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中 文 摘 要 ： 已被證實與消耗果糖代謝綜合徵的發展，而心肌病的變化和

心肌細胞凋亡的膳食攝入高果糖尚未闡明。這項研究的目的

是評估高果糖的影響對心肌細胞凋亡和生存途徑。 36Wistar

大鼠隨機分為對照組（CON)標準的飼料，果糖誘發代謝綜合

徵組（FIMS），獲得了 50％的果糖含量為 13 週的飲食。 

病理組織學分析，TUNEL 法和 Western 印跡進行切除心中兩

組。血壓，血糖，胰島素，甘油三酯和膽固醇水平顯著增加

在 FIMS 組，與 CON 組相比。異常的心肌結構，間隙擴大和增

加心臟 TUNEL 陽性細胞凋亡，觀察在 FIMS 組。 TNF-腫瘤壞

死因子受體 1，Fas 配體，Fas 受體，FADD，caspase-3 的活

化，8個蛋白水平（FAS 途徑）和 Bax 蛋白表達，比克，

Bax/Bcl-2 的，比克/ Bcl-xL 的，胞漿內細胞色素 c和活化

的 caspase-3 和 9 個蛋白水平（線粒體途徑）FIMS 組與 CON

組相比增加。 IGFI，IGFI-R，P-PI3K，p-Akt 蛋白，Bcl-2

和 Bcl-xL 的蛋白水平（生存途徑）均顯著下降 FIMS 組與

CON 組相比。高果糖攝入血壓升高和血糖水平，而且，高果

糖飲食心臟 FAS 依賴性和線粒體依賴性凋亡通路激活和抑制

的生存途徑，這可能提供一個發展與代謝綜合徵患者心臟衰

竭的可能機制。 

中文關鍵詞： Fas 受體細胞凋亡；果糖；；心臟；代謝綜合徵，腫瘤壞死

因子-α 

英 文 摘 要 ： Consumption of fructose has been linked to the 

development of metabolic syndrome, whereas the 

cardiomyopathic changes and cardiac apoptosis of 

dietary high-fructose intake have not yet been 

clarified. The purpose of this study was to evaluate 

the effects of high-fructose 

on cardiac apoptotic and survival pathways. Thirty-

two Wistar rats were randomly divided into a control 

group (CON), which received a standard chow diet, and 

a fructose-induced metabolic syndrome group (FIMS), 

which received a 50% fructose-content diet for 13 

weeks. 

Histopathological analysis, TUNEL assays and Western 

blotting were performed on the excised hearts from 

both groups. The blood pressure, glucose, insulin, 

triglyceride and cholesterol levels were 

significantly increased in the FIMS group, compared 

with the CON group. The abnormal myocardial 

architecture, enlarged interstitial space and 



increased cardiac TUNEL-positive apoptotic cells were 

observed in the FIMS group. The TNF-a, TNF receptor 

1, Fas ligand, Fas receptor, FADD, and activated 

caspase-3 and 8 protein levels (Fas pathway) and the 

Bax, Bak, Bax/Bcl-2, Bak/Bcl-xL, cytosolic cytochrome 

c, and activated caspase-3 and nine protein levels 

(mitochondria pathway) were increased in the FIMS 

group compared with those in the CON group. The IGFI, 

IGFI-R, p-PI3K, p-Akt, Bcl-2 and Bcl-xL protein 

levels (survival pathway) were all significantly 

decreased in the FIMS group compared with those in 

the CON group. High-fructose intake elevated blood 

pressure and glucose levels； moreover, high-fructose 

diet activated cardiac Fas-dependent and 

mitochondria-dependent apoptotic pathways and 

suppressed the survival pathway, which might provide 

one possible mechanism for developing heart failure 

in patients with metabolic syndrome. 

英文關鍵詞： Apoptosis； Fructose； Fas receptor； Heart； 

Metabolic syndrome； TNF-alpha 
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Consumption of fructose has been linked to the development of metabolic syndrome, whereas the cardiomyopathic changes and cardiac
apoptosis of dietary high-fructose intake have not yet been clarified. The purpose of this study was to evaluate the effects of high-fructose
on cardiac apoptotic and survival pathways. Thirty-two Wistar rats were randomly divided into a control group (CON), which received a
standard chow diet, and a fructose-induced metabolic syndrome group (FIMS), which received a 50% fructose-content diet for 13 weeks.
Histopathological analysis, TUNEL assays and Western blotting were performed on the excised hearts from both groups. The blood pressure,
glucose, insulin, triglyceride and cholesterol levels were significantly increased in the FIMS group, compared with the CON group. The
abnormal myocardial architecture, enlarged interstitial space and increased cardiac TUNEL-positive apoptotic cells were observed in the
FIMS group. The TNF-a, TNF receptor 1, Fas ligand, Fas receptor, FADD, and activated caspase-3 and 8 protein levels (Fas pathway)
and the Bax, Bak, Bax/Bcl-2, Bak/Bcl-xL, cytosolic cytochrome c, and activated caspase-3 and nine protein levels (mitochondria pathway)
were increased in the FIMS group compared with those in the CON group. The IGFI, IGFI-R, p-PI3K, p-Akt, Bcl-2 and Bcl-xL protein levels
(survival pathway) were all significantly decreased in the FIMS group compared with those in the CON group. High-fructose intake elevated
blood pressure and glucose levels; moreover, high-fructose diet activated cardiac Fas-dependent and mitochondria-dependent apoptotic
pathways and suppressed the survival pathway, which might provide one possible mechanism for developing heart failure in patients with
metabolic syndrome. Copyright © 2013 John Wiley & Sons, Ltd.
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INTRODUCTION

Metabolic syndrome is a cluster of symptoms including cen-
tral obesity, insulin resistance, hyperglycemia, dyslipidemia
and hypertension, all of which are risk factors for the devel-
opment of obesity, type 2 diabetes and cardiovascular dis-
ease (CVD).1–4 The high prevalence of metabolic syndrome
has significant public health implications because of the
sixfold risk of developing type 2 diabetes, twofold increased
risk of prevalence of coronary heart disease and threefold
increased risk of mortality attributable to coronary heart

disease.5 Most studies regarding metabolic syndrome show
that it may lead to deteriorated cardiac geometry and function
of CVD and heart failure.2–5 Cellular apoptosis in terminally
differentiated cardiomyocytes is a very critical pathological
mechanism in the cause of heart failure, whereas, on the other
hand, the process of apoptotic interruption may be allowed to
develop a novel strategy to reverse or attenuate heart failure.6,7

Moreover, cardiac apoptosis has been found in obesity, diabe-
tes and hypertension.7–10

Apoptosis, a physiological program of cellular death, may
contribute to many cardiac disorders.11,12 The occurrence of
apoptosis has been reported to contribute to the loss of
cardiomyocytes in cardiomyopathy and is recognized as a
predictor of adverse outcomes in subjects with cardiac
diseases or heart failure.6 The ‘extrinsic’ Fas ligand or tumor
necrosis factor-alpha (TNF-a)–dependent (type I) apoptotic
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pathway is believed to be one of the major pathways directly
to trigger cardiac apoptosis.12–14 This pathway is often initi-
ated by binding the Fas ligand to the Fas death receptor or
by binding the TNF-a to TNF receptor 1 (TNFR1), which
results in the clustering of receptors and the initiation of an ex-
trinsic pathway.13 Fas ligand and Fas receptor or TNF-a and
TNFR1 complex are known to lead to the formation of a
death-inducing signal complex starting with the recruitment
of the Fas-associated death domain (FADD) of the adaptor
protein.13 FADD is known to function as a common signaling
conduit in Fas and TNF-a–mediated apoptosis.15 FADD
recruits and aggregates the pro-caspase-8 and leads to its
activation of caspase-8.14 The activated caspase-8 cleaves
pro-caspase-3, which then undergoes autocatalysis to form
active caspase-3, a principle effector caspase of apoptosis.16

The ‘intrinsic’ mitochondria-dependent (type II) apoptotic
pathway starts from within the cell, resulting in the release
of a number of pro-apoptotic factors from the intermembrane
space of mitochondria.13,14 The mitochondria is the main site
of action for members of the apoptosis-regulating protein fam-
ily exemplified by Bcl-2 family, such as Bax (Bcl-2-associ-
ated X protein) and Bak (pro-apoptotic molecular).13

Commitment to apoptosis is typically governed by opposing
factions of the Bcl-2 family, including pro-apoptotic versus
anti-apoptotic family members.17 Pro-apoptotic and pro-
survival Bcl-2 family members can homodimerize or
heterodimerize to each other and appear to interact with and
neutralize each other so that the relative balance of these effec-
tors strongly influences cytochrome c release.18 Bcl-2 and
Bcl-xL, pro-survival proteins prevent cytochrome c release,
whereas Bax and Bak enhance cytochrome c release from
the mitochondria.13 When cytochrome c is released from mi-
tochondria into the cytosol, it is responsible for activating
caspase-9, which further activates caspase-3 and executes
the apoptotic program.19 Cardiac Fas-dependent and
mitochondria-dependent apoptotic pathways are involved in
many pathologic conditions such as hypoxic stress, hyperten-
sion and obesity.20–24 However, it is unclear whether cardiac
Fas-dependent and mitochondria-dependent apoptotic path-
ways mediate metabolic syndrome-related cardiac apoptosis.
Insulin-like growth factor I (IGFI) signaling is reported to

contribute to the modulation of survival responses in cardiac
tissues. Phosphatidylinositol 3-kinase (PI3K) and protein
kinase B (Akt) are key signaling factors in insulin and
IGFI-receptor (IGFI-R).25–28 Impaired IGFI signaling may
contribute, at least partially, to the development of diabetes
and the pathology of cardiac apoptosis in diabetic animals
and humans.8,29 Akt is one of the major upstream signal pro-
teins of the Bcl-2 family, and phosphorylated Akt (p-Akt)
appears to promote the pro-survival pathway.30 However,
the cardiac IGFI-related survival pathway in the metabolic
syndrome animal model has not yet been reported.
Awell-known experimental model of metabolic syndrome is

induced by feeding rats with a high-fructose diet. This model
induces weight gain, hypertension, hyperinsulinemia, hyperlip-
idemia and insulin resistance.31,32 The current study was under-
taken to understand the effects of high-fructose on the cardiac
Fas-dependent apoptotic (TNF-a, TNFR1, Fas ligand, Fas

receptor, FADD, activated caspase-8, and activated caspase-
3), mitochondria-dependent apoptotic (Bax, Bak, cytosolic cy-
tochrome c, activated caspase-9 and activated caspase-3) and
survival (IGFI, IGFI-R, p-PI3K, p-Akt, Bcl-2 andBcl-xL) path-
ways in rats. We hypothesized that fructose-induced metabolic
syndrome rats may be predisposed to more activated cardiac
Fas-dependent and mitochondria-dependent apoptotic path-
ways, as well as suppressed cardiac IGFI-related survival and
Bcl-2 family associated pro-survival pathways.

METHODS

Animals and induction of metabolic syndrome

Thirty-two male Wistar sixteen-week-old rats were obtained
from the National Laboratory Animal Center, Taiwan.
Ambient temperature was maintained at 25 �C, and the ani-
mals were kept on an artificial 12-h light–dark cycle. The light
period beginning at 700 h. Rats were fed with a standard
Purina chow diet (#5001, Purina, St. Louis, MO, USA; based
on dry weight, composed of 23% protein, 56% carbohydrate,
4.5% fat, and 6% fiber) and water ad libitum. All experimental
procedures were performed according to the NIH Guide for
the Care and Use of Laboratory Animals, and all protocols
were approved by the Institutional Animal Care and Use
Committee of China Medical University, Taichung, Taiwan.
All animals were allowed to adapt to the environment for

one week after their arrival before the experiment started.
The animals were fed with standard Purina chow diet for 5
days, and no statistical differences in body weight, blood
pressure, blood glucose, insulin, triglyceride, and choles-
terol were found before the beginning of the experiment.
The glucose level was detected by Accu Soft (Roche, India-
napolis, IN, USA) test strips. Systolic, diastolic and mean ar-
terial blood pressure were measured with an automated tail-
cuff system (29SSP; IITC/Life Science Instruments). The av-
erage of five consecutive readings for accurate measurement
was used for blood pressure.
The animals were divided into a control group (CON,

n=16), which received standard Purina chow diet and a
fructose-induced metabolic syndrome group (FIMS, n= 16),
which received a high fructose-content diet (composed of
21% protein, 50% fructose, 5% fat and 8% fiber as a percent-
age of total calories) . All groups were followed for 13 weeks.
Eight rats from each group were used for western blot analy-
sis, and the remaining eight rats from each group were used
for pathological staining.

Blood collection and tissue extraction

At the end of the experiment, all animals were sacrificed
after overnight fasting, trunk blood samples were collected
in heparinized tubes. Blood samples were centrifuged at
2000 g for 10 min at 4 �C; then, the plasma was collected
and stored at �20 �C until assayed for insulin, triglyceride
and cholesterol. Cardiac tissue extracts were obtained by
homogenizing the left ventricle samples in a lysis buffer

2 s.-m. cheng ET AL.
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(20 mM of Tris, 2 mM of EDTA, 50 mM of 2-
mercaptoethanol, 10% glycerol, pH 7�4, proteinase inhibitor
(Roche), phosphatase inhibitor cocktail (Sigma Chemical
Co., Louis, MO, USA)) at a ratio of 100 mg tissue per 1
ml buffer for 1 min. The homogenates were placed on ice
for 10 min and then centrifuged at 12 000 g for 40 min,
twice. The supernatant was collected and stored at �70 �C
for further investigations.

Cardiac characteristics and heart weight

The hearts of the rats from both groups were analysed using
heart weight index and Western blotting. The hearts were
excised and cleaned with phosphate-buffered saline (PBS).
The left ventricles were separated and weighed. The ratios
of the whole heart weight (WHW) to body weight (BW), the
ratios of the left ventricular weight (LVW) to BW, the ratios
of the LVW to WHW, the ratios of the WHW to tibia length
and the ratios of the LVW to tibia length were calculated.

Biochemical assays

Plasma insulin concentrations were measured using a
commercial ELISA kit (Mercodia, Uppsala, Sweden).
Plasma triglyceride and cholesterol concentrations were
assayed with commercial kits (E. Merck, Darmstadt,
Germany) by enzymatic photocolorimetric methods.

Hematoxylin–eosin staining

The hearts from rats were excised and soaked in formalin,
dehydrated through graded alcohols and embedded in paraf-
fin wax. The 3-mm thick paraffin sections were cut from the
paraffin-embedded tissue blocks. The tissue sections were
deparaffinized by immersing in xylene and rehydrated. They
were passed through a series of graded alcohols (100%, 95%
and 75%), for 15 min of each. The slides were then dyed
with hematoxylin for 5–10 min, followed by washing with
tap water for 10–20 min. The slides were then soaked in
mild warm water until it turned bright violent before putting
it into eosin solution for 3–5 min. After gently rinsing with
water, each slide was soaked in 85% alcohol and 100%
alcohol I and alcohol II for 15 min each. The final step
was to soak in xylene I and xylene II. Photomicrographs
were obtained using Zeiss Axiophot microscopes. The slices
were measured by the software ‘Adobe Photoshop CS3’.
The mean number of myocardial interstitial spaces was
quantified for at least 5–6 separate fields� 2 slides� 3
regions of each left ventricle (upper, middle and lower) excised
from the rats’ hearts. All counts were performed by at least
two independent individuals in a blinded manner.8

DAPI staining and terminal deoxynucleotide transferase-
mediated dUTP nick end labeling

The hearts were excised, soaked in formalin, dehydrated
through graded alcohols and embedded in paraffin wax.
Sections 3 mm thick were prepared from these paraffin-
embedded tissue blocks. The sections were deparaffinized

by immersing in xylene, rehydrated and incubated in
phosphate-buffered saline with 2%H2O2 to inactivate endog-
enous peroxidases. Next, the sections were incubated with
proteinase K (20 mg�ml–1), washed in phosphate-buffered
saline and incubated with terminal deoxynucleotidyl trans-
ferase and fluorescein isothiocyanate-dUTP for 1 h at
37 �C using an apoptosis detection kit (Roche). After wash-
ing twice in PBS, the sections were stained with 4’, 6-
diamidine-2-phenylindole dihydrochloride (DAPI, Sigma
Chemical Co.) for 5 min to allow the cell nucleus to be
detected by UV light microscopic observations (blue).
TUNEL-positive nuclei (fragmented DNA) fluoresce bright
green at 450–500 nm, whereas DAPI-positive nuclei (intact
DNA) fluoresce blue at 360 nm. The mean number of
TUNEL-positive cells were counted for at least 5–6 sepa-
rate fields� 2 slides� 3 regions of each left ventricle (up-
per, middle and lower) excised from the rats’ hearts. All
counts were performed by at least two independent individ-
uals in a blinded manner.

Separation of cytosolic and mitochondrial fractions

To detect cytosolic cytochrome c, tissues were suspended in
a buffer (50mM Tris (pH 7�5), 0�5 M NaCl, 1�0 mM of
EDTA (pH 7�5), 10% glycerol and proteinase inhibitor
cocktail tablet (Roche) for 3 min on ice), homogenized by
40 strokes in a Dounce homogenizer, and centrifuged at
12 000 g for 15 min. The supernatant was the cytosol frac-
tion, and the pellet was resuspended in lysis buffer as the
membrane fraction.

Electrophoresis and Western blot

Protein concentration of cardiac tissue extracts was determined
by the Lowry protein assay. Protein samples (40 mg lane–1)
were separated on a 10% SDS polyacrylamide gel electropho-
resis (SDS-PAGE) with a constant voltage of 75 V.
Electrophoresed proteins were transferred to a polyvinylidene
difluoride (PVDF) membrane (0�45 mm pore size, Millipore,
Bedford, MA, USA) with a transfer apparatus (Bio-Rad
Laboratories Inc., Berkeley, CA, USA). PVDF membranes
were incubated in 5% milk in TBS buffer. Primary antibodies
including TNF-a, TNFR1, Fas ligand, Fas receptor, FADD,
Bax, Bak, Bcl-2, Bcl-xL, caspase-3, caspase-8, caspase-9,
cytochrome c, IGFI, IGFI-R, p-PI3K (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA), p-Akt (Cell Signaling Technol-
ogy Inc., Beverly, MA, USA) and a-tubulin (Neo Markers,
Fremont, CA, USA)were diluted to 1:500 in antibody binding
buffer overnight at 4 �C. The immunoblots were washed three
times in TBS buffer for 10 min and then immersed in a second
antibody solution containing goat anti-mouse IgG-HRP, goat
anti-rabbit IgG-HRP, or donkey anti goat IgG-HRP
(Santa Cruz Biotechnology) for 1 h and diluted 500-fold in
TBS buffer. The immunoblots were then washed three
times in TBS buffer for 10 min. The immunoblotted pro-
teins were visualized using an enhanced chemilumines-
cence ECL Western blotting luminal reagent (Santa Cruz
Biotechnology) and quantified using a Fujifilm LAS-3000
chemiluminescence detection system (Fujifilm, Tokyo,

3cardiac apoptosis in fructose-induced metabolic syndrome
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Japan). Densitometric analyses of immunoblots were
performed with an AlphaImager 2200 digital imaging sys-
tem (Digital Imaging System, San Leandro, CA, USA).

Statistical analysis

All data for body weight, heart weight index, blood pres-
sure, biochemical parameters, protein levels, and percentage
of TUNEL-positive cells were compared between the CON
and FIMS groups using Student’s t-test for two independent
samples. In all cases, a difference at P< 0�05 was consid-
ered statistically significant.

RESULTS

Cardiac characteristics, blood pressure and biochemical
parameters

The index of whole heart weight (WHW), left ventricular
weight (LVW), WHW/body weight (BW), LVW/BW,
LVW/WHW and WHW/tibia length were similar in the
CON and FIMS groups. The systolic blood pressure (SBP),
diastolic blood pressure (DBP) and mean arterial blood pres-
sure (MBP) in the FIMS group were higher than those in the
CON group (P< 0�05), as shown in Table T11. The concentra-
tions of blood glucose, plasma insulin, triglyceride and cho-
lesterol in the FIMS group were higher than those in the
CON group (Table 1).

Cardiac histopathological changes

To investigate changes of cardiac architecture in fructose-
inducedmetabolic syndrome, we performed a histopathological

Figure 1. (A) Representative histopathological analysis of cardiac sections from the left ventricles with H&E staining in the control group (CON), which
received a standard Purina chow diet and the fructose-induced metabolic syndrome group (FIMS), which received a 50% fructose-content diet for 13 weeks.
The images of cardiac architecture were magnified 400 times. (B) Bars represent the percentage of myocardial interstitial space to total area. (C) Represen-
tative stained apoptotic cells of cardiac sections from the left ventricle in the CON group and the FIMS group as measured by staining with TUNEL (upper
panels, green spots) and DAPI assay with dark background (lower panels, blue sports). The images of cardiac architecture were magnified 400 times.
(D) Bars represent the percentage of TUNEL-positive cells relative to total DAPI cells. All bars indicate mean values�SD (n = 8 in each group).
**P< 0�01, significant difference from the CON group

Table 1. Measurements of subjects

CON FIMS

Number of animals 8 8
Body weight (BW), g 539� 44 570� 64
Heart weight index
Whole heart weight (WHW), g 1�57 �0�15 1�65� 0�20
Left ventricle weight (LVW), g 1�19� 0�11 1�31� 0�16
WHW/BW (�103) 2�83� 0�22 2�82� 0�12
LVW/BW (�103) 2�15� 0�22 2�28� 0�23
LVW/WHW 0�76� 0�03 0�80� 0�06
WHW/tibia length (�10), gmm–1 0�32� 0�02 0�34� 0�06

Blood pressure
SBP, mmHg 110� 5 129� 8*
DBP, mmHg 78� 9 99� 6*
MBP, mmHg 89� 4 109� 7*

Biochemical parameters
Glucose, mg dl–1 110�7� 4�3 124� 5�7*
Insulin, ng dl–1 0�22� 0�08 0�59� 0�15*
Triglyceride, mg dl–1 76�1� 15�4 139�8� 19�3*
Cholesterol, mg dl–1 62�6� 9�1 81�3� 10�8*

Values are means�SD body weight, heart weight index, systolic blood
pressure (SBP), diastolic blood pressure (DBP), mean arterial blood pressure
(MBP) and biochemical parameters in the control group (CON), which re-
ceived a standard Purina chow diet and fructose-induced metabolic syndrome
group (FIMS), which received a 50% fructose-content diet for 13 weeks.
*P< 0�05, significant difference versus the CON group.
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analysis of ventricular tissue stained with hematoxylin and
eosin (H&E). The ventricular myocardium in the CON
group showed normal architecture with normal interstitial
space, but the abnormal myocardial architecture and the
increased interstitial spaces were observed in the FIMS
group (FigureF1 1A and 1B).

TUNEL-positive apoptotic cells of cardiac tissue

To reconfirm the apoptotic activity in fructose-induced meta-
bolic syndrome, we examined the apoptotic cardiac cells in
the excised hearts of the CON and FIMS groups by TUNEL
assay. We observed that the left ventricles stained with
TUNEL assay showed significantly increased TUNEL-
positive cardiac cells in the FIMS group compared with the
CON group, at 400�magnification images (Figure 1C and D).

Upstream components of cardiac Fas-dependent apoptotic
pathways

To understand the changes to the cardiac Fas-dependent
apoptotic pathway in fructose-induced metabolic syndrome,
the protein levels of TNF-a, TNFR1, Fas ligand, Fas recep-
tor and FADD were measured in the excised hearts of the
CON and FIMS groups by Western blotting (Figure F22A).

Figure 2. (A) Western blot analysis of the representative protein products
of TNF-a, TNFR1, Fas ligand, Fas receptor and FADD extracted from the
left ventricles of excised hearts in the control group (CON), which received
a standard Purina chow diet and the fructose-induced metabolic syndrome
group (FIMS), which received a 50% fructose-content diet for 13 weeks.
(B) Bars represent the relative protein quantification of TNF-a, TNFR1,
Fas ligand, Fas receptor and FADD on the basis of a-tubulin. All bars
indicate mean values�SD (n= 8 in each group). *P< 0�05, **P< 0�01,
***P< 0�001 significant difference from the CON group

Figure 3. (A) Western blot analysis of the representative protein products
Bax, Bak, Bcl-2, Bcl-xL and cytosolic cytochrome c extracted from the left
ventricles of excised hearts in the control group (CON), which received a
standard Purina chow diet and the fructose-induced metabolic syndrome
group (FIMS), which received a 50% fructose-content diet for 13 weeks.
(B) Bars represent the relative protein quantifications of Bax, Bak, Bcl-2,
Bcl-xL and cytosolic cytochrome c on the basis of a-tubulin, All bars
indicate mean values�SD (n= 8 in each group). *P< 0�05, **P< 0�01,
***P< 0�001, significant difference from the CON group
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The protein levels of TNF-a, TNFR1, Fas ligand, Fas recep-
tor and FADD in the FIMS group were significantly higher
than those in the CON group (Figure 2B).

Upstream components of cardiac mitochondria-dependent
apoptotic and Bcl-2 family–associated pro-survival
pathways

To understand the changes of cardiac mitochondria-
dependent apoptotic and Bcl-2 family associated pro-
survival pathways in fructose-induced metabolic syndrome,
the protein levels of Bax, Bak, Bcl-2, Bcl-xL and cytosolic cy-
tochrome c were measured in the excised hearts of the CON
and FIMS groups using Western blotting (FigureF3 3A). The
protein levels of Bax, Bak, cytochrome c, Bax/Bcl-2 and
Bak/Bcl-xL in the FIMS group were significantly increased
compared with those in the CON group (FigureF4 4B). In addi-
tion, the protein levels of Bcl-2 and Bcl-xL were significantly
decreased in the FIMS group compared with those in the CON
group (Figure 3B).

Downstream components of cardiac Fas-dependent and
mitochondria-dependent apoptotic pathways

To identify the downstream components of cardiac Fas
(caspase-8 and 3) and mitochondria (caspase-9 and 3)–
dependent apoptotic pathways in fructose-induced metabolic
syndrome, the protein levels of activated caspase-8, 9 and 3

were measured in the excised hearts of the CON and FIMS
groups usingWestern blotting (Figure 4A). The protein levels
of caspase-8, 9 and 3 were significantly increased in the FIMS
group compared with those in the CON group (Figure 4B).

Cardiac survival pathway

To identify the cardiac IGFI-R-related PI3K-Akt survival
pathway in fructose-induced metabolic syndrome, the
protein levels of IGFI, IGFI-R, p-PI3K, and p-Akt were
measured in the excised hearts of the CON and FIMS
groups using Western blotting (Figure F55A). The protein
levels of IGFI, IGFI-R, p-PI3K and p-Akt were significantly
decreased in the FIMS group compared with those in the
CON group (Figure 5B).

DISCUSSION

Our main new findings can be summarized as follows: (1)
The blood pressure, glucose, insulin, triglyceride and
cholesterol levels were significantly increased in the fructose
(50%)–fed rats, a metabolic syndrome model, relative to the
non-fructose fed rats. (2) Abnormal myocardial architecture,
enlarged interstitial space and increased cardiac TUNEL-
positive apoptotic cells were observed in the fructose-
induced metabolic syndrome but not in the non-metabolic
syndrome. (3) The cardiac Fas-dependent apoptotic proteins

Figure 4. (A) Western blot analysis of the representative protein products of caspase-8, caspase-9 and caspase-3 extracted from the left ventricle in control
group (CON), which received a standard Purina chow diet and fructose-induced metabolic syndrome group (FIMS), which received a 50% fructose-content diet
for 13 weeks. (B–D) Bars represent the relative protein quantification of caspase-8, caspase-9 and caspase-3 on the basis of a-tubulin. All bars indicate mean
values�SD (n= 8 in each group). Bars present the statistic result. *P< 0�05, significant difference from the CON group
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(TNF-a, TNFR1, Fas ligand, Fas receptor, FADD, activated
caspase-8 and activated caspase-3) in the fructose-induced
metabolic syndrome were significantly increased compared
to the non-metabolic syndrome. (4) The cardiac
mitochondria-dependent apoptotic proteins (Bax, Bak, Bax/
Bcl-2, Bak/Bcl-xL, cytosolic cytochrome c, activated
caspase-9 and activated caspase-3) in the fructose-induced
metabolic syndrome were significantly increased compared
with the non-metabolic syndrome. (5) Cardiac IGFI-related
survival proteins (IGFI, IGFI-R, p-PI3K and p-Akt) and
Bcl-2 family–associated pro-survival proteins (Bcl-2 and
Bcl-xL) in the fructose-inducedmetabolic syndromewere sig-
nificantly decreased compared with the non-metabolic syn-
drome. After integrating our current findings into previously
proposed theories, a hypothesized diagram is drawn in Fig-
ureF6 6, which suggests that cardiac Fas receptor-dependent
and mitochondria-dependent pathways were increased,
whereas cardiac IGFI-R/PI3K/Akt survival and Bcl-2 family
associated pro-survival pathways were decreased in the fruc-
tose feeding induced metabolic syndrome.

The consumption of fructose has increased, largely
because of an increased consumption of soft drinks and many
juice beverages containing sucrose (table sugar consists of
50% fructose, 50% glucose) or high-fructose corn syrup
(a single can of beverage contains about 42%–55%
fructose).32,33 Dietary high-fructose intake has been suggested

to be an important factor contributing to the development of
symptoms of metabolic syndrome. Recent evidence suggests
that fructose feeding in rats develops the features of the meta-
bolic syndromemodel in many of the same pathophysiological
deficits as noted in metabolic syndrome humans, such as insu-
lin resistance, weight gain, hyperlipidemia, hyperinsulinemia,
hypertriacylglycerolemia, impaired glucose tolerance, hyper-
tension, myocardial functional abnormalities and heart
failure.3,4,31,32,34 In the current study, daily 50% fructose feed-
ing for 13 weeks caused increases in blood pressure, glucose,
insulin, triglyceride and cholesterol levels. Furthermore, abnor-
mal myocardial architecture, enlarged interstitial space and
increased TUNEL-positive apoptotic cardiac cells were
observed in the rat hearts. The physiological parameters and
cardiomyopathic changes found in the current animal models
may provide one mechanism to clarify how cardiac morpho-
logical change occurs in metabolic syndrome humans.

The Fas receptor-dependent apoptotic pathway is mediated
by Fas ligand, Fas receptor, TNF-a, TNFR1, FADD and acti-
vated caspase-8. The mitochondria-dependent apoptotic path-
way is mediated by Bax, Bak, cytochrome c, activated
caspase-9 and activated caspase-3.12,13 In the current study,
50% fructose-fed rats appeared to have significantly activated
Fas receptor-dependent apoptotic pathway, as evidenced by in-
creases in Fas ligand, Fas receptor, TNF-a, TNFR1, FADD, ac-
tivated caspase-8 and activated caspase-3 levels in the hearts.
Additionally, fructose-fed rats appeared to have a significantly
activated mitochondria-dependent apoptotic pathway, as
evidenced by increases in the levels of Bax, Bak, Bax/Bcl-2,
Bak/Bcl-xL, cytochrome c, activated caspase-9 and activated
caspase-3 in the hearts. All key components of Fas receptor-
dependent and mitochondria-dependent apoptotic pathways,
from upstream cascade to downstream cascade, consistently
show pro-apoptotic effects in the hearts excised from the
fructose-induced metabolic syndrome rats. These are the first
data to demonstrate that fructose intake activates the cardiac
Fas receptor-dependent and mitochondria-dependent apoptotic
pathways, which might lead to cardiac apoptosis.

The IGFI/IGFI-R and their downstream PI3K and Akt sig-
naling pathways have been indicated to contribute to modula-
tion of survival and apoptotic responses in cardiac tissue.25,35

Our previous study shows decreased IGFI/PI3K/Akt survival
pathways via decreases in IGFI, IGFI-R, PI3K and Akt in the
diabetic rat heart.8 In the present study, the cardiac IGFI-
related survival signaling was significantly decreased in 50%
fructose-fed rats based on decreased IGFI, IGFI-R, p-PI3K
and p-Akt levels. The mitochondria-dependent apoptotic path-
way is tightly controlled by the Bcl-2 family. Pro-apoptotic
and pro-survival members of the Bcl-2 family seem to interact
with and neutralize each other so that the relative balance of
these effectors strongly influences cell fate.18,36 Shifting the
balance of Bcl-2 family members toward pro-apoptotic effects
will activate caspase-9, which further activates caspase-3 and
executes the apoptotic program.19 In the current study, the
cardiac pro-survival pathway was significantly decreased
in 50% fructose-fed rats based on the decreased Bcl-2 and
Bcl-xL levels. Therefore, our findings strongly suggest that

Figure 5. (A) Western blot analysis of the representative protein products
of IGFI, IGFI-R, p-PI3K and p-Akt extracted from the left ventricles of
excised hearts in the control group (CON), which received a standard
Purina chow diet and the fructose-induced metabolic syndrome group
(FIMS), which received a 50% fructose-content diet for 13 weeks. (B) Bars
represent the relative protein quantification of IGFI, IGFI-R, p-PI3K and p-
Akt on the basis of a-tubulin. All bars indicate mean values�SD (n= 8 in
each group). *P< 0�05, **P< 0�01, significant difference from the CON
group
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the cardiac IGFI-related survival and Bcl-2 family associated
pro-survival pathways become less activated in the fructose-
induced metabolic syndrome animal model, which might lead
to developing cardiac apoptosis and the consequential devel-
opment of heart failure.

HYPOTHESIZED AND CLINICAL APPLICATION

An increase in fructose intake has been linked with a rise in
obesity and metabolic disorders. The current metabolic
syndrome animal model under high fructose-feeding proves
to be an important representation of metabolic syndrome
inducing abnormal myocardial architecture and cardiac
apoptosis in metabolic syndrome humans because of cardiac
tissues being difficult to sample from human hearts; moreover,
high-fructose consumption increased blood pressure, glucose,
insulin, triglyceride and cholesterol levels. Previous studies
indicated that obesity and hypertension enhanced cardiac Fas-
dependent and mitochondria-dependent apoptotic path-
ways,9,10,23,24 and streptozotocin-induced diabetes activated
cardiac mitochondria-dependent apoptotic pathways in rat
models.8,35 Overall, our current findings indicate that the activa-
tion of cardiac Fas-dependent and mitochondria-dependent ap-
optotic pathways, as well as the cardiac IGFI/PI3K/Akt survival
pathway being suppressed in fructose-induced metabolic syn-
drome rats, might provide an important mechanism in the

explanation of the development of cardiomyopathy. Further-
more, additional questions will be raised, such as whether
anti-apoptotic therapy might be beneficial to attenuate cardiac
Fas-dependent and/or mitochondria-dependent apoptotic path-
ways when considering possible therapeutic agents to control
or prevent the development of apoptosis-related cardiac dis-
eases in metabolic syndrome. Of course, further therapeutic
and clinical studies are required to clarify the effects of treat-
ments or the survival and apoptotic mechanisms in metabolic
syndrome-related heart diseases.

CONFLICT OF INTEREST

The authors have declared that there is no conflict of interest.

ACKNOWLEDGMENT

This study was supported by grants from the National Science
Council (NSC 99-2410-H-468-030-MY3 and 98-2314-B-
040-001-MY3) and the China Medical University and Asia
University (CMU99-ASIA-05) in Taiwan. This study is
supported in part by Taiwan Department of Health Clinical
Trial and Research Center of Excellence (DOH101-TD-B-
111-004). The pathway diagram in the current study was
modified from the Pathway Central from SABiosciences.

Figure 6. Our proposed hypothesis that the cardiac Fas-dependent and mitochondria-dependent apoptotic pathways will be activated in fructose-induced
metabolic syndrome. Evidence is based on high fructose-fed associated increases in Fas-dependent apoptotic pathway (TNF-a, TNFR1, Fas ligand, Fas
receptor, FADD, caspase-8 and caspase-3) and the mitochondria-dependent apoptotic pathway (Bax, Bak, cytochrome c, caspase-9 and caspase-3). In contrast,
the cardiac pro-survival pathways become less activated in the metabolic syndrome animal model. The evidence is based on fructose-fed associated decreases
in the survival pathway (IGFI, IGFI-R, p-PI3K, p-Akt, Bcl-2 and Bcl-xL)
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 Click on one of the shapes in the Drawing 
Markups section. 

 Click on the proof at the relevant point and 
draw the selected shape with the cursor. 

 To add a comment to the drawn shape, 
move the cursor over the shape until an 
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 Double click on the shape and type any 
text in the red box that appears. 



2012 年在 Boston Downtown 的美國睡眠醫學會年會自 6 月 9 日至 6 月 13 日一連

舉行五天，前兩天為 postgraduate 的研習會，我參加 year-In-Review 2012 與睡眠

呼吸障礙的處置，前面的討論會對過去一整年的文獻作回顧，有許多令人驚艷的

論文發表，其中包括睡眠呼吸障礙在高危險妊娠與對孩童行為的障礙的角色，

如：過動症與注意力不集中，另外亦討論到睡眠不足的人與日間清醒的能力，在

人與動物方面的研究，又由功能性腦波圖的紀錄與分析，睡眠剝奪的人與動物，

一為非侵襲，一為侵襲的檢查，可以發現縱然外觀表現張眼的清醒態，事實上大

腦多處皮質仍不時有徐動波出現，這說明一個缺乏睡眠的大腦，在專注力缺失，

或無法對事情的清楚判定或理解，原因是其來有自的。那就是，不定時、不定區

腦部細胞的疲乏，與難以整合可以明顯反應出為何值班與輪班人員其理解力、創

造力，甚至情緒與行為自制力的缺失，原來就建立在這疲乏嗜睡的大腦，同樣這

種大腦的分離亦可能反應於夜眠時刻，及部分腦入睡、部分腦清醒、部分腦位於

混沌時刻，這真是令人大開眼界。而在另一主題為如何處理特殊的睡眠呼吸障礙

的病患，這些病患包括心臟衰竭合併中樞型睡眠呼吸中止症，鴉片服用之病患，

其治療的方式不再是 CPAP 而是 BiPAP,ASV,AVAPS 與 APAP,其中的複雜性相當

高，另外部分原理在短短時間內仍無法完全吸收是項遺憾，不過在台灣臨床給付

如此低廉的狀態，我真擔心不會有太多醫師願意投注時間在這夜眠時刻，以矯正

這群病患的常態性失眠。儘管如此，我亦能對這群特殊病患睡眠呼吸障礙，從病

理生理學的角度切入來理解其治療的策略是否有何不同，也許幾年後，上述各種



呼吸器或呼吸輔助器，經由創新與病理生理學的進一步理解，期能改進病患求得

一夜好眠的「基本權利」。 

 另外一項令人印象深刻的討論會，乃針對兒童睡眠醫學的熱門議題，尤其是

重要但仍其爭議性的事，其實最明顯地就是兒童在睡眠多項生理檢測中，不若大

人的易於驚醒，易於發生呼吸中止或呼吸不足的情形，亦不常有低血氧的現象，

臨床上雖僅打鼾，或稍有呼吸不順即可連帶生長遲緩、行為與學習障礙。史丹佛

大學有一套較敏感的測試，即加上橫膈肌肌電圖與呼吸圖作「上呼吸道高阻力症

候群」的分析，而義大利的ㄧ研究團隊利用腦波圖分析「CAP」與腦下交感神經

驚醒指數，分析孩童的睡眠品質，說明客觀的睡眠生理指標在孩童的呼吸障礙，

仍有一段路要走。儘管如此，目前的標準仍是為全球睡眠醫學學者接受而為共通

的議題討論標準。另外討論話題亦涵蓋嬰兒，母親因睡眠呼吸中止而衍生的疾病

與死亡的案例，孩童接受全身性麻醉時，睡眠呼吸中止症的影響，與孩童失眠問

題如何定義與量化。另外，猝睡症與孩童感染或疫苗注射的時機的關聯性與鐵不

足與孩童過動症與不寧腿症的影響。其實五天的課程包羅萬象，從基礎到臨床，

從分子細胞到生理心理學反應，一份簡章的報告難以涵蓋其中。 

  本研究單位亦展示一張這期研究成果海報如下：
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