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1. Introduction
Osteoporosis is a common metabolic bone disease, 
closely related to diet and caused by an imbalance of 
bone formation and resorption. It is characterized by 
progressive bone mass loss, bone microarchitecture 
deterioration, and increased fragility [1,2]. Osteoporotic 
fractures (OPF), which are an important health problem 
due to decreased bone healing capacity, morbidity, and 

mortality, are frequently seen in postmenopausal elderly 
women [3]. Recently, the interest in the consumption 
of natural alternative agents and herbs has been rising 
due to the unsatisfactory results, side effects, related 
complications of long-term treatment, and high costs of 
currently available conventional osteoporosis treatment 
modalities [4-7]. Taurine and garlic have been used in 
the treatment of osteoporosis for years, as they are easily 

Background/aim: We have evaluated the effects of taurine and aqueous garlic extract (AGE) as a dietary supplement on osteoporotic 
fracture (OPF) healing in the ovariectomized rat femur fracture model.

Materials and methods: In this experimental animal study, twenty-four osteoporosis-remodeled female Wistar albino rats were randomly 
divided into 3 groups (n: 8) according to their supplemented diet; control, taurine, and AGE groups. Unilateral femur middiaphysis 
mini-open osteotomy was stabilized with Kirschner wires. Six weeks after osteotomy, the rats were sacrificed before the femurs were 
harvested and OPF healing was evaluated with biochemical, histologic, microcomputed-tomography, and scintigraphic methods.

Results: As an indicator of the antiosteoporotic effect, the calcium levels of the taurine group were significantly lower than the AGE and 
control groups in biochemical analyzes (p < 0.01). In histological studies, the new bone diameter and new bone volume values of the 
taurine group were significantly higher than the control group (p = 0.002 and p = 0.032, respectively), while higher trabecular-compact 
callus was observed in the taurine and AGE groups, respectively, compared to the control group. In morphological analyses, taurine 
and AGE groups had significantly higher bone volume/tissue volume, trabecular number, bone surface density, and lower trabecular 
separation than the control group (p < 0.05). The scintigraphic imaging showed a significant increase in osteoblastic activity of the 
taurine group compared to the control group (p = 0.005).

 Conclusion:  Taurine and AGE have positive anabolic effects, respectively, on the healing of OPFs, demonstrated by biochemical, 
histological, morphological, and scintigraphic methods.
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available without a prescription, cost-effective with 
minimal side effects even used for a long time [4,5].

Taurine (2-aminoethanesulfonic acid) is a semiessential 
amino acid that has beneficial effects on hypertension, 
congestive heart failure, diabetes, convulsion, obesity, and 
cancer. It can be used as an additive to baby milk formula, 
eye-ear drops, and antiaging agents [8-10]. In addition to 
its benefits in improving skin and bone health, it is accepted 
that its deficiency causes growth retardation, deficiency 
of tissue differentiation, and immune development [11]. 
Studies have shown that taurine is abundant in the bone 
matrix, and it increases endurance performance [10], 
matrix mineralization, osteoblast differentiation, and 
bone tissue formation. It reduces bone loss by inhibiting 
osteoclastogenesis [11,12]. Animal experiments have 
supported that taurine supplementation reduces alveolar 
bone resorption [8], prevents bone loss in ovariectomized 
rats [6,11,13], and has anabolic effects on bone health 
in growing rats [9,12], without significant side effects or 
toxicity. Oral taurine tablets have been reported to reduce 
postoperative oxidative stress in elderly patients with hip 
fractures [14]. Although the positive effects of taurine on 
growth and bone metabolism have been determined, its 
effect on OPF healing remains unknown.

Garlic (Allium sativum) is a safe, easily accessible 
plant that has long been used as seasonings for cooking, 
food additive, and herbal agent in traditional medicine 
[7,15]. Previous studies have shown that garlic has several 
biological functions, including antibacterial, antiviral, 
antifungal, antioxidant, antiinflammatory, antithrombotic, 
anticholesterol, antidiabetic, antineoplastic, antiobesity, 
antiaging, antiapoptotic, immunomodulatory, 
cardioprotective, radioprotective, and hepatoprotective 
activities [5,15-19]. Furthermore, with its antiosteoporotic 
effects, garlic is a phytoestrogen, that reduces the risk of 
postmenopausal fractures [2,7]. It has been shown that 
garlic significantly protects against hypogonadal bone loss 
in ovariectomized rats, with its estrogen-like antioxidant 
and antiinflammatory effects [19], and reduces bone loss 
in postmenopausal osteoporotic women [20]. It has been 
reported that aqueous garlic extract (AGE) is effective in 
the treatment of periodontal bone diseases by increasing 
bone marrow cellularity and has antioxidant effects in 
postmenopausal osteoporosis [16], and improves bone 
density by inhibiting osteoclastogenesis, increasing bone 
turnover, and increasing calcium absorption from the 
intestines [5]. Although many beneficial effects of AGE on 
bone metabolism and also in the treatment of osteoporosis 
have been demonstrated [5,20], its effects on bone fracture 
have not been studied yet.

The positive effects of taurine and AGE on bone 
metabolism have been known for a long time and both 
agents are used in the treatment of osteoporosis. Regarding 

that, we hypothesized that taurine and AGE could be 
effective candidate agents for enhancing OPF healing. To 
the best of our knowledge, this study is the first study in the 
literature investigating the effects of taurine and aqueous 
garlic extract on an ovariectomy-induced experimental 
osteoporotic bone fracture model. This study aimed to 
evaluate the effects of taurine and AGE on OPF healing 
by biochemical, histomorphologic, and scintigraphic 
methods. 

2. Materials and methods
2.1. Preparation of taurine and AGE
The taurine powder (Farmatek Chemical, İstanbul/ 
Turkey-TR-34-K062203) has been diluted at 3 g per scale 
with saline before orogastric administration [9]. To avoid 
the strong and irritating odor of raw garlic and feeding 
difficulties, and to optimize and standardize the dose given, 
we preferred to administer freshly prepared AGE to rats 
by the orogastric route [8,21]. The garlic bulbs, purchased 
from the local market, were peeled, blended, and soaked in 
distilled water for 12 h. The mixture of crushed garlic and 
distilled water was stirred and filtered through filter paper. 
The solvent was removed by evaporation under reduced 
pressure to obtain dry aqueous extracts. Then extract 
was stored in an airtight container at 4 °C [21]. The garlic 
extract was prepared at the Department of Pharmacognosy 
(Hacettepe University Faculty of Pharmacy).
2.2. Animals and study design
All the experiments were performed between May 
and November 2020, at Ankara Training and Research 
Hospital Hüsnü Sakal Experimental and Clinical Research 
Center (Ankara, Turkey) with the approval of the Local 
Ethics Committee (19.03.2020/610). Twenty-four Wistar 
albino female rats, 16 weeks old, weighing 300–325 g, 
were placed individually in cages and maintained at 
a 12-h light-dark cycle at 24 ± 2 °C, 60 ± 5% humidity, 
with ad libitum access to deionized water and standard 
laboratory phytoestrogen-free rat chow diets (Bil-Yem 
Co, Ankara, Turkey). After a 1-week adaptation period, 
bilateral ovariectomy was performed (by G Koca) under 
anesthesia to induce an estrogen-deficient postmenopausal 
osteoporosis model. Twelve weeks after ovariectomy, 
osteoporotic rats underwent femoral osteotomy and were 
randomly divided into 3 equal groups (n = 8) according to 
the food supplement; taurine, AGE, and control groups.  
For 6 weeks from the first day after osteotomy, 2 mL of 
taurine at a dose of 500 mg/kg/day [9] by oral gavage to 
the taurine group, 2 mL of AGE at a dose of 100 mg/kg/day 
[8] to the AGE group, and saline suspension to the control 
group were given as a nutritional supplement for the same 
duration, volume, and route.

A middiaphyseal transverse osteotomy was performed 
(by G Koca and M Mısırlıoğlu) with the help of a mini-
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open right femur lateral longitudinal incision (Figure 
1A). Then, 1.6 mm Kirschner wires fixing the standard 
1 mm osteotomy line were cut from the outer surface of 
the knee joint to prevent movement limitation (Figures 1B 
and 1C.) [22]. Due to surgical interventions performed in 
hygienic conditions and postoperative antibiotic therapy, 
no significant infection findings were found in physical 
examination, clinical findings, and histological studies. Six 
weeks after the osteotomy, the femoral and whole-body 
scintigraphies of all rats were evaluated under general 
anesthesia. Then, blood samples obtained through heart 
puncture were taken for biochemical analysis. Afterward, 
the rats were sacrificed under general anesthesia, and all 
the right femurs were removed and preserved in saline-
soaked gauze bandages, at –20 °C until a microcomputed-
tomography (micro-CT) scan and the histological analysis.  
2.3. Scintigraphic evaluation
The osteoblastic activity was evaluated by hydroxymethylene 
diphosphonate (HDP, Eczacıbaşı-Monrol, Turkey) 
bounded with technetium-99m (Tc99m) injected through 
the tail vein under general anesthesia. Dynamic perfusion 
and blood pool phase images were obtained under the 
gamma camera (Siemens E. Cam Siemens Medical 
Solutions, Hoffman Estates, IL, USA), immediately after 
injection of 74 MBq (2mCi), HDP radiolabeled Tc99m, 
and whole-body scans and late-phase bone images were 
obtained 2 h later. The increased uptake of bone-specific 
radiotracer suggests that enhanced fracture healing has 
been recorded as increased osteoblastic activity [23]. 
Afterward, soft tissues were stripped from the bone to 
eliminate the background osteoblastic activity.  

Scintigraphic quantitative measurements were made by 
drawing regions of interest (ROI) in equal pixels, including 
both fractured femurs and the contralateral intact side. 
Radioactivity counts reflecting osteoblastic activity in 

ROIs were obtained from the images by quantitative bone 
scintigraphy analyses (Figures 2A and 2B). The whole-
body osteoblastic activity values were obtained from the 
proportion of the ROI fractured zone counts to the intact 
one.
2.4. Biochemical evaluation 
The Eppendorf tubes with 2 cc blood samples were 
centrifuged at 3000–3500 rpm to obtain serum and stored 
at –80 °C until analysis for the biochemical parameters. 
The serum concentrations level of alkaline phosphatase 
(ALP), calcium, and phosphate, which are indices of 
bone formation, were measured with a Roche Cobas 8000 
autoanalyzer (Roche Diagnostics, USA). Osteocalcin levels 
(pg/mL) were determined using ELISA kits (Cusabio 
Biotech Co. USA).
2.5. Histologic evaluation
The isolated right femurs were fixed with 10% 
formaldehyde, decalcified, sectioned into 5 µm, stained, 
and photographed for histological studies. The new bones 
were evaluated objectively by measuring the diameter 
and volume of the callus. The parameters for histological 
analyzes such as cortex morphology, inflammation, 
osteoblast number, and periosteum morphology were 
evaluated by numerical grading as described previously by 
Santić et al. [24].  
2.6. Microcomputed-tomographic evaluation
Histomorphometric analysis of the right femurs was 
performed using high-resolution micro-CT (SkyScan 
1174; Bruker- micro-CT, Kontich, Belgium; at 50 kV, 
0.25 mm filter with 33 μm pixels) 800 μA, 50 kVp, and 
21 μm projections within 180° rotation and 4000 ms 
scanning time. Standard software programs were used 
to perform qualitative and quantitative analyses of rat 
femurs geometry including bone volume/tissue volume 

 

Figure 1: Creation of osteotomy with Gigli wire at the mid-diaphyseal region of rat femur 
(A), K-wire stabilization of the mini-open osteotomy line (B), and the appearance of rat femur 
osteotomy line (C). 

Figure 1. Creation of osteotomy with Gigli wire at the middiaphyseal region of rat femur (A), K-wire stabilization 
of the mini-open osteotomy line (B), and the appearance of rat femur osteotomy line (C).
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(BV/TV, %), trabecular thickness (TbTh, μm), and 
trabecular separation (TbSp, μm), trabecular number 
(TbN, mm–1), bone surface density (BSD, mm2//mm3). 
The region of interest (ROI) was standardized to be 10 

mm proximal and distal from the fracture line. Three-
dimensional images were reconstructed using scanner 
software (CTan) (version 1.20.3.0) for quantitative 
analysis (Figure 3A).

.  

B.  

Figure 2. A. Scintigraphic images of the region of interest (ROI) drawings from the whole-
body static posterior (A), static anterior (B), and stripped osteoporotic rat femur (C). Figure 
2. B. Graphical comparison of scintigraphic parameters of osteoporotic rat groups’ WB F/I 
ROI anterior: Whole-body fracture/intact ROI, WB F/I ROI posterior, F/I late static, Stripped 
bone F/I. 

Figure 2. A. Scintigraphic images of the region of interest (ROI) drawings from the whole-body static posterior 
(A), static anterior (B), and stripped osteoporotic rat femur (C). B. Graphical comparison of scintigraphic 
parameters of osteoporotic rat groups’ WB F/I ROI anterior: whole-body fracture/intact ROI, WB F/I ROI 
posterior, F/I late static, stripped bone F/I. 
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2.7. Statistical analysis
Statistical analyzes were performed using IBM SPSS for 
Windows (IBM Corporation, version 22.0, Armonk, NY, 
USA). Data distribution was examined by the Shapiro-
Wilk test. Descriptive statistics were calculated as mean, 
standard deviation, minimum, and maximum values 
for normally distributed data, and median (range) for 
nonnormally distributed data. Groups were compared 
using one-way ANOVA for normally distributed data 
and the Kruskal-Wallis test for nonnormally one. Posthoc 
tests for group comparisons such as LSD, Dunnett’s t, or 
Dunnett’s T3 tests were used according to the homogeneity 
of variance. Since the chi-square test does not meet the 
assumptions, the number of cases (n) and ratios (%) were 
presented for the categorical variables. A p-value <0.05 
was considered statistically significant. 

3. Results
3.1. Scintigraphic measurements
The osteoblastic activity values of the taurine group in 
the whole-body fractured/intact bone ROI anterior and 
posterior scintigraphic images were significantly higher 
than the control group (p = 0.005, p = 0.023, respectively). 
The osteoblastic activity values of taurine and AGE groups 

were higher than the control group in late static, stripped 
bone, and other scintigraphic parameters; however, they 
were not statistically significant (Table 1, Figure 2B).   
3.2. Biochemical measurements
Among the groups, only the calcium levels of the taurine 
group were significantly higher than the AGE and control 
groups respectively (p < 0.001 for both values). The 
osteocalcin and ALP values were lower and phosphate 
values were higher in the taurine and AGE groups, 
respectively, compared to the control group, however, 
these differences were not statistically significant (p > 0.05) 
(Figure 4). The biochemical, histological, morphometric, 
and scintigraphic measurements for groups are presented 
in Table 1.
3.3. Histologic measurements
In histopathological examinations, larger areas of new 
mineralized callus formation were observed in the 
taurine and AGE groups, respectively, compared to the 
control group (Figure 5A). The taurine group also had 
significantly higher values for new bone diameter and 
new bone volume/femur volume values than the control 
group (p = 0.002 and p = 0.032, respectively) (Table 1, 
Figure 5B). While higher trabecular-compact callus scores 
were detected in the taurine and AGE groups, respectively, 

A.

B.

Figure 3. A. Histomorphological (micro-CT) two-dimensional (A), three-dimensional

(B), coronal (C), sagittal (D), and transaxial (E) images of the rat’s right femur osteoporotic

fracture  line  at  the  taurine  group (T6).  Figure  3.  B.  Graphical  comparison  of  micro-CT

parameters  of osteoporotic  rat  groups’ BV/TV (p=0.03): bone volume/total  volume, TbTh

(p>0.05):  trabecular  thickness,  TbSp  (p<0.01):  trabecular  separation,  TbN  (p<0.01):

Trabecular number.

Figure 3. A. Histomorphological (micro-CT) two-dimensional (A), three-dimensional (B), 
coronal (C), sagittal (D), and transaxial (E) images of the rat’s right femur osteoporotic fracture 
line at the taurine group (T6). B. Graphical comparison of micro-CT parameters of osteoporotic 
rat groups’ BV/TV (p = 0.03): bone volume/total volume, TbTh (p > 0.05): trabecular thickness, 
TbSp (p <0 .01): trabecular separation, TbN (p < 0.01): trabecular number.
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compared to the control group, osteoblast activity count 
scores were higher in the taurine group compared to the 
control group (Table 2). 
3.4. Microcomputed-tomographic measurements
The histomorphometric analyzes showed that BV/TV and 
BSD values were significantly increased in the taurine and 
AGE groups, compared to the control (p = 0.001, p < 0.001, 

respectively). There was a significant difference between 
groups in TbN values (p = 0.003) and the difference was 
significant in the taurine group compared to the control (p 
< 0.001). Moreover, the difference was significant between 
groups in terms of TbSp values and the TbSp values of the 
taurine and AGE groups respectively were significantly 
lower compared to the control group (p < 0.001 for both 

Table 1. Biochemical, histological, microtomography, and scintigraphic evaluation of taurine, aqueous garlic extract, and control 
groups. Each value is presented as mean ± SD (min-max) or median (range). Ϯ: One-way ANOVA, ¥: Kruskal-Wallis test, *: p < 0.05. In 
the column of paired comparisons, the values in which p values and group names are given, show statistically significant differences. C: 
control, Ta: taurine, ALP: alkaline phosphatase, BV/TV: bone volume/total volume, WB F/I ROI-anterior: whole-body fracture/intact 
region of interest anterior. 

Groups Control (C) 
(n = 8)

Taurine  
(n = 8)

Aqueous garlic 
extract (AGE) 
(n = 8)

p-Value
Pairwise 
comparisons
*p-Value

Biochemical evaluation

Osteocalcin (ng/mL) 3.27 ± 0.27
(2.92–3.65)

3.03 ± 1.00
(2.90–3.16)

3.11 ± 0.24
(2.63–3.38) 0.105 -

ALP (U/L) 181.13 ± 27.28
(141–212)

148.75 ± 14.24
  (127–173)

163.88 ± 35.92
   (109–214) 0.083 -

Calcium (mg/dL) 10.43 ± 0.48
(9.53–10.90)

11.88 ± 0.54
(10.97–12.69)

10.61 ± 0.40
(10.12–11.40) <.001* Ta-C (p < 0.001)

Ta-AGE (p < 0.001)

Phosphate (mg/dL) 6.89 ± 0.46
(6.24–7.66)

7.37 ± 0.35
(6.77–7.85)

7.14 ± 0.42
(6.48–7.81) 0.096 -

Histological evaluation
New bone diameter (mm) 0.24 (0.37) 0.63 (0.39) 0.43 (0.35) 0.003*¥ Ta- C (p = 0.002*)

New bone volume/ Femur volume (%) 0.21 ± 0.06
(0.11–0.29)

0.35 ± 0.12
   (0.20–0.54)

0.23 ± 0.04
(0.18–0.28) 0.004*Ϯ Ta-C (p = 0.032*)

Microcomputed-tomographic Analysis    

Bone volume/ Tissue volume (BV/TV) (%) 0.46 ± 0.11
(0.28–0.58)

0.67 ± 0.09
(0.49–0.82)

0.59 ± 0.09
(0.44–0.70) 0.001* Ϯ Ta-C (p < 0.001)

AGE-C (p = 0.03)

Trabecular thickness (TbTh) (mm) 0.13 ± 0.05
(0.07–0.22)

0.17 ± 0.02
(0.14–0.21)

0.15 ± 0.03
(0.11–0.17) 0.054Ϯ -

Trabecular separation (TbSp) (mm) 0.59 ± 0.05
(0.50–0.65)

0.41 ± 0.04
(0.35–0.46)

0.46 ± 0.05
(0.39–0.52) <0.001* Ϯ Ta-C (p < 0.001)

AGE-C (p < 0.001)

Trabecular number (TbN) (mm–1) 2.09 ± 0.44
(1.65–2.89)

3.25 ± 0.35
(2.79–3.69)

2.95 ± 0.89
(1.96–4.31) 0.003* Ϯ Ta-C (p<0.001)

Bone. surface density (BSD) (g/cm3) 8.66 ± 0.92
(7.48–10.48)

12.10 ± 0.58
(11.44–12.98)

10.23 ± 2.26
(6.41–13.33) <0.001*Ϯ Ta-C (p < 0.001) 

AGE-C (p = 0.023)

Scintigraphic evaluation

WB F/I 
Roi-Anterior

2.14 ± 0.39
(1.62–2.82)

2.93 ± 0.57
(2.15–3.75)

2.67 ± 0.42
(1.97–3.19) 0.008* Ϯ Ta-C (p = 0.005)

WB F/I ROI-P 2.04 (1.26) 2.84 (2.62) 2.72 (0.87) 0.021*¥ Ta-C (p = 0.023)
F/I Posterior Late-Static 2.85 (1.91) 2.84 (6.55) 3.17 (1.47) 0.430¥ -
F/I Stripped Bone 2.57 (1.44) 2.85 (5.07) 2.87 (5.22) 0.391¥ -
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Figure 4. Comparison of serum biochemical parameters such as osteocalcin, calcium, (p 

value<0.01), and phosphate levels of ovariectomy-induced osteoporotic rat groups 6 weeks 

after osteotomy.

Figure 4. Comparison of serum biochemical parameters such as osteocalcin, calcium, (p value < 0.01), 
and phosphate levels of ovariectomy-induced osteoporotic rat groups 6 weeks after osteotomy.

A.

B.

Figure 5. A.  Histologically representative photomicrographs of the fracture line and

new  bone  areas  of  control,  taurine,  and  aqueous  garlic  extract  groups;  areas  of

fibrocartilaginous  callus  (C),  new  bone  trabeculae  (BT),  and  old  bone  (OB).  Masson

trichrome, x400. Figure 5. B. Graphical comparison of histological parameters of the groups'

new bone diameter (p=0.002) and new bone volume/femur volume (p=0.032). 

Figure 5. A. Histologically representative photomicrographs of the fracture line and new bone areas of control, taurine, and aqueous garlic 
extract groups; areas of fibrocartilaginous callus (C), new bone trabeculae (BT), and old bone (OB). Masson trichrome, ×400. B. Graphical 
comparison of histological parameters of the groups’ new bone diameter (p = 0.002) and new bone volume/femur volume (p = 0.032). 
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values). In the taurine group, the BV/TV, TbN, and BSD 
values were the highest compared to other groups. The 
TbTh values of the taurine and AGE groups were higher 
than the control group; however, no statistically significant 
difference was found (p > 0.05) (Table 1, Figure 3B).

4. Discussion 
Despite new treatment modalities and developments, 
OPFs are still a common and important orthopedic 
problem due to delayed healing, morbidity, mortality, and 
socioeconomic burdens [3,23]. Since taurine and AGE 
have proven efficacy in the treatment of osteoporosis, 
and patients with osteoporosis are prone to fractures, it 
is important to know the effects of these on the healing 
of OPFs. Subsequently, nutrition is important in the 
prevention of osteoporosis, as well as in the healing of 
OPFs [2,4]. However, so far, there is no comprehensive 
study on OPF healing with multimodal methods similar 
to our study. In this study, the positive effects of taurine 
and AGE, respectively, on the healing of OPFs were 
demonstrated by many diagnostic modalities.

Osteoblastic markers, ALP, and osteocalcin increase 
in osteoporosis when bone turnover increases, whereas 
their decrease indicates antiosteoporotic activity and 
stable bone formation [9,19]. Due to hypocalcemia in 

menopause, bone mineral density decreases, and the risk 
of fracture increases. It has been shown that taurine has a 
positive effect on bone mineral density and content and 
increases serum Ca and phosphate levels in ovariectomy-
induced osteoporotic rats [13]. Taurine supplementation 
has been shown to significantly reduce osteocalcin 
levels in B12-deficient infant rats [9]. The reason why 
taurine could not show positive effects on osteoporotic 
bones in ovariectomized rats fed a calcium-poor diet 
was explained as the close relationship between calcium 
and protein activities in bone metabolism with each 
other [13]. Regarding that, we fed the rats a standard 
diet containing calcium. Studies have shown that garlic 
nutritional supplements decrease the hypogonadal bone 
loss caused by ovariectomy and improve osteoporotic low 
bone densities. Additionally, AGE reduces calcium and 
phosphate excretion from urine, while it decreases serum 
ALP and osteocalcin levels in ovariectomized rats [2,7]. 
It has been reported that AGE as a dietary supplement 
improves the biomechanical properties of bone, reduces 
fragility, and increases serum calcium levels in senile 
osteoporotic elderly male rats [25]. Similarly, in our study, 
while the control group had high ALP and osteocalcin 
values, and low calcium and phosphate values consistent 
with osteoporosis, taurine, and AGE were shown to have 

Table 2. Crosstable for histomorphometric evaluation. In histological analyzes, callus and 
cortex morphology, inflammation, osteoblasts number, and periosteum parameters were 
evaluated by numeric grading as described previously (24).

Groups Grade Control
(n = 8)

Taurine
(n = 8)

AGE
(n = 8)

Callus morphology
 n (%)

0 2 (0.25) 0 0
1 3 (37.5) 1 (12.5) 2 (25.0)
2 2 (25.0) 2 (25.0) 4 (50.0)
3 1 (12.5) 5 (62.5) 2 (25.0)

Cortex morphology
n (%)

0 2 (25.0) 0 0
1 5 (62.5) 0 2 (25.0)
2 1 (12.5) 8 (100.0) 6 (75.0)

Inflammatory responses
n (%)

0 1 (12.05) 0 0 
1 6 (75.0) 5 (62.5) 5 (62.5)
2 1 (12.5) 3 (37.5) 2 (25.0)

Osteoblast count
n (%)

0 0 0 0
1 7 (87.5) 2 (25.0) 5 (62.5)
2 1 (12.5) 4 (50.0) 3 (37.5)
3 0 2 (25.0) 0

Periosteal vascularity
n (%)

0 2 (25.0) 0 0
1 6 (75.0) 4 (75.0) 6 (75.0)
2 0 4 (25.0) 2 (25.0)
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effective antiosteoporotic effects in the improvement of 
OPF with biochemical parameters, respectively. Compared 
to other groups, the lowest ALP, and osteocalcin levels and 
the highest calcium, and phosphate levels in the taurine 
group indicate that taurine may have the highest healing 
effect on OPFs.

A study examining the histological analyzes of the 
vertebrae and long bones of postweaning rats have 
found that oral taurine supplementation increases bone 
mass, and prevents osteoporosis and growth retardation 
by normalizing growth hormone in hepatocytes and 
activating osteoblasts [9]. In another study evaluating 
the histological effects of AGE on rat bones, an increase 
in bone marrow cellularity and myeloid-erythroid cells 
was observed [21]. Moreover, analysis of in vivo data of 
micro-CT and histological analyzes on rat calvarial bones 
showed us that, garlic is an effective agent in preventing 
severe osteoporosis-related bone loss and osteolysis 
[18]. In our histologic analysis, we found that taurine 
and AGE are effective in OPF healing, respectively, 
with large mineralized trabecular-compact callus areas 
and osteoblastic activity. Moreover, unlike previous 
osteoporosis studies, we have examined both quantitative 
and qualitative histological data and we found that the 
taurine group has shown significantly higher values for 
new bone diameter and new bone volume/femur volume 
values than the control group. Higher trabecular-compact 
callus scores were detected in both taurine and AGE groups 
compared to the control group, and also osteoblast activity 
count scores were higher in the taurine group compared to 
the control group. 

Experimental studies on ovariectomy-induced 
osteoporotic animals have shown that BV/TV, TbN, TbTh, 
and BSD values decrease and trabecular bone weakens, 
while TbSp increases by micro-CT [3,4,18]. Providing 
taurine as a nutritional supplement in rats prevents 
osteoporotic bone loss after ovariectomy and increases 
bone volume, TbTh, and TbN values (13). Similarly, it was 
reported that growth plate thickness, BV/TV, TbTh, and 
TbN parameters increased and osteoporosis improved in 
rats fed taurine-rich Oysters [26]. In another study, it was 
determined that oral AGE decreased BV/TV and osteoclast 
number in osteoporotic rats [18]. In a metaanalysis 
study, high TbN, BV/TV ratio, and low TbSp values 
were reported in osteoporotic rats fed a phytoestrogen-
supplemented diet [19]. Likewise, we have evaluated the 
bone microarchitecture and the efficacy of treatment in 
OPFs more precisely by quantitative micro-CT analyses of 
cortical and trabecular bone. Consistent with the literature, 
our study showed higher osteoporosis parameters in the 
control group, higher BV/TV, BSD, TbTh, and TbN values, 
and lower TbSp values in the taurine and AGE groups, 
respectively.

Scintigraphic imaging provides information about 
bone metabolism, blood flow, and bone turnover in direct 
proportion to osteoblastic activity, and also it is a sensitive 
and useful method in the evaluation of OPF healing 
in experimental rat models [27]. In an experimental 
study investigating the effects of different implants on 
the healing of bone fractures, an increase in osteoblastic 
activity of cortical and trabecular rat bone scintigraphy 
was shown to be a finding consistent with fracture healing 
[24]. Similarly, in our study, we observed that the taurine 
group had the highest osteoblastic activity, implementing 
the best fracture healing by histomorphologic methods.

Our limitations are the low number of animals in the 
groups due to ethical reasons, and no groups with different 
durations and doses were included after osteotomy. The 
importance of our study is that the improvement in the 
OPF has been supported by multimodal quantitative 
assessments including biochemical, histological, µCT, and 
scintigraphic parameters. As our study was the preliminary 
study for the effects of taurine and aqueous garlic extract 
on osteoporotic fracture healing, further large-scale, 
randomized, controlled molecular, experimental, and 
clinical studies, taking into account many heterogeneities, 
including dosage, duration, form, components, and route 
of administration, may be required.

5. Conclusion
Our findings suggest that taurine and AGE are promising 
agents for treating postmenopausal hip fractures, that 
deserve comprehensive, controlled clinical studies 
on OPFs. To the best of our knowledge, as a first, we 
have demonstrated that both taurine and AGE are oral 
nutritional supplements that improve OPF healing 
detected by multimodal quantitative evaluations including 
biochemical, histological, micro-CT, and scintigraphic 
parameters. 
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