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Background: Patients treated with 5-FU can develop rare but potentially severe cardiac effects, including cardiomyopa-
thy, angina pectoris, ventricular tachycardia, heart failure, acute myocardial infarction, and cardiogenic shock.
The specific pathologies and mechanisms are not fully understood. Research found that mitochondrial
dynamics are widely detected in many angiocardiopathies. Therefore, in the present study we studied the
mitochondrial damage and explored the role of mitochondrial fusion/fission proteins on myocardium of rats
treated with 5-fluorouracil (5-FU).

Material/Methods: Thirty male SD rats were randomly divided into 3 groups with 10 rats in each group: (1) control group, (2) low
5-FU group (25 mg/kg), (3) high 5-FU group (50 mg/kg). The animals received intraperitoneal injection for 5
consecutive days. We assessed alterations in mitochondrial morphology, ATP content, mitochondrial membrane
potential, and mitochondria fusion/fission proteins expression in hearts of rats receiving intraperitoneal injec-
tion with different doses of 5-FU.

Results: 5-FU intraperitoneal injection induced ultra-structural damage in hearts, such as mitochondrial swelling, cris-

tae disorder, and vacuolization. These changes were accompanied by decreases of mitochondrial membrane

potential. The low dose of 5-FU led to a slight increase in ATP content. However, the high 5-FU dose caused a

more significant reduction compared with the control group. Furthermore, 5-FU intraperitoneal injection sig-

nificantly increased specific mitochondrial fission proteins (Drp1 and Fis1) and decreased mitochondrial fusion

proteins (Opal, Mfn1, and Mfn2) in rat hearts. However, no changes in cardiac structure and function were

detected by echocardiogram. The high dose caused more damage to mitochondrial function than the low dose.

Conclusions: Mitochondrial damage is a potentially important mechanism and early indicator for 5-FU-induced cardiovas-
cular disease.
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Background

ANIMAL STUDY

Material and Methods

5-fluorouracil (5-FU) is a commonly used synthetic anti-tumor
drug, which is widely used in the chemotherapy of gastroin-
testinal, breast, pancreatic, and some other solid tumors [1-3].
Patients treated with 5-FU can develop rare but potentially
severe cardiac effects, including cardiomyopathy, coronary
artery disease, tachyarrhythmias, and shock [3-5]. The cardiac
toxicity of these events reported in the literature may depend
on dose, time, and schedule of chemotherapy [1,6-8]. These
can be serious and can affect quality of life of cancer survivors.

Mitochondria are composed of an outer membrane, an inner
membrane that forms cristae, and an intermembrane space.
Mitochondria occupy about one-third of myocardial cells,
providing 30 kg of ATP for myocardial contraction per day [9].
Structural and functional integrity of mitochondria are indis-
pensable for physiological function of the cardiovascular sys-
tem [10]. Mitochondria not only play an important role in cell
energy production, but also play a critical role in cell growth
and cell death [10-12]. In the past decade, many studies have
focused on mitochondrial dynamics, in which changes in mito-
chondrial shape, distribution, and movement have been dem-
onstrated to influence cellular physiology and pathology [9,13].
Increased mitochondrial fission can lead to fragmentation of
mitochondria and decreased mitochondrial function, which is
closely related to cell apoptosis. Mitochondrial fusion is the
process of combining adjacent depolarized mitochondria with
intact mitochondria, mixing them with their metabolites and
mitochondrial DNA, which is conducive to maintaining mem-
brane potential and repairing mitochondrial DNA [14]. Excessive
mitochondrial fission is involved in ischemia/reperfusion injury,
diabetic cardiomyopathy, pulmonary hypertension, and heart
failure [15-17]. Mitochondrial fusion was found to be involved
in insufficiency in myocarditis, heart failure, and cardiac hyper-
trophy [16,18,19]. These processes are essential for the main-
tenance of healthy mitochondrial networks, which are under
the regulation of mitochondrial fusion and fission proteins,
respectively [9]. Drpl and Fis1 play major roles in mitochon-
drial fission, while Opal, Mfn1, and Mfn2 are important regu-
lators of fusion. Mfn1 and Mfn2 regulate fusion of the OMM,
whereas Opal governs the fusion of the IMM [9,16,18,19].
The mechanism of mitochondrial damage of 5-FU-induced
heart injury is still unknown. In the present study, we investi-
gated the damage caused by 5-FU in rat cardiac mitochondria
and explored the related mechanisms of 5-FU-induced altera-
tions in the expression of mitochondrial fusion/fission proteins.

Animals and treatments

Thirty adult male Sprague Dawley (SD) rats (6-8 weeks old)
were purchased from the Experimental Animal Center of Hebei
Medical University (Shijiazhuang, China). The animals were kept
under standard laboratory conditions (12 h light: 12 h dark and
24+3°C). Feed and water were provided ad libitum. The rats
were randomly divided into 3 groups: (1) the control group,
(2) the low 5-FU group, and (3) the high 5-FU group. The ani-
mals were treated by intraperitoneal injection for 5 consecu-
tive day. Dosage of 5-FU was based on a previous study [20].
5-FU was purchased from MCE. The experiment was approved
by the Laboratory Animal Ethics Committee of the Fourth
Hospital of Hebei Medical University (No. 201711).

Echocardiographic measurements

Rats were anesthetized (sodium pentobarbital, 36 mg/kg, ip)
24 h after the last treatment. Transthoracic echocardiographic
measurement was performed using echocardiography (Visual
Sonics Vevo 2100 with 21 MHz transducer, Canada). Left ven-
tricular end-systolic and end-diastolic dimensions, as well
as systolic and diastolic wall thickness, were measured from
M-mode tracings at the midpapillary level. For each M-mode
operation and measurement by a trained electrocardiographer
of small animals, at least 3 consecutive cardiac cycles were
sampled. Studies and analysis were performed by investiga-
tors in a blinded fashion.

The ultrastructure of mitochondria

Rats were killed by sodium pentobarbital injection (36 mg/kg, ip)
at 24 h after the last treatment, then myocardium from the
heart apex were cut into 1-mm?3 pieces and fixed in 4% glu-
taraldehyde followed by osmic acid. Subsequently, specimens
were dehydrated by acetone and then embedded. Thin and
semi-thin specimen slices were made, and transmission elec-
tron microscopy was carried out to observe the cellular mito-
chondrial structure. We examined samples at a magnification
of 5000x and 15 000x with a transmission electron microscope
(HITACHI-S7500, Tokyo, Japan).

Mitochondrial membrane potentials and ATP content assay

One section of the heart tissue was used to isolated mitochon-
dria using the myocardial mitochondria isolation kit (c3606;
Beyotime Institute of Biotechnology, Shanghai, China). The iso-
lated mitochondria were used to detect the mitochondrial mem-
brane potential (c2006; Beyotime Institute of Biotechnology,
Shanghai, China). Mitochondrial ATP content was analyzed using
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the ATP content kit (s0026; Beyotime Institute of Biotechnology,
Shanghai, China) according to the manufacturer’s instructions.

Western blotting analysis

The frozen heart tissue samples were thawed. Protein con-
centrations were determined using a BCA protein assay
kit (Multisciences, Shanghai, China). Samples were mixed
with 1x loading buffer and denatured at 95°C for 10 min.
We resolved 30 ug of protein by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis on a 10% or 15% SDS-PAGE
and electrophoretically transferred it to a polyvinylidene diflu-
oride (PVDF) membrane. After blocking with 5% milk in TBST
for 4 h at room temperature, the rat monoclonal antibodies
specific for rat Opal (A9833, ABclonal, USA), Mfn1 (A9880,
ABclonal, USA), Mfn2 (A5750, ABclonal, USA), Drpl (A2586,
ABclonal, USA) and Fis1 (GTX111010, GeneTex, USA) and
alpha Tubulin (GTX628802, GeneTex, USA) were incubated at
a concentration of 1: 500 (for Opal, Mfn1, Drp1), or 1: 1000
(for Mfn2, Fis1, and Tubulin) in 1xTBST overnight at 4°C.
The infrared-labeled anti-rat secondary antibodies (26055,
Rockland, USA) at a concentration of 1: 10 000 were added
to PVDF membranes and incubated for 2 h at 37°C. The mem-
branes were scanned and the band densities were quantified
using the Odyssey Infrared Imaging System.

Statistical analysis

All results are expressed as means +SD. The data obtained
from various groups were statistically analyzed using one-way
ANOVA using SPSS21.0. The least significant difference (LSD)
test was performed as post hoc analysis for multiple compari-
sons between groups. Dunnett’s T3 test was performed when
the variance was irregular. P<0.05 was considered to be sta-
tistically significant.

Results

Echocardiography

Echocardiography was performed to examine the effect of
5-FU on cardiac structure and function. The data showed that
5-FU rats presented no significant left ventricular systolic dys-
function. Specifically, the most important parameters of car-
diac structure and function were not significantly changed in
5-FU rats, and there was no significant change in the low- and
high-dose groups (Figure 1).

Ultrastructure of mitochondria

Mitochondria were scanned with transmission electron
microscopy. In the control group, the ultra-structural features
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showed normal architecture of myocardium structures, com-
plete structures of the mitochondria, and obvious cristae
of the mitochondria (Figure 2A, 2B). In the low 5-FU group,
the ultra-structural features showed myocardial myofibril
disorder, mitochondrial swelling, cristae decrease, and mito-
chondrial vacuolation (Figure 2C, 2D). In the high 5-FU group,
the ultra-structural features showed myocardial myofibril dis-
order, mitochondrial swelling, cristae decrease, and mitochon-
drial vacuolation (Figure 2E, 2F). Swelling degree and crest frac-
ture degree were more serious in the high-dose group than in
the low-dose group. A smaller volume was associated with,
the number change much more in the high dose group than
low dose group.

ATP content and mitochondrial membrane potentials

Compared with the control group, the mitochondrial ATP con-
tent of myocardial tissue in the low 5-FU group was slight-
ly increased, while in the high 5-FU group it was decreased.
The results were different in the high 5-FU group compared
with the control group. Compared with the control group,
the mitochondrial membrane potential showed a downward
trend, and only the results of the high-dose 5-FU group had sig-
nificant differences compared with the control group (p<0.05)
(Figure 3). Mitochondrial function damage was not noticeable
in the low-dose group but was obvious in the high-dose group.

Mitochondria fission/fusion proteins expression

The fission protern Drp1 level in the hearts of 5-FU rats in the
low 5-FU group and high 5-FU group were significantly in-
creased compared with the control group (p<0.01 or p<0.01).
Meanwhile, the fission protern Fis1 was significant changed
in the low 5-FU group and high 5-FU group (p<0.01 or p<0.01),
whereas, the fusion-related proterns Opal, Mfn1, and Mfn2
were significantly decreased in the high 5-FU group (p<0.01,
p<0.01, or p<0.01). Mfn1 was obviously decreased in the low
5-FU group (p<0.01) and Mfn2 was decreased in the low 5-FU
group (p<0.05), but no significant change in Opal were ob-
served in the low 5-FU group (Figure 4). The increase of fission
protein was greater than the degree of fusion protein decrease.

Discussion

The pathogenesis of 5-FU-induced cardiotoxicity is multi-facto-
rial and is not fully understood. Oxidative stress is a possible
mechanistic hypothesis explaining the cardiotoxicity effects of
5-FU [21]. Mitochondria are one of the major cellular sources of
ROS and are also the target organ of ROS [12]. Previous stud-
ies reported that the increase in anaerobic metabolism and the
increase in oxygen uptake could be due to reduced aerobic ef-
ficiency resulting from mitochondrial uncoupling. Uncoupling
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Figure 1. Effects of 5-FU on cardiac function of rats. (A) Representative M-mode images and changes of echocardiographic parameters
in each group. (B) The left ventricular paramenters were detected by echocardiography; EF ejection fraction; FS — fractional
shortening; LVAW - d, left ventricular end-diastolic anterior wall thickness; LVAW:s — left ventricular end-systolic anterior
wall thickness; LVID:d — left ventricular end-diastolic diameter; LVID:s — left ventricular end-systolic diameter; LVPW:d — left
ventricular end-diastolic posterior wall thickness. Data are expressed as mean +SD from ten individual samples. Using one-
way ANOVA, comparing with control group,significant difference is indicated by * P<0.05 and ** P<0.01.

of the mitochondrial respiratory chain results in increased bas-
al oxygen consumption and decreased ATP-production [22].
This mitochondrial damage wants further study. There is no
data on the ultrastructure of mitochondria. Mitochondrial mor-
phologic change has recently been recognized as an integral
factor in the energetic efficiency of mitochondria in maintain-
ing cellular homeostasis [12]. The maintenance of mitochon-
drial health partly depends on mitochondrial dynamics, a pro-
cess involving continual fission and fusion of mitochondria.
The process involves changes in mitochondrial morphology,
promoting the transfer of chemical and electronic signals,
some pathological damages can lead to a fusion/fission im-
balance, resulting in mitochondrial morphology changes and
decreased mitochondrial function [9,12,23]. Excessive mi-
tochondrial fission is widely detected in ischemia/reperfu-
sion injury, myocardial infarction, diabetic cardiomyopathy,
and heart failure [24,25]. Thus, we studied the mitochondri-
al damage and explored the role of mitochondrial fusion/
fission proteins in myocardium in rats treated with 5-fluoro-
uracil (5-FU).

In the present study, we observed no significant changes in
cardiac structure and function. It may be that the administra-
tion time was too short and the dosage was too low to cause
cardiac dysfunction. In attempting to prolong the duration of
administration or increase in the administered dosage of the
drug, there were significant gastrointestinal events causing
increased mortality. Therefore, we use previous methods of
administration and doses [20] to investigate the heart injury.

Our results showed some abnormal morphological changes
in mitochondria, confirming the abnormality of mitochondri-
al ultrastructure in 5-FU-treated rats. Previous studies have
shown that mitochondrial damage is associated with apop-
tosis, necrosis, and autophagy in cardiomyocytes [8,26,27].
In this study, we found only mitochondrial damage and no
damage in myocardial cells in the rat hearts. This suggests that
mitochondrial damage in 5-FU-treated rats may be associat-
ed with mitochondrial dysfunction, and that there is a possi-
ble role of mitochondrial dynamics in its pathological progres-
sion. The main function of mitochondria is to provide energy
for metabolism. MMP reflects the integrity of mitochondrial
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Figure 2. Ultrastructural damage effects of 5-FU on myocardial cells and mitochondria of rats from control 5,000xmagnification
(A), 15,000xmagnification (B), 25 mg/kgb.w. 5,000xmagnification (C), 15,000xmagnification (D) and 50 mg/kg b.w.
5,000xmagnification (E), 15,000xmagnification (F). The arrows indicate sites of mitochondrial fission, the triangles indicates
site of mitochondrial swelling and crista disorder, and the double-headed arrow indicate vacuolization, respectively.
N - nucleus; Mt — mitochondrion; Mf — myocardial fibers.
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Figure 3. The MMP in cardiac mitochondria among each group.
Data are expressed as mean +SD from six individual
samples. Using one-way ANOVA, comparing with
control group, significant difference is indicated by
* P<0.05.

function and is a sensitive index for evaluating the functional
integrity of mitochondria. Normal MMP ensure mitochondri-
al oxidative phosphorylation, which is a necessary condition
for ATP generation, and membrane potential dissipation leads
to cells that cannot synthesize enough ATP to complete nor-
mal life activities [12]. Low concentrations of 5-FU can dam-
age mitochondria, but due to mitochondrial compensatory
function, ATP content increased [28], and high concentrations
cause damage beyond the mitochondrial compensatory func-
tion, leading to decreased ATP [22].

In our study, we found that the fission proterns expression of
Drp1 and Fis1 were significantly increased in the low 5-FU group
and high 5-FU group. Abnormal expression of Drp1 protein may

ANIMAL STUDY

cause the abnormal division of mitochondria. When the expres-
sion level of Drp1 is low, it causes decreased mitochondrial di-
vision, and the mitochondria cannot be transported to where
the energy is needed. When the expression level of Drp1 is
high, the abnormal fission increased, the membrane potential
decreased, and the biological function decreased. After the fu-
sion of mitochondria is inhibited, the damaged mtDNA cannot
be repaired by fusion with normal mitochondria [29]. Previous
research has shown that cardiac myocyte-specific knockout of
Mfn1 and Mfn2 in adults causes cardiomyopathy [23]. Lack of
Mfn1 and Mfn2 leads to insufficient mitochondrial membrane
fusion, and myocardial cells will be more sensitive to a vari-
ety of injuries. It has been demonstrated that Opal-mediated
mitochondrial fusion requires the involvement of Mfn1,
while Mfn2 has no direct effect on Opal [30]. Another study
showed mitochondrial fusion depends on the presence of mi-
tochondrial membrane potential [31]. In our experiments, mito-
chondrial fusion was consistent with the change in membrane
potential. Knockdown of Drp1 inhibits the fission of mitochon-
dria, which become elongated. Upregulation of Drp1 results
in fragmentation of mitochondria, which affects mitochon-
drial electron transport, and the 3 carboxylic acid cycle [32].
The level of Fis1 may determine the division of mitochondria [33].
With excessive fission of mitochondria and the lack of fusion,
the synthesis of mitochondria is blocked and the mitochondri-
al function is destroyed. It was recently reported that inhibit-
ing mitochondrial fission with Mdivi-1 or siRNA can attenuate
mitochondrial damage and reduce myocardial injury [34,35].
We plan to further study whether inhibiting mitochondrial fis-
sion can improve 5-FU-induced mitochondrial damage.

A B
[ ] - 112kD Opa1 2.0
i = ] - 86kD  Mfn1
s 1.5
1 ] - 84D Mfn2 £
[ e emeemmw | - 79KD  Drpl S 1.0
I —— | - |7kD  Fis] 2
0.5+
L ] - 55kD  Tubulin
Control  25mg/kg 50 mg/kg 0.0

[ Control
3 25 mg/kg
Il 50 mg/kg

Mfn1

Opal Mfn2 Drp1 Fis1

Figure 4. (A, B) Expression of protein of OPA1, Mfn1, Mfn2, Drp1 and Fis1 in heart mitochondria of rats treated with different 5-FU
concentrations. The control group was intraperitonealled injection with same amount of physiological saline.
Mean expression in each treated group is shown as increase/decrease compared to mean expression in control group which
has been ascribed an arbitrary value of 1. The values are mean +SD from five individual samples. Using one-way ANOVA,
comparing with control group, significant difference is indicated by * P<0.05 and ** P<0.01, comparing with 25 mg/kg group,
significant difference is indicated by # P<0.05 and #* P<0.01.
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Conclusions

Our results revealed that mitochondrial damage is a potentially
important mechanism and is an early indicator for 5-FU-induced
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