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Effects of applying amoxicillin in juvenile mice on enamel
mineralization and the expression of kallikrein-related
peptidase 4 and tight junction proteins in ameloblasts
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Abstract. Amoxicillin is a common pediatric drug. However,
to the best of our knowledge, the role of amoxicillin in enamel
hypomineralization has not yet been fully elucidated. The aim
of the present study was to assess the effects of amoxicillin on
enamel mineralization, the morphology of ameloblasts, as well
as the expression of kallikrein-related peptidase 4 (KLK4),
and the tight junction proteins, claudin 1 (CLDNI), claudin 4
(CLDN4) and occludin (OCLN), in ameloblasts of juvenile
mice. A total of 36 3-day-old Kunming mice were randomly
divided into three groups. The mice were administered 0, 50
or 100 mg/kg amoxicillin by intragastric administration for
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19 days. The surface morphology and calcium (Ca), phospho-
rous (P) and carbon contents of mandibular incisors and first
molars were examined by scanning electron microscopy and
energy dispersive X-ray spectroscopy. Histological changes
in the ameloblasts of mandibular incisors were analyzed by
hematoxylin and eosin staining. The KLK4, CLDN1, CLDN4
and OCLN expression levels of ameloblasts were observed by
immunohistochemical staining. The incidence of white patches
in the incisor was 100% in the 100 mg/kg amoxicillin-treated
groups. A greater number of enamel defects were observed
in the incisal/occlusal half of mandibular incisors/molars
compared with in the cervical half in the amoxicillin-treated
groups. Following phosphoric-acid treatment, the enamel
rod and interrod were aligned in a disorderly manner in
the amoxicillin-treated groups. Amoxicillin decreased the
Ca/P ratio in the enamel of mandibular incisors and molars.
More intercellular spaces among maturation ameloblasts
were observed in the amoxicillin-treated groups. Amoxicillin
decreased KLK4 and CLDN1, CLDN4 and OCLN expression
in mature ameloblasts. The administration of amoxicillin in
juvenile mice induced enamel hypomineralization, and the
effects of amoxicillin on enamel hypomineralization may be
mediated via multiple pathways.

Introduction

Tooth enamel is a highly mineralized substance that acts as a
barrier to protect teeth (1). Ameloblasts, which are epithelial
cells, are responsible for amelogenesis (1). Secretory amelo-
blasts secrete matrix proteins to organize the entire enamel
thickness with approximately 30-35% of the final mineral
content (2). During the maturation stage of amelogenesis,
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kallikrein-related peptidase 4 (KLK4) is secreted to degrade
enamel proteins. Proteins and water are removed and specific
ions required for the concurrent accretion of mineral are
deposited in the enamel until the mineral content is >95% in
fully formed enamel (3,4).

Ameloblasts are attached to each other at their lateral
membranes by a complex of intercellular junctions during
amelogenesis (5). The most apical complex of the intercellular
junctions is tight junctions (TJs) (5). TJs generate the perme-
ability barrier among neighboring cells and control the flux of
ions and non-electrolytes through the paracellular space (5-8).
In addition, TJs can also act as a ‘fence’ and permit cells to
act in a polarized manner, which is crucial for morphogenesis,
protein-membrane trafficking and transportation (5-8). The
TJs of ameloblasts ensure a suitable microenvironment for
enamel deposition and maturation by determining the para-
cellular permeability and selectivity of solutes (5,9). Claudins
(CLDNs) and occludin (OCLN) are integral membrane
proteins of TJ strands (9). CLDN1, CLDN4 and OCLN are
expressed in mature ameloblasts. These proteins may differ-
entially regulate paracellular permeability against the enamel
surface to perform their functions appropriately (9-13).

Amelogenesis is strictly controlled by genes. However, if
enamel organ cells are exposed to environmental stress for a
long period of time during critical periods of amelogenesis,
enamel defects may occur, such as amelogenesis imperfecta,
dental fluorosis, enamel hypoplasia and molar incisor hypo-
mineralization (MIH) (14-16). Enamel hypomineralization
poses an increased risk for toothaches, caries and concerns
about appearance (17-19). Therefore, it is crucial to prevent
enamel hypomineralization.

The B-lactam antibiotic, amoxicillin, is widely prescribed
as a first-choice antibiotic for common infections in pediat-
rics and pedodontics, such as ear, nose and throat infections,
pneumonia and other infections (20). However, certain studies
have found that amoxicillin may affect enamel mineraliza-
tion (21-27). Epidemiological studies have demonstrated that
amoxicillin administration during pregnancy and/or early
childhood may be associated with MIH (21-23). Furthermore,
hypomineralization in enamel has been found in the offspring
of pregnant rats administered amoxicillin daily (24). In addi-
tion, amoxicillin can play a contributing role in the development
of tooth fluorosis (25). It has been reported that amoxicillin
administered to 20- to 24-month-old children increases the risk
of dental fluorosis (26), and an in vitro study further suggested
that amoxicillin and fluoride exert a potentiation effect on the
developing enamel of mouse molars (27). However, the patho-
logical mechanisms underlying the effects of amoxicillin on
enamel hypomineralization have not yet been fully elucidated.
Furthermore, to the best of our knowledge, no in vivo studies
using laboratory juvenile animals exposed to amoxicillin,
which is similar to amoxicillin used in early childhood, have
been performed to date. Therefore, the aim of the present
study was to assess the effects in juvenile mice produced by
amoxicillin administration on enamel mineralization, the
morphology of ameloblasts and the expression of KLK4 and
TJ proteins, including CLDN1, CLDN4 and OCLN. The find-
ings of the present study may promote the understanding of
the role of amoxicillin in enamel hypomineralization and the
pathological mechanisms of enamel hypomineralization.
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Materials and methods

Animals. A total of 6 female Kunming mice on gestation
day 18 with a body weight of 40+3 g were purchased from the
Experimental Animal Center of Xi'an Jiaotong University. The
research was conducted in accordance with the Declaration of
Helsinki and with the Guide for Care and Use of Laboratory
Animals as adopted and promulgated by the United National
Institutes of Health. All experimental protocols were approved
by the Ethics Committee for the Use of Human or Animal
Subjects of Xi'an Jiaotong University. Mice were kept in cages
at room temperature and were provided ad libitum access
to food and water. The temperature of the environment was
maintained at 25+3°C, with the relative humidity maintained
at 40-60%. Artificial lighting was provided for 12 h each day.
The water, food and padding were changed every 24 h.

After birth, the mouse offspring were raised with their
mothers until they were weaned. A total of 6 mice from each
mother, resulting in a total of 36 offspring mice, were randomly
selected and divided into the 0, 50 and 100 mg/kg amoxicillin
treatment groups. Each group included 12 offspring mice,
which were labeled on their back. Since day 3 after birth,
the offspring mice in the control group were intragastrically
administered saline at 8 a.m. and 8 p.m, and offspring in the
experimental groups were also intragastrically administered
amoxicillin at 50 or 100 mg/kg twice a day, at 8 a.m. and
8 p.m. Saline and amoxicillin treatment were administered
for 19 days. The mother mice were fed a regular diet. The
offspring mice were weighed daily and were weaned on day 21
after birth. On postnatal day 25, all of the offspring mice were
anesthetized by an intraperitoneal injection of 10% chloral
hydrate at a dose of 400 mg chloral hydrate per kg of animal
body weight (28). No sign of peritonitis was observed following
the intraperitoneal injection. The incisors of the mice were
photographed with a digital camera (Canon; EOS M5) under
natural light. The offspring were then sacrificed by cervical
dislocation for the following experiment. On the same day the
mother mice were administered an intraperitoneal injection
of 10% chloral hydrate at a dose of 400 mg chloral hydrate
per kg of animal body weight, and no signs of peritonitis were
observed after intraperitoneal injection. The mice were then
sacrificed by cervical dislocation and handled according to the
Ethics Committee for the Use of Human or Animal Subjects
of Xi'an Jiaotong University. Direct cardiac palpation was used
to confirm the death of mice.

Tissue preparation. Complete mandibles were harvested and
the surrounding tissues of the bone were gently removed. A
total of 12 right hemimandibles in each group were washed
with distilled water and fixed for 24 h in 5% glutaraldehyde
at room temperature prior to performing scanning electron
microscopy (SEM) and energy dispersive X-ray spectroscopy
(EDX) analysis. Subsequently, 6 of the 12 left hemimandibles
in each group, which were randomly selected, were immersed
in 1% phosphoric-acid for 60 sec, and were then washed with
distilled water three times. In order to perform histological and
immunohistochemistry analyses, the other 6 left hemimandi-
bles in each group were washed with 0.01% phosphate-buffered
saline (PBS) solution and were then fixed by immersion in 5%
paraformaldehyde in 0.1 M phosphate buffer (pH 7.3) for 48 h
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at room temperature. Hemimandibles were then decalcified
in 10% EDTA (pH 7.3) for 4 weeks at 4°C and embedded in
paraffin. Sagittal serial sections at a thickness of 5-10 ym were
prepared and mounted on polyline-coated glass slides.

SEM and EDX analyses. For both SEM and EDX analyses,
the incisal/occlusal half and cervical half of labial/facial
surface enamel of the mandibular incisors and the molars
were assessed, respectively. For the mandibular incisors
treated by 1% phosphoric-acid, the incisal half of distal
surface enamel of the mandibular incisors were assessed. The
outer enamel structure of each hemimandible was examined
by SEM (JXA-8100; JEOL, Ltd.) operating in low-vacuum
mode for secondary electron imaging. The JXA-8100 SEM
was equipped with an EDX system (INCA Energy; Oxford
Instruments) for qualitative and quantitative analyses and
elemental mapping. Each sample without phosphoric-acid
was randomly observed at three points in each half of enamel
(incisal/occlusal half and cervical half of labial/facial enamel).
Each sample with phosphoric-acid was randomly observed at
three points in each incisal half of labial enamel. A total of
6 micrographs of each sample without phosphoric-acid and
3 micrographs of each sample with phosphoric-acid were
obtained at each magnification. The images were compared
among the groups and representative images were selected.
The relative amounts of calcium (Ca), phosphorus (P) and
carbon (C) of samples without phosphoric-acid were assessed
as atom percentage (Atom%) by EDX analysis, and the
mean Atom% of Ca, P, C and Ca/P ratios of each group was
calculated.

Histological analysis. Deparaffinized sections were stained
using the haematoxylin and eosin staining technique. Briefly,
the slides were immersed in haematoxylin for 5 min and then
washed. Then the slides were stained with 1% eosin for 3 min
and washed in tap water. The slides were dehydrated in 95%
alcohol and 100% alcohol in turn. The slides were cleared
with xylene twice. Qualitative histology was performed on
the stained sections using a light microscope Leica DM 750
(Leica Microsystems GmbH) with an attached digital camera
Leica ICC50 HD (Leica Microsystems GmbH) at x200
magnification.

Immunohistochemistry. Immunohistochemical staining was
performed on arrayed tissue samples according to a previ-
ously described protocol (29). Briefly, dewaxed sections were
rinsed in PBS and subjected to antigen retrieval in 10 mM
citrate buffer (pH 6.0) for 20 min at 95°C in a microwave
oven. Subsequently, endogenous peroxidase was blocked
with 3% H,O, for 10 min, and the sections were then washed
with PBS three times. Non-specific staining was blocked for
30 min at 37°C with rabbit serum (cat. no. ab7487; Abcam)
in a wet box, followed by overnight incubation at 4°C with
rabbit anti-KLK4 (1:100; cat. no. Ab197657; Abcam), CLDN1
(1:100; cat. no. 13050-1-AP; Proteintech Group, Inc.), CLDN4
(1:200; cat. no. 16195-1-AP; Proteintech Group, Inc.) and
OCLN (1:100; cat. no. 13409-1-AP; Proteintech Group, Inc.)
antibodies, and non-immune IgG (1:200; cat. no. ab37415;
Abcam) served as a negative control. Following incuba-
tion with primary antibodies, the slides were washed in
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PBS three times and antibody binding was visualized using
the Vectastain ABC Elite kit (cat. no. PK-6100; Vector
Laboratories, Inc). The slides were then washed with PBS
solution. This was followed by incubation with biotinylated
anti-goat IgG (1:200; cat. no. PK-6100; Vector Laboratories,
Inc.) for 15 min at 37°C. The reaction was amplified with
Ultra-Steptavidin conjugated to horseradish peroxidase (1:50;
cat. no. PK-6100; Vector Laboratories, Inc.) and visualized
with diaminobenzidine. Slides were counterstained with
hematoxylin for 3 min at room temperature prior to micro-
scopic analysis. Immunohistochemical images were acquired
using a Leica DM 750 microscope (Leica Microsystems
GmbH) with an attached digital camera Leica ICC50 HD
(Leica Microsystems GmbH) a x200 magnification.

Quantification of staining. Following immunohistochemistry
staining, quantitative immunostaining was assessed as previ-
ously described (30). The positive immunostaining expression
of KLK4, CLDNI1, CLDN4 and OCLN in mature amelo-
blasts of mandibular incisors was subjected to microscopic
analysis. The intensity of the staining signal was measured
and documented using Image-Pro Plus 6.0 image analysis
software (Media Cybernetics, Inc.). The intensity of staining
was expressed as the mean signal density of tissue areas from
six randomly selected visions. The mean signal densities
were made relative to the mean signal density of the 0 mg/kg
amoxicillin-treated group.

Statistical analysis. All assays were conducted with three
independent experiments by SPSS 17.0 software (SPSS, Inc.).
Data are expressed as the mean + standard deviation. One-way
analysis of variance followed by Tukey's method was used to
compare differences between groups. P<0.05 was considered
to indicate a statistically significant difference.

Results

Amoxicillin has no effect on body weight and induces
chalk/white patches on the incisor enamel of juvenile mice.
There was no significant difference in the body weight of the
juvenile mice between the control and amoxicillin-exposed
groups from the 3rd day to the 25th day (P>0.05; Fig. 1A).
However, the color and translucency of incisor enamel was
altered following amoxicillin exposure (Fig. 1B). In the control
group, the enamel of maxillary and mandibular incisors was
orange in color, and smooth and translucent (Fig. 1B). However,
chalk/white patches in the incisor enamel, particularly the
incisal half, were observed in the amoxicillin-exposed groups
(Fig. 1B). Furthermore, 8.3, 58 and 100% of mice exhibited
enamel chalk/white patches in the 0, 50 and 100 mg/kg
amoxicillin-exposed groups, respectively.

Amoxicillin induces enamel hypomineralization of incisors
and molars of juvenile mice. The SEM observations revealed
that the enamel surface of the incisors (Fig. 2A and D) and
molars (Fig. 3A and D) was smooth and homogeneous with a
few visible cracks in the control group. However, the incisal
half of the mandibular incisors exhibited a rough, irregular and
scratched enamel pattern in the 50 mg/kg amoxicillin-exposed
group (Fig. 2B). Deeper scratched enamel defects and foam-like
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Figure 1. Effects of amoxicillin on body weight and morphology of the incisors in young mice. (A) Weight changes, data are presented as mean + standard
deviation. (B) Representative photographs of the mice incisors in the 0, 50 and 100 mg/kg/day amoxicillin-exposed groups, respectively. Arrows indicate

chalk/white patches in the enamel of the maxillary and mandibular incisors.

enamel with obvious holes were observed in the 100 mg/kg
amoxicillin-exposed group. The length of enamel defect could
be extended to several microns (Fig. 2C). However, there
were no obvious enamel defects in the cervical half enamel
of the mandibular incisors in the 50 (Fig. 2E) and 100 mg/kg
(Fig. 2F) amoxicillin-exposed groups. Scratched enamel with
a different depth was also often observed in the occlusal half
of molars enamel in the 50 (Fig. 3B) and 100 mg/kg (Fig. 3C)
amoxicillin-exposed groups; however, the enamel defects
were not as severe as those in the incisal half enamel of the
mandibular incisors. Similar to the mandibular incisors,
enamel defects in the cervical half of the mandibular molars
were not obvious in the 50 (Fig. 3E) and 100 mg/kg (Fig. 3F)
amoxicillin-exposed groups.

Following phosphoric acid etching, the rods and interrod
enamel were alternately arranged. The enamel rod was
composed of hydroxyapatite crystals whose long axis runs
mostly in the general direction of the longitudinal axis of the
rod. The interrod surrounds each enamel rod, and its crystals
are oriented in a direction different from those making up the
rod. The packing of the crystals was tight and well organized
in the control group (Fig. 4A). The borders between the enamel

rods and inter-rods were indistinct and were hardly visible in
some sites, where the packing of the crystals was less tight and
less well organized in the 50 (Fig. 4B) and 100 (Fig. 4C) mg/kg
amoxicillin-exposed groups.

EDX analysis revealed that, except for the 50 mg/kg
amoxicillin-exposed group, amoxicillin significantly reduced
the mean values of Ca, P and the Ca/P ratio of the incisal half
(Fig. 5A and B) and cervical half (Fig. 5C and D) of mandib-
ular incisor enamel (P<0.05), while the mean values of C were
not evidently altered by amoxicillin (P>0.05). No significant
differences were found for the changes in Ca, P and C in the
occlusal half (Fig. 5E and F) and cervical half (Fig. 5G and H)
of the mandibular first molar enamel between the groups;
whereas amoxicillin significantly decreased the Ca/P ratio
in the occlusal half (P<0.01; Fig. 5F) and in the cervical half
(P<0.05; Fig. 5H) enamel of mandibular first molar compared
with the control group.

Amoxicillin induces space alterations among mature amelo-
blasts and cyst-like lesions in the incisors of the juvenile mice.
Compared with the 0 mg/kg (Fig. 6A) amoxicillin-exposed
group, intercellular spaces among secretory ameloblasts
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Figure 2. Effects of amoxicillin on the enamel surface of the mandibular incisors. Representative scanning electron microscopy micrographs of the enamel
surface of the incisors. (A) The micrographs of the enamel surface of the incisors incisal half in the 0 mg/kg/day amoxicillin-exposed group. (B) The
micrographs of the enamel surface of the incisors incisal half in the 50 mg/kg/day amoxicillin-exposed group. (C) The micrographs of the enamel surface
of the incisors incisal half in the 100 mg/kg/day amoxicillin-exposed group. (D) The micrographs of the enamel surface of the incisors cervical half in the
0 mg/kg/day amoxicillin-exposed group. (E) The micrographs of the enamel surface of the incisors cervical half in the 50 mg/kg/day amoxicillin-exposed
group. (F) The micrographs of the enamel surface of the incisors cervical half in the 100 mg/kg/day amoxicillin-exposed group. Scale bars, 20 ym (upper

images) and 2 ym (lower images).

appeared to be similar in the 50 (Fig. 6B) and 100 mg/kg
(Fig. 6C) amoxicillin-exposed groups. In the control group,
the mature ameloblasts were orderly arranged and obvious
gaps among the cells were occasionally observed (Fig. 6D).
However, larger intercellular spaces among mature ameloblasts
could be identified in the 50 (Fig. 6E) and 100 mg/kg (Fig. 6F)
amoxicillin-treated groups. Furthermore, it was demonstrated
that some mature ameloblasts separated from the enamel and
formed vesicles in the amoxicillin-exposed groups (Fig. 6G).
In total, 8.3, 50 and 75% of mouse samples exhibited vesicles
in the 0, 50 and 100 mg/kg amoxicillin-exposed groups,
respectively.

Amoxicillin reduces the expression of KLK4, CLDNI,
CLDN4 and OCLN in mature ameloblasts of juvenile mice.
Immunohistochemical staining revealed that brown granules
were found in the cytoplasm of dental epithelial cells of the
maturation stage in the control group, particularly in mature
ameloblasts (Fig. 7A). However, immunohistochemical
staining of KLK4 in the 50 (Fig. 7B) and 100 mg/kg (Fig. 7C)
amoxicillin-exposed groups exhibited a pale yellow color,
which was lighter in color than that in the control group.
Weak staining for CLDNI (Fig. 7D) and OCLN (Fig. 7J) was
detected at the distal ends of mature ameloblasts in the control
group. The staining color of CLDNI1 in the 50 (Fig. 7E) and
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Figure 3. Effects of amoxicillin on the enamel surface of the mandibular molars. Representative scanning electron microscopy micrographs of the enamel
surface of the mandibular first molars. (A) The micrographs of the enamel surface of the first molars occlusal half in the 0 mg/kg/day amoxicillin-exposed
group. (B) The micrographs of the enamel surface of the first molars occlusal half in the 50 mg/kg/day amoxicillin-exposed group. (C) The micrographs of
the enamel surface of the first molars occlusal half in the 100 mg/kg/day amoxicillin-exposed group. (D) The micrographs of the enamel surface of the first
molars cervical half in 0 mg/kg/day amoxicillin-exposed group. (E) The micrographs of the enamel surface of the first molars cervical half in the 50 mg/kg/day
amoxicillin-exposed group. (F) The micrographs of the enamel surface of the first molars cervical half in the 100 mg/kg/day amoxicillin-exposed group. Scale

bars, 20 ym (upper images) and 2 ym (lower images).

100 mg/kg (Fig. 7F) amoxicillin-treated group became a little
lighter. The staining color of OCLN in the 50 (Fig. 7K) and
100 mg/kg (Fig. 7L) amoxicillin-treated group appeared to be
a little lighter. CLDN4 was detected at both ends of mature
ameloblasts and other dental epithelial cells in the control
group (Fig. 7G). The positive staining for CLDN4 in the dental
epithelial cells was evidently lesser in the 50 (Fig. 7H) and
100 mg/kg (Fig. 71) amoxicillin-exposed groups as compared
with the control group (Fig. 7G).

The quantification of staining revealed that the mean densi-
ties of KLK4-, CLDN1-, CLDN4- and OCLN-positive staining
in mature ameloblasts in the 50 and 100 mg/kg groups were

lower than that in the 0 mg/kg group, and the differences were
statistically significant (P<0.05; Fig. 7M).

Discussion

Enamel hypomineralization is a qualitative developmental
defect of enamel (14-16) and to the best of our knowledge, its
etiology has not yet been fully determined. Amoxicillin used
in early childhood may be associated with children's MIH,
which is one type of enamel hypomineralization (21-23).
Furthermore, amoxicillin use by children may increase the
risk of dental fluorosis (25). In the present study, it was found
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Figure 4. Effects of amoxicillin on the distal enamel surface of the lower incisors after 1% phosphoric-acid treatment. Representative scanning electron
microscopy micrographs of the distal enamel surface of the lower incisors. (A) The micrographs of the distal enamel surface of the incisors incisal half in
0 mg/kg/day amoxicillin-exposed group. (B) The micrographs of the distal enamel surface of the incisors incisal half in 50 mg/kg/day amoxicillin-exposed
group. (C) The micrographs of the distal enamel surface of the incisors incisal half in 100 mg/kg/day amoxicillin-exposed group. Scale bars, 20 ym (upper

images) and 2 ym (lower images).

that continuous amoxicillin administration (from postnatal
days 3 to 21) led to enamel hypomineralization in juvenile
mice. Furthermore, it was found that amoxicillin reduced the
expression of KLK4, CLDNI1, CLDN4 and OCLN in mature
ameloblasts.

The first mandibular molars of 3-day-old Kunming mice
begin to secrete enamel matrix proteins and they erupt approx-
imately on postnatal day 20 (31). During postnatal days 3 to 21,
the first mandibular molars of Kunming mice experience both
secretory and maturation periods of amelogenesis. Therefore,
the young mice were exposed to amoxicillin from postnatal
days 3 to 21 to intervene with the whole mineralization period
of the first mandibular enamel.

The dosage of amoxicillin prescribed for children is
=25 mg/kg (32,33). According to the guideline of drug conver-
sion from humans to mice provided by the USA Food and Drug
Administration, the dose of 25 mg/kg in humans is ~310 mg/kg
in mice (34). However, some studies have demonstrated that
pregnant rats and adult mice exposed to 50 and 100 mg/kg
amoxicillin exhibit enamel defects (24,35), which indicates
that the enamel is quite sensitive to amoxicillin. Furthermore,
in the present study, 3-day-old mice were exposed to amoxi-
cillin; thus, the lower doses of 50 and 100 mg/kg amoxicillin
were selected. In addition, 50 and 100 mg/kg amoxicillin did
not affect the body weight of young mice, which suggested that
50 and 100 mg/kg amoxicillin per day may be relatively safe
for the metabolism of the young body.

In the present study, the enamel chalk/white patches
induced by amoxicillin were similar to the clinical manifesta-
tion of enamel hypomineralization (19). It has been reported
that enamel chalk/white patches appear in the enamel of
mandibular incisors of adult mice exposed to amoxicillin
for 60 days, while no enamel patches are found in the

maxillary incisors (35). However, in the present study, the
enamel chalk/white patches were also observed in the enamel
of maxillary incisors. Adult mice were used in the previous
study, while the present study used juvenile mice whose drug
metabolism was weaker than that of adult mice. Properties of
light reflection and the transmission of enamel are dependent
on its texture, the orientation of enamel rods and histological
characteristics (36,37). Therefore, chalk/white patches and a
less translucent appearance in the enamel surface suggested
that surface smoothness and/or histological characteristics of
the enamel may be affected by amoxicillin. Furthermore, some
enamel defects in the enamel surface were found by SEM,
which confirms the aforementioned finding. During chewing
of mice, the dentin of maxillary incisor contacts the enamel of
mandibular incisors due to enamel formed only on the labial
surface of the mice incisors (38). Therefore, the enamel of
maxillary incisors bear less friction than that of mandibular
incisors. That may be the reason why the enamel white patches
in maxillary incisors appeared less severe than those in the
mandibular incisors, even if they were similarly affected by
amoxcillin.

In the present study, amoxicillin reduced the ratio of Ca/P
in the mandibular incisors and first molars, which suggested
that amoxicillin indeed caused enamel hypomineralization,
even where there was no obvious enamel chalk/white patches.
However, of note, the SEM observations revealed more enamel
defects in the incisal/occlusal half of the enamel surface in
the amoxicillin-exposed groups, which was a confirmation of
the change in enamel of adult mice in a previous study (35).
This may be caused by the bite and frictional force during
chewing. The buccal cusps of mandibular first molars occluded
with opposing central fossa areas of maxillary first molars;
Approximately incisal one third of labial surface of the
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Figure 5. Effects of amoxicillin on enamel Ca, P and C levels and the Ca/P ratio of the mandibular incisors and molars, as analyzed by X-ray spectroscopy
analysis. Data are presented as mean + standard deviation. (A) Ca, P and C atom% of the enamel surface of the incisors incisal half. (B) The Ca/P ratio of
the enamel surface of the incisors incisal half. (C) Ca, P and C atom% of the enamel surface of the incisors cervical half. (D) The Ca/P ratio of the enamel
surface of the incisors cervical half. (E) Ca, P and C atom% of the enamel surface of the first molars occlusal half. (F) The Ca/P ratio of the enamel surface of
the occlusal half. (G) Ca, P and C atom% of the enamel surface of the first molars cervical half. (H) The Ca/P ratio of the enamel surface of the cervical half.
"P<0.05, “P<0.01 vs. 0 mg/kg amoxicillin-exposed group. Ca, calcium; P, phosphorous; C, carbon; Atom%, atom percentage.

mandibular incisors is covered by the maxillary incisors (39).  cervical half of enamel (40). This may cause greater enamel
Therefore, during chewing, the incisal/occlusal half of the defects in the incisal/occlusal half of the enamel surface than in
enamel buccal/labial surface bears a greater friction than the  the cervical half of the enamel. Furthermore, when the enamel
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Figure 6. Effects of amoxicillin on the morphology of the secretory and mature ameloblasts, as analyzed by haematoxylin and eosin staining. (A) The morphology of
the secretory ameloblasts in the 0 mg/kg/day amoxicillin-exposed group. (B) The morphology of the secretory ameloblasts in the 50 mg/kg/day amoxicillin-exposed
group. (C) The morphology of the secretory ameloblasts in the 100 mg/kg/day amoxicillin-exposed group. (D) The morphology of the mature ameloblasts in the
0 mg/kg/day amoxicillin-exposed group. (E) The morphology of the mature ameloblasts in the 50 mg/kg/day amoxicillin-exposed group. (F) The morphology of
the mature ameloblasts in the 100 mg/kg/day amoxicillin-exposed group. (G) Some mature ameloblasts separated from the enamel in the 100 mg/kg/day amoxi-
cillin-exposed group. There were larger intercellular spaces (black arrow) between mature ameloblasts in the 50 and 100 mg/kg/day amoxicillin-exposed groups.
Asterisk indicates cyst-like lesions between the mature ameloblasts and the enamel. SA, serectory ameloblasts; MA, mature ameloblasts. Scale bars, 50 m.

is hypomineralized, the mechanical properties of the enamel,
such as pressure and friction resistance, are decreased (41-43).
Therefore, enamel defects were more obvious in the amoxi-
cillin-exposed groups than in the control group. The enamel
defects in the occlusal half of the molars tended to not be as
severe as those in the incisal half of the mandibular incisor
enamel. This may result from the shorter masticating experi-
ence of the mandibular first molar. The first molars of mice
often erupt on postnatal day 20 (31). When samples of the mice
were collected on postnatal day 25, the mandibular first molars
experience mastication for only 5 days, which is shorter than
the mandibular incisors.

The rods and interrod enamel are the fundamental organi-
zational units of mammalian fully maturation enamel (44-45).
In the present study, following phosphoric acid etching, the
featureless and amorphous appearance of enamel induced
by amoxicillin was similar to a SEM study of human enamel
opacities (43). The different acid response of enamel between
the control and experiment groups suggested that the histo-
logical characteristics and mineralization of enamel may be
affected by amoxicillin.

It has been reported that amoxicillin interferes with the
initial stages of amelogenesis by causing structural changes
in ameloblasts (46). However, in the present study, no obvious
changes in secretory ameloblasts were found among the
groups. Some changes in secretory ameloblasts may have
been induced by amoxicillin; however, they were not detected

due to the limitation of the examination method used in the
present study. The widening intercellular spaces between
mature ameloblasts were observed in the amoxicillin-exposed
groups, which suggested that amoxicillin affects the connec-
tion between mature ameloblasts. Several studies have
demonstrated that enamel hypomineralization can be exacer-
bated by certain potentiating factors, such as amoxicillin and
fluoride, bisphenol A and fluoride (16,25,27). In the present
study, similar to the changes induced by an overdose of fluo-
ride (29,47), amoxicillin induced more cyst-like lesions and a
decrease in the level of KLK4 in mature ameloblasts, which
indicated that amoxicillin may exacerbate dental fluorosis by
forming cyst-like lesions and decreasing KLK4 expression.
TJs are widely distributed at the top of all epithelial and
endothelial cells (48). Several studies have found that the
TJ proteins, CLDN1, CLDN4 and OCLN, are expressed in
mature ameloblasts. These proteins may regulate paracel-
lular permeability to create a microenvironment suitable for
enamel maturation (9-13). In the present study, amoxicillin
reduced CLDN1, CLDN4 and OCLN expression in mature
ameloblasts, which indicated that amoxicillin may influence
TJs in cells during enamel maturation, thereby defecting the
paracellular permeability and microenvironment for enamel
mineralization. This may also be associated with the widening
intercellular spaces and cyst-like lesions in mature ameloblasts;
however, this warrants further investigations. In addition, the
decreased KLK4 protein expression induced by amoxicillin
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Figure 7. Effects of amoxicillin on the expression of KLK4, CLDN1, CLDN4 and OCLN in mature ameloblasts of the incisors, as analyzed by immunohisto-
chemical staining. The expression of KLK4 in (A) 0, (B) 50 and (C) 100 mg/kg/day amoxicillin-exposed groups. The expression of CLDN1 in (D) 0, (E) 50 and
(F) 100 mg/kg/day amoxicillin-exposed groups. The expression of CLDN4 in (G) 0, (H) 50 and (I) 100 mg/kg/day amoxicillin-exposed groups. The expression
of OLCN in (J) 0, (K) 50 and (L) 100 mg/kg/day amoxicillin-exposed groups. Scale bars, 50 ym. (M) The quantification of immunohistochemical staining of
KLK4, CLDN1, CLDN4 and OLCN in mature ameloblasts in the 0, 50, 100 mg/kg/day amoxicillin-exposed groups. ‘P<0.03, “'P<0.01, “"P<0.001 vs. 0 mg/kg
amoxicillin-exposed group. KLK4, kallikrein-related peptidase 4; CLDN, claudin; OCLN, occludin.



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 46: 179-190, 2020

indicated that the effect of amoxicillin on enamel mineraliza-
tion may be diverse; however, the key mechanism leading to
enamel hypomineralization requires further investigation.

In conclusion, the present study demonstrated that amoxi-
cillin led to enamel hypomineralization in young Kunming
mice, and the effect of amoxicillin on hypomineralization
may involve multiple pathways. Due to various factors capable
of influencing the response in vivo, the results of the present
study warrant further investigation in vitro.
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