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Mechanism of cadmium induced crystal defects in developing rat tooth enamel

By Mitsuo KAKEL*!-T Toshiro SAKAE*2 and Masayoshi YOSHIKAWA*3

(Communicated by Tatsuo SUDA, M.J.A.)

Abstract:

It is well known that exposure to environmental cadmium causes itai-itai (ouch-

ouch) disease. However, the exact mechanism underlying this bone disease remains unresolved. By
focusing on the calcification mechanism, we examined developing tooth enamel in rats exposed to
cadmium to test the hypothesis that cadmium exposure may cause defects in crystal formation.
Electron microscopy revealed the presence of perforated crystals in developing tooth enamel, indi-
cating that the process of crystal nucleation may have been interrupted by cadmium exposure.
Furthermore, biochemical analyses revealed that the catalytic activity of carbonic anhydrase in
the immature enamel matrix declined remarkably despite the fact that quantitative reduction of
this enzyme was insignificant, suggesting that the decline of catalytic activity may have resulted
from the replacement of zinc with cadmium ions. Therefore, we concluded that the poor catalytic
activity of cadmium-binding carbonic anhydrase might hinder the nucleation process, leading to an
impairment in mineralization that causes itai-itai disease.
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Introduction

Ttai-itai (ouch-ouch) disease, a bone disease caused
by cadmium poisoning, is one of the most serious
health problems caused by industrial pollution in
Japan. Cadmium pollution remains a health concern
because of its unknown mechanism in causing itai-
itai disease. Cadmium is also a known risk factor
for osteoporosis, reportedly causing osteomalacia fol-
lowed by osteoporosis at high concentrations.-2 A
number of epidemiological and experimental studies
have been conducted to evaluate the relationship
between cadmium exposure and the development of
bone diseases.->) Despite extensive research, the de-
tails of the causal relationship between cadmium ex-
posure and bone diseases remain to be substantiated.

Although cadmium-induced bone diseases are
considered a secondary phenomenon following the
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occurrence of renal dysfunction,®?) some research
groups have pointed out that renal dysfunction is
not directly associated with bone damage.-3-> On
the other hand, very few studies have been conducted
on the relationship between the crystal formation
process and the exact biological effects of cadmium
ions. However, it has been reported that cadmium
intake caused a bleaching of the teeth similar to
that produced by fluoride exposure.® This phenome-
non led us to the speculation that cadmium exposure
might cause crystal defects similar to those of fluoride
exposure and bone damage as well. Therefore, we de-
signed this study as part of the efforts to establish
our work and clarify the effect of cadmium ions on
apatite crystals with the possible mechanism of itai-
itai disease in mind. The crystal structure of tooth
enamel was examined because it is suitable for assess-
ing crystal defects. Furthermore, demineralization by
osteoclasts does not occur in the developing enamel
of rats, and the basic mechanism of crystal formation
is the same in enamel, dentin and bone.?-19 We also
focused on whether carbonic anhydrase, a key enzyme
in the initiation of the crystal nucleation process,!)-14)
was affected by cadmium exposure.

Precisely quantifying the amount of cadmium
necessary to cause itai-itai disease in an individual
exposed to environmental pollution is difficult. In this
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study, our aim was not to pharmaceutically estimate
the level of cadmium that causes the disease, but to
assess the mechanism of disease development after
cadmium exposure. The results of the previous!® and
present studies provide a plausible explanation for
bone diseases caused by unwanted chemicals and a
calcification model which may prove to be a useful
tool for the wider assessment of the mechanism
underlying bone diseases.

Materials and methods

Experimental animals. The experimental
group comprised 15 male Sprague-Dawley rats (3
weeks old) that were given free access to drinking
water containing 100 mg/l cadmium ions (CdCly)
for 5 weeks. Two rats were assigned for electron
microscopy, 5 for immunological analysis, and the re-
maining for enzymatic activity assays. Control rats
were provided water without cadmium ions. Enamel
samples from 8-week-old rats were subjected to both
electron microscopy and biochemical analyses. For
supplemental information, enamel samples from 2
rats, which were affected cumulatively by cadmium
exposure for 12 weeks, were subjected only to elec-
tron microscopy. The concentration of cadmium ions
in the drinking water was chosen on the basis of the
report by Yoshiki et al.) For comparative enzymatic
analyses, some rats were provided with water contain-
ing fluoride ions (2 mg/1 concentration) as described
previously.!® The rats were anaesthetized with ether,
and enamel samples were excised from their incisors.
The use of animals was approved by the Animal
Care and Use Committee of Meikai University.

Transmission electron microscopy. The
enamel tissues obtained from 8-week-old and 15-
week-old rats were dissected into small pieces with
razor blades. The samples were fixed with 2% gluta-
raldehyde in a 0.1 M cacodylate buffer (pH 7.4) for
1 h at 5°C, post-fixed with 1% osmium tetroxide
in the same buffer for 2 h at 5°C, dehydrated by
passage through a series of ascending ethanol concen-
trations and embedded in Araldite 502 resin. Thin
sections were obtained using a Porter-Blum MT2-B
ultramicrotome (Sorvall, USA) equipped with a dia-
mond knife. The sections were floated on water satu-
rated with the crystal minerals to prevent crystal
dissolution. Subsequently, some sections were double-
stained with uranyl acetate and lead citrate, while
others were left unstained. Sections were examined
under a JEM 100CX transmission electron microscope
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(JEOL Ltd. Tokyo, Japan) at an accelerating volt-
age of 80 kV.

Biochemical analyses of carbonic anhydrase.
The immature enamel collected from the 8-week-old
rat incisors was also prepared for biochemical analy-
ses. After removal of adhering blood and surrounding
soft, tissue, the incisors were briefly rinsed with a cold
saline solution. Immature enamel tissues that were in
the early (matrix formation) and middle (transitional)
stages of development were scraped from the incisors
by using razor blades. They were directly homogen-
ized with electrophoretic sample buffer in order to
extract matrix proteins.!® The supernatant con-
taining the enamel matrix proteins was separated
by centrifugation at 12,000 g for 1 min, and protein
content was measured by the Bradford method.!”)
Equal amounts of protein (30 pg) from each sample
were subjected to electrophoresis. After electropho-
retic blotting on a nitrocellulose membrane (BA 85;
Schleicher & Schuell, Dassel, Germany), the mem-
brane was subjected to amido black staining, and im-
munological detection was performed on the mem-
brane in order to assess the effect of cadmium on
carbonic anhydrase. The electrophoretic blotting and
immunological detection of carbonic anhydrase on
the nitrocellulose membrane were performed by the
method of Towbin et al.!® Antibodies against car-
bonic anhydrase were prepared as described previ-
ously.!D Enzymatic activity was measured by a newly
developed method at a differential gas pressure.!®)
Each sample of immature enamel tissue was lyophi-
lized, pulverised and then suspended in distilled
water. A 0.1 ml aliquot of the suspension containing
1.0 mg enamel powder was tested for enzymatic
activity using a Warburg flask. One milliliter of
0.2 M phosphate buffer (pH 6.8) was introduced into
the main chamber, and 1.0 ml of substrate solution
of 0.1 M sodium hydrogen carbonate was introduced
into a side arm. To the experimental main chamber,
0.1 ml of tissue suspension was added. Alternatively,
the same volume of distilled water was added to
control reactions. Chambers were kept in crushed ice
for 5 min to stabilize their internal pressure of each
chamber. During this process, the valve was kept
open to equalize the internal and external pressure.
Subsequently, the solutions were mixed and shaken,
the valve was immediately closed, and the enzymatic
activity was recorded and processed by a computer.
The gas pressures (Pa) generated by carbonic anhy-
drase activity over time were recorded every 30 s for
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Fig. 1.
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Electron micrographs of the processes of crystal development in normal enamel. (a) Ribbon-shaped structures and the

Tomes’ processes (Tp) of ameloblasts at the secretory stage. Cross- (C) and longitudinal sections (L) of early ribbon-shaped
structures. (b) Higher magnification of cross-sections of early ribbon-shaped structures (double-stained sections). (¢) Longitu-
dinal sections of early ribbon-shaped structures. A ribbon-shaped structure consists of 2 thin organic layers and an electron-
lucent mineral zone (double-stained sections). (d) Higher magnification of cross-sections of early ribbon-shaped structures.
Precursor minerals without lattice lines are observed as electron-dense fuzzy images (unstained sections). (e) The appearance
of the initial lattice line (arrowheads) within the envelope (double-stained sections). (f) Developing longitudinal sections of
enamel crystals with central dark lines (arrows, unstained sections). (g) Developing cross-sections of enamel crystals with cen-
tral dark lines (arrows, unstained sections). Scale bars: (a) 1 pm, (b-d) 20 nm, (e-g)) 10 nm.

3 min, from a starting point of 0 Pa. Values are
expressed as the mean + standard deviation (S.D.)
of 4-6 experiments. Acetazolamide (2 x 10~ M con-
centration in 0.2 M phosphate buffer solution) was
used for the inhibitory test.

Results

We observed enamel crystal formation in both
control and cadmium-exposed rats. Figure 1 shows
the detailed processes of crystal formation during
enamel development under normal conditions. At the
early stage of crystal formation, numerous ribbon-
shaped structures, which make up each enamel rod,
are formed in close proximity to the Tomes’ processes
of ameloblasts (Fig. 1a). At higher magnification,
each ribbon-shaped structure consists of an inner
mineral zone enveloped by a thin layer of organic
substance, the so-called ‘“‘organic envelope” (Fig. 1b

and c). The crystal nucleation process is recognized
by the appearance of a first line in the mineral zone
(Fig. 1d). Additional lines appear parallel to this
line as crystal growth. Thus, the entire process from
nucleation to maturation takes place within the
organic envelope. The initial line is later referred
to as the central dark line in the crystal structure
(Fig. 1f and g).

Although the central dark lines are formed con-
tinuously under normal conditions, enamel crystals
obtained from the 8-week-old rats exposed to cad-
mium ions demonstrated seemingly sporadic inhibi-
tion of the crystal nucleation process, leaving the
crystal centers with void spaces along the c-axis in
comparison to those that developed under normal
conditions (Fig. 2a—c). Furthermore, micrographs
revealed that the experimental animals exposed to
cadmium for 12 weeks showed more severely damaged
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Fig. 2. Electron micrographs of crystals obtained from cadmium-exposed rat tooth enamel. (a) Low magnification of enamel
crystals affected by the cadmium exposure for 5 weeks. (b and ¢) Higher magnification of enamel crystals. The crystal nuclea-
tion process seems to be sporadically inhibited. (d and e) Enamel crystals affected by the cadmium exposure for 12 weeks. (d)
Perforated crystals at low magnification. (e) Cross-section of perforated and intact crystals at higher magnification. The per-
forated crystals reveal voids at their centers, while the intact crystals show central dark lines (arrowheads). Scale bars: (a and
d) 100 nm, (b, ¢ and e) 10 nm. (a-e) Unstained sections.
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Fig. 3. Electrophoretic patterns and immunoblotting analy-
sis of the immature enamel matrix proteins obtained from
control, cadmium-exposed and fluoride-exposed rats. (a) Elec-
trophoretic patterns obtained from each sample. (b) West-
ern blot analysis of the immature enamel matrix proteins.
Unlike fluoride exposure, cadmium exposure does not affect
the synthesis of carbonic anhydrase. LM, low molecular
weight standards; C, 8-week-old controls; Cd, 8-week-old
cadmium-exposed rats; F, 8-week-old fluoride-exposed rats.

crystals with perforations as they approached the
maturation stage (Fig. 2d and e). Higher magnifica-
tion micrographs clearly showed voids or electron-
lucent features in the center of these aberrant crys-
tals, indicating that the structure of these perforated
crystals failed to form central dark lines. In contrast,
intact crystals with a normal structure clearly showed
central dark lines (Fig. 2e).

Next, we conducted biochemical analyses of
carbonic anhydrase in matrix proteins from imma-
ture enamel. Figure 3 shows the electrophoretic pat-
terns of enamel-matrix protein obtained from each
group. The intensity of amido black staining revealed
no significant differences in either the synthesis or
quantity of enamel-matrix proteins across group
(Fig. 3a). Furthermore, immunoblotting using anti-
carbonic anhydrase antibodies showed an apparently
stronger positive reaction at the 31-kD band in both
control and cadmium-exposed rats in comparison to
fluoride-exposed rats, as shown in Fig. 3b. However,
the differential gas pressure method used to measure
the activity of carbonic anhydrase demonstrated that
the catalytic activity of the enzyme in the cadmium
and fluoride-exposed rats had declined to approxi-
mately 30% and 55%, respectively, of that of the con-
trol rats (Fig. 4). Enzymatic activity was also found
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Fig. 4. Carbonic anhydrase activity in immature enamel tis-
sues obtained from each group. Exposure to cadmium or
fluoride significantly reduced enzymatic activity. C, 8-week-

old controls; Cd, 8-week-old cadmium-exposed rats; F, 8-
week-old fluoride-exposed rats. Error bars indicate S.D.

C

to be inhibited by the presence of acetazolamide at
a concentration of 2 x 10 M in 0.2 M phosphate
buffer (data not shown).

Discussion

We have demonstrated for the first time that
cadmium exposure can cause crystal defects such as
perforations in developing tooth enamel, indicating
that the crystal nucleation process is inhibited by
cadmium exposure (Fig. 2). This phenomenon can
be explained by the mechanism outlined in Fig. 5.
Cadmium exposure lowers the activity of carbonic
anhydrase, results in an insufficient supply of carbo-
nate ions. Carbonate ions promote crystal nucleation
by binding to magnesium ions, which are thought
to inhibit the mineralization process.!3-20-21) Raman
microprobe analysis revealed that the Mg—CO3 com-
pound, i.e. huntite CaMgs(CO3),, first developed
prior to the crystal development.??’ Mg ions remain
at the center of crystal area if a supply of carbonate
ions is insufficient. However, the peripheral areas
could escape from the influence of Mg ions. At the
peripheral areas, therefore, the crystal can grow con-
tinuously from the already formed crystal surface as
shown in Fig. 5. This mechanism may also be respon-
sible for increases in amorphous minerals in bone.!>
Therefore, carbonic anhydrase is a critical factor in
the initial stage of mineralization in several calcified
hard tissues. Furthermore, the present study demon-
strated that longer exposure to cadmium increases the
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Fig. 5. Schematics of the process of crystal defect formation
in developing enamel. (a) Ameloblast Tomes’ process (Tp)
and ribbon-shaped structures (long parallel lines). (b) One
of the enlarged ribbon-shaped structures under normal
conditions. After the formation of the central dark line, the
growth of crystal occurs within an organic envelope. (c)
Crystallization continues to occur at the peripheral area,
which is not affected by Mg ions, despite the failure of the
central dark line to form due to the lack of carbonate ions.
CDL: Central dark line. Broken lines indicate the organic
envelope. CA-Zn: Carbonic anhydrase-Zn. CA-Cd: Carbonic
anhydrase-Cd.

risk of crystal damage, suggesting that the strength
of bone might deteriorate after extended cadmium
exposure.

Although carbonic anhydrase is a well-known
zinc metallo-enzyme, we speculated that cadmium
exposure might cause it to bind with cadmium in-
stead of zinc. Cadmium has been reported to cause a
remarkable decline in carbonic anhydrase activity
when it is used to replace zinc.2¥-29 Furthermore,
this phenomenon may help to explain why the bones
of cadmium-treated rats demonstrate a decrease in
zinc concentration in addition to an increase in cad-
mium concentration.?-25-26) The biological action of
cadmium binding to carbonic anhydrase may be re-
sponsible for the reduction in its catalytic activity,
resulting in a low supply of carbonate ions to initiate
the crystal nucleation process in calcified hard tis-
sues. Cadmium also has an inhibitory effect on the
formation of collagen cross-links, indicating that it
may also induce further deterioration in the mechan-
ical strength of the bone.2”

Recently, the incidence of osteoporosis has been
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rapidly increasing worldwide.2®) There are many risk
factors for osteoporosis ranging from environmental
chemical substances to hormonal effects.2®-3% Expo-
sure to cadmium and fluoride ions is one of the envi-
ronmental risk factors associated with osteoporo-
sis.3D-3%) Our biological results suggest that fluoride
ions inhibit the synthesis of carbonic anhydrase,
whereas cadmium ions reduce its activity. In general,
osteoporosis is believed to be caused primarily by ex-
cessive skeletal demineralization. Therefore, the pro-
cess of skeletal demineralization by osteoclasts has
been studied in depth, but thus far, but little atten-
tion has been paid to the impairment of mineraliza-
tion. According to Yoshiki et al.,! there is no increase
in the number of osteoclasts responsible for bone re-
sorption in cadmium-induced osteoporosis. From the
present results together with their findings, we con-
clude that impaired mineralization may be one of
the causal factors of osteoporosis. Unwanted chemi-
cal substances such as cadmium and fluoride ions
are believed to accumulate unknowingly in the body
over a long period through smoking, food (in cad-
mium-polluted regions), and fluoride-containing prod-
ucts, and eventually, mineralization impairment can
lead to increased bone fragility and fractures and con-
tribute to osteomalacia and osteoporosis.

Our findings could shed light on the mechanism
underlying bone disease caused by unwanted chemi-
cals. Hopefully, our model for crystal defect forma-
tion can contribute to the study and treatment of
osteoporosis caused by other risk factors and provide
direction for future research.
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