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after 90 days for evaluation of calcium, magnesium, osteocalcin and parathyroid hormone (PTH) serum

Abstract
Objectives: This study evaluated the effect of magnesium dietary deficiency on bone metabolism and
bone tissue around implants with established osseointegration.
Materials and methods: For this, 30 rats received an implant in the right tibial metaphysis. After 60
days for healing of the implants, the animals were divided into groups according to the diet received.
Control group (CTL) received a standard diet with adequate magnesium content, while test group
(Mg) received the same diet except for a 90% reduction of magnesium. The animals were sacrificed
levels and the deoxypyridinoline (DPD) level in the urine. The effect of magnesium deficiency on
skeletal bone tissue was evaluated by densitometry of the lumbar vertebrae, while the effect of bone
tissue around titanium implants was evaluated by radiographic measurement of cortical bone
thickness and bone density. The effect on biomechanical characteristics was verified by implant
removal torque testing.
Results: Magnesium dietary deficiency resulted in a decrease of the magnesium serum level and an
increase of PTH and DPD levels (P  0.05). The Mg group also presented a loss of systemic bone mass,
decreased cortical bone thickness and lower values of removal torque of the implants (P  0.01).
Conclusions: The present study concluded that magnesium-deficient diet had a negative influence on
bone metabolism as well as on the bone tissue around the implants.
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Magnesium is one of the most abundant minerals
in the body and is essential for several enzymes
and cell functions, acting as an important modifier of the inflammatory and immune response
(Maguire & Cowan 2002). It also plays a relevant
role on bone tissue and mineral homeostasis and
may directly affect the function of bone cells
and the hydroxyapatite crystal growth (Creedon
et al. 1999).
It is estimated that from 2.5 to 15% of the
world population suffers from some form of
hypomagnesemia (Sabbagh et al. 2008). Magnesium dietary deficiency may be common in
industrialized countries, as reported in the United States (Marx & Neutra 1997; Ford & Mokdad
2003) and European countries (Schimatschek &
Rempis 2001; Touvier et al. 2006). Although it is
a mineral found in many foods, its absorption
requires ideal conditions and may be easily inhibited by several factors. Even after being absorbed in the body, several substances contribute
to an increased kidney excretion of magnesium

such as excessive alcohol intake, diuretics, coffee,
tea, salt, phosphoric acid and sugar, all common
in diets nowadays (Johnson 2001). Some manifestations may be related to a deficiency such as
hypertension, vascular function alteration, insulin resistance and/or altered insulin secretion
(Evangelopoulos et al. 2008).
Some epidemiological studies show a positive
correlation between a magnesium-deficient diet
and an increase in loss of bone mass and/or a
decrease in bone density, which suggest that this
mineral deficiency may be a risk factor for
osteoporosis (New et al. 1997; Tucker et al.
1999; Wang et al. 1999). Animal studies with
different levels of deficiency showed bone loss,
characterized by a decrease of trabecular bone
volume, followed by an increase in the release
of pro-inflammatory cytokines and alteration in
secretion and action of the parathyroid hormone
(PTH), contributing to the decrease in bone formation (Rude et al. 2004, 2005, 2006). For a
prolonged period (12 months), a magnesium
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deficient-diet induced the bone mass loss of
lumbar vertebrae and femurs in addition to biomechanical and histomorphometric changes of
bone tissue in rats, similar to those in human
osteoporosis (Stendig-Lindberg et al. 2004). For
this reason, it was hypothesized that bone
changes caused by magnesium deficiency could
be a risk factor for the maintenance of the
implants to the extent that they affect bone
remodeling.
The purpose of this study was to evaluate the
effect of magnesium deficiency on systemic bone
metabolism and bone tissue around implants
with established osseointegration.

Materials and methods
Animals

This study was approved by the Animal Experimentation Ethics Committee of the Araraquara
Dental School – UNESP (Protocol #20/2006).
Thirty 60-day-old rats (Rattus norvegicus albinus, Holtzman) were used in this study. The
animals were kept in individual stainless-steel
cages in the animal facility with controlled temperature, humidity and light exposure.
Animals were divided into two groups (n ¼ 15)
according to their diet. The control group (CTL)
was fed on a diet with standard daily magnesium
content (507 mg/kg of Mg) according to AIN-93
(American Institute of Nutrition) for maintenance of rodents (Reeves et al. 1993; Reeves
1997). The test group (Mg) was fed on a diet
with 90% reduction in the magnesium content
(50.7 mg/kg of Mg). Body weight was monitored
weekly to assess the animal’s growth.

Study design (Fig. 1)

On day 0, all animals underwent surgery for
implant placement in the left tibia. The animals
received the standard diet during the 60 days
required for the healing of the implants (Clokie
& Warshawasky 1995). For the next 90 days, the
control group continued to receive the standard
diet, while the Mg group was given the standard
diet with magnesium reduction. At 150 days, all
animals were sacrificed by deep anesthesia.

Surgical procedure

Bone densitometry

The animals were anesthetized with a combination of ketamine chloridrate (Ketamina Agener,
Agener União Ltda, São Paulo, São Paulo, Brazil)
at a concentration of 0.08 ml/100 g body weight
and 2% xylazine chloridrate (Rompum, Bayer
S.A., São Paulo, São Paulo, Brazil) at a concentration of 0.04 ml/100 g. Next, the animals were
submitted to preoperative trichotomy in the inner region of the leg and asepsis with povidone
iodine solution.
An incision was made in layers on the tibial
metaphysis. The underlying bone was subjected
to osteotomy under abundant irrigation, carried
out with a start drill of 1.8 mm for the accommodation of the titanium implant (aluminum
sand blasting and acid-etched surface), 4 mm
long and 2.2 mm in thickness (Conexão Sistemas
de Proteses Ltda, Aruja, São Paulo, Brazil). The
tissue was sutured with silk thread 4-0 (Ethicon,
Division of Johnson & Johnson Medical Limited,
São Jose dos Campos, São Paulo, Brazil).
The animals received an intramuscular dose of
penicillin associated with streptomycin (Pentas
biotic Pequeno Porte, Fort Dodge , Campinas,
São Paulo, Brazil), 0.1 ml/kg of bodyweight and
5 mg/kg of dexamethasone intramuscular (Dexs
ter, Agener , Agener União Ltda, São Paulo, São
Paulo, Brazil) immediately after the surgery.

Bone densitometry was obtained by dual-energy
X-ray absorptiometry (DXA) using a densitometer (Discovery-A SN: 80999 Hologic, Bedford, MA, USA) in the high-resolution mode and
analyzed by the Small Animal software, supplied
by the equipment manufacturer. For this, overall
BMD measurements were taken as well as those
of the lumbar vertebrae 2 (L2), 3 (L3) and 4 (L4).
DXA accuracy for the determination of BMD
was evaluated by the coefficient of variation,
expressed as a percentage of the average (Grier
et al. 1996). For this, five consecutive measurements of each anatomical region of the same
sample were made. The coefficient of variation
obtained was 1.9%.

Biochemical evaluations

The animals were kept in metabolic cages for
urine collection during 24 h before sacrifice for a
later dosage of deoxypyridinoline (DPD) (DPD
s
Metra , Quidel Corporation, San Diego, CA,
USA) level by ELISA method.
At sacrifice, a blood sample was taken by
caudal artery puncture for the determination of
magnesium (Magnésio, Labtest Diagnostica SA,
Lagoa Santa, MG, Brazil) and calcium (Cálcio
Arsenazo Liquiform, Labtest Diagnostics SA,
Lagoa Santa, MG, Brazil) serum levels by the
colorimetric method. Osteocalcin (OCN) (Rat
Osteocalcin EIA Kit, Biomedical Technologies
Inc., Stoughton, MA, USA) and PTH (Rat Total
Intact PTH ELISA Kit, Scantibodies Laboratory
Inc., Santee, CA, USA) serum levels were evaluated by the ELISA method.

Image acquisition

Radiographic images of the implants were obtained by a direct digital imaging system – CDR
(Computed Dental Radiography for Microsoft
s
Windows, Shick Technologies Inc., Long Island,
NY, USA). In order to standardize images, tibia
with implants and a sensor were placed into a
rigid positioning device where the long axis of the
implant was perpendicular to the central X-ray
beam and parallel to the sensor at a focus distance
of 40 cm. The sensor was exposed to X-rays of
70 KVp and 10 mA for a 15 pulses/s exposure
period. Images were stored in TIFF (Tagged Image
File Format) without image compression and
s
analyzed by an image analyzer software (Adobe
s
Photoshop CS2 9.0, Adobe System Incorporated, San Jose, CA, USA).
Radiographic bone density

A single blinded calibrated examiner evaluated
tibia radiographies. Radiographic bone density
was obtained by measuring the gray level (histogram) in an area of 5  5 pixels at six different
points, cortical (upper and lower) and medullar
region, on both sides of the implant (Fig. 2).
Calculation of bone density was performed by
first obtaining the average of gray level values in
each region of interest and then the values of gray
level of the implant. The value of the regions of
interest was divided by the relative value of the
implant to compensate small differences among
radiographs.
Cortical bone thickness

Fig. 1. Experimental design.
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The thickness of the tibia cortical bone (upper
and lower) was assessed by radiographic images
by a blinded calibrated examiner. The measured
region was standardized at 1 mm from the implant. An image analyzer software (UTHSCSA
ImageTool, San Antonio, TX, USA) was used for
linear measurement in millimeters of each cortical on both sides of the implant. Mean values
were obtained for each cortical bone.
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Fig. 2. (a) Regions of interest for analysis of radiographic bone density: 1 and 2 – upper cortical; 3 and 4 – cancellous bone; and 5 and 6 – lower cortical. (b and c) The radiographic aspect from
control (CTL) and Mg groups.

Removal torque test

Analysis of the removal torque of implants was
immediately performed after the euthanization of
the rats. The tibial implant was exposed, and the
bone block was attached to a vise for stabilization. A 0.88 mm wrench was adapted to the
internal connection of the implant and the torque
was measured using a torque gauge (ATG24CNS, Tohnichi MFG Co. Ltd., Tokyo, Japan) on a
scale of 0.5 N cm with force ranging from 3 to
24 N cm. A reverse force was applied until complete rupture of the bone–implant interface, and
the force needed to cause displacement of the
implant in the bone tissue was recorded.

Data analysis

Statistical analyses were performed using GraphPad Prism (GraphPad Prism 5.0, San Diego, CA,
USA). Mann–Whitney test was conducted for
comparisons between groups for all analyzed
parameters. Significance level was set at 5%.

ences between groups disclosing higher values for
the Mg group (Fig. 4).
Bone densitometry

Bone densitometry showed significantly lower
BMD values for lumbar vertebrae in the Mg group
as compared with control group for all regions
studied, L2 (P ¼ 0.0040), L3 (P ¼ 0.0028), L4
(P ¼ 0.0009) and global (P ¼ 0.0010) (Fig. 5).
Analysis of radiographic bone density and cortical bone thickness

There was no difference between groups in radiographic bone density around implants (Fig. 6). On
the other hand, upper (Po0.0001) and lower
(P ¼ 0.0436) cortical thickness were shown to
be significantly reduced for the Mg group compared with the control group (Fig. 7).
Removal torque

Removal torque for the Mg group was significantly lower than the control group (P ¼ 0.0105)
(Fig. 8).

Results
Body weight

Analysis of the animal weight shows that there
was a measurable gain for both groups during the
experimental period. At study onset, a significant
difference (P ¼ 0.0048) between groups was
shown. However, at baseline and the end of the
experiment, no significant difference was found
between groups (Fig. 3).

Biochemical evaluations

Results showed a statistically significant decrease in magnesium serum levels for the Mg
group when compared with control (Po0.0001).
However, for calcium serum levels, no difference
was found (Fig. 4).
Serum levels of OCN showed no significant
difference between groups; however, there was a
tendency (P ¼ 0.0906) for reduction in the OCN
concentration when comparing the groups. Regarding PTH (P ¼ 0.0377) and DPD (P ¼ 0.0303)
levels, there were statistically significant differ-
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Discussion
Systemic conditions, particularly those resulting
in bone tissue changes, are viewed as important
factors for implant treatment predictability
(Marco et al. 2005). Within this respect, magnesium deficiency could be considered as a risk
factor for osseointegrated implant, as it is recognized to affect bone metabolism (Creedon et al.
1999; Rude & Gruber 2004; Rude et al. 2004;
Stendig-Lindberg et al. 2004).
In the present study, magnesium deficiency
was induced for 3 months of dietary reduction of
mineral content, demonstrated by its decreased
serum levels. Calcium is a mineral antagonist to
magnesium and in animals, there may be a
tendency to increase the serum level in proportion to magnesium deficiency (Bussière et al.
2002; Meisel et al. 2005), which agrees with
this study (Fig. 4).
Bone turnover is a physiologically complex
process that involves not only interaction among

Fig. 3. Scattered distribution and median of body weight of
the animals during experimental period (zP  0.01).

cells and bone matrix but also a variety of
systemic and local regulation factors that coordinate cell proliferation and activity (Marco et al.
2005; Takayanagi 2005). Many studies report
that magnesium deficiency has a particular influence on bone mass loss (Creedon et al. 1999;
Rude et al. 2003, 2004, 2005, 2006; Rude &
Gruber 2004). This effect was observed in diets
with different magnesium contents ranging from
lesser (50% of NR) to the most severe restrictions
(0.04% of NR), showing higher bone mass loss
when the deficiency is increased (Rude et al.
2003, 2004, 2005, 2006; Rude & Gruber 2004;
Del Barrio et al. 2009). In the present study, bone
densitometric analysis of lumbar vertebrae disclosed bone mass loss statistically significant
for the Mg group as compared with the control
(Fig. 5), agreeing with Rude et al. (2004).
Successful treatment with osseointegrated implants depends, among other factors, on the
formation of a rigid anchorage to the bone, which
provides biomechanical stability (Shibata et al.
2008). Different geometries and properties of
cortical and cancellous bone may affect this
stability by deformation of the bone crest around
endosteal implants (Petrie & Williams 2007).
The effect of magnesium deficiency on
bone tissue around implants with established
osseointegration was evaluated in this study
by radiographic bone density, measurement of
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Fig. 4. (a) Serum levels of Mg (wP  0.0001), (b) Ca, (c) parathyroid hormone (PTH) (nP  0.05) and (d) osteocalcin (OCN) and urine concentration of (e) deoxypyridinoline (DPD) (nP  0.05)
for groups control (CTL) and Mg.

Fig. 5. Mean and 95% confidence interval of lumbar vertebrae bone densitometry in L2, L3, L4 and global (zP  0.01).

Fig. 6. Data distribution and median of radiographic bone
density around implants in the regions of interest.

cortical bone thickness and removal torque. Results showed that magnesium deficiency had
a negative effect on the peri-implant cortical
bone significantly reducing tibial cortical thickness (Fig. 7).
Changes in cortical thickness greatly influences deformation of the peri-implant bone crest
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when submitted to occlusal load. By finite element analysis, it was found that low-density
cancellous bone and cortical bone thinning are
more likely to undergo resorption when compared with bone tissue with thicker cortical and
high-density cancellous bone, which could interfere in the treatment predictability (Petrie &
Williams 2007).
However, an assessment of radiographic bone
density around implants showed no significant
difference between groups (Fig. 6). Although this
methodology has been used previously to evaluate peri-implant bone tissue (Sakakura et al.
2006, 2008; Giro et al. 2008), in this study, the
absence of difference between groups might be
due to technique limitations when compared
with DXA or the relatively short period of deficiency, resulting in changes not detected by this
analysis.
Although no difference was found between
groups for radiographic bone density, changes in
bone morphology and size of hydroxyapatite
crystals, affecting bone architecture, may have
occurrence around implants in Mg group (Boskey

et al. 1992; Creedon et al. 1999; Rude et al. 2005,
2006). This uneven configuration of bone structure may cause structural weakness, creating
microfractures of the trabeculae and changing
biomechanical behavior. Such a structural
change in hydroxyapatite crystals could not be
detected by the related method, because the
crystals’ affected geometry may be masked under
a bone structure with a radiographic density
similar to that of the control group. However,
such morphological changes together with a decreased cortical thickness may explain the difference in biomechanical behavior in view of the
reduced implant removal torque for the Mg
group.
Several mechanisms may induce bone mass
decrease related to this deficiency, such as hormone regulation (PTH), stimulation of pro-inflammatory cytokines (IL-1b and TNF-a) (Rude
et al. 2003, 2004, 2005, 2006; Rude & Gruber
2004) and change in hydroxyapatite crystal formation (Boskey et al. 1992; Creedon et al. 1999;
Rude et al. 2005, 2006). An increased release of
PTH is related to an increase in calcium resorption by the kidneys, an increase in paracellular
calcium and magnesium resorption through the
stimulation of calcium channels. Thus, bone
resorption, as a result of stimulation of new
osteoclasts and an increased activity of mature
ones, leads to imbalance of bone turnover (Holtrop et al. 1979; Goltzman 2008; Mosekilde
2008). A statistically significant difference between groups was found in this study by an
assessment of this pathway, with higher values
of serum PTH concentration for animals with
deficiency (Fig. 4). An increased release of PTH
was observed previously in mice with this deficiency, in short periods of reduced mineral intake
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Fig. 7. Thickness of (a) upper (wP  0.0001) and (b) lower (nP  0.05) cortical bone for groups control (CTL) and Mg.

Fig. 8. Removal torque mean and 95% confidence interval
of the implants for groups control (CTL) and Mg (zP  0.01).

showed in the Mg group, although not statistically significant (P ¼ 0.0906) may be related to a
decrease of its synthesis in magnesium deficiency (Carpenter et al. 1992). These findings
express an imbalance on bone turnover in animals with magnesium deficiency, showing
higher resorption activity without a concomitant
increase in bone formation activity.
Within the limitations of this study, it
was concluded that magnesium deficiency
may lead to alterations on systemic bone metabolism, reduction of cortical bone thickness
and lower removal torque of implants with
established osseointegration. However, the related mechanisms to bone loss require further
clarification.

(Rude et al. 2004, 2005, 2006). Significantly
higher values of urine DPD, an important bone
resorption marker, were also verified in the group
with magnesium deficiency. These data confirm
the increased activity of bone resorption in
this group. OCN expression, an important bone
formation marker, is regulated by several calciotropic hormones and 1.25 dihydroxyvitamin
D3, PTH, glucocorticoids and also by growth
factors such as bone morphogenetic proteins,
fibroblast growth factor 2 and TNF-a (Jiang
et al. 2004). The decreased serum concentration
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