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osteoporosis after spinal cord
injury through balancing
osteoblast and osteoclast
activities in rats
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and Zhiyong Hou*

Department of Orthopaedic Surgery, Third Hospital of Hebei Medical University, Shijiazhuang,
Hebei, China

Introduction: As a common complication of spinal cord injury (SCI), most SCI
patients suffer from osteoporosis. In our previous study, chronic intermittent
hypobaric hypoxia (CIHH) could promote bone fracture healing. We speculated
that it may act a role in the progression of osteoporosis. The current study
purposed to explore the role of CIHH in the osteoporosis triggered by SCl in rats.

Methods: A SCI-induced SCI model was established by completed transection at
T9-T10 spinal cord of Wistar rats. One week after SCI, the rats were conducted
to CIHH treatment (PB = 404 mmHg, Po2 = 84 mmHg) 6 hours a day for
continuously 7 weeks.

Results: The results of X-radiography and Micro-CT assessment demonstrated
that compared with sham rats, the areal bone mineral density (BMD), bone
volume to tissue volume, volumetric BMD, trabecular thickness, trabecular
number, and trabecular connectivity were decreased. Trabecular bone pattern
factor, trabecular separation, as well as structure model index were increased at
the distal femur and proximal tibia of SCI rats, which were effectively reversed by
CIHH treatment. Histomorphometry showed that CIHH treatment increased
bone formation of SCl rats, as evidenced by the increased osteoid formation, the
decreased number and surface of TRAP-positive osteoclasts. Furthermore, ELISA
and real time PCR results showed that the osteoblastogenesis-related
biomarkers, such as procollagen type 1 N-terminal propeptide, osteocalcin in
serum, as well as ALP and OPG mRNAs in bone tissue were decreased, while the
osteoclastogenesis-related biomarkers, including scleorostin in serum and
RANKL and TRAP mRNAs in bone tissue were increased in SCI rats.
Importantly, the deviations of aforementioned biomarkers were improved by
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CIHH treatment. Mechanically, the protective effects of CIHH might be at least
partly mediated by hypoxia-inducible factor-1 alpha (HIF-1a) signaling pathway.

Conclusion: The present study testified that CIHH treatment ameliorates
osteoporosis after SCl by balancing osteoblast and osteoclast activities in rats.
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1 Introduction

SCI is one of the most serious injuries in clinic that leads to
paralysis as well as long-term immobilization (1). As a common
complication of SCI, most patients with SCI suffer from
osteoporosis (1). SCI patients undergo biphasic bone loss
including 50-70% lower cancellous bone mineral density and
gradual 25-35% cortical bone loss within ten years of injury (2).
The risk of fracture at nontraditional sites including distal femur
and proximal tibia elevates more than 20 times due to the severe
bone loss (2). Thus, there is an urgent need to develop a deeper
understanding of the progression of SCI-induced osteoporosis and
find novel targets for its treatment. Moreover, the common
treatments for osteoporosis include anti-resorptive modulators
and bisphosphonates, which mainly contribute to bone
resorption, but not for bone regeneration (3). These agents might
have bad side effects (such as thromboembolism and
hypocalcaemia) that seriously affect the life quality and health of
patients. To solve these problems, keeping the balance between
bone regeneration and bone resorption is essential for the therapy
of osteoporosis.

Chronic intermittent hypobaric hypoxia (CIHH) is a treatment
of moderate hypoxia, which simulates the high altitude of normoxia
interruption (4, 5). Accumulating evidences have testified that
CIHH protects several organs against the ischemia/reperfusion-
induced injuries (6-8). For example, the acute ischemia/reperfusion
injury of skeletal muscle leads to deceased contraction tension,
immune cell infiltration, inflammation and apoptosis in muscle.
These changes were further relieved by CIHH treatment (6).
Moreover, it has been reported that high blood pressure could be
decreased by CIHH in spontaneously hypertensive rats, which is
mediated by the improvement of vascular remodeling and the
repression of inflammation (9). Recently, our study has shown
that CIHH contributed to bone fracture healing of rats by the
enhancement of biomechanical strength and bone formation
through activating the hypoxia-inducible factor-1 (4). These
studies prompted us that CIHH might play a role in the
progression of osteoporosis. The purpose of this study is to
explore the effect of CIHH on osteoporosis in rats with SCI. The
underlying mechanism was then studied.
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2 Materials and methods

2.1 Rats, spinal cord transaction and
CIHH treatment

Wistar rats (male, eight-week-old) were purchased from Si pei
fu Biotechnology Co., Ltd. (Beijing, China). Rats were cared with
food and water ad libitum under a 12/12 hour light-dark cycle. The
animal study was reviewed and approved by the Institutional
Animal Care and Use Committee at Third Hospital of Hebei
Medical University following The Guideline for the Care and Use
of Laboratory Animals.

Rats were randomly divided into four groups as follows: sham
operated group (Sham), CIHH treatment group (CIHH), spinal
cord injury group (SCI), as well as SCI plus CIHH group (SCI
+CIHH). For establishing SCI, after anaesthesia, the spinal cord of
rats was transected at the interspace between the 9th and 10th
vertebral bodies (10). Animals in sham groups underwent the same
surgery as described above, but not for the cut of spinal cord.
Herein, barometric pressure was lowered to the level that mimicked
5,000 m high-altitude (PB = 404 mmHg, Po2 = 84 mmHg) (5). After
surgery for a week, rats received SCI and CIHH treatment were put
into to a hypobaric chamber to get CIHH treatment, six hours a day
for continuously seven weeks. The rats in CIHH groups underwent
CIHH treatment for 7 weeks as same as rats in SCI+CIHH
groups. After operation, animals received penicillin (CHINO
Pharmaceutical Group, Shijiazhuang, China) for 3 days.

2.2 X-radiography and
micro-CT assessment

Rats were sacrificed at 8-week post-surgery. Areal BMD
(aBMD) of proximal tibial metaphysis, distal femoral metaphysis,
and lumbar spine (L3-L5) was assessed by employing the dual-
energy X-ray absorptiometer according to the previous study
(10, 11).

The femurs and tibiae were resected for microcomputed
tomography (micro-CT). After fixation, the images of bones were
captured using the Micro-CT imager (Bruker-microCT,
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Antwerpen, Belgium). The picture resolution was 18 um voxel. Two
hundred sections between the areas were further measured. After
reconstruction of the X-ray images, co-registration was achieved.
Then CTAn software was carried out to morphometrically assess
the trabecular bone cylinder. The 3D representations of bones were
obtained with CTVox software. The bone parameters include
trabecular bone volume over total volume (BV/TV, %), BMD,
trabecular thickness (Tb.Th, mm), trabecular separation (Tb.Sp,
mm), trabecular bone pattern factor (Tb.Pf), trabecular number
(Tb.N, 1/mm), trabecular connectivity (Conn.D, 1/mm-3), as well
as structural model index (SMI).

2.3 Histology staining

Von Kossa staining was performed to visualize mineralized
tissue and osteoid formation. Briefly, after paraffin-embedding,
sections were deparaffinized in xylene and then dehydrated. Next,
sections were placed in the Von Kossa silver solution and exposed
to strong light for 60 min. Eosin was used for counterstaining.
Images were captured with the BX53 microscope (Olympus, Tokyo,
Japan). The osteoid surface/bone surface (OS/BS) and mineralizing
surface/bone surface (MS/BS) was quantified with Image-Pro
Plus software.

Tartrate-resistant acid phosphatase (TRAP) staining was
employed to observe the osteoclasts in distal femur slices. Briefly,
a commercial TRAP assay kit (Sigma, MO, USA) was used as per
the users’ instructions. Lastly, the pictures were taken by using the
BX53 microscope. Resorption surface was calculated as follows:
TRAP-positive (Oc.S)/total bone surface (BS). Osteoclast number
was normalized with tissue area (N.Oc/T.Ar).

2.4 Serum measurements

Serum levels of sclerostin, osteocalcin, procollagen type 1 N-
terminal propeptide (PINP), and cross linked C-telopeptide of type
I collagen (CTX-I) were measured using ELISA kits from USCN
(Wuhan, China) and Fine Biotech (Wuhan, China) in accordance
with the manufacturers’ protocols.

TABLE 1 The sequences of primers used for real-time PCR.

10.3389/fendo.2023.1035186

2.5 Quantitative real-time PCR

Total RNA was extracted from bone tissue of distal femur and
further reversely transcribed to complementary DNA employing
M-MLV reverse transcriptase (Tiangen). PCR primers were
synthesized by GenScript Biotech (Nanjing, China). The
amplification was carried out by employing the 2 x Taq
MasterMix (BioTeke, Beijing, China) along with SYBR reagent
(Solarbio, Beijing, China). GAPDH was used as the endogenous
control, and the relative gene expression was estimated with the
224 method. The sequences of primers used in the current study
were revealed in Table 1.

2.6 Western blot

Total protein was extracted from bone tissue of distal femur
using RIPA lysis solution mixed with phenylmethanesulfonyl
fluoride (100:1). The concentration of protein was detected with
BCA Protein Assay Kit (Solarbio). Proteins were separated by 12%
SDS-PAGE and then transferred to PVDF membranes. After
blocked with 5% (M/V) skimmed milk, membranes were
incubated with primary antibodies at 4°C overnight and
secondary antibodies at 37°C for an hour. Subsequently, the
probes were incubated with electrochemiluminescence reagent for
5 min, and the images were captured with Gel-Pro-Analyzer gel
imaging system. The primary antibodies were as follows. Anti-
hypoxia-inducible factor-1 alpha (HIF-1o; 1:500; Proteintech,
Wuhan, China), anti-vascular endothelial growth factor alpha
(VEGFo,; 1:1000; Boster, Wuhan, China), anti-heme oxygenase-1
(HO-1; 1:500; Boster), and anti-GAPDH (1:10000; Proteintech).
Secondary antibodies were as follows. Goat anti-rabbit HRP-
conjugated IgG (1:3000; Solarbio) andgoat anti-mouse HRP-
conjugated IgG (1:3000; Solarbio).

2.7 Statistical analysis

Results are represented as mean + standard error (SD).
Statistical analyses were performed by employing Graphpad

Gene Sequences (forward) Sequences (reverse)

ALP CACGACAATCGGGATGAAC GCCTTGACCACAGCACCTA

OPG CATACCACTTTCCCAAAACCGTC TCAACTGCCATTTCAAGAGCC
RANKL ATGATGGAAGGTTCGTGGCT AAGAGGACAGACTGACTTTATGGG
TRAP GACGCCAATGACAAGAGGT AAACGCAAACGGTAATAAGG
HIF-10. CTATGTCGCTTTCTTGG TTTCTGCTGCCTTGTAT

HO-1 CGAAACAAGCAGAACCCA CACCAGCAGCTCAGGATG
VEGFa, GCTTTACTGCTGTACCTCCAC ACGCACTCCAGGGCTTC

Frontiers in Endocrinology

03

frontiersin.org


https://doi.org/10.3389/fendo.2023.1035186
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Zhang et al.

10.3389/fendo.2023.1035186

A B C
Distal femur Proximal tibia Spine (L3-L5)
0.3+ 0.20- 022
| A #
. 4 v g o
-~ s, .} ,.;E' -~ 0.15- '¥' E 0204
g 0.2 " 5 g 5 ¥
) ) eifa ) [E17] [+ ]
2 = 0.10- g = 0.18- - S M M
a a a T g
Z o1 z z o
&2 0.14
= = 0.05- = 0.16 i |
0.0 T T T T 0.00 T T T T .14 T T T T
Sham CIHH SCI SCI+CIHH Sham CIHH SCI SCI+CIHH Sham CIHH SCI SCI+CIHH

FIGURE 1

Effect of chronic intermittent hypobaric hypoxia (CIHH) on areal BMD (aBMD) in SCI rats. The spinal cord of rats was transected at the interspace
between the 9th and 10th vertebral bodies, followed by a treatment of CIHH treatment (PB = 404 mmHg, Po2 = 84 mmHg) 6 hours a day for
continuously 7 weeks. aBMD was acquired at distal femoral metaphysis (A), proximal tibial metaphysis (B), and lumbar spine (L3-L5) (C) in SCI rats.
Sham: Sham operated group; SCI: Spinal cord injury group; CIHH: CIHH group; SCI+CIHH: SCI plus CIHH group. Data are expressed as mean + SD.
n = 6 in each group. *p < 0.05, **p < 0.01 vs Sham; *p < 0.05, *p < 0.01 vs SCI

Prism 8 software. Statistical comparisons among multiple groups
were analyzed by one-way ANOVA followed by Tukey post-hoc
analysis. p < 0.05 was considered statistically significant.

3 Results
3.1 Effects of CIHH on aBMD in SClI rats

Firstly, the effects of CIHH on aBMD (the gold standard for
osteoporosis) in SCI rat were investigated. As shown in Figures 1A-
C, at 8-week after SCI injury, aBMD in distal femoral and proximal
tibial metaphysis, and lumbar spine (L3-L5) was reduced compared
to sham. The changes of aBMD was further elevated by CIHH
treatment (P<0.05-0.01).

3.2 Effects of CIHH on trabecular bone
architecture at the trabecular distal femur
and proximal tibial metaphysis in SCI rats

The changes of bone architecture were further examined by
employing the high-resolution uCT. SCI rats exhibited bone
growth retardation and severe osteopenia, which was mitigated by
CIHH treatment (Figure 2A). CIHH treatment reversed the SCI-
induced reduction of vBMD, BV/TV, Tb.Th and Tb.N, as well as the
elevation of Tb.Sp and Tb.Pf (P<0.05-0.01, Figures 2B-G). Also, the
decrease of Conn. D and increase of SMI in SCI rats were reverted by
CIHH (P<0.05-0.01, Figures 2H, I). The change of bone architecture
at the proximal tibial metaphysis was also examined and similar
result like distal femoral metaphysis was acquired (Figures 3A-I). The
result indicates that CIHH treatment prevents bone loss post SCL

3.3 Effects of CIHH on the bone formation
in SCI rats

We then explored the effects of CTHH on bone formation in SCI
rats. Von Kossa staining was carried out to detect calcification and
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assess the bone formation of distal femur. The results revealed that
the MS/BS was elevated by CIHH treatment in the femur tissues of
both SCI and sham rats, indicating the enhancement of bone
mineralization by CIHH (Figures 4A, B). The similar changes
were obtained in OS/BS (Supplemental Figure 1). These results
suggested that CIHH treatment promotes bone formation.

TRAP staining was performed to identify osteoclast
differentiation. There was a trend that the number and surface of
TRAP-positive osteoclasts were increased in SCI rats (P<0.01),
which were inhibited by CIHH treatment (P<0.01, Figures 5A-C).
Moreover, the serum samples collected from the sacrificed rats were
analyzed from the presence of bone resorption marker CTX-I. The
results demonstrated that CIHH reduced the SCI-induced elevation
of CTX-I concentration in the serum of rats (Figure 5D), which
reflected the inhibition of bone resorption activity. The data
indicates that CIHH inhibits osteoclast differentiation in SCI rats.

3.4 Effects of CIHH on the expression

of genes and proteins involved in
osteoblastogenesis and osteoclastogenesis
in the serum and femurs in SCI rats

The role of CIHH in the levels of genes and protein involved in
osteoblastogenesis and osteoclastogenesis in the serum and
femurs in SCI rats was investigated. Serum osteocalcin, PINP,
sclerostin, and the biomarkers involved in osteoblastogenesis and
osteoclastogenesis were detected by employing the ELISA. As
revealed in Figures 6A-C, the levels of PINP and osteocalcin were
decreased and sclerostin concentration was elevated in SCI rats than
that of sham groups. The changes of these markers were further
reversed by CIHH treatment (P<0.05-0.01).

Also, the relative levels of osteoblastogenesis and
osteoclastogenesis-related genes were further detected by using
real-time PCR. As revealed in Figures 6D-G, the SCI-induced
downregulation of ALP and OPG, as well as the upregulation of
RANKL and TRAP were rescued by CIHH. These findings suggest
that CIHH maintains the balance between osteoblast and
osteoclast activities.
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FIGURE 2

Effect of chronic intermittent hypobaric hypoxia (CIHH) on trabecular bone architecture at distal femoral metaphysis region in SCI rats. The spinal
cord of rats was transected at the interspace between the 9th and 10th vertebral bodies, followed by a treatment of CIHH treatment (PB = 404
mmHg, Po2 = 84 mmHg) 6 hours a day for continuously 7 weeks. (A) Representative 3D images of trabecular microarchitecture; Representative
parameters of trabecular bone architecture including (B) vBMD (g/cm-3); (C) Trabecular bone volume over total volume (BV/TV %); (D) Trabecular
thickness (Tb.Th, mm); (E) trabecular separation (Tb.Sp, mm); (F) trabecular bone pattern factor (Tb.Pf, 1/mm); (G) trabecular number (Tb.N, 1/mm);
(H) Trabecular connectivity (Conn.D, 1/mm-3); (I) structural model index (SMI, range from 0 to 3, with O = platelike and 3 = rodlike) at distal femoral
metaphysis region of SCI rats. Sham: Sham operated group; SCI: Spinal cord injury group; CIHH: CIHH group; SCI+CIHH: SCI plus CIHH group. Data
are expressed as mean + SD. n = 6 in each group. **p < 0.01 vs Sham; #p < 0.05, **p < 0.01 vs SCI

3.5 Effects of CIHH on the expression
of hypoxia and bone vasculature-related
gene and protein

Since CIHH is a treatment of moderate hypoxia. HIF1o is a vital
hypoxia-induced transcription factor that is linked with fracture
repair and SCI injury. Thus, we considered the protective function
of CIHH might be associated with HIFlo and its downstream
factors. The expression of these factors including HIF-1a, VEGFo,
and HO-1 was evaluated by real time PCR and western blot. As
shown in Figures 7A, B, the mRNA and protein expression of HIF-
1o, VEGFo, and HO-1 were up-regulated by CIHH treatment in
distal femur of rat with SCI. There was a trend that CIHH increased
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the SCI-induced reduction of CD31 expression, which was detected
by immunohistochemistry assay (Figure 7C). The data implied that
CIHH relieved the SCI-induced osteoporosis might be at least partly
mediated by the HIF-1o signaling pathway.

4 Discussion

Clinically, bone fragility is divided into primary (induced by
menopause or aging) and secondary osteoporosis (induced by
diseases, drugs, or factors), and SCI-induced osteoporosis belongs
to the latter. Recently, many studies focus on estrogen depletion and
aging-induced osteoporosis (12, 13), whereas there are limited data
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FIGURE 3

Effect of chronic intermittent hypobaric hypoxia (CIHH) on trabecular bone architecture at proximal tibial metaphysis region in SCI rats. The spinal
cord of rats was transected at the interspace between the 9th and 10th vertebral bodies, followed by a treatment of CIHH treatment (PB = 404
mmHg, Po2 = 84 mmHg) 6 hours a day for continuously 7 weeks. (A) Representative 3D images of trabecular microarchitecture; Representative
parameters of trabecular bone architecture including (B) vBMD (g/cm-3); (C) Trabecular bone volume over total volume (BV/TV %); (D) Trabecular
thickness (Tb.Th, mm); (E) trabecular separation (Tb.Sp, mm); (F) trabecular bone pattern factor (Tb.Pf, 1/mm); (G) trabecular number (Tb.N, 1/mm);
(H) Trabecular connectivity (Conn.D, 1/mm-23); (I) structural model index (SMI, range from O to 3, with O = platelike and 3 = rodlike) at proximal tibial
metaphysis region of SCI rats. Sham: Sham operated group; SCI: Spinal cord injury group; CIHH: CIHH group; SCI+CIHH: SCI plus CIHH group. Data
are expressed as mean + SD. n = 6 in each group. **p < 0.01 vs Sham; #p < 0.05, **p < 0.01 vs SCI

in osteoporosis induced by SCI. It has been reported that SCI causes
more severe bone loss and microstructure deterioration compared
with ovariectomy and sciatic neurectomy (which triggers disuse
osteoporosis) (14, 15). We considered whether CIHH acted as a role
in SCI-induced osteoporosis. Thus, SCI-osteoporosis was chosen in
this study. Herein, the dual energy X-ray result showed that aBMD,
the gold standard for osteoporosis, was decreased in femur, tibia,
and lumbar spine of SCI rats. The pCT results revealed that BMD,
BV/TV, Tb.Th, Tb.N, and Conn. D were reduced, while Tb.Sp,
Tb.Pf as well as SMI were elevated in femur and tibia in rats with
SCI. The results of Von Kossa staining showed that bone
mineralization was reduced in femur of SCI rats. These results
confirmed osteoporosis induced by SCI. Importantly, all deviations

Frontiers in Endocrinology

06

of bone morphological structure in SCI rats were effectively reversed
or prevented by CIHH treatment. These findings imply that CIHH
exerts anti-osteoporosis function in SCI rats.

Although acute and long-term secondary complications are
more common in SCI patients, chronic complications seriously
affect the life health of patients (16). Thus, the prevention and
therapy of chronic secondary complications in SCI patients is of
great significance to ameliorate the life quality of suffers.
Osteoporosis is an important chronic complication of SCIL.
Previous reports have shown that rapid osteoporosis occurs in
SCI patients (17), and chronic motor-complete SCI experiences
severe bone loss at 3-16 weeks after SCI in rodents (18, 19). It is an
urgent need to develop effective methods for clinical treatment post
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FIGURE 4

Von Kossa staining at trabecular bone of distal femur. The spinal cord of rats was transected at the interspace between the 9th and 10th vertebral
bodies, followed by a treatment of CIHH treatment (PB = 404 mmHg, Po2 = 84 mmHg) 6 hours a day for continuously 7 weeks.

(A) Photomicrographs of metaphyseal trabecular bone stained with von Kossa (for mineral, yellow stain, asterisk; for unmineralized bone matrix, red
arrows; magnification x200). Scale bar is 100 um. (B) MS/BS (mineralizing surface/bone surface) assessed by quantification of Von Kossa staining.
Sham: Sham operated group; SCI: Spinal cord injury group; CIHH: CIHH group; SCI+CIHH: SCI plus CIHH group. Data are expressed as mean + SD.
n = 6 in each group. *#p < 0.01 vs SCI.
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FIGURE 5

Effects of chronic intermittent hypobaric hypoxia (CIHH) on osteoclast differentiation and bone resorption markers. The spinal cord of rats was
transected at the interspace between the 9th and 10th vertebral bodies, followed by a treatment of CIHH treatment (PB = 404 mmHg, Po2 = 84
mmHg) 6 hours a day for continuously 7 weeks. (A) Representative immunohistochemical images for tartrate-resistant acid phosphatase (TRAP;
magnification x200) at trabecular bone of distal femur. Red arrows indicate TRAP-positive cells. Scale bar is 100 um. (B) Osteoclast number (N.Oc/
T.Ar). (C) Osteoclast surfaces (Oc.S/BS). (D) The concentration of cross linked C-telopeptide of type | collagen (CTX-I) in the serum of rats. Sham:
Sham operated group; SCI: Spinal cord injury group; CIHH: CIHH group; SCI+CIHH: SCI plus CIHH group. Data are expressed as mean + SD. n = 6
in each group. **p < 0.01 vs Sham; ¥p < 0.05, **p < 0.01 vs SCI.
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FIGURE 6

Effects of chronic intermittent hypobaric hypoxia (CIHH) on the expression level of indicators for osteoblastogenesis and osteoclastogenesis. The
spinal cord of rats was transected at the interspace between the 9th and 10th vertebral bodies, followed by a treatment of CIHH treatment (PB =
404 mmHg, Po2 = 84 mmHg) 6 hours a day for continuously 7 weeks. The concentration of (A) sclerostin, (B) procollagen type 1 N-terminal
propeptide (PINP), and (C) osteocalcin in serum of rats were detected by ELISA. Relative mRNA expression of (D) alkaline phosphatase (ALP),

(E) osteoprotegerin (OPG), (F) receptor activator of NF-«B ligand (RANKL), and (G) tartrate-resistant acid phosphatase (TRAP) in distal femur of rats
was assessed by real-time PCR. Sham: Sham operated group; SCI: Spinal cord injury group; CIHH: CIHH group; SCI+CIHH: SCI plus CIHH group.
Data are expressed as mean + SD. n = 6 in each group. **p < 0.01 vs Sham; #p < 0.05, *#p < 0.01 vs SCI.
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FIGURE 7

Effects of CIHH treatment on the expression of hypoxia and the bone vasculature-related gene and protein. The spinal cord of rats was transected at
the interspace between the 9th and 10th vertebral bodies, followed by a treatment of CIHH treatment (PB = 404 mmHg, Po2 = 84 mmHg) 6 hours
a day for continuously 7 weeks. (A, B) mRNA and protein levels of hypoxia-inducible factor-1 alpha (HIF-1a), vascular endothelial growth factor alpha
(VEGFa), and heme oxygenase-1 (HO-1) in distal femur of rats were measured by real-time PCR and western blot, respectively. (C) The expression of
CD31 was detected with immunohistochemistry assay (magnification x400). Scale bar is 50 um. Sham: Sham operated group; SCI: Spinal cord injury
group; CIHH: CIHH group; SCI+CIHH: SCI plus CIHH group. Data are expressed as mean + SD. n = 6 in each group. *p < 0.05, **p < 0.01 vs Sham;
#6 < 0.05, " p < 0.01 vs SCI.

Frontiers in Endocrinology 08 frontiersin.org


https://doi.org/10.3389/fendo.2023.1035186
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Zhang et al.

unknown. Lack of the investigation of CIHH on these
complications is a limitation of this study. Notably, the current
pattern of CIHH used in our study has been reported to exert
protective function in renovascular hypertension (27), cardiac
dysfunction (28), arrhythmia (29), cerebral ischemia (8), seizures
(30), endoplasmic reticulum stress-induced liver damage (31), and
diabetic nephropathy (32). The effects of CIHH on respiratory
system disease remain unclear, whereas it has been testified that
CIHH enhances sympatho-respiratory coupling, which reflects a
reciprocal interaction between autonomic and respiratory control
systems (33).These studies imply the potential of CIHH treatment
on these complication-induced by SCL

Sclerostin could destroy the bone homeostasis by the repression
of osteogenesis upon osteoblasts regulation (34). Also, sclerostin
could facilitate the resorptive function of osteoclasts (35). Bone loss
and the up-regulation of sclerostin in osteocytes are found in rodent
model with SCI (36). On the contrary, sclerostin depletion can
cause diseases including sclerosteosis as well as Van Buchem’s
disease (37). PINP has been found to reflect histomorphometric
measure of bone formation, and has been identified as the most
promising marker of bone formation in osteoporosis (38, 39).
Osteocalcin is one of the key players in bone endocrinology. It is
a product of osteoblasts and is considered a marker of osteogenesis
(40). These studies indicate the vital role of sclerostin, PINP,
osteocalcin in bone homeostasis in osteoporosis induced by SCI.
In this study, serum PINP and osteocalcin were decreased and
sclerostin was increased in SCI rats, and the change of these factors
was effectively reverted, which suggests that CIHH enhances
osteogenesis and reduces bone resorption, resulting in the
improvement of osteoporosis.

The imbalance between osteoblasts and osteoclasts is
recognized as a major cause of bone loss or osteoporosis (41).
Osteoblasts and osteoclasts act as major parts in regulating the bone
homeostasis by exerting functions in bone formation and bone
resorption, respectively (42). Association between the two processes
is critical for keeping the bone homeostasis (43). It has been
reported that the bone lost after SCI arises in two periods. In the
first period, bone is rapidly reabsorbed and further stabilized. In the
second period, there are bone loss and osteogenesis repression (44).
In this study, results from TRAP staining assay showed that CIHH
decreased the elevated the number and surface of osteoclast in distal
femur sections post SCI. CIHH reduced the SCI-induced elevation
of CTX-I concentration in the serum of rats. The levels of TRAP in
serum could better reflect the inhibition of bone resorption activity.
The lack of the detection is another limitation of this study. All these
data illustrate the inhibitory effect of CIHH on bone resorption by
the regulation of osteoclasts in vivo. Given the observation of the
function of CIHH in vivo SCI model, it is possible that CIHH might
act as a similar role in vitro. It has been reported that hypoxia
inhibited osteoclast differentiation of BMM (bone marrow-derived
macrophages) and RAW264.7 cells (mouse leukemic monocyte/
macrophage cell line) (45). HIFla in osteoblast restrains the
osteoclastogenesis of BMM in vitro (46). The studies indicate the
potential of hypoxia and HIFlo in the regulation of
osteoclastogenesis. Based on the results of CIHH upregulated the
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expression of HIFlo, it was implied that CIHH might act as a
repressed role in the osteoclastogenesis of BMM in vitro. Lack of the
cell experiment is the third limitation of this study, which will be
completed in our further investigation.

Bone formation is a two-step process, with the osteoblasts laying
down osteoid, which is further mineralized. Briefly, after bone matrix
is deposited by osteoblasts, cross-linking of collagen fibers and other
changes occur to prepare the matrix for mineralization. Due to these
necessary changes, collectively known as maturation, there is both
spatial and temporal separation between matrix and mineral
apposition that is presented as osteoid bone (47). Thus, we
speculated that CIHH might enhance the osteoid formation of SCI
rats, which might then contribute to the bone mineralization and
ultimately promoted bone formation. Similar to the results, it has
been reported that SCI leads to a marginal decrease of osteoid volume
and osteoid surface at trabecular bone of distal femur, and the
recovery of SCI is accompanied with the elevation of osteoid and
mineralized bone formation (48). The histomorphometric finding is
in line with our ELISA results in which the SCI-induced reduction of
serum osteocalcin level was increased by CIHH treatment, indicating
the promotion of bone formation. Thus, we preferred that CIHH
promoted the unmineralized bone and mineralized bone might
be appropriate.

HIFlo is a vital hypoxia-induced transcription factor, and its
high expression is linked with the exercise function recovery after
SCI (49). During hypoxia, HIF-1o. stably exists and is able to
regulate the transcription of downstream factors including
VEGFo. and HO-1, which contribute to angiogenesis, anti-
inflammatory/antioxidant, and the improvement of locomoter
ability in fracture repair and SCI injury (50, 51). CIHH is a
treatment of moderate hypoxia. We speculated that the protective
effects of CIHH on osteoporosis induced by SCI might be associated
with the regulation of HIF-1o and its downstream factors. Herein,
there was a trend that CIHH treatment up-regulated the SCI-
induced decrease of VEGFo. and CD31 in distal femur of rat with
SCI. Consistent with our findings, Ding et al. have proven that SCI-
injured mice exhibit reduced levels of intraosseous blood vessel
parameters (52, 53). Theoretically, vasculature disruption may lead
to local hypoxia in bone microenvironment after injury (50). In this
study, there were no marked changes of HIF-1q. protein expression
between control and SCI rat. We preferred that this may due to the
short half-life of HIF-1c. It stably exists in the environment with
oxygen content less than 5%. Once normal oxygen restores, HIF-1o.
has a half-life less than five minutes (50). Herein, it is possible that
HIF-1o had been returned to baseline levels at seven week post SCI.
Moreover, HO-1 is a cytoprotective enzyme that responds to
oxidative or inflammatory stimuli (54). The expression of HO-1
may be compensatory increased in distal femur post-SCI, which was
further up-regulated by CIHH. Interestingly, HO-1 and VEGFo are
the downstream factors of HIF-1o, whose expression has no
marked changes. HO-1 and VEGFo may be regulated by multiple
pathways due to the complex pathological environment of SCL
Thus, we preferred that CIHH protected against SCI-induced
osteoporosis might be at least partly mediated by the upregulation
of HIF-1a signaling pathway.

frontiersin.org


https://doi.org/10.3389/fendo.2023.1035186
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Zhang et al.

5 Conclusion

In conclusion, CIHH ameliorates osteoporosis after SCI
through balancing osteoblast and osteoclast activities in rats. The
results of this study expand the application of CIHH and provide a
basic investigation for the therapy of SCI-associated osteoporosis.
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