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Dietary zinc deficiency induces oxidative stress
and promotes tumor necrosis factor-a- and
interleukin-1p-induced RANKL expression in rat

bone
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We investigated the effects of dietary zinc deficiency on oxidative
stress and bone metabolism. Four-week-old male Wistar rats were
randomly assigned to one of three groups for 4 weeks: a zinc-
adequate group (30 ppm); a zinc-deficient group (1 ppm); and a
pair-fed group (30 ppm) that was pair-fed to the zinc-deficient
group. The iron content and the thiobarbituric acid reactive sub-
stance level in bone were higher in the zinc-deficient group than
in the zinc-adequate and pair-fed groups. The mRNA expression
level of osteoblastogenesis-related genes such as bone morpho-
genetic protein 2 and runt-related transcription factor 2 was
lower in the zinc-deficient group than in the zinc-adequate and
pair-fed groups. In contrast, the mRNA expression levels of tumor
necrosis factor-a, interleukin-1p and osteoclastogenesis-related
genes such as receptor activator of nuclear factor-kB ligand and
nuclear factor of activated T cells cytoplasmic 1 were higher in the
zinc-deficient group than in the zinc-adequate and pair-fed groups.
These findings suggested that dietary zinc deficiency reduced
osteoblastogenesis via a decrease in the expression of bone
morphogenetic protein 2 and increased osteoclastogenesis via
enhancement of the expression of receptor for activator of nuclear
factor-kB ligand induced by oxidative stress-stimulated tumor
necrosis factor-o and interleukin-1p.

Key Words: zinc deficiency, RANKL, oxidative stress, iron,
cytokine

Z inc is an essential trace metal and serves functions in
catalysis or structural stabilization of over 300 enzymes. Zinc
deficiency has been observed in disorders of the Crohn’s disease,
renal diseases and liver disease.("” Moreover, it is known that
zinc deficiency leads to growth retardation, dermatitis, depilation
and dysfunction of reproductive systems.® Zinc has been consid-
ered an important factor in bone metabolism since bone contains
approximately 30% of the zinc in the body. Zinc has been known
to promote bone formation and inhibit bone resorption in in vitro
studies.®> In a previous study, we demonstrated that dietary zinc
deficiency decreased bone formation and increased bone resorp-
tion in rats.©®

Zinc deficiency can lead not only to growth retardation, but also
to increased oxidative stress and the generation of inflammatory
cytokines.”® It is also a cofactor of super oxide dismutase (SOD),
an enzyme that plays a key role in the protection against oxidative
tissue injury. In addition, several studies have reported that dietary
zinc deficiency increased thiobarbituric acid reactive substance
(TBARS) levels in testicle, kidney, brain and lung.®~'” A number
of other studies have also indicated that dietary zinc deficiency
lead to the accumulation of iron in several tissues, such as testes
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and liver.">' Tron is involved in a series of single-electron
transfer reactions that can generate reactive oxygen species
(ROS), which may lead to tissue damage as a consequence of
lipid, nucleic acid and/or protein oxidative damage.!>'® More-
over, it has been demonstrated that oxidative stress increased os-
teoclast numbers and activity in in vitro and in vivo studies.!”
Therefore, we predict that a decrease in dietary zinc induces the
accumulation of iron and enhances oxidative damage in bone,
leading to an increase in bone resorption, which is a factor that can
promote bone fractures. However, there have been no studies
examining the effects of dietary zinc deficiency on oxidative stress
and iron level in bone.

In this study, we attempted to clarify whether dietary zinc
deficiency leads to an increase in oxidative stress in bone, and
subsequently, how this increase may affect abnormal bone
development. Therefore, we conducted two experiments in this
study: the first experiment investigated the effects of dietary zinc
deficiency on oxidative stress in bone, and the second experiment
investigated the effects of dietary zinc deficiency on the expres-
sion levels of bone metabolism- and oxidative stress-related genes
in bone.

Methods

Experiment I. Four-week-old male Wistar rats (Clea Japan,
Tokyo, Japan) were kept in individual stainless steel wire-bottom
cages in a temperature-, humidity- and light-controlled room
(22°C, 55% humidity, 12-h light-dark cycle). After a 3-day
adaptation period with control diet (30.0 mg Zn/kg), the rats were
randomly divided into three groups consisting of 8 rats in each
on body weight. For the experiment, the rats in two of the three
groups had free access to a control diet (C group) or a zinc-
deficient diet (ZD group). The rats in the third group (PF group)
were pair-fed with the control diet to the mean intake of the ZD
group. The experimental diets were based on the AIN-93G diet!®
with egg albumin as the protein source (Table 1). The zinc-
deficient diet was prepared from a basal diet with the addition of a
zinc-free AIN-93G mineral mixture instead of the AIN-93G
mineral mixture. The zinc concentrations of the control and zinc-
deficient diets were 30.0 and 1.0 ppm, respectively.

After the 4-week experiment, the rats were fasted for 12 h and
were then anesthetically sacrificed for dissection; blood and femur
samples were collected for analysis. The blood samples were
centrifuged at 3,000 rpm for 15 min to obtain plasma. Serum
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Table 1. Composition of the experimental diets

C ZDP
Chemical analysis Zn level (%) 0.003 0.0001
Ingredient 9/1 kg diet
Egg albumin 200.0 200.0
Corn starch 529.486 529.486
Sucrose 100.0 100.0
Soybean oil 70.0 70.0
Cellulose powder 50.0 50.0
AIN-93G mineral mixture 35.0 35.0¢
AIN-93 vitamin mixture 10.0 10.0
L-cystine 3.0 3.0
Choline bitartrate 2.5 2.5
Tert-butylhydroquinone 0.014 0.014

Prepared according to the AIN-93G formulation. *Control diet. *Zinc
deficient diet. ‘The mineral mixture is a modification of AIN-93G mineral
mixture without zinc carbonate.

samples were stored at —80°C until analysis. The right femur was
immediately frozen in liquid N, and stored at —80°C for the mea-
surement of TBARS levels, and the left femur was removed and
stored in 70% ethanol for subsequent bone mineral density (BMD)
and mineral content analyses.

Experiment Il. Asin Experiment I, the rats were acclimatized
and divided into three groups on the same day, and the composi-
tion of the diets and the experimental groups were also the same.
As described in Experiment I, after the 4-week experiment, the
rats were fasted for 12 h and were then anesthetically sacrificed
for dissection; blood and femur samples were collected for
analysis. The femur was immediately frozen in liquid N, and
stored at —80°C for total RNA extraction.

These studies were approved by the Animal Studies Committee
of Tokyo University of Agriculture, and all procedures involving
rats were conducted in accordance with the Guidelines for the
Care and Use of Laboratory Animals of Tokyo University of
Agriculture.

Biochemical analysis. Serum zinc was measured using a
metallo-assay kit (Metallogenics, Chiba, Japan). Serum calcium
and zinc, and bone calcium and iron in femur were analyzed using
atomic absorption spectrophotometry (ZA3300, Hitachi, Ltd.,
Tokyo, Japan) according to the method of Gimblet e al."® Bone
phosphorus was analyzed colorimetrically according to the method
of Gomori.?® Serum Osteocalcin concentration was measured
using an Osteocalcin Rat ELISA System (GE Healthcare UK Ltd.,
Amersham, England). The serum C-terminal telopeptide of type |
collagen (CTx) level was assayed using the RatLaps ELISA
(Immunodiagnostic Systems Nordic A/S, Herlev, Denmark).

Radiographic analysis of the femur. Femurs were removed
from each rat and were stored at 5°C until analysis. Bone mineral
content (BMC; mg), bone area (BA; cm?) and BMD (mg/cm?),
which was calculated by dividing BMC by BA, of the left femur of
each rat were measured using dual-energy X-ray absorptiometry
(DXA; DCS-600EX-R; Aloka, Tokyo, Japan).

TBARS measurement of the femur. The TBARS levels in
the femurs were estimated by the methods of Kikugawa et al.®
with the modification of Ohkawa et al.®® The femur samples were
homogenized with a 1.15% potassium chloride solution mixed
with 0.8% butylated hydroxytoluene, 8.1% sodium dodecyl
sulfate and 20% acetic acid adjusted to pH 3.5 with 10 N sodium
hydroxide, 5 mM ethylenediamineteraacetic acid and 0.8%
thiobarbituric acid. The mixture was kept at exactly 5°C for
60 min and was then heated at 100°C for 60 min. After cooling,
the mixture was extracted with water and n-butanol:pyridine
(15:1, v/v). The mixture was centrifuged at 3,000 rpm for 10 min,
and the absorbance was measured at 532 nm by a spectro-
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photometer (U-2000 HITACHI, Tokyo, Japan). The level of
TBARS was expressed as nmol/g protein in bone. The protein
content of the homogenized femurs was determined using a
Protein Assay Rapid Kit (Wako, Osaka, Japan).

Glutathione (GSH), glutathione reductase (GR) and
glutathione peroxidase (GPx) measurements of the femur.
The GSH, GR and GPx levels were measured using a Glutathione
Assay Kit, a Glutathione Reductase Activity (Microplate Assay)
Kit and a Glutathione Peroxidase Assay Kit (all from Northwest
Life Science Specialties LLC, Vancouver, WA), respectively.
The femur samples were homogenized with a 1.15% potassium
chloride solution. The levels of GSH, GR and GPx were expressed
as umol/g protein, mU/mg protein and mU/mg protein, respec-
tively.

RNA extraction and quantitative RT-PCR. Total RNA was
isolated from the right femur using TRIzol Reagent (Invitrogen,
Carlsbad, CA) and was purified using the RNeasy Mini Kit
(QIAGEN K K., Tokyo, Japan). DNase digestion was performed
using the RNase-Free DNase Set (QIAGEN K.K.). The quality
and quantity of total RNA were assayed using agarose gel electro-
phoresis and a Nano Drop 2000c (Thermo Fisher Scientific,
Waltham, MA), respectively. Complementary DNA (cDNA) was
synthesized using the Prime Script RT Reagent Kit (Takara Bio
Inc., Shiga, Japan). For real-time PCR, reaction mixture was
prepared using the TagMan Gene Expression Master Mix
(Applied Biosystems, Foster, CA) for TagMan Gene Expression
Assays (Applied Biosystems) for the following rat genes: osteo-
protegerin (OPG) (Assay ID: Rn00563499 m1), collagen type
[al (Collal) (Assay ID: Rn01463848 m1), bone morphogenetic
protein 2 (BMP2) (Assay ID: Rn00567818 ml), runt-related
transcription factor 2 (Runx2) (Assay ID: Rn01512298 ml),
Osterix (Assay ID: Rn02769744 sl1), Osteocalcin (Assay ID:
Rn00566386 g1), alkaline phosphatase (ALP) (Assay ID:
Rn01516028 m1), tumor necrosis factor-o. (TNFa) (Assay ID:
Rn01525859 ¢g1), interleukin-13  (IL1B) (Assay ID:
Rn00580432 m1), receptor for activator of NF-kB ligand
(RANKL) (Assay ID: Rn00589289 ml), c-Fos (Assay ID:
Rn00487426_gl), tumor necrosis factor receptor-associated
factor 6 (TRAF6) (Assay ID: Rn01512911 _m1), tumor necrosis
factor receptor-associated factor 2 (TRAF2) (Assay ID:
Rn01758426_m1), nuclear factor of activated T cells cytoplasmic
1 (NFATcl) (Assay ID: Rn04280453 m1), cathepsin K (CTSK)
(Assay ID: Rn00580723_ml), tartrate-resistant acid phosphatase
(TRAP) (Assay ID: Rn00569608 ml), macrophage colony-
stimulating factor (M-CSF) (Assay ID: Rn00696122 m1), macro-
phage colony-stimulating factor receptor (c-Fms) (Assay ID:
Rn01491957 m1), heme oxygenase 1 (HO-1) (Assay ID:
Rn01536933 ml), CuZn-superoxide dismutase (Cu/Zn-SOD)
(Assay ID: Rn00566938 ml), Mn-SOD (Assay ID:
Rn00690588 g1), glutathione reductase (GR) (Assay ID:
Rn01482159 m1), glutathione peroxidase (GPx) (Assay ID:
Rn00577994 g1) and B-actin (Assay ID: Rn00667869 m1). Real-
time PCR was performed using a StepOne Real-Time PCR
System (Applied Biosystems). The levels of gene transcripts in
each sample were determined using the relative standard curve
method and are expressed as a ratio relative to B-actin mRNA,
with the level of the C group set to 1.

Statistics. Data are expressed as the mean =+ standard error
of the mean (SEM). The significance of differences between
groups was determined using one-way analysis of variance and
Bonferroni’s multiple-comparison tests. The correlation between
iron content and TBARS level in bone was determined using
Pearson correlation coefficients. Differences were considered
significant at p<0.05.
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Table 2. The effect of dietary zinc deficiency on serum mineral levels, bone parameters, oxidative stress and antioxidant

indicators
C PF ZD
Body weight (g)
Initial 84.24 +0.91 84.32 +0.84° 84.86 +0.892
Final 240.95 +3.71° 146.43 + 1.52° 149.38 + 1.97°
Serum
Zinc (uM) 24.56 + 1.03° 24.54 +0.74° 9.18 £ 0.62°
Calcium (mM) 2.92 +0.04° 2.99 +0.06 2.52 +0.04°
Osteocalcin (ng/ml) 106.97 +3.76° 103.49 + 4.95° 58.46 + 3.50°
CTx (ng/ml) 64.96 + 0.942 60.25 +0.922 82.85 +3.57°
Femur
Length (cm/100 g body weight) 1.30 + 0.022 2.08 +0.03° 2.02 +0.02°
Weight (g/100 g body weight) 0.15 + 0.002° 0.22 +0.003" 0.21 +0.004°
BA (cm?) 1.69 +0.022 1.60 +£0.01° 1.59 +0.02°
BMC (mg) 172.30 £ 2.78° 154.20 + 1.56° 145.29 + 3.64°
BMD (mg/cm?) 101.75 +0.90° 96.53 + 1.352 85.93 +2.56°
Zinc (ng/cm?) 86.70 + 1.092 86.61 + 1.80° 21.60 + 1.22°
Calcium (mg/cm?) 41.91+0.572 39.79+0.71° 36.23 +0.48°
Phosphorus (mg/cm?) 19.98 +0.492 18.89 +0.43? 17.32+0.33
Iron (ng/cm?) 9.45 +0.50° 9.82 +0.35° 21.20 +£2.94°
TBARS (nmol/g protein) 152.50 +7.02° 152.34 £ 8.43° 188.69 +9.36°
GSH (umol/g protein) 9.34 +0.80° 9.54 + 0.96 8.91+£0.80*
GR (mU/mg protein) 23.28 £2.112 22.63 +£1.93° 21.78 £2.02°
GPx (mU/mg protein) 8.55+1.512 13.02 +5.432 10.85 + 1.97°

Values are expressed as means + SEM for each group. **<Values with different superscript letters are significantly different,

p<0.05.

Results

Experiment I.

Final body weight and serum mineral concentrations. The final
body weight was significantly lower in the PF and ZD groups than
in the C group, with no difference between the PF and ZD groups
(Table 2). The serum zinc and calcium concentrations were
significantly lower in the ZD group than in the C and PF groups,
with no difference between the C and PF groups.

Bone parameters. The length and weight of the femur were
significantly higher in the PF and ZD groups than in the C group,
with no difference between the PF and ZD groups (Table 2). The
BA and BMC of the femur were significantly lower in the PF and
ZD groups than in the C group, with no difference between the PF
and ZD groups. BMD was significantly lower in the ZD group
than in the C and PF groups, with no difference between the C and
PF groups.

The serum Osteocalcin concentration was significantly lower in
the ZD group than in the C and PF groups, with no difference
between the C and PF groups. The serum CTx concentration was
significantly higher in the ZD group than in the C and PF groups,
with no difference between the C and PF groups.

Bone mineral contents. The zinc, calcium and phosphorus con-
tents of the femur were significantly lower in the ZD group than in
the C and PF groups, with no difference between the C and PF
groups (Table 2). On the other hand, the iron content of the femur
was significantly higher in the ZD group than in the C and PF
groups, with no difference between the C and PF groups.

Bone lipid peroxidation (TBARS), GSH, GR and GPx.  The
TBARS level of the femur was significantly higher in the ZD
group than in the C and PF groups, with no difference between the
C and PF groups (Table 2). The GSH, GR and GPx levels of the
femur were not significantly different between any of the groups.
The correlation between iron content and TBARS level. The
iron content of femur was positively correlated with the TBARS
level in femur (r = 0.762; p<0.001).
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Experiment Il
Final body weight and serum mineral concentrations. ~Similar to
the results of Experiment I, the final body weight was significantly
lower in the PF and ZD groups than in the C group, with no
difference between the PF and ZD groups (Table 3). The serum
zinc and calcium concentrations were significantly lower in the
ZD group than in the C and PF groups, with no difference between
the C and PF groups.

Markers of bone turnover. Similar to the results of Experiment
I, the serum Osteocalcin concentration was significantly lower in
the ZD group than in the C and PF groups, with no difference
between the C and PF groups (Table 3). The serum CTx concen-
tration was significantly higher in the ZD group than in the C and
PF groups, with no difference between the C and PF groups.
Quantitation of mRNA expression in the femur. The mRNA
levels of BMP2, Runx2, Osterix, ALP, Osteocalcin and Collal
were significantly lower in the ZD group than in the C and PF
groups, with no difference between the C and PF groups (Fig. 1).
In contrast, the mRNA levels of M-CSF, c-Fms, RANKL, TRAF6,
TRAF2, c-Fos, NFATcl, TRAP and CTSK were significantly
higher in the ZD group than in the C and PF groups, with no
difference between the C and PF groups (Fig.2). The mRNA
expression level of OPG was not significantly different between
any of the groups, while the RANKL/OPG ratio was significantly
higher in the ZD group than in the C and PF groups, with no
difference between the C and PF groups.

The gene expression levels of the cytokines TNFa and IL1J
were significantly higher in the ZD group than in the C and PF
groups, with no difference between the C and PF groups (Fig. 3).
The mRNA expression levels of Mtla and Mt2A were signifi-
cantly lower in the PF and ZD groups than in the C group, and
were significantly lower in the ZD group than in the PF group
(Fig. 4). The mRNA expression level of HO-1 was not signifi-
cantly different between the ZD group and the C and PF groups,
but it was significantly higher in the PF group than in the C group.
The mRNA expression level of Cu/Zn-SOD, which is one of the
major families of superoxide dismutase that contains copper and
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Table 3. Effect of dietary zinc deficiency on serum mineral levels and markers of bone metabolism

C PF ZD

Body weight (g)

Initial 83.46 + 1.00° 83.40 + 0.922 83.41 +£0.892

Final 241.89 +5.56° 146.16 + 0.97° 142.23 +4.20°
Serum

Zinc (uM) 23.17 £1.082 20.34+0.73° 7.78 £ 0.48°

Calcium (mM) 3.00 +0.09° 2.81+0.10° 2.46 +0.07°

Osteocalcin (ng/ml) 105.35 + 8.472 89.40 + 3.532 53.84 +4.23

CTx (ng/ml) 75.49 +2.87° 64.43 £2.91° 89.16 + 3.58°

Values are expressed as means + SEM for each group. **<Values with different superscript letters are significantly

different, p<0.05.
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Fig. 1.

Effect of dietary zinc deficiency on the gene expression levels of osteoblastogenesis-related factors and osteoblast-specific proteins in

femur. The mRNA expression levels of BMP2, Runx2, Osterix, ALP, Osteocalcin and Col1al were determined using qRT-PCR. The ordinate axis
indicates the relative amount of mRNA compared with that from the C group. Gene expression levels were normalized to the levels of B-actin.
Values are expressed as means + SEM (n = 8). Means with different letters differ significantly; p<0.05.

zine, was significantly lower in the ZD group than in the C and
PF groups, with no difference between the C and PF groups. The
mRNA expression levels of antioxidant enzymes, such as
Mn-SOD, GR and GPx, were not significantly different between
any of the groups.

Discussion

In Experiment I, we examined the effects of dietary zinc
deficiency on oxidative stress in bone. Oxidative stress is a state
of imbalance between the production of ROS and antioxidant
mechanisms that leads to the oxidation of lipids, proteins, DNA
and RNA molecules.®® We found that dietary zinc deficiency
increased the iron level in bone and a byproduct of lipid peroxida-
tion, TBARS, which is considered a biomarker of the involvement
of free radical damage in living organisms and is the most
commonly applied marker for assaying lipid peroxidation in
biomedical sciences. Iron is known to be involved in a series of
single-electron transfer reactions that can generate ROS, which
lead to tissue damage as a consequence of lipid, nucleic acid
and/or protein oxidative damage.(>'9 In this study, we found a
positive correlation between the TBARS level and the iron level in
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bone. However, measurements of the activities of several anti-
oxidant enzymes, such as GPx and GR, and antioxidants, such as
GSH, in bone showed no difference in these activities between any
of the groups in this study. These results suggest that dietary zinc
deficiency induces the accumulation of iron in bone, which is
correlated with the TBARS level and is a factor that induces
oxidative stress in bone.

In Experiment II, we attempted to clarify how oxidative stress
affects abnormal bone development induced by zinc deficiency by
examining the expression level of bone metabolism- and oxidative
stress-related genes in bone. We demonstrated that the level of
serum CTx, which is a product of type I collagen degradation
during osteoclastic bone resorption, was higher in rats fed zinc-
deficient diets than in rats fed control diets. These results are
consistent with our previous study.® Osteoclastogenesis requires
M-CSF and RANKL, which are expressed by osteoblasts. M-CSF
binds to ¢c-Fms, which stimulates osteoclast differentiation, func-
tion and survival.®® Moreover, M-CSF has been demonstrated
to stimulate the expression of RANK, which is the receptor of
RANKL, in hematopoietic osteoclast precursor cells.?® Binding
of RANKL to RANK that is expressed on osteoclasts results in
the recruitment of TRAF family adaptor proteins, such as TRAF2
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Fig. 2.

Effect of dietary zinc deficiency on the gene expression levels of osteoclastogenesis-related factors and osteoclast-specific proteins in

femur. The mRNA expression levels of M-CSF, c-Fms, RANKL, OPG, TRAF6, TRAF2, c-Fos, NFATc1, TRAP and CTSK were determined using gRT-PCR.
The RANKL/OPG ratio was also calculated. The ordinate axis indicates the relative amount of mRNA compared with that from the C group or
compared with the level of OPG mRNA (for the RANKL/OPG ratio). Gene expression levels were normalized to the levels of B-actin. Values are
expressed as means + SEM (n = 8). Means with different letters differ significantly; p<0.05.

and TRAF6, and activates c-Fos and NFATc1, which induces the
expression of osteoclast-specific genes, such as TRAP and
CTSK.®® In the present study, we observed that the mRNA
expression levels of M-CSF and c-Fms were higher in the ZD
group than in the C and PF groups. In addition, we observed that
the mRNA expression levels of osteoclastogenesis-related genes,
including RANKL, TRAF®6, c-Fos, NFATcl, TRAP and CTSK,
were higher in the ZD group than in the C and PF groups. These
results suggest that dietary zinc deficiency induced the expression
of M-CSF and RANKL, which resulted in an increase in bone
resorption.

Oxidative stress is known to be involved in osteoclastogenesis
and bone resorption.!'” In this study using real-time PCR, we
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determined that the effects of dietary zinc deficiency on the
expression of inflammatory cytokines genes, such as TNFo and
IL1pB, were closely related to oxidative stress.?”*® We found that
dietary zinc deficiency increased the mRNA expression levels of
TNFa and IL1p in bone in this study. TNFa and IL1f are known
to upregulate the expression of RANKL, which is a trigger that
stimulates osteoclastic activity and controls bone regeneration
and remodeling.®3” Therefore, an increase in oxidative stress
might indirectly stimulate osteoclastic activity by augmenting the
expression of inflammatory cytokines, such as TNFo and IL1(,
which have been strongly implicated in bone loss due to dietary
zinc deficiency. Furthermore, TNFa not only promotes osteoclast
differentiation and activation together with RANKL, but it also
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has the potential to directly induce osteoclast differentiation in
vitro.®V Kanazawa and Kudo®? have demonstrated that the cells
from TRAF2-deficient mice showed severely reduced TNFa-
induced osteoclastogenesis due to defects in TNFo-mediated
activation of JNK, NF-«B and NFATc1, whereas TRAF2 over-

TNFa IL1p

mMRNA expression
=
mMRNA expression

C PF  ZD C

Fig. 3. Effect of dietary zinc deficiency on the gene expression levels
of cytokines in femur. The mRNA expression levels of TNFa and IL1B
were determined using qRT-PCR. The ordinate axis indicates the relative
amount of mRNA compared with that from the C group. Gene expres-
sion levels were normalized to the levels of B-actin. Values are ex-
pressed as means + SEM (n = 8). Means with different letters differ sig-
nificantly; p<0.05.

PF  ZD

Mtla

c 1.5
S a
(%3]
UM
X
(O]
< 0.5+ c
=
4
€ 04

C PF ZD

Mt2A
S 1.5 g 2
o a 'G
0 1- n 1.5
g b Q a
Q Q
; 5 1
0.5

S c S 0.5
o o
S 04 S 0

C PF ZD C

1.5 - Mn-SOD 1.5

s s
0 a a a @ a
o 1A 0] 1
_ _
(e} o
) )
< 0.5 < 0.5
= =
o o
€ 0 - € 0

C PF ZD C

Fig. 4.

expression induced the differentiation of osteoclast progenitors
from wild-type mice into TRAP-positive multinucleated cells. In
this study, we also observed that dietary zinc deficiency increased
the mRNA expression of TRAF2 in bone. Thus, it appears that
the osteoclastogenesis caused by dietary zinc deficiency may be
stimulated by an elevated level of RANKL expression induced
by an increase in TNFo and IL 13 and results from the direct action
of TNFa.

Oxidative stress results from a persistent imbalance between
the production of highly ROS and antioxidant defenses. Excess
ROS are immediately eliminated from the cell by the antioxidant
defense mechanisms. In addition, it has been reported that anti-
oxidant, such as carotenoids, suppresses osteoclast formation in
vitro.®® Therefore, in Experiment II, we measured the expression
levels of several antioxidant enzymes, such as metallothionein,
Cu/Zn-SOD, Mn-SOD, GPx and GR, in bone, although the
activities of GPx and GR were not altered in rats fed zinc deficient
diet. We observed that dietary zinc deficiency decreased the
mRNA expression of Mtla and Mt2A in bone. Mtla and Mt2A are
isoforms of metallothionein that are known to be regulated by
cellular zinc concentrations and are involved in protecting cells
from heavy metal toxicity and oxidative stress. Several studies
have reported that dietary zinc deficiency decreased the expres-
sion levels of Mtla and Mt2A in tissues, such as jejunum, colon,
liver and kidney.(*3> These results support our findings that the
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expression levels of Mtla and Mt2A in bone were very sensitive to
the intake of dietary zinc. Furthermore, metallothionein is also
believed to be a scavenger of hydroxyl free radicals, which cause
the oxidation of lipids, proteins and DNA, and oxidative stress
is a potent inducer of metallothionein synthesis in many tissues,
suggesting a direct role for it in antioxidant detoxification.®®
Therefore, a dramatic decrease in Mtla and Mt2A gene expression
may cause a further increase in oxidative stress in bone of rats
fed a zinc-deficient diet. However, further studies are needed to
clarify whether a decrease in Mtla and Mt2A gene expression
would directly affect lipid peroxidation induced by dietary zinc
deficiency in bone.

The SOD family is the first defense against ROS as it catalyzes
the dismutation of the superoxide anion into O, and hydrogen
peroxide. The hydrogen peroxide is then reduced to H,O by GPx.
In this study, the mRNA levels of GPx and GR were not different
between any of the groups; similar results were obtained for the
activities of GPx and GR. In contrast, the mRNA level of Cu/Zn-
SOD, which contains zinc and copper, was significantly lower in
the ZD group than in the C and PF groups, while the mRNA level
of Mn-SOD in bone was not different between any of the groups.
Kawasaki et al.®” reported that Cu/Zn-SOD activity was signifi-
cantly lower in the bone marrow cells of rats fed zinc-deficient
diets than in those of rats fed standard diets. These results
suggested that dietary zinc deficiency increased the TBARS
level through an increase in the biological action of superoxide
radicals caused by a decrease in the mRNA expression of Cu/Zn-
SOD in bone.

HO-1, formerly known as an antioxidant enzyme, is the rate-
limiting enzyme that catalyzes the degradation of heme to produce
biliverdin, iron and carbon monoxide; it is quickly up-regulated
in cells and tissues in response to various oxidative stress.®® We
observed that the mRNA level of HO-1 was higher in the PF group
than in the C group, although there was no significant difference
in this level between the C and ZD groups. These observations
suggested that the PF group, which was pair-fed to the ZD group,
may have been under some kind of stress, conceivably caused
by their limited diet. Recently, dietary zinc deficiency has been
shown to impair the expression of HO-1, leading to an increase
in oxidative damage in diabetic animals.®” Moreover, a study has
reported that zinc induced the expression and activity of Nrf2,
which is known to regulate the expression of HO-1.“? Therefore,
we assumed that the PF group was under some kind of stress and
that HO-1 was upregulated in response, whereas the ZD group was
unable to respond in the same manner due to the zinc deficiency,
and instead, there was an increase in TBARS level in bone.
Interestingly, Ke et al. ) demonstrated that a lack of HO-1 in-
creased serum CTx and osteoclast numbers to stimulate RANKL
signaling in mice. In addition, they reported that HO-1 decreased
a sustained level of ROS in response to RANKL, as well as the
number and activity of osteoclasts in vitro.“? These results
suggested that dietary zinc deficiency could not increase the HO-1
expression in response to oxidative stress in bone, which might
lead to enhancement of the mRNA expression of osteoclastogenesis-
related genes.

Zinc is well known to stimulate bone formation and mineraliza-
tion, and zinc deficiency can cause growth retardation. We
observed in this study that dietary zinc deficiency decreased the
level of serum Osteocalcin, a marker of bone formation; this result
is consistent with our previous study.© We also measured the gene
expression levels of osteoblastogenesis-related factors as indica-
tors of bone formation in this study. Similar to the result for
serum Osteocalcin level, we observed that dietary zinc deficiency
decreased the mRNA expression levels of BMP2, Rnux2, Osterix,
Collal, ALP and Osteocalcin in bone. Runx2 is the major
transcription factor controlling osteoblast commitment and
differentiation. Osterix is a zinc finger transcription factor specifi-
cally expressed by osteoblasts that is important for osteoblast
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differentiation. Osterix acts downstream of Runx2, as it has been
shown that Osterix-deficient mice expressed Runx2.“? BMP2
target genes, including Runx2 and Osterix, are transcription
factors that play essential roles in skeletal development.“? ALP
and Osteocalcin are markers of osteoblastogenesis; ALP is ex-
pressed in pre-osteoblasts and Osteocalcin is expressed in mature
osteoblasts.* Therefore, the results of this study demonstrated
that dietary zinc deficiency down-regulated the expression of
osteoblast marker genes (ALP and Osteocalcin) through the down-
regulation of osteoblast differentiation-related genes (Runx2 and
Osterix) induced by a decrease in the mRNA level of BMP2. In
addition, several studies have shown that ROS can affect the
growth and function of osteoblast.*>*9 Arai er al.“” have been
reported that the gene expression levels of osteoblastogenesis-
related factors, such as Runx2 and ALP was decreased in the H,0,
exposured cells. Therefore, these results suggested that oxidative
stress caused by dietary zinc deficiency not only increase bone
resorption but also decrease bone formation through the down-
regulation of osteoblastgenesis-related genes.

In conclusion, we discovered that dietary zinc deficiency
induced oxidative stress caused by iron accumulation and the
down-regulation of antioxidants, such as Mtla, Mt2A and Cu/Zn-
SOD, in bone. We also demonstrated that dietary zinc deficiency
enhanced the oxidative stress, and which induced cytokines-
stimulated the expression of osteoclastogenesis-related genes,
resulting in an increase in bone resorption. Furthermore, we
clarified that dietary zinc deficiency decreased the expression of
osteogenic genes, such as ALP, Osteocalcin, Collal, Runx2 and
Osterix, via a decrease in the mRNA level of BMP2, resulting in a
decrease in bone formation.
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Abbreviations

ALP alkaline phosphatase
BA bone area

BMC bone mineral content

BMD bone mineral density

BMP2 bone morphogenetic protein 2

c-Fms macrophage colony-stimulating factor receptor
CTSK cathepsin K

CTx C-terminal telopeptide of type I collagen

Cu/Zn-SOD CuZn-superoxide dismutase

GSH glutathione

GPx glutathione peroxidase

GR glutathione reductase

HO-1 heme oxygenase 1

IL1B interleukin-1§3

M-CSF macrophage colony-stimulating factor
Mn-SOD  Mn-superoxide dismutase

Mtla metallothionein 1

Mt2A metallothionein 2

NFATcl nuclear factor of activated T cells cytoplasmic 1
OPG osteoprotegerin

RANKL receptor for activator of NF-xB ligand

Runx2 runt-related transcription factor 2

TNFa tumor necrosis factor-a

TRAF2 tumor necrosis factor receptor-associated factor 2
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TRAF6 tumor necrosis factor receptor-associated factor 6
TRAP tartrate-resistant acid phosphatase
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