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Background: The cellular mechanisms of obesity-induced cardiomyopathy are multiple and not
completely elucidated. The objective of this study was to differentiate two obesity-associated cardio-
myopathy miniature pig models: one with the metabolic syndrome (MetS), and one with a metabolically
healthy obesity (MHO). The cellular responses during the development of obesity-induced cardiomy-
opathy were investigated.
Methods: Five-month-old Lee-Sung (MetS) and Lanyu (MHO) minipigs were made obese by feeding a
high-fat diet (HFD) for 6 months.
Results: Obese pigs exhibited a greater heart weight than control pigs. Interstitial and perivascular
fibrosis developed in the myocardium of obese pigs. The HFD induced cardiac lipid accumulation and
oxidative stress and also decreased the antioxidant defense in MetS pigs. This diet activated oxidative
stress without changing cardiac antioxidant defense and lipid content in MHO pigs. The HFD upregulated
the expression of Grp94, CHOP, caspase 12, p62, and LC3II, and increased the ratio of LC3II to LC3I in the
left ventricle (LV) of MetS pigs. Compared to obese MetS pigs, less Grp94 and elevated CHOP expression
was found in the obese MHO heart. The HFD did not change the ratio of LC3II to LC3I and p62 expression
in obese MHO pigs. The obese MetS pigs had an extensive and greater inflammatory response in the
plasma than the obese MHO pigs, which had a lesser and milder inflammation.
Conclusion: Oxidative stress and ER stress were involved in the progression of MHO-related cardiomy-
opathy. Inflammation, autophagy, ER stress, oxidative stress, and lipotoxicity participated in the patho-
logical mechanism of MetS-related cardiomyopathy.

© 2016 Elsevier Ltd and European Society for Clinical Nutrition and Metabolism. All rights reserved.
1. Introduction

Obesity is considered the main contributing factor to the
development of the metabolic syndrome (MetS) and metabolic
related diseases [1e3]; however, not all obese individuals exhibit
cardio-metabolic abnormalities. Recent studies identify a subset of
obese individuals, the metabolically healthy obesity (MHO) who
have a low burden of adiposity-related metabolic abnormalities
compared to obese individuals with MetS [4]. Depending on the
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definition used for cardio-metabolic markers, the prevalence of
MHO varies from 12 to 43% in cohort studies [4e6]. Compared to
obese subjects with MetS, several studies conclude that MHO in-
dividuals have reduced risks of cardiovascular diseases (CVDs) and
stroke [5], acute myocardial infarction [7] and type II diabetes
mellitus (T2DM) [6]. The MHO individuals have an increased risk of
heart failure, particularly if they have long-lasting or severe obesity
[7].

Obesity has been regarded as an independent risk factor and a
direct cause of CVDs [2]. Severe obesity causes hemodynamic al-
terations, induces structural and functional changes in the heart,
and prolonged severe obesity eventually leads to the development
of heart failure [8]. The cellular mechanisms of MetS-related car-
diomyopathy are multiple, and have been studied extensively,
including lipotoxicity, cardiac hypertrophy and inflammation [8].
ism. All rights reserved.
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The protein quality control system, including the endoplasmic re-
ticulum (ER) and autophagy, is responsible for the degradation of
damaged proteins and organelles inside the cells, and plays a crit-
ical role in MetS-related cardiac injury [9]. In our previous mouse
studies, cardiac injury with metabolic dysregulationwas associated
with autophagy dysregulation and ER stress [9,10]. A cell model
suggests a pro-survival role of autophagy in cardiomyocyte
apoptosis after exposure to lipotoxicity [10].

The underlying mechanism involved in MetS-related heart
failure has been studied recently, whereas the mechanism for
MHO-related heart failure is still unknown due to the difficulty to
obtain human samples and lack of an optimal animal model. We
previously established two diet-induced obesity minipig models
one MetS (obesity with hyperglycemia, dyslipidemia and hyper-
tension) and one MHO (obesity without any metabolic dysfunc-
tion), and found that AMPK and SIRT1 are involved in the
development of MetS-induced fatty liver [11]. The current study
showed cardiac hypertrophy and fibrosis in both obese MetS and
MHO pigs. Accordingly, these two pig models were used to explore
the relationship between obesity-induced cardiomyopathy and the
intercellular protein quality control system. In addition, plasma
cytokine profiles were investigated to differentiate the inflamma-
tory response between obese MetS- and MHO-pigs.
2. Materials and methods

2.1. Animals and experiment diets

The investigation conforms to the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes of
Health (NIH Publication No. 85-23, revised 1985). All animal care
procedures used in this study were approved by the Institutional
Animal Care and Use Committee of the National Taiwan University.
Lanyu minipigs (as MHO model) from the Taitung Animal Propa-
gation Station (Taitung, Taiwan) and Lee-Sung (as MetS model) pigs
from National Taiwan University were used in this study. The obese
pig model and feed formulations were established according to the
previous study [11]. Five-month-old Lanyu (body weight:
18.3 ± 1.5 kg) and Lee-Sung miniature pigs (body weight:
18.1 ± 0.8 kg) were each randomly divided into two groups and fed
either a C, control diet (2436 Kcal/kg metabolic energy, consisting
of 35.5% corn, 8% soybean meal, 15.6% soybean hulls, 20.7% alfalfa
meal, 16% wheat bran, 3% molasses, 0.2% methionine, 0.1% lysine,
0.5% NaCl, 0.2% choline and 0.3% vitamin and mineral premix) or a
HFD, high fat diet (3786 Kcal/kg metabolic energy, consisting of
42.7% corn, 14% soybean meal, 15% lard and 20% sucrose, 3%
molasses, 0.3% methionine, 0.3% lysine, 3.2% CaHPO4, 0.6% CaCO3,
0.5% NaCl, 0.2% choline and 0.3% vitamin and mineral premix) for 6
months. Each treatment included 5 castrated male and 5 female
minipigs; pigs of the same treatment were housed together in a
sheltered pen. Feed was provided twice daily [11], and water was
available ad libitum. BMI was measured as body weight/
(crownerump length)2 [12].

At the end of the experiment, blood samples were taken from
the jugular vein after an over-night fast. Animals were then sacri-
ficed by intravenous injection of barbiturate in overdose and the
left ventricles (LV) were excised, frozen in liquid nitrogen and
stored at �80 �C until analysis.
2.2. Histological and Mason trichrome staining

Fresh LV samples (1 cm3) were fixed in 10% neutral formalin
solution for one week, embedded in paraffin and sectioned at 5 mm.
The sections were stainedwithMasson's trichrome stain for cardiac
Please cite this article in press as: Li S-J, et al., The high-fat diet induces m
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fibrosis determination. All stained LV sections were analyzed by
Image J software [11].

2.3. Measurement of total collagen content

Sirius red is a unique dye which specifically binds to the [Gly-X-
Y]n helical structure in collagen, and was used to quantify the de-
gree of cardiac fibrosis in this study. The collagen was quantified
with the Sirius Red Collagen Detection kit (Chondrex, Redmond,
WA, USA) following the standard protocols provided with the assay
kit. Homogenized LV tissues were incubated at 4 �C for 48 h in an
acid-pepsin solution. The supernate was collected in tubes pre-
treated with buffered fetal bovine serum. Sirius Red solution was
added to the supernate, then mixed and centrifuged. A calibration
curve was obtained using the collagen standard in the assay kit and
the absorbance was measured at 530 nm using microplate assays
(BioTek, Synergy H1, Ashton Vale, BRS, USA).

2.4. Triglyceride content and oxygen radical absorbance capacity
(ORAC) in tissue

Triglycerides were extracted from the LV using 5% NP-40 ac-
cording to the manufacturer's instruction (BDH Laboratory, Poole,
Dorset, UK). After boiling and cooling to room temperature and
centrifugation, the supernate was used for triglyceride assay
(Fortress Diagnostics, Antrim, Northern Ireland, UK).

Total antioxidant capacity was analyzed by the ORAC assay as
described by Hsieh et al. [13]. The assay measured fluorescence
decay due to the breakdown of 2,20-azobis (2-methyl-
propionamidine) dihydrochloride (AAPH). The antioxidant trolox
served as a standard to inhibit the loss of fluorescence. Tissue lysate
was mixed with b-phycoerythrin (PE). To begin the assay, fluores-
cence measurements (excitation: 515 nm, emission: 577 nm) were
taken to determine the background signal. Then, AAPH was added
and fluorescence was measured every 5 min until the value was
below 100. Results were calculated using the differences of areas
under the PE decay curves between the blank and each sample. The
final results (ORAC values) were calculated by linear regression of
the areas vs. sample concentration and expressed as mmole trolox
equivalents (TE) per mg of tissue protein (mmol TE/mg).

2.5. Measurements of oxidative stress

Thiobarbituric acid reactive substances (TBARS) were measured
as the marker for oxidative stress [11]. A left ventricular samplewas
homogenized in RIPA lysis buffer (Santa Cruz Biotechnology, Santa
Cruz, CA, USA) and centrifuged at 14,000 �g for 10 min at 4 �C. The
supernate was mixed with thiobarbituric acid solution, and then
mixed with trichloroacetic acideHCl reagent. The mixture was
boiled, and then cooled to room temperature and centrifuged at
5000 �g for 3 min at 4 �C. The absorbance of the supernate was
measured at 535 nm using microplate assays (BioTek, Synergy H1,
Ashton Vale, BRS, USA) [11].

2.6. Quantitative real-time polymerase chain reaction

Total RNA was extracted from LV using the TRI reagent (Applied
Biosystem, Grand Island, NY, USA) [14]. Two mg of total RNA was
reverse transcripted into cDNA. Then each cDNA was amplified
using the SYBR Fast Master Mix (KAPA Biosystem, Woburn, MA,
USA) and the StepOnePlus™ Real-time PCR System (Applied Bio-
system, Grand Island, NY, USA). All primer sequences used and
annealing temperatures are listed in Table 1. The relative expression
levels were calculated according to the formula 2�△CT and
normalized using the expression of b-actin in the same sample [15].
yocardial fibrosis in the metabolically healthy obese minipigsdThe
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Table 1
Primer sequences of target genes.

50-30 (forward and reverse) Access no Annealing temperature (�C) Product size (bps)

TGF-b1 F-CAGCACGTGGAGCTATACCA
R-GGCGAAAACCCTCTATAGCC

NM_214015.1 60 160

b-actin F-GCCAGGTCATCACCATCGG
R-GTAGAGTCCTTGCGGATGTC

XM_003124280 60 148

Col1a1 F-AAGACATCCCACCAGTCACC
R-CGCTGGGACAGTTCTTGATT

XM_013981006 60 153

MMP2 F-ATGACGGAGAGGCTGACATC
R-CCATACTTCACACGCACCAC

NM_214192 60 190

PERK F-CTTAGCGCTTCCTCGTCTTG
R-GCAGCAGCAACAGTAACAGC

XM_003124925 60 153

IRE-1a F-CCGAACGTGATCCGTTACTT
R-GATGTTGAGGGAGTGCAGGT

XM_003131282 60 186

ATF6 F-TCGAGGGTGGGTTCATAGAC
R-TCACTCCCTGAGTTCCTGCT

XM_001924512 60 171

TGF-b1: transforming growth factor beta 1; Col1a1: collagen type I alpha 1; MMP2:matrix metalloproteinase-2; PERK: protein kinase RNA-like endoplasmic reticulum kinase;
IRE-1a: inositol-requiring enzyme 1 alpha; ATF6: activating transcription factor 6.
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2.7. Cytokine array

Plasma cytokine profiles were analyzed using the Mouse Cyto-
kine Array 3 (AAM-CYT-3) (RayBiotech, Norcross, GA, USA) ac-
cording to the manufacturer's instructions. For the MetS and also
for the MHO pigs 4 C (2 barrows and 2 gilts) and 5 O (2 barrows and
3 gilts) pigs were sampled. After blocking the membrane, 1 mL of
porcine plasma was placed onto the membrane for incubation and
then the membrane was washed. The membrane was then incu-
bated with biotinylated antibody cocktails. After washing, the
membrane was incubated with HRP-Streptavidin and thenwashed.
The signals from immunoblotting were visualized and quantified
using QUANTITY ONE (Bio-Rad, Hercules, CA, USA).

To distinguish the relationships among the treatments, unsu-
pervised analyses of the array data were conducted using the R
package (version 3.1.3). To observe the separation among groups,
principle component analysis (PCA) was implemented using the R
package PCA3D (version 0.8) [16]. The proportion of variance was
also calculated.

2.8. Western blotting

Left ventricular samples were homogenized in RIPA lysis buffer
(Santa Cruz Biotechnology) [17]. Protein concentrations were
determined using Bradford assay reagents (B6916, Sigma, St. Louis,
MO, USA). Tissue homogenate (20 mg) was loaded onto a SDS-PAGE
gel for electrophoresis and then transferred to a PVDF membrane
(Bio-Rad). The membrane was then incubated with primary anti-
bodies against 50 AMP-activated protein kinase (AMPK) (#2532),
microtubule-associated protein light chain 3 (LC3) (#2775), p62
(#5114), glucose related protein (Grp94) (ap4899a) (Abgent, San
Diego, CA, USA), C/EBP homologous protein (CHOP) (#5554), cas-
pase 12 (#2202), poly (ADP-ribose) polymerase (PARP) (#9542),
BCL2/adenovirus E1B 19 kDa protein-interacting protein 3 (BNIP3)
(#3769) or GAPDH (#2118) (Cell signaling Technology Inc. Hert-
fordshire, UK). After washing, the membrane was incubated with
secondary antibody against goat or mouse IgG and the immuno-
blotting was visualized and quantified using QUANTITY ONE (Bio-
Rad).

2.9. Statistical analysis

Data were expressed as mean ± standard error of the mean
(SEM). The results were analyzed by one-way ANOVA followed by
Fisher's test. Statistical analyses were performed using SAS (version
Please cite this article in press as: Li S-J, et al., The high-fat diet induces m
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6.011; SAS Institute Inc, Cary, NC. USA). P � 0.05 was considered a
significant difference.

3. Results

3.1. The physiological parameters

In accord with previous results [11], HFD feeding for 6 months
induced MetS and MHO in obese Lee-Sung and Lanyu pigs,
respectively. The current study investigated whether obesity
induced cardiomyopathy in these two pig models. The present re-
sults showed that long-term HFD feeding increased the body mass
index (BMI) in both MetS and MHO pigs (Fig. 1A).

Characteristics of the heart were displayed in Fig. 1BeI. Heavier
heart weights are observed in both strains of obese pigs (Fig. 1B). In
contrast, obese pigs had a smaller heart weight/BW than the con-
trol pigs (Fig. 1C). ObeseMetS pigs (O-MetS) exhibited more cardiac
lipid accumulation than the control MetS pigs (C-MetS), whereas C-
MHO and O-MHO pigs had similar cardiac lipid content (Fig. 1D).
Collagen type I alpha 1 (COLA1), matrix metalloproteinase-2
(MMP2) and transforming growth factor beta 1 (TGFb1) are the
markers for cardiac fibrosis. The O-MetS pigs had an increase in the
mRNA expression of TGFb1, while O-MHO pigs had an increase in
the expression of MMP2 and TGFb1 as compared with C-MHO pigs
(Fig. 1E and F). The histological results showed that in control pigs,
cells were more compactly arranged in the LV, whereas in obese
pigs, cells were arranged in a looser and distorted fashion (Fig. 1G).
Interstitial and perivascular fibrosis developed in the myocardium
of obese pigs.

Both Masson's trichrome and Sirius red staining were applied to
quantify the degree of cardiac fibrosis. Figure 1H showed via
Masson's trichrome staining, an elevated collagen content of the LV
in both O-MetS and O-MHO pigs (Fig. 1H). Similar results were
found in the Sirius red staining (Fig. 1I), i.e., obese pigs had higher
levels of collagen than the control pigs. Taken together, our data
demonstrated that cardiac fibrosis and hypertrophy were induced
in both O-MetS and O-MHO pigs.

3.2. Redox status in the LV

The redox status was evaluated by total antioxidant capacity
(measured as ORAC) and oxidative stress (measured as TBARS)
(Fig. 2). Comparedwith C-MetS pigs, O-MetS pigs had a lower ORAC
value in the LV, but no difference was found between the C- and O-
MHO pigs. Both obese MetS and MHO pigs exhibited an increase in
yocardial fibrosis in the metabolically healthy obese minipigsdThe
doi.org/10.1016/j.clnu.2016.06.002



Fig. 1. The body mass index (A), heart weight (B), heart weight/body weight (C), cardiac lipid content (D) and cardiac fibrosis-related gene expression of MetS pigs (E) and MHO pigs
(F). Masson trichrome staining (G) and quantification of collagen area by Masson trichrome staining (H) and by Sirius red-staining (I). MetS ¼ pigs with the metabolic syndrome;
MHO ¼ pigs with a metabolically healthy obesity. C ¼ control diet; O ¼ obesity induced by feeding the HFD. N ¼ 10 per group (five castrated males and five females); BMI ¼ body
mass index. All results were expressed as mean ± SE. *p � 0.05 vs. control group. Scale bar ¼ 300 mm in 100X and 150 mm in 200X. COLA1: collagen 1a1, MMP2: matrix met-
alloproteinase 2; TGFb: Transforming growth factor b1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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cardiac TBARS level. These data indicated that the HFD induced
oxidative stress and decreased antioxidant defense in O-MetS pigs;
in O-MHO pigs, HFD activated oxidative stress but did not change
the antioxidant defense.

3.3. Expression of gene and protein in the LV

The protein quality control system (autophagy and ER stress)
performs the essential function of maintaining cellular homeo-
stasis. Activating transcription factor 6 (ATF6), PERK and
inositol-requiring kinase/endoribonuclease 1 a (IRE1a) are the
major regulators for the signaling pathway of ER stress.
Please cite this article in press as: Li S-J, et al., The high-fat diet induces m
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Compared with the C-MetS pigs, O-MetS pigs had a significant
increase in the cardiac mRNA expression of PERK and ATF6
(Fig. 3A). The Grp94 is the marker for ubiquitin protein response
(UPR), whereas CHOP and caspase 12 represent ER stress related
apoptosis. The HFD upregulated the cardiac expression of Grp94,
CHOP and pro-caspase 12 in O-MetS compared to C-MetS pigs
(Fig. 3B). The AMPK, LC3II and p62 were monitored as markers
for autophagy initiation, autophagosome accumulation and
autophagy clearance, respectively. In the MetS pig model, the
HFD activated AMPK activity, increased p62 expression and the
ratio of LC3II to LC3I (Fig. 3C). Proteolytic cleavage of PARP by
caspases is applied as the marker of apoptosis. Compared with
yocardial fibrosis in the metabolically healthy obese minipigsdThe
doi.org/10.1016/j.clnu.2016.06.002



Fig. 2. Redox status ((A) ORAC, and (B) TBARS) in the left ventricles. See Fig. 1 for experiment details and other abbreviations. ORAC ¼ oxygen radical absorbance capacity;
TBARS ¼ thiobarbituric acid reactive substances. N ¼ 10. All results were expressed as mean ± SE. *p � 0.05 vs. control group.

Fig. 3. mRNA expression of signaling regulators for ER stress in the LV of MetS (A) and MHO pigs (F). Protein expression in the LV of MetS (BeE) and MHO (GeJ) pigs. (B, G) ER stress,
(C, H) autophagy; (D, I) apoptosis-related protein; (E, J) western blot results. See Fig. 1 for experiment details and other abbreviations. N ¼ 10. All results were expressed as
mean ± SE. *p � 0.05 vs. control group. ATF6: Activating transcription actor 6; IRE1a: inositol-requiring kinase/endoribonuclease 1 a; AMPK: 50 AMP-activated protein kinase; LC3:
microtubule-associated protein light chain 3; Grp94: glucose related protein; CHOP: C/EBP homologous protein; PARP: poly (ADP-ribose) polymerase; BNIP3: BCL2/adenovirus E1B
19 kDa protein-interacting protein 3.
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C-MetS pigs, O-MetS pigs had a higher cleaved PARP level in the
LV (Fig. 3D).

A different cellular response to the HFD was observed in the
MHO pig model (Fig. 3FeJ). The HFD increased the mRNA expres-
sion of PERK in O-MHO pigs (Fig. 3F). Compared to C-MHO pigs, less
Grp94 and pro-caspase 12 were expressed in O-MHO pigs; higher
CHOP expression was found in O-MHO than C-MHO pigs (Fig. 3G).
The HFD elevated cardiac expression of AMPK, phosphorylated
AMPK, LC3I, however, HFD did not change the ratio of LC3II to LC3I
and p62 expression (Fig. 3H). The ratio of cleaved PARP to PARP was
increased by HFD (Fig. 3I). Taken together, in theMetS pigs, the HFD
increased the UPR, induced PERK and ATF6-dependent signaling
and caused ER stress-related apoptosis. A similar pattern was
observed in the autophagic function, i.e., the HFD initiated auto-
phagy, but failed to clear autophagosomes (Fig. 3C). In the MHO
pigs, HFD inhibited UPR and caused ER stress-related apoptosis in a
PERK-dependent manner. HFD activated functional autophagy, and
did not cause excess autophagosome accumulation.

3.4. Plasma cytokine profiles

A total of 62 cytokines were assessed to investigate the plasma
cytokine profile in pigs. The Principle Component Analysis was
performed to distinguish the four groups. In the scatter plots, each
point represents a chip and the color of the dot represents the type
of treatment. Points that are close together within the plots have
similar intensity values, and points that are far apart within the
plots are dissimilar. As seen in Fig. 4A, O-MetS pigs were clearly
separated from the other three groups, demonstrating that they
were dissimilar to others. PCA separated the control pigs into 2
distinct populations (C-MetS and C-MHO). It is noticeable that
some O-MHO pigs are close to C-MHO pigs. The proportion of
variance show that PC1 (principle component 1) explained 72.8%
among 18 samples (Fig. 4B). The PCA results demonstrated that O-
Fig. 4. Principal component analysis of cytokine array (A) and proportion of variances (B). Se
castrated males and two females for control (C); N ¼ 5, two castrated males and three fema
yp � 0.05 vs. O-MetS group. See Fig. 1 for experiment details and other abbreviations. PC: pr
Granulocyte colony-stimulating factor; IFNg: Interferon g; IGFBP3: Insulin-like growth fac
monocyte chemotactic protein 5; MIP1g: Macrophage inflammatory protein 1 g; TARC: Th

Please cite this article in press as: Li S-J, et al., The high-fat diet induces m
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MetS pigs had a distinct cytokine profile from others, whereas the
cytokine profile cannot be distinguished between C-MHO and O-
MHO pigs.

Selected cytokine profiles were indicated in Fig. 4C and totally
in Supplementary Tables 1 and 2. The C-MetS had 25 cytokines
with greater concentration than in C-MHO pigs. Similar patterns
were found between O-MHO and O-MetS pigs with 20 plasma
cytokines being at greater concentration in O-MetS pigs than in O-
MHO pigs. Compared with the control pigs the HFD induced an
extensive and greater inflammatory response in O-MetS pigs,
whereas the HFD caused a milder inflammation in O-MHO pigs
(26 and 10 cytokines elevated for MetS and MHO, respectively).
Figure 4C shows that the plasma cytokines were significantly
upregulated by the HFD in pigs. Additionally, O-MetS pigs had
greater levels of these cytokines than O-MHO pigs.

4. Discussion

We previously established two obese animal models, one MetS
and one MHO, for the study of metabolic related diseases [11]. The
present study demonstrated that cardiomyopathy was exhibited in
both MetS and MHO obese pigs. Interestingly, distinct cellular re-
sponses and plasma cytokine profiles were observed in these two
pig models, indicating a different pathogenic mechanism involved
in MetS- and MHO-related cardiomyopathy.

There is a stronger risk of heart failure associated with long-
term obesity, regardless of metabolic status, compared with
normal-weight and metabolically healthy participants [7]. Similar
results were confirmed in our porcine study. Cardiomyopathy was
induced in both MHO and MetS obese pigs. However, the exact
mechanisms involved in MHO-related cardiac damage are not well
defined.

The present study showed that interstitial and perivascular
fibrosis developed in the myocardium of O-MHO pigs. Clinical
lected plasma cytokine profiles of minipigs (C). For both MetS and MHO pigs, N ¼ 4, two
les for obese (O). All results were expressed as mean ± SE. *p � 0.05 vs. control group.
incipal component; Axl: Tyrosine-protein kinase receptor UFO; FASL: FAS ligand; GCSF:
tor-binding protein; IL5: Interleukin 5; IL17: Interleukin 17; Ltn: Lymphotatin; MCP5:
ymus- and activation-regulated chemokine.

yocardial fibrosis in the metabolically healthy obese minipigsdThe
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studies demonstrate considerable association between obesity and
cardiac fibrosis; potential mechanisms contributing to cardiac
fibrosis include hemodynamic factors, neuro-humoral substances,
metabolic dysregulation, inflammation and oxidative stress [18,19].
Nevertheless, we previously found that neither metabolic
dysfunction (hyperglycemia, insulin resistance and dyslipidemia)
nor hypertension was induced in O-MHO pigs [11]. These results
indicate that the pathogenic mechanisms of cardiac fibrosis in the
O-MHO heart do not include metabolic abnormalities or pressure
overload. The present study suggests that structural changes
induced by obesity and oxidative stress are themain contributors to
the pathogenesis of O-MHO-associated cardiac fibrosis.

We found that ER stress (CHOP dependent), but not autophagy
was associated with cardiac fibrosis in the O-MHO heart. The
cellular protein quality system includes autophagy and the func-
tional ER. When exposed to cellular stresses, adaptive autophagy is
activated to form autophagosomes and degradation of the damaged
proteins in a lysosome system [20]. Also, the UPR in the ER is
activated to restore cellular homeostasis [21]. Failure to maintain
the basic functions of the ER and autophagy causes excessive
autophagosome accumulation and ER stress, eventually leading to
cell apoptosis. The ER stress is a pro-fibrotic stimulus [22] and
attenuating ER stress decreases cardiac fibrosis [23]. Accordingly,
we postulated that the HFD induced oxidative stress to further
elevate ER stress, thus causing cardiomyocyte apoptosis and cardiac
fibrosis in O-MHO pigs.

To investigate the inflammatory state of the animals, we used an
inflammatory cytokine array. Remarkably, only a small scale and
mild inflammation was found in the O-MHO pigs, suggesting a
minor effect on the progression of this cardiomyopathy. However,
the 10 elevated cytokines in the blood of O-MHO pigs (Fig. 4C),
implied their potential role in the pathogenesis of the O-MHO-
related cardiomyopathy.

Among the cytokines upregulated by our HFD, eotaxin is the one
demonstrated as a contributor to cardiac fibrosis [24]. Eotaxin is an
important inflammatory chemokine in eosinophil chemotaxis.
Eotaxin expression levels increase with adipocyte differentiation
[25], whereas its levels decrease in visceral adipose tissues when
HFD-fed mice undergo weight loss [25]. In addition, eotaxin par-
ticipates in cardiac fibrogenesis by triggering mast cell infiltration
of the heart [24]. The O-MHO pigs exhibited a higher plasma level
of eotaxin than C-MHO pigs, suggesting its potential role in the
development of cardiac fibrosis. Although there is no literature
indicating that the other 9 cytokines participate in cardiac fibrosis,
roles in fibrogenesis of liver (Axl) and lung (IL5, IL17, and TARC),
suggest that they may be involved in cardiac fibrosis and apoptosis
[26e29].

Taken together, our data suggested that oxidative stress and ER
stress participated in the pathogenesis of O-MHO-associated car-
diomyopathy and that inflammation may be a minor contributor.

One interesting issue concerning inflammationwas noticed. The
HFD elevated the plasma level of granulocyte colony-stimulating
factor (GCSF), but did not change the level of granulocyte
macrophage-colony stimulating factor (GMCSF) in the obese pigs.
Both GMCSF and GCSF are hematopoietic cytokines which stimu-
late granulocyte proliferation andmobilize bone marrow stem cells
[30]. However, a different regulation pattern is noticed during the
development of heart failure. The GCSF reduces myocardial injury
and improves cardiac function in rats with acute and chronic
myocardial infarction [31,32] and is regarded as a potential cardiac
repair therapy for subjects with myocardial infarction [30]. The
GMCSF is able to enhance collateral blood flow of patients with
chronic myocardial infarction [33]; however, plasma levels of
GMCSF in patients with heart failure are highly associated with LV
dysfunction [34]. Moreover, GMCSF exacerbates early post-
Please cite this article in press as: Li S-J, et al., The high-fat diet induces m
role of ER stress and oxidative stress, Clinical Nutrition (2016), http://dx.
infarction LV remodeling [30,35]. Our results indicated a different
regulation pattern between pigs and rodents or humans. The role of
hematopoietic cytokines in pigs with obesity-related cardiomyop-
athy remains unclear and needs further investigation.

A recent study shows a high-fat, high-sucrose diet (HFHSD)-
induced cardiomyopathy minipig model similar to our O-MetS pig
model. Xia et al. fed a HFHSD to Bama minipigs to induce obesity
[36]. They found that these obese pigs developed the metabolic
syndrome, and showed cardiac steatosis and hypertrophy. The
transcriptomic profiling of heart indicated that immune responses
and inflammatory cytokine production are significantly upregu-
lated in the HFHSDminiature pigs. Our results were similar to those
of Xia et al. with considerable systemic inflammation and cardiac
fibrosis. However, the feeding period to induce obesity in our O-
MetS model was significantly shorter (6 vs. 23 months), indicating
our O-MetS pigs are a preferable animal model for studying MetS-
related cardiomyopathy.

To summarize, our study demonstrated a different cellular
response and plasma cytokine profiles for obese MetS and obese
MHO-related cardiomyopathies. The HFD induced structural
changes/hypertrophy in the heart and increased the oxidative
stress and ER stress (CHOP-dependent), all of which may partially
contribute to the progression of O-MHO-related cardiomyopathy.
For the O-MetS pigs, cardiomyopathy, inflammation, disrupted
cellular homeostasis (autophagy and ER stress), intensive oxidative
stress and LV fat deposition were involved in the pathological
mechanism. Inhibiting ER stress and oxidative stress could be a
potential therapeutic approach for the MHO cardiomyopathy, but
differences between humans and animal models must be
considered.
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