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Abstract To investigate the effect of excessive fluoride on
the mitochondrial function of cardiomyocytes, 20 healthy
male mice were randomly divided into 2 groups of 10, as
follows: control group (animals were provided with distilled
water) and fluoride group (animals were provided with
150 mg/L F− drinking water). Ultrastructure and pathological
morphological changes of myocardial tissue were observed
under the transmission electron and light microscopes, respec-
tively. The content of hydrolysis ATP enzyme was observed
by ATP enzyme staining. The expression levels of ATP5J and
ATP5H were measured by Western blot and quantitative real-
t ime PCR. The morphology and ultrastructure of
cardiomyocytes mitochondrial were seriously damaged by
fluoride, including the following: concentration of
cardiomyocytes and inflammatory infiltration, vague myofil-
aments, and mitochondrial ridge. The damage of mitochon-
drial structure was accompanied by the significant decrease in
the content of ATP enzyme for ATP hydrolysis in the fluoride
group. ATP5J and ATP5H expressions were significantly in-
creased in the fluoride group. Thus, fluoride induced the mi-
tochondrial dysfunction in cardiomyocytes by damaging the
structure of mitochondrial and interfering with the synthesis of
ATP. The proactive ATP5J and ATP5H expression levels were

a good response to the mitochondrial dysfunction in
cardiomyocytes.
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Introduction

Cardiomyocytes are an important part of the heart; when the
cardiomyocyte contracts, the blood containing nutrients and
oxygen is pushed into the arteries and flows throughout the
body, cardiomyocyte diastolic blood from the vein flows into
the heart [1, 2]. Adenosine triphosphate (ATP), an energy
material produced by cardiomyocyte mitochondria, plays a
vital role in the cardiomyocyte systolic and diastolic processes
[3]. As crucial subcellular structures in cardiomyocyte, mito-
chondria synthesize different types of enzymes that allow suf-
ficient energy synthesis and continuous aerobic respiration
[4]. Mitochondria ATP synthase is a crucial enzyme in the
mitochondrial internal membrane; it promotes oxidative phos-
phorylation to enhance the synthesis of ATP [5, 6]. ATP syn-
thase consists of F0 and F1 subunits; the combination of F0
and F1 subunits promotes the synthesis of ATP [7, 8]. ATP5J
and ATP5H are important nuclear-coding genes of F0 subunit;
ATP5J and ATP5H expressions are related to the synthesis of
ATP synthase and mitochondrial ATP [9–12].

Fluorine is a non-metallic element with lively chemical
properties; it mainly exists as fluoride (F), such as CaF2,
Na[AlF6], and Ca10(PO4)6F2 [13]. Fluorine plays an important
role in the growth and development of the animal body, espe-
cially in the formation of mammalian enamel; the fluoride
needed by the body is mainly obtained through drinking water
and consuming food [14–16]. F is an anion that easily
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penetrates the cell membrane; excessive accumulation of fluo-
rine ion in cells seriously affects the structure and function of
the organelles, thereby resulting in different phenomena, such
as mitochondrial swelling and endoplasmic reticulum
vacuolization [15, 17, 18]. The heart is one of the most im-
portant organs in the cardiovascular system; cardiomyocytes
contain abundant mitochondria that play an important role in
the normal function of the heart [19]. Studies reported that the
incidence of heart diseases is related to long-term exposure to
fluoride in fluorosis areas; examples of these heart diseases are
atherosclerosis, myocardial infarction, and hypertension [13,
20]. These diseases are related to the mitochondria dysfunc-
tion in the cardiomyocytes, because mitochondria are vulner-
able to fluoride, and the synthesis of ATP in the mitochondria
is blocked by fluoride [21]. The fluoride-induced mitochon-
drial dysfunction in cardiomyocytes was investigated in the
present work by observing the structure of histomorphology
and ultrastructure of cardiomyocyte mitochondria. The con-
tent of ATP hydrolytic enzyme was detected, and the expres-
sion levels of ATP5J and ATP5H were measured.

Material and Methods

Animals and Treatment

Twenty healthy male Kunming mice (4 weeks old;
weighting about 18.6 g) were obtained from the Animal
Center of Zhengzhou University and were randomly divided
into the control and fluoride groups of 10 members after a
week of balanced feeding. In the control group, the animals
were given distilled water for 70 days. In the fluoride group,
150 mg/L F− was included in the drinking water for 70 days.
All experimental mice were kept in the light (12 h light/dark
cycle) and provided standard diet. The temperature of ani-
mal house was maintained at 22 °C 25 °C under ventilation
conditions. Mice were anesthetized via urethane intraperito-
neal injection. After blood collection, the hearts were care-
fully removed. Three samples from each group were fixed
for observation, and the rest of the samples were preserved
in liquid nitrogen for messenger RNA (mRNA) and protein
expression studies.

Histomorphological Observation

Myocardium tissue was fixed in 4% paraformaldehyde for
48 h and dehydrated in a series of alcohol solutions. After
transferring into xylene, the heart tissue was embedded in
paraffin. Sections of 5 μm were sliced and stained with
hematoxylin-eosin and then observed under the light
microscope.

TEM Examination

Myocardium tissue was fixed in 2.5% glutaraldehyde phos-
phate buffer (PB) (pH 7.4) at 4 °C and washed by PB.
Afterward, it was fixed in 1% osmic acid and washed thrice
in PB before dehydrating in different concentrations of alco-
hol. The tissue was finally embedded in araldite resin.
Ultrathin sections of 50 nm were cut and stained with uranyl
acetate and lead citrate. These samples were then observed
under the TEM (H-7650, Hitachi, Japan).

ATP Enzyme Staining

Myocardium tissue was obtained from male mice, and the
sections were prepared following the methods of Guth et al.
[22] and Gollnick et al. [23]. The sections were observed
under light microscope.

Quantitative Real-Time PCR Analysis

Total cellular RNA was isolated from the liquid nitrogen-
frozen myocardium tissue using Trizol Reagent (Invitrogen,
USA) following the manufacturer’s instruction. The mRNA
expression levels of ATP5J and ATP5H were detected with
Mx3000pTMQRT-PCR system (Stratagene, USA) real-time
PCR RG-3000A and a SYBR® Permix Ex Taq™ (Perfect
Real Time) Kit (Takara, China). The specific primer se-
quences for ATP5J, ATP5H and β-actin were designed
(Table 1). Relative mRNA expression was determined using
the △△cycle threshold (Ct) method. PCRwas performed under
the following conditions: 95 °C for 2 min and 30 cycles of
amplification (95 °C for 10 s, 55 °C for 20 s, and 72 °C for
25 s).

Table 1 Primer sequences,
corresponding PCR product size
and position

Gene Primers (5′ → 3′) Primer location Tm Product (bp) GenBank no.

β-Actin GTTACCAACTGGGACGACA

GGGGTGTTGAAGGT
CTCAAA

334–498 60.00

59.94

165 NM_007393.5

ATP5J GTCCTTCGGTCAGCAGTCTC

AGATGCCTGTCGCTTTGATT

484–621 59.99

59.84

138 NM_
001302213

ATP5H TTCCCTTTGACCAGATGACC

TGCTTCACAGGTTCTCGATG

414–527 59.90

59.98

114 NM_027862.1
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Western Blot Analysis

Myocardium tissue was thoroughly washed in icecold PB be-
fore homogenization. The homogenate was subsequently cen-
trifuged at 12,000×g for 5 min at 4 °C. The collected super-
natant was used for protein detection and analysis. The super-
natant protein was separated by SDS-PAGE and transferred
onto polyvinylidene (PVDF) membrane. After blotting by
using 5% non-fat milk, the membrane was incubated in pri-
mary antibody overnight at 4 °C. The primary antibodies were
used: rabbit polyclonal anti-ATP5J (BA1778-2; Wuhan
Boster Biological Technology Ltd., China), rabbit polyclonal
anti-ATP5H (PB0281; Wuhan Boster Biological Technology
Ltd., China), and rabbit polyclonal anti-β-actin (GB13001-1;
Wuhan Guge Biological Technology, China). The secondary
antibody was horseradish peroxidase-conjugated goat
anti-rabbit IgG (GB23303; Wuhan Guge Biological
Technology, China). PVDF membrane was covered with
the developing solution and then placed in the BioRad
developer. The positive bands were detected using en-
hanced chemiluminescent reagents. The gray densities of
the protein bands were normalized by using β-actin
density as the control.

Statistical Analysis

Experimental data were showed as mean ± SD. Statistical and
data analyses were measured by the Software of SPSS13.0
version and Student’s t test. Values of p < 0.05 were statisti-
cally significant.

Results

Effects of Fluoride on the Morphology of Cardiomyocyte
in Mice

Morphological changes in cardiomyocyte of mice are shown
in Fig. 1. In the control group, considerable amounts of
cardiomyocytes showed normal features. The intercellular
spacing was clear, and the nuclear structure was normal
(Fig. 1 (a1, a2)). However, in the fluoride group, the
cardiomyocytes had irregular sequences, and a large number
of inflammatory cell infiltration and nuclear condensation
were observed (Fig. 1 (b1, b2)).

Effects of Fluoride on the Ultrastructure
of Cardiomyocyte in Mice

The ultrastructure changes of cardiomyocyte were observed
(Fig. 2). Normal ultrastructure of cardiomyocyte was ob-
served in the control group, i.e., well-regulated myofilaments,
clear mitochondrial ridge, and intercalated disks (Fig. 2 (a1,
a2)). However, myocardial fiber breakage, mitochondrial
ridge dissolution and breakage, and slight vacuolization of
mitochondria were observed in the fluoride group (Fig. 2
(b1, b2)).

ATP Enzyme Stain Examinations

Figure 3 shows the results of ATP enzyme staining. In
the control group, ATP enzyme was widely distributed
in myocardial fibers, and the stain was brown black in

Fig. 1 The morphological
changes of myocardium tissue in
mice. a1 and a2 are the
microscopic observations in the
control group. b1 and b2 are the
sections of myocardium tissue
from the fluoride group
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color (Fig. 3 (a1, a2)). However, in the fluoride group,
the ATP enzyme stain became khaki and pale in the
myocardial fibers and enlarged interspace of myocardial
fibers was observed with the decreasing content of ATP
enzyme (Figs. 3 (b1, b2)).

Western Blot of ATP5J and ATP5H Protein Expression

The protein expression levels of ATP5J and ATP5H in myo-
cardium tissue are shown in Fig. 4. In the fluoride group,
ATP5J and ATP5H showed significant protein imprint

Fig. 2 Ultrastructure changes of
cardiomyocyte in mice. a1, a2,
b1, and b2 are TEM observation
of cardiomyocytes in mice. a1
and a2 are from the control group,
whereas b1 and b2 are from the
fluoride group

Fig. 3 Results of ATP enzyme
staining of myocardium tissues.
a1 and a2 are from the control
group, whereas b1 and b2 are
from the fluoride group
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expressions (Fig. 4a). The protein relative expression levels of
ATP5J and ATP5H were significantly increased by 50%
(p < 0.01) and 125.6% (p < 0.01), respectively, compared with
the control group (Fig. 4b).

Quantitative Real-Time PCR of ATP5J and ATP5H
mRNA Expression

The mRNA expression levels of ATP5J and ATP5H are
shown in Fig. 5. In the fluoride group, the mRNA expression
levels of ATP5J and ATP5H were significantly increased by
136% (p < 0.01) and 194% (p < 0.01) respectively, compared
with the control group (Fig. 5).

Discussion

Heart is the most important organ in the vertebrate and con-
tains a special kind of myocardial fiber. The regular contrac-
tion and relaxation of the heart are caused by the myocardial
fiber, which has an automatic rhythm of excitement, along
with the assistance of ATP produced by cardiomyocyte mito-
chondria [2, 3, 24]. Incidence of atherosclerosis is related to
the exposure to fluoride, such as myocardial infarction and
hypertension [13, 20]. In the present study, the concentration
of cardiomyocyte and inflammatory infiltration was observed
in the fluoride group. The fluoride-induced breaking of the
myocardial fibers and mitochondrial ridge was also observed
under TEM. Numerous fluoride ions accumulate in the car-
diomyocyte, thereby inducing oxidative stress and producing
reactive oxygen species, which further cause mitochondrial
damage and cell apoptosis [13, 25, 26]. Fluoride-induced
damage through oxidative stress in the brain, liver, and kidney
has been reported [27–29]. Zhou et al. found that excessive
fluoride reduces the activities of SOD, GSH-Px, and the total
anti-oxidizing capability (T-AOC), thereby further increasing
the contents of ROS and RNS [15]. Some studies have sug-
gested that the primary source of oxidative stress in mamma-
lian cells is the mitochondria [30]. In the present study,
fluoride-induced mitochondrial damage in cardiomyocyte is
related to the balance of anti-oxidase activity.

Cardiomyocyte contains abundant mitochondria, which
play an important role in the normal function of the heart.
Excessive fluoride intake induces mitochondrial damage and
reduces the production of ATP in the cardiomyocyte [31].
ATP content decreased after the fluoride-induced damaging
of the cardiomyocytes. Mitochondrial ATP synthase plays a
crucial role in ATP synthesis in the mitochondrial and is main-
ly composed of two parts: a water soluble protein complex F1
and a hydrophobic part F0 [32, 33]. ATP5J and ATP5H belong
to the nuclear encoding genes of F0 subunits of ATP synthase
[32] and are closely related to ATP synthesis; the change in
their sequence and expression directly or indirectly reflects the
changes of mitochondria and ATP synthase function [34, 35].
The expression of mRNA and protein levels of ATP5J and
ATP5H was significantly increased, but the production of
ATP decreased. We speculated that increasing ATP5J and
ATP5H expressions is related to ATP decrease. Heart is an
important blood pump in the body and demands substantial
ATP for contraction and relaxation. When the content of ATP
decreased due to fluoride-induced damage to cardiomyocyte
mitochondria, ATP deficiency caused myocardial dysfunction
and further induced myocardial ischemia and heart failure [36,
37]. The expressions of ATP5J and ATP5H increased to pro-
mote the synthesis of ATP in cardiomyocyte mitochondria and
to ensure the normal function of the heart and the production
of ATP supply. Thus, the increased expressions of ATP5J and
ATP5H compensate for fluoride-induced mitochondrial dys-
function in cardiomyocytes that further lead to reduced syn-
thesis of ATP.

ba

ATP5J ATP5H

0.0

0.5

1.0

1.5

Control group

Fluoride group

**

**

y
ti

s
n

e
d

e
vi

t
al

e
R

Fig. 4 Western blot of ATP5J
and ATP5H protein expression in
the myocardium tissues. a
Western blot electrophoretic
pattern. b ATP5J and ATP5H
relative expression levels.
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Fig. 5 The mRNA relative expressions of ATP5J and ATP5H.
**p < 0.01, compared with the control group
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In conclusion, excessive fluoride intake induces mitochon-
drial dysfunction of cardiomyocyte by damaging the ultra-
structure of cardiomyocyte mitochondria and indirectly inter-
fering with the synthesis of ATP. ATP5J and ATP5H proactive
expressions are closely related to the fluoride-induced mito-
chondrial dysfunction in cardiomyocyte.
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