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High fructose causes cardiac hypertrophy
via mitochondrial sighaling pathway
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Abstract: High fructose diet can cause cardiac hypertrophy and oxidative stress is a key mediator for myocardial
hypertrophy. Disruption of cystic fibrosis transmembrane conductance regulator (CFTR) leads to oxidative stress.
This study aims to reveal mitochondrial oxidative stress-related signaling pathway in high fructose-induced cardiac
hypertrophy. Mice were fed high fructose to develop cardiac hypertrophy. Fructose and H,0, were used to induce
cardiomyocyte hypertrophy in vitro. Mitochondria-targeted antioxidant SkQ1 was applied to investigate the possible
role of mitochondrial reactive oxygen species (ROS). CFTR silence was performed to detect the role of CFTR in high
fructose-induced myocardial hypertrophy. ROS, glutathione (GSH), mitochondrial function and hypertrophic markers
were measured. We confirmed that long-term high fructose diet caused cardiac hypertrophy and diastolic dysfunc-
tion and elevated mitochondrial ROS. However, SkKQ1 administration prevented heart hypertrophy and mitochondrial
oxidative stress. Cadiomyocytes incubated with fructose or H,0, exhibited significantly increased cell areas but
SkQ1 treatment ameliorated cardiomyocyte hypertrophy induced by high fructose or H,0, in vitro. Those results re-
vealed that the underlying mechanism for high fructose-induced heart hypertrophy was attributed to mitochondrial
oxidative stress. Moreover, CFTR expression was decreased by high fructose intervention and CFTR silence resulted
in an increase in mitochondrial ROS, which suggested high fructose diet affected mitochondrial oxidative stress by
regulating CFTR expression. Electron transport chain impairment might be related to mitochondrial oxidative dam-
age. In conclusion, our findings indicated that mitochondrial oxidative stress plays a central role in pathogenesis
of high fructose-induced cardiac hypertrophy. High fructose decreases CFTR expression to regulate mitochondrial
oxidative stress.

Keywords: Fructose, cardiac hypertrophy, mitochondria, oxidative stress, cystic fibrosis transmembrane conduc-
tance regulator

Introduction sulting from pressure overload becomes wor-
se by high fructose feeding [4, 5].

Dietary fructose intake has increased sharply
in recent decades and this has been parallel-

ed by an increase in the incidence of cardiovas-

Oxidative stress is a potential link between
high carbohydrate intake and heart disease

cular diseases such as cardiac hypertrophy,
hypertension and insulin resistance. A high-
fat and high-sucrose diet leads to metabolic
heart disease with left ventricular hypertrophy
(LVH) and diastolic dysfunction [1, 2]. Long-
term dietary fructose intervention induces sys-
temic glucose dysregulation and cardiac hyper-
trophic response including markedly enlarged
heart, increased heart coefficient and abun-
dantly swelled cardiomyocyte area [3]. It has
been reported that the development of LVH can
be affected by diet manipulation and LVH re-

progression. Mitochondria have been consid-
ered as one most important source of reactive
oxygen species (ROS) such as O, and H,0,
which could result in damage to the organelle
in cells [6, 7]. Emerging evidence suggest that
mitochondrial ROS play a very important role
in the development of cardiac hypertrophy [1, 6,
8, 9]. Antioxidant treatment such as tempol, re-
sveratrol, and polyphenolic families could pre-
vent biochemical cardiovascular changes and
cardiac hypertrophy in high-fructose-fed animal
models [5, 10, 11]. Recently, the development
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of mitochondria-targeted antioxidant strongly
facilitates the studies on the role of mitoch-
ondrial ROS in pathophysiological processes
[12-14]. Mitochondria-targeted plastoquinone
SkQ1 prevents nephropathy and brain damage
induced by ischemia injury and it also im-
proves impaired dermal wound healing in old
mice by scavenging mitochondrial ROS [15-
17]. Some studies report elevated mitochon-
drial ROS level is closely associated with dys-
functional cystic fibrosis transmembrane con-
ductance regulator (CFTR) which is a low-con-
ductance, cAMP-regulated and ATP-gated chlo-
ride channel and has been observed in a vari-
ety of cell types including heart cells and vas-
cular smooth muscle cells [18, 19].

In this study, we hypothesized that mitochon-
drial oxidative stress mediated high fructose-
induced cardiac hypertrophy and CFTR loss
induced by high fructose diet contributed to
mitochondrial oxidative stress. We firstly asse-
ssed the impact of a long-term high fructose
diet on LVH and then explored the potential
mechanism for high fructose-induced cardiac
hypertrophy.

Materials and methods
Animals

Male C57BL/6 mice with 8-10 weeks of age
were randomly divided into four groups: 1)
control group (Con); 2) SkQ1 group; 3) high
fructose group (FS); 4) FS+SkQ1 group. Con-
trol mice were given standard chow diet and
normal drinking water for 20 weeks while mice
in FS group received standard chow diet and
10% fructose water by adding 10 g fructose
into 100 ml drinking water for 20 weeks [20].
Mitochondria-targeted antioxidant SkQ1 (100
nmol/kg/d) was administered in drinking wa-
ter for SKQ1 and FS+SkQ1 groups [15]. SkQ1
reagent used in this study was purchased
from Sigma. Mice were weighed and killed at
the end of the study. The protocol was appro-
ved by the Animal Care and Use Committee
of Chinese Academy of Medical Sciences and
Peking Union Medical College.

Echocardiography and doppler

Echocardiography was performed using a Vevo
2100 Imaging System (VisualSonics, Canada)
with 12.5-45 MHz linear transducer as previ-
ously described [21]. Mice were continuously
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anesthetized by isoflurane inhalant (1.0-1.5%
in oxygen). The heart was first imaged in B-
mode in the parasternal long axis view and
then M-mode image was obtained by placing
the M-mode sample gate perpendicularly to
the interventricular septum (IVS) and left ven-
tricular wall at the level of papillary muscle.
Parasternal short axis image in B-mode and
M-mode were obtained at the level of papillary
muscle. M-mode from long axis view was used
to measure IVS thickness while M-mode from
short axis view was used to measure thickness
of left ventricular anterior wall (LVAW) and
left ventricular posterior wall (LVPW), and left
ventricular internal diameter (LVID). Ejection
fraction (EF), fractional shortening (FSN) and
left ventricular mass (LVM) were automatically
calculated by the Vevo 2100 standard mea-
surement package. Pulsed-wave Doppler ima-
ges were collected in the apical 4-chamber
view to record the mitral Doppler flow spectra.
Peak early (E) and late (A) mitral inflow veloci-
ties and E/A ratio were measured.

Histological morphology

Hearts were fixed with 10% formalin, dehydra-
ted, and embedded in paraffin. Paraffin-em-
bedded hearts were cut into 4-5 uym sections.
Sections were stained with hematoxylin and
eosin (H&E) and fluorescein isothiocyanate-
conjugated wheat germ agglutinin (WGA) was
used to visualize the size of the cardiomyo-
cytes. The immunofluorescence analysis was
performed using the standard immunocyto-
chemical techniques. Cross-sectional area of
cardiomyocyte was calculated using the Image
software.

Cell cultures

The ventricles of neonatal Sprague-Dawley (SD)
rats were enzymatically dissociated into cardio-
myocytes in PBS containing 0.03% trypsin and
0.04% type Il collagenase. Fibroblasts were
then removed by a differential attachment te-
chnique and the cardiomyocytes were cultivat-
ed in DMEM/F12 medium at a density of 2 x
108 cells/well in six-well plates for 24 h. The
six-well plates were placed in 37°C, 5% CO,
incubator. Cells were then washed twice with
PBS. In order to evaluate the effect of fruc-
tose on cardiomyocyte hypertrophy in vitro,
no sugar-DMEM was used and different treat-
ments for 48 h were described as follows: 25
mM glucose in no sugar-DMEM as control; no
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sugar-DMEM in the presence of 25 mM glu-
cose and 20 nM SkQ1; 25 mM fructose in no
sugar-DMEM; no sugar-DMEM in the presence
of 25 mM fructose and 20 nM SkQ1 [15, 22,
23]. The role of ROS in myocardial hypertro-
phy was confirmed and proved by treating
cells with 200 uM H,0, for 48 h [24]. Glucose,
fructose, SkQ1 and H,0, were purchased from
Sigma. Cell area was measured by confocal
microscopy after staining with Alexa Fluor®555
and DIPI (Thermo Fisher, USA).

Adenoviral infection of CFTR shRNA

The adenovirus expressing a small hairpin RNA
sequence targeting rat CFTR (Adv-shCFTR) was
successfully constructed as previously descri-
bed (Gene ID: 24255, Sunbio Biomedical Tech-
nology, China) [25]. The control shRNA (Adv-
scr) with no significant homology to any known
rat genes was used. Cardiomyocytes were plat-
ed in six-well plates and were infected with Adv-
shCFTR or Adv-Scr at multiplicity of infection
(MOI) of 100 at 37°C. After 2 h, 2 mL of fresh
culture media was added and incubated for
further 48 h before analysis.

Mitochondria isolation

Heart mitochondria were isolated as previous-
ly described [26, 27]. Briefly, heart were rins-
ed in cold PBS and then homogenized in 2
mL of mitochondria isolation buffer contain-
ing protease inhibitor cocktail purchased from
Sigma (0.32 M sucrose, 10 mM Tris-HCI, 1 mM
EDTA, 2 mM PMSF, PH 7.4) using a Teflon-on-
glass electric homogenizer. The homogenate
was centrifuged at 1,000 g for 10 minutes at
4°C. The supernatant was then centrifuged
at 15,000 g for 15 minutes at 4°C. Isolated
mitochondrion were used immediately or fro-
zen at -80°C until use. Protein was quantified
with the use of BCA (Pierce, Thermo Fisher
Scientific).

ROS detection

The ROS level in heart tissue was estimated
using Total ROS Activity Assay Kit (eEnzyme,
USA). Hearts were homogenized in ice-cold
mitochondria isolation buffer with a Kontes-
Duall glass homogenizer. The homogenate was
centrifuged at 1,300 x g for 10 min at 4°C to
pellet tissue debris and nuclei and the super-
natant lysate was used for detection of tissue
total ROS. Samples were incubated with Total
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ROS Green in a 5% CO, incubator for 6 hours
at 37°C. Fluorescence intensity was monitored
at 490 nm excitation and 525 nm emission
using fluorescence plate reader.

Mitochondrial H,0, production was measured
using the Amplex Ultra Red horseradish peroxi-
dase method (Invitrogen, USA). Mitochondria
was diluted in 50 yL of reaction buffer (125
mmol/L KCI, 10 mmol/L HEPES, 5 mmol/L
MgCl,, 2 mmol/L K,HPO,, pH 7.44) to deter-
mine complex | (pyruvate/malate, 5 mmol/L)
or complex Il (succinate, 5 mmol/L)-driven
H,0, production. Fluorescence was followed
at an excitation wavelength of 545 nm and
an emission wavelength of 590 nm for 20
minutes. The results were reported as pico-
mole per minute per milligram of protein.

Glutathione determination

Mitochondrial reduced glutathione (GSH) and
oxidized glutathione (GSSG) were assessed
by high performance liquid chromatography
(HPLC). Mitochondria pellets were thawed on
ice and were lysed by addition of 85 pl of cold
water. A 10 ul fraction was kept for protein
determination and 10 ul of 40% metaphos-
phoric acid was added to the remaining ly-
sate. Precipitated protein was eliminated by
centrifugation at 17,000 g for 10 min at 4°C.
The supernatant was transferred to a chilled
glass vial for GSH and GSSG determinations.
GSH and GSSG were simultaneously mea-
sured by HPLC coupled with ultraviolet (UV)
detector (Agilent 1100 Series). Standards and
samples were injected with autosampler. The
mobile phase (10 mM sodium phosphate, 0.5%
methanol, PH=2.7) was delivered at a flow
rate of 1 ml/min through a yBONDAPAKTM
C18 column (3.9 mm x 30 cm, Waters) placed
in an oven at 30°C. Detection was perform-
ed at 215 nm by UV detector and typical re-
tention times for GSH and GSSG were 4.3 min
and 7.4 min, respectively.

Mitochondria oxygen consumption and ATP
production

Oxygen consumption rates were monitored by
a Seahorse XF24 oxygen flux analyzer as pre-
viously described [26, 27]. Isolated mitochon-
dria were loaded in a 24-well Seahorse plate
and 500 pL of ice-cold mitochondrial assay
solution (MAS: 70 mmol/L sucrose, 220 mmol/
L mannitol, 5 mmol/L KH,PO,, 5 mmol/L MgCl,,
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2 mmol/L HEPES, 1 mmol/L EGTA, 0.3% BSA
fatty acid free, PH 7.4) were added. The 4
sequential ports were injected as following:
port A, 50 uL of complex | and complex Il sub-
strates and 2.5 mmol/L ADP; port B, 55 uL of
20 umol/L oligomycin; port C, 60 pL of 40
umol/L Carbonyl cyanide-4-(trifluoromethoxy)
phenylhydrazone (FCCP); and port D 65 uL of
40 pmol/L antimycin A. State Il was deter-
mined after port A injection, state IV after port
B, and uncoupled after port C.

ATP synthesis rates in isolated mitochondria
were determined using the luciferin/luciferase-
based ATP Bioluminescence Assay Kit HS I
(Sigma, USA). Briefly, mitochondria was sus-
pended in 75 uL of buffer A to determine com-
plex | (pyruvate/malate, 5 mmol/L) or complex
Il (succinate, 5 mmol/L)-driven ATP synthesis.
Succinate-driven ATP generation was mea-
sured in the presence of complex | inhibitor
rotenone to avoid the reverse electron transfer
effect [28]. The measurements for all samples
were started simultaneously by adding 75 uL of
luciferin/luciferase buffer containing 1 mmol/L
ADP. The initial slope of the increase in ATP-
supported luciferase chemiluminescence was
used to determine the rate of ATP production.

Complex Il activity measurement

Complex Il enzyme activity was measured using
microplate assay kit (Abcam, USA). Complex Il
is immunocaptured within the wells of the
microplate. The production of ubiquinol by com-
plex Il was coupled to the reduction of the dye
DCPIP (2, 6-diclorophenolindophenol) and de-
creases in its absorbance at 600 nm were
measured spectrophotometrically. Enzymatic
activity was normalized to mitochondrial pro-
tein concentration.

Real-time PCR and western blotting

Total mRNA was isolated from heart tissues or
cultured cardiomyocytes using TRIzol reagent
(Life Technology, USA). The cDNA was synthe-
sized using the Transcriptor First Strand cDNA
Synthesis kit (Life Technology, USA). Quantita-
tive real-time PCR was performed using SYBR
Green (Life Technology, USA) and the relative
MRNA expressions of atrial natriuretic peptide
(ANP, 5-ACC TGC TAG ACC ACC TGG AG-3,
5-CCT TGG CTG TTA TCT TCG GTA CCG G-3’),
brain natriuretic peptide (BNP, 5-GAG GTC ACT
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CCT ATCCTC TGG-3’, 5-GCC ATT TCC TCC GAC
TTT TCT C-3’) and beta-myosin heavy chain
(B-MHC, 5-CCG AGT CCC AGG TCA ACA A-3,
5’-CTT CAC GGG CAC CCT TGG A-3’) were calcu-
lated. CFTR primers (Mm00445197_m1) were
purchased from Life Technology. GAPDH was
measured and used for normalization.

Protein lysates of cardiac tissues and cultured
cardiomyocytes were resolved on SDS-PAGE.
After transfer to PVDF membrane (Millipore,
Bedford, MA, USA), the blot was blocked in
TBST (1 mM CaCl,, 136 mM NaCl, 2.5 mM KCl,
25 mM Tris-HCI, 0.1% Tween 20) containing
5% nonfat dry milk and incubated with speci-
fic primary antibodies and corresponding se-
condary antibodies. Rabbit anti-CFTR antibody
(H-182, Santa Cruz) were used for immunob-
lots. Secondary anti-rabbit HRP-linked anti-
body was purchased from Cell Signaling Tech-
nology. GAPDH (Cell Signaling Technology, USA)
was used as loading control.

Statistical analysis

Data were presented as mean + SD. Student’s
unpaired t-test was conducted for comparison
between two groups. One-way ANOVA with
Bonferroni post hoc test was performed for
multiple comparisons. All statistical analyses
were performed with SPSS software package
20.0 for Windows (Chicago, IL). A value of P <
0.05 was considered statistically significant.

Results

SkQ1 attenuated high fructose-induced car-
diac hypertrophy and diastolic dysfunction

The potential role of SkQ1 in cardiac hyper-
trophy and diastolic dysfunction was inves-
tigated. The Con mice and SkQ1-treated mice
displayed normal echocardiographic images
and cardiac morphologies (Figure 1A and
1D). However, high fructose caused changes
in echocardiographic images and cardiac mor-
phologies (Figure 1A and 1D). Left ventricular
mass index (LVMI) and hypertrophy index (HI)
were significantly increased in FS mice (Figure
1B and 1C). Compared with FS mice, SkQ1-
treated FS mice had lower LVMI and HI values
(Figure 1B and 1C). By H&E and WGA stains, FS
mice had greater ventricular cross-sectional
area than Con mice and the ventricular cross-
sectional area decreased by SkQ1 administra-
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Figure 1. High fructose-induced cardiac hypertrophy was prevented by mitochondrial antioxidant SkQ1. M-mode
echocardiographic images of hearts were presented in (A). LVMI was defined as LVM divided by body surface area
and HI was calculated as (IVSd+LVPWd)/LVIDd. FS group had increased LVMI and HI but SkQ1 ameliorated the
increases in both of them (B and C). Sections of hearts from mice subjected to high fructose and/or SkQ1 feedings
were stained with H&E and WGA (scale bar: 50 um) to analyze cardiac hypertrophy (D). The cross-sectional area of
cardiomyocyte was elevated in FS group but SkQ1 prevented the elevation (E). Likewise, SKQ1 caused a reduction
in HW/BW of high fructose-fed mice (F). The mRNA levels of cardiac hypertrophic markers were shown in (G-l). Con:
control group, SkQ1: SKQ1 group, FS: fructose group, FS+SkQ1: FS+SkQ1 group. HI: hypertrophy index, HW/BW:
ratio of heart weight to body weight, IVSd: intraventricular septum in diastole, LVM: left ventricular mass, LVMI: left
ventricular mass index, LVPWd: left ventricular posterior wall in diastole, LVIDd: left ventricular inner diameter in
diastole. The data were presented as mean + SD. *P < 0.05 vs Con, #P < 0.05 vs FS+SkQ1. n=5-12 for each group.
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Con SkQ1 FS FS+SkQ1

Figure 2. High fructose induced changes in cardiac diastolic and systolic
functions. Left ventricular diastolic function was assessed by transmitral
flow velocity (A). High fructose significantly affected cardiac diastolic function
which was preserved in FS+SkQ1 group (B). Systolic function was also evalu-
ated and the parameters of EF and FSN were recorded. The data indicated
that fructose did not change myocardial contraction (C and D). Con: con-
trol group, SkQ1: SkQ1 group, FS: fructose group, FS+SkQ1: fructose+SkQ1
group. EF: ejection fraction, FSN: fractional shortening. The data were pre-
sented as mean + SD. *P < 0.05 vs Con, #P < 0.05 vs FS+SkQ1. n=5-12 for

each group.

tion (Figure 1E). As shown in Figure 1F, heart
size assessed as the ratio of heart weight to
body weight (HW/BW) tended to be largest in
FS group but SkQ1 attenuated the increased
HW/BW ratio, which indicated SkQ1 applica-
tion inhibited the process of high fructose-
induced cardiac hypertrophy. We measured the
MRNA levels of cardiac hypertrophic markers
(ANP, BNP, and B-MHC) and our results reveal-
ed increases in their levels after 20-week high
fructose feeding (Figure 1G-I).

Cardiac function was evaluated by echocar-
diography and Doppler. E peak reflected the
blood flow velocity of mitral valves in early
diastole while A peak presented the blood
flow velocity of mitral valves in late diastole
(Figure 2A). Our results showed that high
fructose led to decreased E/A ratio which
suggested that long-term high fructose feed-
ing caused left ventricular diastolic dysfunc-
tion (Figure 2B). However, high fructose-indu-
ced left ventricular diastolic dysfunction was
improved by SkQ1 (Figure 2B). Although high
fructose affected diastolic function, there were
no changes in EF and FSN after 20-week high
fructose feeding (Figure 2C and 2D).
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Con SkQ1

Con SkQ1

Mitochondrial ROS mediated
high fructose-induced myo-
# cardial hypertrophy

Compared with Con group,
total ROS level in cardiac
tissue from FS group was
increased by 80% and SkQ1
administration prevented the
increase in total ROS level
(Figure 3A). In cardiac mi-
tochondria from FS mice,
H,0, production was increa-
sed with either complex | or
complex Il substrates (Figure
3B). The fructose-induced in-
crease in mitochondrial H,0,
productions with both com-
plex | and Il substrates were
ameliorated by SkQ1 (Figure
3B). Mitochondrial GSH/GS-
SG ratio tended to be low-
est in FS group but SkQ1
treatment partly preserved
the mitochondrial GSH/GSSG
ratio (Figure 3C).

FS FS+SkQ1

FS FS+SkQ1

In order to investigate the critical role of mito-
chondrial ROS in fructose-induced myocardial
hypertrophy, we cultured cardiomyocytes of
neonatal SD. Firstly, we used fructose to treat
cells and observed whether fructose caused
cardiomyocyte hypertrophy in vitro. The re-
sults showed that fructose led to hypertrophic
morphology of cardiomyocyte meanwhile cell
area was increased by fructose treatment
(Figure 3D and 3E). In addition, fructose led
to increased mitochondrial H,O, production
(Figure 3F). However, SkQ1 prevented fructo-
se-induced cardiomyocyte hypertrophy and in-
creased mitochondrial H,0, production (Figure
3D-F), which was consistent to in vivo data.
Then we confirmed ROS-mediated cardiomyo-
cyte hypertrophy using exogenous H,0, and
the antioxidant function of SkQ1 against H,0,
(Figure 3G and 3H).

Mitochondrial respiratory chain function was
impaired by high fructose

High fructose decreased complex Il activity by
60% and SkQ1 restored complex Il activity in
vivo (Figure 4A). State Ill and IV oxygen con-
sumption rates with complex | substrate re-
duced in fructose-fed mice but SkQ1 adminis-
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Figure 3. Mitochondrial ROS mediated high fructose-induced myocardial hypertrophy. A-C: By in vivo study, total
ROS and mitochondrial H,0, production were significantly increased in FS group but SkQ1 prevented high fructose-
induced elevations in both of them. As an antioxidant indicator, GSH/GSSG ratio was reduced by high fructose feed-
ing while partially restored in FS+SkQ1 group. Con: control group, SkQ1: SkQ1 group, FS: fructose group, FS+SkQ1:
FS+SkQ1 group. GSH: reduced glutathione, GSSG: oxidized glutathione, ROS: reactive oxygen species. *P < 0.05
vs Con, #P < 0.05 vs FS+SkQ1. n=5-12 for each group. D-F: By in vitro experiment, cardiomyocyte exhibited hy-
pertrophic morphology and cell area significantly increased in response to 25 mM fructose treatment for 48 h but
cardiomyocyte hypertrophy was partially preserved by 20 nM SkQ1 administration (sale bar: 50 um). Mitochondrial
H,0, production of cardiomyocytes treated with 25 mM fructose for 48 h was faster than that of cardiomyocytes with
25 mM glucose but 20 nM SkQ1 application retarded the mitochondrial H,O, production of cardiomyocytes treated
with fructose. *P < 0.05 vs FS (-) & SkQ1 (-), *P < 0.05 vs FS (+) & SkQ1 (+). n=5. G, H: Treatment with 200 uM H,0,
for 48 h led to cardiomyocyte hypertrophy in vitro while SkQ1 scavenged H,0, to inhibit cardiomyocyte hypertrophy
(sale bar: 50 pm). *P < 0.05 vs H,0, (-) & SkQ1 (-), *P < 0.05 vs H,0, (+) & SkQ1 (+). n=5.

tration partly preserved oxygen consumption
rates (Figure 4B and 4C). Complex ll-mediated
state Il and state IV oxygen consumption rates
were significantly decreased in FS group but
the reductions in both state Ill and state IV oxy-
gen consumption rates were prevented in
FS+SkQ1 group (Figure 4B and 4C). In mito-
chondria from FS mice, ATP synthesis rates
were decreased by 37% and 36% for complex |
and complex Il substrates, respectively (Figure
4D). The fructose-induced decreases in ATP
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synthesis rates for both complex | and complex
Il substrates were prevented by SkQ1 (Figure
4D).

Loss of CFTR contributed to mitochondrial oxi-
dative stress in high fructose-induced myocar-
dial hypertrophy

Quantitative real-time PCR and western blot-
ting assays showed that cardiac CFTR expres-
sions were decreased in FS group compared
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Figure 4. High fructose impaired mitochondrial respiration chain function.
High fructose-fed mice exhibited decreased complex Il activity which was
partly corrected by SkQ1 administration (A). Maximal oxygen consumption
rates in state Ill and uncoupled oxygen consumption rates in state IV driven
by complex | and Il substrates were decreased in high fructose-fed mice but
preserved in SkQ1-treated mice with high fructose feeding (B and C). De-
creases in complex | and Il substrate-driven cardiac mitochondrial ATP syn-
thesis rates were prevented by SkQ1 (D). Con: control group, SkQ1: SkQ1
group, FS: fructose group, FS+SkQ1: FS+SkQ1 group. The data were pre-
sented as mean * SD. *P < 0.05 vs Con, #P < 0.05 vs FS+SkQ1. n=5-12 for

each group.

with Con group (Figure 5A and 5B). SkQ1 ad-
ministration did not influence CFTR protein
and mRNA expressions (Figure 5A and 5B).
We used Adv-shCFTR to infect cardiomyo-
cytes to reveal whether CFTR regulated mito-
chondrial ROS production. Adv-shCFTR infec-
tion successfully disrupted CFTR expression
which caused significant increases in mito-
chondrial H,0, production and mRNA levels
of myocardial hypertrophic markers (Figure
5C-G). Taken together, in vivo and in vitro
findings suggested that high fructose caused
mitochondrial oxidative stress by regulating
CFTR expression.

Discussion

In the present study, we confirmed that long-
term high fructose diet resulted in cardiac
hypertrophy and diastolic dysfunction. The pro-
duction of ROS elevated in cardiac mitochon-
dria after the initiation of a fructose-enriched
diet. Both in vitro and in vivo experiments
proved that mitochondrial oxidative stress was
a key event and mediated the development of
cardiac hypertrophy. High fructose diet reduced
CFTR expression and CFTR silence enhanced
mitochondrial ROS production, which suggest-
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Complex |

lence of cardiovascular dis-
ease [29]. A study by Kimber-
ley Mellor et al indicated
that long-term 12-week high
fructose intake induced ap-
parent ventricular hypertro-
phy but 6-week high fructose
diet failed to cause cardiac
hypertrophy [30, 31]. Their
study also demonstrated that
elevated myocardial super-
oxide production preceded
the cardiac hypertrophic re-
sponse to a high fructose
diet in mice [30, 31]. In our study, mice were
fed high fructose for 20 weeks and exhibited
significant cardiac hypertrophy and diastolic
dysfunction. Both total ROS and mitochond-
rial H,0, production elevated in hearts from
mice following long-term high fructose intake.
Fructose-induced hypertrophic cardiomyocyte
was also confirmed in vitro and mitochondrial
H,0, production rate in cardiomyocyte with
fructose treatment became faster in the pres-
ent study. It is well known that ROS plays a
central role in LVH and diastolic dysfunction
[1, 9]. Numerous studies have reported that
exogenous ROS can modulate signaling path-
ways involved in cardiomyocyte hypertrophy,
such as the activation of ERK1/2, JNK, and
PKCs [32]. We used H,0, to treat cardiomyo-
cyte and found the cell area was enlarged,
which is consistent with previous studies [24,
33-35].

Complex Il

It is urgent to answer whether mitochondrial
oxidative stress mediates high fructose-indu-
ced cardiac hypertrophy, since mitochondrial
H,O, production rate was markedly increased
following high fructose intake in this study. Until
now, there are no evidence concerning invo-
Ivement of mitochondrial ROS in high fructo-
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se-induced heart hypertrophy. Recently, mito-
chondria-targeted antioxidant SkQ1 has been
developed and allows us to detect the role of
mitochondrial oxidative stress in various patho-
logical processes. SkQ1 is the most effective
protector to reduce the intensity of pathologi-
cal processes connected with ROS generation
in tens of models both in vivo and in vitro [36].
Lipophilic cation SkQ1 could penetrate mito-
chondrial membrane and protect mitochondria
from oxidative damage by scavenging superox-
ide [36-38]. Our data showed that SkQ1 not
only attenuated high fructose-induced cardiac
hypertrophy in mice but also ameliorated en-
larged cell area of cardiomyocyte induced by
high fructose in vitro, which supports that high
fructose leads to cardiac hypertrophy via mito-
chondrial oxidative stress. It should be noted
that a critical role of mitochondrial ROS in medi-
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ating myocardial hypertrophy and diastolic dys-
function has been raised by many studies [1,
39, 40]. Aaron L. Sverdlov et al used transgenic
mice overexpressing catalase in mitochondria
to prove that mitochondrial ROS played an im-
portant role in high-fat high-sucrose induced
LVH and diastolic dysfunction [1].

ROS are thought to be generated at electron
transport chain through leakage during respira-
tion and there is cross talk between the redox
couples and electron transport chain.

Complex IlI, consisting of 4 nuclear-encoded
proteins-SDHA, SDHB, SDHC and SDHD, cou-
ples the oxidation of succinate to fumarate in
the matrix [41, 42]. It has been previously iden-
tified that Cys100 and Cys103 in SHDB under-
went reversible oxidative modification in mice
fed high-fat high-sucrose diet [9]. The cysteine-
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to-serine mutation of either Cys100 or Cys103
protected against H,O,-induced decrease in
complex Il activity in HEK cells [1]. Reduced
complex Il activity, as well as O, consumption
and ATP production abnormalities, were ob-
served in FS mice and partially prevented
by mitochondrial-targeted antioxidant SkQ1 in
our study. Our finding suggests that respira-
tory chain dysfunction is involved in high fruc-
tose-induced cardiac hypertrophy and incre-
ased mitochondrial ROS may contribute to
respiratory chain damage.

CFTR protein, which functions as a chloride
channel within various cells and tissues, repre-
sents an organic anion efflux channel that is
permeable to Cl and other larger organic ions
[43]. It also functions as a regulator of other ion
channels, principally the epithelial Na* and
HCO, channels [43]. Mutation of CFTR gene
reduces the channel function and leads to
cystic fibrosis (CF). A previous study show-
ed that mitochondrial-derived oxidative stress
was apparent in CFTR knockout mice and it
revealed that mitochondrial GSH was signifi-
cantly lower in lungs from mice lacking a func-
tional CFTR protein [18]. Oxidative stress may
be a result of a decreased availability of GSH
to neutralize endogenous ROS generation in
CFTR knockout mice [18]. We observed de-
creased CFTR expression, reduced mitochon-
drial GSH: GSSG ratio and increased mito-
chondrial H,O, production rate in high fructo-
se-fed mice. By adv-shCFTR infection, CFTR
silence increased H,O, production rate and
caused oxidative stress in mitochondria. Those
results support high fructose induces mito-
chondrial oxidative stress by regulating CFTR
expression.

Collectively, these findings indicated that high
fructose successfully induced cardiac hyper-
trophy model and led to cardiac diastolic dys-
function in mice. Mitochondrial oxidative stre-
ss mediated cardiac hypertrophy and diastolic
dysfunction induced by high fructose interven-
tion. The present study provides new insights
into the regulation mechanisms of high fruc-
tose-induced cardiac hypertrophy. CFTR expre-
ssion preservation and specific antioxidant for
mitochondrial ROS may be of value for the
treatment of high fructose-induced cardiac
hypertrophy. The mechanism by which respira-
tory chain is impaired in high fructose model
remains to be determined in further research.
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