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Abstract

Purpose Lumbar intervertebral disc degeneration is a common cause of lower back pain that affects the physical and mental
health of patients and increases social burden. Parathyroid hormone has been reported to be effective at inhibiting disc degen-
eration; however, these effects have not been fully established in vivo in ovariectomized (OVX) rats. Thus, in this study, we
aimed to address this issue and examine the effects of parathyroid hormone treatment in OVX rats.

Methods Thirty female Sprague-Dawley rats, three months-old, were subjected to sham or ovariectomy surgery. Twelve weeks
postsurgery, OVX rats were treated with either human parathyroid hormone [hWPTH(1-34), 30 ug/kg/day] or vehicle (normal
saline (NS)) treatment. The L3—6 spinal segments were harvested after 12 weeks treatment. Bone mineral density (BMD), micro-
architectural parameters, and biomechanical assessment were measured at the lumbar vertebral bodies. Histology and immuno-
histochemistry were performed to analyze the characteristics of the lumbar intervertebral discs.

Results OVX + PTH rats had significantly higher BMD, percentage bone volume density, trabecular thickness, and biomechanical
strength compared with those in Sham and OVX + NS rats. Histology and immunostaining revealed that disc degeneration was not
significantly different between the OVX + NS rats and the OVX + PTH rats, compared with the Sham group; the structure of
nucleus pulposus was disordered, the expression of collagen I was increased, and collagen II and aggrecan were decreased.
Conclusions These findings confirmed that hPTH(1-34) treatment has substantial anabolic effects on bone mass and trabecular
micro-architecture, while the excessively enhanced bone mass and strength were coupled with a non-significant effect on the disc
degeneration in ovariectomized rats.

Keywords Osteoporosis - Parathyroid hormone - Bone mineral density - Bone biomechanics, ovariectomy

Introduction unclear, it has been proved to be closely related with interver-
tebral disc degeneration. Aging is one of the main culprits of
intervertebral disc degeneration. Previous study evidenced a

higher degenerative discs prevalence with increasing age [2].

Lower back pain (LBP) affects nearly 60% of the people by
the age of 70 years [1]. Although the aetiology of LBP is still
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Osteoporosis, a systemic skeletal disorder, is also an common
age-related disease characterized by decreased bone mass and
micro-architectural deterioration, with consequently increas-
ing bone fragility and susceptibility to fracture. An estimated
200 million people suffer from osteoporosis worldwide [3].
Postmenopausal osteoporosis as a most common type, It is
about 30% of all postmenopausal women suffer from osteo-
porosis in Europe and America [4]. A correlation study, per-
formed in premenopausal and postmenopausal women, re-
vealed that the bone mineral density (BMD) of the lumbar
vertebrae is positively associated with disc degeneration [5].
In contrast, Fabreguet et al. [6] showed that in osteoporotic
men, the lumbar spine degeneration prevalence is also high.
Another study indicated that oestrogen deficiency may accel-
erate disc degeneration in postmenopausal women [7]. Our
previous studies revealed the positive association between
oestrogen deficiency-induced osteopenia and disc degenera-
tion in ovariectomized (OVX) rat, the most widely used ani-
mal model mimicking the postmenopausal osteoporosis in
women, and intervention with alendronate or salmon calcito-
nin could not only prevent bone loss but also inhibit interver-
tebral disc degeneration [8—10]. These contradictive results
indicate that any change in bone metabolism that impacts
bone mass and micro-structure may destroy the micro-envi-
ronment, thus inducing degeneration of the intervertebral disc.

These previous studies indicate that an effective intervention
would not only prevent decreased bone mass but also inhibit
disc degeneration induced by oestrogen deficiency. Madiraju
et al. recently discovered that PTH(1-34), as a drug-treated
osteoporosis [11], could protect the intervertebral disc from
degeneration by stimulating collagen II synthesis and suppress-
ing calcification markers (alkaline phosphatase (ALP), Ca®*,
and inorganic phosphate (P1)) in vitro in degenerated disc cells
via both PKA and MAPK signaling pathways [12]. However, it
remains unclear whether PTH(1-34) could prevent interverte-
bral disc degeneration in vivo in OVX rats.

Based on these considerations, we hypothesize that
hPTH(1-34) might not only stimulate bone formation in ver-
tebrae but also retard intervertebral disc degeneration in OVX
rats. We therefore performed the present study, to test this
hypothesis by detecting the bone mass, micro-structure, and
biomechanical properties of the vertebrae using BMD, micro-
computed tomography (micro-CT), and compression testing
and on intervertebral disc degeneration by histology and im-
munohistochemistry (IHC) analysis in OVX rats.

Materials and methods
Experimental design

Thirty female three month-old Sprague-Dawley (SD) rats, with
an average weight of 264 +12 g, were housed at the
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Experimental Animal Center of North China University of
Science and Technology in a 12-hour light/dark cycle, the tem-
perature was 22 + 2 °C. All the rats were healthy throughout the
study. All experimental procedures were reviewed and ap-
proved by the Institutional Animal Care and Use Committee.

Rats were randomly assigned to three groups of ten rats:
Sham group (ablated a piece of fat around the ovary), OVX +
NS and OVX + PTH group received bilateral ovariectomy.
Twelve weeks post-operation, the OVX rats in the OVX +
PTH group were treated for 12 weeks with the subcutaneous
injection of 30 pg/kg/day of hPTH(1-34) (Sigma Chemical
Co., USA) for 12 consecutive weeks. Based on previous stud-
ies [13, 14], the dose selected was effectively preventing bone
loss in OVX rats. Normal saline as a placebo was given to rats
of the OVX + NS group. According to the body weight, the
total treatment dose was adjusted weekly.

Bone mineral measurements

Bone mineral content (BMC) and bone mineral density of L3—
4 and L5-6 were measured by dual energy X-ray absorptiom-
etry (QDR Discovery, Hologic, Bedford, MA, USA). The
equipment manufacturer supplied specialized software for
small animals.

Micro-CT measurements

Bone mass and micro-architecture of the L3 vertebral bodies
were detected by using SkyScan 1076micro-CT (SkyScan,
Aartselaar, Belgium), with a resolution of 18 um per voxel.
The intensity and energy are equal to 140 pA and 70 kVp,
respectively. The volume of interest (VOI) was restricted to an
inner cylinder with 3-mm length and 1.5-mm diameter, ex-
cluding the cortex. From the binarized images, the 3D mor-
phometric parameters for the bone mass and micro-structure,
such as relative bone volume (Bone volume over total volume
(BV/TV)), trabecular number (The inverse of the mean dis-
tance between the mid-axes of the structure, Tb.N), thickness
(Tb.Th), and separation (The average separation between the
mid-axes is calculated, Tb.Sp) and the structural model index
(For an ideal plate and rod structure, the structure model index
(SMI) value is 0 and 3, respectively, independent of the phys-
ical dimensions. For a structure with both plates and rods of
equal thickness, the value lies between 0 and 3, depending on
the volume ratio of rods and plates, SMI) were calculated.

Lumbar compression test

The mechanical property of the lumbar vertebra (L4) was
measured by compression test, by using a mechanical analyzer
(AG-IS, Shimadzu, Japan). Before the test, soft tissues and
intervertebral discs were carefully removed, and the vertebral
body was shaped as a cylinder with the heights of
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approximately 5 mm, and the vertebral cross-sectional area
was also calculated by the ratio of vertebral volume/vertebral
height. The compression tests were performed in the
displacement-control mode at a crosshead speed of 0.5 mm/
min. The 3D biomechanical parameters of the vertebral bod-
ies, such as maximum load, maximum stress, yield load, and
yield stress, were obtained from compression tests. Yield
stress and maximum stress were obtained as the division of
yield load and maximum load by the cross-sectional area of
the vertebrae, respectively. Elastic modulus was calculated by
the formula K7/A based on the data of stiffness (K, the slope of
load-deformation curve in elastic region), length (Z, the height
of vertebral body test specimen), and area (A) of the vertebrae.

Histology and immunohistochemistry

The paravertebral muscles and the posterior columns of the
L5-6 segments were completely removed. Then, fixed with
neutral-buffered 10% formalin for 24 hours, and decalcified
for three to four weeks, the tissues were embedded in paraffin
and mid-sagittally sectioned (5 pwm). Finally, the sections were
stained with van Gieson (VG). The histological characters of
the intervertebral disc from each group animals were observed
and scored independently by an individual blind to the exper-
imental protocol according to the scoring system for the disc
degeneration evaluation [8].

The level and distribution of protein expression such as
aggrecan, collagen I (Col-I), and collagen II (Col-II) were per-
formed by immunohistochemical staining. Sections were incubat-
ed 12 hours at 4 °C with either anti-rat aggrecan (1:100; ANBO
Biotechnology Co., Ltd., SF, USA), Col-I, or Col-II (1:100; all
from Bioss Inc., Beijing, China). According to the test kit
(SA1066 SABC-FITC, Boster Corporation, Wuhan, China), the
subsequently procedures were performed and the color (brown)
was developed by incubation in DAB (ZSGB-BIO Corporation.
Beijing, China) and finally counter-stained with haematoxylin.

Statistical analysis

All data were analyzed by using the SPSS 15.0 software and
expressed as the mean + standard deviation (SD). A one-way
ANOVA and a post hoc test Fisher’s protected least were
performed to compare the statistical difference between
groups. P values less than 0.05 was considered to be statisti-
cally significant difference.

Results
Body weight and BMD measurements

The body weights had no significant difference at baseline and
increased over time in all groups, but body weights in the

OVX + NS and OVX + PTH groups increased significantly
throughout the study compared with the Sham group
(P <0.05), with no markedly difference between the OVX +
NS and the OVX + PTH groups. Notably, hPTH (1-34) did
not affect the body weight of rats during the 12 weeks of
treatment (Fig. 1).

Twelve weeks after commencing treatment, the BMD and
BMC ofthe L3—4 and L5-6 segments in the OVX + NS group
were significantly decreased compared with the Sham group
(P<0.05) (Table 1), and the those of the OVX + PTH group
were markedly higher compared with the OVX + NS group
(P <0.05). It is worth noting that hPTH (1-34) significantly
increased the BMD and BMC of the lumbar vertebrae com-
pared with the Sham group (P < 0.05).

Micro-computed tomography parameters
of the lumbar vertebral body

The 3D trabecular micro-architecture of the L3 lumbar verte-
bra of each group was analyzed by micro-CT. Figure 2 shows
representative 3D-reconstructed images of the volume of in-
terest (VOI) of the vertebral trabecular bone from each group.
The quantification of 3D trabecular structures revealed that,
compared with the Sham group, bone volume density (BV/
TV) and trabecular number (Tb.N) were significantly de-
creased, and trabecular spacing (Tb.Sp) was higher in the
OVX + NS group (P <0.05) (Table 2). The BV/TV, trabecular
thickness (Tb.Th), and Tb.N in the OVX + PTH group were
significantly higher compared with those in the OVX + NS
group (P < 0.05). Meanwhile, the Tb.Sp and SMI were signif-
icantly lower in the OVX + PTH group than in the OVX + NS
group (P <0.05).

Mechanical testing of the lumbar vertebral body

The L4 of each rat was also analyzed for strength by deter-
mining the maximal compressive load in Newton’s (N) that
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Fig. 1 The comparison of weekly changes in body weights among the
three groups. *P < 0.05 vs. Sham group
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Table 1 BMD and BMC in

lumbar vertebra (L3—6) Group BMD (mg/em’) BMC (mg)
L34 L5-6 L3-4 L5-6
Sham 0.270 +0.015 0.286 +0.011 0.271 +0.022 0.291 + 0.021
OVX + NS 0.232 + 0.008* 0.238 = 0.006* 0.234 +0.013* 0.241 £0.018%
OVX + PTH 0.314 + 0.023%* 0.326 + 0.022+* 0.338 + 0.041+" 0.384 + 0.041*

*P <0.05 vs. Sham group; #P<0.05 vs. OVX + NS group

each bone could sustain before structural failure. Figure 3
shows the bone mechanical properties obtained from lumbar
compression. The values of maximum load and yield load
were significantly decreased in the OVX + V group than in
the Sham group (P < 0.05); however, the values of maximum
load, maximum stress, yield load, and yield stress were sig-
nificantly higher in the OVX + PTH group than in the OVX +
NS group (P <0.05), suggesting that hPTH (1-34) could ef-
fectively increase the biomechanical strength of the vertebrae.

Histological findings

To examine the effect of hPTH (1-34) on the disc matrix, discs
were subjected to histology using van Gieson stain. The Sham
group displayed normal-looking discs, an intact annulus
fibrosus (AF) with a normal pattern of fibrocartilage lamellas,
a well-defined border between the nucleus pulposus (NP) and
the AF, and preserved proteoglycan content (Fig. 4). In the
OVX + NS group, the histological sections showed signs of
severe degeneration, whereas the NP appeared reduced in size
relative to Sham group, and there comprised, numerous clus-
tered, doublets of chondrocyte-like cells were present, and
mucoid degeneration were also be seen. In the OVX + PTH
group, the nucleus pulposus also showed degenerative chang-
es, which consisted of abundant doublets of chondrocyte-like

Sham

OVX+NS OVX+PTH

Fig. 2 Representative micro-CT images of the volume of interest in the
vertebrae for three groups
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cells, but a few of notochordal cells could be observed remain-
ing in the nucleus pulposus (Fig. 4).

The histological score of the discs in the OVX + NS group
was markedly higher than the Sham group (P < 0.05) (Fig. 5);
however, there was no significant change in the OVX + PTH
group compared with the OVX + NS group (P> 0.05).

Immunohistochemical analysis

In the Sham group, immunohistochemistry study of the nucle-
us pulposus revealed strong immunostaining for aggrecan and
Col-II (Fig. 6). Because abundant chondrocyte-like cells re-
placed the notochordal cells in the OVX + NS group, the
density of aggrecan and Col-II staining was markedly de-
creased compared with the Sham group. However, there were
no significant differences in immunostaining for aggrecan and
Col-II between the OVX + PTH and the OVX + NS groups.

Additionally, immunostaining showed significantly higher
levels Col-I and lower levels of Col-II in the AF in the OVX +
PTH group compared with the Sham group (Fig. 7).

Discussion

While many previous studies have reported the effects of
hPTH (1-34) on the osteoporotic bone, there is little informa-
tion available on its involvement in the control of disc degen-
eration. The present study is the first to evaluate the effect of
hPTH (1-34) on intervertebral disc degeneration in OVX rats.
Our data demonstrated that hPTH (1-34) may reconstruct the
micro-architecture and preserve the biomechanical properties
of the vertebrae with excessive enhanced bone mass and

Table 2 Micro-architecture parameters of vertebral body by micro-CT
analysis at 6 months after operation

Group Sham OVX + NS OVX + PTH
BV/TV (%) 2374438 16.0 + 2.0% 50.7 + 2.0%"
Tb.Th (um) 101.1 +3.2 102.3 +3.8 160.0 + 5.4+
Tb.N (mm ") 23+04 1.6 +0.2% 32+0.1%
Tb.Sp (pm) 254.6 +23.5 367.1 £ 15.0% 218.6 + 8.7*
SMI 13+04 1.5+0.1 12+0.2*

#P <0.05 vs. Sham group; * P <0.05 vs. OVX + NS group
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Fig. 3 Mechanical properties of a
vertebral body at 6 months
postoperation. a Maximum load.
b Maximum stress. ¢ Yield load.
d Yield stress. *P < 0.05 vs. Sham
group; *P <0.05 vs. OVX + NS

group
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strength; however, no significant effect was observed on the
inhibition of disc degeneration in OVX rats.

PTH peptides have been used clinically as osteoanabolic
therapies for osteoporosis and fracture prevention. PTH in-
hibits the apoptosis of osteoblasts and increases osteoblast
production rate, thereby increase mass, as well as improve
bone micro-architecture and enhance bone strength [15].
Consistently, our results demonstrated that hPTH (1-34) ef-
fectively inhibited vertebral bone loss of OVX rats by BMD
assays, and the micro-architecture of the vertebrac was also
further confirmed by micro-CT. In accordance with the struc-
tural characteristics, the hPTH (1-34) administration provided
better biomechanical performance of adjacent vertebral bodies
than what occurred in the OVX + NS group. hPTH (1-34)

. Vs . 1

297, o A <

Fig. 4 Histology sagittal slices of disc L5—6 obtained after sacrifice for each group, stained with van Gieson, and magnified x20 and x200

also induced an almost threefold increase in maximal load
compared with the OVX + NS group. The increases observed
in Tb.V, Tb.Th, and Tb.N and the decrease in Tb.Sp were
remarkable in the OVX + PTH group compared with the other
groups. As an anabolic agent, hPTH(1-34) can effectively
improve trabecular micro-architecture, which can induce
greater bone formation than its effects on bone resorption.
Previous studies also reported that hPTH(1-34) can notice-
ably improve bone micro-architecture as measured by micro-
CT, including those in humans [16, 17].

The disruption of disc nutrition may contribute majorly to
disc degeneration [18]. Previous study proved that disc cells
may fail to survive with limited nutrient availability [19].
Deteriorated disc cells have decreased capacity for the

OVX+PTH
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Histological score
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Sham OVX+NS OVX+PTH
Fig. 5 Histological score of the L5—6 segments of the lumbar spine
among the three groups after 3 months of treatment. P <0.05 vs. Sham
group

synthesis of extracellular matrix including aggrecan and col-
lagen II, which leads to dehydration of NP with subsequent
degeneration [20]. It was found that vertebral body bone mar-
row perfusion also decreased as vertebral BMD decreased in
elderly subjects [21, 22]. Because the disc partially obtains
nutrients from the endplate by diffusion, it is feasible that
decreased blood perfusion of vertebral body in postmenopaus-
al women, to a great extent, contributes to decreased diffusion
and nutrient supply to the intervertebral disc nucleus. It is
possible that there is a balance between the vertebral bone
mass and the vertebral body bone marrow perfusion. Once
the balance is disturbed, the nutrient supply to the disc may
decrease, followed by an increase or decrease in bone mass.
It is interesting to note that hPTH (1-34)-treated rats
showed significant higher bone mass and strength than both
OVX + NS and Sham rats. Although the relationship between
osteopenia and disc degeneration is still debatable, there are a
number of hypotheses. OVX has been proposed to induce

OVX+NS OVX+PTH

Aggrecan

Col-II

bone loss resulting in intervertebral disc degeneration.
Furthermore, as BMD of the vertebrae is positively related
to disc degeneration, higher BMD of the vertebral body is
associated with more severe adjacent disc degeneration, and
lower lumbar spine BMD is associated with less severe disc
degeneration [23, 24]. Therefore, we deduced that excessive
increased vertebral body bone mass and strength could lead to
decreased perfusion of the vertebral body bone marrow, with a
subsequent decrease in nutrient supply to the disc. In turn, this
could prevent hPTH (1-34) from inhibiting disc degeneration,
although further investigation is required to confirm this hy-
pothesis. In our previous study, PTH(1-34), using same dos-
age as the present study, but a shorten period (8 weeks), effec-
tively improved lumbar fusion and alleviated adjacent seg-
ment disc degeneration in OVX lumbar fusion rats [25].
Therefore, the dosage and intervention period are promised
to be the key points that decide whether the PTH(1-34) could
act dual roles of promoting bone formation and ameliorating
disc degeneration.

Interveterbral disc obtains many types of collagen which
form a fibrous network that holds proteoglycans and cells in
the matrix. The major collagen in the disc is collagen II, which
content is crucial for proper disc function. Aggrecan is a large
proteoglycan and functionally important component of the
intervertebral disc [26]. In this study, immunohistological
analyses demonstrated that the amount of aggrecan and colla-
gen II in the NP were higher in the Sham group than in the
OVX + NS and OVX + PTH groups after three months of
treatment. These findings indicate that hPTH (1-34) could not
reconstitute the content of collagen II and aggrecan, resulting
in no significant differences between the OVX + PTH and the
OVX + NS group.

collagen-positive staining in the nucleus pulposus were stronger in the Sham group than in the OVX + NS and OVX + PTH groups

@ Springer
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Fig. 7 Immunohistochemistry assay for type I collagen and type II
collagen in the annulus fibrosus among the three groups (x200). Type 1
collagen and type II collagen-positive staining in the annulus fibrosus

There are several limitations in this study. First, the NP of
rats are different from human NP, in which is not populated
with the notochordal cells; however, the rat disc degeneration
model has been widely used in several animal studies. In par-
ticular, rat models of disc degeneration have been used to
examine how the mechanics of the intervertebral disc are af-
fected by this condition [27-30]. Previous studies showed that
annulus injury could drive a series of molecular and biochem-
ical changes in the intervertebral disc of murine [31, 32]. These
studies imply that the rat model of intervertebral disc degener-
ation established by annulus puncture shares some similarities
with disc degeneration in human. Second, as spine biomechan-
ics is different in quadrupeds compared to bipeds, the rat discs
are less affected by weight bearing, the induction of disc de-
generation in this study is not physiological. However, OVX is
a simple and technically easy method of inducing not only
high bone turnover and thereby bone loss like postmenopausal
osteoporosis in women but also intervertebral disc degenera-
tion. This method is frequently used in many studies and can
lead to intervertebral disc degeneration [8§—10]. Consequently,
the estrogen deficiency applied to the rat intervertebral disc
produced biochemical, morphological, and structural changes
that representative of mild degeneration.

In conclusion, under the dosage and intervention period
used in this study, no protective effect on intervertebral disc
degeneration was found by hPTH (1-34) treatment in OVX
rats. This effect is most probably due to, at least in part, the
excessive enhanced bone mass and strength. Therefore, a rea-
sonable dosage and intervention period should be determined
when treating intervertebral disc degeneration in the estrogen
deficiency model using agents that stimulate bone formation.

were weaker and stronger in the Sham group than in the OVX + NS
and OVX + PTH groups, respectively

Considering a relatively higher dose of hPTH (1-34) was used
in the present study in comparison with the clinical using, and
taken together with the effect of modulating extracellular ma-
trix metabolism observed in the previous study [25], the dual
roles of PTH(1-34) affecting both bone and intervertebral disc
raise the possibility for clinical use of PTH(1-34) in amelio-
rating disc degeneration in postmenopausal osteoporosis.
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