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BACKGROUND: Markers of exposure to environmental toxicants are urgently needed. Tooth enamel, with its unique properties, is able to record certain
environmental conditions during its formation. Enamel formation and quality are dependent on hormonal regulation and environmental conditions,
including exposure to endocrine disrupting chemicals (EDCs). Among EDCs, phthalates such as di-(2-ethylhexyl) phthalate (DEHP) raise concerns
about their contribution to various pathologies, including those of mineralized tissues.

OBJECTIVES: The effects of exposure to low-doses of DEHP on the continually growing incisors were analyzed in mouse males and females.

METHODS: Adult male and female C57BL/6J mice were exposed daily to 0.5, 5, and 50 pg/kg per day DEHP for 12 wk and their incisors clinically
examined. Incisors of males were further analyzed by scanning electron microscopy (SEM), micro X-ray computed tomography (micro-computed to-
mography; nCT), and nanoindentation for the enamel, histology and real-time quantitative polymerase chain reaction (RT-qPCR) for the dental
epithelium.

ResuLTs: Clinical macroscopic observations of incisors showed various dose-dependent dental lesions such as opacities, scratches, and enamel break-
down in 30.5% of males (10 of 34 total incisors across three independent experiments), and 15.6% of females (7 of 46 incisors) at the highest dose,
among which 18.1% (6 of 34 total incisors across three independent experiments) and 8.9% (4 of 46 incisors), respectively, had broken incisors. SEM
showed an altered enamel surface and ultrastructure in DEHP-exposed male mice. Further characterization of the enamel defects in males by pCT
showed a lower mineral density than controls, and nanoindentation showed a lower enamel hardness during all stages of enamel mineralization, with
more pronounced alterations in the external part of the enamel. A delay in enamel mineralization was shown by several approaches (uCT, histology,
and RT-qPCR).

Discussion: We conclude that DEHP disrupted enamel development in mice by directly acting on dental cells with higher prevalence and severity in
males than in females. The time window of DEHP effects on mouse tooth development led to typical alterations of structural, biochemical, and me-
chanical properties of enamel comparable to other EDCs, such as bisphenol A. The future characterization of dental defects in humans and animals due

to environmental toxicants might be helpful in proposing them as early markers of exposure to such molecules. https://doi.org/10.1289/EHP10208

Introduction

The environment is continually evolving, with considerable
changes in recent decades that have had an impact on human health
and well-being, as well as all living organisms.'~* Markers of ex-
posure to environmental toxicants are urgently needed and could
include tooth enamel.”® Enamel is the hardest biomineralized tis-
sue; it is composed of ~97% hydroxyapatite crystallites, forming
a typical prismatic structure.” Its unique properties allow the retro-
spective evaluation of environmental conditions, either by direct
detection of pollutants entrapped in the enamel mineral® or by indi-
rect characterization of enamel defects related to alterations in cell

Address correspondence to Sylvie Babajko, Centre de Recherche des
Cordeliers, Inserm UMRS 1138, 15 rue de I’Ecole de Médecine, Paris 75006
France. Telephone: 33 1 44 27 55 82. Email: sylviebabajko@gmail.com

Supplemental Material is available online (https://doi.org/10.1289/EHP10208).

A.T.B. is a recipient of funds from the French Ministry of Higher Education,
Research, and Innovation. The authors declare that they have no actual or
potential competing financial interests.

Received 26 August 2021; Revised 4 May 2022; Accepted 9 May 2022;
Published 22 June 2022.

Note to readers with disabilities: EHP strives to ensure that all journal
content is accessible to all readers. However, some figures and Supplemental
Material published in EHP articles may not conform to 508 standards due to
the complexity of the information being presented. If you need assistance
accessing journal content, please contact ehpsubmissions @niehs.nih.gov. Our
staff will work with you to assess and meet your accessibility needs within 3
working days.

Environmental Health Perspectives

067003-1

activity during enamel formation.® Enamel formation follows the
well-known spatial-temporal sequence of ameloblast proliferation,
differentiation, maturation, and death.”%*'° Briefly, after stem cell
commitment in the cervical loop, secretory-stage ameloblasts
secrete enamel matrix proteins (EMPs) that determine enamel
thickness, and maturation-stage ameloblasts secrete proteases, and
control pH and ion transports, allowing apatite crystal assembly
and complete enamel mineralization. Ameloblasts disappear dur-
ing tooth eruption. Thus, any disruption of ameloblast activity
leads to irreparable enamel defects that may be used for recording
ameloblast stressors.

The continually growing rodent incisor model allows the inves-
tigation on amelogenesis in adult animals, in contrast to humans, for
whom amelogenesis occurs during a fixed time-window, from the
fetal stage to 6-8 years of age.“ Amelogenesis is controlled by en-
dogenous transcription and growth factors.'? In addition, amelo-
blasts express many hormone receptors, including those for growth
hormone,]3 vitamin D,'* estrogens, and androgens,ls*17 as well as
for most steroids.'® These receptors and their ligands modulate the
expression of genes involved in enamel mineralization in humans'®
and rats.'” Amelogenesis may thus be irreversibly altered by agents
that interfere with these hormone pathways, such as endocrine dis-
rupting chemicals (EDCs) widely present in the environment.?
Exposure to EDCs is associated with many chronic pathologies for
which males and females may show different susce:ptibility.21’22
Exposure to EDCs, such as polychlorinated biphenyls,”* dioxin,**
and bisphenol A (BPA),” has already been associated with enamel
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hypomineralization. These factors, alone or in combination, may con-
tribute to or aggravate developmental defects of enamel (DDEs).?
Among EDCs, phthalates, in particular di-(2-ethylhexyl)phthalate
(DEHP), constitute an important family of active molecules present
in food containers, plasticizers, consumer goods, toys, cosmetics, and
medical devices.”” Newborns and children are sensitive to DEHP, as
suggested in a study of six premature infants on intravenous infusion
who showed higher levels of DEHP compared with the U.S. general
population.”® Despite regulations and bans, DEHP may still be pres-
ent in many medical devices and equipment in neonatal intensive
care units, as suggested by a study of 97 devices from two hospitals in
Belgium and the Netherlands,? which may lead to high DEHP con-
tamination of hospitalized children with a long length of stay.*%>"
The tolerated dose intake (TDI) accepted in Europe has been reduced
to 50 pg/kg per day,32 whereas the reference dose in the United
States is 20 pg/kg per day.33 Given the widespread presence of
DEHP, the potential contamination by DEHP of children (with
ongoing formation of teeth), and previous data on the effects of EDCs
on enamel, as well as those of DEHP on bone mineralization,34 we
explored the potential dental effects of DEHP in the continually grow-
ing incisor of adult mice chronically exposed to low-dose DEHP. In
this study, we aimed to characterize the impact of DEHP on enamel
structure using scanning electron microscopy (SEM), micro X-ray
computed tomography (micro-computed tomography; nCT) and
nanoindentation analyses, as well as on dental epithelial cells using
histology and real-time quantitative polymerase chain reaction (RT-
gPCR) analyses. Experimental data on mice could be useful in
improving our understanding of the effects of EDCs in humans, for
whom amelogenesis is a time-limited process.

Methods

Animals, Treatments, and Sample Collection

Studies were performed in accordance with the French and European
legal requirements (Decree2010/63/UE)* and were approved by the
Charles Darwin Ethical Committee (project no. 01490.02). All ani-
mals were treated humanely and with regard toward the alleviation of
suffering. These animals were part of a larger study on reproductive
behavior in males*® and females.’” Eight-week-old C57BL/6] male
and female mice (Janvier) were housed in nest-enriched polysulfone
cages, maintained at 22°C/50% relative humidity and under a 12:12 h
light-dark cycle, fed a standard diet (A03-10; Safe-diets), adhering to
the Animal Research: Reporting of In Vivo Experiments (ARRIVE)
guidelines, as previously described.***’” To mimic the major route of
exposure, DEHP (Sigma-Aldrich) was dissolved in ethanol and water
(1% and 40% of prepared food, respectively) and incorporated by the
experimenter into powdered food (A03-10; Safe-diets) that was then
reconstituted into pellets, as previously described.***” Mice were fed
ad libitum for 12 wk with chow containing the vehicle [control (C)
group] or DEHP such that the exposure was equivalent to a TDI dose
of 50 (D-50 group), 5 (D-5 group), or 0.5 pg/kg body weight (BW)
per day (D-0.5 group). Mice were weighed weekly, and DEHP doses
were adjusted to their BWs and calculated for a daily food intake of
5 g per animal. Reconstituted pellets were prepared every week im-
mediately after animal weighing, stored at 4°C, and changed twice a
week. All doses of exposure to DEHP were thus equivalent to or
lower than the TDI of 48 ng/kg BW per day established by the
European Food and Safety Agency” on the basis of the ability of this
molecule to reduce fetal testosterone production.

The data presented here were obtained with a total of 54
intact males and 66 females intact or ovariectomized and primed
with estradiol and progesterone to normalize hormonal levels.’
Female mice were ovariectomized under general anesthesia
(xylazine 10 mg/kg and ketamine 100 mg/kg). At the time of
ovariectomy, all females received 1-cm subcutaneous Silastic
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implants (3.18-mm outer diameter X 1.98-mm inner diameter;
Dow Corning) filled with 50 pg of estradiol benzoate (Sigma-
Aldrich) in 30 pL sesame oil and sealed at each end with Silastic
adhesive, as previously described.*®*” Each female was given a
subcutaneous injection of 1 mg/100 uL progesterone (Sigma-
Aldrich) dissolved in sesame oil 45 h before analyses. Animals
were divided into three independent series of experiments for
each sex, with at least five animals per group (Table S1). At the
end of the treatment, 20-wk-old animals were euthanized (after 12
wk of exposure), using pentobarbital injection (120 mg/kg) and im-
mediately processed for the collection of biological samples.
Hemimandibles were either fixed in 4% paraformaldehyde for
further structural analyses (same incisors were used for all the struc-
tural analyses) or freshy dissected. All incisors were independently
examined by two investigators. Incisors were micro-dissected from
hemimandibles under a binocular stereoscope (Leica MZFIII;
Mayers). Epithelium layers containing ameloblasts were collected
while carefully maintaining the incisors intact for structural analyses.

Scanning Electron Microscopy

The surface of the teeth was gently cleaned manually with a sheet
of Kleenex tissue and ultrasonicated (Branson 200; Sigma-
Aldrich) for 5 min to remove residual attached tissues. Images of
the surface microstructure were obtained using a Zeiss SUPRASS-
VP electron microscope. To maintain sample integrity, measure-
ments were conducted at low voltage (between 0.5 and 2 kV) with-
out the usual sample surface coating.>® Three regions of interest
(ROI) were distinguished, two from the erupted incisor (tip and
early erupted part) and one located under the first molar corre-
sponding to early-maturation stage enamel.

Micro X-Ray Computed Tomography

Incisors were imaged by nCT (Quantum FX Caliper, Life Sciences;
Perkin Elmer). The acquisition parameters were a 10 X 10 mm field
of view, 20—um voxel size, 90 kV, 160 pA, 360° rotation, and
3-min exposure time for the X-ray source. Then, 360° projections
were reconstructed using RigakuSW (Caliper) software into a
512 x 512 x 512-voxel matrix. Stacks of images were oriented for
choosing similar ROIs across samples, distinguishing secretory and
maturation stages based on anatomical landmarks,*® processed
using DataViewer software [Skyscan (release 1.5.2.4; Kontich)],
and finally analyzed using the CT-Analyser software [Skyscan
(release 1.13.5.1; Kontich)]. Image densities were scaled in
Hounsfield Units (HUs) during acquisition and converted to mineral
density (equivalence in milligrams of hydroxyapatite per cubic cen-
timeter) during postprocessing. Quantitative analysis focused on
three 500—pm-thick ROIs in early- and late-maturation stage
enamel (illustrated in the corresponding figures), determined using
the eruption point, the relative size of the pulp chamber, and the first
and second molar position as references. A threshold was applied to
separate enamel from other tissues and mineral density calculated
for each ROI. For the control groups, two incisors per set of experi-
ments were scanned (n=6). For the D-50 groups, more incisors
(n=12) were chosen randomly among both phenotypes, including
intact and light and severely affected teeth from three sets of experi-
ments because of the loss of certain ROIs. ROIs were independently
selected twice to calibrate the scanning data (ngoy =n X 2).

Nanoindentation

Nanoindentation was performed on frontal sections of mouse incisors
dehydrated in ethanol for 48 h at 4°C, as previously described.** A
minimum of three teeth per condition were embedded in epoxy resin
(Epofix AS; Struers). The first slice was cut along the axial plane at
the erupted point using a rotating diamond wheel (Isomet Diamond
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15 HC; Buehler) to analyze late mature enamel. Then, the block con-
taining the rest of the incisor was reoriented and cut along the sagit-
tal plane to localize and analyze early mature enamel. The surface
was polished using progressively finer polishing media (SiC papers
followed by diamond down to 1 um) and, finally, cleaned in a deion-
ized water ultrasonic bath (Branson 200; Sigma-Aldrich). The inden-
tation experiments were performed using a calibrated Berkovich
nanoindenter [XP; MTS System Corporation, with a continuous stiff-
ness module (CSM module)]. A minimum of 90 indent locations per
slice were defined for each sample. Indent spacing was set to 15 um
and the indentation depth set to 1 um. Elastic moduli and hardness
were obtained by averaging the values from the CSM module,
between a minimal (600 nm) and a maximal (950 nm) depth. Images
of the surfaces were captured before and after indentation (Infinite
Focus microscope; Alicona).

Masson’s Trichrome Staining

Hemimandibles were immediately fixed after dissection in 10% for-
malin for 48 h and were decalcified with 4.13% ethylenediaminetetra-
acetic acid (Sigma-Aldrich) in phosphate-buffered saline for 4 wk at
4°C. Samples were dehydrated in increasing concentrations of etha-
nol and, finally, embedded in paraffin. Hemimandibles were longitu-
dinally oriented, and 7—pm-thick serial sections cut using a rotary
microtome (Leica RM 2135). Serial sections were stained with hema-
toxylin—eosin (HE) for determination of the cell morphology and
stage of amelogenesis. Slices presenting secretory and maturation
stages with a well-determined transition landmark were selected for
further analyses. Rehydrated sections were successively incubated
for 5 min with iron hematoxylin, 0.05% lithium carbonate in fuchsin
acid, 5% phosphomolybdic acid solution, and, finally, light green dye.

Table 1. List and sequences of primers used for RT-qPCR analyses.

Slices were finally reimmersed in Clearene (Leica 3803620) and
mounted in drops of xylene-based mounting resin. Histochemical vis-
ualization was performed using a bright-light microscope with a digi-
tal camera and image capture software (Leica DM2500P).

Five slices for each group of animals (C, D-5, and D-50) were
randomly selected and used for calculation of the number of ame-
loblasts in the transition stage. The percentage of nonmineralized
enamel in the transition stage was evaluated for the total enamel
thickness in three different areas.

Cell Cultures and Treatments

The rat ameloblastic cell line HAT-7,*! established from the cervical
loop of rat incisors, was provided by Pr. H. Harada (Iwate Medical
University, Japan) and cultured as previously described.” Briefly,
cells were cultured in Dulbecco’s Modified Eagle Medium, Nutrient
Mixture F12 (DMEM/F-12; GIBCO BRL), supplemented with 10%
fetal bovine serum (FBS), 100 U/mL penicillin, and 100 U/mL
streptomycin. Twelve hours before the treatments, 2 x 10° cells/well
(® 35 mm) were seeded in DMEM/F-12 without phenol red
(GIBCO BRL) containing 10% charcoal-treated FBS, 100 IU/mL
penicillin and 100 pg/mL streptomycin. Treated cells were cultured
in the same medium without FBS, containing 107'%¢to 10~* M mono
(2-ethylhexyl) phthalate (MEHP; Sigma-Aldrich) (which is a
DEHP metabolite) or an equivalent volume of 0.1% dimethyl sulf-
oxide (vehicle), for 48 h.

Total RNA Extractions and RT-qPCR Analysis

Total RNA was isolated from micro-dissected epithelia and cultured
cells using a silica membrane following the manufacturer’s instruc-
tions (RNeasy Mini Kit; Qiagen). One microgram of total RNA

Genes Species Primer sequences
Amelx (amelogenin) m 5'-AAGCATCCCTGAGCTTCAGA-3’
5'-ACTGGCATCATTGGTTGCTG-3’
Ambn (ameloblastin) m 5'-AGCTGATAGCACCAGATGAG-3'
5'-GAACAGAGTTCCATAGGCCA-3’
Enam (enamelin) m 5'-TCCTTGTTTTCCTGGGTCTG-3’
5'-ATCCATTGGGTACTGGTGGA-3’
r 5'-CATGTGGCCTCCGCCAGTCC-3’
5’-GTCATCTGGGGGCGGGTCCT-3’
Amin (amelotin) m 5'-GGACAGCAACAGCTGCAA-3’
5'-TGTGAAGATTTGGGAGGCTAA-3’
Mmp20 (matrix metalloproteinase 20) m, 1 5’-CTGGGCCTGGGCCATTCCAC-3’
5’-CTGGTGATGGTGCTGGGCCG-3’
Klk4 (kallikrein-related peptidase 4) m 5'-GCATCCGCAGTGGGTGCTGT-3’
5'-CACACTGCAGGAGGCTGGGC-3’
Slc24a4 (solute carrier family 24, member 4) m 5'-ACGGAGATGTCGGTGTAGGA-3’
5'-CAATGGCACAGAAGGGTCGT-3’
Slc26a4 (solute carrier family 26, member 4) m 5'-CGGAGCCCAAACAGGTGG-3’
5'-CCAAAGGCTCTCTTTCTTGAGC-3’
Slc5a8 (solute carrier family 5, member 8) m 5'-ACGGTGGAACTGATAACCCG-3'
5'-GAAGCTTCACAAGCGAGTCC-3’
AR (androgen receptor) m 5'-ACCTGACCTGGTTTTCAATGAGTATC-3’
5'-GTTATCTGGAGCCATCCAAACTCTT-3’
ERa (estrogen receptor alpha) m 5'-AAGAGAGTGCCAGGCTTTGG-3’
5'-ACGTAGCCAGCAACATGTCA-3’
r 5'-CCAGCTACAAACCAATGCACCATC-3'
5'-GGTCTTTTCGTATCCCGCCTTTC-3’
Gapdh (glyceraldehyde-3-phosphate dehydrogenase) m, 1 5'-GACCCCTTCATTGACCTCAACTAC-3’
5'-AAGTTGTCATGGATGACCTTGGCC-3’
Rs15 (ribosomal protein S15) m, r 5'-GGCTTGTAGGTGATGGAGAA-3'
5'-CTTCCGCAAGTTCACCTACC-3’
Tbpl (TATA-binding protein 1) m 5'-AGCTCTGGAATTGTACCGCA-3’
5'-AATCAACGCAGTTGTCCGTG-3’
r 5'-CACGAACAACTGCGTTGATC-3"
S-TTTTCTTGCTGCTAGTCTGGAT-3'
Note: m, mouse; r, rat; RT-qPCR, real-time quantitative polymerase chain reaction.
Environmental Health Perspectives 067003-3 130(6) June 2022



quantified using a Qubit fluorometer (Thermo Fisher Scientific) was
used for the reverse transcription reaction using Superscript II
enzyme (Invitrogen) and specific primers (Eurogentec) (Table 1).
Forty cycles of RT-PCR (30 s denaturation at 95°C, and 60 s for
annealing and extending at 60°C) were performed using a CFX96
RT-PCR detector system with the dye Kapa SYBR Green fluores-
cence (CliniSciences). Nonspecific signals were checked using
melting curves. Results were then normalized with the expression
levels of three reference genes [glyceraldehyde-3-phosphate dehy-
drogenase (Gapdh), Ribosomal protein S15 (Rsl15), and TATA-
binding protein 1 (7bp1)].

Statistics

Results are expressed as means + standard deviations (SDs) and
were analyzed using one-way analysis of variance (ANOVA) with
a post hoc test for multiple comparisons with Tukey’s correction
(GraphPad 9 software; version 9.0.0) and Mann-Whitney tests for
single comparison. The diagnosis and recording of dental defects

were carried out for both males and females. Further enamel analy-
ses (SEM, pCT, nanoindentation, and histology) were carried out
in males only, using the same incisors for all mineral analyses
(UCT was the first, nanoindentation the last). For calculation of per-
centage affected and broken incisors, the percentage per each indi-
vidual experiment replicate was calculated and then the mean of
those percentages was taken (Table S1). All data were obtained
with at least three independent series of experiments. Values were
considered to be significantly different when p <0.05, and highly
significantly different when p <0.01 or p <0.001.

Results
Tooth Integrity in Mice Exposed to DEHP

Macroscopic observation of mouse incisors under a magnifying
glass showed dental defects in males and females exposed to
DEHP (Figure 1A). Lesions included broken incisors, yellowish
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Figure 1. Comparison of dental defects in male and female mice exposed to DEHP for 12 wk. (A) Male and female mouse incisors treated with 0, 0.5, 5, or
50 pg/kg BW per day DEHP (control, D-0.5, D-5, D-50, respectively) observed and photographed under a binocular magnifying glass (Leica MZFIII; Mayers).
All incisors were independently examined by two investigators and sorted according to the presence or absence of defects. (B) Direct observation of mouse
incisors in the oral cavity. (C) Mean percentage of all dental defects in males, including altered incisors (chipped, opaque, and broken) (white bars) and broken
incisors only (hatched bars). (D) Mean percentage of all dental defects in females, including altered incisors (chipped, opaque, and broken) (white bars) and
broken incisors only (hatched bars). The data are expressed as the mean percentage (+ SD) measured in a total of 15-24 animals per group distributed among
three independent experiments with at least five animals per group for each series, except for the D-0.5 male group, which was tested once only (n=15) (Table
S1 for details). One-way ANOVA analyses with post hoc tests for multiple comparisons with Tukey’s correction (¥, p <0.05, **, p <0.01, ™", p <0.001 vs. the
control group) are indicated. Scanning electron microscopy (SEM) analysis of the surface of early erupted enamel covered by the alveolar crest of (E) control
and (F) DEHP-treated (D-50) male incisors (scale bar: 100 pm for the large view; scale bar: 10 pm for the magnification). (G) SEM analysis of the enamel sur-
face of incisor tips of a control male and a D-50 male. Summary data for (C) and (D) available in Table S1. Note: ANOVA, analysis of variance; C, control;
DEHP, di-(2-ethylhexyl) phthalate; SD, standard deviation.
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or whitish opacities, as well as chipped teeth with enamel break-
down. In severe cases, the defect could be detected directly in the
oral cavity (Figure 1B).

Dose-dependent defects were observed in male mice, with a
higher prevalence and severity in the D-50 groups than in the D-5
groups. No defects were detected in the D-0.5 group nor in con-
trols (Figure 1A,C). A mean of 30.5% of incisors of males exposed
to D-50 (10 of 34) presented opacities, scratches, or enamel break-
down, with 18.1% (6 of 34) of broken incisors (Figure 1C; see
Table S1 for further details for calculation of mean percentages)
associated with opacities. In the D-5 groups, only 15.6% (5 of 32)
of incisors were altered, with none broken.

Defects among females occurred with a lower frequency and
were less severe than in males (Figure 1D; Table S1). A mean of
16.9% (8 of 48) and 15.6% (7 of 46) of incisors of females
exposed to D-5 and D-50 were affected, and 3.3% (2 of 48) and
8.9% (4 of 46) were broken, respectively (Table S1).

Enamel surfaces of control and DEHP-treated male incisors
were analyzed by SEM. The control incisors were completely
devoid of any significant defect, whereas the teeth of male mice
exposed to D-50 showed shallow cracks and peeling enamel in
numerous locations (0-3/incisor) (Figure 1E-G). The number
and the surface of defects depended on the tooth analyzed.

Enamel Mineral Density in Male Mice Exposed to DEHP

Dental mineralization defects were observed on the incisors of
DEHP-treated mice by nCT for both transition (Figure 2A) and
maturation regions (Figure 2B,C). Enamel mineral density was
quantified in three 500—-um-thick ROIs (identified as ROIs A, B,
and C) (Figure 2C). ROI A corresponded to nonerupted enamel
covered by alveolar bone and located 2 mm from the alveolar crest,
ROI B corresponded to just-erupted enamel at alveolar crest, and
ROI C was close to the tip. In control mice, the mean mineral den-
sity did not vary significantly from one ROI to another and was
equivalent to 516.3 + 14.6mg/cm? with nondispersed points of
quantification (Figure 2D; Table S2). In D-50 groups, enamel min-
eral density was significantly lower in all three ROIs compared
with the corresponding control ROIs, with the highest difference
for ROI C. Because 18.1% (6 of 34) of males in the D-50 groups
showed broken incisors, there were fewer opportunities to analyze
ROIs B and C than ROI A. The remaining tip incisors showed over-
all 10% lower mineral density (471.2 vs. 516.0 mg/cm? for ROI B
and 462.8 vs. 514.3mg/cm? for ROI C), whereas the difference
was only 5% (492.2 vs. 518.7 mg/cm?) in ROI A but still signifi-
cant. When broken and intact incisors were distinguished (see
Figure S1A for details), the mean mineral density of intact-tip inci-
sors in ROI A was higher (506.1 + 20.8 mg/cm?) than that of inci-
sors with broken tips (480.5+30.5mg/cm?). Thus, the 2%
difference between intact incisors (of the D-50 group) and controls
(506.1 vs. 518.7mg/ cm?) was not statistically different (p = 0.09),
whereas the 8% difference between the mineral density of broken
incisors in D-50 group and controls (480.5 vs. 518.7 mg/cm?) was
significative (p < 0.01) (Figure S1A and Table S2). The early matu-
ration region of nonerupted enamel showed no significant differen-
ces between the control and D-50 groups (Figure S1B), with a mean
density of 498 + 24 and 500 + 25 mg/cm?, respectively (Table S3).
Careful qualitative analyses of pCT images did not allow us to
detect obvious differences in oral bone mineralization between the
mandibles of D-50 groups and the controls (Figure 2A—C).

Timing of Incisal Enamel Mineralization Process in Male
Mice Exposed to DEHP

The enamel mineralization process from the late secretory to the
transition stage was evaluated at the same two positions, at the
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Figure 2. Control and DEHP-treated male mouse enamel analysis by pCT.
(A) Frontal slices passing through the distal root of the second molar (M2).
In the incisor under M2, enamel appeared as the most mineralized white
structure in the control group, and as a gray structure in the DEHP-treated
(D-50) group. This region corresponds to the transition stage of amelogene-
sis. (B) Frontal slices passing through the distal root of the first molar (M1).
(C) Saggital slices through the length of the incisor showing the continuing
enamel formation with the most mature and mineralized enamel in the
erupted incisor (in the right part of the photo). Positionning of the three
500—pm-large ROIs—ROI A: nonerupted enamel block located 2 mm from
the alveolar crest; ROI B: just-erupted enamel at the alveolar crest; and ROI
C: block of the tip 2 mm away from the crest. (D) Quantification of enamel
mineral density of control mice, in the white box (n=6 incisors, and ROIs
independently selected twice to calibrate the scanning data), and DEHP-
treated enamel (D-50), in the gray box (n=12 incisors). Among them 6
were broken, and ROIs were independently selected twice to calibrate the
scanning data) in three ROIs: ROI A, B, and C (Figure S1 for details).
Values were considered to be significantly different vs. controls (*) when
P <0.05 and highly significantly different (™) when p <0.01. Boxes present
values as 25th and 75th percentiles, with error bars for SDs, and midlines
for the mean values. Mann-Whitney tests were used for single comparisons
between control and D-50 groups. Summary data for (D) are available in
Table S2. Note: C, control; DEHP, di-(2-ethylhexyl) phthalate; nCT, micro-
computed tomography; ROI, region of interest; SD, standard deviation.

distal root of the second molar (Figure 2A) and of the first molar
(Figure 2B), respectively. LCT analysis of incisal enamel located
on the second molar section showed hypomineralyzed enamel, in
gray on captured images, in D-50-groups of mice, whereas con-
trol enamel in the same section was white, showing higher miner-
alization (Figure 2A). Careful observations of pPCT images
suggested that the volume of the pulp chamber appeared to be
greater in incisors of D-50-treated male mice than in controls in
the same section (Figure 2A-C).
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Figure 3. Comparison of dental epithelium histology of control and DEHP-
treated male mice. (A) Comparison of dental epithelium organization in the
transition stage of amelogenesis between control mice and mice exposed to
50 pg/kg BW perday DEHP (D-50). Fixed demineralized mouse mandibles
were stained by Masson’s trichrome coloration showing nonmineralized
enamel (no-mi) in red, dentin (den) in green, and cells in purple. (B)
Number of ameloblasts counted in area A limited by the end of the transition
stage and ameloblasts in the early-maturation stage corresponding to the end
of nonmineralized enamel-matrix (n=5 for control group, n=4 for D-5
group, n=5 for D-50 group). (C) Ratios of nonmineralized enamel on the
total thickness of enamel measured at the transition stage in C, D-5, and D-
50 groups. For each incisor, three areas of transition stage were selected
including the mid-transition, 50 um before the mid-transition (which corre-
sponded to the late-secretory stage), and 50 um away from the mid-transi-
tion (which corresponded to the early-maturation stage). Values were
considered to be significantly different vs. controls (*) when p <0.05 and
highly significantly different (**) when p<0.01 or (") p<0.001, using
one-way ANOVA analyses with post hoc tests for multiple comparisons
with Tukey’s correction. Boxes present values as 25th and 75th percentiles,
with error bars for SDs and midlines for the mean values. Summary data for
(B) and (C) available in Tables S4 and S5, respectively. Note: am, amelo-
blast; ANOVA, analysis of variance; BW, body weight; C, control; DEHP,
di-(2-ethylhexyl) phthalate; den, dentin; en, enamel; mat, maturation stage;
mi, fully mineralized enamel; no-mi, nonmineralized enamel-matrix; od,
odontoblast; SD, standard deviation; sec, secretory stage; trans, transition
stage.

We then carefully analyzed the histology and initiation of
the mineralization process by Masson’s trichrome colorations,
with a focus on transition stage ameloblasts (Figure 3A). The
total number of ameloblasts counted in the transition stage was
the same or slightly higher in DEHP-treated mice than in con-
trols, with 22.6 +2.8 cells for the control group and 25.2+4.3
cells for the D-50 groups in ROI A (Figure 3A; data in Table
S4) corresponding to the very early-maturation stage, at which
time ameloblasts are smaller and enamel matrix not fully miner-
alized.” The number of ameloblasts in this area was signifi-
cantly higher in DEHP-treated groups, with 25+5.1 cells for
the D-5 groups, 27.8 +3.8 cells for the D-50 groups, and only
12.2 + 1.3 cells for the controls (Figure 3B). Furthermore, the
proportion of nonmineralized enamel vs. total enamel thickness
was calculated in the area extending from 20 pm-before to
20 um-after the transition zone (called A). The nonmineralized
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enamel-matrix was still significantly higher in the DEHP-
groups than in the controls, representing 46.8 +7.3% (D-50
group), 44.1+5.2% (D-5 group), and 30.5+9.0% (C group),
respectively (Figure 3C; data in Table S5).

Mechanical Properties of Teeth of DEHP-Treated Mice

Mechanical properties of early- and late-maturation stage enamel
were evaluated by nanoindentation (Figure 4A). All hardness and
elastic modulus mean values were lower for DEHP-treated mice
than controls over the entire enamel thickness, with the greatest differ-
ence recorded at the most external part of the enamel (Figure 4B-D).
The control teeth showed hardness and Young’s modulus values that
increased from the dentin enamel junction (DEJ) to the enamel sur-
face in accordance with previously published data.** Mean hardness
values (Figure 4B,C; summary data in Table S6) were lower for
DEHP-treated mouse enamel than for the control mice by 5-34%,
and elastic moduli by 20-44% (Figure 4D,E; summary data in
Table S7). There was a dose—response effect for enamel hardness
values in early mature enamel, with the greatest differences near
the enamel surface (Figure 4B). The hardness values for late-
mature enamel (Figure 4C) and elastic moduli for early mature
enamel (Figure 4D) were significantly lower than those of the con-
trols. The dose-response was lost for Young’s moduli for late-
mature enamel, with the D-5 condition showing a stronger reduction
than D-50 (Figure 4E). The Young’s modulus values were less dis-
persed in late-mature enamel (Figure 4E) than in early maturation
(Figure 4D), with a highly significant difference for more mineral-
ized late-mature enamel (p < 0.001) of DEHP-treated mice.

Enamel Gene Expression Profile in Dental Epithelial Cells
Jrom Mice or Rat HAT-7 Cells Exposed to DEHP

The expression levels of enamel key genes were measured by RT-
qPCR in micro-dissected dental epithelia of control and D-5- and
D-50-treated mice. The key genes were regrouped into four major
categories that were mRNAs coding for a) EMPs: amelogenin
(Amelx), ameloblastin (Ambn), enamelin (Enam), and amelotin
(Amtn); b) enamel-specific proteases: metalloprotease 20 (Mmp20)
and kallikrein 4 (Klk4); ¢) ion exchangers required for enamel min-
eralization and pH regulation: solute carrier family 24 member a4
(Slc24a4), solute carrier family 26 member a4 (also called Pendrin;
Slc26a4), and solute carrier family 5 member a8 (Slc5a8); and d)
steroid receptors possibly involved in the actions of DEHP: andro-
gen receptor (AR) and estrogen receptor alpha (ERo) (Figure 5A).
They were described for their differential expression during amelo-
genesis, with Amelx, Ambn, Enam, MMP20, ERo. in the secretory
stage and Klk4, Slc24a4, Sic26a4, Slc5a8, and AR in the matura-
tion stage. The levels of mRNAs expressed in the secretory stage
of amelogenesis were higher in D-50 than in control dental epithe-
lia, whereas those of genes expressed in the maturation stage were
the same or lower: The expression of Amelx, Ambn, and Enam was
higher in males treated with DEHP, in a dose-dependent manner,
showing significant modulation with 50 pg/kg perday DEHP;
p <0.05 (Figure 5A; data in Table S8). Such effects of DEHP were
not detected in females (Figure S2). The expression of Amtn, which
is expressed throughout amelogenesis,43 remained similar under
DEHP treatment. This pattern of modulation (up-regulation of
genes expressed in secretory-stage ameloblasts and no change of
genes expressed in maturation-stage ameloblasts) was also
observed for mRNAs encoding enamel proteases, with the up-
regulation of Mmp20 expression, whereas that of Klk4 was not
affected. To investigate the possible direct effects of DEHP on
enamel key gene expression levels in dental epithelial cells,
ameloblast-like HAT-7 cells were treated with a large dose range,
from 107'° M to 10™* M MEHP (the active metabolite of DEHP),
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Figure 4. Nano-indentation analysis of control and DEHP-treated male
mouse enamel. Comparison of the physical properties of enamel character-
ized between control mice in white squares, mice exposed to
5 ng/kgBWperday DEHP (D-5 groups) in gray circles and to
50 pg/kg BW perday (D-50 groups) in black triangles. (A) Photographs of
nano-indentation measurement points in the incisor, sagittal sections for
early mature enamel, and frontal sections corresponding to late mature
enamel. Measurements of the hardness of (B) early and (C) late mature
enamel respectively, from the DEJ to enamel surface. Young’s modulus in
(D) early and (E) late mature enamel respectively, from the DEJ to enamel
surface. At least three different samples from independent set of experiments
were analyzed in each group with at least 90 indent locations per slice (n=5
for control group, n=4 for D-5 group, n=>5 for D-50 group). Mean + SD is
shown for graphs. One-way ANOVA analyses with post hoc tests for multiple
comparisons with Tukey’s correction (¥, p <0.05, **, p<0.01, ™, p <0.001
vs. the control group) are indicated. Summary data for (B-E) are available in
Table S6 and Table S7. Note: ANOVA, analysis of variance; BW, body
weight; C, control; DEHP, di-(2-ethylhexyl) phthalate; DEJ, dentin-enamel
junction; den, dentin; en, enamel; Ext.en., external enamel; mat, maturation; p,
pulp; SD, standard deviation.

for 48 h (Figure 5SB-D; data in Table S9). Although the expression
of Amelx and Ambn were below the level of detection in these cells,
both Enam (Figure 5B) and Mmp20 (Figure 5C) mRNA levels
showed a dose-dependent higher expression in the MEHP-treated
group. The up-regulation was significant for Enam from 107 M
MEHP (p < 0.01), and from 10~ M MEHP for Mmp20 (p < 0.05).
The mRNA coding for the two steroid receptors, AR and ERa,
expressed in dental epithelium'® were also differentially modulated
in tissues exposed to DEHP. Levels of AR mRNA, expressed in the
maturation stage, were not different, whereas those of ERa, which
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is expressed in the early stages of amelogenesis, were higher in the
dental epithelium of DEHP-treated mice (Figure 5A). A similar
difference in ERo expression (higher compared with control) also
occurred in HAT-7 cells treated with 10~* M MEHP, correspond-
ing to a high dose (Figure 5D).

Finally, the levels of expression of the last group of genes inves-
tigated here, those encoding ion exchangers, were lower in D-5
groups for Slc26a4, and similar for Sic5a8 (Figure SA). The levels
of Slc24a4 mRNA showed a dose-dependent higher expression in
DEHP-exposed mice.

Discussion

Enamel quality and integrity are important for general health,
quality of life, and sociality. They can be affected by inherited
genetic characteristics, environmental factors, and lifestyle.9 The
effects of contaminants and pollutants on health are difficult to
determine because they are generally present at low doses and
metabolized. The oral cavity is one of the main routes of contam-
ination by many toxicants present in food, drinks, and air and by
molecules that may leach from dental materials used in dentistry,
making oral tissues continually exposed to such molecules. The
present study shows how DEHP/MEHP, still present in our envi-
ronment despite restrictions, affected the development of teeth in
mice, causing defects that may alter the quality of life if they also
occur in humans. Dental defects are very common and generate
onerous costs, increasing social disparities;** they thus need to be
understood and actively prevented. In addition, the precise char-
acterization of acquired enamel defects will allow their use as
early markers of exposure to such molecules.

Exposure to EDCs, including dioxin, BPA, and polychlori-
nated biphenyls, has been linked to hypomineralizing DDEs in
epiderniologic21123’24 and in experimental25’45 studies. EDCs may
contribute or aggravate DDEs, as previously described in experi-
mental rodent models.>>® Here, we report the analysis of enamel
of the continually growing incisors of adult female and male
mice chronically exposed to low doses of DEHP. Our data show
that the severity of clinically observed dental defects was depend-
ent on the DEHP dose. However, individual susceptibility to
DEHP was considerable, with certain animals being highly re-
sponsive to D-5, with others presenting no dental alteration to D-
50. This is in accordance with current knowledge of the adverse
health effects of EDCs*® and published data on the effects of
BPA on rat teeth scored according to severity. 3

The comparison of dental defects resulting from exposure to
DEHP, reported here in mice, and to BPA, reported earlier in
rats,”> highlights a higher prevalence of dental defects in males
than in females. First, one explanation could be that males may
have a greater need to gnaw on caging than females, which might
contribute to the more frequent damage because their incisors are
more solicited. However, such events were not observed in con-
trols. Second, another explanation could be that enamel is weaker
in males than in females in C57BL/6J strain used in this study.
However, despite the limited number of animals included in the
study, our observations showed the opposite, with one female with
a defective incisor, whereas all males had intact teeth. Such a
higher susceptibility of males to DEHP and BPA has also been
reported in other experimental pathological contexts, includin%
obesity and brain disorders,*’*° and in epidemiological studies.’
The sexual dimorphism has been shown to be associated with sex-
ual steroid hormones, estroégens and androgens, which are also
involved in amelogenesis.'®!” Pro-estrogenic’' and anti-andro-
genicSz’53 properties of DEHP have been reported in experimental
models. Direct effects of DEHP on AR signaling in the brain with-
out disruption of circulating levels of testosterone have been previ-
ously reported in the same animals used in this study.’® AR is
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mRNA in rat HAT-7 cells treated with 1071 M to 10~* M MEHP for 48 h. (C) Expression levels of Mmp20 mRNA in rat HAT-7 cells treated with 1071 M to
10~ M MEHP for 48 h. (D) Expression levels of ERx mRNA in rat HAT-7 cells treated with 107'° M to 107 M MEHP for 48 h were compared with control
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expressed in dental and oral bone cells,>*>* and such expression

may contribute to the overall observed dental defects. However,
relations between exposure to DEHP and bone mineralization are
still discussed®® and need to be further investigated. No clear
effects of DEHP were observed here in oral bone mineralization of

studies have reported ERa and estrogens to be involved in enamel
formation and structure in humans'® and rodents.”® ERa is
involved in preameloblast proliferation,16 enamel gene expres-
sion,”® and epigenetic regulation.*’

Given the higher prevalence of dental defects in male mice

adult mice, despite the DEHP effects previously reported on nono-
ral bone cells.>*>” In addition, AR is expressed in maturation-stage
ameloblasts,'” which appeared to be less sensitive to DEHP than
secretory-stage ameloblasts, suggesting marginal involvement of
AR in the effects of DEHP in enamel. Conversely, ERa may be a
good candidate to explain the underlying mechanism of DEHP in
dental defects. This receptor is highly expressed in ameloblasts,
especially in early stages of amelogenesis,m’]8 which our data
showed to be targeted by DEHP. Interestingly, several recent
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than in females exposed to DEHP with a dose—response severity,
the investigation on their characterization was carried out on
males exposed to the highest dose of DEHP. The comparison
between BPA effects reported previously in rats® and in mice,*
and DEHP’s ability to cause dental defects highlighted alterations
in enamel quality, with enamel breakdown and low enamel min-
eral density, for both molecules. However, such apparently com-
mon end points may be due to different causes, with BPA
primarily affecting progenitor cell proliferation®*> and terminal
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enamel mineralization,!” and DEHP acting earlier, during the
transition stage of amelogenesis. DEHP was thus able to delay
enamel mineralization as supported by our histology and pCT
analyses. Such a delay may explain the lesser enamel rigidity,
which in turn predisposed teeth to break when they were sub-
jected to a mechanical stress. Interestingly, the effects of DEHP
on enamel mechanical properties were nonmonotonic; such
effects have often been reported for EDCs and may explain the
individual variability in dental defects clinically observed.*®

The delay in enamel mineralization is directly related to the
synthesis of EMPs, ameloblast differentiation and activity.9
Although the expression of many genes expressed in maturation-
stage ameloblasts (active in terminal enamel mineralization) was
either similar or marginally lower compared with control, the
expression of many enamel key genes in secretory-stage amelo-
blasts were higher in DEHP-exposed mice in a dose-dependent
manner. These modulations observed in vivo in male mice
exposed to DEHP may be caused by either direct effects of
DEHP on ameloblasts or indirect mechanisms associated to endo-
crine disruption. This latter hypothesis was refuted because tes-
tosterone and estrogen levels remained similar to control levels in
our animals that were also studied for their reproductive behavior
and sexual hormone levels.**>’ Conversely, direct dose-response
effects of DEHP on ameloblasts were supported by the in vitro
reproducibility of the modulation of Mmp20 and Enam expres-
sion. Interestingly, the expression of these genes was not signifi-
cantly different in females exposed to DEHP, in accordance with
their less pronounced phenotype (Figure S2). Altogether, our
results lead us to propose that DEHP up-regulated the expression
of genes encoding EMPs in the early stages of amelogenesis, con-
tributing to extend the secretory-stage without sufficient minerali-
zation to compensate for the ongoing eruption.

Despite that the comparison between experimental models and
human pathologies is challenging, these experimental data could
be translated, at least in part, to humans, who share similar proc-
esses of amelogenesis with rodents. Our previous data showed
common structural and biochemical features between human
DDEs, such as molar incisor hypomineralisation (MIH) and in the
enamel of rats exposed to BPA.* MIH is a recently described
enamel pathology,5 ? affecting approximately 15% of 6- to 9-y-old
children nowadays,’™®' with an as-yet unknown etiology.®?
However, recent data reporting an increase the prevalence and se-
verity of MIH reinforce the possibility of environmental conditions
as etiological factors for MIH.®? In addition to EDC:s, several other
nongenetic causative factors have been proposed—including anti-
biotics, medications for respiratory diseases and asthma, and anti-
cancer chemotherapy®—but none are completely satisfactory.
The existence of MIH before the use of amoxicillin® and the
increased MIH prevalence and severity reported in recent decades
argue for the contribution of recent environmental factors. DEHP
was found on sampled medical devices in a neonatal intensive care
unit,”® and MIH has also been associated with prematurity and
other pathologies in early infancy that require hospitalization.62
Overall, our results lead us to suggest the involvement of EDCs in
enamel hypomineralization and in MIH. However, contrary to our
experimental data showing a higher susceptibility of males to
DEHP, most of studies report a similar MIH prevalence in boys
and girls; using animal models could be a limitation of our study.
One explanation could be that DEHP has different effects in
humans and rodents because its metabolism is different in humans
and rodents,®® as is the case for many other toxicants with endo-
crine disrupting activities, such as polyfluoroalkyl substances, for
example.6 Another possible explanation is that MIH may be due
to the combination of multiple causal factors. Because humans are
exposed to multiple toxicants at a time, which may have different
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effects depending on the environmental conditions,®” sex difference
may not be observed any more with a mixture. Further analyses on
animals exposed to mixtures of EDCs or mother—child cohorts are
thus required to determine causal factors of MIH to evaluate the con-
tribution of EDCs in developmental defects of enamel.

Finally, EDCs may have adverse effects on teeth, as well as
on other organs, leading to pathological development. The char-
acterization of dental defect selectivity (the type of teeth that are
affected provides information on the time-window of exposure to
causal agents), color, enamel structure and composition (which
may be collected before restoration), and biochemistry in relation
with an identified chemical or a mixture, will help to reconstitute
the history of exposure. Thus, characterized irreversible develop-
mental dental defects generated during fetal and early postnatal
periods may be used as easy noninvasive biomarkers of exposure
to environmental enamel disruptors for the early diagnosis of
pathologies associated with environmental exposures.>**68:69
For example, MIH, regrouping heterogeneous forms,”® has been
shown to be associated with behavioral disorders’' and other
pathologies, such as celiac disease.”? Developmental enamel
defects associated with various environmental conditions and
food intake have also been proposed for the early diagnosis of
iron pathologies40 and mental health risks.> In conclusion, our
study contributes to the ongoing analysis of enamel defects
resulting from exposure to environmental toxicants to reconsti-
tute the history of exposure during the perinatal period of life that
is a determinant of adult health.
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