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Abstract
Age-related decreases in serum levels of vitamin C (VC) may negatively affect the efficacy of anti-osteoporotic pharmaco-
therapy. The purpose of this study was to evaluate the effects of VC and teriparatide (TPTD) on bone mineral density (BMD), 
strength, and quality in VC-deficient osteogenic disorder Shionogi (ODS) rats. Six-month-old female ODS rats were divided 
into an untreated ODS control group, a VC group, a TPTD group, and a VC + TPTD group, based on the administration 
of VC and TPTD (n = 10 each). VC was given as 2.0 mg/ml supplemented water. TPTD was administered subcutaneously 
once a week at 30 µg/kg body weight. After 12 weeks of treatment, BMDs of the femur and lumbar spine, bone strengths 
of the femoral diaphysis and metaphysis, and cancellous bone quality of proximal tibiae as estimated by Fourier transform 
infrared spectroscopy (FTIR) were compared between groups. Compared to the ODS control group, the VC group showed 
significantly higher total femoral BMD, but the TPTD group showed significantly higher femoral and lumbar spinal BMD, 
maximum load of femoral metaphysis, and hydroxyapatite (HA) crystallinity by FTIR (p < 0.05). In addition to the increases 
shown in the TPTD group, the VC + TPTD group also showed significantly higher stiffness of the femoral diaphysis and 
breaking energy of the femoral metaphysis compared to the ODS control group (p < 0.05). These results indicated that TPTD 
alone increased cancellous/cortical BMD and cancellous bone strength with improvement of HA crystallinity in ODS rats, 
but addition of VC supplementation further improved cortical bone strength.

Keywords  Ascorbic acid · Bone quality · Bone strength · Teriparatide · Vitamin C

Introduction

Osteoporosis is a skeletal disorder characterized by compro-
mised bone strength predisposing the individual to increased 
risk of fracture [1]. Osteoporosis is an important worldwide 
health problem, increasing mortality along with the risk 
of fragility fractures [2, 3]. Although bone mineral den-
sity (BMD) has been used for over 20 years as the primary 
method of identifying individuals with high fracture risk, 
its ability to predict fracture has well-recognized limitations 
[4]. Changes in fracture risk that are greater than expected 
from BMD are attributed to impaired “bone quality” [4]. 

Bone strength is thus attributable to not only BMD, but also 
bone quality [5, 6]. Bone quality is a broad term encompass-
ing factors affecting the structural and material properties 
of bone. Material properties include mineral, collagen and 
microdamage, and are regulated by bone tissue turnover rate, 
cellular activity, and levels of glycation and oxidative stress 
[7, 8].

Oxidative stress is thought to be a critical factor in the 
bone loss seen during aging in both women and men [7]. 
Vitamin C (VC), also known as ascorbic acid, is an impor-
tant antioxidant and cofactor that is involved in the regula-
tion of development, function, and maintenance of several 
cell types in the body [9]. VC is known to act as a scaven-
ger of superoxide anion and hydrogen peroxide [10]. VC 
also exerts a positive effect on trabecular bone formation by 
influencing expression of bone matrix genes in osteoblasts 
[9]. As such, although VC is essential for the differentia-
tion of osteoblasts [11, 12], serum levels of VC reportedly 
decrease with age [13, 14]. Such age-related decreases in 
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serum levels of VC may negatively affect anti-osteoporotic 
pharmacotherapy. However, few studies have examined the 
efficacy of anti-osteoporotic pharmacotherapy under condi-
tions of VC deficiency.

We have recently investigated the effects of minodronate, 
a nitrogen-containing bisphosphonate, alone or in combina-
tion with VC on BMD, bone strength, and bone quality as 
determined using Fourier transform infrared spectroscopy 
(FTIR) in VC-deficient osteogenic disorder Shionogi (ODS) 
rats [15]. Combined treatment with minodronate and VC, 
but not minodronate alone, was found to improve BMD and 
bone strength, but no significant differences in parameters 
evaluated by FTIR were observed between groups [15]. 
Those results indicated that VC supplementation was essen-
tial in allowing bisphosphonate treatment to increase bone 
strength in ODS rats, and BMD might be more important 
than bone quality for bone strength in this rat model.

More recently, we have reported preliminary data for 
combination therapy with teriparatide (TPTD), as a potent 
promoter of bone formation, and VC on BMD and bone 
strength in ODS rats for up to 8 weeks [16]. The results 
showed that a single administration of VC or TPTD 
improved BMD, but not bone strength, whereas combined 
treatment with VC and TPTD improved both BMD and bone 
strength in ODS rats [16]. However, that preliminary study 
of VC and TPTD did not evaluate bone quality. The impact 
and role of VC and TPTD on bone quality and strength under 
conditions of VC deficiency might differ from those of anti-
resorptive agents such as bisphosphonates. The purpose of 
the present study was thus to evaluate the effects of VC and 
TPTD on bone quality, as well as BMD and bone strength 
in VC-deficient ODS rats, using a study protocol length-
ened to 12 weeks of treatment to limit the time-frame of the 
study and ensure physiological conditions are within normal 
parameters.

Materials and methods

Animals

Four-month-old female ODS rats (Clea Japan, Tokyo, 
Japan) were used in this study. Unlike normal rats, ODS 
rats cannot synthesize VC because of a lack L-gulono-γ-
lactone oxidase, and develop body weight loss, scurvy, 
osteoporosis [17, 18]. When ODS rats are fed a VC-free 
diet, serum VC level decrease to about one-fortieth from 
2 to 5 weeks of treatment without VC-supplemented water 
[19], and polypeptide hydroxyproline levels, which are 
known to be related to collagen synthesis [20], decrease 
to below those in normal rats after 1 week and are about 
one-third of the normal level after 2 weeks [17, 18]. When 
VC is added to drinking water, scorbutic symptoms resolve 

within a few days. VC-deficient ODS rats demonstrated 
impaired bone formation such as decreased serum level of 
osteocalcin [21], osteoid surface [15] and mineral apposi-
tion rate, bone formation rate and mineralizing surface by 
bone histomorphometry [21]. Furthermore, VC deficiency 
caused misassembly of the triple helices of collagenous 
alpha chains in VC-deficient ODS rats [22].

ODS rats were housed in a controlled environment at 
22 °C with a 12-h light/dark cycle and were pair-fed and 
allowed ad libitum access to water and standard VC-free 
diet (CE-2; Clea Japan) containing 1.14% calcium, 1.06% 
phosphorus, and 250 IU of vitamin D3 per 100 g of food, 
as described previously [23, 24]. Rats received 2.0 mg/ml 
of VC (Iwaki Pharma, Tokyo, Japan) in drinking water for 
16 weeks from birth. At 4 months old, the dose of VC in 
drinking water was reduced to 0.5 mg/ml [25] for 8 weeks 
to create a VC-deficient condition.

Experimental design

After the 8-week period of providing VC-deficient 
(0.5 mg/ml) drinking water, the 6-month-old rats were 
divided into the following four groups (n = 10 per group): 
(1) VC-deficient ODS control group, given VC-deficient 
water (0.5 mg/ml); (2) VC group, given VC-supplemented 
water (2.0 mg/ml); (3) TPTD group, given VC-deficient 
water and administered TPTD; and (4) VC + TPTD group, 
given VC-supplemented water and administered TPTD.

TPTD (Asahi Kasei Pharma, Tokyo, Japan) was dis-
solved in saline containing 0.1% rat serum albumin, and a 
dosage of 30 µg/kg body weight was administered subcu-
taneously once a week for 12 weeks based on a previously 
reported protocol [26]. Animals were euthanized under 
anesthesia with an intra-abdominal injection of ketamine 
(Sankyo, Tokyo, Japan) and xylazine (Zenoaq, Fukushima, 
Japan), and bilateral femora and tibiae and the lumbar 
vertebrae were harvested. Animal experimental protocols 
were approved by the Animal Committee of our institute 
(approval number: a-1-2516), and all animal experiments 
conformed to the “Guidelines for Animal Experimenta-
tion” of our institute.

Sample preparation

The right femur and lumbar vertebrae were fixed in 10% 
neutral-buffered formalin until preparation for BMD meas-
urement. The right tibia was fixed in 70% ethanol until prep-
aration for FTIR to evaluate bone quality. The left femur 
was dissected free of soft tissue, wrapped in gauze mois-
tened with saline, and frozen at − 80 °C until biomechanical 
testing.
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BMD measurement

BMDs of the right femur and L4–L5 lumbar vertebrae were 
measured by dual-energy X-ray absorptiometry (QDR-4500; 
Hologic, Waltham, MA). We measured BMD of the total 
femur, distal one-third of the total femur length as the meta-
physis (a cancellous bone-rich area) and middle one-third 
of the total femur length as the diaphysis (a cortical bone-
rich area). Vertebral BMDs were determined using manually 
set regions of interest at L4–L5 and measured based on the 
previous study [27].

Biomechanical testing

Mechanical testing of the left femur was performed at room 
temperature using a material testing machine (MZ500S; 
Maruto, Tokyo, Japan). For stabilization, the mid-diaphysis 
of the femur was placed on two supports of the test appara-
tus that were 20 mm apart. The load of a three-point bend-
ing test was applied in the anteroposterior direction mid-
way between the two supports. Load–displacement curves 
were recorded at a crosshead speed of 5 mm/min. Breaking 
force (N), breaking energy (N mm), maximum load (N), 
and stiffness (N/mm) were calculated using software for 
the measurement of bone strength (CTR win. version 1.05; 
System Supply, Nagano, Japan), as previously described 
[16]. After the three-point bending test, the distal part of 
the femur was evaluated by a compression test, as previously 
described [28]. Load–displacement curves were recorded 
and the breaking force (N), breaking energy (N mm), maxi-
mum load (N), and stiffness (N/mm) were calculated using 
the same software.

FTIR

FTIR was performed as previously described [15]. The right 
tibia was embedded in polymethylmethacrylate (PMMA), 
and cut into 3-μm-thick sections. These undercalcified sec-
tions were mounted on barium fluoride infrared windows 
(SpectraTech, Hopewell Junction, NY), and examined 
using a Spotlight 400 Infrared Imaging System (Perki-
nElmer Instruments, Waltham, MA) at a spectral resolu-
tion of 4 cm−1. Mineral and matrix properties were then 
assessed in five different regions of cancellous bone. Mean 
and standard deviation (SD) for five images in these areas 
were calculated and then averaged for each area for com-
parisons among groups. Cross sections were processed for 
FTIR in a blinded manner and codes identifying groups were 
not broken until statistical analysis was performed. Spectra 
were baseline-corrected and the PMMA spectral contribu-
tion was subtracted using OMNIC8, TQ Analyst (Thermo 
Fisher Scientific, Kanagawa, Japan), as previously described 
in detail [29]. The mineral/matrix ratio, hydroxyapatite 

(HA) crystallinity, and collagen cross-linking network 
maturity were evaluated in this study. Mineral/matrix ratio 
was calculated from the integrated areas of phosphate 
(907–1183 cm−1) to amide I (1586–1710 cm−1), reflecting 
bone mineral content. HA crystallinity was measured as the 
phosphate sub-band 1030/1020 cm−1 peak intensity ratio, 
indicating mineral crystal size and perfection as determined 
by X-ray diffraction. Collagen cross-linking network matu-
rity was determined as the peak intensity ratio of amide I 
sub-bands at 1660 cm−1.

Statistical analyses

All values are expressed as mean ± SD. According to the 
Kolmogorov–Smirnov test, all data were parametric. Dif-
ferences among groups were evaluated using Scheffe’s post 
hoc test for multiple comparisons with one-way analysis of 
variance (ANOVA). All statistical analyses were performed 
using Statistical Package for the Biosciences software (SPBS 
version 9.4; Akita University Graduate School of Medicine, 
Akita, Japan) [30]. Values of p < 0.05 were considered sta-
tistically significant.

Results

BMD

Comparing to ODS control group, TPTD and VC + TPTD 
groups showed significantly higher BMDs for all the meas-
urement sites in the femur (total, mid 1/3, and distal 1/3) and 
lumbar spine (Table 1). In addition, TPTD and VC + TPTD 
groups showed significantly higher BMD than the VC group 
for the distal femur and lumbar spine, as cancellous bone-
rich sites. Significant differences between ODS control and 
VC groups were only seen for total femoral BMD. No signif-
icant differences were seen between TPTD and VC + TPTD 
groups at any BMD measurement site.

Bone strength by biomechanical testing

In the femoral diaphysis, a cortical bone-rich site, the 
VC + TPTD group showed significantly higher stiffness 
than the ODS control group (Table 2). However, no signifi-
cant differences were seen between these groups in terms of 
breaking force, breaking energy, or maximum load in the 
femoral diaphysis.

In the femoral metaphysis, a cancellous bone-rich 
site, the VC + TPTD group showed significantly higher 
breaking energy and maximum load than the ODS con-
trol and VC groups. The TPTD group also showed sig-
nificantly higher maximum load than the ODS control 
and VC groups. Breaking force and stiffness of the 
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femoral metaphysis showed no significant difference 
between groups. No significant differences were seen 
in any parameters from biomechanical testing between 
ODS control and VC groups, nor between TPTD and 
VC + TPTD groups.

Bone quality by FTIR

Among the parameters for bone quality of cancellous 
bone obtained by FTIR, HA crystallinity was significantly 
higher in the TPTD and VC + TPTD groups than in the 
ODS control and VC groups (Table 3). Mineral/matrix 
ratio and collagen maturity showed no significant dif-
ference between groups. No significant differences were 
seen in any parameter from FTIR between ODS control 
and VC groups, nor between TPTD and VC + TPTD 
groups.

Discussion

VC and bone

For the management of osteoporosis, nutritional factors 
are important along with anti-osteoporotic pharmaco-
therapy. Although calcium and vitamin D have been the 
primary focus of nutritional factors for osteoporosis, sup-
plementation with vitamins B, C, K, and silicon have also 
been recommended for proper maintenance of bone health 
based on a review of the literature [31]. VC is a micro-
nutrient predominantly found in vegetables and fruits. In 
bone tissue, VC has been known to exert positive effects 
on trabecular bone formation by influencing expression of 
bone matrix genes in osteoblasts [9].

Epidemiological studies have reported positive associa-
tions between VC intake from foods and supplements and 

Table 1   Comparison of bone 
mineral density (g/cm2) between 
groups

Values are given as mean ± standard deviation (SD)
ODS vitamin C-deficient osteogenic disorder Shionogi rats as controls; VC ODS rats supplemented with 
vitamin C; TPTD ODS rats administered teriparatide; VC + TPTD ODS rats administered both vitamin C 
and TPTD; ANOVA one-way analysis of variance
a  p < 0.05, a’ p < 0.01 vs ODS control group by Scheffe’s multiple comparison method
b  p < 0.01 vs VC group by Scheffe’s multiple comparison method

ODS VC TPTD VC + TPTD ANOVA (p)

Femur
 Total 0.227 ± 0.009 0.247 ± 0.013a 0.263 ± 0.012a’ 0.278 ± 0.020a’ < 0.001
 Mid 1/3 (diaphysis) 0.250 ± 0.009 0.266 ± 0.017 0.285 ± 0.027a’ 0.281 ± 0.014a < 0.001
 Distal 1/3 (metaphysis) 0.262 ± 0.008 0.269 ± 0.015 0.312 ± 0.020a’,b 0.312 ± 0.020a’,b < 0.001

Lumbar spine 0.218 ± 0.004 0.223 ± 0.009 0.255 ± 0.011a’,b 0.256 ± 0.006a’,b < 0.001

Table 2   Comparison of femoral bone strength between groups

Values are given as mean ± standard deviation (SD)
ODS vitamin C-deficient osteogenic disorder Shionogi rats as a control; VC ODS rats supplemented with vitamin C; TPTD ODS rats adminis-
tered teriparatide; VC + TPTD ODS rats administered both vitamin C and TPTD; ANOVA one-way analysis of variance
a  p < 0.05, a’ p < 0.01 vs ODS control group by Scheffe’s multiple comparison method
b  p < 0.05, b’ p < 0.01 vs VC group by Scheffe’s multiple comparison method

ODS VC TPTD VC + TPTD ANOVA (p)

Three-point bending test (diaphysis)
 Breaking force (N) 109.26 ± 20.44 118.65 ± 19.77 127. 05 ± 18.18 132.17 ± 19.96 0.073
 Breaking energy (N mm) 70.90 ± 9.67 69.86 ± 13.06 86.37 ± 17.58 86.75 ± 12.24 0.074
 Maximum load (N) 124.44 ± 12.40 130.62 ± 21.72 142.19 ± 10.09 146.66 ± 31.53 0.081
 Stiffness (N/mm) 273.22 ± 30.85 282.40 ± 30.87 293.93 ± 23.74 320.84 ± 40.65a 0.021

Compression test (metaphysis)
 Breaking force (N) 164.86 ± 28.38 136.42 ± 48.84 196.00 ± 41.36 181.24 ± 73.75 0.069
 Breaking energy (N mm) 274.69 ± 31.99 275.62 ± 43.72 311.73 ± 71.63 356.90 ± 69.29a,b 0.009
 Maximum load (N) 201.62 ± 14.13 200.83 ± 31.58 250.32 ± 31.44a,b 261.84 ± 41.47a’,b’ < 0.001
 Stiffness (N/mm) 209.53 ± 31.97 228.03 ± 59.49 200.37 ± 84.87 253.92 ± 107.36 0.437
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higher bone density [32, 33], and inverse associations with 
bone loss and risk of fractures [34, 35]. A more recent 
epidemiological study showed that in addition to positive 
associations between VC intake and heel ultrasound meas-
ures, higher plasma VC concentrations were associated 
with significantly reduced fracture risk in men [36]. The 
results of these studies indicated that VC can be consid-
ered an essential factor for the management of osteopo-
rosis. However, serum levels of VC reportedly decrease 
with age [13, 14]. Age-related decreases in serum levels 
of VC thus may also negatively impact the effectiveness 
of anti-osteoporotic pharmacotherapy.

VC deficiency and bone quality

Several previous studies have demonstrated changes in bone 
quality by VC-deficient conditions in ODS rats. Togari et al. 
[19] described that VC deficiency caused marked bone loss 
and reduction in the bone formation, which was accompa-
nied by the reduction in biomechanics of the femur without 
macroarchitectural changes in ODS rats. The total level of 
amino acids in bone collagen and rates of proline and lysine 
hydroxylation, which are related to the mechanical proper-
ties of cortical bone, were significantly lower in the VC-
deficient ODS rats [21]. Hasegawa et al. [22] reported that 
VC deficiency caused misassembly of the triple helices of 
collagenous alpha chains in VC-deficient ODS rats. We con-
sider FTIR as a newly developed, more generalized method 
to evaluate bone quality. However, the bone quality changes 
of VC deficiency or the supplemental effects of VC on bone 
quality in ODS rats were not significant according to FTIR 
in the present study. Additional specific methods described 
in the previous studies might detect an obvious change to 
bone quality in VC-deficient or supplemented ODS rats.

Effects of TPTD on bone

Among numerous categories of drugs used to treat osteopo-
rosis, TPTD is a unique anti-osteoporotic agent because of 
its potent bone-forming effects [37, 38]. Randomized clinical 

trials have shown that TPTD significantly increased BMD 
in the lumbar spine by 6.7–13.4% from baseline [39–41] 
and prevented new vertebral fractures with a relative risk 
reduction of 65–84% compared to placebo controls [40–42].

Previous studies in animals and humans have also shown 
that TPTD has positive effects on bone quality, which is the 
counterpart to BMD in contributing to bone strength. TPTD 
has been reported to affect several parameters of bone qual-
ity, including initial mineralization, collagen maturity, and 
material properties of the bone tissue determined by mineral 
characteristics such as crystallinity and carbonate substitu-
tion [43–45]. Detailed studies of the effects of TPTD on 
bone quality using FTIR have also been reported [46, 47]. 
Paschalis et al. [46] demonstrated that TPTD administration 
in ovariectomized monkeys resulted in a lower degree of 
mineralization, reduced mineral crystallinity, and decreased 
collagen cross-link ratio in bone by FTIR analysis [46]. 
Similar findings have been shown in human biopsy speci-
mens obtained from the iliac crest after TPTD treatment in 
patients with postmenopausal osteoporosis [47]. Such find-
ings indicate that the bone-forming effects of TPTD result in 
bone with a molecular profile reminiscent of younger bone 
[47]. Thus, in addition to the strong effects on BMD, such 
bone-rejuvenating effects of TPTD are thought to contrib-
ute to bone strength in osteoporosis under estrogen-deficient 
conditions.

TPTD effects on BMD in VC‑deficient conditions

The present study assessed the effects of TPTD on femo-
ral and lumbar spinal BMD under VC-deficient conditions 
in rats. Because most animals, including rats and mice, are 
capable of de novo synthesis of VC [9], we used ODS rats 
with a hereditary defect in the ability to synthesize VC [17, 
18].

This study showed that TPTD administration in ODS 
rats increased BMD at all measurement sites on the femur 
(total, mid 1/3, and distal 1/3) and lumbar spine under condi-
tions both with and without VC administration (i.e., TPTD 
and VC + TPTD groups) compared to ODS rats without 

Table 3   Comparison of 
parameters for bone quality in 
cancellous bone of the proximal 
tibial by Fourier transform 
infrared spectroscopy between 
groups

Values are given as mean ± standard deviation (SD)
ODS vitamin C-deficient osteogenic disorder Shionogi rats as a control; VC ODS rats supplemented with 
vitamin C; TPTD ODS rats administered teriparatide; VC + TPTD ODS rats administered both vitamin C 
and TPTD; ANOVA one-way analysis of variance; HA hydroxyapatite
a  p < 0.05 vs ODS control group by Scheffe’s multiple comparison method
b  p < 0.01 vs VC group by Scheffe’s multiple comparison method

ODS VC TPTD VC + TPTD ANOVA (p)

Mineral/matrix ratio 7.99 ± 0.77 8.09 ± 0.68 7.82 ± 0.26 8.22 ± 0.67 0.399
HA crystallinity 1.12 ± 0.04 1.11 ± 0.02 1.15 ± 0.02a,b 1.16 ± 0.02a,b < 0.001
Collagen maturity 3.18 ± 0.16 3.18 ± 0.17 3.17 ± 0.13 3.14 ± 0.04 0.824
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VC administration (i.e., ODS control group). Furthermore, 
BMDs in the distal 1/3 of the femur and lumbar spine in 
ODS rats receiving TPTD with and without VC (TPTD and 
VC + TPTD groups) were significantly higher than those 
of ODS rats receiving VC alone (VC group). These results 
indicated that TPTD is more effective on BMD in cancel-
lous bone-rich sites, in both the presence and absence of VC. 
Clinical trials have demonstrated that the effects of TPTD 
on bone were more obvious at cancellous bone-rich regions 
than at cortical bone-rich regions [39, 41]. Consistent with 
such clinical evidence, the effects of TPTD on BMD might 
predominantly act through cancellous bone-rich sites even 
under VC-deficient conditions.

TPTD effects on bone strength and quality 
under VC‑deficient conditions

The major findings of biomechanical testing in this study 
were the increased stiffness of cortical bone with VC and 
TPTD administration and the increased breaking energy 
and maximum load in cancellous bone with TPTD admin-
istration. Although improvement of other parameters did 
not reach the level of statistical significance, we observed a 
clear trend in TPTD administration groups compared to non-
TPTD administration groups. As with the results of BMD, 
the effects of TPTD were more obvious in cancellous-rich 
regions than in cortical-rich regions.

Furthermore, TPTD administration also increased the 
HA crystallinity of tibial cancellous bone in VC-deficient 
ODS rats. HA crystallinity indicates the size of mineral 
crystals. Iwasaki et al. [48] have reported that crystallinity 
in the femur of rats with chronic kidney disease (CKD) was 
decreased, and that crystallinity showed a significant posi-
tive correlation with parameters of mechanical properties in 
CKD rats [49]. Considering these results, we speculated that 
TPTD improved the bone strength in ODS rats by increas-
ing HA crystallinity. However, several previous studies have 
demonstrated that daily TPTD treatment decreased mineral 
crystallinity at the iliac crest of periosteal, endosteal, and 
trabecular sites in patients with postmenopausal osteoporosis 
[47, 50].

The frequency or dosage of TPTD administration exerts 
different effects on bone turnover or cortical porosity [26]. 
The effects of TPTD on the material properties of cancel-
lous or cortical bone might thus differ under the different 
osteoporotic conditions such as VC-deficient or CKD rats 
and postmenopausal women. However, one possible reason 
for the discrepancy between the present study and previous 
reports about the effects of TPTD on HA crystallinity might 
be the difference in underlying controls. HA crystallinity in 
VC-deficient ODS rats might be low compared to normal, 
non-ODS rats. If so, the present results might be explained 
by the effects of TPTD on normalization for crystallinity. 

Further investigations including comparison of ODS rats 
and normal rats in regard to bone material properties are 
required.

Limitations

This study is the first to report the effects of TPTD on bone 
under VC-deficient conditions. However, limitations to 
this study should also be noted. First, the evaluation sites 
of cancellous and cortical bone for BMD measurement, for 
mechanical testing, and for FTIR were different. This was 
due to the limited samples available for evaluation. Second, 
the dose or duration of TPTD treatment was single in the 
present study, even though we performed prior treatment 
to evaluate the effects of TPTD on BMD or bone strength 
with 8 weeks of treatment [16]. Longer investigations than 
the present study might be required, but our preliminary 
observations suggested that ODS rats without VC admin-
istration for more than 12 weeks provide a model of a very 
pathological condition.

In conclusion, administration of TPTD without VC sup-
plementation increased both cancellous and cortical BMD, 
cancellous bone strength, and cancellous bone quality in 
VC-deficient ODS rats. However, TPTD treatment required 
VC supplementation to improve the stiffness of cortical bone 
strength and the breaking energy of cancellous bone strength 
in the ODS rats. VC sufficiency might be an important fac-
tor to obtain the effectiveness of TPTD therapy against 
osteoporosis.

Acknowledgements  The authors would like to thank Asahi Kasei 
Pharma Corporation for providing TPTD and Ms. Ran Matsuzawa for 
her support of our experiment.

Compliance with ethical standards 

Conflict of interest  All authors declare that they have no conflict of 
interest.

References

	 1.	 NIH Consensus Development Panel on Osteoporosis Prevention, 
Diagnosis, and Therapy (2001) Osteoporosis prevention, diagno-
sis, and therapy. JAMA 285:785–795

	 2.	 Nguyen ND, Center JR, Eisman JA, Nguyen TV (2007) Bone 
loss, weight loss, and weight fluctuation predict mortality risk in 
elderly men and women. J Bone Miner Res 22:1147–1154

	 3.	 Suzuki T, Yoshida H (2010) Low bone mineral density at femo-
ral neck is a predictor of increased mortality in elderly Japanese 
women. Osteoporos Int 21:71–79

	 4.	 Hernandez CJ, van der Meulen MC (2017) Understanding bone 
strength is not enough. J Bone Miner Res 32:1157–1162

	 5.	 Friedman AW (2006) Important determinants of bone strength: 
beyond bone mineral density. J Clin Rheumatol 12:70–77

	 6.	 Viguet-Carrin S, Garnero P, Delmas PD (2006) The role of col-
lagen in bone strength. Osteoporos Int 17:319–336



417Journal of Bone and Mineral Metabolism (2019) 37:411–418	

1 3

	 7.	 Manolagas SC (2010) From estrogen-centric to aging and oxida-
tive stress: a revised perspective of the pathogenesis of osteo-
porosis. Endocr Rev 31:266–300

	 8.	 Seeman E, Delmas PD (2006) Bone quality–the material and 
structural basis of bone strength and fragility. N Engl J Med 
354:2250–2261

	 9.	 Aghajanian P, Hall S, Wongworawat MD, Mohan S (2015) The 
roles and mechanisms of actions of vitamin C in bone: new 
developments. J Bone Miner Res 30:1945–1955

	10.	 Nishikimi M (1975) Oxidation of ascorbic acid with superox-
ide anion generated by the xanthine-xanthine oxidase system. 
Biochem Biophys Res Commun 63:463–468

	11.	 Sudo H, Kodama HA, Amagai Y, Yamamoto S, Kasai S (1983) 
In vitro differentiation and calcification in a new clonal osteo-
genic cell line derived from newborn mouse calvaria. J Cell Biol 
96:191–198

	12.	 Sugimoto T, Nakada M, Fukase M, Imai Y, Kinoshita Y, Fujita 
T (1986) Effects of ascorbic acid on alkaline phosphatase activ-
ity and hormone responsiveness in the osteoblastic osteosar-
coma cell line UMR-106. Calcif Tissue Int 39:171–174

	13.	 Falch JA, Mowé M, Bøhmer T (1998) Low levels of serum 
ascorbic acid in elderly patients with hip fracture. Scand J Clin 
Lab Invest 58:225–228

	14.	 Richardson TI, Ball L, Rosenfeld T (2002) Will an orange a day 
keep the doctor away? Postgrad Med J 78:292–294

	15.	 Segawa T, Miyakoshi N, Kasukawa Y, Aonuma H, Tsuchie H, 
Shimada Y (2016) Combined treatment with minodronate and 
vitamin C increases bone mineral density and strength in vita-
min C-deficient rats. Osteoporos Sarcopenia 2:30–37

	16.	 Fujii M, Miyakoshi N, Kasukawa Y, Segawa T, Sato C, Shimada 
Y (2016) Short term effects of vitamin C and teriparatide on 
bone mineral density and strength in vitamin C-deficient rats. J 
Orthop Ther

	17.	 Horio F, Ozaki K, Yoshida A, Makino S, Hayashi Y (1985) 
Requirement for ascorbic acid in a rat mutant unable to synthe-
size ascorbic acid. J Nutr 115:1630–1640

	18.	 Konishi T, Makino S, Mizushima Y (1990) What is the ODS 
rat? Historical description of the characterization studies: vita-
min C and the scurvy-prone ODS rat. Cancer Lett 49:3–22

	19.	 Togari A, Arai M, Nakagawa S, Banno A, Aoki M, Matsumoto 
S (1995) Alteration of bone status with ascorbic acid deficiency 
in ODS (osteogenic disorder Shionogi) rats. Jpn J Pharmacol 
68:255–261

	20.	 Krane SM, Muñoz AJ, Harris ED Jr (1970) Urinary polypep-
tides related to collagen synthesis. J Clin Invest 49:716–729

	21.	 Hara K, Akiyama Y (2009) Collagen-related abnormalities, 
reduction in bone quality, and effects of menatetrenone in rats 
with a congenital ascorbic acid deficiency. J Bone Miner Metab 
27:324–332

	22.	 Hasegawa T, Li M, Hara K, Sasaki M, Tabata C, de Freitas 
PH, Hongo H, Suzuki R, Kobayashi M, Inoue K, Yamamoto T, 
Oohata N, Oda K, Akiyama Y, Amizuka N (2011) Morphologi-
cal assessment of bone mineralization in tibial metaphyses of 
ascorbic acid-deficient ODS rats. Biomed Res 32:259–269

	23.	 Suzuki K, Miyakoshi N, Tsuchida T, Kasukawa Y, Sato K, Itoi 
E (2003) Effects of combined treatment of insulin and human 
parathyroid hormone(1–34) on cancellous bone mass and struc-
ture in streptozotocin-induced diabetic rats. Bone 33:108–114

	24.	 Tamura Y, Miyakoshi N, Itoi E, Abe T, Kudo T, Tsuchida T, 
Kasukawa Y, Sato K (2001) Long-term effects of withdrawal 
of bisphosphonate incadronate disodium (YM175) on bone 
mineral density, mass, structure, and turnover in the lumbar 
vertebrae of ovariectomized rats. J Bone Miner Res 16:541–549

	25.	 Alcantara-Martos T, Delgado-Martinez AD, Vega MV, Carras-
cal MT, Munuera-Martinez L (2007) Effect of vitamin C on 

fracture healing in elderly Osteogenic Disorder Shionogi rats. J 
Bone Jt Surg Br 89:402–407

	26.	 Takakura A, Lee JW, Hirano K, Isogai Y, Ishizuya T, Takao-
Kawabata R, Iimura T (2017) Administration frequency as well 
as dosage of PTH are associated with development of cortical 
porosity in ovariectomized rats. Bone Res 25:17002

	27.	 Yoshitake K, Yokota K, Kasugai Y, Kagawa M, Sukamoto T, 
Nakamura T (1999) Effects of 16 weeks of treatment with tibo-
lone on bone mass and bone mechanical and histomorphometric 
indices in mature ovariectomized rats with established osteopenia 
on a low-calcium diet. Bone 25:311–319

	28.	 Kasukawa Y, Miyakoshi N, Itoi E, Tsuchida T, Tamura Y, Kudo T, 
Suzuki K, Seki A, Sato K (2004) Effects of h-PTH on cancellous 
bone mass, connectivity, and bone strength in ovariectomized rats 
with and without sciatic-neurectomy. J Orthop Res 22:457–464

	29.	 Coleman RM, Aguilera L, Quinones L, Lukashova L, Poirier C, 
Boskey A (2012) Comparison of bone tissue properties in mouse 
models with collagenous and non-collagenous genetic mutations 
using FTIRI. Bone 51:920–928

	30.	 Murata K, Yano E (2002) Medical statistics for evidence-based 
medicine with SPBS user’s guide. Nankodo Publisher, Tokyo

	31.	 Rondanelli M, Opizzi A, Perna S, Faliva MA (2013) Update on 
nutrients involved in maintaining healthy bone. Endocrinol Nutr 
60:197–210

	32.	 Hall SL, Greendale GA (1998) The relation of dietary vitamin C 
intake to bone mineral density: results from the PEPI study. Calcif 
Tissue Int 63:183–189

	33.	 Morton DJ, Barrett-Connor EL, Schneider DL (2001) Vitamin 
C supplement use and bone mineral density in postmenopausal 
women. J Bone Miner Res 16:135–140

	34.	 Kaptoge S, Welch A, McTaggart A, Mulligan A, Dalzell N, Day 
NE, Bingham S, Khaw KT, Reeve J (2003) Effects of dietary 
nutrients and food groups on bone loss from the proximal femur 
in men and women in the 7th and 8th decades of age. Osteoporos 
Int 14:418–428

	35.	 Sahni S, Hannan MT, Gagnon D, Blumberg J, Cupples LA, Kiel 
DP, Tucker KL (2009) Protective effect of total and supplemental 
vitamin C intake on the risk of hip fracture–a 17-year follow-
up from the Framingham Osteoporosis Study. Osteoporos Int 
20:1853–1861

	36.	 Finck H, Hart AR, Lentjes MA, Jennings A, Luben RN, Khaw 
KT, Welch AA (2015) Cross-sectional and prospective associa-
tions between dietary and plasma vitamin C, heel bone ultrasound, 
and fracture risk in men and women in the European Prospec-
tive Investigation into Cancer in Norfolk cohort. Am J Clin Nutr 
102:1416–1424

	37.	 Gallacher SJ, Dixon T (2010) Impact of treatments for postmen-
opausal osteoporosis (bisphosphonates, parathyroid hormone, 
strontium ranelate, and denosumab) on bone quality: a systematic 
review. Calcif Tissue Int 87:469–484

	38.	 Miyakoshi N (2004) Effects of parathyroid hormone on cancel-
lous bone mass and structure in osteoporosis. Curr Pharm Des 
10:2615–2627

	39.	 Miyauchi A, Matsumoto T, Sugimoto T, Tsujimoto M, Warner 
MR, Nakamura T (2010) Effects of teriparatide on bone min-
eral density and bone turnover markers in Japanese subjects with 
osteoporosis at high risk of fracture in a 24-month clinical study: 
12-month, randomized, placebo-controlled, double-blind and 
12-month open-label phases. Bone 47:493–502

	40.	 Nakamura T, Sugimoto T, Nakano T, Kishimoto H, Ito M, Fuku-
naga M, Hagino H, Sone T, Yoshikawa H, Nishizawa Y, Fujita T, 
Shiraki M (2012) Randomized Teriparatide [human parathyroid 
hormone (PTH) 1–34] Once-Weekly Efficacy Research (TOWER) 
trial for examining the reduction in new vertebral fractures in 
subjects with primary osteoporosis and high fracture risk. J Clin 
Endocrinol Metab 97:3097–3106



418	 Journal of Bone and Mineral Metabolism (2019) 37:411–418

1 3

	41.	 Neer RM, Arnaud CD, Zanchetta JR, Prince R, Gaich GA, Regin-
ster JY, Hodsman AB, Eriksen EF, Ish-Shalom S, Genant HK, 
Wang O, Mitlak BH (2001) Effect of parathyroid hormone (1–34) 
on fractures and bone mineral density in postmenopausal women 
with osteoporosis. N Engl J Med 344:1434–1441

	42.	 Prevrhal S, Krege JH, Chen P, Genant H, Black DM (2009) Teri-
paratide vertebral fracture risk reduction determined by quantita-
tive and qualitative radiographic assessment. Curr Med Res Opin 
25:921–928

	43.	 Hagino H, Okano T, Akhter MP, Enokida M, Teshima R (2001) 
Effect of parathyroid hormone on cortical bone response to in vivo 
external loading of the rat tibia. J Bone Miner Metab 19:244–250

	44.	 Hofstetter B, Gamsjaeger S, Varga F, Dobnig H, Stepan JJ, Petto 
H, Pavo I, Klaushofer K, Paschalis EP (2014) Bone quality of 
the newest bone formed after two years of teriparatide therapy 
in patients who were previously treatment-naïve or on long-term 
alendronate therapy. Osteoporos Int 25:2709–2719

	45.	 Sugiyama T, Saxon LK, Zaman G, Moustafa A, Sunters A, Price 
JS, Lanyon LE (2008) Mechanical loading enhances the anabolic 
effects of intermittent parathyroid hormone (1–34) on trabecular 
and cortical bone in mice. Bone 43:238–248

	46.	 Paschalis EP, Burr DB, Mendelsohn R, Hock JM, Boskey AL 
(2003) Bone mineral and collagen quality in humeri of ovariecto-
mized cynomolgus monkeys given rhPTH(1–34) for 18 months. 
J Bone Miner Res 18:769–775

	47.	 Paschalis EP, Glass EV, Donley DW, Eriksen EF (2005) Bone 
mineral and collagen quality in iliac crest biopsies of patients 
given teriparatide: new results from the fracture prevention trial. 
J Clin Endocrinol Metab 90:4644–4649

	48.	 Iwasaki Y, Kazama JJ, Yamato H, Shimoda H, Fukagawa M 
(2013) Accumulated uremic toxins attenuate bone mechanical 
properties in rats with chronic kidney disease. Bone 57:477–483

	49.	 Iwasaki Y, Kazama JJ, Yamato H, Matsugaki A, Nakano T, Fuka-
gawa M (2015) Altered material properties are responsible for 
bone fragility in rats with chronic kidney injury. Bone 81:247–254

	50.	 Gamsjaeger S, Buchinger B, Zoehrer R, Phipps R, Klaushofer K, 
Paschalis EP (2011) Effects of one year daily teriparatide treat-
ment on trabecular bone material properties in postmenopausal 
osteoporotic women previously treated with alendronate or rise-
dronate. Bone 49:1160–1165


	Impact of vitamin C on teriparatide treatment in the improvement of bone mineral density, strength, and quality in vitamin C-deficient rats
	Abstract
	Introduction
	Materials and methods
	Animals
	Experimental design
	Sample preparation
	BMD measurement
	Biomechanical testing
	FTIR
	Statistical analyses

	Results
	BMD
	Bone strength by biomechanical testing
	Bone quality by FTIR

	Discussion
	VC and bone
	VC deficiency and bone quality
	Effects of TPTD on bone
	TPTD effects on BMD in VC-deficient conditions
	TPTD effects on bone strength and quality under VC-deficient conditions
	Limitations

	Acknowledgements 
	References




