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ABSTRACT

Objective: This study aimed to determine the effects of a natural diterpenoid, kirenol, on fracture healing in
vivo in an experimental rat model of femur fracture and investigate its potential mechanism of action via the
Wnt/B-catenin pathway.

Methods: In this study, 64 male Wistar albino rats aged 5-7 weeks and weighing 261-348 g were randomly divided
into 8 groups from A to L, with eight rats in each group. Standardized fractures were created in the right femurs of
the rats and then fixed with an intramedullary Kirschner wire. Four experimental groups were administered 2 mg/kg/
day kirenol (Groups C and G) and 4 mg/kg/day (Groups D and H) kirenol by oral gavage.Thereafter, the animals were
sacrificed at two time points as follows: on the 10™ day (Groups B, C and D) and on the 21* day (Groups F, G and H)
after the surgery; fracture healing in each group was assessed radiologically and histopathologically. The Radiographic
Union scale of tibia fracture scoring system was used in the radiological examination; callus volume and density were
measured using computed tomography. In the histopathologic examination, the scoring system described by Huo et al.
was used. Additionally, the mechanism of action was evaluated based on the analyses of protein expression of Wnt3a,
LRP5, TCF-LEF]1, B-catenin, and Runx-2 proteins using western blot analysis.

Results: Among the animals sacrificed on the 10* day after the surgery, the highest histopathological and radiological scores
were observed in Group D (p<0.05). Furthermore, the callus density (p<0.05) was highest in Group D. Among the animals
sacrificed on the 21st day, the highest histopathological and radiological scores were found in Group H, although the differ-
ences among the groups were not significant (p>0.05). The callus volume and density were the highest in Groups G and H,
respectively, although the differences among groups were not significant.

Conclusion: Kirenol may improve fracture healing in a dose-dependent manner with the early activation of the Wnt/(-cat-
enin pathway and the activation of the Runx-2 pathway.

Introduction

Despite improvements in the regeneration and
repair capacities of bones and the related treat-
ments, healing is challenging in approximate-
ly 5%-10% of all fractures (1). Nonunion and
delayed unions are important complications
for both the patient and the clinician and often
require long-term treatment. The etiologies of
nonunion and delayed union remain unclear;
however, both systemic and local factors are be-
lieved to influence these processes (2).

Wingless type (Wnt) is a glycoprotein that
was first isolated in 1982 from the breast tis-
sue of rats with cancer, and it comprises 19
sub-types (3). The canonical pathway is acti-
vated by the binding of Wnt to the “Frizzled
transmembrane receptor” and the low-density
lipoprotein receptor related peptides (LRP)
5 and 6 co-receptors (4). Binding of Wnt to
these receptors increases the cell B-catenin
levels by inactivation of the catenin destruc-
tion complex (5). B-catenin binds “T cell fac-
tor/lymphoid enhancer factorl” (TCF/LEF1),
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causing a twist in the DNA and allows the transcription of
Wnt target genes (6). In addition to the activation of the ca-
nonical pathway, Wnt3a induces osteoblast differentiation
and suppresses apoptosis (7). Runt-related transcription
factor-2 (Runx-2) is indispensable for endochondral bone
development with bone morphogenetic protein (BMP) (8).
It plays an important role in osteoblast differentiation and
skeletal development (9).

Kirenol is a diterpenoid derived from the Herba Siegesbeck-
iaplant (10). Herba Siegesbeckia is a historical, tropical plant
that is used for treating arthritis, malaria, hypertension, and
snakebites in China (11). Kirenol decreases the activation of
IL-1B, TNF-a, NF-kB, IL-6, and B-cell lymphoma 2 (Bcl-2);
activates annexin-1, IL-2, BMP, and Wnt pathways; increas-
es LRP-5 and (-catenin mRNA expression; and inhibits
B-catenin-phosphorylating glycogen synthase kinase 3 beta
(GSK3p). Thus, kirenol exerts anti-inflammatory, antiadi-
pogenic, immunoregulatory, antioxidant, and antiarthritic
effects (11-17).

Table 1. Naming of the groups and number of rats

Hour0 Dayl0 Day2l Healthy
Control Group A GroupB GroupF GroupL
n=8 n=8 n=7 n==3§
Kirenol 2 mg/kg Group C Group G
n=38 n=8
Kirenol 4 mg/kg Group D Group H
n==8 n==38

Figure 1. Anterior posterior (AP) and lateral (LAT) x-ray
images of one subject from each group

HIGHLIGHTS

Kirenol affects femoral fracture union positively.

The effect of kirenol increases with dosage.

» Kirenol shows its positive effect on fracture healing by activat-

ing the Wnt / 3-Catenin pathway and Runx2 on early period.
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In the present study, the effects of kirenol on the healing of
experimentally induced femur bone fracture and its possible
mechanism of action via the “Wnt/B-catenin” pathway were
investigated.

Materials and Methods

Experimental animals

In this study, 64 male Wistar albino rats with an average
weight of 308.3+21.5 g (261-348 g) aged 6 (5-7) months were
used. The rats were exposed to a light/dark cycle of 10/14 h,
kept at normal room temperature, and fed standard mouse
diet and tap water.

Kirenol procurement

We obtained 1.25 mg of 99% pure kirenol (TRC-K570300)
from Toronto Research Chemicals (Canada) that was main-
tained at cold temperatures throughout the study.

Surgical interventions

The rats were randomly divided into eight groups of eight
rats each (Table 1). Under general anesthesia, the right lower
extremities of all rats were prepared under sterile conditions,
fractures were induced in the right femurs in 56 rats (Group
A, B, C, D, E G, H), and intramedullary fixation was per-
formed using a 1.5-mm Kirschner (K) wire in 48 rats (Group
B,C,D,E G, H).

The femoral bones of eight rats in Group L were removed
without inducing fracture. Eight rats in Group A were sacri-
ficed without any procedures 1 h after inducing fracture, and
their femur bones were removed.

2 mg/kg kirenol was mixed with and dissolved in DMSO at
a ratio of 2:100 and then diluted to a ratio of 1:10 in SF and
administered via oral gavage to 16 rats in Groups C and G
starting on day 1 after the fracture.

4 mg/kg kirenol was mixed with and dissolved in DMSO at
a ratio of 1:100 and then diluted to a ratio of 1:10 in SF and
administered via oral gavage to 16 rats in Groups D and H
starting from day 1 after the fracture.

Starting from day 1 after fracture induction, 0.04 mg/kg of
DMSO diluted to a ratio of 1:10 in SF was administered daily
via oral gavage to 16 rats in Groups B and F, which constitut-
ed the control groups.

One rat in the group F was excluded from the study because
he died.

After being administered anesthesia, the rats were kept in sep-
arate environments during the recovery period and placed at
the Erciyes University experimental research and application
center. All the rats were sacrificed using intracardiac potassi-
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um injection. After the sacrifices, the femurs of the rats were
removed from the surrounding soft tissue while preserving the
callus tissue and sent for further experiments as follows.

All procedures were performed in accordance with the Unit-
ed Kingdom Animal Act (Scientific Procedures) 1986 and
the relevant guidelines.

Radiographic evaluation

To obtain radiographs, the specimens were placed on the ra-
diography cassette according to group and sequence numbers
(Siemens®©, Multix C). AP and lateral images were evaluated
according to the Radiographic Union scale of tibia fracture
(RUST) scoring system (Figure 1) (18). Each cortex of the fe-
mur (medial, lateral, anterior, and posterior) was scored out
of 3 and summed. Measurements were performed twice each
by three authors. The mean of the six measurements were re-
corded as the radiological results.

Computed tomography (CT)

CT images (Toshiba Aquilion One®©, Japan) were obtained
at a thickness of 0.5 mm from the removed femurs. The sin-
gle-energy metal artifact reduction technique was used to
reduce the metal artifacts in the images; the callus volume
(mm?) was calculated on the images taken to the tomography
workstation (Vitrea, Toshiba Medical Systems) (Figure 2).

The region of interest covering only the callus was then plot-
ted in the section with the most distinct callus tissue, and
density was measured according to the Hounsfield scale
(air=-1000, water=0, and bone=+1000).

Histopathological examination

After the radiological examination, the fracture line was ini-
tially cut transversely 5-mm proximally and distally using
a diamond-tipped saw (Exakt 300 CL, Exakt® Apparatbau,
Norderstad, Germany) connected to a precision cutting de-
vice and then sagittally divided into two equal pieces.

Figure 2. Coronal and axial CT-CV images of one subject
from each group
Region of Interest covering only the callus was then plotted in the section

with the most distinct callus tissue and density was measured according to
Hounsfield Score (Air = -1000, Water = 0, Bone = +1000)
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The lateral piece was reserved for western blotting, and the
medial piece was reserved for histopathological examination.
Harvested bone tissues were fixed in 10% formalin solution
for 1 week. The samples were decalcified in 10% EDTA in
phosphate-buffered saline (pH 7.4) and were dehydrated in
graded ethanol solutions (70%-100%) and xylene before em-
bedding in paraffin. From the paraffin-embedded samples,
5-pm sections were placed on poly-L-lysine slides. Images at
10x and 20x magnifications were captured using an Olym-
pus BX-51 light microscope (Olympus BX-51, Tokyo, Japan)
equipped with a digital camera. Masson’s triple staining was
performed for histopathological examination of fracture
healing according to the scoring system described by Huo
etal. (19).

Western Blot Analysis

Preparation of protein isolation solution

The protein isolation solution was prepared using radioim-
munoprecipitation assay (RIPA) lysis buffer and protease
inhibitors. One EDTA-free Roche complete mini protease
inhibitor cocktail (Roche 11836157001) tablet was used for
every 10 mL of the lysis buffer, and other protease inhibi-
tors, such as phenylmethylsulphonyl (Sigma P7626), aproti-
nin (Applichem A2132), leupeptin (Applichem A2183), and
pepstatin A (Applichem A2205) were added to this cocktail.

Bone homogenization and protein extraction

Bone samples were taken from the —80°C refrigeration unit,
weighed on a precision scale, and subjected to homogeniza-
tion using 500 L of protein isolation solution per 100 mg
of bone tissue. RIPA lysis buffer (tris-HCI 50 mM, NaCl 150
mM, Triton 1%, SDS 0.1%, sodium deoxycholate 0.5%, and
water solution) that contained a protease inhibitor cocktail
(Roche 11836157001) and the inhibitors PMSF 1 mM, apro-
tinin 2 pg/mlL, leupeptin 10 ug/mL, and pepstatin A 2 pg/mL
was used for homogenization. Bone tissue was disintegrated
using a homogenizer (IKA T25 Ultra Turrax) for 1 min in
a cold environment with ice and sonicated (Bondelin Sono-
plus HD 2070) and centrifuged (Thermoscientific SL 16R) at
15,000 rpm for 15 min at 4°C. The pellet containing cell de-
bris was discarded, and the protein-containing supernatant
was placed into clean Eppendorf tubes for determining the
total protein concentration.

Measurement of the total protein concentration

The total protein concentration of the protein mixture ob-
tained from the bone tissue was measured using the BCA
protein assay kit (Thermoscientific 23225) via the bicin-
choninic acid (BCA) method. Standard samples for analysis
were prepared by dissolving bovine serum albumin (Sigma
A2153) in distilled water at concentrations of 1, 2, 4, 8, and
16 pg/pL. The total protein levels of standard samples were
measured, and the total protein levels were calculated from
the absorbance data of unknown samples using the linear



Karaman et al. / Acta Orthop Traumatol Turc 2020; 54(3): 320-9

equation obtained from the absorbance versus concentration

Table 2. Comparison of the radiography scores of rats that
graph.

were sacrificed on days 10 and 21. Data are shown as arithme-
tic mean+SD values and median (range) values. The differ-

ence between the groups was statistically significant (p<0.05) Western blot analysis

The levels of B-catenin, LRP5, Wnt3a, RUNX-2, TCF1, and

Day 10 LEF1 proteins in the Wnt3a pathway were examined, and
B (n=8) C (n=8) D (n=8) GAPDH was used as a housekeeping protein. The experi-
ments were performed using the Biorad mini protean tetra

Radiography 6.3+1.5" 7216 8.1+1.3° cell system. The polyacrylamide concentration of SDS-PAGE
score 66 (4.0-8.0) 7.5 (4.0-8.8) 83 (55-10.1) gels were 7% and 10% depending on the protein size. After
Kruskal-Wallis 6.33 separation, the proteins were transferred to polyvinylidene
p 0.042 fluoride (PVDF) membranes (Bio Rad 162-01777). The
membranes were blocked with 5% skim milk that was dis-

Day 21 solved in Tris-buffered sodium solution containing 0.1%

F (n=7) G (n=8) H (n=8) Tween 20 (TBS-T) for 1 h. Rabbit primary and goat anti-rab-

bit antibodies were used for detection and were dissolved in

X - Ray 8.0+0.7 8.0+1.1 8.6+0.4 TBS-T. Proteins were visualized with a chemiluminescent

8.0(7.1-8.8) 83(6.7-9.5) 8.0(7.2-8.5) substrate (Bioexpress Advansta E-1119-20) and detected us-

ing radiography (Thermoscientific 34090). The analyses were
performed using Image J 1.50i software, and the proteins
were normalized using a housekeeping protein GAPDH.

Kruskal-Wallis 0.169
p 0.919

Table 3. Comparison of the callus volume (CT-CV) and callus density (CT-CD) results of rats that were sacrificed on days
10 and 21. Data are shown as arithmetic mean+SD values and median (range) values. The difference between the groups was
statistically significant (p<0.05)

Day 10
Groups B (n=8) C (n=8) D (n=8)
CT-CV 224.8£90.5 203.3£154.6 229.6+89.2
232.2 (99.9-385.9) 157.1 (53.9-526.9) 250.4 (30.7-317.2)
Kruskal-Wallis 0.96
p 0.62
CT-CD -58.3+92.6 48.8+81.1 44.8+48.3
—35.7 (-190.1-61.3) 25.1 (-15.7-223.0) 41.3 (-36.7-129.5)
Kruskal-Wallis 5.95
p 0.05
Day 21
Groups F (n=7) G (n=8) H (n=8)
CT-CV 158.3+£87.2 225.3£126.2 209.1+£67.5
140.0 (65.2-277.5) 243.9 (49.0-411.5) 185.3 (136.3-321.3)
Kruskal-Wallis 2.502
p 0.286
CT-CD 260.0+£103.0 244.1+£102.1 279.6+£112.9
230.6 (147.0-411.3) 290.2 (103.9-379.1) 300.9 (161.3-444.0)
Kruskal-Wallis 0.394
p 0.821
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Statistical analysis

Data were assessed using the Statistical Package for Social Sci-
ences, version 22.0 (IBM Corp.; Armonk, NY, USA) software.
The normal distribution of the quantitative data was assessed us-
ing the Shapiro-Wilk test; we found that the data were non-nor-
mally distributed. The CT-callus volume (CT-CV), CT-density
(CT-D), histopathological score (HPS), and radiography score
(RS) of the groups were compared using the Kruskal-Wal-
lis (KW) test. Dunn test was used for identifying groups that
caused the difference in cases where the difference was signifi-
cant. Spearman correlation analysis was performed to evaluate
the relationship between the variables. Quantitative data were
expressed as meantstandard deviation (SD) values and medi-
an (range) values; p<0.05 was considered statistically signifi-
cant in all analyses. For western blotting, statistical analysis was
performed separately in the treatment (Group C, D, G, H) and
non-treatment groups (Group A, B, E L) using the T-test.

Results

Radiographic evaluation

The radiographs were scored using the RUST scoring sys-
tem. The 10"-day and 21%-day groups were compared among
themselves (Table 2).

Table 4. Comparison of the HPS results in rats sacrificed
on days 10 and 21. Data are shown as arithmetic mean+SD
values and median (range) values. The difference between
the groups was statistically significant (p<0.05)

Day 10

B (n=8) C (n=8) D (n=8)
Histopathologi-  2.6+2.5° 5.9+0.8" 6.6+0.7°
cal score 2.0 (0-6) 6.0 (4-7) 6.5 (6-8)
Kruskal-Wallis 13.05
p 0.001

Day 21

F (n=7) G (n=8) H (n=8)
Histopathologi-  6.3%£1.4 6.7+0.8 7.4+1.4
cal score 6.0 (5.0-8.0) 7.0 (6.0-8.0) 7.0 (6.0-9.0)
Kruskal-Wallis 2.50
p 0.29

Table 5. Spearman correlation analysis of the CT-CV, CT-
CD, HPS, and RS values

CT-CV CT-CD HPS
CT-CD -0.197
HPS 0.131 0.468**
RS -0.070 0.317* 0.412**

The mean RS of Group D was significantly higher than those
of Groups B and C (p<0.05); the mean RS of Group H was
higher than that of Groups F and G; however, the differences
between the groups were not significant (p>0.05). Moreover,
the mean RS of Group D was higher than that of the 21*-day
control group (Group F); however, the difference between
the groups was not significant (p>0.05). Thus, the mean RS
of Groups D and H were higher than that of all the other
groups.

CT evaluation

CT-CV and CT-CD measurements were performed using the
CT images (Figure 2). The 10"-day and 21%-day groups were
compared among themselves (Table 3).

In the 10*-day groups, the mean CT-CV of Group D was
higher than that of Groups B and C; the mean CT-CD of
Groups C and D was higher than that of group B. However,
the differences were not significant (p>0.05). In the 21*-day
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Figure 3. Graphs of Wnt3a, 3-Catenin, LRP 5, Runx-2, TCF,
and LEF Western Blotting results and Image j analysis in 10th
day subjects

L: No fracture, A: Fracture w/o treatment, B: Fracture and 30pg C: Fracture and
2 mg/kg kirenol treatment, D: Fracture and 4 mg/kg kirenol treatment
Protein level resembles the image and standard deviation belongs to mean data.
Statistical analysis performed using all replicates. t test, * or # p<0,05, ** or # #
Pp<0,001. Statistical analysis performed in treatment and non treatment groups
seperately. (L and A), (B to D)
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groups, the mean CT-CV of Group G was higher than that of
the other groups, and group H had the highest CT-CD mean
value. However, the differences between the groups were not
statistically significant (p>0.05).

Histopathological evaluation

The 10™-day and 21*-day groups were compared among
themselves (Table 4). Among the 10*-day rats, the mean HPS
of Group C and D was significantly higher than that of Group
B (p< 0.05). Moreover, the mean HPS of Group D was higher
than that of the 21st-day control group (Group F); however,
the difference was not significant (p>0.05).

Among the 21*-day rats, the mean HPS of Groups G and H
was higher than that of Group F; however, the difference was
not statistically significant (p>0.05).

Fracture Sham  Kirenol 2 Kirenol 2
No w/o operated mg/kg me/kg
fracture treatment 21st day 21stday 21st day
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Figure 4. Graphs of Wnt3a, 3-Catenin, LRP 5, Runx-2, TCF,
and LEF Western Blotting results and Image j analysis in 21*

day subjects
L: No fracture, A: Fracture w/o treatment, F: Fracture and G: Fracture and
2 mg/kg kirenol treatment, H: Fracture and 4 mg/kg kirenol treatment
Protein level resembles the image and standard deviation belongs to mean data.
Statistical analysis performed using all replicates. T test, * or # p<0,05, ** or # #
p<0,001. . Statistical analysis performed in treatment and non treatment groups
seperately. (L and A), (F to H)

As noted in Table 2 and 4, the highest HPS (6.6£0.7) and RS
(8.1%1.3) were obtained in the 10" day group that was adminis-
tered kirenol at a dose of 4 mg/kg; the values were significantly
different the 10" day sham operated group (group B) (p<0.05).

In the evaluation of the correlation between CT-CV, CT-CD,
HPS, and RS of all groups, a correlation between histopatho-
logical evaluations and all other evaluation methods was ob-
served; x-ray Scores were correlated with CT-CD and HPS
(Table 5).

shary Sham Kirenal Kirenol Eireno! Kirenaol
operated aperated  aqpeiep Jmgike dmpfke dmelkg
10d:rps. zlda\_os_ s 10days Xldays 10days 21 days
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Figure 5. Graphs of Wnt3a, 3-Catenin, LRP 5, Runx-2, TCF,
and LEF Western Blotting results and Image j analysis in 10"
and 21* day subjects

B: Fracture w/o treatment 10 days,
F: Fracture w/o treatment 21 days,
C: 2 mg/kg kirenol treatment 10 days,
G: 2 mg/kg kirenol treatment 21 days,
D: 4 mg/kg kirenol treatment 10 days,
H: 4 mg/kg kirenol treatment 21 days
Protein level resembles the image and standard deviation belongs to mean data.
Statistical analysis performed using all replicates. t test, * or # p<0,05, ** or # #
P<0,001. Statistical analysis performed in 10 days and 21 days groups seperate-
ly. (BF), (C.G), (D.H)
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Western blot analysis

Expression analysis of Wnt3a, P-catenin, Runx-2, LRP-
5, TCE and LEF1 proteins was performed using western
blotting. After comparing the 10"-day and 21%-day groups
among themselves, the ratio between the 0-h group (Group L
without any fracture induced) and the 10*-day group as well
as that between the 10"-day and 21*-day group was exam-
ined to determine the rate of increase in the protein expres-
sions (Figure 3-6). The duration from 0 h to the 10" day was
defined as the first period, and that from the 10* day to the
21 day was defined as the second period.

Increase in the expression was calculated in the first period
using the ratio determined by the difference between the 10"
day expression value of any groupwith Group Ldivided by
that of Group L. E.g. [Group C increase= (Group C - Group
L)/Group L].

Increase in the expression was determined in the second
period by calculating the difference between the expression
values on the 10" and 21¢ day in the groups treated using the
same method and dividing the resultant value by the value
obtained on the 10" day. E.g. [Group G increase= (Group G
- Group C)/ Group C].
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Figure 6. Daily change of Wnt3a, p-Catenin, LRP 5, Runx-
2, TCFE and LEF Western Blotting levels according to the
results obtained in Figure 3 and 5. Blue block shows the 1*
Period, and orange block shows the 2" Period
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Wnt3a

Among the 10"-day groups, the highest Wnt3a level was ob-
served in Group C (p<0.001), and Group D (p<0.001) had
higher value than Groups A, B, and L (Figure 3, 5).

With respect to the 21*-day groups, the highest Wnt3a level
was in Group G (Figure 4, 5).

In the first period, the Wnt3a expression increased by 30%
in Groups C and D, while there was reduction in the expres-
sion in Group B. In the second period, Group F showed an
increase that was 13-fold higher than that in Groups G and
H (Figure 6).

B-catenin

Among the 10"-day groups, the highest 3-catenin level was
observed in Group C, and Group D had higher values than
Groups A, B, and L (Figure 3, 5).

With respect to the 21%-day groups, the highest -catenin
level was observed in Group G, and Groups G and H had
higher B-catenin expressions than Groups A, F, and L (Figure
4,5).

In the first period, f-catenin expression increased 82-fold in
Group C and 18-fold in Group B. In the second period, an
increase of <1-fold was observed in Groups G and H, while
Group F showed an increase of >8-fold compared with that
in Group G (Figure 6).

Runx-2

Among the 10™-day groups, the highest Runx-2 expression
was observed in Group C (p<0.05); Group D had higher val-
ues than Groups A, B, and L (Figure 3, 5).

In the 21*-day groups, the highest Runx-2 expression was
observed in Group H (p<0.05); Groups F and G had similar
Runx-2 expressions. In all these groups, Runx-2 expressions
were higher than those in Groups A and L (Figure 4, 5).

In the first period, there was a 2-fold increase in Runx-2 ex-
pression in Group C compared with that in Group B, while
the Runx-2 expression in Group C decreased during the sec-
ond period (Figure 6).

LRP5

The highest LRP5 expression was observed in Group C
among all the 10"-day groups; and Group D had higher val-
ues than Groups A, B, and L (Figure 3, 5).

The highest LRP5 expression was observed in Group H
among the 21*-day groups; and Groups G and H had simi-
lar LRP5 expressions. In all these groups, the LRP5 expres-
sions were higher than those in Groups A, F, and L (Figure
4,5).
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Similar changes were observed in the first and second peri-
ods in the control and 2 mg/kg-4 mg/kg kirenol groups (Fig-
ure 6).

TCF and LEF1

There was no consistent change in the levels of the intranu-
clear proteins TCF and LEF1 in the 10"™day groups (Figure
3,5).

Among the 21%-day groups, Group H showed the highest
TCF and LEF expressions; furthermore, the expressions of
TCF and LEF in Group G were lower than those in Group
H but higher than those in Groups A, F, and L (Figure 4, 5).

In addition, the 10™-day and 21*-day groups were compared
with each other in terms of the adverse effects on Wnt3a,
B-catenin, Runx2, LRP5, TCF, and LEF1; similar results were
found using western blotting analysis (Figure 6).

Discussion

Our findings showed that kirenol improved fracture healing;
this effect increased in a dose-dependent manner and was at-
tributed to the early activation of the Wnt/(-catenin pathway
and activation of the Runx-2 pathway.

The Wnt signaling pathway is believed to play an active role
in bone healing and increase in bone mineral density. Baron
et al. showed that the activation of the Wnt pathway increased
bone strength and mineral density, and its inactivation was
shown to increase bone fragility (20). Thus, an increasing
number of studies are being conducted on the molecules that
can activate this pathway for inducing bone healing. Kirenol,
which has previously been shown to activate the Wnt path-
ways in osteoblast cultures, appears to be a suitable candidate
for fracture healing (16). The activation of the Wnt pathway
in the presence of a fracture was also supported by our west-
ern blot analyses of the control group and healthy rats. Ex-
perimentally induced femur fracture caused a minimal but
acute increase in the levels of Wnt3a, an extracellular activa-
tor of the pathway, and its intracellular component 3-caten-
in. Furthermore, the Wnt level was significantly higher in all
groups compared with that in the group with healthy femur
bones. This result supports the hypothesis that activation of
the Wnt signaling pathway may occur as a response to the
damage in the bone caused by the fracture, and the Wnt sig-
naling pathway may contribute to bone repair.

Several researches have been conducted with the aim of ac-
celerating fracture healing and minimizing the possibility
of nonunion. In a cell culture study, Kim et al. showed that
kirenol stimulated the canonical Wnt pathway that plays a
key role in in vitro bone healing (16). In the present study,
we investigated the in vivo effects of kirenol on fracture heal-
ing and the Wnt pathway and showed that fracture healing
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and the Wnt pathway were positively affected, especially in
the early period of fracture healing. In agreement with our
findings, Colburn et al. showed that post-fracture BMP ad-
ministration activated fracture healing in the early period;
however, this activation decreased in the later period (21).
Horst et al. conducted a cell culture study and found that Wnt
is activated in the early stages of fracture healing; however, it
is inhibited by dickkopf related protein 1 (Dkk 1) for matrix
calcification later in the healing process (22). In the present
study, all experimental groups that were treated with kirenol
had higher mean RH and HPS than the controls that were
sacrificed on the same day. Although this difference was sig-
nificant on the 10" day, the difference was non-significant
on the 21* day. This was attributed to the fact that kirenol
was able to accelerate the fracture healing process, and this
process rapidly occurred during the first 10" days; howev-
er, as the process approached completion, the activation of
fracture union was reduced and the recovery in the control
group caught up with that in other groups, although it was
initially delayed.

The rates of increase in Wnt3a, p-catenin, TCE LRP 5, and
Runx-2 expression in the 10"-day rats were higher in the
kirenol groups than in the controls. In contrast, the rates of
increase in Wnt3a, -catenin, LEF, Runx-2, and LRP5 expres-
sion in the 10"-21""-day period were higher in the controls
than in the kirenol groups. This finding supports the results
of Horst (22), indicating that the Wnt/B-catenin pathway is
more active during the early fracture healing process, these
agents activate Wnt in the early period, and Wnt activity is
subsequently reduced for calcification.

Although kirenol was locally administered in the study by
Wang, Lua et al. investigated the antiarthritic effects of kire-
nol and administered kirenol by oral gavage at a dose of 2
mg/kg (12, 15). In the present study, kirenol was adminis-
tered by the oral gavage route, and two different doses, 2 mg/
kg and 4 mg/kg, were used for investigating the dose-depen-
dent effects. The mean HPS and RS of the rats sacrificed on
the 10™ and 21* days were higher in the 4 mg/kg groups than
in the 2 mg/kg groups. This suggests that kirenol achieves
higher efficacy at increasing doses. However, these findings
were not supported by the western blotting analysis find-
ings. Consequently, higher RS and HPS were obtained in rats
treated using 4 mg/kg kirenol; however, no absolute elevation
in the protein expressions was detected.

The mean RS and HPS of fracture healing were not support-
ed by western blot analysis for different doses of kirenol;
however, Wnt3a, -catenin, TCF-LEF, Runx-2, and LRP5 ex-
pressions on day 10 were higher in the kirenol groups than
in the controls. This may be due to the higher dominant an-
ti-inflammatory activity of kirenol at low doses, suppression
of inflammatory processes owing to fracture healing, or be-
cause kirenol activates pathways other than the Wnt pathway.
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The toxic dose of kirenol and its effects on various metabolic
pathways at different doses should be investigated in future
studies.

Kim et al. conducted a study in osteoblast culture wherein
kirenol administration increased Wnt activation and in-
duced matrix calcification (16). Therefore, the callus volume
and density may be used as parameters to indicate fracture
healing (18). Kirenol administration is expected to increase
the callus volume and density. However, there was no signif-
icant difference among the callus volumes in the groups in
the present study. This was attributed to the large SDs found
in the intra-group callus means. This was caused by the lack
of a rigid fixation method in the fixation process of fractures.
In fractures that heal in a secondary manner, anatomic re-
duction and more stable fixation result in a better union and
reduce the callus volume. Simultaneously, the callus volume
can decrease in bones with poor reduction that fail to join
(23). This means that the callus volume is not a direct in-
dicator of the status of fracture healing. Although the callus
volume is measured using radiographic methods, the callus
density measured using CT appears to provide more consis-
tent data (24, 25). In this study, there was a significant cor-
relation between the HPS and RS results and the CT-D scores
used in the evaluation of rats. Callus densities were increased
in the 10"-day groups that were treated with 4 mg/kg kirenol.
In this study, kirenol increased bone mineralization in the
early period, which is consistent with the data in the litera-
ture.

Using western blotting analyses, we demonstrated that kire-
nol activates the Wnt signaling pathway. This activation may
have been caused by the binding of kirenol to the LRP5 recep-
tor and reduction in the intracellular active GSK3p protein
levels or via direct inhibition of the activity of this enzyme.

Molecules that bind to the LRP5 and frizzled receptors in the
Wnt signaling pathway are characterized by their lipid sol-
ubility and different chemical structures (26). On the basis
of this, regardless of its molecular structure, kirenol could
bind to Wnt receptors by dissolving in the cell membrane be-
cause of its lipophilic nature. In addition, kirenol increased
the levels of LRP5 receptor measured in bone homogenate
that may have been achieved via LRP5 located on the osteo-
blast cell surface. Based on this result, kirenol may also have
increased total -catenin levels and consequently increased
LRP5 mRNA expression.

In addition to the effects on the Wnt signaling pathway, kire-
nol increased the Runx-2 levels. Via this effect, it may have
contributed to bone healing by increasing the differentiation
and proliferation of osteoblasts. Furthermore, the increase in
B-catenin levels and the activation of the Wnt pathway may
have contributed to the increase in the Runx-2 levels. A pre-
vious study has shown that Runx-2 and [-catenin increase

the number, activity, and collagen synthesis of osteoblasts
(27). This positive effect on bone synthesis through osteo-
blasts suggests that the Wnt signaling pathway and Runx-2
may be potential therapeutic targets for diseases in which
bone mineral density and osteoclast activity increase, such
as in osteoporosis. In fact, Kato et al. observed osteopenia in
LRP5 knock-out Wnt signaling-inactive mice and conclud-
ed that LRP5 inactivation may be responsible for the osteo-
porosis-pseudoglioma syndrome that affects both the bone
and the eye (28, 29). In the present study, the LRP5 levels in-
creased more in the kirenol group than in the control group;
furthermore, it activated the Wnt pathway by increasing the
Wnt3a and P-catenin levels in addition to the LRP5 levels.
Thus, kirenol may be beneficial in increasing mineral densi-
ty in diseases characterized by bone loss, such as osteopenia
and osteoporosis, owing to its effect on both Runx-2 and Wnt
signaling pathway.

In conclusion, the possible effects of kirenol on fracture heal-
ing and the Wnt/p-catenin pathway in rats with experimen-
tally induced femur fracture were investigated using radio-
logical, histopathological, and metabolic data. It was shown
that kirenol improved fracture healing; this effect increased
as the dose increased. This effect of kirenol was caused by the
early activation of the Wnt/B-catenin pathway and activation
of the Runx-2 pathway. Therefore, we can conclude that kire-
nol is a herbal product, and future studies could investigate
its effects on the human bone.
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