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Impact statement

UQCRCH1, an essential subunit of mito-
chondrial complex Ill, may play a crucial
role in maintaining life and organ functions.
Knockout of Ugcrc1 leads to mice embry-
onic death and knockdown of Uqcrc1
results in poor brain function. Mutations of
Ugcre1 are closely associated with some
severe diseases. Also, UQCRC1 may be
closely correlated with several types of
cancer including colorectal cancer, pan-
creatic cancer. Of note, it has been proved
that UQCRC1 has a protective effect on
both myocardia and brain ischemic injury.
However, there has been no evidence so
far for the cardioprotective roles of
UQCRC1 from in vivo models. Here, we
found that UQCRC1"’~ mice had
decreased tolerance to acute exhaustive
exercise due to poor cardiac function and
myocardial including mitochondrial struc-
tural damage, offering new proof for the
crucial role of UQCRC1 in maintaining
cardiac functions in in vivo models, and
also providing a new insight into its bio-
logical functions.

Abstract

Ubiquinol-cytochrome c reductase core protein 1 (UQCRCH1) is an indispensable compo-
nent of mitochondrial complex lll. It plays a key role in cardioprotection and maintaining
mitochondrion function. However, the exact role of UQCRC1 in maintaining cardiac function
has not been reported by in vivo models. Also, the exact biological functions of UQCRC1 are
far from fully understood. UQCRC1"~ mice had decreased both mRNA and protein expres-
sion of UQCRCT1 in the left ventricular myocardia, and these mice had reduced tolerance to
acute exhaustive exercise including decreased time and distance with higher apoptosis
rate, higher expression level of cleaved CASPASE 3, and higher ratio of cleaved PARP1
to full-length PARP1. Moreover, UQCRC1 knockdown led to increased LV interventricular
septal thicknesses both at systole and diastole, as well as decreased LV volume both at
end-systole and end-diastole. Finally, UQCRC1 gene disruption resulted in mitochondrial
vacuolation, fibril disarrangement, and more severe morphological and structural changes
in mitochondria after acute exhaustive exercise. In conclusion, UQCRC1 contributes to
cardiac tolerance to acute exhaustive exercise in mice, and it may be an essential compo-
nent of complex lll, playing a crucial role in maintaining cardiac functions.
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Introduction

Ubiquinol-cytochrome ¢
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reductase
(UQCRC1) is an indispensable component of the mitochon-
drial complex III (also named as bcl complex). Although it
has been proved to be involved in many biological process-
es in several fields including oncology, ischemia injury, and

metabolism-related diseases, the exact functions of
UQCRCT are far from fully understood.'™

Increasing evidence shows that UQCRC1 may play a
crucial part in maintaining life and organ functions.
Knockout of Ugcrcl leads to mice embryonic death and
knockdown of Ugcrcl results in poor brain function.®
Also, several studies have found that mutations of Ugqcrcl
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are closely associated with some severe diseases including
malignant pleural mesothelioma and autosomal dominant
parkinsonism ~ with polyneuropathy.”® In addition,
UQCRCI has also been discovered to play a crucial role
in oncology, where, among other things, it may be closely
related to lymph node metastasis and poor prognosis in
colorectal cancer, serve as a biomarker in clear cell renal
cell carcinoma, and act as a therapeutic target for pancreatic
cancer.'2

In the setting of cardioprotection, it has been shown by
several studies that UQCRCI plays a protective role in car-
diomyocyte cultures. Ischemia/reperfusion injury may
decrease UQCRC1 expression,”® but a cardioprotective
reagent may increase its expression.'* Moreover, we have
shown in previous studies that overexpression of UQCRC1
attenuates mimic ischemia/reperfusion injury and that
knockdown of UQCRC1 has the opposite effects in cultured
cardiac cells.’>' However, the exact functions of UQCRC1
are far from fully understood.

Mitochondrion has been widely thought to play a vital
part in cardioprotection, and it has been considered as the
common target for several cardioprotective effects, such as
ischemic preconditioning, pharmacological precondition-
ing, and postconditioning."’ " Accumulating evidence
shows that UQCRC1 expression changes may directly
affect mitochondria structure and function. Early studies
discovered that overexpression of UQCRC1 may enhance
mitochondrial complex III activity,® but its expression may
decrease along with mitochondria dysfunction."” Our
recent study further shows that knockdown of Ugcrcl
reduces both the formation and activity of complex III in
mouse brain.® Also, another study found that tryptophan
oxidation of UQCRC1 causes large structural changes of
complex IIT in a myodegeneration mouse model.*'

Given the cardioprotective role of UQCRC1 and if
UQCRC1 is an indispensable component of the mitochon-
drion, the common target for cardioprotection, it is reason-
able to believe that UQCRC1 may take part in determining
cardiac function in myocardial injury. However, the role of
UQCRC1 in maintaining cardiac function has not been
reported using in vivo models.

Therefore, this study aimed to further explore the exact
functions of UQCRC1 in in vivo models. We postulated that
UQCRC1 may be an indispensable component in maintain-
ing mitochondria structure, and that disruption of
UQCRC1 expression might impair cardiac functions.
Here, we found that UQCRC1"/~ mice had decreased
both mRNA and protein expression of UQCRCI in the
left ventricular myocardia. These mice had reduced toler-
ance to acute exhaustive exercise due to poor cardiac func-
tion and myocardial structure, including mitochondrial
structural damage.

Materials and methods

Animals

The animal protocol was approved by the Institutional
Animal Ethics Committee of Army Medical University
(Chonggqing, China). All animal experiments were carried

out according to the National Institutes of Health Guide for
the Care and Use of Laboratory Animals (NIH publications
number 80-23) revised in 2011. About 96 male mice at 6 to
8 weeks old, weighing about 20-25 g, were used for the cur-
rent study.

Generation and genotyping of Ugcrc1 knockdown mice

F1 heterozygous Ugcrcl mice were generated and geno-
typed as recently described.® Briefly, a Lac-Neo cassette
was inserted to replace partial gene sequence of Ugcrcl
between exon 3 and exon 4. The genomic DNA from mice
tails was extracted using the Quick Genotyping Assay Kit
for Mouse Tail (Bimake, China). The primers of F1 (5-
AGGATCTCCTGTCATCTCACCTTGCTCCTG-3') and R1
(5'-AAGAACTCGTCAAGAAGGCGATAGAAGGCG-3)
were designed to confirm the inserted Neo cassette. The
primers of F2 (5-GGGATGTGGAGCCAGAATCA
ACAAC-3) and R2 (5-CCAGAGCTACCCAACA
GCCTATCTT-3') were used to identify the original gene
sequence of Ugcrcl that should be replaced by the Neo cas-
sette. The PCR program was set as 94 °C for 5 min, 94 °C for
30s, 58 °C for 30s, and 72 °C for 35s per cycle for 35 cycles
and then 72°C for 10 min.

Acute exhaustive exercise

Similar to the previous study,” mice aged 6 to 8 weeks were
acclimated for 2 days prior to the fatigue task, 3 times per
day for 10min at each time on a rotary fatigue meter
(Shangdong Academy of Medical Science, China). From
the third day on, fatigue was induced by voluntary running
on the rotary fatigue meter for 7 consecutive days. Mice
were encouraged to run by electric shocks (1.5 mA for 35s)
till fatigue, which is defined as stopping to rest for 5 times
in 5 minutes.

TUNEL assay

As previously described,” myocardial apoptosis rate was
detected using a One Step TUNEL apoptosis assay kit
(Beyotime, China). TUNEL staining (green fluorescence)
was utilized to label apoptotic cell nuclei and DAPI staining
(blue fluorescence) was utilized to label the total cardio-
myocyte nuclei. The stained samples were photographed
under a confocal fluorescence microscope (Leica,
Germany).

Western blotting

Left ventricular myocardia of mice were harvested imme-
diately after AEE to detect the expression of apoptosis relat-
ed proteins. Briefly, equal amounts of protein were loaded
per lane and separated by 8% or 12% gels. After transfer-
ring to membranes, the membranes were blocked for 1h,
then incubated with the primary antibodies overnight at
4°C including PARP1 monoclonal antibody (Proteintech,
USA, 1:10,000 dilution), cleaved CASPASE 3 Polyclonal
Antibody (Proteintech, USA, 1:1000 dilution) and GAPDH
Antibody HRP-60004 (Proteintech, USA, 1:10000 dilution).
Secondary antibodies for PARP1 and cleaved CASPASE 3
were incubated for 2h at room temperature. The intensity
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Figure 1. Knockdown of Uqgcrc1 in mice. (a) Schematic diagram of UQCRC1 mutation. (b) Identification of UQCRC1 mutation. (c) UQCRC1 mRNA expression from left
ventricular myocardia analyzed by real-time PCR (n =4). (d and e) UQCRC1 protein expression from left ventricular myocardia analyzed by Western blotting (n = 3).

WT, wild type. *P <0.05.

of protein bands was quantified by Image ]. The relative
expression level was normalized to the level of GAPDH in
the same sample.

Transmission electron microscopy

Left ventricular myocardia of mice were harvested under
anesthesia and fixed in 2.5% glutaraldehyde in phosphate
buffer (0.1 M; pH 7.4) overnight at 4 °C. Samples were post-
fixed for another 2h in 2% osmic acid in 0.1 M phosphate
buffer, followed by gradient dehydration in acetone (50%,
70%, 90%, and 100%, respectively), then were embedded in
epoxy resins. Sections were detected under a transmission
electron microscope (JEM-1400PLUS, Japan) after co-
stained with uranyl acetate and lead citrate.

Transthoracic echocardiography

As described previously,* transthoracic 2D-guided M-
mode echocardiography was performed on anesthetized
mice using a Vevo 2100 Imaging System (VisualSonics
Inc., Canada) with a 13-24 MHz scan probe (MS250) by

an experienced ultrasonographic technician. The cardiac
indexes such as LV fractional shortening (%FS) and ejection
fraction (%EF) were calculated automatically by the echo-
cardiographic system.

Total RNA extraction and real-time PCR

Total RNA from left ventricular myocardia of mice was
isolated using RNAiso Plus reagent (Takara, Japan).
Reverse transcription PCR was performed using
PrimeScript RT reagent Kit with gDNA Eraser (Takara,
Japan) for cDNA synthesis. Primers were used as follows:
Ugcerel, F3 (5-CAGTGTCTCCCGAGTGTATG-3') and R3
(5'-GGTCACGTTGTCTGGGTTAG-3'). Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) was used as internal
reference [F4 (5-AATGTGTCCGTCGTGGATCT-3') and R4
(5'-GGTCCTCAGTGTAGCCCAAG-3')].

Statistical analysis

Data are presented as mean=+SD. Data were analyzed
using the t test or one-way or two-way repeated measures
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Figure 2. Performance in AEE and apoptosis analysis after AEE (n =5). (a and b) Average time and distance to exhaustion for each group. (c and d) Apoptosis analysis
in isolated mice hearts by TUNEL after AEE. **P < 0.001. (A color version of this figure is available in the online journal.)

analysis of variance followed by the Tukey test. Statistical
significance was regarded as P <0.05 based upon two-
tailed hypothesis testing.

Results

Ugqcrc1 knockdown mice had reduced mRNA and
protein of UQCRCH1 in their left ventricular myocardia

As we reported previously® the PCR products were
expected as follows: single band of 493 bp for the homozy-
gous UQCRC1 /™ mice, single band of 223 bp for wild-type
mice, and both bands of 493 and 223 bp for the heterozy-
gous UQCRC1"™~ mice (Figure 1).° A total of 96 male
mice at 6 to 8weeks old were genotyped. Since Ugcrcl
knockout resulted in embryonic death,® no homozygous
UQCRCl’/ ~ mice were found as expected, confirming
the observation again that UQCRC1 may play a crucial
part in maintaining life and knockout of UQCRCI is not
viable. As shown in Figure 1, the UQCRCl” ~ mice (mice

with UQCRC1 knockdown) had reduced mRNA and pro-
tein of UQCRC in their left ventricular myocardia.

Ugcrc1 knockdown mice had decreased tolerance to
acute exhaustive exercise

To examine whether Ugcrcl knockdown had any cardiac
functional consequence in the heterozygous UQCRC1™/~
mice, these mice were subjected to acute exhaustive exer-
cise. Compared with the wild-type group, both the distance
and time to exhaustion in the UQCRC1™ ~ group were sig-
nificantly shorter (Figure 2(a) and (b)). In addition, the
average apoptosis rate of myocardial cells in isolated
hearts in the UQCRC1"/~ group was markedly higher
after AEE than the wild-type group (Figure 2(c) and (d)).
Furthermore, UQCRC1 knockdown resulted in an increase
of cleaved CASPASE 3, as well as caused an increased ratio
of cleaved PARP1 to full-length PARP1 after AEE (Figure 3).
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Figure 3. Western blotting analysis of cleaved CASPASE 3 and PARP1 after AEE. WT, wild type; n = 4 for the WT group, n = 3 for the UQCRC1*~ group; **P < 0.01.

Ugqcrc1 knockdown mice had decreased cardiac
function

To investigate the possible reasons for changes of tolerance
to acute exhaustive exercise, we measured the cardiac func-
tion of wild-type and UQCRC1"/~ mice using transthorac-
ic echocardiography under anesthesia (Figure 4). No
significant difference was detected in left ventricular (LV)
fractional shortening (FS) and ejection fraction (EF)
between the wild-type and UQCRCl” ~ mice. However,
compared to wild-type mice, UQCRC1 knockdown leads
to increased LV interventricular septal thicknesses both at
systole and diastole (IVSs and IVSd), as well as decreased
LV volume both at end-systole and end-diastole (ESV and
EDV), and this may be a possible reason for no significant
difference in LV EF.

Uqcrc1 gene disruption affected myocardial structure

To figure out the possible structural changes in UQCRC1-
disruption  cardiomyocytes,  cardiomyocytes  from
untreated mice and those subjected to AEE were examined
using transmission electron microscopy (Figure 5). In
untreated mice, we found evident fibril disarrangement
and mitochondrial vacuolation in the UQCRC1"/~ group,
compared to the wild type. After AEE, the ultrastructural
changes of the myocardium showed edema, swelling and

dissolution of mitochondrial cristae both in wild type and
UQCRC1"/~ mice. Notably, more evidently severe struc-
tural damage was observed in UQCRC1"/~ mice with an
increase of lysosomes, disorderly fibril organization, even
condensate and fragmental —myofibrils in some
cardiomyocytes.

Discussion

In the present study, we demonstrated that UQCRC1 con-
tributes to cardiac tolerance to acute exhaustive exercise in
mice, offering new proof for the crucial role of UQCRC1 in
maintaining cardiac functions in in vivo models, and also
providing a new insight into its biological functions.

The incidence of human mitochondrial disorders is
1:10,000 live births. Sole complex III deficiencies are
among the least frequently diagnosed mitochondrial disor-
ders.” Clinical symptoms may range from isolated myop-
athy to severe multi-systemic disorders with early death
and disability.” Complex III mutations may directly
cause enzymes dysfunction on the respiratory chain in
human, which may further lead to several diseases, such
as fetal bradycardia, hypertrophic cardiomyopathy, histio-
cytoid cardiomyopathy, ischemic cardiomyopathy, benign
congenital myopathy, ventricular septal defect, and pro-
gressive exercise muscle intolerance.”>* Of note, the
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Figure 4. Cardiac measurement by transthoracic echocardiography (n = 8). WT, wild type; LV, left ventricular; EF, ejection fraction; FS, fractional shortening; IVSs and
IVSd, interventricular septal thicknesses at systole and diastole; EDV, end-diastolic volume; ESV, end-systolic volume. *P< 0.05; **P< 0.01.

latest studies have found that mitochondrial UQCRC1
mutations are closely associated with some severe diseases
including malignant pleural mesothelioma and autosomal
dominant parkinsonism with polyneuropathy.”™

In particular, our recent study shows that Ugcrcl knock-
out leads to embryonic death, implying a crucial role of
UQCRC1 in maintaining life.® Moreover, knockdown of
Ugcrel in mice results in reduced brain tolerance to ische-
mia injury and poor ability in learning and memory, while
mutations of Ugcrcl also cause autosomal dominant par-
kinsonism with polyneuropathy,®’ suggesting a crucial
role of UQCRC1 in maintaining brain functions.

In the present study, we found that mice with Ugcrcl
disruption (heterozygous mice) had decreased both
mRNA and protein expression of UQCRCI in the left ven-
tricular myocardia. These mice had decreased tolerance to
acute exhaustive exercise, poor cardiac function (typically
increased LV interventricular septal thicknesses both at
systole and diastole, as well as decreased LV volume both
at end-systole and end-diastole) and myocardial, including
mitochondrial, structural damage, suggesting a crucial role
of UQCRC1 in maintaining cardiac functions.

Mitochondrion has been widely thought to play a vital
part in cardioprotection, and it has been considered as the
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Figure 5. Typical ultrastructural changes of left ventricular cardiomyocytes. Three sections per specimen from three mice per group were examined under trans-

mission electron microscopy, and typical images are shown.

common target for several cardioprotective effects, such as
ischemic preconditioning, pharmacological precondition-
ing and postconditioning.'”"** Accumulating evidence
shows that changes of UQCRC1 expression may directly
influence mitochondria structure and function, which has
been proved to be necessary to maintain mitochondrial
membrane potential, complex III activity, and ATP produc-
tion.*'>!® Any pathophysiological change or disruption of
these processes may cause tissues or organs very vulnera-
ble to injury,*>*> which may be a mechanism for the
decreased cardiac tolerance to AEE in UQCRC1"/~ mice.
Furthermore, disruption of one Ugcrcl allele leads to myo-
cardial including mitochondrial, structural damage, result-
ing in increased LV interventricular septal thicknesses both
at systole and diastole, as well as decreased LV volume both
at end-systole and end-diastole, and this may directly influ-
ence blood and energy supply and may also explain the
decreased cardiac tolerance to AEE. These findings indicate
a crucial role of UQCRCI in maintaining cardiac functions,
along with previous findings that Ugcrcl knockout is lethal
and the crucial role of UQCRC1 in maintaining brain func-
tions, suggesting that UQCRC1 is an indispensable compo-
nent of complex III and plays a crucial part in maintaining
life and organ functions. Of course, future studies are nec-
essary to further verify this suggestion.

In conclusion, our findings suggest that UQCRC1 con-
tributes to cardiac tolerance to acute exhaustive exercise in
mice, offering new proof for the crucial role of UQCRC1 in
maintaining cardiac functions in in vivo models, and also
providing a new insight into its biological functions, which
may be an indispensable component of mitochondria com-
plex III, and playing a crucial role in maintaining life and
organ functions.
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