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Abstract
Purpose: Osteoporosis is a bone metabolic disorder which is well known to increase bone porosity and is the
outcome of various factors like ageing, genetic, nutritional deficiency, decreased calcium uptake, and last but the
most important hormonal imbalances. Hormonal imbalance is one of the major factors affecting women worldwide and
leading to osteoporosis. Trace elements play a very essential role in number of pathological conditions. Ingestion of
zinc in the early stages of bone loss may be more beneficial in mitigating bone loss and also in improving the overall
strength of the bone. In the current work, we have intended to extract the information pertaining to the mechanical
strength of bone, bone tissue composition and hydroxyapatite crystallite size upon supplementing zinc in the osteopenic
condition.
Methods: Forty eight wistar female rats in two set of twenty four animals each were assigned to four groups:
Control, Zinc, Ovariectomized (OVX) and OVX+Zinc. Duration of the treatment period was of eight weeks. Biochemical
estimations were carried out to make comparison between the treatment groups based on bone metabolism markers
in serum. Bone mechanical strength of both the bones i.e., femur and tibia, was assessed using texture analyzer. Also,
bone matrix analysis using Fourier transformer infrared spectroscopy and X-ray diffraction studies were carried out for
all the treatment groups.
Results: Estradiol levels decreased and tartarate-resistant acid phosphatase 5b levels increased in the OVX
group. Zinc supplemented following ovariectomy regulated these levels. The OVX group showed significantly higher
serum alkaline phosphatase levels, which recovered upon zinc supplementation. Further, zinc plays a potential role in
preventing bone tissue deterioration by restoring its composition and microstructure in the post-menopausal condition,
thereby, maintaining the mechanical strength of the bone.
Conclusion: These findings suggested that alterations in the bone tissue material properties following estrogen
deficiency can be averted by zinc if administered at early stages of bone loss.

Keywords: Estrogen; Zinc; Rat bone; Bone composition; Crystallite
size; Texture analyzer

Abbreviations: OVX: Ovariectomized; ROS: Reactive oxygen

species; RANKL: Receptor activator for nuclear factor kB ligand;
FDA: Food and Drug Administration; TRAP: Tartarate resistant
acid phosphatase; ALP: Alkaline phosphatase; PNPP: p-Nitro phenyl
phosphate; FTIR: Fourier transformer infrared spectroscopy; KBr:
Potassium Bromide; SD: Standard deviation; OPG: Osteoprotegrin;
XRD: X-Ray Diffraction.

Introduction
Osteoporosis is one of the most common bone metabolic disorders
that cause degradation of bones mechanical function as a result of
changes in its material properties [1]. The alterations in the bone
composition and structure occur as a result of changes in metabolic
conditions such as hormonal changes, steroids, dietary intake, and
lifestyle [2,3]. Postmenopausal condition is the most common type
of hormonal imbalances that is prevailing amongst women. The
clinical importance of osteoporosis as a result of estrogen deficiency
has been extensively investigated in current years because of the large
number of people getting affected. The factors that contribute to bone
strength include two parameters bone quantity and quality. Quantity
is measured in terms of bone mineral density and bone quality
includes arrangement or micro architecture of both the collagen and
hydroxyapatite, and cellular activity [4]. Large number of therapies
for osteoporosis is available these days that fall into two categories:
antiresorptive drugs, and anabolic drugs. However, these therapies
encompass many adverse effects like malignant tumor formation
with hormone therapy and gastrointestinal tolerance problems with
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bisphosphonates, which may exclude their long-term administration
[5,6]. Thus, there is a need for an alternative therapy that can improve
bone health without inducing adverse effects. Nutrition supplements
such as vitamins [7], proteins [8] and amino acids [9] are well
acknowledged to promote bone remodeling process and to augment
mineral absorption.
Insufficient amount of micronutrients and macronutrients have a
strong implication in the pathogenesis of number of metabolic disorders.
Nutritional factors carry an important role in delaying the metabolic
bone disorders. Numbers of evidences are present in the literature
showing the role of food factors in regulating bone homeostasis [1012]. Intake of dietary supplements can have restorative effects on the
bone loss and therefore in osteoporosis prevention. A trace element is
one such dietary element which is required for the proper functioning
of the physiological system. Out of all the trace elements known, zinc
plays a very essential role in the maintenance of skeletal system. Many

*Corresponding author: Payal Bhardwaj, Department of Biophysics, Panjab
University, Basic Medical Sciences Block, Chandigarh, 160014, India, E-mail:
payalpu_82@yahoo.co.in
Received April 13, 2016; Accepted April 27, 2016; Published April 28, 2016
Citation: Bhardwaj P, Rai D, Garg M (2016) Zinc Improves the Bone Mechanical
Strength in Ovariectomized Rat Model by Restoring Bone Composition and
Hydroxyapatite Crystallite Dimension. Vitam Miner 5: 137. doi:10.4172/23761318.1000137
Copyright: © 2016 Bhardwaj P, et al. This is an open-access article distributed
under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the
original author and source are credited.

Volume 5 • Issue 1 • 1000137

Citation: Bhardwaj P, Rai D, Garg M (2016) Zinc Improves the Bone Mechanical Strength in Ovariectomized Rat Model by Restoring Bone Composition
and Hydroxyapatite Crystallite Dimension. Vitam Miner 5: 137. doi:10.4172/2376-1318.1000137
Page 2 of 8

zinc-related proteins are known to play a role in regulation of cellular
activity of both the osteoclast and osteoblast cells. Zinc deficiency is
associated with many kinds of skeletal disorders. Some studies have
also shown that osteoporotic patients have lower levels of skeletal zinc
as compared to the healthy person. Also, in postmenopausal women,
urinary zinc has been suggested as a marker of bone resorption [13].
Furthermore, in the previous research study from our laboratory, we
have found decreased zinc concentrations in both the femur and tibia
bone as a result of estrogen deficiency [14]. Zinc supplementation
in such condition showed normalization of antioxidant defense
system, bone tissue zinc levels and restoration of cortical bone micro
architecture. Trabecular bone architecture could also be restored upon
zinc administration as shown in one of our study [15]. From these
investigations, we came to the conclusion that zinc supplementation
in the initial stages of bone loss could somehow arrest the bone tissue
deterioration. However, the action of zinc supplementation on the
nanostructure scale and the ultimate mechanical strength is yet to
be elucidated. Therefore, the current study has been conducted with
the intention to get information pertaining to the crystallite size of
mineral present in bone, the chemical compositional changes and the
mechanical strength following ovariectomy and zinc supplementation.
The oxidative defense system is one of the major pathways for
bone loss due to estrogen deficiency is the oxidative defense system.
It has been very well demonstrated that reactive oxygen species (ROS)
generation in bone tissues plays a key role in the modulation of bone
cell function and influences the pathophysiology of mineralized tissues
[16]. Postmenopausal condition causes increased ROS. This increase
stimulates osteoclastogenesis through the RANKL (receptor activator
for nuclear factor kB ligand) pathway in addition to the apoptosis of
osteoblasts. Both these processes will ultimately cause bone loss [17].
Zinc directly improves the antioxidant defense system of bone by
recovering estrogen levels [14].
To carry out the above mentioned investigations, rats that are
reproductively mature and capable of responding appropriately to
estrogen deficiency and its consequences after ovariectomy were taken.
By performing ovariectomy at 12 weeks and keeping a treatment
period of 8 weeks, osteopenic rat model was developed. The effects of
zinc supplementation on bone loss prevention post ovariectomy were
studied by assessing bone mechanical strength, bone matrix analysis
and hydroxyapatite crystallite size.

Materials and Methods
The present study has been carried out using forty eight female
Wistar rats (12 weeks old, 100-150 g) procured from the Animal
House of Panjab University central facility, Chandigarh. The animals
were given clean drinking tap water and standard animal pellet
diet (Ashirwad Industries, Kharar, Punjab, India), throughout the
experiment ad libitum. The animals were randomly segregated into four
groups consisting of twelve animals in each group. The animals taken
were acclimatized for a period of one week to laboratory conditions
before the start of the experimental procedure. Group 1 (Control)
animals were given standard diet as well as drinking water. Group 2
(Zinc) animals were given zinc supplementation as zinc sulphate in
drinking water at a dose level of 227 mg of ZnSO4.7H2O per liter [18].
Group 3 (OVX) animals were ovariectomized and were kept under
normal laboratory feeding conditions. Group 4 (OVX+Zinc) animals
were bilaterally ovariectomized and were given zinc in drinking water
at a similar dose level to that of group 2 animals. The treatment period
was continued for eight weeks. The experimental design and procedures
were approved by the Ethical Committee on Animal Experiments of
the Central Animal House, Panjab University, Chandigarh (UT), India.
Vitam Miner
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Surgical procedure for bilateral ovariectomy
Ovariectomy was performed in female Wistar rats by the method
as described in our previous paper [14]. The ovariectomized Wistar
rat model has been recommended by Food and Drug Administration
(FDA) as the best model applied for the rapid development of
osteoporosis for use in pathogenesis and treatment of bone loss [19].
After the completion of eight weeks, blood was collected from all
the treatment groups by puncturing retro orbital plexus. Blood samples
were then centrifuged at 1,500 rpm to separate serum. Thereafter, the
animals were sacrificed by decapitation under anesthesia and both the
bones i.e., femora and tibiae were extracted from the animals of all
treatment groups. Bones taken out from the animals were cleared off
from the muscle and cartilage tissue and were then processed further.

Bone resorption markers
Estimation of serum estradiol levels: Measurement of estradiol
levels reveals the efficacy of the bilateral ovariectomy surgery protocol.
Estradiol levels in the collected serum were measured using Kit from
DRG Diagnostics GmbH, Germany, by spectrophotometric method.
Principle of this method is based on the competitive binding of horse
radish peroxidase estradiol with the estradiol in the sample. The detail
procedure has been mentioned in our previous publication [14].
Serum tartarate resistant acid phosphatase (TRAP-5b) levels:
Serum TRAP-5b secreted by osteoclasts is a marker of bone resorption.
TRAP-5b was measured spectrophotometrically using TRAP kit from
Immuno Diagnostics System UK. It is a solid phase immunofixed
enzyme activity assay for the determination of osteoclast derived
TRAP-5b form in rat serum. TRAP is a marker for osteoclast cells
(bone resorption marker). In this test, IgG-coated microtiter wells
incubated with monoclonal antibody were used. After washing with
phosphate buffer saline, standard, control and serum samples were
incubated in the wells, and bound TRAP-5b activity was determined
with a chromogenic substrate to develop a color. The reaction was
stopped and the absorbance of reaction mixture was read at 405 nm [20].
Alkaline phosphatase (ALP): Alkaline phosphate is secreted
by osteoblast cells and therefore is a marker of bone formation. ALP
activity in the serum was determined by the method of Walter and
Schutt [21]. Reaction mixture consisting of 900 µl of p-nitro phenyl
phosphate and 1.3 ml of glycine buffer was incubated for 5 min at 37°C.
Then the serum sample (200 µl) was added to the reaction mixture
which was again allowed to incubate for about 30-35 min. The final
reaction was stopped by the addition of 0.1N Sodium hydroxide.
Alkaline Phosphatase present in the sample catalyzes the conversion
of p-nitrophenyl phosphate (PNPP) to p-nitrophenol. P-nitrophenol
is a bright yellow-colored compound which has maximum absorbance
at 405 nm. The rate of increase in absorbance from P-nitrophenyl
phosphate (colorless) to P-nitrophenol (color) is directly proportional
to the alkaline phosphatase enzyme activity in the sample. Enzyme
activity was expressed as µmol of p-nitrophenol liberated per min per
mg protein.

Bone matrix analysis using Fourier Transformer Infrared
Spectroscopy (FTIR)
Fourier transformer infrared spectroscopy provides a powerful
way to study the structure and nature of interaction of inorganic
and organic matrix and the changes which are associated with many
pathological conditions of bone. For sample preparation, the bones
(both femur and tibia) were allowed to dry at 90°C in the incubator
for about 48 hrs. Then the dried bone specimen were crushed into
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powder form with the help of an agate pestle and mortar and sieved
through the 80 micron sieve to get the fine powder for analysis. The
powdered samples of all the groups were then mixed with Potassium
Bromide (KBr, Spectroscopic grade) in the ratio of 5:95 (Sample: KBr).
The mixture was then made into circular pellets of around 1.5 cm
diameter at a pressure of 104 Newtons using hydraulic press (Perkin
Elmer). Pellets were then kept in the sample holder of the FTIR and
the spectra were recorded in the range of 4000-400 cm-1 by using FTIR
(RZX, Perkin Elmer) in the Sophisticated Analytical Instrumentation
Facility, Panjab University, Chandigarh, India.

X-Ray diffraction studies
X-ray diffraction analysis was done to obtain information about the
crystallanity changes in the bone mineral after ovariectomy and upon
zinc supplementation.
The bone powder was prepared in the similar manner as for the
FTIR analysis. For the powder X-ray analysis, Panalytical’s XPert Pro
X-ray Diffractometer with Goniometer (PW3050/60) was used. The
bone powders were packed tightly in the rectangular aluminium cell
and exposed to the X-ray beam from X-ray generator running at 45
KV and 40 mA. The scanning regions of the diffraction angles 2θ were
5 to 80°, which covered most of the significant diffraction peaks of the
bone crystallites. After the acquisition of data, the Scherrel’s formula
was applied to each sample for the calculation of crystallite size [22].
The average crystallite size of bone apatite was calculated on the
basis of the Scherrer’s formula (Patterson 1939), which is:
L=Kλ/βcosθ
L: the average crystallite size; K: is a constant related to crystallite
shape, normally taken as 0.9; θ: the angle of reflection belonging to the
main point of the curve; λ: 1.54 A° wavelength of Cu Kα radiation; β:
FWHM is the width of the diffraction peak profile at half maximum
height.

Bone mechanical strength
The mechanical properties of the bone were measured with the
help of texture analyzer using three point bending ridge probes
(Model TA-XT2i, Stable Micro Systems) from Punjab Biotechnology
Incubator, Mohali. A three-point bending device is adapted for the
small dimensions of the bones and consisted of two beams spaced a
known distance apart, supporting the lower bone. Bone samples were
prepared by flushing out the bone marrow from the excised bone
tissues (both femur and tibia) after giving a cut on diaphyseal ends of
the bone. The bone samples were then kept in normal saline for the
period of 24 hrs. for further use.

Statistical analysis
All the data obtained in the current study were expressed as the
mean ± the standard deviation (SD). One-way analysis of variance
has been applied to evaluate differences among groups. NewmanKeuls post hoc test was applied multiple comparisons between groups.
Differences between various groups were considered statistically
significant at P<0.05. The data processing was done using statistical
analysis software SPSS (version 14).

Results
Markers of bone resorption
Serum estradiol levels were presented in Table 1, which is a measure
of the efficacy of surgery protocol. The data showed significant decrease
Vitam Miner
ISSN: 2376-1318 VMS, an open access journal

in the estradiol levels in OVX group (p<0.001) when compared with
the control. Zinc administration has caused significant (p<0.001)
improvement in these levels. Also, serum TRAP-5b activity in the OVX
group was found to be significantly higher (p<0.001) compared to the
control. The values were restored to normal upon zinc administration.
Ovariectomized group showed increased serum alkaline phosphatase
activity (p<0.001) as compared to the control group, which got reduced
to normal values (p<0.001) upon zinc supplementation.

Assessment of bone mineral and matrix components by using
FTIR
Figure 1 represents the typical spectra of the bone tissue showing
prominent vibrational bands related to the bone tissue composition.
The band centered at 1028 cm-1 corresponds to the symmetric stretching
vibration (v1) of phosphate (PO43-) and is the strongest marker of bone
mineral. The band assigned between 905 cm-1 to 825 cm-1 corresponds
to the carbonate (CO32-) vibrational mode and indicated the extent of
carbonate incorporated into the hydroxyapatite lattice. The peaks for
the collagen matrix are the amide III (around 1451 cm-1) and amide
I (around 1660 cm-1) which arises due to the collagen present in the
bone. In the current study, amide 1 peak was chosen specifically, that
corresponds to the type 1 collagen, the most abundant type present
in the bone tissue [23]. The areas under the bone specific peaks were
calculated and tabulated in Table 2.
Hydroxyl peak femur (3000-4000 cm-1): The results indicated no
significant alteration in the area under the hydroxyl peak (3000-4000
cm-1) of the femur of OVX group in comparison to the control group.
However, significant reduction (p<0.01) of the area under the hydroxyl
peak of OVX tibia was observed. Significant increment (p<0.001)
in the peak area was observed in the femur of OVX+Zinc group in
comparison to the OVX group but increase was not significant for
tibia bone. Zinc supplementation to the control animals also showed
increase in the hydroxyl peak area (p<0.05) for femur and showed no
alteration in the tibia bone peak area.
Amide peak femur (1574 to 1729 cm-1): The data indicated
significant reduction in the area under amide peak for both femur
and tibia bone of the OVX group as compared to the control group.
Zinc supplementation to the OVX group showed significant (p<0.001)
increase in the amide peak area of femur bone when compared to the
OVX group and also in comparison to the control group (p<0.001).
Zinc supplementation to the OVX group showed no change in the peak
area of the tibia bone. However, the amide peak area remained almost
same when zinc was supplemented to the normal control animals for
both the femur as well as tibia.
Phosphate femur (930 to 1220 cm-1): OVX group showed
significant decrease (p<0.05) in the area of the phosphate peak of
both the femur as well as tibia bone when compared to the control
group. Zinc supplementation to the OVX animals increased the peak
Groups

Estradiol (pg/ml)

TRAP-5b (serum)
U/L

Alkaline
Phospahatse
(serum) U/L

Control

9.30 ± 0.62

3.1 ± 0.4

59 ± 5

Zinc

8.96 ± 0.84

3.3 ± 0.5

58 ± 7

Ovx

5.75 ± 0.50c

7.2±1.0c

77 ± 4c

Ovx+Zinc

7.23 ± 0.7f

3.6 ± 0.7e

62 ± 7f

Each value is the mean ± SD (n=6).Values with a superscript are significantly
different from the control group (a, p<0.05; b, p<0.01; c, p<0.001) or from Ovx
group (d, p<0.05; e, p<0.01; f, p<0.001)
Table 1: Effect of OVX and Zinc supplementation on the serum estradiol, TRAP-5b
levels and alkaline phosphatase activity.
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Figure 1: Typical infrared spectrum of the bone tissue obtained from the control group showing the major peaks of the molecular constituents.

Groups

Area under the hydroxyl peak
(3000 to 4000 cm1)

Area under the amide peak
(1574 to 1729cm1)

Area under the phosphate peak
(930 to 1220cm-1)

Area under the carbonate peak
(905 to 825 cm-1)

Femur

Tibia

Femur

Tibia

Femur

Tibia

Femur

Tibia

Control

38 ± 7

43 ± 16

4.5 ± 0.7

4.1 ± 1.8

30 ± 5

30 ± 12

0.47 ± 0.11

0.58 ± 0.23

Zinc

57 ± 16a

39 ± 8

5.5 ± 1.5

3.6 ± 1.1

41 ± 13

29 ± 11

0.87 ± 0.26b

0.37 ± 0.08

OVX

33 ± 5

19 ± 9b

3.3 ± 0.2

2.1 ± 0.9a

19 ± 2a

13 ± 4a

0.26 ± 0.04

0.21 ± 0.08b

OVX+Zinc

71 ± 13f,c

30 ± 9

7.9 ± 1.8f,c

2.4 ± 0.3

50 ± 9f,b

21 ± 5

1.05 ± 0.19f,c

0.44 ± 0.19d

Each value is the mean ± SD (n=5). Values with a superscript are significantly different from the control group (a, p<0.05; b, p<0.01; c, p<0.001) or from Ovx group (d,
p<0.05; e, p, <0.01; f, p<0.001)
Table 2: Area under the bone mineral and organic bands of femur and tibia obtained from all the four groups.

area of femur bone (p<0.001) when compared to the OVX group
but the increase was not found to be significant for tibia bone. Zinc
supplementation alone to the control animals also showed elevation in
the peak area but the increase was not significant in comparison to the
control group.

(311), (113), (222), (312) and (213) of hydroxyapatite phase for 20°50° 2θ of the JCPDS: 9-432 standard (Monshi et al.). As seen from the
X-ray diffraction spectra (Figures 2 and 3), the peak at around 2θ=32.3°
corresponding to hydroxyapatite [Ca10 (PO4)6(OH)2] was observed in
all the groups. One more peak was observed at around 2θ=25.8°.

Carbonate femur (905 to 825 cm-1): Carbonate peak area of the
ovariectomized group was found to decrease for femur and tibia bone
(p<0.01) but the decrease does not differ significantly in the case of
femur bone. The area of this peak was significantly increased for both
femur (p<0.001) and tibia bone (p<0.05) when zinc was supplemented
to the ovariectomized animals. Zinc supplementation alone to the
control animals also showed significant increase (p<0.01) in the
carbonate peak area of femur when compared to the control group.
However, zinc supplementation alone to the control animals showed
no significant changes in the peak area of tibia bone.

The crystallite size of the hydroxyapatite crystal of both the bone
tissues was calculated using Scherrer’s formula applying FWHM (β)
for (002) and (211) planes and the results are tabulated in Table 3.
Enhancement in the crystallite size of the hydroxyapatite crystal of
ovariectomized rat bone was found as is evident from the Table 3. Zinc
supplementation to the ovariectomized animals causes reduction in the
crystallite size when compared to the OVX group.

X-ray Diffraction (XRD) studies
Figures 2 and 3 represent the diffraction pattern of the femur and
tibia bone tissue respectively. The main peaks are from the planes of
(200), (111), (002), (102), (210), (211), (112), (300), (202), (212), (310),
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Bone mechanical strength
Breaking strength of the femur as well as tibia was found to
decrease significantly (p<0.001) as compared to the control group
which increased significantly upon zinc supplementation (Table 4).
However, zinc treatment alone to the control animals showed no
significant alteration in the breaking strength values when compared
to the control group.
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Figure 2: X-ray diffraction pattern of the femur bone tissue obtained from all the treatment groups.

Figure 3: X-ray diffraction pattern of the tibia bone tissue obtained from all the treatment groups.
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Groups

Peak (002)

FWHM

Peak (211)

Average hydroxyapatite
crystallite size (nm)

FWHM

Femur

Tibia

Femur

Tibia

Femur

Tibia

Femur

Tibia

Femur

Tibia

Control

26.27

25.98

0.40

0.33

32.28

31.99

0.49

0.27

24

26

Zinc

25.98

26.00

0.40

0.30

32.07

32.09

0.33

1.51

21

29

OVX

25.91

25.83

0.17

0.30

31.94

32.06

0.47

0.15

31

38

OVX+Zinc

26.11

25.87

0.40

0.47

34.33

36.64

0.30

0.60

22

15

Table 3: Average crystallite size of the femur and tibia bone.
Breaking force (N)
Groups

Femur

Tibia

Control

95 ± 2

58.0 ± 0.3

Zinc

93 ± 1

57.4 ± 2.9

Ovx

68.6 ± 0.8c

45 ± 1c

Ovx+Zinc

87.7 ± 0.9f

52 ± 2e

Each value is the mean ± SD (n=4).Values with a superscript are significantly
different from the control group (a, p<0.05; b, p<0.01; c, p<0.001) or from Ovx
group (d, p<0.05; e, p<0.01; f, p<0.001)
Table 4: Mechanical strength analysis of femur and tibia bone.

Discussion
The current study showed that zinc supplementation in an
ovariectomized osteopenic rat model improved the bone mechanical
strength by restoring the bone material properties and hydroxyapatite
crystallite size.

Bone resorption markers
Glands of the female reproductive system gradually reduce
their production of female sex hormones, resulting in cessation
of menstruation during post-menopausal condition. As a result
of it, number of biological processes gets adversely affected
[24]. Ovariectomized Wistar rat model was used for the present
investigations which have been approved by FDA [25]. Removal of
the ovaries has also been shown to be associated with increased risk of
death from heart disease [26].
The estradiol levels were evaluated using competitive binding
assay for the confirmation of surgery protocol. The results showed
significant decrease in the estradiol levels following ovariectomy which
gives the confirmation of the success of the surgery protocol (Table
1). The decline in the estradiol levels following ovariectomy might
have up regulated the formation of number of cytokines and further
differentiation and maturation of osteoclast cells. This will cause
more secretion of RANKL released from the osteoblast cells apart
from osteoprotegrin (OPG) protein, which binds to the RANKL and
prevents it from activating RANK receptor. This whole cascade will
stimulate osteoclastogenesis and ultimately bone loss [27-29]. Zinc
supplementation to the ovariectomized animals has caused increment
in the estrogen levels suggesting the potential role of zinc in the
secretion of estrogen from glands other than ovary [14].
TRAP-5b activity, a direct indicator of osteoclastogenesis [30] and
a marker of bone resorption was assessed in serum. Increased TRAP-5b
levels in the OVX group (Table 1) give us the confirmation of increased
bone resorption following estrogen deficiency. These findings are in
agreement with the previous studies reporting greater concentrations
of TRAP-5b in the serum of the OVX group [31]. The decreased
TRAP-5b levels observed after zinc supplementation in the OVX
group substantiates that zinc is a potent factor in bone remodeling by
inhibiting bone resorption.
The increased TRAP-5b levels following ovariectomy might have
caused collagen fragmentation as earlier studied by Halleen group
Vitam Miner
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[32]. The increase in the serum alkaline phosphatase activity in the
ovariectomized animals was observed which was earlier described by
Kalu et al. [19]. These increased levels were restored to normal upon
zinc supplementation.
The above mentioned metabolism markers suggested that, in
the ovariectomized group, estrogen levels decreased significantly,
serum alkaline phosphatase and TRAP-5b levels increased following
ovariectomy. These observations confirm that the ovariectomized
model has been established, in which the bone resorption has enhanced
and bone loss has appeared. Also, upon zinc supplementation, these
bone metabolism markers get modulated showing the effective role of
zinc supplementation in the regulation of bone metabolism. Further
the biophysical techniques were applied so as to characterize the
material properties of bone and also to evaluate the bone mechanical
strength following ovariectomy and zinc supplementation.

Analysis of various bone components using Fourier Transformer
Infra-Red Spectroscopy (FTIR)
In the present work, FTIR spectra obtained for all the groups were
dominated by a very strong band around 1028 cm-1 assigned to the
symmetrical stretching mode of the phosphate group. The variations in
the intensity of the PO43- peak indicate different degree of mineralization.
Carbonate band was present near 871 cm-1 which reveals the extent of
carbonate substitution in the hydroxyapatite mineral crystal. The peaks
for the collagen matrix are the amide III (1451 cm-1) and amide I (1665
cm-1) which arises due to the collagen protein present in the bone.
For the comparison of the data, the areas under the observed peaks
representing different molecules were calculated and are presented in
Table 2.
There was significant decrease in the area under the phosphate peak
of both the bones, which is a measure of mineralization. This showed
that the mineralization process gets affected following ovariectomy.
However, zinc supplementation to the OVX animals increased the
phosphate content of the bones showing the potential role of zinc in the
enhancement of mineralization process. It has also been observed from
the data that zinc also enhanced mineralization when supplemented to
the normal control animals. We have taken sexually mature growing
rats in which bone tissue mineralization process is still in process
and thus, zinc administration to the normal control animals appears
to cause further increment in the normally ongoing mineralization
process.
A decrease in the total carbonate content of the osteopenic bone
(Table 2) in comparison to the control bone was observed in the
present study. This result is consistent with the earlier result obtained
in the ovariectomized model [33]. The alteration in the carbonate
content reflects the amount of carbonate substitution in the bone
mineral environment. The decrease in the carbonate content following
ovariectomy can be attributed to the selective resorption of the more
mature bone which is towards the endocortical portion. The effect may
also be due in part to the change in carbonate content of the extracellular
fluids and, therefore, in the uptake of carbonate by bone mineral
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component. The area under this peak was increased significantly when
zinc was administered to the ovariectomized animals. This shows that
ingestion of zinc had pronounced effects on the bone formation process
thereby leading to the formation of more mature bone. However, zinc
supplementation alone to the control animals showed no significant
changes in the peak area in case of tibia whereas there was a significant
increase in the case of femur.
The band around 1660 cm-1 was a composite of amide groups and
water molecules. From the Table 2, it is evident that there is significant
reduction in the peak area of amide linkages in the ovariectomized
animals as compared to the control animals. The reduction in the
amide peak could be due to the reduction in the amide linkages as a
result of collagen fragmentation. Ovariectomized condition might
have resulted in collagen fragmentation due to increase in TRAP-5b
levels. Increased TRAP-5b levels in the osteopenic condition were also
observed in the previous study conducted in our laboratory [14]. Zinc
supplementation to the OVX group showed no change in the peak area
when compared to the OVX group. Also, zinc supplementation to the
normal control animals showed no significant change in the peak area
when compared to the control group.
An important observation from the FTIR results is that in the case
of OVX tibia, there was significant reduction observed in all the peak
areas specific for hydroxyl, amide, phosphate and carbonate contents
(Table 2). However, in the case of OVX femur bone, reduction in the
peak area was found to be significant only for the phosphate peak. From
this it can be said that the resorption following estrogen deficiency was
more pronounced in the case of tibia when compared to the femur
bone. Earlier study also showed similar results, where enhanced bone
resorption rate in tibia, a load bearing bone, in comparison to the femur
bone in the OVX condition was observed [34]. Thus the regulation of
bone turnover by zinc supplementation has prevented the deterioration
of both the bones by restoring the altered chemical composition.

X-ray diffraction studies
X-ray diffractions studies indicated increased crystallite size of
the hydroxyapatite mineral of ovariectomized rat bone as is evident
from the Table 3. Similar results were shown by various authors
demonstrating that osteoporotic bone displays larger crystal [35,36].
Increased bone hydroxyapatite particle size is linked with increased
bone fragility; crystals that are too small do not reinforce the bone
composite material, suggesting that there is also an optimal size range
for bone mineral crystals. Larger crystal will tend to reduce the stiffness
of the bone and make it more fragile. Zinc supplementation to the
OVX animals restores the altered crystallite size as a result of estrogen
deficiency. As the analysis was carried out using only four samples
(two femur and two tibiae) from each treatment groups for estimating
the crystallite size, which may not be sufficient, therefore, further
additional studies can be carried out on large number of samples
so as to get more in depth information on hydroxyapatite crystal.
However, in the current study, we have validated our data with various
other sophisticated techniques also, which has distinctly defined the
protective potential of zinc in arresting early stages of bone loss.

Bone mechanical strength
Estrogen deficient condition in rats induces changes in bone
mechanical properties (Table 4) which get modulated upon zinc
supplementation. Estrogen deficiency is well known to derange the
bone metabolism and causes osteoporosis. This actually impairs
the osteoblastic activity that results in reduced bone formation and
mineralization. Loss of mineral is thus a major cause of increase
Vitam Miner
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susceptibility to bone fracture. We have observed a significant decrease
in the breaking strength of the bones (both femur and tibia) of the OVX
group which is attributed to the decreased bone matrix components
(Table 2), increased hydroxyapatite crystallite size (Table 3). This is in
tune with the similar studies suggesting decrease in the bone strength
following ovariectomy [37]. Increased bone resorption during estrogen
deficiency resulted into large number of resorption pits and increased
diameter of haversian canal [14]. During the mineral loss, the area
which was earlier occupied by the mineral would get replaced by the
water molecules from the surroundings. By this, bone volume gets
preserved but its overall strength decreases. Mineral deficit in bone and
enhanced bone water concentration were also studied by the Anumula
group [38] applying sophisticated techniques like nuclear magnetic
resonance studies and micro-computed tomography. However, Zinc
supplementation to the ovariectomized animals restores the bone
strength thus suggesting the major role of zinc in mineralization and
collagen synthesis in early stages of bone loss.
Although immense debate still exists on the mechanism for
osteoporosis and its reversal upon nutritional supplementation. These
nutritional supplements impact the balance between formation and
resorption processes on skeletal metabolism. Based on the results
of the current work, we have concluded that supplemental intake of
zinc may play preventive and therapeutic role for bone loss that are
induced by postmenopausal condition. Zinc helps in maintaining the
mechanical strength of the bone by restoring the bone composition and
microstructure. However, further studies need to be carried out to find
out the exact mechanism of zinc action on bone cells in the osteopenic
condition.
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