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Abstract: Introduction: Advanced oxidation protein products (AOPPs) are prevalent in several kinds of disorders. 
Previous research revealed that the levels of AOPPs in postmenopausal women were significantly higher than that 
in premenopausal women. Whether AOPPs have any effect on bone loss remains unclear. Our research analysed 
the role of AOPPs on the development of osteoporosis in ovariectomised (OVX) rats. Methods: Female SD rats were 
divided into five groups (SHAM, OVX+PBS, OVX+RSA (Rat Serum Albumin), OVX+AOPPs, OVX+AOPPs+SOD) and sub-
jected to sham or ovariectomy. PBS, RSA, and AOPPs were injected daily with or without intragastric administration 
of superoxide dismutase (SOD) after surgery. Every 4 weeks blood and the tibia were harvested from eight rats in 
each group. The expression of osteocalcin and CTX-I (C-terminal crosslinking telopeptide of type I collagen) in se-
rum was measured by ELISA, and the tibiae were subjected to metaphyseal three-point bending and μCT analysis. 
Results: AOPPs increased the serum level of osteocalcin and CTX-I. μCT showed AOPPs decreased bone mass at 
week 4 and week 8, while significant differences in Fmax and energy absorption were found between the PBS and 
AOPPs groups at week 20 and week 24. No significant differences were found between the AOPPs and AOPPs+SOD 
groups at any time. Conclusions: AOPPs accelerated the bone loss and weakened bone strength in OVX rats.

Keywords: Advanced oxidation protein products, OVX rat model, oxidative stress, postmenopausal osteoporosis, 
μCT

Introduction

Osteoporosis is characterised by an imbalance 
between bone formation and resorption, result-
ing in a net bone (particularly cancellous) loss 
and increased fracture incidence [1]. Although 
the aetiology of osteoporosis is not well under-
stood, previous studies have demonstrated 
that oxidative stress is involved in its pathogeny 
[2, 3]. In addition, our preliminary research has 
proved that oxidative stress is also involved in 
age-related bone loss and might play an impor-
tant role in the pathology of age-related bone 
loss [4].

Oxidative stress, a pathological condition char-
acterised by a disturbance in the prooxidant-
antioxidant balance in favour of the former, is 
involved in the development of many diseases 
such as chronic obstructive pulmonary disease 
(COPD) [5], coronary artery disease (CAD) [6], 

disuse muscle atrophy [7], and uremia [2]. 
Reactive oxygen species (ROS), the main cause 
of oxidative stress, mainly consists of H2O2, O2

-, 
and OH-, which were generated by the mito-
chondrial respiratory chain [8, 9] and the accu-
mulation of which could damage to proteins, 
lipids, nucleic acids, and other cellular compo-
nents [10]. Furthermore, studies have indicated 
that proteins are earlier and more susceptible 
to oxidative damage than lipids, and therefore, 
proteins are generally considered to be the 
main original targets of ROS [11, 12].

Advanced oxidation protein products (AOPPs), 
first found in the plasma of patients with dialy-
sis [13], are a kind of dityrosine-containing and 
cross-linking protein products formed during 
oxidative stress by reaction of plasma albumin 
with chlorinated oxidants [14]. Increased levels 
of AOPPs have been found in patients with dia-
betes [15], metabolic syndrome [16], chronic 
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inflammatory bowel diseases [17], and obesity 
[18], implying that the accumulation of AOPPs 
may be relevant in a series of pathophysiologic 
conditions. Furthermore, Ahmet et al. [19] 
reported that AOPP levels in postmenopausal 
women were significantly elevated compared to 
that in premenopausal women. The plasma 
concentration of AOPPs is closely correlated 
with the level of dityrosine, a marker of oxidised 
protein, and pentosidine, a marker of protein 
glycoxidation that is tightly related to oxidative 
stress [20]. 

Oxidative damage to proteins is reflected by 
increased levels of AOPPs, which serve as a 
novel biomarker of oxidative stress [14]. Be- 
sides being a marker of oxidative stress, AOPPs 
have also been shown to play a significant role 
as effector molecules in a number of biolo- 
gical events. AOPPs have been reported to 
induce mesangial cell perturbation through 
PKC-dependent activation of NADPH oxidase 
[21], and the accumulation of AOPPs promote 
NADPH oxidase-dependent podocyte depletion 
by a p53-Bax apoptotic pathway both in vivo 
and in vitro [22]. Moreover, AOPPs can inhibit 
differentiation of preadipocytes and activate 
inflammation in these cells [23], and we have 
also demonstrated that AOPPs can inhibit pro-
liferation and differentiation of rat osteoblast-
like cells (ROB) cells through the ROS-de- 
pendent NF-κB pathway [24]. 

It is well known that the functional limitation  
of osteoblasts is one of the most important  
reasons for osteoporosis; therefore, on the 
basis of our preliminary studies [24] and in- 
creased levels of AOPPs in postmenopausal 
women [19], we think that the accumulation  
of AOPPs might be involved in the pathophysio-
logical progress of osteoporosis. However, to 
our knowledge, there is no information avail-
able in the literature regarding the effect of 
AOPPs on the development of postmenopausal 
osteoporosis in vivo. Consequently, in this 
research the OVX rat model was used to de- 
tect the effect of AOPPs on the genesis de- 
velopment of osteoporosis.

Methods

AOPPs-RSA preparation and determination

AOPPs-rat serum albumin (RSA) was prepared 
according to a described procedure with minor 

modifications [13, 25]. Briefly, RSA solution  
(20 mg/mL, Sigma, St. Louis, MO) was exposed 
to 200 mmol/L of HOCL for 30 min at room 
temperature and then dialysed against phos-
phate buffer solution (PBS) at 4°C for 24 h to 
remove free HOCL. Control incubation was per-
formed in native RSA dissolved in PBS alone. All 
the preparations were passed through a Detoxi-
Gel column (Thermo, Cambridge, MA) to remove 
any endotoxin. An amebocyte lysate assay kit 
(Sigma) was used to determine the level of 
endotoxin in AOPPs-RSA and the concentration 
of endotoxin was below 0.025 EU/mL. AOPP 
content in the sample was determined as 
described previously [14]. Briefly, 200 µL of 
sample or chloramine-T was placed in a 96- 
well plate, and 20 µL of acetic acid was then 
added. A microplate reader was used to mea-
sure the absorbance at 340 nm immediately. 
AOPP content in the AOPPs-RSA and unmodi-
fied RSA was 40.10±2.23 and 0.12±0.07 
µmol/g protein, respectively.

Animals

These methods were carried out in strict 
accordance with the laboratory animal care 
guidance regulations of the Ministry of Science 
and Technology of the People’s Republic of 
China. All the animal protocols were approved 
by the Committee on the Ethics of Animal Ex- 
periments of Southern Medical University. Fe- 
male Sprague-Dawley rats (8 weeks old, pur-
chased from the Laboratory Animals Center of 
Southern Medical University) were raised in a 
12-h light/dark cycle and given free access  
to food and tap water. All the rats were sub- 
jected to sham or OVX surgery as soon as they 
were acclimatised to the new situation for 2 
weeks. Subsequently, the experimental ani-
mals were randomly assigned to five groups 
(sham, OVX+PBS, OVX+RSA, OVX+AOPPs, OVX 
+AOPPs+superoxide dismutase [SOD]) accord-
ing to body weight with daily injection of either 
PBS (100 mg/kg per day), native RSA (100 mg/
kg per day), AOPPs (100 mg/kg per day), or 
AOPPs (100 mg/kg per day) and intragastric 
administration of SOD (Sigma Chemical, 100 
mg/kg per day) separately [22].

The rats were sacrificed at seven predeter-
mined time points for sham (0, 4, 8, 12, 16, 20 
and 24 weeks) and six time points for OVX+ 
PBS (4, 8, 12, 16, 20 and 24 weeks) and treat-
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Figure 1. The general introduction of experimental methods of μCT and three-point bending test. A. The volume of 
interest tested by μCT and three-point bending test. B. Some experimental parameters of rat tibia scanned by μCT. C. 
The design details of the three-point bending test consisting of the aluminium block and a rounded edge-free notch.

ment (4, 8, 12, 16, 20 and 24 weeks). There 
were 56 animals in sham groups and 48  
animals in the OVX+PBS group and each treat-
ment group. Their bilateral tibias were collect-
ed, with soft tissues removed thoroughly, 
wrapped in normal saline-soaked gauze, and 
stored at -20°C until used for the research. 
Both the body and uterine weight were mea-
sured at the end of each predetermined time 
point of the experiment. All animal procedures 
followed the guidelines of the authors’ In- 
tramural Animal Use and Care Committee of 
Southern Medical University.

Serum biomarker measurements

The blood was collected from the abdominal 
aorta of rats while they were sacrificed. The 

serum was separated by centrifugation at 4°C 
and stored at -80°C until further analysis. 
Osteocalcin (OC) (bone formation marker) and 
C-terminal crosslinking telopeptide of type I  
collagen (CTX-I) (bone resorption marker) in  
the serum were quantified by OC and CTX-I 
ELISA kits (Cusabio, Wu Han, China), respec-
tively, according to the manufacturer’s proto-
col. The absorbance at 450 nm was measured 
by a spectrophotometric plate reader.

Micro-computed tomography analysis

The micro-architecture of the trabecular and 
cortical bone were assessed using a high re- 
solution micro-CT system (μCT80, Scanco Me- 
dical AG, Bassersdorf, Switzerland) equipped 
with a 10-μm focal spot microfocus X-ray tu- 
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Figure 2. Body weight and uterus index changes in the treatment groups 
as measured by the electronic scale. A. The body weight of the rats was 
recorded every 4 weeks during the experimental period. B. Uterus index was 
represented as uterus weight divide by body weight. Data are presented as 
mean ± SD, *P < 0.01 compared with the sham group.

be as the source. A 2-mm region of trabecu- 
lar bone, starting from 2 mm distal to the pro- 
ximal growth plate (Figure 1A), was used for 
structural evaluation. Low-density foam was 
used to position the specimen tightly in the 
sample holder to ensure no relative movement 
between the specimen and the sample holder 
during the scan. The resultant grayscale imag-
es obtained had an isotropic voxel size of 12 
μm, and the X-ray tube was operated at 55 kVp 
and 49 μA.

Three-point mechanical strength testing

The mechanical properties of the tibia were 
tested using the three-point bending test 
describe by Sturmer [26], performed by a min-
iature Instron material testing machine 
(Electroplus E1000 Test System) with a 2000-
N load cell (Figure 1C). The tibiae were thawed 

at room temperature for 30 
min prior to testing and the 
region of interest, showed as 
Figure 1A, was determined by 
digital calipers. The samples, 
continuously moistened with 
isotonic saline solution during 
the test, were placed on a ba- 
se consisting of an aluminium 
block with one rounded edge-
free notches on top (Figure 
1C). The speed of the feed 
motion was 2 mm/min with 5% 
strain rate and the automatic 
ended by a loss of strength  
of > 20 N or a linear change of 
> 2 mm. Data regarding ma- 
ximum load (Fmax), energy ab- 
sorption, and stiffness (S)  
were obtained by Bluehill 2 
(version 2.28.832, Instron, a 
Division of Illinois Tool Works 
Inc). The experiment was per-
formed blinded with regard to 
the association between bo- 
nes and animal groups.

Statistical analysis

Results are expressed as me- 
an ± standard deviation. Sta- 
tistical differences between 
different groups for the same 
time or over the entire period 

were compared using one-way ANOVA. The 
homogeneity variances were first compared 
among the groups. Subsequently, multiple 
comparisons were performed using the LSD 
method or Dunnett’s C method. The statistical 
significance was assumed at P < 0.05, and  
the statistical analyses were conducted with 
SPSS 13.0 software.

Results

Body weight and uterus index

All the test subjects had a similar initial ave- 
rage body weight, and at week 4, the average 
body mass of OVX+PBS, OVX+RSA, and OVX+ 
AOPPs groups was significantly higher than  
that of the sham group (256.0±12.1, P = 0.004; 
254.3±19.3 g, P = 0.007; 261.1±14.0 g, P = 
0.001; 228.2±16.5g; respectively). The body 
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Figure 3. Morphological parameters of trabecular changes throughout the experiment as measured by μCT. Each 
value was derived from a single serial cross-section obtained from the left tibia of rats. Data are presented as mean 
± SD.

mass of the OVX+AOPPs+SOD group at week  
4 was 241.9±17.9 g, which was not signifi- 
cantly different from that of the sham group  
(P = 0.155). The body mass of all the groups 
increased steadily with age, as expected, and 
from 8 to 24 weeks. The OVX+PBS, OVX+RSA, 
OVX+AOPPs and OVX+AOPPs+SOD groups were 
significantly heavier than the sham group (P  
< 0.01). There were no significant differences  
in body weight between the OVX+PBS and 
OVX+RSA groups starting from week 4 to the 
end of experiment. (Figure 2A)

The uterus index of OVX rats was lower than 
that of the sham group (P < 0.01), indicating  
the uterine tissue of rats without ovaries was 
atrophic, which proved the success of the sur- 
gical procedure (Figure 2B).

Micro-computed tomography (μCT)

The changes in trabecular microarchitecture  
in the tibial metaphyseal region among the  
various treatment groups measured by μCT  
are shown in Figure 3, and the representative 
three-dimensional micro-CT reconstructions 
renderings are illustrated in Figure 4. From 4  
to 24 weeks, the microarchitectural parame-
ters of groups with OVX surgery (OVX+ 
PBS, OVX+RSA, OVX+AOPPs, OVX+AOPPs+SOD) 
showed significant difference from the sham 
group in almost all tested indices (bone vol-
ume/tissue volume [BV/TV], TV apparent, stru- 

cture model index [SMI], connect density 
[Conn.D], trabecula number [Tb.N], trabecula 
thickness [Tb.Th], and trabecular space [Tb.
Sp]) (P < 0.05 or 0.01) except the BV material.

TV apparent, BV/TV, Conn.D, Tb.N, and Tb.Th 
were significantly higher in the sham group,  
and in contrast, SMI and Tb.Sp were significant-
ly increased in response to OVX (P < 0.01 for 
all). All the above parameters in the OVX+ 
RSA group exhibited no significant differences 
from the OVX+PBS group, and the same re- 
sults were observed between the OVX+AOPPs 
and OVX+AOPPs+SOD groups. Compared with 
the sham group, the BV material changed sig-
nificantly (P < 0.01) at all time points in both 
OVX+AOPPs and OVX+AOPPs+SOD groups, but 
in the OVX+PBS group, this parameter show- 
ed a significant difference (P < 0.01) only in 
Week 12 and Week 24.

The damage effect of AOPPs on the trabe- 
cular architecture was apparent at week 4  
and week 8. Significant changes were dete- 
cted at 4 weeks and 8 weeks for all the mor-
phological parameters, including TV apparent 
(-24.6%, P < 0.01 and -45.0%, P < 0.01), BV 
material (-3.0%, P = 0.031 and -3.2%, P = 
0.024), BV/TV (-19.5%, P = 0.021 and -49.4%, P 
< 0.01), Tb.Th (-22.0%, P < 0.01 and -20.6%, P 
= 0.047), SMI (+47.9%, P = 0.012 and +33.9%, 
P = 0.03) and Tb.Sp (+57.6%, P < 0.01 and 
+40.7%, P < 0.01), except for Conn.D and Tb.N 
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Figure 4. Three-dimensional μCT images of the tibia metaphyseal of sham, OVX+PBS, OVX+RSA, OVX+AOPPs, and 
OVX+AOPPs+SOD treated Sprague Dawley rat at the time of operation and follow-up measurements 4, 8, 12, 16, 
20, and 24 weeks later. Images were chosen from the animals with median cancellous BV/TV values.

in the OVX+AOPPs group compared to that in 
the OVX+PBS group, respectively. However, in 
addition to BV material, the structural indices 
scanned by μCT did not change significantly 
between the OVX+AOPPs and OVX+PBS groups 
within 12 to 24 weeks. OVX+AOPPs exhibited 
significant difference from the OVX+PBS group 
in BV material for almost all time points except 
for week 12 and on the contrary no significant 
difference was found for Conn.D and Tb.N 
throughout the experiment.

Biomechanical quality of the tibia

The mean maximum load (Fmax), energy ab- 
sorption, and stiffness measured from the  
miniature material testing machine for all the 
groups at different time points are provided in 
Table 1. As rats became older, Fmax of the sham 
group increased from 85.89±8.65 N in week  
0 to 140.02±12.33 N at week 24 (+63.0%), 

and a significant difference was found at week 
8 (P = 0.040), week 16 (P = 0.012), week 20 (P 
= 0.031) and week 24 (P < 0.001) between the 
sham and OVX+PBS groups, respectively. 
Furthermore, there was a significant reduction 
in Fmax in the tibia of the OVX+AOPPs group te- 
sted by the three-point bend compared to the 
sham group starting from week 8 to the end of 
the experiment. However, compared to the 
OVX+PBS group, 20- and 24-week treatments 
with AOPPs only markedly decreased the Fmax (P 
= 0.001 and 0.002, respectively).

The sham group exhibited a significantly higher 
energy absorption than OVX+AOPPs from week 
8 (P < 0.05 for all), and similarly, the parameter 
was significantly lower at week 12 (P = 0.007) 
and week 20 (P = 0.004) compared with 
OVX+PBS. Only in week 24, a significant differ-
ence in energy absorption was observed be- 
tween OVX+PBS and OVX+AOPPs (P = 0.021).
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Table 1. Change of mechanical property at the metaphyseal tibia measured by 3-point bending test. Group averages are expressed as mean ± 
SD

Week(s) after surgery
Group 0 4 8 12 16 20 24
Fmax (N) Sham 85.89±8.65 87.97±18.11 95.53±9.29 106.78±12.17 124.90±12.08 126.25±15.06 140.02±12.33

OVX+PBS 75.96±15.39 67.81±12.36a 79.30±22.54  83.87±15.76a 92.45±9.22a 92.20±8.98a 
OVX+RSA 76.07±18.37 70.07±19.98 70.25±6.96a 73.71±17.14a 91.55.10±18.79 88.81±12.03a 
OVX+AOPPs 81.20±18.07 56.10±10.61a 67.20±16.34a  83.94±19.45a 59.84±8.28a+b 62.00±8.54a+b 
OVX+AOPPs+SOD 79.53±32.44 60.84±16.45a 59.94±18.84a 80.82±26.74 69.28±15.34a 60.93±12.45a+b 

Energy absorption (mJ) Sham 69.89±10.61 77.68±24.06 72.88±19.93 91.24±7.57 111.62±22.35 119.33±11.31 112.69±16.81
OVX+PSB 71.54±25.39 55.93±22.65 66.41±8.621a 72.54±22.63 86.14±8.42a 81.88±15.64
OVX+RSA	  50.87±18.74 42.62±12.98 64.17±9.05a 74.08±21.14 84.23±29.22 86.79±15.19
OVX+AOPPs 65.82±16.91 57.89±29.64 45.53±20.88a 55.88±15.56a 56.62±21.96a 43.22±12.63a+b 
OVX+AOPPs+SOD 52.29±21.11 52.52±12.42 55.74±19.49 60.451±20.91 48.40±22.02a 45.33±17.40a 

Stiffness (N/mm) Sham 109.88±11.86 118.3±13.33 137.16±26.46 140.41±7.27 148.78±8.59 144.45±10.01 162.19±8.06
OVX+PBS 108.0±21.34 98.80±15.22 90.15±21.36a 112.72±25.72 108.02±9.08a 104.51±16.14a 
OVX+RSA 120.1±14.31 96.15±14.88 95.27±8.56a 102.72±17.83a 102.41±7.79a 105.85±8.37a 
OVX+AOPPs 101.9±19.17 74.49±16.62a 86.98±15.33a 96.00±10.80a 89.33±32.96a 96.48±11.79a 
OVX+AOPPs+SOD 103.1±17.76 82.74±10.01a 84.63±17.48a 100.54±18.50a 94.85±21.46a 89.05±8.77a 

a: Significant difference from SHAM (P < 0.05); b: Significant difference from OVX+PBS (P < 0.05).

Table 2. Quantitative analysis of bone formation (Osteocalcin) and resorption (CTX) markers of serum levels of rats. Values are means ± SD
Week(s) after surgery

Group 0 4 8 12 16 20 24
Osteocalcin (ng/mL) Sham 32.13±1.34 31.29±2.29 25.06±1.95 24.13±2.88 19.63±5.85 16.07±5.84 17.24±2.88 

OVX+PBS 36.36±1.39a  32.61±1.40a 27.17±2.38 26.23±1.65 25.50±3.01 22.48±1.70
OVX+RSA 36.87±2.15a  33.06±3.93 27.44±1.57 25.67±4.26 26.01±9.03 22.79±4.15 
OVX+AOPPs 42.29±2.47a+b 42.42±5.07a 38.98±4.71a+b 33.25±6.51 36.47±10.41 37.18±2.31a+b

OVX+AOPPs+SOD 43.25±3.11a+b 38.71±5.67a 37.21±4.15a+b 31.47±2.96 33.42±11.16 29.53±1.92a+b+c 
CTX (ng/mL) Sham 21.52±1.98 25.40±4.34 33.84±1.24 39.87±1.56 31.21±0.58 28.98±2.34 31.70±1.98

OVX+PBS 34.85±5.80 40.98±2.25a 45.53±2.42a 42.97±8.70 42.38±2.65a 35.70±1.31
OVX+RSA 32.01±2.87 41.26±3.46a 44.90±4.92 41.12±4.03a 46.88±3.65a 41.14±3.41a

OVX+AOPPs 37.84±2.63a 52.25±2.37a+b 52.92±3.37a+b 53.25±3.31a 48.49±2.63a 52.84±3.61a+b

OVX+AOPPs+SOD 33.28±2.80 51.24±2.54a+b 51.82±2.01a+b 53.97±2.08a 50.62±8.61a 45.74±2.11a+b

a: Significant difference from SHAM (P < 0.05); b: Significant difference from OVX+PBS (P < 0.05); c: Significant difference from OVX+AOPPs (P < 0.05).
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Compared with the sham group, OVX+PBS also 
resulted in a decrease in stiffness at week 12 
(P = 0.021), week 20 (P = 0.001) and week 24 
(P = 0.001), and treatment with AOPPs could 
intensify the process because from week 8 to 
week 24, stiffness in both the OVX+AOPPs and 
OVX+AOPPs+SOD groups showed a significant 
difference from the sham group (P < 0.05 for 
all). However, no statistical differences were 
found between the OVX+AOPPs and OVX+ 
AOPPs+SOD groups for all the above three 
parameters throughout the study, and a similar 
result was observed between the OVX+PBS 
and OVX+RSA groups.

Biochemical parameters of serum

The results for osteocalcin and CTX-I levels of 
different groups at different times are given in 
Table 2. The serum osteocalcin level in the 
OVX+PBS group was significantly elevated  
compared to that in the sham group at week 4 
(P = 0.033) and week 8 (P < 0.01). The 
OVX+AOPPs group showed significantly higher 
levels than the sham group at week 4 (P 
<0.001), week 8 (P = 0.001), week 12 (P = 
0.002) and week 24 (P < 0.001) and the same 
result was observed at week 4 (P = 0.008), 
week 12 (P = 0.012) and week 24 (P = 0.001) 
when compared with the OVX+PBS group. 
Furthermore, the level of OC was reduced in 
the OVX+AOPPs+SOD group at week 24 com-
pared to that in the OVX+AOPPs group (P = 
0.001).

Regarding bone resorption, CTX-I was signifi-
cantly lower in the sham group than in the 
OVX+PBS group at 8 weeks (P = 0.002), 12 
weeks (P = 0.023) and 24 weeks (P < 0.001) 
after surgery. Moreover, significant differences 
were found in the CTX-I levels between the 
sham group and the OVX+AOPPs group through-
out the experiment (P < 0.001 for all), and the 
OVX+AOPPs group showed a stronger increase 
in CTX-I levels than the OVX+PBS group at week 
8 (P < 0.001), week 12 (P = 0.044) and week 
24 (P < 0.001). Throughout the study, no signifi-
cant difference was observed between the 
OVX+AOPPs and OVX+AOPPs+SOD groups.

Discussion

Osteoporosis is a disease characterised by 
reduction in bone mass, microarchitectural 
deterioration and biomechanical competence 

of appendicular and axial skeleton, resulting in 
increased incidence of fractures [27]. The most 
common type of osteoporosis is postmenopau-
sal osteoporosis. Ovariectomy-induced osteo-
penia in the rat produces skeletal responses 
similar to that in postmenopausal women; 
therefore, the OVX rat is considered to be a  
gold standard model for evaluating drugs or 
other materials for the prevention or accelera-
tion of osteoporosis [28]. Besides, the OVX rat 
model was also recommended by the U.S. Food 
and Drug Administration (FDA) for feasibility 
studies assessing the antiosteoporotic efficacy 
of antiresorptive and anabolic agents [29]. To 
discuss the relationship between AOPPs, a 
novel biomarker of oxidative stress, and post-
menopausal osteoporosis, we investigated the 
effects of AOPP-induced OVX rat model and the 
efficacy of antioxidant SOD in terms of morpho-
logical and biomechanical analyses. 

AOPPs are a type of dityrosine-containing and 
cross-linking protein products formed during 
oxidative stress by the reaction of plasma albu-
min with chlorinated oxidants [14]; in the pres-
ent study, AOPPs were obtained by exposing 
RSA solution into HOCL. During the process of 
the reaction, RSA could not be thoroughly con-
sumed and some RSA might be left. Therefore, 
native RSA solution was daily injected into the 
rats to determine whether RSA had any effect 
on the OVX rats. The data presented in the 
OVX+RSA group showed no significant differ-
ence with the OVX+PBS group in almost all the 
experiment parameters; thus, we concluded 
that it was AOPPs, not RSA, that caused the dif-
ference in the OVX rats.

Quantitative histologic techniques had been 
the standard for assessing trabecular and cor-
tical bone architecture for a long time [30]. 
However, histologic analyses had limitations 
regarding bone microarchitecture because 
structural parameters are rooted in stereologic 
analysis of a few two-dimensional sections. 
Micro-CT, also known as μCT, was first intro-
duced by Feldkamp and colleagues in the late 
1980s [31] and has currently become the gold 
standard for the evaluation of bone morphology 
and microarchitecture in rats and other small 
animal models ex vivo because it can measure 
bone microarchitecture directly without relying 
on stereologic models as compared to histo-
logic analyses [32]. The type of micro-CT sys-
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tem used in this study was μCT80 which could 
provide bone microarchitecture parameters of 
TV apparent and BV material besides the tradi-
tional parameters such as BV/TV, Tb.Th, Tb.N, 
Tb.Sp, SMI, and Conn.D. TV apparent is used to 
describe mean density of the volume of inter-
est and BV material can provide the mean den-
sity of trabecular bone in the region of 
interest. 

The uterus index of groups with OVX surgery 
was lower than that of the sham group, indicat-
ing the ovariectomised model established in 
the study was successful. In addition, the 
microarchitectural bone parameters of groups 
with OVX surgery showed significant difference 
from the sham group in almost all tested indi-
ces, which proved that oestrogen deficiency will 
result in bone mass loss; this was consistent 
with previous studies [33, 34]. 

The data obtained by μCT revealed that the 
damage effect of AOPPs on the trabecular 
architecture was apparent at week 4 and week 
8 compared with the OVX+PBS group, which 
implied that oestrogen deficiency and AOPPs 
had combined damage effects on the trabecu-
lar bone of the tibia in the OVX+AOPPs group. 
The bone loss of the tibia in OVX+AOPPs 
appeared earlier than that of the OVX+PBS 
group; this indicated that AOPPs accelerated 
the bone loss in ovariectomised rats. However, 
the difference was not obvious between the 
OVX+AOPPs and OVX+PBS groups from 12 
weeks to 24 weeks.

Mechanical testing measurement is one of the 
important methods to evaluate bone strength, 
and three-point bending test was adopted in 
this experiment. The tibia samples were placed 
on a base consisting an aluminium block with 
one rounded edge-free notches on top; this 
design prevented slipping or tipping of the tibia 
under increasing punctual strength (Figure 1C). 
Tibia treated with OVX surgery had significantly 
lower Fmax, energy absorption, and stiffness 
than the sham group, and the differences were 
more significant in the OVX+AOPPs group. Fur- 
thermore, Fmax of the OVX+PBS group was high-
er than that of the OVX+AOPPs group in both 
week 20 and week 24, and in week 24, a signifi-
cant difference in energy absorption was also 
found between the two groups. Although the 
average level of stiffness was much lower in 
OVX+AOPPs than in the mono-treatment OVX 

group, no significant difference was found 
between them owing to large standard devia-
tion in both the groups. The results of mechani-
cal testing measurement suggested that the 
rats with OVX surgery showed a decrease in 
bone strength and that AOPPs could accelerat-
ed erosion of the bone.

Both the mechanical testing and μCT measure-
ment showed that AOPPs caused reduction in 
bone mass and strength. However, the differ-
ence between the OVX+AOPPs and OVX+PBS 
group detected by μCT was at an earlier stage 
after surgery; when tested by mechanical test-
ing, this situation was detected only in week 20 
and week 24. This is because different targets 
caused different results. The mechanical test-
ing is aimed at the entire tibia, while μCT is 
focused only on the trabecular bone. As shown 
in Figure 3, there was no major change in the 
results of μCT from week 12 in both the 
OVX+AOPPs and OVX+PBS groups, and Figure 4 
shows that after week 12, the volume of inter-
est in the trabecular bone was almost com-
pletely destroyed, especially in the middle of 
this area. Further, in week 20 and week 24, the 
mechanical properties of the tibia decreased 
greatly in the OVX+AOPPs group, proving that 
the damaging effect of AOPPs on the tibia still 
persisted. Therefore, we concluded that the 
tibia was affected by AOPPs throughout the 
study.

From 12 weeks to 24 weeks, the trabecular 
bone volume was similar between AOPPs and 
PBS, but there was a difference in bone 
strength between these two groups, suggest-
ing that there might be a difference in the corti-
cal bone. Therefore, we tested cortical bone by 
microCT in our next experiment.

Osteocalcin, a noncollagenous protein synthe-
sised by mature osteoblast, is generally regard-
ed as a specific marker of bone formation [35, 
36] and CTX-I, a collagen degradation product 
released by osteoclasts, is considered as a 
marker of bone resorption [37, 38]. Our previ-
ous study demonstrated that exposure of rat 
osteoblast-like (ROB) cells to AOPPs significant-
ly decreased the expression of the osteocalcin 
protein in both concentration- and time-depen-
dent manner [24]. However, the biomarker 
results showed that both osteocalcin and CTX-I 
were elevated in OVX animals, especially in the 
OVX+AOPPs group. Lerner [39] reported that in 
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postmenopausal osteoporosis, bone resorp-
tion and bone formation were increased, and 
the reason for increase in the osteocalcin level 
was not because individual osteoblasts pro-
duced more osteocalcin but because of the 
increase in the number of bone-forming osteo-
blasts. Our findings are consistent with this 
result, and therefore, we believe that AOPPs 
could elevate the number of active osteoblasts 
and osteoclasts that will result in the upregula-
tion of osteocalcin and CTX-I in serum. 

SOD, the antioxidant enzyme, can prevent the 
accumulation of superoxide by converting su- 
peroxide to hydrogen peroxide [40]. Increase in 
AOPPs and MDA and the decrease in SOD were 
observed in some pathophysiologic processes, 
including ageing [41] and postmenopausal 
bone loss [42]. Our previous study had demon-
strated that SOD could reverse the AOPP-
induced inhibition of ROB cell proliferation and 
differentiation in vitro [24], and consequently, 
we thought that SOD could prevent the oc- 
currence and development of osteoporosis 
induced by AOPPs. However, in contrast to our 
supposition, the OVX+AOPPs+SOD group did 
not show any significant difference compared 
to the OVX+AOPPs group in almost all the 
experimental results. This result was the same 
with our previous study that AOPPs increase 
bone loss in rats and the progress could not be 
altered by the antioxidant enzyme, SOD [43]. 
The effect of AOPPs was reversed by SOD in 
vitro; however, this does not imply that the 
same result could be obtained in vivo. The 
exact mechanism of AOPPs’ effect on osteopo-
rosis needs further investigation.

Our study discussed the alteration in tibial 
bone mass from 4 weeks to 24 weeks with or 
without intervention. To the best of our knowl-
edge, few studies have investigated the change 
in tibial bone mass for such a long time by 
using μCT. Therefore, our results could offer 
some reference to other researchers interest-
ed in studying bone mass loss of the OVX 
model.

Conclusion

This study demonstrated that AOPPs acceler-
ated bone loss and weakened bone strength in 
the OVX rat model, and this process could not 
be prevented by the antioxidant enzyme SOD. 
These results suggested that the serum levels 

of AOPPs, a novel biomarker of oxidative stress, 
in postmenopausal women might accelerate 
the development of osteoporosis, which may 
provide new targets for intervention.
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