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Aims The mechanisms responsible for cardiac damage in the early stages of metabolic syndrome (MetS) remain unknown.
Mitochondria are intimately associated with cellular myofibrils, with the cytoskeleton functioning as a linkage coor-
dinator, and closely associated to the calcium release sites of the sarcoplasmic reticulum (SR). We hypothesized
that early MetS is characterized by mitochondria-related myocardial damage, associated with altered cytoskeletal–
mitochondria–SR interaction.

....................................................................................................................................................................................................
Methods
and results

Domestic pigs were studied after 16 weeks of diet-induced MetS, MetS treated for the last 4 weeks with the
mitochondrial-targeted peptide elamipretide (ELAM; 0.1 mg/kg SC q.d), or Lean controls (n = 6/group). Cardiac
remodeling and function were assessed by fast comuted tomography. Myocardial mitochondrial structure,
SR–mitochondria interaction, calcium handling, cytoskeletal proteins, oxidative stress, and apoptosis were studied
ex-vivo. MetS pigs developed hyperlipidemia, hypertension, and insulin resistance, yet cardiac function was preserved.
MetS-induced mitochondrial disorganization, decreased (C18:2)4 cardiolipin, disrupted ATP/ADP balance, and
decreased cytochrome-c oxidase (COX)-IV activity. MetS also increased mitochondrial hydrogen peroxide (H2O2)
production, decreased nicotinamide adenine dinucleotide phosphate (NADPH)/NADP and GSH/GSSG, and
decreased myocardial desmin and b2 tubulin immunoreactivity, and impaired SR–mitochondrial interaction and
mitochondrial calcium handling, eliciting myocardial oxidative stress and apoptosis. ELAM improved mitochondrial
organization and cardiolipin species profile, restored ATP/ADP ratio and COX-IV activity, decreased H202 produc-
tion, and improved generation of NADPH and GSH. ELAM also improved cytoskeletal–mitochondria–SR interac-
tion and mitochondrial calcium handling, attenuating oxidative stress, and apoptosis.

....................................................................................................................................................................................................
Conclusions Disorganization of cardiomyocyte cytoskeletal-mitochondria-SR network is associated with cardiac reversible

changes in early MetS, preceding overt cardiac dysfunction. These findings may introduce novel therapeutic targets
for blunting cardiac damage in early MetS.
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1. Introduction

The metabolic syndrome (MetS) is a group of cardiovascular risk factors
that include obesity, insulin resistance, hypertension, and dyslipidemia.
The prevalence of MetS is increasing at an alarming rate, leading toward

a worldwide epidemic.1 Advanced MetS induces myocardial damage,
which increases cardiovascular morbidity and mortality,2 yet the initial
mechanisms responsible for triggering MetS-induced cardiac damage
remain unknown.
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The heart is a high-energy demand organ that contains large numbers of

mitochondria, organelles that play an important role in energy metabolism
and other cellular process, such as generation of reactive oxygen species
(ROS), cellular proliferation, and apoptosis. Structurally, cardiomyocyte
mitochondria are arranged in packed strands that run between the myofi-
brils where they interact with cytoskeleton proteins, including desmin and
b2 tubulin, which function as linkage coordinators.3 Interactions between
cytoskeletal proteins and the mitochondrial voltage-dependent anion
channel (VDAC) are critical for controlling mitochondrial respiratory func-
tion and permeability.4 Furthermore, cardiac mitochondria regulate cal-
cium homeostasis through interconnections with the sarcoplasmic
reticulum (SR), which support reciprocal calcium and ADP exchange.
Mitochondrial calcium uptake activates the tricarboxylic acid (TCA) cycle
and electron transport chain, contributing to antioxidant nicotinamide
adenine dinucleotide phosphate (NADPH) regeneration and efficient
energy production.5 Therefore, mitochondrial alterations and disorganiza-
tion may directly translate into myocardial damage and dysfunction.

Accumulating evidence indicates that mitochondrial abnormalities
play a key role in the pathogenesis of myocardial remodeling and dys-
function associated with heart failure and ischemia/reperfusion injury.6

We have recently shown that cardiac remodeling and impaired left ven-
tricular (LV) relaxation in swine renovascular hypertension are partly
attributable to cardiac mitochondrial damage, which is characterized by
alterations in the inner mitochondrial membrane cardiolipin and
impaired SR–mitochondria interactions.7 Furthermore, rats with volume
overload and LV dysfunction exhibit cardiomyocyte cytoskeletal abnor-
malities and mitochondrial damage, suggesting that disorganization of the
cardiomyocyte cytoskeletal-myofibrillar-mitochondrial architecture may
be a causative factor in the ultimate progression to heart failure.8

Cardiac dysfunction in murine models of MetS is associated with
increased mitochondrial ROS formation and impaired oxidative phos-
phorylation capacity,9,10 linking mitochondrial damage to MetS-induced
heart failure. However, whether altered cytoskeletal–mitochondria–SR
interactions are implicated in cardiac damage in the early stages of MetS,
prior to development of overt cardiac dysfunction, remain unknown. In
this study, we hypothesized that early swine MetS is characterized by
mitochondrial disorganization and altered cytoskeletal–mitochondria–
SR interaction, which can be blunted using mitoprotection with the
mitochondrial-targeted peptide elamipretide (ELAM).

2. Methods

2.1 Study groups and experimental design
The study was approved by the Institutional Animal Care and Use
Committee. Animal experiments were performed conform the NIH
guidelines (Guide for the care and use of laboratory animals). Eighteen
3-month-old female domestic pigs were studied after 16 weeks of observa-
tion (Figure 1A). At baseline, pigs were randomized into two groups. Lean
pigs (n = 6) were fed standard diet (13% protein, 2% fat, 6% fiber; Purina
Animal Nutrition LCC, MN, USA), whereas MetS pigs (n = 12) were fed a
high-fat/high fructose diet (5B4L; protein 16.1%, ether extract fat 43.0%,
and carbohydrates 40.8%; Purina TestDiet, Richmond, IN, USA).11

Twelve weeks later, six MetS pigs started treatment with subcutane-
ous injections of ELAM (also known as Bendavia or MTP-131; Stealth
BioTherapeutics, Inc., Newton Centre, MA, USA), 0.1 mg/kg in 1 mL of
phosphate-buffered saline (PBS) once daily 5 days/week for the following
4 weeks.7,12 A PBS vehicle was injected in the remaining six MetS and six
Lean pigs.

Four weeks later, the pigs were anaesthetized with 0.25 g of intramus-
cular tiletamine hydrochloride/zolazepam hydrochloride and 0.5 g of
xylazine, and anesthesia was maintained with intravenous ketamine
(0.2 mg/kg/min) and xylazine (0.03 mg/kg/min).13 Blood samples were
collected, and cholesterol fractions and triglyceride levels were meas-
ured by standard procedures. Glucose and insulin levels were measured
in fasting blood samples, and insulin resistance was calculated with the
homeostasis model assessment of insulin resistance (HOMA-IR).11

Cardiac remodeling and function were assessed using multi-detector
computed tomography (MDCT). Arterial blood pressure was measured
with an intra-arterial catheter during MDCT studies.

One week after completion of in vivo studies, pigs were euthanized
with sodium pentobarbital (100 mg/kg IV Fatal Plus; Vortech
Pharmaceuticals, Dearborn, MI, USA). Hearts were harvested and LV tis-
sue sections frozen in liquid nitrogen, and maintained at -80 �C, or pre-
served in formalin for ex vivo studies.

2.2 Cardiac function
Cardiac function was assessed using MDCT (Somatom Sensation-128;
Siemens Medical Solution, Forchheim, Germany) and images analyzed
with the AnalyzeTM software package (Biomedical Imaging Resource,
Mayo Clinic, MN, USA), as previously described.14 The entire LV was
scanned 20 times throughout the cardiac cycle to calculate ejection frac-
tion. LV endocardial and epicardial borders were traced to calculate LV
muscle mass (LVMM). Rate-pressure product (RPP) was calculated as
heart rate times systolic blood pressure.

2.3 Mitochondrial content, morphology,
and function
Myocardial mitochondrial number was examined by immunofluorescence
staining with the mitochondrial outer membrane marker preprotein
translocases of the outer membrane (TOM)-20 (Santa
CruzBiotechnology, Dallas, TX, USA)7 and quantified in 15–20 random
fields using a computer-aided image analysis program (ZENVR 2012 blue
edition, Carl ZEISS SMT; Oberkochen, Germany). Mitochondrial mor-
phology was assessed by transmission electron microscopy (Philips CM10
Transmission Electron Microscope, Philips Electron Optics, Eindhoven,
The Netherlands). LV samples (2–3 mm3) were fixed with Trump’s fixa-
tive and processed at the Mayo Clinic’s electron microscopy core facility.
For analysis, five representative cardiomyocytes were randomly selected
in each pig myocardium. Mitochondrial area and matrix density were
measured using the National Institutes of Health Image-J software (ver-
sion 1.44 for Windows). Only mitochondria fully contained within the
borders of the transmission electron microscopy images were included in
the analysis. In addition, five cross-sectioned cardiomyocytes per pig (a
total of 30 cardiomyocytes per group) were randomly selected, and the
number of subsarcolemmal mitochondria/cell counted and averaged.

Myocardial expression of cardiolipin synthase (CRLS)-1 was measured
by western blot (Cat#ab156882; Abcam, Cambridge, MA, USA).7 In
brief, myocardial mitochondria were isolated using the MITO-ISO kit
(Cat#8268; ScienCell, Carlsbad, CA, USA),15 and standard western blot-
ting protocols performed with specific previously used antibodies or
those that cross-react with swine tissue. Frozen LV tissue was pulverized
and homogenized. Then, the homogenized lysates from LV tissue were
centrifuged, the supernatant removed, and the protein concentration
determined by spectrophotometry. The lysate was then diluted in polya-
crylamide gel electrophoresis sample buffer, sonicated, and heated to
denature the proteins. Finally, the lysate was loaded onto a gel and
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subsequently run with specific antibodies. Western blotting protocols
were followed in each kidney sample using specific polyclonal antibodies
against CRLS-1(Abcam; Cat#ab156882).7 LV samples from all animals
were homogenized using standard procedures.16 Protein concentration
was measured using bicinchoninic acid assay kit and bovine serum albu-
min standard curve. Western blotting analysis was carried out in a well
membrane CriterionTM Precast; 4-15% Tris-HCl 1.0mm (Bio Rad,
Hercules, CA, USA). Data were analyzed using Carestream Molecular
Imaging Software (version 5.0.720).

Cardiolipin content and molecular composition were evaluated by
mass spectrometry. Lipids were extracted from LV tissue using a
chloroform/methanol solution (Bligh Dyer extraction), and individual
lipid extracts reconstituted with chloroform: methanol (1:1), flushed
with N2, and stored at -20 �C for analysis. Enhanced multidimen-
sional mass spectrometry-based shotgun lipidomics was performed,
and total content and fractions of cardiolipin molecular species were
quantified, as previously described.12 Cardiolipin remodeling activity
was assessed by mRNA expression of the cardiolipin regulators
tafazzin (Taz)-1 and acyl-CoA: lysocardiolipin acyltransferase
(ALCAT)-1.12

Myocardial expression of the cytochrome-c oxidase (COX) subunits I
(abnova, Zhongli District, Taoyuan City, Taiwan; 1:1000, Cat# ab53766),
II (abnova 1:1000, Cat# ab23672), III (LifeSpan BioSciences, Seattle, WA,
USA; 1:1000, Cat# LS-C411664), and IV (Cell Signaling; 1:1000, Cat#
4850) was assessed by western blot. In addition, myocardial ATP and
ADP content and COX-IV activity were assessed by colorimetric and
fluorometric methods (Abcam; Cat# ab83355 and Abnova; Cat#
KA3950, respectively).

Mitochondrial hydrogen peroxide (H2O2) production was measured
by colorimetric quantitative methods (OxisResearch, BIOXYTECHVR ,
Belmont, CA, USA H2O2-560TM Assay; Cat# 21024),17 whereas mito-
chondrial antioxidant activity was assessed by the expression of super-
oxide dismutase (SOD)-1 (Abcam; Cat# ab16831), SOD-2 (Abcam;
Cat# ab13533), thioredoxin (TRX)-2 (Abcam; Cat# ab185544), perox-
iredoxin (PRX)-3 (Abcam; Cat# ab73349), as well as glutathione activity
(glutathione (GSH)/GSSG; OxisResearch GSH/GSSG-412) and NADPH
regeneration (NADPH/NADP Assay kit; Cat# ab65349; Abcam).

Mitochondrial dynamics was assessed by the expression of the fusion
markers mitofusin (MFN)-1 (Abnova; Cat# H00055669-P01) and optic
atrophy protein (OPA)-1 (Cat# 30573; Santa Cruz Biotechnology Inc.,
Dallas, TX, USA), and the fission markers mitochondrial fission factor (MFF;
Abnova; Cat# PAB20518) and dynamin-related protein (DRP)-1 (Cell
Signaing; Cat# 8570). Mitophagy was assessed by myocardial expression of
p62 (Abcam; Cat# ab56416) and double immunofluorescence staining
with Parkin (Santa Cruz; Cat# sc-13279) and Phosphatase and tensin
homolog PTEN-induced putative kinase 1 (PINK)-1 (Sigma; Cat#
MABN505).15 The extent of Parkin-PINK-1 co-localization was assessed
with the Mander’s coefficient using Image-J (Colocalization Plugin) and
reported as M1 (representing overlap between Parkin and PINK-1).

2.4 Cytoskeletal proteins and
mitochondrial-SR interaction
Myocardial immunoreactivity and expression of the cytoskeleton pro-
teins desmin (Bio-Genex, Fremont, CA, USa; clone 33, 1:40) and b2
tubulin (clone V9, 1:100; Sigma, St. Louis, MO, USA) were assessed by

Figure 1 MetS induced disorganization of cardiomyocyte mitochondria. (A) Schematic of the experimental design. (B) Representative transmission electron
microscopy images showing that MetS cardiomyocyte mitochondria (green) display loss of linear registry and clustering, associated with increased intracellu-
lar space, all of which were restored in MetSþ ELAM-treated pigs (n = 6/group).
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double immunofluorescence staining with the cardiomyocyte marker
connexin-43 (Abcam; Cat# ab79010) and western blot.

SR–mitochondrial interaction was assessed by immunofluorescence
co-staining of the mitochondrial membrane using VDAC and the
sarcoplasmic-reticulum marker ryanodine receptor (RYR). SR-
mitochondria co-localization was assessed with the Mander’s coefficient
using Image-J, as we previously described.7 Double immunofluorescence
staining with the mitochondrial markers VDAC, and TOM-20, and the
SR markers RYR and sarcoplasmic/endoplasmic reticulum calcium-
ATPase (SERCA)-2a were performed to serve as controls.
Mitochondrial calcium signaling was assessed by the expression of mito-
chondrial calcium uniporter (MCU; Abnova; Cat# H00090550-K).

2.5 Myocardial changes
Intramyocardial fat deposition was measured by Oil-red-O staining
(Abcam; Cat#ab150678), and oxidative stress by in situ production of
superoxide anion detected by dihydroethidium (DHE: 20lM/l; Sigma),
oxidized low-density lipoprotein (Ox-LDL) staining (1:50; Abcam),18

myocardial protein expression of the lectin-like oxidized low-density lip-
oprotein receptor-1 (LOX-1; Cat# ab60178; Abcam), and the NADPH
oxidase subunits gp91(Millipore; Cat# 07-024) and p67 (Cell Signaling;
Cat# sc-15342). Myocardial apoptosis was assessed in LV sections
double-stained with terminal deoxynucleotidyl transferase-mediated
dUTP nick end end-labeling (TUNEL; Promega, Madison, WI, USA) and
connexin-43 fluorescent staining, and caspase-3 (both 1:200; Santa Cruz
Biotechnology, Inc.) fluorescent staining.18 The number of TUNELþ and
caspase-3þ cells was quantified and averaged in each group. Myocardial
expression of caspase-3 (Abcam; Cat# ab 52181), the apoptosis regula-
tor protein B-cell lymphoma (Bcl)-2-associated-X protein (Bax) (Santa
Cruz; 1:200) and Bcl-2 (Abcam; Cat# ab 53348) was measured by
western blotting and Bax/Bcl-2 ratio calculated. Myocardial expression
of the mitogen-activated protein kinases (MAPK) phosphorylated
extracellular signal-regulated kinases (ERK)1/2 and p38 was also assessed
by western blot (Cell Signaling; 1:1000, Cat# 4695 and Cat# 9211,
respectively).

2.6 Effect of ELAM in healthy animals
For comparison, myocardial desmin and tubulin expression, cardiolipin
content, synthesis, remodeling, and species profile, as well as mitochon-
dria–SR interaction, were also assessed in six additional lean pigs treated
with ELAM.

2.7 Statistical methods
Data are presented as median (range). Comparisons within and among
the groups were performed using non-parametric Kruskal–Wallis fol-
lowed by Dunn’s comparison. A P <_0.05 was considered statistically sig-
nificant. Statistical analysis was performed using JMP 10.0 software
package (SAS Institute, Cary, NC, USA).

3. Results

3.1 Systemic characteristics and cardiac
function
After 16 weeks of MetS or standard diet, body weight, mean blood pres-
sure, and lipid fractions were higher in MetS compared with lean pigs
(Table 1). Fasting glucose was similar among the groups, yet fasting insulin
and HOMA-IR levels were elevated in MetS.

Heart rate was higher in MetS compared with lean pigs, whereas ejec-
tion fraction did not differ among the groups. LVMM tended to be higher
in MetS compared with lean (P = 0.06). RPP was higher in MetS pigs,
implying increased cardiac demand.

3.2 MetS alters mitochondrial organization
and structure
Myocardial expression of TOM-20 was similar among the groups, sug-
gesting preserved the myocyte content of mitochondria (see
Supplementary material online, Figure S1A). Electron microscopy
revealed that MetS mitochondria exhibited clustering, loss of linear regis-
try, and disassociation with sarcomeres, thereby increasing intracellular
space (Figure 1B). The number of subsarcolemal mitochondria was con-
siderably lower in MetS compared to lean (Figure 2A and B). Contrarily,
myocardial mitochondrial area and matrix density were preserved
(Figure 2C). Myocardial expression of CRLS-1 remained unaltered (see
Supplementary material online, Figure S1B), suggesting preserved cardio-
lipin synthesis. Although total cardiolipin content was comparable
between lean and MetS (see Supplementary material online, Figure S1C),
MetS decreased content of the tetra-linoleoyl cardiolipin (C18: 2)4
(Figure 3A), its most prominent species in the pig myocardium.7

Contrarily, MetS increased more unsaturated cardiolipin species,
including (C18:2)3(C18:1), (C18:2)2(C18:1)2, (C18:2)3(C20:3),
(C18:2)3(C20:4), and (C18:2)3(C16:1), which are highly predisposed for
oxidization. Myocardial expression of Taz-1 and ALCAT-1 mRNA was
higher in MetS compared with lean pigs (Figure 3B).

In isolated myocardial mitochondria, ATP levels were comparable in
lean and MetS pigs, yet ADP levels were higher in MetS (Figure 4A), so
that ATP/ADP ratio decreased in MetS. Despite unchanged expression
of all COX subunits (see Supplementary material online, Figure S2),
COX-IV activity decreased in MetS compared to lean (Figure 4B).

H2O2 production increased in MetS vs. lean (Figure 4C). Expression of
SOD-1 and SOD-2 decreased in MetS compared to lean (see
Supplementary material online, Figure S3) and GSH/GSSG and NADPH/
NADP ratio were significantly reduced (Figure 4D), whereas expression
of TRX-2 and PRX-3 did not differ among the groups (see
Supplementary material online, Figure S3).

Myocardial expression of MFN-1, OPA-1, MFF, and DRP-1 did not dif-
fer among the groups (see Supplementary material online, Figure S4),
whereas expression of p62 was higher in MetS compared to lean (see
Supplementary material online, Figure S5A). Furthermore, parkin expres-
sion and its co-localization with PINK-1 (M1 overlap coefficient)
decreased in MetS (see Supplementary material online, Figure S5B),
implying decreased mitophagy.

3.3 MetS impairs cytoskeletal–
mitochondria–SR coupling
Immunofluorescence staining revealed that connexin-43 expression was
unchanged, yet MetS decreased desmin and b2 tubulin immunoreactivity
(Figure 5A). Contrarily, overall desmin and b2 tubulin protein expression
did not differ among the groups (Figure 5B).

Total VDAC and RYR fluorescence did not differ among the groups,
yet their overlap coefficient (M1) decreased in MetS (Figure 6A), suggest-
ing impaired mitochondria–SR coupling. Colocalization between VDAC
and TOM-20 as well as between RYR and SERCA-2a was almost com-
plete (overlap coefficients�1), confirming specific staining for mitochon-
dria and SR, respectively (see Supplementary material online, Figure S6).
Myocardial mitochondrial expression of MCU, the primary pathway for
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..calcium entry into the mitochondrial matrix,19 decreased in MetS com-
pared to lean (Figure 6B), indicating impaired mitochondrial calcium
handling.

3.4 MetS induces myocardial oxidative
stress and apoptosis
Myocardial fat deposition, expression of Ox-LDL, and superoxide anion
production were all higher in MetS compared to lean (Figure 7A). LOX-1
was up-regulated in MetS, as were myocardial expression of gp91 and
p67 (see Supplementary material online, Figure S7).

The number of TUNEL and caspase-3 positive cells was elevated in
the MetS (Figure 7B). TUNEL-positive staining co-localized with
connexin-43, suggesting apoptotic cardiomyocytes. Myocardial expres-
sion of caspase-3 (Figure 7C) was higher in MetS compared to lean.
Despite some biological variability (denoted by the last two
MetSþ ELAM samples), caspase-3 expression reached statistical signifi-
cance. Myocardial expression of Bax was also higher in MetS compared
to lean, whereas Bcl-2 was down-regulated. Consequently, Bax/Bcl-2
ratio was higher in MetS (see Supplementary material online, Figure S8).
Myocardial expression of both phosphorylated ERK1/2 and p38
increased in MetS compared to lean (see Supplementary material online,
Figure S9).

3.5 Mitoprotection preserves the
cytoskeletal-mitochondria-SR complex
Treatment with ELAM restored the typical linear registry of cardiomyo-
cyte mitochondria of one or two mitochondria per sarcomere (Figure
1B) and increased the number of subsarcolemal mitochondria (Figure 2A
and B). ELAM administration also increased (18:2)4 cardiolipin content
and decreased the content of species prone to oxidization, such as
(C18:2)3(C18:1), (C18:2)2(C:18:1)2, and (C18:2)3(C20:3) (Figure 3A).

Although Taz-1 expression remained up-regulated, ELAM normalized
expression of ALCAT-1 (Figure 3B), a major regulator of abnormal cardi-
olipin remodeling.20

ELAM also normalized mitochondrial ADP levels and ATP/ADP ratio
(Figure 4A) and COX-IV activity (Figure 4B), despite preserved COX-I, II, III,
and IV expression (see Supplementary material online. Figure S2).
Mitochondrial production of H2O2 decreased (Figure 4C), whereas expres-
sion of SOD-1 and SOD-2 remained unchanged in ELAM-treated pigs
(see Supplementary material online, Figure S3). However, GSH/GSSG and
NADPH/NADP ratio, decreased in MetS, normalized in MetSþ ELAM
pigs (Figure 4D), suggesting restoration of mitochondrial antioxidant
defenses. Furthermore, mitoprotection improved mitophagy (see
Supplementary material online, Figure S5), desmin and b2 tubulin immu-
noreactivity (Figure 5), increased the overlap coefficient of VDAC and RYR
fluorescence (Figure 6A), and MCU expression (Figure 6B), suggesting pre-
served mitochondrial and SR juxtaposition and calcium handling.

3.6 ELAM attenuates MetS-induced
myocardial changes
Mitoprotection attenuated myocardial expression of LOX-1, p67 (see
Supplementary material online, Figure S7), and Ox-LDL, and superoxide
anion production (Figure 7A). Finally, ELAM decreased the number of
TUNEL and caspase-3 positive cells (Figure 7B), myocardial caspase-3
(Figure 7C), Bax/Bcl-2 ratio (see Supplementary material online, Figure
S9), as well as phosphorylated ERK1/2 and p38 expression (see
Supplementary material online, Figure S10).

3.7 ELAM does not affect cardiac structure
and function in healthy animals
Myocardial desmin and tubulin expression, total cardiolipin content, syn-
thesis, remodeling, and species profile (see Supplementary material

..............................................................

..............................................................................................................................................................................................................................

Table 1 Systemic characteristics and cardiac function [median (range)] in study groups (n¼ 6 each) at 16 weeks

Parameter Lean MetS MetS 1 ELAM Dunn’s comparison

Lean vs.

MetS

Lean vs.

MetS 1 ELAM

MetS vs.

MetS 1 ELAM

Body weight (Kg) 73.5 (56.0–86.0) 92.0 (89.0–94.0)* 90.5 (85.0–97.0)* 0.011 0.022 NS

Serum creatinine (mg/dl) 1.6 (1.4–1.7) 1.5 (1.2–1.8) 1.5 (1.2–1.9) NS NS NS

Fasting glucose (mg/dl) 122.5 (86.0–171.0) 116.0 (91.0–138.0) 115.0 (71.0–152.0) NS NS NS

Fasting insulin (mU/ml) 0.2 (0.1–0.3) 0.4 (0.3–0.6)* 0.5 (0.3–0.7)* 0.013 0.025 NS

HOMA-IR score 0.6 (0.5–0.7) 1.9 (1.1–2.0)* 1.9 (1.7–2.1)* 0.007 0.019 NS

Plasma rennin activity (ng/ml/h) 0.2 (0.1–0.2) 0.15 (0.1–0.2) 0.2 (0.1–0.2) NS NS NS

Total cholesterol (mg/dl) 82.5 (73.0–92.0) 486.0 (328.0–554.0)* 415.5 (219.0–677.0)* 0.011 0.015 NS

HDL cholesterol (mg/dl) 47.0 (41.0–57.0) 130.0 (101.0–180.0)* 105.0 (95.0–174.0)* 0.004 0.033 NS

LDL cholesterol (mg/dl) 33.8 (25.2–41.0) 369.7 (174.4–560.2)* 286.4 (229.4–544.0)* 0.012 0.012 NS

Triglycerides (mg/dl) 6.5 (5.0–9.0) 14.0 (12.0–33.0)* 16.5 (12.0–21.0)* 0.006 0.026 NS

Mean blood pressure (mmHg) 94.2 (80.3–104.7) 128.2 (113.7–133.7)* 122.9 (117.7–140.6)* 0.006 0.024 NS

Heart rate (beats/min) 73.3 (70.2–76.4) 84.5 (82.0–87.0)* 86.0 (81.0-89.0)* 0.006 0.024 NS

RPP (mmHg x beats/min) 7946.7 (6764.7–9826.4) 12463.6 (9793.8–13129.1)* 12117.1 (9430.3–12339.0)* 0.012 0.052 NS

Ejection fraction (%) 55.7 (50.8–59.6) 47.8 (46.0–63.7) 58.2 (52.0–70.2) NS NS NS

LVMM(g) 133.0 (102.6–168.5) 152.9 (146.6–179.7) 156.8 (111.3–188.9) NS NS NS

HOMA-IR: Homeostasis model assessment of insulin resistance; HDL: High-density lipoprotein; LDL: Low-density lipoprotein; LVMM: Left ventricular muscle mass; NS: Not
significant.
*P <_ 0.05 vs. lean.
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.online, Figure S11), as well as mitochondria–SR interaction (see
Supplementary material online, Figure S12) were similar in lean and
leanþ ELAM pigs.

4. Discussion

The current study shows that cardiac abnormalities at the early stages of
MetS are characterized by cardiomyocyte mitochondrial disorganization
and altered cytoskeletal–mitochondria–SR interaction, inducing myocar-
dial oxidative stress and apoptosis, despite preserved cardiac function.
Notably, mitoprotection with ELAM improved these reversible changes,
implicating mitochondrial damage in cardiac injury in experimental MetS,
and suggesting novel therapeutic targets for preserving the myocardium
in early MetS.

MetS is considered a global epidemic and a major public health prob-
lem, being an independent risk factor for cardiovascular disease.1,2 Long-
term MetS induces cardiac remodeling and dysfunction, but the initial
underlying mechanisms remain elusive.

In the current study, we used a novel swine model of MetS that we
recently developed to pinpoint the mechanisms responsible for MetS-
associated cardiac damage.11 Human MetS is defined by the presence of
at least three of the following: obesity, hypertension, high triglyceride lev-
els, reduced HDL levels, and elevated fasting glucose levels or insulin

resistance.21 After 16 weeks of diet, our MetS pigs developed obesity
and hypertriglyceridemia, hypertension and insulin resistance, confirming
development of MetS, yet glucose levels remained unaltered, underscor-
ing its early pre-diabetes stage. HDL levels were elevated possibly due to
decreased cholesteryl ester transfer protein activity,22,23 whereas car-
diac function remained unaltered, consistent with findings in adolescent
patients with MetS.24 Nontheless, disorganization of the cardiomyocyte
cytoskeletal-mitochondria-SR network could already be detected, asso-
ciated with myocardial oxidative stress and apoptosis. Importantly, longi-
tudinal studies have shown that subtle impairments in the early stage of
MetS may later precipitate and promote cardiac dysfunction.25,26

Cardiac mitochondria not only provide most of the ATP necessary
for cardiac function but also regulate cardiomyocyte calcium homeosta-
sis, redox balance, and cell fate.27 To ensure adequate function, myocar-
dial mitochondria are intimately associated with myofibrils, where the
cytoskeleton functions as a linkage coordinator. Desmin forms connec-
tions between Z disks and mitochondria that maintain cardiomyocyte
shape and mechanochemical signaling. Likewise, b2 tubulin is involved in
interactions between the mitochondria and cytoskeleton and controls
the permeability of the outer mitochondrial membrane protein VDAC
to ADP and ATP, sustaining mitochondrial and cellular physiology.28

The importance of mitochondrial organization is underscored by the
observation that hearts from rats with volume overload show

Figure 2 Mitoprotection restored subsarcolemal mitochondrial density. (A) Representative transmission electron microscopy images of cross-sectioned cardi-
omyocytes showing distribution of mitochondria. (B) The number of subsarcolemal mitochondria (arrows) was lower in MetS compared to Lean, but
increased in MetSþ ELAM (n = 6/group). (C) Mitochondrial area and matrix density did not differ among the groups (n = 6/group). *P < 0.05 vs. lean,
†P < 0.05 vs. MetSþ ELAM.
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mitochondrial-cytoskeletal abnormalities, associated with myocardial
oxidative stress, and LV dysfunction.8

In this study, we found that early MetS induced loss of mitochondrial lin-
ear arrangement, reflected by increased intracellular space and mitochon-
drial clustering, which was paralleled by decreased myocardial desmin and
b2 tubulin immunoreactivity. However, the unaltered total expression of
these proteins implies that this resulted from changes in protein alignment
of quaternary structure, which might have interfered with their binding
properties. In agreement, studies in failing right ventricles have shown
decreased myocardial immunoreactivity of cytoskeletal proteins despite
unaltered total protein expression, suggesting dissociation from the con-
tractile apparatus and cytoplasmic redistribution.29 These changes may be
evoked by increased myocardial expression of caspase-3, which

phosphorylates specific residues in desmin, altering its distribution within
the cell.30,31 Additionally, MetS-induced alterations in cellular redox status
may induce mitochondrial damage8 and disrupt the organization of micro-
tubules, favoring their depolymerization.32 In line with this contention, we
found that mitochondrial H2O2 production was increased, whereas anti-
oxidant defenses (GSH/GSSG and NADPH/NADP) were blunted in MetS
pigs, suggesting impaired redox balance. MetS also decreased the number
of subsarcolemmal mitochondria, which provide energy for electrolyte
and protein transport across the sarcolemma, suggesting redistribution of
mitochondria.

Interestingly, MetS-induced changes in myocardial profiles of cardioli-
pin, an inner mitochondrial membrane phospholipid that regulates mito-
chondrial energy production33 and prevents mPTP opening, averting the

Figure 3 MetS altered cardiolipin species profile. (A) Myocardial levels of tetralinoleoyl (C18:2)4 cardiolipin decreased in MetS, whereas content of species
rich in linoleic (C18:2)3(C18:1) and (C18:2)2(C:18:1)2, eicostrienoic (C18:2)3(C20:3), arachidonic (C18:2)3(C20:4), and palmitoleic (C18:2)3(C16:1) acids
increased in MetS compared to lean. Treatment with ELAM restored (18:2)4 cardiolipin content and decreased the content of species prone to oxidization,
such as (C18:2)3(C18:1), (C18:2)2(C:18:1)2, and (C18:2)3(C20:3) (n = 6/group). (B) mRNA expression of the cardiolipin regulators tafazzin (Taz)-1 and
acyl-CoA: lysocardiolipin acyltransferase (ALCAT)-1 (n = 6/group). *P < 0.05 vs. lean, †P < 0.05 vs. MetSþ ELAM.
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.release of cytochrome-c to the cytoplasm and the initiation of
apoptosis.34 Furthermore, cardiolipin promotes the uptake of GSH from
the cytoplasm35 and the formation and interaction of respiratory super-
complexes and the ADP/ATP carrier,36 regulating mitochondrial organi-
zation, internal milieu, and function.33 However, cardiolipin is sensitive to
oxidative damage, due to its high content of polyunsaturated fatty acid
and its location near the site of ROS production. Susceptibility for oxida-
tion increases when cardiolipin is enriched with unsaturated fatty acids.
In this study, we found that MetS decreased myocardial content of the
polyunsaturated tetralinoleoyl (C18:2)4 cardiolipin, but increased mono-
unsaturated species, which are highly predisposed to oxidation.37 MetS
also increased both normal and abnormal cardiolipin remodeling,
reflected in upregulated mRNA expression of Taz-1 and ALCAT-1,
which was associated with decreased COX-IV activity and mitochondrial
ATP/ADP imbalance, possibly due to altered assembly of the electron
transport chain complexes and/or interaction with the ADP/ATP carrier.

MetS also impaired mitophagy, reflected in decreased parkin/PINK-1
colocalization and increased expression of p62, in line with recent find-
ings of decreased mitophagy in cardiolipin-deficient cells.38 Importantly,
MetS-induced failure to remove defective, ROS-producing mitochon-
dria, might have exacerbated oxidative damage.

Cardiac mitochondria are adjacent to the calcium release sites of the
SR and facilitate calcium and ADP exchange between the SR RyR and
mitochondrial VDAC channel.39 Calcium uptake activates the TCA cycle
enzymes, stimulating ATP production.40 Moreover, mitochondrial calcium
induces NADPH regeneration, increasing antioxidant activity.5 Therefore,
MetS-induced interruption of SR-mitochondria communication may have
impaired calcium exchange and triggered oxidative stress and inefficient
energy production, as we have shown in swine renovascular hyper-
tension.7 Furthermore, MetS down-regulated MCU, an anion channel pro-
tein that mediates mitochondrial calcium uptake.19 Therefore, MetS-
induced SR-mitochondria dissociation and impaired mitochondrial

Figure 4 ELAM improved mitochondrial function Dand redox balance. (A) In isolated myocardial mitochondria, ATP levels were comparable in all groups, yet
ADP levels were higher in MetS and normalized in MetSþ ELAM, as was ATP/ADP ratio (n = 6/group). (B) COX-IV activity decreased in MetS compared to
lean, but normalized in ELAM-treated pigs. (C) H2O2 production increased in MetS but normalized in MetSþ ELAM. (D) GSH/GSSG and NADPH/NADP
ratio decreased in MetS, but normalized in ELAM-treated pigs (n = 6/group). *P < 0.05 vs. lean, †P < 0.05 vs. MetSþ ELAM .
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..antioxidant defenses and calcium handling might precede development of
measurable cardiac dysfunction in this model.

In addition, MetS increased extracellular (Ox-LDL) and myocardial
(superoxide) oxidative stress, activating LOX signaling and
NADPH.41 This in turn might have induced apoptosis via MAPK sig-
naling, particularly p38 and ERK1/2,42 aggravating mitochondrial dam-
age and creating a negative cycle of mitochondrial dysfunction,
oxidative stress, and apoptosis. Congruently, myocardial apoptosis
observed in the early stages of experimental MetS is an important
contributor to progression to cardiac dysfunction.43–45 Furthermore,
this is consistent with our and other previous studies in swine that
showed slightly increased myocardial apoptosis, which was magnified
upon transition to MetS.44,45

The mechanism by which MetS damaged the swine cardiac mitochon-
dria may be multifactorial, including dyslipidemia,46 activation of mito-
chondrial angiotensin-II receptors,47 insulin resistance,48 and increased
metabolic workload, reflected in elevated RPP (see Supplementary
material online, Figure S10). Interaction among these factors may collabo-
ratively contribute to cardiac mitochondrial damage.

To establish the role of mitochondrial abnormalities in MetS-induced
cardiac damage, we treated MetS pigs with a unique mitochondria-
targeted peptide, which concentrates in the organelle and exerts impor-
tant antioxidant effects. ELAM binds selectively to and stabilizes cardioli-
pin, protecting mitochondrial cristae structure and organization.49 In
addition, ELAM improves mitochondrial bioenergetics, inhibits the activity
of cytochrome-c peroxidase and mPTP opening, preventing apoptosis

Figure 5 MetS caused cardiomyocyte cytoskeletal abnormalities. (A) Myocardial double immunofluorescence staining of connexin-43 (red)/desmin (green)
and connexin-43 (red)/b2 tubulin (red), and their quantification (n = 6/group). (B) Desmin and b2 tubulin protein expression did not differ among the groups
(n = 6/group) .
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..and oxidative stress.33 Consequently, ELAM attenuates experimental
myocardial ischemia-reperfusion injury and hypertensive cardi-
omyopathy.7,18,50,51 The current study extends those observations and
demonstrates that ELAM also improves mitochondrial organization and
function, and cytoskeletal–mitochondrial–SR interaction in early MetS,
possibly by decreasing myocardial apoptosis and oxidative stress. Given
that our model develops MetS after 12 weeks of diet11 and that mito-
chondrial dysfunction continues developing to week 16,44 its effects were
likely both preventive and restorative. Importantly, ELAM did not affect
cardiac structure and function in healthy animals, supporting our previous
observations in swine.7,52,53 Therefore, our study implicates mitochon-
drial reversible changes in MetS-induced cardiac damage, and position the
mitochondrion as an important therapeutic target.

Our study is limited by the use of young animals and the relatively short
duration of the disease. Yet, swine myocardial anatomy and physiology
are similar to humans, and our model replicates many features of human
MetS. Given the variability in some of the results and the small number of

animals, these observations need to be interpreted with caution and con-
firmed in larger studies. Myocardial damage in our model is subtle, and
mostly reversible, corresponding to the early stage of MetS. Our study
cannot establish a definitive cause-effect relationship between mitochon-
drial damage and cytoskeletal abnormalities in experimental MetS, yet
mitoprotection was sufficient to confer potent protective effects and
restore myocardial mitochondrial organization, linking mitochondrial dam-
age and cardiomyocyte cytoskeletal and SR abnormalities in swine MetS.
Nevertheless, a longer observation period may be needed to achieve
greater impairments in cardiac structure and function in MetS pigs.

In summary, this study shows that prior to any measurable changes in
cardiac function, MetS induces in myocardial mitochondria reversible
changes, characterized by disorganized cytoskeletal–mitochondrial–SR
architecture, associated with myocardial oxidative stress and apoptosis.
Treatment with ELAM preserved the cardiomyocyte cytoskeletal-
mitochondrial-SR network, and attenuated myocardial oxidative stress
and apoptosis, underscoring the cardioprotective properties of

Figure 6 MetS altered mitochondria-sarcoplasmic reticulum interaction. (A) Representative myocardial double immunofluorescence staining of the mitochon-
drial voltage-dependent anion channel (VDAC) and the sarcoplasmic-reticulum marker ryanodine receptor (RYR). Although total VDAC and RYR fluores-
cence did not differ among the groups, their overlap coefficient (M1) decreased in MetS, but improved in MetSþ ELAM (n = 6/group). (B) Myocardial
expression of MCU decreased in MetS, but was restored in MetSþ ELAM (n = 6/group). *P < 0.05 vs. lean, †P < 0.05 vs. MetSþ ELAM.
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..mitoprotection in early MetS. Further studies are required to confirm
the efficacy of this approach for cardiac protection in MetS.
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