et al. BMC Musculoskeletal Disorders         (2022) 23:1089  
https://doi.org/10.1186/s12891-022-06055-5

RESEARCH

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Open Access

Treadmill training mitigates bone 
deterioration via inhibiting NLRP3/Caspase1/
IL-1β signaling in aged rats
Qi Wu1,2,3, Peirui Zhong1,2, Pengyun Ning1,2, Lu Tan1,2, Xiarong Huang1,2, Ting Peng1,2, Linwei Yin1,2, Fu Luo1,2, 
Mengjian Qu1,2 and Jun Zhou1,2,4* 

Abstract 

Introduction: Although aerobic physical exercise may improve osteoporosis during ageing, the underlying mecha-
nism of the favorable effects remains unclear. The aim of this study was to examine the localized and generalized pro-
inflammatory indicators and the adaptive skeletal responses to treadmill training in aged rats to explore the potential 
mechanisms by which treadmill training impacts bone deterioration in a natural aged rat model.

Materials and methods: A total of 24 Sprague Dawley (SD) rats were included in this study. Sixteen of all these ani-
mals were twenty-four months natural aged male SD rats, which were distributed into two groups (n = 8/group): AC 
group with sham treadmill training, and AT group with 8 weeks treadmill training. The remaining 8 were six months 
male SD rats matched subline and supplier, which were used as the adult control group with sham treadmill training 
(YC group, n = 8). The serum, bone marrow, fresh femur, tibia, and lumbar spine were harvested for molecular biologi-
cal analysis, bone mineral density (BMD) testing, and micro-CT analysis after 8 weeks of treadmill training.

Results: After 8 weeks of intervention, the results showed that treadmill training increased BMD and inhibited deteri-
oration of bone microarchitecture of hind limb bones. Further analysis showed that treadmill training increased serum 
P1CP concentration and decreased serum CTX-1level. Interestingly, treadmill training down-regulated the protein 
expressions of proinflammatory indicators, including NLRP3, proCaspase1, cleaved Caspase1, IL-1β, and GSDMD-N, 
and the mRNA levels of NLRP3, Caspase1, and IL-1β of the bone marrow. In addition, treadmill training also inhibited 
serum TNF-α and IL-1β concentration. However, 8 weeks of treadmill training did not increase BMD and bone micro-
architecture in the lumbar spine.

Conclusion: Treadmill training mitigates the ageing-induced bone loss and reverses the deterioration of bone 
microarchitecture in hind limbs probably through inhibiting NLRP3/Caspase1/IL-1β signaling to attenuate low-grade 
inflammation and improve the inflammatory bone microenvironment.
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Introduction
Osteoporosis, a global health issue, is an osteo-meta-
bolic disease characterized by substantial loss of bone 
mass and microarchitecture deterioration of bone tissue, 
affecting bone quality and strength and increasing frac-
ture risk [1]. It is reported that the prevalence of osteo-
porosis in the elders of the world was 21.7% [2], and one 
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in 3 women and 1 in 5 men over the age of 50 years will 
experience an osteoporotic fracture in their lifetime [3]. 
Therefore, it is particularly important to explore effec-
tive intervention methods and mechanisms for senile 
osteoporosis. It has been recognized that during ageing, 
low-grade chronic inflammation (LGCI), “persistent but 
more subtle than the acute phase response,” contributes 
to accelerating biological ageing and plays a role in the 
initiation and progression of age-related diseases such as 
osteoporosis (OP) by regulating bone microenvironment 
[4]. The pathogenesis of osteoporosis is multifactorial. 
Traditionally, osteoporosis has been regarded as an estro-
gen deficiency-mediated disease; nevertheless, emerging 
data have demonstrated the significant role of systemic 
and local inflammation in the pathogenesis of OP. Over 
years, clinical studies have shown that exercise can par-
tially prevent deterioration of bone quality and quan-
tity in the elderly [5]. However, the precise mechanisms 
accounting for these favorable biological responses are 
unclear.

The maintenance of bone mass attributes to bone 
remodeling, which is tightly regulated by crosstalk 
between bone-forming osteoblasts and bone-resorbing 
osteoclasts. Osteoblastic bone formation and osteoclas-
tic bone resorption are tightly regulated by proinflam-
matory cytokines in the bone microenvironment. In the 
elderly subjects, the elevated proinflammatory cytokines 
lead to a gradual loss of bone mass due to an excess of 
bone resorption not balanced by new bone formation 
[6]. Human and animal experiments have shown that 
bone health and ageing are negatively correlated, poten-
tially through proinflammatory cytokines, including 
TNF-α and IL-1β, influencing the promotion of osteo-
clast activity and suppression of osteoblast activity, thus 
accelerating bone loss and negativity impacting bone 
characteristics [7]. Evidence has shown that the inflam-
mation-associated bone loss is reversible [8]. Thus chang-
ing the inflammatory microenvironment of bone may be 
the direction of osteoporosis treatment. Exercise plays an 
important role in the intervention for osteoporosis, thus 
understanding the potential mechanism of physical exer-
cise for the anti-osteoporosis was meaningful for pre-
venting and treating osteoporosis.

Commonly, osteoporosis is defined as a skeletal condi-
tion characterized by decreased density (mass/volume) 
of normally mineralized bone. An alternative defini-
tion has been proposed by Harold Frost, suggesting that 
osteopenia is the bone’s physiological response to disuse 
[9]. Accordingly, exercise, in particular some new forms 
of it that involve high strain rates, seems to be prevent-
ing bone loss and possibly also induces increases in bone 
mass even at older ages. A systematic review and meta-
analysis concluded that all types of exercise significantly 

affect bone mineral density (BMD), they also provided 
further evidence for the favorable effect of exercise on 
BMD largely independent of the type of exercise [10]. 
Previous studies showed that walking exercise, resistance 
training, muscle strengthening, aerobic exercise, and 
high-impact exercise all promote bone turnover, increase 
BMD, and prevent and manage osteoporosis [11–13]. In 
addition, in  vivo studies showed that treadmill training 
could increase the BMD, trabecular bone volume as well 
as trabecular bone surface in the aged rats [14]. Collec-
tively, physical exercise is effective to prevent and manage 
osteoporosis by increasing BMD and bone microstruc-
ture, and treadmill training is a promising exercise for the 
elderly to antagonize osteoporosis.

Recent evidence showed that NLRP3 inflammasome, 
regulating the maturation and secretion of caspase1-
dependent pro-inflammatory cytokines IL-1β and IL-18, 
and enhancing the inflammatory response, is responsi-
ble for the chronic inflammatory microenvironment in 
the aged. In  vivo and in  vitro experiments showed that 
NLRP3-dependent IL-1β can accelerate osteoclastogen-
esis by expanding inflammatory response, and can also 
inhibit the expression of osteogenic-related proteins 
or transcription factors [15, 16]. In addition, NLRP3/
Caspase1 activation in mesenchymal stem cells inhib-
its osteogenic differentiation [17]. Targeting NLRP3 
reduced age-related experimental bone loss [15]. NLRP3/
Caspase1/IL-1β signaling contributes the bone loss, and 
the high level of NLRP3 was also detected in aged [18]. 
Previous studies support the potential beneficial effects 
of exercise on inflammation, but the underlying mecha-
nism remains obscure. One proposed mechanism is a 
reduced expression and/or activation of pro-inflamma-
tory toll-like receptors (TLRs) on innate immune cells 
after exercise in an obese animal model [19]. In addition, 
the anti-inflammatory effects of regular exercise may be 
mediated via both a reduction in visceral fat mass and 
the induction of an anti-inflammatory environment with 
each bout of exercise in the chronic metabolic and car-
diorespiratory diseases [20]. Recently, one study showed 
that exercise exerts its anti-inflammatory action by sup-
pressing adipose tissue NLRP3 inflammasome in obese 
mice [21]. These reports all support that exercise might 
inhibit bone loss via inhibiting the NLRP3-mediated 
inflammatory environment. However, the effect of aero-
bic physical exercise on NLRP3/Caspase1/IL-1β signal-
ing mediated inflammatory bone microenvironment and 
bone deterioration in the aged subjects remains unclear.

In the present study, we hypothesized treadmill train-
ing mitigates bone loss and bone microstructure dete-
rioration by inhibiting NLRP3/Caspase1/IL-1β signaling 
mediated low-grade inflammation in the bone micro-
environment in aged rats. To verify the hypothesis, we 
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investigated the effects of treadmill training on morpho-
logic, biochemical, and molecular characteristics of bone 
in a natural aged rat model.

Materials and methods
Ethics statement
Six-month-old male Sprague Dawley rats (450–550  g) 
and 24-month-old male rats (550–650 g) were used as an 
adult and aged rats, respectively. All the rats were housed 
in animal facilities with sufficiently controlled tempera-
ture (24 ± 1℃) and humidity (50–60%) under a 12/12-h 
light/ dark cycle and had access to chow and water. All 
procedures were strictly performed in accordance with 
recommendations from the Guide for the National 
Institutes of Health for the Care and Use of Laboratory 
Animals (NIH Publications No. 8023, revised 2011). All 
animal experiments were approved by the Ethics Com-
mittee of the First Affiliated Hospital of University of 
South China(reference no. 202,004,270,002) and were 
performed in accordance with the ethical criteria con-
tained in the bylaws of the committee. Meanwhile, all 
methods reported in this study were in accordance with 
ARRIVE guidelines.

Animal model
A total of 24 Sprague Dawley rats were included in the 
study, including 16 aged male Sprague Dawley rats and 
8 adult male Sprague Dawley rats (Chengdu DOSSY 

Experimental Animal Co., Ltd., Chengdu, China). The 
aged rats, 24-month old, were equally divided into 2 
groups: natural aged model group (AC group, n = 8) and 
the natural aged combined with treadmill training group 
(AT group, n = 8). The adult rats were used as the control 
group (YC group, n = 8). The body weight of the rats in 
the YC group was 536.88 ± 30.85, while the body weights 
of the rats in the AC and AT groups were 649 ± 96.28 and 
653.00 ± 33.95 respectively. The experiment used adult 
and aged rats of matched subline and supplier to control 
for genetic effects. The rats in the AT group received 8 
weeks of treadmill training, and both the AC group and 
YC group received sham aerobic physical exercise. After 
8 weeks of aerobic physical exercise, rats in each group 
were sacrificed with pentobarbital (50  mg/kg, intraperi-
toneal) and the tissues were harvested. Each group had 
eight animals for BMD testing and micro-CT testing. 
Besides, we randomly chose samples from 6 rats of each 
group for molecular testing in the present study. The 
study protocol is shown in Fig. 1.

Tissue specimen collection
To determine the serum concentration of Procollagen 
type I carboxy-terminal propeptide (P1CP), C-terminal 
cross-linking telopeptides of type I collagen (CTX-1), 
IL-1β, and TNF-α, blood samples collected from the orbit 
were left standing at room temperature for 2 h and cen-
trifuged (2000 rpm, 20 min) to isolate the serum, which 

Fig. 1 Study protocol. A Experimental grouping: YC, AC, and AT. The adult rats with sham training were included in the YC group (n = 8/group); the 
aged rats in the AC group and AT group received either 8 weeks of sham or real treadmill training (n = 8/group). B A schematic diagram of tissue 
collection and detection. C Experimental timeline and parameters of the training session. The rats in the AT group received real treadmill training for 
eight weeks, with a 3-day acclimation before training and a maximal speed capacity measurement afterward
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was stored at − 80 °C until use. Right femur and lumbar 5 
(L5) vertebrae bones were collected and stored at − 20 °C 
for bone mineral density (BMD) measurement. The right 
proximal tibia bones were isolated and stored in a 10% 
formalin until micro-computed tomography (micro-CT). 
In addition, the bone marrows of the left femur were 
extruded by clipping off the epiphyseal ends of the bones 
and flushing using a needle with PBS (PBS, Gibco), then 
rapidly frozen with liquid nitrogen for further mRNA and 
protein analysis [22]. A schematic diagram of tissue col-
lection and detection is shown in Fig. 1B.

Treadmill training protocol
All the treadmill training was conducted during the day 
period. During the experimental period, the AT group 
engaged in corresponding aerobic physical exercise inter-
vention 5 days per week for 8 consecutive weeks. The 
treadmill training protocol was performed according 
to the previous reports with mild modification [23, 24]. 
Prior to training, the aged rats in the AT group were first 
submitted to the adaptation period consisting of 5  min 
of treadmill exploration (0  m/minute, 0% incline) fol-
lowed by 5 min at slow speed (10 m/minute, 0% incline) 
for the first 3-day of acclimatization. The next day, maxi-
mal speed capacity was measured by rising the speed by 
5  m/min every 5  min until exhaustion. When the rat’s 
hindlimbs remained on the electric grid for more than 
10 s, they were considered exhausted. During the train-
ing stage, the speed was 65% of the maximal speed, which 
is 12–20  m/min, and the incline was 10% slope. In the 
first 3 weeks, the rats from AT group started running at a 
speed of 12–20 m/min and 10% incline for 10 min a day, 
with exercise duration gradually increasing by 10  min 
every week. In the second 3 weeks and the third 2 weeks, 
the training consisted of either 40 min a day or 60 min a 
day (Fig. 1C). The rats from the YC group and AC groups 
with sham exercise were placed individually on another 
treadmill (0 m/s) for the same session number and dura-
tion as the AT group. Neither electrical shock nor physi-
cal prodding was used to force running in this training 
stage.

BMD measurements
As described previously [25], BMDs were measured at 
the right femur and L5 vertebral body by dual-energy 
X-ray absorptiometry (DXA) (Lunar, Madison, WI) with 
software for small animal research.

Micro‑CT analysis
Right tibia (the proximal 2  cm of the tibia) bones were 
chosen for micro-CT analysis to assess the effect of 
treadmill training on the maintenance of bone micro-
architecture. A 3-mm-thick volume of interest (VOI) 

was selected 1  mm below the proximal growth plate of 
the tibia. Micro-CT was performed with a ZKKS micro-
CT scanner (Guangzhou Zhongke Kaisheng Medical 
Technology, Guangzhou, China) according to the manu-
facturer’s instructions, with a tube voltage of 50 kV, tube 
current of 0.1 mA, slice thickness of 15  μm, and pixel 
size of 15 μm. The 3D images were reconstructed using 
cone beam reconstruction software based on an analysis 
of a marching cubes-type model with a rendered surface. 
According to the segmentation and threshold protocol 
previously described [25], volumetric BMD, trabecu-
lar bone volume ratio (BV/TV), bone surface per bone 
volume (BS/TV), trabecular number (Tb.N), and tra-
becular separation (Tb.Sp) parameters in the ROI were 
obtained from the 3D-rendered images of micro-CT for 
visualization.

Enzyme‑linked immunosorbent assay (ELISA) analysis
ELISA kits were respectively used to measure serum 
P1CP (CSB-E08081r CSB-E12776r, CUSABIO, Wuhan, 
China), CTX-1 (CSB-E12776r, CUSABIO), IL-1β(CSB-
E08055r, CUSABIO), and TNF-α (CSB-E11987r, 
CUSABIO).

Western blot analysis
Tissue samples of the bone marrow of the left femur were 
dissected and homogenized in RIPA lysis buffer (abio-
well, China). Total protein was quantified by a BCA assay 
(Beyotime), separated by SDS-PAGE and transferred to 
PVDF membranes (Millipore, USA). The primary anti-
bodies were as follows: rabbit anti-NLRP3 (19771-1-AP, 
Proteintech, USA), rabbit Anti-proCaspase-1 + p10 + p12 
(ab179515, Abcam, UK), rabbit anti-IL-1β (16806-1-
AP, Proteintech, USA), rabbit anti-cleaved N-terminal 
GSDMD(ab215203, Abcam) and mouse anti-β-actin 
(66009-1-Ig, Proteintech, USA). After rinsing, the mem-
branes were incubated with HRP-conjugated secondary 
antibodies. The bands on the membranes were devel-
oped and fixed by enhanced chemiluminescence (Chemi-
Scope6100, Qinxiang, China) in a dark room. A gel 
imaging system was used to scan the images and make 
the film. The bands from the film were finally quantified 
using Quantity One software (1,709,612, Bio-Rad, USA) 
and expressed as a ratio to ß-actin (ab8227, Abcam, UK) 
protein.

Quantitative real‑time PCR
All the procedures were conducted as previously 
described [25]. Total RNA was extracted from the bone 
marrow of the left femur using TRIzol (Invitrogen, USA) 
reagent. Then RNA was reverse-transcribed using a first-
strand cDNA synthesis kit (cwbiotech, Beijing, China). 
Primers for genes including NLRP3, Caspase1, and 
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IL-1β were obtained from singke (Beijing, China). An 
equal amount of β-actin mRNA was used as an internal 
standard (singke). The relative expression of each gene 
was normalized to that of β-actin using the compara-
tive Ct method of quantification  (2−ΔΔCT method). The 
sequences of different primers are listed in Table 1.

Statistical analysis
Data from all experiments were first calculated as 
mean ± S.E.M. A Kolmogorov–Smirnov test showed that 
all data were normally distributed. Next, the data were 
compared by one-way analysis of variance followed by 
Tukey’s multiple comparisons test. Statistical significance 
was set at P < 0.05, with analyses performed using Graph-
Pad Prism software (version 9.0 c, GraphPad Software, 
Inc., La Jolla, CA).

Results
Treadmill training reduced bone loss in aged rats
We measured the BMD of the right femur and L5 verte-
brae body by DXA. As shown in Fig. 2A and B, the aged 
rats in the AC group had a 1.26-fold and 2.26-fold reduc-
tion in BMD of the right femur and L5 vertebrae bone, 
respectively, in the AC rats than in YC rats (p < 0.05, 

p < 0.0001); whereas AT rats had significantly increased 
BMD by 1.13-fold over AC rats at tibia bone (p < 0.01). 
No significant difference in BMD was observed in L5 ver-
tebrae bone between AT and AC groups (p = 0.0848).

Treadmill training mitigated deterioration of bone 
microarchitecture in aged rats
We further analyzed the microstructural properties of 
the right proximal tibia using micro-CT. Figure  3 illus-
trates the determination results of bone microstructural 
parameters of specimens of the proximal tibia obtained 
from each group. We also measured the volumetric 
BMD of the right proximal tibia (Fig.  3B) by means of 
densitometric measurements according to the results of 
micro-CT, and the results were consistent with the DXA 
results. We found that BMD of the tibia decreased in 
the aged rats (P < 0.001), and 8 weeks of treadmill train-
ing improved the volumetric BMD of the proximal tibia 
( P < 0.01).

The therapeutic effects on 2-D and 3-D architectural 
bone changes of the right proximal tibia were respectively 
shown in Figs. 3A and 4. Analysis of the micro-CT mor-
phometric parameters indicated that the aged rats in the 
AC group had significantly decreased trabecular BV/TV 
(2.78-fold, P < 0.01), BS/TV (2.55-fold, P < 0.01), and Tb.N 
(2.81-fold, P < 0.01) in the proximal tibia respectively, but 
had a remarkable increase in Tb.Sp (2.90-fold, P < 0.01) 
relative to the YC rats. Eight weeks after treadmill train-
ing, AT group exhibited significant differences from AC 
group in all tibia microarchitectural indices measured by 
increasing BS/TV (1.84-fold, P < 0.05), BS/TV (1.71-fold, 
P < 0.05), Tb.N (1.80-fold, P < 0.01), and decreasing Tb.Sp 
(2.21-fold, P < 0.05).

Table 1 Primer sequences for real-time quantitative PCR

Gene Forward primer Reverse primer

β-actin ACA TCC GTA AAG ACC TCT 
ATGCC 

TAC TCC TGC TTG CTG ATC CAC 

NLRP3 CAC CTC TTC TCT GCC TAC CTG AGC TGT AAA ATC TCT CGC AGT 

Caspase1 CTA GAC TAC AGA TGC CAA 
CCAC 

GGC TTC TTA TTG GCA TGA 
TTCCC 

IL-1β CAG CAG CAT CTC GAC AAG AG AAA GAA GGT GCT TGG GTC CT

Fig. 2 Effects of treadmill training on BMD of the right femur (A) and L5 vertebral body B. BMD was determined using dual energy X-ray 
absorptiometry (DXA) after 8 weeks of treadmill training treatment. Data are expressed as mean ± S.E.M (n = 8 per group). *P<0.05 and ****P<0.0001 
vs. YC group. ##P<0.01 vs. AC group. YC, adult rats with sham training; AC, aged rats with sham training; AT, aged rats with real training
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Treadmill training mitigated ageing‑related increase 
in bone turnover in aged rats
We then analyzed some of the bone metabolic markers 
involved in bone remodeling to elucidate the mechanism 
of treadmill training on bone deterioration. Figure  5A 
and B respectively show the elevated serum osteoresorp-
tive marker CTX-1(1.45-fold, P < 0.001) and the falling 
serum osteogenic marker P1CP (2.33-fold, P < 0.0001) 
in AC rats relative to YC rats, which indicated ageing-
related bone turnover is increasing in bone degrada-
tion and decreasing in bone formation. After 8 weeks of 
intervention, AT rats had a 1.85-fold higher serum P1CP 
level (P < 0.0001) and a 1.37-fold lower serum CTX-1 

level (P < 0.01) as compared to AC rats. The data in Fig. 5 
indicates that treadmill training mitigated ageing-related 
bone turnover by inhibiting bone resorption and promot-
ing bone formation.

Treadmill training inhibited NLRP3/Caspase1/IL‑1β 
signaling in aged rats
Furthermore, we detected the NLRP3/Caspase1/IL-1β 
signaling in the bone marrow to elucidate the mech-
anism of treadmill training on ageing-related bone 
turnover. As shown in Fig.  6A-F, the AC rats showed 
a dramatic increase by 5.20-, 3.646-, 4.56-, 5.10-, 
and 2.789- fold respectively in the protein levels of 

Fig. 3 Effects of treadmill training on BMD and micro-CT parameters of the right proximal tibia. A Representative images. B Trabecular volumetric 
bone mineral density. Trabecular bone parameters including (C) bone volume per tissue volume (BV/TV, %), (D) bone surface per bone volume 
(BS/BV, 1/mm), (E) trabecular number (Tb.N, 1/mm), and (F) trabecular separation (Tb.Sp, mm) were assessed by quantitative micro-CT. Data are 
expressed as mean ± S.E.M (n = 8 per group). **P<0.01 and ***P<0.001vs. YC group. #P<0.05 and ##P><0.01 vs. AC group. YC, adult rats with sham 
training; AC, aged rats with sham training; AT, aged rats with real training

Fig. 4 Representative 3D images of the right proximal tibia. YC, AC, and AT, respectively, represent adult rats with sham training, aged rats with 
sham training, and aged rats with real training
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NLRP3, proCaspase1, cleaved Caspase1, IL-1β, and 
GSDMD-N in bone marrow as compared to YC group 
(P < 0.0001, P < 0.001,, P < 0.001, P < 0.0001, and P < 0.01 
respectively), Moreover, we found AT group showed a 
decrease by 1.56-, 2.04-, 2.00-, and 1.58, and 1.43- fold 
in the protein levels of NLRP3, Caspase1, and IL-1β 
as compared to AC group (P < 0.05, P < 0.001, P < 0.01, 
P < 0.01, and P < 0.05 respectively). These results sug-
gest that treadmill training could inhibit the protein 
expressions of NLRP3, proCaspase1, cleaved Caspase1, 
IL-1β, and GSDMD-N.

To validate the above findings, we also analyzed the 
mRNA levels of NLRP3, Caspase1, and IL-1β in bone 
marrow as shown in Fig.  6G-I. AC group showed a 
9.93-, 7.50- and 6.61-fold increase in mRNA level of 
NLRP3, Caspase1, and IL-1β as compared to YC group 
(P < 0.0001, P < 0.001, P < 0.001). After 8 weeks tread-
mill training, the mRNA levels of NLRP3, Caspase1, 
and IL-1β in the AT group respectively decreased 
by 2.42-, 2.12-, and 1.62-fold relative to AC rats 
(P < 0.0001, P < 0.01, P < 0.05). These results suggest 
that aerobic physical exercise could inhibit the expres-
sion of NLRP3, Caspase1, and IL-1β in bone marrow at 
the mRNA level. Collectively, the data in Fig. 6 showed 
that treadmill training could inhibit NLRP3/Caspase1/
IL-1β signaling in bone marrow in aged rats.

Treadmill training alleviated low‑grade inflammation 
in plasma in aged rats
We also detect serum proinflammatory cytokines TNF-α 
and IL-1β, as shown in Fig. 7 to reflect the effect of tread-
mill training on the inflammatory microenvironment. 

Compared with the YC group, the AC group showed an 
increase by 1.71- and 1.75-fold in serum concentrations 
of TNF-α and IL-1β (P < 0.05, P < 0.05) respectively. After 
8 weeks of treadmill training, serum TNF-α and IL-1β 
levels in the AT group decreased by 1.75- and 1.72-fold 
relative to the AC group (P < 0.05, P < 0.05) respectively. 
These data indicated that treadmill training could inhibit 
low-grade inflammation in plasma in aged rats.

Discussions
In the present study, we systematically investigated 
the effects of treadmill training on ageing-related bone 
deterioration and NLRP3/Caspase1/IL-1β signaling by 
detecting changes in bone, bone marrow, and plasma in 
morphologic, biochemical, and molecular characteris-
tics in a natural ageing rat model, to explore the potential 
mechanisms by which treadmill training mitigates bone 
deterioration in aged rats. BMD measurement using 
DXA is a standard tool in the diagnosis of osteoporosis, 
used to evaluate the degree of osteoporosis and treatment 
efficacy. BV/TV, BS/TV, Tb.N and Tb.Sp from micro-CT 
was used to characterize volumetric BMD and trabecu-
lar bone microarchitectural change. Our primary find-
ings are as follows (Fig. 8): 8 weeks of treadmill training 
improved BMD and bone microarchitecture of hind limb 
bones (i.e., femur and tibia), accompanied by decreasing 
bone resorption and increasing bone formation in aged 
rats. Further investigation showed that treadmill training 
alleviated inflammatory microenvironment by inhibit-
ing NLRP3, proCaspase1, cleaved Caspase1, IL-1β, and 
GSDMD-N in bone marrow, as well as TNF-α and IL-1β 
in plasma. To the best of our knowledge, this is the first 

Fig. 5 Effects of treadmill training on the serum C-terminal cross-linking telopeptide of type 1 collagen (CTX-1) (A) and procollagen type 
1 C-terminal propeptide (P1CP) levels (B) in aged rats measured by ELISA. Data are expressed as mean ± S.E.M (n = 6 per group). ***P<0.01 and 
****P<0.0001vs. YC group. ##P<0.01 and ####P<0.0001 vs. AC group. YC, adult rats with sham training; AC, aged rats with sham training; AT, aged rats 
with real training
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Fig. 6 Effects of treadmill training on the NLRP3/Caspase1/IL-1β signaling in bone marrow in aged rats. The cropped gels and blots by western 
blot of proteins levels of NLRP3, proCaspase1, cleaved Caspase1, IL-1β, GSDMD-N, and β-actin A. Quantitative analysis of NLRP3 (B), proCaspase1 
(C), cleaved Caspase1 (D), IL-1β (E), and GSDMD-N (F) in the different groups; The mRNA expression of NLRP3 (G), Casepase1 (H), and IL-1β (I) was 
detected by qRT-PCR. Data are expressed as mean ± S.E.M (n = 6 per group). *P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001 vs. YC group. #P<0.05, 
##P<0.01, ###P<0.01, and ####P<0.0001 vs. AC group. YC, adult rats with sham training; AC, aged rats with sham training; AT, aged rats with real 
training. All the samples in this figure are derived from the same experiment and the gels/blots were processed in parallel

Fig. 7 Effects of treadmill training on the serum proinflammatory cytokines in aged rats. The serum concentration of TNF-α (A) and IL-1β (B) was 
measured by ELISA. Data are expressed as mean ± S.E.M (n = 6 per group). *P<0.05 vs. YC group. #P<0.05, vs. AC group. YC, adult rats with sham 
training; AC, aged rats with sham training; AT, aged rats with real training
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study focusing on the effect of mitigating bone loss and 
alleviating NLRP3/Caspase1/IL-1β signaling of physical 
activity in ageing rodents.

Factors that contribute to the effect of treadmill train-
ing on the ageing skeleton have not been thoroughly 
explored. Skeletal health is maintained by bone remod-
eling, a process in which microscopic sites of the effete or 
damaged bone are degraded on bone surfaces by osteo-
clasts and subsequently replaced by new bone, which is 
laid down by osteoblasts [26]. Increasing bone synthesis 
and decreasing bone degradation by physical activities is 
considered to be one beneficial factor in the elderly [27]. 
Biochemical markers in the blood, CTX-1, and P1CP, 
respectively used to evaluate bone degradation and bone 
formation, are used to assess the metabolic activity of 
bone tissue [28, 29]. In this natural ageing rat model, the 
serum CTX-1 and P1CP ELISA results showed that bone 
resorption outweighs bone formation with subsequent 
age-related bone loss in aged rats (Fig.  5A-B). Evidence 
showed that exercise significantly affected bone metabo-
lism by suppressing CTX-1 and elevating the P1CP level, 

resulting in an adaptation of bones [30, 31]. We found 
that 8 weeks of treadmill training partly reversed the 
increase of serum CTX-1 and decrease of serum P1CP in 
aged rats accompanied by the improvement of BMD and 
bone microarchitecture in hind limb bones (Figs. 2, 3 and 
4). Therefore, the favorable effect on the improvement of 
bone turnover by treadmill training is by promoting bone 
formation and inhibiting ageing-related bone resorption 
in aged rats. Although serum markers for bone metabo-
lism were investigated in the present study, we did not 
directly evaluate bone resorption and formation rate. 
This is a limitation of the study.

In elderly adults or animals, an inflammatory micro-
environment induced by a systemic chronic low-grade 
inflammation, with proinflammatory cytokines increased 
by 2–4 times, is a common pathophysiological basis 
for primary osteoporosis [32, 33]. These proinflamma-
tory cytokines have been reported as osteoclastogenic 
cytokines participating in the activation of the RANKL/
RANK/OPG pathway to regulate osteoclasts-medi-
ated bone resorption, thus negatively impacting bone 

Fig. 8 Schematic representation of the action of treadmill training on the bone in aged rats. Treadmill training alters the inflammatory bone 
microenvironment by inhibiting NLPRP3/Caspase1/IL-1β signaling in bone marrow (1) and downregulating serum TNF-α and IL-1β (2), which in turn 
improves the bone mass and bone microarchitecture by increasing bone formation and decreasing bone resorption
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characteristics [34]. Proinflammatory cytokines IL-1β 
and TNF-α, by inducing expression of RANKL and 
stimulating RANKL to bind with its receptor RANK, 
then mediating the proliferation and differentiation of 
osteoclasts, as well as blocking osteoblast differentia-
tion and osteoblastic bone formation, lead to bone loss 
in the elderly [35, 36]. In support of this, we measured 
proinflammatory cytokines in the bone marrow and 
plasma and found that bone deterioration in aged rats 
was accompanied by an inflammatory bone microenvi-
ronment with an increase in proinflammatory cytokines 
localized or generalized (Figs.  6 and 7). Evidence has 
reported that the inflammation-associated bone loss and 
skeletal stem/progenitor cell decline are reversible [8]. 
Considering the anti-inflammatory [37] and anti-osteo-
porosis effects [38] of physical activities in different mod-
els, we explore whether the treadmill training had these 
effects in aged rats. The hypothesis was confirmed by the 
findings of a profound augmentation in BMD and bone 
microarchitecture of hind limbs in AT rats (Figs. 2 and 3), 
and a significant decrease in proinflammatory cytokines 
in the bone marrow and plasma (Figs. 6 and 7). It seems 
reasonable that treadmill training has a great beneficial 
effect on the BMD and bone microarchitecture of hind 
limbs, at least, partially by inhibiting inflammation both 
locally and systemically and alleviating the inflammatory 
bone microenvironment.

Recently, researchers found that the increased dam-
aged macromolecules, organelles, and cell debris can 
serve as damage-associated molecular patterns (DAMPs) 
to induce innate immunity through the induction of the 
canonical NLRP3 inflammasome in ageing, and acti-
vated caspase1 processes pro-IL-1β into mature IL-1β, 
cleaves GSDMD full-length into GSDMD N-terminal, 
and thereby forming membrane pores to trigger pyrop-
tosis and IL-1β release [39]. NLPRP3/Caspase1/IL-1β 
pathway regulates age-related bone loss by promoting 
osteoclastic differentiation [40], and targeted inhibiting 
NLRP3 reduces age-related bone loss [15]. It is believed 
that NLRP3/caspase1 pathway plays a critical role in 
age-dependent inflammatory response [15]. In this 
study, the higher-level protein of NLRP3, proCaspase1, 
cleaved Caspase1, IL-1β, and GSDMD-N, and higher-
level mRNA of NLPRP3, Caspase1, and IL-1β in the bone 
marrow of AC rats relative to those of YC rats indicated 
the NLPRP3/Caspase1/IL-1β pathway-mediated inflam-
matory bone microenvironment in aged rats, which was 
consistent with the previous study [40] (Fig. 6). Thus, the 
maladaptation of the link between NLPRP3/Caspase1/
IL-1β signaling-related inflammation and bone turno-
ver may be a key determinant of osteoporosis. Previous 
studies showed exercise inhibited TLR4/NF-κB/NLRP3 
signaling in mice [41]. Therefore, we speculated that 

inhibition of NLPRP3/Caspase1/IL-1β signaling by exer-
cise may be effective in anti-osteoporosis in aged rats by 
improving the bone microenvironment. To elucidate the 
underlying mechanisms responsible for treadmill train-
ing for inflammatory bone microenvironment, we meas-
ured the NLRP3, proCaspase1, cleaved Caspase1, IL-1β, 
and GSDMD-N in the bone marrow for aged rats with or 
without treadmill training. We demonstrated that tread-
mill training inhibited bone deterioration and inflamma-
tory bone microenvironment, as well as downregulated 
the expressions of NLRP3, NLRP3, proCaspase1, cleaved 
Caspase1, IL-1β, and GSDMD-N (Fig. 6). Taken together, 
these results indicated that the bone deterioration miti-
gation of treadmill training may be related to the ame-
lioration of inflammatory bone microenvironment by 
inhibiting NLPRP3/Caspase1/IL-1β signaling in aged rats 
(Fig. 6), further research is needed in the future to eluci-
date the potential mechanism.

Importantly, in the current study, treadmill training 
increased BMD in the femur, but not in the L5 verte-
bral body (Fig.  2A and B), which we hypothesized may 
be due to several factors. Firstly, the intensity of aero-
bic exercise in our study was relatively lower than in the 
previous studies. Evidence showed that in the aged rat, 
by 9 weeks, treadmill exercise (treadmill at 17  m/min, 
1  h/day, 5 days/week) increased bone mineral content 
(BMC) and BMD in the tibia, whereas in the vertebrae, 
only increases in the BMD were found [14]. In addi-
tion, 9 weeks of treadmill running (treadmill at 17  m/
min, 1 h/day, 5 days/week) could improve the periosteal 
labeled surface, mineral apposition rate, and bone for-
mation rate in the tibia in aged female rats [42]. Another 
study demonstrated that 8 weeks of low-intensity tread-
mill training (treadmill at 12 m/min, 60 min/day, 5 days/
week) improved BMD, and it had synergistic effects on 
BM, structure, and bone strength in ovariectomized, 
tail-suspended rats [43]. In this study, we adjusted tread-
mill training by 12–20 m/min and 10% incline, however, 
the exercise duration was only 10 min in the first week, 
and no more than 40 min in the second 3 weeks, which 
is much less than the previous reports. Thus, the insig-
nificant improvement in spine BMD may be due to insuf-
ficient training time. In addition, one study showed that 
73 days of mild exercise (treadmill at 8 m/min, 1 h/day, 5 
days/week) alone did not influence the femur mechani-
cal properties in aged female rats [44], which indicated 
running speed may be another important parameter for 
treadmill exercise to mitigate bone deterioration. The 
condition of the animals, especially the ageing, was the 
second factor influencing the results of the study. Ageing 
leads to energy metabolism disorders, such as abnormal 
glucose metabolism, irregular amino acid metabolism, 
and aberrant lipid metabolism, exacerbating bone mass 
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loss and inhibiting bone formation [45]. Ageing also 
leads to a condition, namely sarcopenia, that is char-
acterized by loss of muscle mass, muscle strength, and 
functional muscle impairment, which aggravates osteo-
porosis. Besides, sarcopenia-induced decreased mobil-
ity and mechanical stress on bone diminish the effect of 
exercise [46]. Thirdly, Although there was no statistically 
significant increase in BMD in the L5 vertebral body in 
the AT group vs. the AC group, it showed an upward 
trend, which might be due to the limited sample size in 
this study. Further studies need an adequate sample size. 
Taken together, treadmill training may help maintain the 
trabecular bone structure of hind limbs in ageing condi-
tions with certain exercise duration and speed, and addi-
tional studies are required to further investigate different 
exercise parameters and the effects of interaction with 
the bone microarchitecture.

Although current clinical studies have recommended 
various exercises to prevent and treat osteoporosis and 
its complications, the underlying mechanism remains 
unclear. The chronic inflammatory state can contribute 
to diseases of ageing such as osteoporosis. In the pre-
sent study, treadmill training showed mitigation of bone 
deterioration and suppression of chronic inflammation 
without adverse effects. Besides, the animal model used 
here closely approximates the osteoporosis occurrence in 
the elderly. Our results provide basic evidence to support 
the future clinical application of treadmill training in the 
elderly. These findings also extend our understanding of 
treadmill training, bone deterioration, and inflammatory 
microenvironment in ageing and suggest possible trans-
lation to clinical application in humans.

Limitation
Several limitations are inherent in the present study. 
First, our sample size was relatively small, thus the BMD 
in the L5 vertebral body showed an increasing trend but 
with no statistical significance. Second, although micro-
CT in this study showed an increase in the cortical bone 
thickness and trabecular bone area, it would be better to 
show histological analyzes to complement the results. 
Third, loss of function or inhibition experiments will be 
done in the future to show that NLRP3 is not merely a 
correlated finding, but indeed necessary.

Conclusion
In conclusion, our study offers evidence that treadmill 
training is an effective intervention to mitigate the age-
ing skeleton by inhibiting bone loss and reversing the 
bone microarchitectural deterioration of hind limbs, 
which is probably by alleviating the inflammatory bone 
microenvironment regulated by NLPR3/Caspase1/

IL-1β signaling. The mitigation of bone deterioration 
accompanied by inhibition of the NLPR3/Caspase1/
IL-1β signaling in the bone marrow and serum proin-
flammatory cytokines TNF-α and IL-1β suggests a pos-
sible molecular mechanism for the effect of treadmill 
training on the alteration of the inflammatory bone 
microenvironment in aged rats, which could be consid-
ered as a pilot feasibility study needing further experi-
ments. Collectively, treadmill training mitigates the 
ageing-induced bone loss and reverses the deteriora-
tion of bone microarchitecture in hind limbs probably 
through inhibiting NLRP3/Caspase1/IL-1β signaling 
to attenuate low-grade inflammation and improve the 
inflammatory bone microenvironment.
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