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Pre-implantation teriparatide administration
improves initial implant stability

and accelerates the osseointegration process
in osteoporotic rats

Boyu Cui', Tianyi Bai', Qiyou Wu', Yibo Hu' and Yihong Liu"

Abstract

Purpose Osteoporotic individuals who have dental implants usually require a prolonged healing time for
osseointegration due to the shortage of bone mass and the lack of initial stability. Although studies have shown that
intermittent teriparatide administration can promote osseointegration, there is little data to support the idea that pre-
implantation administration is necessary and beneficial.

Methods Sixty-four titanium implants were placed in the bilateral proximal tibial metaphysis in 32 female SD rats.
Bilateral ovariectomy (OVX) was used to induce osteoporosis. Four major groups (n=8) were created: PRE (OVX + pre-
implantation teriparatide administration), POST (OVX + post-implantation administration), OP (OVX +normal saline
(NS)) and SHAM (sham rats +NS). Half of rats (n=4) in each group were euthanized respectively at 4 weeks or 8 weeks
after implantation surgery, and four major groups were divided into eight subgroups (PRE4 to SHAMS). Tibiae were
collected for micro-CT morphometry, biomechanical test and undecalcified sections analysis.

Results Compared to OP group, rats in PRE and SHAM groups had a higher value of insertion torque (p <0.05). The
micro-CT analysis, biomechanical test, and histological data showed that peri-implant trabecular growth, implants
fixation and bone-implant contact (BIC) were increased after 4 or 8 weeks of teriparatide treatment (p < 0.05). There
was no statistically difference in those parameters between PRE4 and POST8 subgroups (p > 0.05).

Conclusions In osteoporotic rats, post-implantation administration of teriparatide enhanced peri-implant bone
formation and this effect was stronger as the medicine was taken longer. Pre-implantation teriparatide treatment
improved primary implant stability and accelerated the osseointegration process.
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Introduction

Osteoporosis is a disease which can lead to a decrease in
bone density and bone mass. Osteoporosis-induced loss
of bone mass and deterioration of bone microarchitec-
ture can also impact primary implant stability and the
biological process of peri-implant bone regeneration in
both human and animal models [1]. According to Pan
et al’s findings, osteoporotic rats had insufficient bone
volume surrounding implants and a lower value of bone-
implant contact (BIC) [2]. And consequently, extending
the healing period is an essential clinical approach to
attain the requisite osseointegration in patients suffering
from osteoporosis [3].

Teriparatide, a recombinant human parathyroid hor-
mone (PTH) composed of the hormone’s 1-34 amino
acids, has been approved by the Food and Drug Admin-
istration (FDA) for the treatment of adults with severe
osteoporosis. Its anabolic effect has been demonstrated
to promote bone formation [4, 5]. Small doses of inter-
mittent administration of teriparatide also have a positive
impact on implants osseointegration. After adminis-
tered teriparatide for 12 weeks, new bone formation
was found around external and internal surfaces of tita-
nium implants in osteoporotic rabbits [6]. And following
teriparatide treatment, osteoporotic SD rats also showed
an increased value of maximal pull-out force as a sign of
increased implant fixation [7]. Similarly, Li et al’s investi-
gation further showed how teriparatide treatment altered
the peri-implant bone mass and density associated to
an increase in implant fixation in osteoporotic rats by
micro-CT and histological results [8].

Kuchler et al. [9] conducted a clinic feasibility study
involving 24 participants, the median age of whom was
63. After nine weeks, the implants—which included
“study implants”—were removed using a trephine from
the edentulous lower jaws. They found that the new bone
volume per tissue volume (NBV/TV) and new bone-
implant contact (NBIC) increased, which was in line
with the outcomes of animal experiments and offered the
first histology data on the osseointegration of titanium
implants in patients treated with teriparatide.

In earlier pre-clinical studies, teriparatide was admin-
istered for three to four weeks prior to implantation and
continued until the animal was euthanized [10-12]. Their
findings suggested improved biomechanical strength at
the implant-bone interface. Nevertheless, in contrast to
studies where teriparatide was provided post-implan-
tation [6-8, 13], there was scant evidence to bolster the
notion that pre-implantation care could confer greater
advantages. Furthermore, there are relatively few clinical
reports of teriparatide treatment prior to implantation in
patients with osteoporosis, despite the fact that implants
in these patients typically lack primary stability due to
low local bone densities [1].
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The aim of this paper is to prove the positive effect of
pre-implantation administration of teriparatide in osteo-
porotic rats. We hypothesize that teriparatide treatment
prior to implantation surgery may improve the initial
implant stability and accelerate the osseointegration
process.

Materials and methods

Study design

The animal experiments in this study were approved
by the Peking University Institutional Review Board
(PUIRB) with the registration number (PUIRB-
LA2023295). Female SD rats (Vitalriver, Beijing, China)
aged 8 to 9 months were housed in controlled environ-
mental conditions, with a temperature of 25 °C, humidity
of 55%, and a 12-hour light-dark cycle.

As shown in Fig. 1, a total of 32 rats were randomly
divided into 4 major groups: PRE, POST, OP and SHAM.
After bilateral ovariectomy (OVX) or sham surgery, rats
were fed with maintain feed which containing 1.4% Ca,
0.8% P and water for 42 days to induce osteoporosis
according to a previous research [14]. In PRE group, the
administration of teriparatide (XINFUTAI, Shenzhen,
Guangdong, China) commenced at 4 weeks prior to the
implantation. In POST group, the administration started
with the implantation. As a blank control group, rats in
OP group received an injection of normal saline (NS)
after implantation. And in SHAM group, the implants
were placed 42 days after undergoing a sham surgery and
then NS was injected. Half of rats were euthanized at 4 or
8 weeks after implantation surgery and four major groups
were divided into eight subgroups (n=4). Rats in PRE4-
SHAM4 subgroups were euthanized at 4 weeks, and rats
in PRE8-SHAMS subgroups were euthanized at 8 weeks.

Previous research suggests that daily PTH treatment
may raise the concentration of the bone resorption
marker [15], whereas teriparatide administered three
times a week promotes bone formation on the endocor-
tical surface without improving bone turnover markers,
resulting in an increase in cortical thickness and bone
density [16]. Consequently, we administered 60 pg/
kg of teriparatide or NS subcutaneously three times a
week, which might promote implant osseointegration
effectively.

Validation of osteoporosis

The serum concentration of osteocalcin (OCN) and type
I collagen C-terminal telopeptide (CTX-I) were mea-
sured to verify the successful establishment of osteo-
porosis models [17, 18]. Blood samples were randomly
collected from five osteoporosis rats (in PRE, POST and
OP groups) and five normal rats (in SHAM group), and
centrifuged at 1000 x g for 20 min using a high-speed
freeze centrifuge (Thermo Fisher, Waltham, MA, USA).
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Fig. 1 Experimental design is shown above. A total of 32 female SD rats (8-9 months old) were divided into 4 major groups: PRE, POST, OP and SHAM.
Titanium implants were placed in the bilateral proximal tibiae. Rats in each group (n=8) were euthanized at 4 weeks (n=4) or 8 weeks (n=4) after im-
plantation and the four major groups were divided into eight subgroups (PRE4, PRE8, POST4, POST8, OP4, OP8, SHAM4 and SHAMS). After euthanasia, 8

tibiae were collected in each subgroup

The serum concentrations of OCN and CTX-I was tested
using the OCN Elisa serum test kit (Sabbiotech, Col-
lege Park, MD, USA) and the CTX-I Elisa protein test
kit (Cloud-Clone, Wuhan, Hubei, China) separately. The
absorption intensity of each well at 450 nm was analyzed
using a multimode microplate detector (PerkinElmer,
Waltham, MA, USA) to establish a standard sample func-
tion curve, and the concentrations of OCN and CTX-I
were calculated based on this curve.

Implantation procedure

Sixty-four grade IV pure titanium screws (BioMateri-
als, Beijing, China), with 2 mm in diameter and 5 mm
in length, were chosen to simulate the dental implants.
The self-tapping implant had four continuous threads,

and the special design of the tip facilitated the removal of
bone debris during the implantation process.

The abdominal injection of Zoletil@50 (Aladdin,
Shanghai, China) was used for anesthesia with the dos-
age of 307 mg/kg. After anesthesia, the skin was incised
at the proximal tibia to expose the underlying tibial sur-
face, and each rat then received an implant in the right
and left tibial metaphysis respectively. Using a bone drill
(DISHENGDE, Jinhua, Zhejiang, China), we bored a
pilot hole 2—3 mm away from the tibial growth plate and
perpendicular to the medial surface of tibial metaphy-
seal under NS flow. The hole measured 1 mm in diam-
eter and 3 mm in length. Then with the help of a torque
screwdriver (AIGU, Dongguan, Guangdong, China), the
implant was progressively inserted in the pilot hole until
the point where every thread was fully inside the bone.
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The maximal torque encountered in PRE, OP and SHAM
groups were recorded during the insertion process, indi-
cating the insertion torque. Finally, the skin and mucous
membranes were sutured to close the incision site.

The animals in PRE and POST groups were continu-
ally treated with teriparatide after implant operation,
while rats in OP and SHAM groups were injected NS.
Rats were euthanized by excessive CO, inhalation follow-
ing euthanasia principles. Eight tibiae from four rats in
each subgroup were collected 4 or 8 weeks after implan-
tation. Then the specimens were fixed in a 10% formalin
neutrophilic fixation (Yulu, Nanchang, Jiangxi, China)
for one week. Three tibiae were randomly collected from
different rats preparing for undecalcified sections analy-
sis, while the rest five tibiae were subjected to micro-CT
scanning and torque test.

Micro-CT analysis

After fixation, 5 tibiae were scanned by micro-CT
(Bruker Skyscan 1172, Aatselaar, Antuérpia, Belgium),
with parameters included a voltage of 90 kV, a current of
80 pA, an exposure time of 1050 ms, a rotation angle of
180°, a rotational step length of 0.4°, a filter of 0.5 mm AL,
and a scan resolution of 13.75 um. Then the images were
reconstructed three dimensionally and analyzed using
the Data Viewer software (SkyScan, version 1.5.6.2) and
the CTAn software (SkyScan, version 1.18.8.0).

The Region of interest (ROI) was defined as the area
around implants and the bone tissues (Fig. 2a, 2.5 mm in
diameter and 1 mm in height). The CTAn software was
used to quantify various metrics within the RO], includ-
ing bone volume percentage (BV/TV), trabecular thick-
ness (Tb.Th), trabecular number (Tb.N) and trabecular
separation (Tb.Sp). For the CTAn analysis, a grayscale
option ranging from 40 to 80 was selected.

Biomechanical testing

Immediately after micro-CT scanning, the five tibiae
with implants in each subgroup were fixed by a torque
horizontal clamp and connected to a digital torque meter
(HBO, Beijing, China), in anticipation of the torque test.
A screwdriver was used to remove the implant from the
bone and the maximal removal torque needed to remove
the implant was recorded during this process.

Undecalcificated bone-implant sections

After fixation, the three tibiae underwent a dehydration
process using a graded series of ethanol concentrations:
70%, 80%, 90%, and finally 100%. Following dehydration,
the tibiae were soaked in a solution consisting of 50%
ethanol and 50% light-curing resin (Technovit 7200VLC,
Hanau, Germany) for a period of 2 weeks. Subsequently,
the tibiae were embedded in resin (Technovit 7200VLC,
Hanau, Germany) and photopolymerized for 10 h. A
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special fixed glue (Tech 4000, Hanau, Germany) was
used to fix the specimens block to the cover glass, and
the EXAKT hard tissue cutting system (EXAKT 300CP,
Apparatebau, Gmbh, Hamburg, Germany) was used to
cut vertically along the long axis of the implant at a thick-
ness of 100 pm, and grinded in the polishing machine
(EXAKT 400CS, Apparatebau, Gmbh, Hamburg, Ger-
many). Then the hard tissue sections were dyed using
methylene-blue/acid fuchsin stain to visualize trabecu-
lar bone growth around the implants. Finally, the multi-
mode intelligent living cells imaging analysis system
(MICA) (Leica, Wetzlar, Hessian, Germany) was used to
observe the growth patterns of trabeculae. Thread’s BIC
was defined as the square of the newborn trabeculae in
the thread pit (Fig. 2b) divided by the overall square of the
thread pit. And the overall BIC of the section was defined
as the average of the two consecutive threads’ BIC values
in the cancellous bone area. After locally enlarged images
of two consecutive threads (in cancellous bone area)
were transported to software Image] (Image Processing
and Analysis Software, Bethesda, MD, USA), the values
of overall BIC of different subgroups were calculated and
compared.

Statistical analysis

The SPSS 24.0 software (SPSS, Chicago, IL, USA) was
used throughout for statistical analysis. One-way analysis
of variance (one-way ANOVA) was used to compare the
radiological, biomechanical and histological parameters
among groups or subgroups. When ANOVA indicated
significant differences, post-hoc multiple comparisons
were conducted using either the Bonferroni method (in
cases of homogeneity of variance) or the Tamheini test
(in cases of heterogeneity of variance). To evaluate dif-
ferences in serum concentrations of OCN and CTX-I
between osteoporotic and sham rats, and to analyze the
difference of parameters in PRE4 and POSTS, a two-
independent sample t-test was employed. A significance
level of p<0.05 was used to determine statistical signifi-
cance. All values are shown as the average and the stan-
dard difference.

Results

Confirmation of osteoporosis model

The average serum OCN concentration of osteoporotic
rat was 29.59+6.70 ng/ml, while sham rat was 17.43+3.3
ng/ml, with statistically significant difference (P=0.007).
Similarly, the serum CTX-I concentration of osteoporotic
rats (449.20%+72.84 pg/ml) was significantly higher than
that of sham rats (139.23+15.68 pg/ml). The obviously
increased serum concentration of OCN and CTX-I in
osteoporotic rats, as markers of bone metabolism, indi-
cated that the models of osteoporosis were successfully
established at 42 days after bilateral ovariectomy.
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Newborn Trabeculae

Fig.2 (a) The area surrounding the implant, measuring 2.5 mm in diameter and 1 mm in height, was designated as the region of interest. (b) The trabecu-
lae within the orange dashed line were identified as newborn trabeculae in thread pits (marked by white arrows). Thread's BIC was defined as the square
of the newborn trabeculae in the thread pit divided by the overall square of the thread pit

Micro-CT analysis

Through micro-CT scanning and analysis, the radiology
parameters of BV/TV, Tb.Th, Tb.N, Tb.Sp were evalu-
ated. The results were shown in Fig. 3.

Rats in POST, OP and SHAM groups were compared
to estimate the effect of teriparatide administration after
implantation. As revealed in Fig. 3a, there was no consid-
erable difference in BV/TV, Tb.Th, Tb.Sp, and Tb.N when
comparing POST4 and SHAM4 (p>0.05). Similarly,
as shown in Fig. 3b, no significant difference was found
in those radiology parameters in POST8 and SHAMS
(p>0.05). And when compared to OP group, the values
of BV/TV and Tb.Th were obviously enhanced and the
value of Tb.Sp was pronouncedly decreased in POST and
SHAM groups (Fig. 3a and b). These results revealed that
the peri-implant trabecular bone grew and returned to
the normal level after 4- or 8-week-course of teriparatide
treatment.

Furthermore, rats in OP8, POST8, and PRE8 were
compared to estimate if the different duration of teripa-
ratide administration could make a difference to tra-
becular bone growth. The only difference among the rats
in OP8, POSTS8, and PRE8—who were all osteoporotic
and euthanized at 8 weeks after implantation—was how
long their medicine was given (0 week, 8 weeks and 12
weeks respectively). When OP8 was compared to PRE8
and POSTS, values of BV/TV, Tb.Th, Tb.N, and Tb.Sp
showed statistically significant differences (Fig. 3c,
p<0.05). Additionally, there was a significant difference
between POST8 and PRES in terms of those radiological
parameters (p<0.05), which demonstrated an increased

trend of trabecular bone growth as the administration
time extended.

Finally, we compared rats in PRE4 and POST8 to reveal
the impact of teriparatide administration before implan-
tation. Rats in subgroups PRE4 and POST8 received the
same dose and duration (8 weeks) of teriparatide admin-
istration. Rats in PRE4 received medicine for four weeks
prior to and after implantation, whereas rats in POST8
got treatment after implantation. As a result, rats in PRE4
had a shorter bone healing period (4 weeks) than those
in POST8 (8 weeks). According to the statistic results
(Fig. 3d), no considerable differences were found between
them in BV/TYV, Tb.Th, Tb.N and Tb.Sp (p>0.05). It indi-
cated that the peri-implant bone volume and trabecu-
lar bone growth in PRE4 were consistent with those in
POSTS, though the bone healing time of rats in PRE4
was less than those in POSTS8.

Biomechanical testing

Maximal insertion torque

In Fig. 4a, the maximal insertion torque values for rats
in groups PRE, OP and SHAM were 3.72 (£0.87) N-cm,
2.16 (£0.49) N-cm, and 3.43 (£0.72) N-cm, respectively.
Comparing rats in PRE and SHAM groups, no statisti-
cally significant differences were found (p>0.05). And the
maximal insertion torque values were higher in PRE and
SHAM groups compared to OP group (p<0.05).

Maximal removal torque
According to Fig. 4b and c, the maximal removal torque
of rats in POST, OP and SHAM groups were compared



Cui et al. International Journal of Implant Dentistry

(2024) 10:18 Page 6 of 11

ns ek
— 1
*kk *k
: : —
* ns

ns
40+ 1
*kk
| —
30 *
= | |
£ 20+
>
1)
10+
0= T T
POST4 OP4 SHAM4
a
ns
1
120 * %
xx | !
100 |

©
o
1

Tb.Th (um)
S
1

T T
POST8 OP8 SHAMS

OP8 POST8 PRES PRE4 POST8
b 4 d
ns *ek Kk

- -1 1

* % *%

" 1 | | ns
* [ |

1

40
20
0- T T
POST4 OP4 SHAM4
a
ns
SR T |
4 *
| —|
ns

|

Tb.N (1/mm)
r

T T
POST8 OP8 SHAMS

0P8 POST8 PRES PRE4 POST8
b C d
ns Kk K
| — | | — |
EE T 3 odkk
1 |

ns

— * e
= i
== =
) 1 1

—+

1-

0- T T

POST4 OP4 SHAM4
a
ns
—
800 i

—

600 %

400+

Th.Sp (um)

200+

POST8 OP8 SHAMS 0P8 POST8 PRES PRE4 POSTS
b C d
ns EZ 23
1 I*—I
* %k LN
*% I 1 ns

| —

0=

a

T T
POST4 OP4 SHAM4

T T
POST8 OP8 SHAMS OPB POST8 PRE8 PRE4 POST8

b C d

Fig. 3 Radiology parameters of BV/TV, Tb.Th, Tb.N, Tb.Sp were analyzed statistically. Values expressed are means+SD, n=5, *p<0.05, **p<0.01,
**¥p <0.001, significantly different compared between two subgroups. “ns’, no significant difference. (a) Rats in POST4, OP4 and SHAM4 were compared.
(b) Rats in POST8, OP8 and SHAM8 were compared. (c) Rats in OP8, POST8 and PRE8 were compared to evaluate the effect of teriparatide administration
with different durations (0 week, 8weeks, 12 weeks). (d) There was no significant difference of radiological parameters between PRE4 and POSTS (p > 0.05)
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together to exam the effect of teriparatide on implants
fixation. No statistically significant difference was found
between POST4 and SHAM4, as well as between POST8
and SHAMS (p>0.05). And when compared to OP group,
the torque test demonstrated increased maximal removal
torque in both POST and SHAM groups (p<0.05), which
implied that teriparatide could promote implants fixation
after administering for 4 or 8 weeks in POST group.

Besides, when comparing the maximal removal torque
in PRE8 (19.32+£1.53 N.cm), POST8 (10.28+1.47 N-cm)
and OP8 (4.68+0.22 N-cm) (Fig. 4d), significant differ-
ences were found among them (p<0.05). And rats in
PRES had the highest maximal removal torque, correlated
with the longest duration of teriparatide administration.

Furthermore, it was surprised to find the maximal
removal torque values in PRE4 and POST8 had not
shown any significant differences (p>0.05), despite the
fact that bone healing time of rats in POST8 was double
that of rats in PRE4 (Fig. 4e). Therefore, it could be con-
cluded that the pre-implantation teriparatide adminis-
tration promoted implants fixation and accelerated the
osseointegration process.
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Histological evaluation

To investigate the peri-implant bone formation and the
contact of tibiae and implants, tibial specimens were
stained in methylene blue/acid fuchsin. While the trabec-
ular or cortical bone were dyed bright pink, the collagen
or bone cell were dyed light blue (Fig. 5).

Rats in SHAM group served as a representation of
the normal rats, with bone-implant histology appear-
ance reflecting typical osseointegration phases. Even
though there was still gaps between the implant and the
tibia after eight weeks of osseointegration, peri-implant
bone formation in SHAMS8 was more evident than that
in SHAM4. Additionally, only scattered trabecular bone
were detected around the implants in OP group, which
had the fewest newborn trabeculae both in terms of
number and thickness. Although there were thicker
trabeculae in OP8 when comparing to those in OP4,
the bone density of metaphyseal tibia in OP8 was still
low and aligned well with typical histological findings
of osteoporosis. The PRE and POST groups exhibited
increased trabecular number and decreased bone cells or
fibrous tissues after teriparatide administration, and the
values of trabecular thickness in PRE and POST groups
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Fig. 4 Biomechanical results were expressed as the maximal insertion torque and removal torque. Values expressed are means+SD, n=5, *p <0.05,
**p<0.01,***p<0.001, significantly different compared between two groups or subgroups.‘ns’, no significant difference. (a) The results of maximal inser-
tion torque in PRE, OP and SHAM groups. (b) & (c) The comparison of maximal removal torque in groups POST, OP and SHAM. (d) Comparison of maximal
removal torque in OP8, POST8 and PRES8. (e) Maximal removal torque was compared in PRE4 and POST8
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had been almost similar with or even higher than those in
SHAM group. In PRES, the highest level of peri-implant
bone growth was detected as the newly formed trabecu-
lae were continuous and firmly adhered to the implant’s
threads. And the thickness and quantity of trabeculae
were almost similar with each other when comparing
rats’ specimens between PRE4 and POSTS.

In order to study the values of overall BIC in different
subgroups, we magnified (x500) the area of two consec-
utive threads in cancellous bone area. According to the
results in Fig. 5, there were no statistically difference in
overall BIC values when POST and SHAM groups were
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compared (POST4 vs. SHAM4 or POST8 vs. SHAMS,
p>0.05). Overall BIC values were much higher in POST4
compared to OP4, and there was also a statistically sig-
nificant difference in those values between POST8 and
OP8 (p<0.05), which indicated the impact of teriparatide
therapy. Additionally, a longer duration of teriparatide
administration improved its effects, as seen by significant
differences of overall BIC values among OPS8, POSTS,
and PRES8 (p<0.05). In the end, there was no discern-
ible change in those values between PRE4 and POST8
(p>0.05), indicating that despite the differences in the
bone healing periods, the contact of bone and implants

T T T
POST4 OP4 SHAM4

T T T
POST8 OP8 SHAMS

T
OP8 POST8 PRE8 PRE4 POST8

Fig. 5 Representative methylene blue/acid fuchsin-stained histological section of the bone around titanium implants were examined by MICA system.
Red color indicates trabecular bone and cortical bone, while blue color represents the collagen and bone cells. Locally enlargement (magnification x500)
pictures of the two consecutive threads were transported to ImageJ to calculate the overall BIC values. Difference of those results among subgroups
were compared. Values expressed are means+SD, n=3, *p<0.05, **p<0.01, ***p <0.001, significantly different compared between two subgroups.ns’,

no significant difference
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was similar following the same duration of teriparatide
administration. In other words, administering teripa-
ratide for four weeks prior to implantation reduced the
amount of time needed for osseointegration.

Discussion

The most significance of this study is to evaluate the
impact of pre-implantation administration of teriparatide
in osteoporotic rats. So far, few research has emphasized
the necessity of medication prior to implantation. Addi-
tionally, it is the first to evaluate the variations in implant
osseointegration between pre- and post-implantation
teriparatide treatment.

Initial stability is a prerequisite for achieving osseoin-
tegration of implants [19]. However, patients with osteo-
porosis typically experience a higher failure rate due to
the lack of initial stability [1, 20]. Various methods can
be used to measure the initial stability, including X-ray
analysis, resonance frequency analysis (RFA), and inser-
tion torque. While studies have shown a correlation
between the initial implant stability quotient (ISQ) value
and the maximal insertion torque [21, 22], it’s crucial to
note that an extension rod is needed to be connected to
the implant once the ISQ value is calculated. However,
the desired implant’s diameter is a little too large, mak-
ing it inappropriate to be implanted in rats’ tibiae. Con-
sequently, we chose the maximal insertion torque as the
measurement of initial implants stability. Based on the
results of insertion torque from PRE, OP and SHAM
groups, the early subcutaneous injection of teripara-
tide for four weeks significantly increased the maximal
insertion torque (p<0.05). And this suggested that the
pre-implantation administration of teriparatide could
effectively enhance the initial implants stability in osteo-
porotic rats. Given these circumstances, administering
teriparatide prior to implantation surgery to improve ini-
tial implants stability might be an option for those with
osteoporosis who need dental implants restoration.

The efficacy of post-implantation administration of
teriparatide in promoting peri-implant bone growth
and implant fixation was confirmed by the results of
improved trabecular quality or quantity in osteoporotic
rats and increased maximal removal torque. In osteo-
porotic rats, the post-implantation administration of
teriparatide may stimulate the growth of peri-implant
bone after four or eight weeks. As a result, as seen by
the outcomes of the POST groups, implant fixation was
clearly improved, and implant osseointegration was seen
to be greater both radiologically and histologically when
compared with the OP group. Our results align well with
previous researches. Li et al. [23] exhibited the formation
of new bone surrounding implants in ovariectomized
rats by administering teriparatide and menaquinone-4
(vitamin K2; MK). Additionally, Li et al. [8] illustrated
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the combined benefits of teriparatide and zoledronic
acid on implant fixation in ovariectomized rats. Their
dosages were the same as ours—60 pg/kg, three times
a week. Furthermore, our research indicated that, fol-
lowing teriparatide treatment for 4 or 8 weeks, the peri-
implant bone promoting effect in osteoporotic rats can
be restored to the same degree of normal rats, as seen by
the outcomes in the POST and SHAM groups.

To evaluate the impact on osseointegration between
pre-implantation and post-implantation teriparatide
administration, the comparison of rats in PRE4 and
POST8 was conducted. Both rats in PRE4 and POSTS8
were given teriparatide for 8 weeks, and there were two
healing phases (time for osseointegration) of 4 weeks
and 8 weeks. Surprisingly, in terms of results of BV/TV,
Tb.Th, Tb.N, Tb.Sp, maximal removal torque and the
overall BIC results, there were no statistically significant
differences of those parameters in PRE4 when compared
to POST8 (p>0.05). This suggested that the implants in
both subgroups had similar levels of osseointegration,
and it also revealed that administering teriparatide for
four weeks prior to implant surgery could speed up the
osseointegration process. Based on the limited results in
this study, we deduced the possibility to accelerate the
process of osseointegration by pre-implantation adminis-
tration of teriparatide in osteoporotic patients.

As is well known, there are multiple stages to the heal-
ing process that lead to osseointegration in healthy
patients: growth factors are produced, osteoblasts
migrate, and neutrophils and macrophages are recruited
on days 1 and 2 after implantation [24—-26]. Necrotic
bone resorption and new bone deposition at the implant-
bone contact occur in the days that follow. And on day
28, the bone begins to restructure as new layers of bone
formed adjacent to the implant [27]. However, in ovari-
ectomized rats, the lack of estrogen may interact with
various immune cells, leading to a chronic pro-inflam-
matory phenotype. Additionally, certain cytokines, such
as tumor necrosis factor o (TNF«), have been shown to
cause osteoblast apoptosis [28, 29]. Therefore, osteo-
porotic patients usually need a longer healing period to
achieve osseointegration [3].

Teriparatide has a pharmacological mechanism that
involves directly activating survival signaling in osteo-
blasts and delaying osteoblast apoptosis via the cyclic
adenosine monophosphate (cAMP)/protein kinase A
(PKA) signal transduction pathway, which is a major
contributing factor in the increased number of osteo-
blasts [30]. Furthermore, teriparatide stimulates active
osteoclasts and hematopoietic cells differentiation via
the nuclear factor-kB (RANK)/RANK Ligand (RANKL)/
osteoprotegerin (OPG) pathway [31, 32]. These also
happened in the area around the implants: in compari-
son to the control group, systemic teriparatide injection
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dramatically enhanced the number of osteocytes, osteo-
blasts, and osteoclasts inside the implants’ thread area
[33]. As previously stated, osseointegration is a physi-
ological process that involves the balance between bone
formation and destruction, which is controlled by osteo-
blasts and osteoclasts. Initial bone matrix absorption by
osteoclasts, osteoblast recruitment, and osteoblast adher-
ence to the implant’s surface are all necessary for the
subsequent osseointegration of the implant [34, 35]. Pre-
implantation teriparatide administration for four weeks
in our study boosted osteogenic cells and improved bone
metabolism in advance of implantation surgery, which
might facilitate cell recruitment, bone remodeling and
bone growth in the peri-implant bone areas. As a result,
during the process of bone healing, rats’ implants in the
PRE group obtained osseointegration faster than those in
the POST group.

There were several limitations in this study. Although
the contribution of rat models is undeniable, rat bone
tissue does not exhibit obvious Haversian remodeling.
Osteon-like structures are occasionally seen in rats, but
they are not as well-organized as those in bigger animals
[36], let alone humans. Even so, rats were still our best
choice for inducing osteoporosis because of the large
quantity of animals required in our experiment and the
ethical requests. Furthermore, it is important to note that
the findings of this study are limited to animal experi-
ments and have not been applied in human clinical trials.
Therefore, caution should be exercised when extrapolat-
ing these results to human patients.

Conclusions

In osteoporotic rats, post-implantation administration of
teriparatide enhanced peri-implant bone formation and
this effect was stronger as the medicine was taken longer.
Pre-implantation teriparatide treatment improved pri-
mary implant stability and accelerated the osseointegra-
tion process.
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