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Abstract: Oxidative stress is associated with many diseases and has been found to induce DNA damage and cel-
lular senescence. Numerous evidences support the detrimental effects of oxidative stress or cellular senescence 
on skeletal homeostasis. N-acetylcysteine (NAC) is a powerful antioxidant. However, it is unclear whether NAC can 
suppress orchiectomy (ORX)-induced osteoporosis by inhibiting oxidative stress and osteocyte senescence. In this 
study, ORX mice were supplemented with/without NAC, and were compared with each other and with sham-operat-
ed mice. Our results showed that NAC could prevent ORX-induced osteoporosis by inhibiting oxidative stress, DNA 
damage, osteocyte senescence and senescence-associated secretory phenotype (SASP), subsequently stimulating 
osteoblastic bone formation and inhibiting osteoclastic bone resorption. The results from this study suggest that 
NAC could be considered as a potential therapeutic agent for prevention and treatment of osteoporosis caused by 
testosterone deficiency.
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Introduction

Osteoporosis is one of the most common clini-
cal problems, characterized by decreased bone 
mass, worsening bone microarchitecture, in- 
creased risk of fracture and other complica-
tions that are associated with significant mor-
bidity and mortality, affects both men and 
women [1]. Compared with women, male osteo-
porosis occurs later and is less prone to frac-
tures [2, 3]. However, men suffer from much 
higher morbidity and mortality post-fracture, 
and the secondary causes of osteoporosis in 
men are more common (about 50%) compared 
with osteoporosis in women. Excessive alcohol 
and caffeinated beverages, cigarette-smoking, 
excessive glucocorticoids and hypogonadism 
are the most frequent causes [4, 5]. Therefore, 
it is still necessary to elucidate the pathogene-
sis of male osteoporosis.

Aging is closely related to osteoporosis. The 
loss of cancellous bone mass in human begins 

in the third decade, and cortical bone begins to 
decline after the age of 50 [6]. With aging, 
changes in sex steroid levels appear to be a 
major cause of osteoporosis in men. The am- 
ount of bone resorbed by the osteoclasts is not 
fully restored in the aging skeleton and the 
defective osteoblast number has been attribut-
ed to bone loss as a result of sex hormone sup-
pression [7]. It has been reported that a de- 
crease in bone mineral density is associated 
with a decrease in blood testosterone levels, 
and prostate cancer patients show a reduction 
in bone mass after receiving hormone depriva-
tion therapy [8, 9]. Although testosterone main-
tains bone mass in men, the use of testoster-
one-replacement therapy to prevent and treat 
male osteoporosis remains controversial [10]. 
Thus, an alternative treatment may be a viable 
option to prevent deterioration of male bone 
health. 

Oxidative stress plays a role in a number of 
degenerative conditions including osteoporo-
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sis. Cumulating evidence from animal studies 
support the detrimental effect of oxidative st- 
ress on skeletal homeostasis. The production 
of oxidative stress in cultured bone is associat-
ed with the formation of new osteoclasts and 
enhanced bone resorption [11]. Increased ROS 
levels, decreased GSR activity were observ- 
ed in 5-month-old females or males develop 
osteoporosis after gonadal resection [12]. Mi- 
ce deficient in Cu,Zn-superoxide dismutase 
(SOD1) have elevated oxidative stress and de- 
creased bone stiffness and strength compared 
to wild-type mice [13]. Consistently, in a num-
ber of animal studies, dietary antioxidant sup-
plementation is an effective approach to miti-
gate and delay bone loss [14-17].

It is generally believed that excessive accumu-
lation of ROS causes damage to the cell mem-
brane and cytoplasm, this finally triggers DNA 
damage response and activation of cellular 
senescence [18]. Growing evidence for a criti-
cal role of cellular senescence in mediating 
osteoporosis were reported. Evidence in sup-
port of this was provided by a positive correla-
tion between 8-hydroxy-2-deoxyguanosine, a 
widely used marker of DNA damage, and RAN- 
KL/OPG ratio in the osteoporotic patients [19]. 
Compared with 7-month-old mice, 21-month-
old mice showed increased osteocyte expres-
sion of γH2AX, p16Ink4a and several SASP mark-
ers [20]. Consistent with the result of mice,  
the expression of p16Ink4a and SASP factors  
was significantly higher in old women (mean 
age, 78 years) than in young women (mean age, 
27 years) [21].

N-acetylcysteine (NAC), as a scavenger of free 
radicals and as an antioxidant, has been com-
monly used to prevent and treat many diseas-
es. It has been demonstrated that NAC was as 
effective as dihydrotestosterone in preventing 
the decrease of spinal BMD in ORX mice [12]. 
However, it is unclear whether reversed ORX-
induced bone loss by antioxidant NAC treat-
ment was associated with inhibition of DNA 
damage and cellular senescence. To answer 
this question, we established an orchiectomy 
(ORX) mouse model on both sides and then 
supplemented the ORX mice with NAC in drink-
ing water. The control mice were sham operat-
ed and fed with normal water. We examined  
the alterations in bone microarchitecture, bone 
formation, bone turnover, oxidative stress, DNA 

damage, cell senescence, senescence-associ-
ated secretory phenotype (SASP), osteoblast 
and osteoclast activity of these mice to study 
whether NAC can inhibit the ORX-induced bone 
loss by inhibiting oxidative stress, DNA damage 
and cell senescence.

Materials and methods

Mice

Three-week-old male C57/BL6J mice were pur-
chased from Vital River Laboratory Animal 
Technology Co. Ltd. (Beijing, China). They were 
maintained in a virus- and parasite-free barrier 
facility and exposed to a 12-h light, 12-h dark 
cycle. All the mice were randomly divided into 
three groups (n=10 per group): 1) sham sur-
gery; 2) ORX group; 3) ORX group supplement-
ed with 1 mg/ml N-acetylcysteine (NAC) in the 
drinking water from 3-week-old to 16-week-old. 
Mice were anesthetized with chloral hydrate 
and orchiectomized (ORX) at both sides when 
eight weeks old. Sham operations were carried 
out independently. All mice were sacrificed at 
16 weeks of age, 8 weeks after surgery. This 
study was approved by the Institutional Animal 
Care and Use Committee of Nanjing Medical 
University.

X-ray and Microcomputed tomography (Micro-
CT)

After sacrifice, the right femurs were removed 
and fixed in PLP fixative (2% paraformaldehyde 
containing 0.075 M lysine and 0.01 M sodium 
periodate). These samples were then scanned 
for X-ray and micro-CT. Radiographs were per-
formed. Same samples were then scanned on 
a micro-CT scanner (Sky Scan 1072 Scanner) 
using energy of 100 kV, and 98 µA intensity. 
Three-dimensional (3D) images were generat- 
ed using the 3D Creator software supplied with 
the instrument as described previously [22].

Histology

The tibias were removed and dissected free of 
soft tissue, fixed with 2% PLP fixative at 4°C 
and processed histologically. Then the tibias 
were decalcified in 14% EDTA glycerol solution 
for 5 to 7 days at 4°C. The decalcified tibias 
were dehydrated and embedded in paraffin for 
paraffin sections, after which 5 μm sections 
were cut on a rotary microtome. The sections 
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were stained with hematoxylin and eosin (H&E) 
or histochemically for total collagen with sirius 
red or alkaline phosphatase (ALP) activity, or 
tartrate resistant acid phosphatase (TRAP) ac- 
tivity as described previously [22] or immuno-
histochemically as described below.

Immunohistochemical staining 

Immunohistochemical staining was carried out 
for type I collagen, phosphorylation of histone 
H2AX on Ser139 (γ-H2AX), β-galactosidase 
(β-gal), p16INK4a, Interleukin (IL)-1α, IL-1β and 
TNF-α, using the avidin-biotin-peroxidase com-
plex technique with affinity-purified goat anti-
rabbit type I collagen antibody (Southern Bio- 
technology Associates, Birmingham, AL, USA), 
γ-H2AX (Cell Signaling Technology, MA, USA), 
β-gal antibody (Santa Cruz Biotechnology, San- 
ta Cruz, CA, USA), p16INK4a (Abcam, MA, USA), 
IL-1α (Abcam, MA, USA), IL-1β (Abcam, MA, 
USA) and TNF-α (Abcam, MA, USA), following 
previously-described methods [22].

Detection of ROS levels 

The bone marrow cells from long bones were 
converted into single cell suspensions with sy- 
ringe, then washed with cold PBS, and resus-
pended in binding buffer, then 106 cells per 
sample were incubated with 5 µL 2’,7’-dichloro-
fluorescein diacetate (DCFH-DA, Sigma-Aldrich, 
St. Louis, MO, USA) for 30 mins in the dark fol-
lowed by incubation with 10% FBS for 20 mins 
at 37°C. ROS levels were calculated from mean 
fluorescence intensity (MFI) measured using  
a flow cytometer (BD Biosciences, Franklin 
Lakes, NJ, USA).

Western blotting

Protein was extracted from the left femur of 
each group of mice. Immunoblotting was per-
formed as previously described [23]. Primary 
antibodies against SOD1 (Abcam, MA, USA), 
SOD2 (Novus Biological, Centennial, CO, USA), 
Prdx 4 (Santa Cruz Biotechnology, Santa Cruz, 
CA, USA), γ-H2AX (Cell Signaling Technology, 
MA, USA) and p16INK4a (Abcam, MA, USA) were 
used. And β-actin (Bioworld Technology, St. 
Louis Park MN, USA) was used as a loading 
control. Immunoreactive bands were visualiz- 
ed with ECL chemiluminescence (Amersham Bi- 
osciences, Chalfont St. Giles, UK) and analys- 
ed by Scion Image Beta 4.02 (Scion, National 
Institutes of Health, Bethesda, MD, USA).

RNA isolation and quantitative real-time RT-
PCR

RNA was isolated from left tibias with TRIzol 
reagent (Invitrogen, Carlsbad, CA, USA) accord-
ing to the manufacturer’s protocol. Reverse 
transcription reactions were performed with 
the SuperScript First-Strand Synthesis System 
(Invitrogen) as previously described [22]. To 
determine the relative expression of genes of 
interest, quantitative real-time RT-PCR was car-
ried out in an Applied Biosystems Cycler with a 
SYBR Green PCR reagent kit. The PCR primers 
were used as described previously [22]. GAPDH 
was used as the internal control for each reac-
tion. All primers were tested for their specificity 
by conventional PCR before being used for 
quantitative analysis by real-time RT-PCR. All 
PCRs were performed in triplicate. Results were 
analysed with SDS 7300 software, and the rel-
ative amount of mRNA was calculated after 
normalization for GAPDH mRNA.

Computer-assisted image analysis

After histochemical or immunohistochemical 
staining of sections from mice of each group, 
images of micrographs from single sections 
were digitally recorded using a rectangular tem-
plate, and recordings were processed and ana-
lysed using Northern Eclipse image analysis 
software.

Statistical analysis

All analyses were performed using SPSS soft-
ware, version 16.0 (SPSS Inc., Chicago, IL, 
USA). Measured data are presented as mean ± 
SEM. Statistical comparisons were performed 
using a one-way ANOVA of qualitative data to 
compare differences between groups. P values 
< 0.05 were considered statistically signifi- 
cant.

Results

The effect of NAC on ORX-induced osteoporo-
sis

To verify whether NAC supplementation can 
prevent male osteoporosis, we used orchiecto-
mized (ORX) mice as an animal model. The 
mice were then fed with or without NAC for 8 
weeks, and the bone phenotype from each 
group of mice was compared using X-ray, micro-
CT and total collagen staining, respectively. The 
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data showed a significant decrease in bone vol-
ume, bone mineral density (Figure 1A, 1B, 1D, 
1G), total collagen positive area (Figure 1C and 
1I), trabecular thickness (Figure 1E) and num-
ber (Figure 1F) and an increase in trabecular 
separation (Figure 1H) in ORX mice compared 
to sham-operated mice. However, these param-
eters were rescued in ORX mice by NAC sup-
plementation. These findings indicate that sup-
plementation with NAC can prevent ORX-indu- 
ced osteoporosis.

The effect of NAC on the osteoblastic bone for-
mation in ORX mice

To determine whether ORX-induced osteoporo-
sis rescued by NAC was associated with incre- 
ased osteoblastic bone formation, we examin- 
ed the parameters of osteoblastic bone forma-
tion in paraffin-embedded sections of mice by 
staining with H&E, histochemically for ALP and 
immunohistochemically for type I collagen. The 
number of osteoblasts, ALP-positive surface 
and the type I collagen-positive area were de- 

termined by computer-assisted image analys- 
is. We found that the number of osteoblasts 
(Figure 2A and 2D), the ALP-positive surface as 
a percentage of the bone perimeter (Figure 2B 
and 2E) and the type I collagen-positive area 
(Figure 2C and 2F) were reduced significantly in 
ORX mice compared with sham mice. However, 
these parameters were largely rescued in ORX 
mice with NAC supplementation. Therefore, 
NAC could increase osteoblastic bone forma-
tion in ORX mice.

The effect of NAC on the osteoclastic bone re-
sorption in ORX mice

To investigate whether ORX-induced osteopo- 
rosis rescued by NAC was associated with de- 
creased osteoclastic bone resorption, the pa- 
rameters of osteoclastic bone resorption were 
assessed by histochemical staining for TRAP, 
image analysis and real-time RT-PCR. The num-
ber of osteoclasts (Figure 3A and 3B), TRAP-
positive osteoclast surface (Figure 3C), RANKL/
OPG ratio (Figure 3E) and RANKL (Figure 3D) 

Figure 1. The effect of NAC on ORX-induced osteoporosis. Eight-week-old male C57/BL6J mice were randomly per-
formed ORX or Sham surgery and euthanize after 8 weeks. (A) Representative radiographs of femurs. (B) Represen-
tative Micro-CT-scanned and 3D reconstructed sections along the longitudinal direction of femurs. (C) Representa-
tive micrographs of paraffin sections of tibias were stained histochemically for total collagen. Analysis of the distal 
femoral trabecular bone parameters by micro-CT, (D) Bone mineral density, (E) Thickness of trabecular bone (Tb.
Th), (F) Trabecular number (Tb.N), (G) Trabecular bone volume relative to tissue volume (BV/TV, %), (H) Trabecular 
separation (Tb.Sp). (I) Total collagen positive area (%). Data are presented as the mean ± SEM of determinations, 
each data-point was the mean of five specimens. *P < 0.05, **P < 0.01, ***P < 0.001, versus sham mice; #P < 
0.05, ##P < 0.01, ###P < 0.001 versus ORX mice. (C) Magnification, 50×.
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gene expression levels were increased in ORX 
mice compared with sham mice. However, NAC 
supplementation could normalize these chang-
es. Our data demonstrated that NAC could in- 
hibit osteoclastic bone resorption in ORX mi- 
ce.

The effect of NAC on redox balance in ORX 
mice

To investigate whether the effect of NAC on 
ORX-induced osteoporosis was associated with 
regulation of oxidative stress, the ROS levels 
and the protein expression of antioxidant en- 
zymes in long bone were measured. Results 
revealed that ROS levels (Figure 4A and 4B) 
were increased markedly, whereas the protein 
expression levels (Figure 4C-F) of superoxide 
dismutase 1 (SOD1), superoxide dismutase 2 
(SOD2) and peroxiredoxin 4 (Prdx4) were re- 
duced significantly in ORX mice compared with 
sham mice. However, these parameters were 
largely rescued in ORX mice with NAC supple-
mentation. These results indicated that NAC 
may prevent ORX-induced osteoporosis by in- 
hibiting oxidative stress.

The effect of NAC on DNA damage and osteo-
cyte senescence in ORX mice

To determine the effect of NAC on DNA dama- 
ge and osteocyte senescence in ORX mice, the 
DNA damage markers, γ-H2AX, and the cellu- 
lar senescence markers, β-galactosidase(β-
gal) and p16INK4a, were examined by Western 
blot or immunohistochemical staining in paraf-
fin-embedded sections of long bone. We found 
that the percentages of osteocytes positive for 
γ-H2AX (Figure 5A and 5B), p16 (Figure 5D and 
5E), β-gal (Figure 5G and 5H) and the protein 
expression levels of γ-H2AX, p16 (Figure 5C, 
5F, 5I) were elevated in ORX mice compared 
with sham-operated mice. However, these pa- 
rameters were down-regulated dramatically in 
NAC-treated ORX mice. These data showed 
that testosterone deficiency could induce DNA 
damage and osteocyte senescence whereas 
NAC supplementation could inhibit DNA dam-
age and osteocyte senescence in ORX mice.

The effect of NAC on senescence-associated 
secretory phenotype(SASP) in ORX mice

Senescent cells can secrete multiple cytokin- 
es after loss of proliferative capacity, that is 

Figure 2. The effect of NAC on the osteoblastic bone formation in ORX mice. Representative photomicrographs of 
paraffin sections of tibias from 16-week-old mice of each group stained for (A) HE, histochemically for (B) ALP and 
immunohistochemically for (C) type I collagen. (D) The number of osteoblasts (N.Ob) per mm bone perimeter (B.Pm) 
was measured and presented. (E) ALP-positive surface as a percentage of the B.Pm in the bone (%). (F) The per-
centage of the Col I-immunopositive area was measured and presented by image analysis (%). (A, C) Magnification, 
200×. (B) Magnification, 400×. Data are presented as the mean ± SEM of determinations, each data-point was 
the mean of five specimens. *P < 0.05, ***P < 0.001, versus sham mice; #P < 0.05, ##P < 0.01 versus ORX mice.
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senescence-associated secretory phenotype 
(SASP), including IL-1α, IL-1β, IL-6, IL-8, Mmp-3, 
Mmp-13, TNF-α and TGF-β. To verify if NAC sup-
plementation could prevent SASP production in 
ORX mice, we examined the alterations of SASP 

by immunohistochemistry and real-time RT- 
PCR. Compared with the sham-operated mice, 
the percentage of osteocytes positive for IL-1α 
(Figure 6A and 6B), IL-1β (Figure 6D and 6E), 
TNF-α (Figure 6G and 6H) and the gene expres-

Figure 3. The effect of NAC on the osteoclastic bone resorption in ORX mice. (A) Representative photomicrographs of 
paraffin sections of tibias from 16-week-old mice of each group stained histochemically for TRAP. (B) The number of 
TRAP-positive osteoclasts (N.Oc) per mm bone perimeter (B.Pm) was measured and presented. (C) Osteoclast sur-
face relative to bone surface (Oc.S/BS, %). Real-time RT-PCR was performed on bone tissue extracts from 16-week-
old mice of each group. Gene expression of (D) RANKL, (E) RANKL/OPG ratio are shown. Messenger RNA expression, 
assessed by real-time RT-PCR analysis, was calculated as a ratio to the GAPDH mRNA level and expressed relative 
to levels in sham mice. Data are presented as the mean ± SEM of determinations, each data point is the mean of 
five specimens. **P < 0.01, ***P < 0.001, versus sham mice; ##P < 0.01 versus ORX mice. (A) Magnification, 200×.

Figure 4. The effect of NAC on redox balance in ORX mice. (A) Representative flow cytometric analysis of ROS levels 
of bone marrow cells from sham, ORX and ORX+NAC mice. (B) Relative fluorescence intensity (RFI) of ROS was cal-
culated and expressed relative to the sham mice. (C) Representative western blots of bone tissue extracts showing 
expression of superoxide dismutase1 (SOD1), superoxide dismutase2 (SOD2) and peroxiredoxin 4 (Prdx4); β-actin 
was used as loading control for the western blots in the sham, ORX and ORX+NAC groups. (D) SOD1, (E) SOD2, (F) 
Prdx4 protein levels relative to β-actin protein levels were assessed by densitometric analysis and expressed rela-
tive to levels in sham-operated mice. Data are presented as the mean ± SEM of determinations, each data-point 
was the mean of five specimens. *P < 0.05, **P < 0.01 versus sham mice. #P < 0.05, ##P < 0.01 versus ORX mice.
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sion levels of IL-1α (Figure 6C), IL-1β (Figure 
6F), IL-6 (Figure 6I) were all upregulated dra-
matically in ORX mice. However, they were ma- 
rkedly rescued in ORX mice by NAC supple- 
mentation. These results indicate that testos-
terone deficiency could increase the producti- 
on of SASP, while NAC supplementation could 
inhibit SASP production.

Discussion

Male osteoporosis is now increasingly viewed 
as an important health care problem to society 
because of higher morbidity and mortality rate 
after fracture than women. As aging, changes 
in sex steroid levels appear to be the leading 
cause of osteoporosis in men. But there is only 
limited preventive and therapeutic drug for 
male osteoporosis [24, 25]. Therefore, eluci- 
dating the osteoporotic mechanism and find- 
ing effective therapies for male osteoporosis is 

especially essential. In our present study, we 
used the ORX mouse model to study the possi-
ble mechanism of male osteoporosis and the 
effect of NAC on the male osteoporosis. Firstly, 
in order to track changes of bone mass in ORX 
mice, we confirmed that ORX resulted in bone 
loss by X-ray, Micro-CT scanning, three-di- 
mensional (3D) reconstruction and total colla-
gen staining, which is consistent with previous 
studies [12, 16]. Simultaneously, we demon-
strated that NAC supplementation rescued 
bone loss induced by ORX.

Studies have shown that rapid bone loss in 
men is more common in the absence of testos-
terone or estradiol [26]. Androgen receptors 
have been found to be expressed in osteo-
blasts, osteoclasts, osteocytes and bone mar-
row mesenchymal cells. Androgen may directly 
affect the function of all these bone-related 
cells [27, 28]. It has also been found that the 

Figure 5. The effect of NAC on DNA damage and osteocyte senescence in ORX mice. Representative micrographs 
of paraffin sections of tibias from 16-week-old mice of each group stained immunohistochemically for (A) γ-H2AX, 
(D) p16INK4a and (G) β-gal. The percentages of (B) γ-H2AX-positive, (E) p16INK4a-positive and (H) β-gal-positive cells 
were determined by image analysis. (C) Representative western blots of bone tissue extracts showing expression 
of γ-H2AX and p16INK4a; β-actin was used as loading control for the western blots in the sham, ORX and ORX+NAC 
groups. (F) γ-H2AX and (I) p16INK4a protein levels relative to β-actin protein levels were assessed by densitometric 
analysis and expressed relative to levels in sham-operated mice. Data are presented as the mean ± SEM of deter-
minations, each data-point was the mean of five specimens. *P < 0.05, **P < 0.01 versus sham mice. #P < 0.05, 
##P < 0.01 versus ORX mice. (A, D, G) Magnification, 400×.
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number of osteoclasts was increased in the 
lumbar spine of androgen receptor knockout 
mouse model [29]. Unlike women who lose tra-
becular bone with age, men show more trabe- 
cular thinning, which is thought to be secondary 
to reduced bone formation and correlated with 
indices of reduced bone formation [30, 31]. 
Thus, we then examined alterations of osteo-
blastic bone formation and osteoclastic bone 
resorption in ORX mice. Our results demon-
strated that ORX not only reduced osteoblastic 
bone formation but also increased osteoclastic 
bone resorption. However, the bone formation 
of osteoblasts and bone resorption of osteo-
clasts were normalized in ORX mice by the sup-
plementation of NAC. Our results suggest that 
NAC could prevent ORX-induced osteoporosis 
by inhibiting osteoclastic bone resorption and 
stimulating osteoblastic bone formation.

There is growing evidence that increased reac-
tive oxygen species (ROS) and decreased anti-

oxidant defence mechanisms lead to estrogen 
deficiency-induced bone loss [32-34]. Then, we 
asked whether osteoporosis caused by ORX 
was associated with increased oxidative stress. 
Recent studies showed that oxidative stress 
induced by testosterone deficiency is associat-
ed with decreased levels of antioxidant enzy- 
mes and activity in mouse vertebral tissue, 
which leads to decreased osteoblast formation 
and increased osteoclast resorption [12, 16]. In 
agreement with previous findings, our current 
study confirmed that ORX could induce oxida-
tive stress and reduced antioxidants levels 
which support that decreased osteoblast for-
mation and increased osteoclast resorption by 
ORX may be partly related to oxidative stress. 
Other researchers have shown that inhibition  
of H2O2 by antioxidants, NAC, ascorbic acid, 
pegylated catalase or PQQ can prevent bone 
loss caused by acute loss of estrogen [14, 
35-37]. Then, we asked whether NAC could 
exert an anti-osteoporosis role in ORX mice 

Figure 6. The effect of NAC on senescence-associated secretory phenotype(SASP) in ORX mice. Representative 
micrographs of paraffin sections of tibias from 16-week-old mice of each group stained immunohistochemically 
for (A) IL-1α, (D) IL-1β and (G) TNF-α. The percentages of (B) IL-1α-positive, (E) IL-1β-positive and (H) TNF-α-positive 
cells were determined by image analysis. Real-time RT-PCR was performed on extracts of tibias from 16-week-old 
mice of each group to investigate gene expression of (C) IL-1α, (F) IL-1β and (I) IL-6. Messenger RNA expression, 
assessed by real-time RT-PCR analysis, was calculated as a ratio to the GAPDH mRNA level and shown relative to 
levels in sham mice. Data are presented as the mean ± SEM of determinations, each data-point is the mean of five 
specimens. *P < 0.05, **P < 0.01, ***P < 0.001 versus sham mice. #P < 0.05, ##P < 0.01 versus ORX mice. (A, D, 
G) Magnification, 400×.
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through inhibiting oxidative stress. Thus, we 
gave the ORX mice with the antioxidant NAC  
in the drinking water for 8 weeks and demon-
strated that NAC supplementation effectively 
prevented ORX-induced bone loss by defending 
against oxidative stress.

Age-related oxidative stress is associated with 
many diseases, and oxidative stress has been 
found to induce DNA damage and cellular se- 
nescence [38]. Numerous studies have shown 
that inhibition of cellular senescence may be 
an effective therapy for bone loss. In vitro stud-
ies have shown that senescent-cell condition- 
ed medium impairs osteoblast mineralization 
and enhances osteoclast progenitor cell sur-
vival, resulting in increased osteoclastogenesis 
[39]. It has been proposed to target senescent 
cells pharmacologically in vivo to eliminate th- 
em and thus delay the emergence of osteopo-
rosis [40]. In the current study, the DNA dam-
age markers, γ-H2AX, and the cellular senes-
cence markers, β-gal and p16INK4a, were incre- 
ased in the osteocytes of ORX mice. These 
results suggested that increased oxidative st- 
ress in the bone of ORX mice can trigger DNA 
damage and osteocyte senescence.

Senescent cells can exhibit a complex pro-
inflammatory response called the senescence-
associated secretory phenotype (SASP), which 
allows them to communicate with other cells 
and the microenvironment, stimulating the se- 
nescence of adjacent cells [41]. The evidence 
from recent study showed that clearance of the 
senescent cells in aged (20 to 22 months old) 
mice with established bone loss inhibited the 
production of the proinflammatory secretome 
of senescent cells, while also resulting in high- 
er bone mass, strength and better bone micro-
architecture [42]. Therefore, we asked if tes- 
tosterone deficiency-induced osteoporosis pre-
vented by supplementation of NAC is associat-
ed with reduced DNA damage, osteocyte sene- 
scence and SASP induced by ORX. To answer 
this question, we compared the alterations of 
DNA damage, osteocyte senescence and SASP 
between ORX mice and ORX mice supplement-
ed with NAC. Our results found that supplemen-
tation of NAC could prevent DNA damage, oste-
ocyte senescence and SASP induced by ORX. 

In conclusion, our present study exhibited that 
testosterone deficiency-induced osteoporosis 
was not only related with reduced osteoblastic 

bone formation, increased osteoclastic bone 
resorption and oxidative stress, but also relat-
ed with increased DNA damage, osteocyte se- 
nescence and SASP. Supplementation of NAC 
played a preventive and protective role in ORX-
induced osteoporosis by inhibiting osteoclastic 
bone resorption and oxidative stress, prevent-
ing DNA damage, osteocyte senescence and 
SASP production, and promoting osteoblastic 
bone formation. Therefore, our findings from 
this research provided experimental evidence 
for the clinical application of NAC, indicating 
that NAC could be used to prevent and treat 
osteoporosis in men.
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