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ORIGINAL ARTICLE

Dental erosion in mice with impaired salivary gland function

Amela Tuleka, Aida Mulicb, Kjersti Refsholt Stenhagenc, Hilde Kanli Galtunga, Muhammad Saeeda,
Tor Paaske Utheima,d,e, Cuong Khuua, Pål Galtelande and Amer Sehica,e

aDepartment of Oral Biology, Faculty of Dentistry, University of Oslo, Oslo, Norway; bNordic Institute of Dental Materials (NIOM AS), Oslo,
Norway; cDepartment of Cariology, Institute of Clinical Dentistry, University of Oslo, Oslo, Norway; dDepartment of Medical Biochemistry,
Oslo University Hospital, Oslo, Norway; eDepartment of Maxillofacial Surgery, Oslo University Hospital, Oslo, Norway

ABSTRACT
Objective: Salivary flow rate exerts an essential impact on the development and progression of dental
erosion. In this work, the experimental dental erosion in non-obese diabetic (NOD) mice with reduced
salivary flow rate was induced, and the erosive effect of acidic drinks on their dentition was studied.
Material and methods: Three acidic drinks (sports drink, cola light drink and sugar containing cola
drink) were given to adult NOD mice (groups: N¼ 11) as the only drink for 6weeks. Two control
groups were included; wild type and NOD control (groups: N¼ 9). Experimental and control (water)
teeth were dissected out and observed by scanning electron microscopy (SEM). Mandibular first molars
were subsequently embedded in Epon, ground transversely, observed again by SEM, and the enamel
thickness and tooth height were measured.
Results: Mandibular molars were considerably more eroded than maxillary molars. The erosive process
started at the top of the cusps and subsequently extended in the cervical, mesio-distal, and pulpal dir-
ection. Erosive lesions were evident in increased succession from sports drink, cola light to cola drink
exposed mandibular molars, with the lingual tooth height being approximately 23%, 26%, and 37%
lower, respectively, compared to the control. The lingual enamel was approximately 48% thinner in
sports drink molars and 62% thinner in cola light molars. In cola drink molars, the lingual enamel was
totally eroded, and significant erosion of dentine was evident.
Conclusion: Reduced salivary flow, together with a high consumption of acidic drinks, results in severe
erosion of NOD mice molars.
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Introduction

Dental erosion, or acid-induced dental hard tissue destruc-
tion, is a multifactorial condition caused by various extrinsic
and intrinsic acid sources [1]. The prevalence of erosive tooth
wear is increasing, mainly due to changes in lifestyle and
drinking habits [2,3]. Individuals that frequently consume
acidic drinks and food exhibit a higher risk for this type of
dental substance loss, and the consumption of drinks and
food with low pH has increased significantly over the past
decades [4–6].

Understanding of dental erosive disease has improved
considerably; however, knowledge of the role of factors in
the oral environment, such as saliva and dental enamel,
remains elusive. Human in vivo studies on dental erosion are
unethical because of the irreversible acid-induced loss of
dental hard tissues. Therefore, studies using animal models,
in which the experimental procedures can be performed
under controlled conditions, are important. However, only a
few studies have focussed on the risk indicators and prevent-
ive treatment related to dental erosion in animal models
[7–11], and the criteria for the registration of dental erosive

lesions were mainly semi-quantitative, and did not allow pre-
cise recording of small erosive lesions and their depth [9,12].
Recently, an animal model in which experimental dental ero-
sion was induced in mouse with normal salivary flow was
developed, and the erosive effect of products containing
both citric and phosphoric acid was studied in detail [13].
The results showed that cola drink (phosphoric acid) exhib-
ited higher erosive effects on mouse mandibular molars
compared to sports drink (citric acid), and the presented
method, with transversely ground molars observed under a
scanning electron microscope (SEM), enabled comprehensive
registration of erosive lesions and their depths in small teeth
such as mouse molars [13].

Saliva, enamel phenotype, and dietary habits play essen-
tial roles in the formation and progression of dental erosion
[14]. Saliva is considered the most significant biological factor
in the prevention of and in modifying the development of
dental erosive wear, and both the saliva composition and sal-
ivary flow rate are fundamental factors that may have an
effect on its protective properties [15,16]. Saliva directly
dilutes, clears, neutralizes, and buffers erosive agents; forms
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a protective membrane covering the enamel surface; reduces
the demineralization rate; and enhances the remineralization
of eroded enamel and dentine by providing fluoride, phos-
phate, and calcium [15]. The salivary flow rate has been con-
sidered the best clinical indicator of the protective properties
of saliva [17]; however, only a few studies have investigated
the association between low salivary flow rate and the occur-
rence of dental erosive lesions [11,18–21].

Non-obese diabetic (NOD) mice are a well-known animal
model for studying Sj€ogren’s syndrome, an autoimmune dis-
ease characterized by ocular and oral dryness [22,23]. In NOD
mice, salivary glands are most frequently affected with
lymphocytic infiltrates, which lead to glandular hypofunction
[24]. The very first signs of salivary gland infiltration have been
observed at 8weeks of age [25–27]. A study investigating saliv-
ary gland function in NOD mice reported significantly reduced
salivary flow rate and a moderate presence of inflammatory
cells in the salivary gland tissue between week 17 and 24 [28].
Another study reported progressive loss of salivary function
between week 16 and 20 [29]. In this work, experimental den-
tal erosion was induced in NOD mice and the erosive effect of
products containing both citric (sports drink) and phosphoric
(cola/cola light drink) acid on their dentition was studied in
detail. The hypothesis was that acidic drinks induce dental ero-
sion in NOD mice and that decreased salivary flow rate plays a
role in this development of erosive lesions.

Material and methods

Animal model

Forty-two phenotypical 9weeks old NOD/MrkTac female
mice were purchased from Taconic Biosciences (Ejby,
Denmark), and nine young wild-type female mice (CD-1
strain, 9weeks old) were selected as an additional control.
The animals were kept in accordance with Norwegian regula-
tions and legislation (Norwegian Regulation on Animal
Experimentation of 2015 based on EU directive on the
Protection of Animals used for Scientific Purposes 2010/63/
EU and the Norwegian Animal Welfare Act of 2009). They
were maintained on a 12-h light:dark cycle at 21 �C with 65%
relative humidity. The study was approved by the Norwegian
Food Safety Authority (FOTS ID 16721).

Prior to experimental use, the NOD mice were kept in the
facility for approximately 7weeks for them to reach the age
of 16weeks, the time point at which they develop dysfunc-
tion of the salivary glands resulting in significantly reduced
salivary flow rate [28,29]. Pilocarpine-stimulated salivary flow
was measured in both wild type and NOD mice at 9, 17, and
22weeks of age. Before the experimental erosive procedures,
the animals were given water ad libitum. However, in order
to exclude attrition of the teeth, both before and during the
experiment, the standard laboratory fodder was softened
prior to feeding. Fifty pieces of Teklad Global 18% Protein
Rodent Diet (Envigo Teklad, Madison, WI, USA) were soaked
with 165mL cold tap water, sealed in a plastic bag, and left
to soften overnight. Furthermore, wire cages with solid bot-
tom and bedding were prepared to reduce wear of the den-
tition by attrition, as described previously [13]. The cages

were carefully inspected before the mice were transferred
into them. Any hard objects such as wooden sticks and plas-
tic wheels were removed from the cages, and the animals
were only supplied with paper boxes and paper ribbons as
part of the environment enrichment. All cages were replaced
two times per week, and the animals were monitored daily.

At the age of 16weeks, the NOD mice were randomly dis-
tributed into four groups, which were provided with distilled
water (control) (n¼ 9), Red Bull sugar-free sports drink (citric
acid, pH 3.39) (n¼ 11), Coca Cola light drink (phosphoric
acid, pH 3.10) (n¼ 11), and Coca Cola drink (phosphoric acid,
pH 2.27) (n¼ 11), respectively (Figure 1). The wild-type mice
(n¼ 9), serving as an additional control group, were provided
with distilled water (Figure 1). Each group was further div-
ided into triplicate subgroups (cages), and two 150-mL bot-
tles with drinks were placed into each cage. The animals
were provided with drinks ad libitum, the bottles were
replaced three times per week, and the consumption of
drinks in each cage was recorded. Prior to the experiment,
the changes in pH of both the sports drink and cola drink
were monitored over 3 days, and the results showed no
changes in pH. After the 6-week experimental period, the
animals were sacrificed at the age of 22weeks by cervical
dislocation, and their heads were fixed in 70% ethanol. All
animals were weighed at the start and end of the experi-
ment. Figure 1 presents the flow chart of the experiment.

Scanning electron microscopy

The maxillary and mandibular molars and incisors from both
wild-type control, NOD control and experimental mice were dis-
sected out and fixed in 70% ethanol. The isolated teeth were
thoroughly cleaned by dissection and by gentle brushing under
running tap water. The specimens were air-dried overnight and
mounted on brass cylinders with cyanoacrylate glue, sputter-
coated with 30nm platinum and observed under a GeminiSEM
300 SEM (Zeiss, Oberkochen, Germany), operated at 5 kV.

Thereafter, the jaw segments with all three molars were
embedded in Epon and ground transversely. Under a stereo-
microscope, grinding was performed using grit 800 and 1200
waterproof silicon carbide paper (3M, St. Paul, MN, USA) in a
specially designed apparatus [30]. When the grinding
reached the planned position, the surfaces were polished by
grinding specimens against the backside of the silicon car-
bide paper with 0.05-lm particle size alumina powder
(Buehler MicroPolish, Buehler, Lake Bluff, IL, USA) in water.
After careful cleaning by brushing under running tap water
and removal of excess water, the teeth were etched for 45 s
in 1% nitric acid, air-dried overnight, sputter-coated with
30 nm platinum, and again observed under SEM. The whole
procedure (grinding, polishing, etching, air-drying, sputter-
coating, SEM observation) was repeated, creating three trans-
versely ground planes for observation. The first plane (T1)
was positioned on the mesial aspect of buccal cusp B2 and
lingual cusp L2, where the tips of the cusps exhibit enamel-
free areas [31]. The subsequent plane (T2) was ground fur-
ther in the distal direction, ending on the distal aspect of
buccal cusp B2 and lingual cusp L2, and the final third plane
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(T3) was positioned reaching the mesial aspect of the buccal
cusp B3 and lingual cusp L3. Figure 4 shows the position of
transversely ground planes T1–T3. Since there were no mor-
phological differences and trace of acid effect on the incisors,
as judged by SEM, the incisors were not subject for grind-
ing procedures.

Statistical analysis

SEM images of the transversely ground and etched plane T1
were used for measuring enamel thickness and tooth height in
wild-type control, NOD control and experimental mandibular
first molars, corresponding to our previous study [13]. Mean val-
ues and standard deviations were calculated using Microsoft
Excel Worksheet. The manifestation of the step in the eroded lin-
gual enamel in the experimental molars was calculated by meas-
uring the distance between the line representing the step and
the corresponding level at the enamel–cementum junction (illus-
trated in Figure 6(b–d)). Measurement data were tabulated and
analysed using Statistical Package for the Social Sciences (SPSS)
software program, version 22.0 for Windows (SPSS, Chicago, IL,
USA). The data were evaluated using one-way analysis of vari-
ance (ANOVA) followed by the Tukey post hoc test, and inde-
pendent t-tests. p-Values <.05 were considered statistically
significant.

Results

The behaviour and wellness of the NOD mice

During the 6-week experimental period, daily consumption
of both water and acidic drinks was approximately 15mL per
cage. Most of the animals exhibited normal behaviour and

wellness; however, in total 16 mice (15 NOD and 1 wild type)
showed signs of illness and were consequently excluded
from the study (Figure 1). One mouse from the cola light
group was found dead during the experiment, whereas the
remaining 15 mice were terminated during the experimental
period due to observed abnormal behaviour, sickness, leth-
argy, and poor general health and appearance. During the
experiment, when NOD mice, including those in the control
group, showed signs of abnormal behaviour and sickness,
we measured serum glucose levels using a Contour XT glu-
cose test kit (Ascensia Diabetes Care, Parsippany, NJ, USA).
The results showed high glucose levels exceeding 30mmol/L.
The similar findings, with glucose levels approximately
30mmol/L, were observed in both NOD control and experi-
mental animals that have survived. By the end of the experi-
ment, the mean weight of the surviving animals was only
slightly altered and not significantly different between the
groups. Mean weight gain was 0.4 g in both the control and
cola drink group, while mean weight loss was 0.5 g and 0.2 g
in the sports drink and cola light drink group, respectively.
At 9weeks of age, the salivary flow rate (lL of saliva/100g
body weight/20min) in NOD mice and wild-type mice were
not significantly different, while at 17 and 22weeks of age,
salivary flow in NOD mice decreased significantly in all
groups, by approximately 35% and 60%, respectively, com-
pared with that in wild type.

The erosive effect of sports drink on the dental enamel
in NOD mice

Compared to the control teeth (Figure 2(e–h)), sports drink
mandibular molars had rounded cuspal morphology, with

Figure 1. Flow chart of animals enrolled in the study. Forty-two NOD mice and nine wild-type mice, 9 weeks old, were kept for 7 weeks and provided with water
and softened laboratory fodder ad libitum. At the age of 16 weeks, NOD mice were randomly distributed into four groups, i.e. control and three experimental
groups. The wild-type group served as an additional control. After the 6-week experimental period, the surviving animals were terminated at the age of 22 weeks
by cervical dislocation, and their heads were fixed in 70% ethanol.
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evident distinct erosion on the lingual aspect of the teeth
(Figure 2(i–l)). The lingual tooth height of first mandibular
sports drink molars was 23% lower (613lm vs. 792 lm) com-
pared to the control (Table 1). The buccal enamel was
unaffected; however, the buccal tooth height was reduced
by 7% (529lm vs. 572 lm) (Table 1). The maxillary molars
were only slightly eroded, particularly on the lingual mesial
half of the tooth (Figure 3(e,f)), while the incisors were
unaffected (results not shown).

A recognized erosion pattern, with a distinct step indicat-
ing the border between the unaffected cervical and affected
occlusal part of the lingual enamel, was observed on all
three sports drink mandibular molars (Figures 2(k,l) and
4(i–l)). The eroded enamel covered the dentine at the lingual
aspects of the cusps; however, the dentine on cusp L2 and
L3 was exposed (Figures 2(l) and 6(b)). The erosive step in
the sports drink first mandibular molars, evident at approxi-
mately 232 lm as measured from the enamel–cementum
junction (Table 1), was continuous on the whole lingual
aspect of the tooth (Figures 2(l) and 4(j–l)). Proceeding this

step in an occlusal direction, the enamel was considerably
eroded, with complete loss of the superficial prism-free and
outer enamel layers (Figure 5(k,l)). The lingual enamel in the
sports drink molars, based on the measurements of the
transversely ground plane T1, was 48% thinner (34lm vs.
66 lm) compared to the control molars (Table 1).

Erosive effects of cola light and cola drink on the
dental enamel and dentine in NOD mice

In the cola light (Figure 2(m–p)) and cola drink (Figure
2(q–t)) mandibular molars, extensive erosion was observed
on the lingual aspect of all three molars. In the cola light first
mandibular molars, the lingual enamel was almost com-
pletely eroded, and the lingual dentine was exposed. Small
areas with remaining enamel were only observed in the pits
between cusps L1 and L2 and between L2 and L3 (Figures
2(p) and 4(n–p)). However, in the cola drink molars, the ero-
sive outcome was more extended, and the exposed dentine
appeared as a continuous layer (Figures 2(t) and 4(r–t)).

Figure 2. SEM images of mandibular molars from wild type (a–d) and NOD control (e–h) mice, and sports drink (i–l), cola light drink (m–p), and cola drink (q–t)
NOD mice. Occlusal view (a, b, e, f, i, j, m, n, q, r) and lingual view (c, d, g, h, k, l, o, p, s, t). (b, f, j, n, r) Higher magnification of occlusal view of mandibular first
molar in panels a, e, i, m and q, respectively. (d, h, l, p, t) Higher magnification of lingual view of mandibular first molar in panels c, g, k, o and s, respectively. The
white arrows in panels b and f indicate the unaffected and intact lingual surface of the first mandibular wild type and NOD control molar, respectively. The black
arrows in panels j, n, r, k, o, s, l, p, and t indicate the affected enamel on the lingual surfaces of the sports drink, cola light drink, and cola drink mandibular NOD
molars. The step indicates the border between the unaffected cervical part and the affected occlusal part of the tooth. The white arrowheads and white horizontal
lines in panels d, h, l, p and t indicate the enamel–cementum junction. The bar represents 300lm in panels a, e, i, m, q, c, g, k, o and s, and 200lm in panels b, f,
j, n, r, d, h, l, p and t. E: enamel; D: dentine; C: cementum; Ab: alveolar bone; B: buccal side; L: lingual side.

Table 1. Dimensions of tooth height and enamel thickness.

Wild-type
control

NOD
control

NOD
Sports drink

NOD
Cola light drink

NOD
Cola drink

Lingual tooth height 786 ± 12 792 ± 19 613 ± 9� 589 ± 14� 501 ± 19�
Buccal tooth height 579 ± 8 572 ± 9 529 ± 13 523 ± 13 503 ± 11�
Lingual enamel thickness 67 ± 3 66 ± 5 34 ± 4� 25 ± 2� –
Buccal enamel thickness 74 ± 4 73 ± 3 75 ± 2 76 ± 5 73 ± 2
Erosive step – – 232 ± 13 211 ± 15 162 ± 11

Measured dimensions (mean ± SD, lm) of mandibular first molar tooth height and enamel thickness are presented. The values
represent measurements taken from SEM images of transversely ground plane T1.
(–) Not applicable.
(�) Significant difference, p< .05.
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Figure 4. SEM images of transversely ground planes of mandibular first molars from wild type (a–d) and NOD control (e–h) mice, and sports drink (i–l), cola light
drink (m–p), and cola drink (q–t) NOD mice. The image on the left shows a representation of a mandibular first molar, indicating the position of the transversely
ground planes T1, T2, and T3. In both wild type and NOD control molar, the lingual enamel exhibits full thickness (b–d and f–h). In the sports drink (j–l), cola light
drink (n–p), and cola drink (r–t) molars, the lingual enamel exhibits a distinct step with varying degrees of erosion in an occlusal direction. The bar represents
200lm in panels a, e, i, m and q, and 100lm in panels b–d, f–h, j–l, n–p and r–t. E: enamel; D: dentine; P: pulp; Ab: alveolar bone; R: resin; B: buccal side; L: lin-
gual side.

Figure 3. SEM images of maxillary molars from wild type (a, b) and NOD control (c, d) mice, and sports drink (e, f), cola light drink (g, h), and cola drink (i, j) NOD
mice. (a, c, e, g, i) Occlusal view of all three maxillary molars from wild type and NOD control mice, and sports drink, cola light drink, and cola drink NOD mice,
respectively. (b, d, f, h, j) Higher magnification of occlusal view of maxillary first molar in panels a, c, e, g and i, respectively. The white arrows in panels b and c
indicate the unaffected and intact lingual surface of the first maxillary wild type and NOD control molar, respectively. The black arrows in panels f, h and j indicate
the affected enamel on the lingual surface of the sports drink, cola light drink, and cola drink first maxillary NOD molars. The step indicates the border between
the unaffected cervical part and the affected occlusal part of the tooth. The bar represents 300 lm in panels a, c, e, g and i, and 200 lm in panels b, d, f, h and j. E:
enamel; D: dentine; Ab: alveolar bone; B: buccal side; L: lingual side.
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In both groups, all three mandibular molars exhibited a typ-
ical rounded cuspal appearance with considerable erosion
also on the occlusal aspects of the cusps (Figure 2(o,p,s,t)),
more pronounced in the cola drink molars (Figure 2(s,t)).
Accordingly, on the occlusal aspect of the molars, erosion
increased the size of normally obliging enamel-free areas,
which were continuous with the lingual dentine in the cola
drink molars and partly continuous in the cola light molars
(Figure 2(n,r)). In the cola drink maxillary molars, a marked
erosion step on the lingual side was observed on all three

molars (Figure 3(i,j)), whereas in the cola light maxillary
molars the erosion step, with large areas of exposed dentine,
was even more distinct (Figure 3(g,h)). However, in both cola
light and cola group, the erosive effect was more variant in
the maxillary molars. Furthermore, the incisors in both
groups were unaffected (results not shown).

The transversely ground planes of the cola light and cola
drink first mandibular molars showed an erosion pattern that
reflected the observations of the sports drink molars; how-
ever, there was greater erosive destruction of the lingual

Figure 5. SEM images of lingual mandibular first molar enamel from wild type (a–d) and NOD control (e–h) mice, and sports drink (i–l), cola light drink (m–p), and
cola drink (q–t) NOD mice. (b–d, f–h, j–l, n–p, r–t) Higher magnification of lingual enamel from panel a, e, i, m and q, respectively. In both wild type and NOD con-
trol molar, the lingual enamel exhibits full thickness and normal basic enamel structure with four layers (b–d and f–h). In the sports drink molar, the lingual enamel
exhibits a distinct step indicating the border between the eroded and unaffected enamel (k). An artefact is presented in the middle of panel k due to remnants of
organic materials, often appearing in SEM after etching of enamel. The superficial and outer enamel is completely eroded (l). In the cola light drink molar, the
enamel is even more eroded, including the partial erosion of inner enamel (p). In the cola drink molar, the lingual enamel shows a distinct step with total erosion
of enamel in an occlusal direction (s, t). The bar represents 100 lm in panels a, e, i, m and q, and 10 lm in panels b–d, f–h, j–l, n–p and r–t. E: enamel; D: dentine;
P: pulp; R: resin; B: buccal side; L: lingual side; IPL: inner prism-free layer; IE: inner enamel; OE: outer enamel; SPL: superficial prism-free layer; p: prism.
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enamel (Figures 4 and 5), including significant erosion of the
dentine in cola drink molars (Figures 4(r–t) and 5(q)). In both
cola light and cola drink mandibular first molars, the lingual
and buccal cusps were eroded and reduced in height (Figure
6(c,d)). The lingual tooth height was 26% lower (589lm vs.
792lm) in the cola light drink molars and 37% lower
(501lm vs. 792 lm) in cola drink molars compared to the
control (Table 1). The enamel on the buccal aspect of the
molars was unaffected (Figures 4 and 5); however, the buccal
tooth height in the cola light and cola drink molars was
reduced by 9% (523lm vs. 572lm) and 12% (503lm vs.
572lm), respectively (Table 1).

The erosive effects on the cola drink molars were more
severe compared to that in the cola light molars, and conse-
quently the erosion of the enamel was more extended in the
cervical direction as judged by the presence of the erosive
step (Figures 2 and 6). At the transversely ground plane T1,
approximately 211 lm, as measured from the enamel–ce-
mentum junction, an erosive step was evident in the cola
light molars (Figure 6(c); Table 1). In cola drink molars, this
step was present at approximately 162lm from the enam-
el–cementum junction (Figure 6(d); Table 1). In cola light
molars, proceeding from this step in an occlusal direction,
the enamel layers were gradually lost, with complete loss of
superficial and outer enamel (Figure 5(o,p)). The lingual
enamel in cola light molars, based on the measurements on
the transversely ground plane T1, was approximately 62%
thinner (25lm vs. 66 lm) compared to the control molars
(Table 1). However, in the cola drink molars, the enamel with
all its layers was completely eroded occlusally for the erosive
step (Figure 4(r–t)). As judged by the lingual outline of the
dentine surface at this level, dentine erosion was evident
(Figures 4(r–t) and 6(d)).

The pattern of acid-induced dental hard tissue
destruction

SEM observations of the morphology (Figure 2) and transver-
sal sections (Figures 4 and 5) of mandibular first molars from
both control and all three experimental groups, gave the
possibility to study the pattern and consecutive sequence of
acid induced dental hard tissue loss (Figure 6). The control
molars were not affected (Figure 6(a)), and erosive lesions
were evident in increased succession from sports drink
(Figure 6(b)), cola light (Figure 6(c)) to cola drink (Figure
6(d)) molars. Accordingly, loss of enamel was initiated at the
occlusal half of the tooth, including the tip of the cusps,
resulting in reduced enamel thickness and dentine exposure
at the tip of the cusps L1 and L2 (Figure 6(b)). The erosive
step, marking the border between the affected and
unaffected cervical enamel, was evident (Figure 6(b)). The
persistent erosion resulted in further loss of dental enamel
on cusps L1 and L2 in both the cervical and mesio-distal
directions, and simultaneously with the evident initiation of
enamel erosion at cusp L3 (Figure 6(c)). At this point, syn-
chronous loss of enamel towards the underlying dentine
together with further progression of the erosive step in cer-
vical direction, was observed. Collectively, the enamel

became thinner and the total eroded area above the erosive
step was increased (Figure 6(c)). At this stage, coincidental
expanding exposure of dentine together with initial erosion
of dentine at the top of the cusps was evident; the molars
appeared with typical rounded cuspal morphology (Figure
6(c)). At the final stage, almost all enamel above the erosive
step, except for some remnants in the pits between the
cusps, was destroyed, and the exposed dentine emerged as
a continuous layer with progressive erosion in the cervical,
mesio-distal, and even pulpal direction (Figure 6(d). The
extensive erosion of dentine in the pulpal direction resulted
in loss of the curved outline of the lingual tooth surface
(Figure 6(d)).

Discussion

A similar erosion pattern, as described here in NOD mice,
has been observed in rats [7–9] and has recently also been
described in our study using mice with normal salivary flow
[13]. However, the NOD mice showed significantly more ero-
sion. In this study, we aimed to design the experiments and
the evaluation method with SEM, similar to the study on
mice with normal salivary flow [13], in order to enable a
comparison of the results and thereby explore the role of sal-
ivary flow rate on development of erosive lesions. However,
due to the complexity of NOD mice with regard to when the
salivary flow rate decreases, it was not possible to use ani-
mals of the same age, i.e. the study was initiated at 7weeks
in normal mice vs. 16weeks in NOD mice. Therefore, from
the time the NOD mice arrived at the animal facility until the
beginning of the experiments, and during the 6-week erosive
induction (Figure 1), we aimed to minimize attrition by soft-
ening the standard laboratory fodder with water. All animals
in this study, in both the control and experimental groups,
were maintained on the same fodder both before and during
the experiment. Importantly, as judged by the tooth morph-
ology at the end of the experiment, the mandibular molars
in the control NOD mice (Figure 2(e–h)) did not show
increased tooth wear compared neither to that in the wild-
type control (Figure 2(a–d)) nor compared to the mice with
normal salivary flow in our previous study [13]. Accordingly,
we assert that the tooth wear observed in the experimental
NOD molars was predominantly due to erosion, and that the
comprehensive registration of erosive lesions and their
depths in this study are comparable with the findings in
mice with normal salivary flow [13].

Different types of acids, amount, lifestyle, and drinking
habits and technique have a collected impact on the risk for
development of erosive lesions in humans [4,6,32–34]. In this
study, the NOD mice were given sports drink (citric acid, pH
3.39), cola light drink (phosphoric acid, pH 3.10), or cola
drink (phosphoric acid, pH 2.27) as the only drink for
6weeks. Therefore, due to these exaggerated conditions, the
results have to be carefully extrapolated to humans, in
whom the consumption of acidic drinks is more varied and
is often combined with other drinks, such as water. In
accordance with previous animal studies, the results showed
some small individual variations in the erosive effects
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Figure 6. The pattern and consecutive sequence of acid-induced dental hard tissue loss. Schematic representation of lingual view and transversely ground planes
(T1) of mandibular first molar from control (A), sports drink (B), cola light drink (C), and cola drink (D) NOD mouse. The stippled vertical line marked T1 indicates
the position of the transversal sections presented on right. The black stars in A indicate the part of the tooth at which the enamel erosion will start. The black stars
in B and C indicate progression of enamel erosion towards the underlying dentine. The white stars in C and D indicate progression of erosion into dentine and
towards pulpal direction; white arrows represent the direction of cervical and mesio-distal erosion. The black arrows show the progression of erosion and move-
ment of the erosive step in the cervical direction; the stippled black arrows indicate the distance between the step and enamel–cementum junction. UE: unaffected
enamel; EE: eroded enamel; D: dentine; P: pulp.
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between mice within the same experimental group, which
may be due to the differing frequency and amount of drink
consumed, which was not possible to control during the
experiment. However, the overall consumption of drinks was
not significantly different between the groups. In general,
the findings show that all three acidic drinks resulted in
higher erosive tooth destruction of NOD molars compared
with that in mice with normal salivary flow [13]. Despite this,
no erosive influence on the incisor teeth was observed in
the groups. It appears that the protective property of yellow-
brown iron pigmentation on the labial enamel of mouse inci-
sors, which is more resistant to acid [35], was decisive in this
outcome. As previously reported in clinical [4,36] and animal
[13] studies, NOD mouse maxillary molars are considerably
less affected compared to mandibular molars (Figures 2 and
3), probably due to anatomical relations where the acid is
present for a longer time in the sublingual compared to pal-
atal area of the oral cavity. However, it is evident that the
reduced salivary flow rate has an impact on the development
of erosive lesions in the maxillary molars. Compared to the
findings in mice with normal salivary flow rates [13], NOD
mouse maxillary molars had a marked erosion step on the
lingual side of all three molars in the cola and cola light
drink groups (Figure 3). However, the reason that maxillary
molars in cola light group were more affected compared to
that in the cola group, which in general exhibited more
severe lesions, is uncertain.

The progression of dental erosion is influenced by both
physical factors (temperature, salivary flow rate), and chem-
ical factors (degree of saturation, presence of inhibitors, type
of acid, buffering, pH, fluoride) [33]. The association between
low salivary flow rate and the occurrence of dental erosive
lesions has been investigated in a few studies only
[11,18–21]. Regarding the acidic drinks, this study and the
previous study [13] confirms that several factors are involved
in the complicated chemistry of dental erosion, such as type
of acid, low acid dissociation constant (pKa), and low pH.
These factors influence the development and severity of den-
tal erosion in mouse molars. Erosive lesions were evident in
increasing succession from sports drink (Figure 6(b)), cola
light (Figure 6(c)) to cola drink (Figure 6(d)) molars. In all
experimental NOD mice groups, acidic drinks exhibited
higher erosive potential compared to corresponding groups
in the mice with normal salivary flow [13]. It was also evident
that the erosive step in the experimental NOD molars was
extended significantly further in the cervical direction com-
pared with that in the mice with the normal salivary func-
tion. However, the most cervical part of the experimental
NOD mouse lingual enamel was not affected. The same ero-
sive pattern has been shown in rat [8] and mouse [13]
molars. Since the enamel is not gradually eroded along the
whole lingual surface that is exposed to acid, it may be
assumed that the gingiva covering the cervical part serves
as protection.

In this study, the transversal ground planes of mouse
molars enabled detailed measurements of tooth erosion. As
previously discussed [13], achieving an ideal transversal
ground plane of mouse molars through the correct cusps is

technically difficult due to their small size, which may have
affected the accuracy of the measurements. However, it was
considered unlikely that this slight variation would mask the
significant differences in enamel thickness after erosion
between the groups. This is reflected by the enamel thick-
ness measurements in the wild-type mice and NOD control
mice in this study, and NOD control mice from previous
study [13] using the same method, which showed accurate
and similar values in both (Table 1).

NOD mice were selected in this study, since they repre-
sent a well-known model of Sj€ogren�s syndrome with docu-
mented progressive loss of salivary gland function and
significantly reduced salivary flow rate between week 17 and
24 [28,29]. In order to investigate the impact of decreased
salivary flow rate on development of erosive lesions, mice at
about this age were used, with significantly reduced salivary
flow compared to wild type, measured at both 17 and
22weeks of age. However, challenges during the study were
experienced; 15 NOD mice died during the experiment
(Figure 1). According to the animal supplier Taconic
Biosciences, the present mouse model exhibits destructive
autoimmune pancreatic insulitis as early as 4weeks of age,
and insulin-dependent diabetes is found in some females
beginning at 12weeks of age and in approximately 50% of
females by 24weeks of age. Other studies have also shown
that NOD mice spontaneously develop diabetes, the progres-
sion of which is similar to that of human type 1 diabetes
[37,38]. Interestingly, type 1 diabetes incidence in NOD mice
and the rate of disease progression are affected by the gut
microflora and the drinking water pH, which also affects the
composition and diversity of commensal bacteria in the gut
[39]. It has been shown that female NOD mice that were
maintained on acidic water developed more frequently insu-
litis and hyperglycaemia compared with those on neutral pH
water [39]. Accordingly, it is likely that some of the NOD
mice that were exposed to acidic drinks in our study devel-
oped diabetes with lethal outcome. However, it was also
experienced that two mice from the control group, main-
tained only on distilled water, died (Figure 1). Even though,
in NOD mice, the common clinical symptoms of diabetes are
present as in humans, the mice have larger resistance to
development of ketoacidosis. In consequence, they can
remain alive approximately 2–4weeks after the onset of dis-
ease without treatment with insulin. Finally, if not treated,
death results from dehydration, rather than ketoacidosis
[40,41]. Since the onset of salivary gland infiltration and saliv-
ary flow reduction in NOD mice has been shown to be inde-
pendent of blood glucose status [42], we assume that the
salivary flow in this study was not influenced by poorly regu-
lated diabetes. Further, the salivary flow rate, as measured in
this study, decreased as previously shown [28] with age, and
was not influenced by diet since it was similarly reduced in
all NOD mice. Collectively, it was assumed that sick animals
that were excluded from the study developed diabetes either
spontaneously or due to consumption of acidic and sugar
containing drinks. However, although treatment of overtly
diabetic NOD mice is possible [43], in this study those ani-
mals were terminated.
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There are several studies looking at a possible association
between the presence of dental erosions and saliva.
However, most of those have been in vitro and in situ.
Considering guiding principles underpinning the humane
use of animals in scientific research, the three Rs, we did not
find it reasonable to include more than approximately 10
NOD mice, prone to develop diabetes, in each group. This
study is the first in vivo experiment that highlights the role
of saliva in development of dental erosion. Use of animal
models, and especially mice, when studying oral pathology
in humans is widely accepted. In this study, a standardized
in vivo model was used, which is widely described in our
previous paper [13] and has been shown to be suitable for
studying even initial erosive lesions. In addition, our SEM
images as shown previously [13] and in this study show the
same pattern of erosion on mouse molars as in the humans,
with the typical cuppings/pits on the occlusal surface of the
molars [36].

In conclusion, animal models are highly advantageous
due to the salivary influence and soft tissue interactions that
resemble the human oral environment. NOD mice, exhibiting
low salivary flow rate at a certain age, may serve as a benefi-
cial model for studying reduced saliva as a risk factor for
dental erosive wear, however, the frequent development of
diabetes may be challenging. Erosive lesions appearing in
increased succession from sports drink, cola light to cola
drink molars indicated that chemical factors such as the low
pH and type of acid are important factors for development
of dental erosive lesions. It may be concluded that the sever-
ity of the erosive lesions increases when an important pro-
tective factor, such as saliva, is reduced or missing. In
addition to salivary flow rate, the composition of saliva may
be important factor having impact on its protective proper-
ties. Different fluoride treatments should also be explored as
part of prophylactic treatment for individuals at risk for den-
tal erosion. These aspects may be important to address in
future studies using similar animal model and experimen-
tal method.
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