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Abstract

Objectives: The endoplasmic reticulum (ER) chaperone tauroursodeoxycholic acid (TUDCA) has exhibited promises in the
treatment of obesity, although its impact on obesity-induced cardiac dysfunction is unknown. This study examined the
effect of TUDCA on cardiomyocyte function in high-fat diet-induced obesity.

Methods: Adult mice were fed low or high fat diet for 5 months prior to treatment of TUDCA (300 mg/kg. i.p., for 15d).
Intraperitoneal glucose tolerance test (IPGTT), cardiomyocyte mechanical and intracellular Ca®" property, insulin signaling
molecules including IRS-1, Akt, AMPK, ACC, GSK-3f3, c-Jun, ERK and c-Jun N terminal kinase (JNK) as well as ER stress and
intracellular Ca®* regulatory proteins were examined. Myocardial ultrastructure was evaluated using transmission electron
microscopy (TEM).

Results: High-fat diet depressed peak shortening (PS) and maximal velocity of shortening/relengthenin as well as prolonged
relengthening duration. TUDCA reversed or overtly ameliorated high fat diet-induced cardiomyocyte dysfunction including
prolongation in relengthening. TUDCA alleviated high-fat diet-induced decrease in SERCA2a and phosphorylation of
phospholamban, increase in ER stress (GRP78/BiP, CHOP, phosphorylation of PERK, IRE1a. and elF2a), ultrastructural changes
and mitochondrial permeation pore opening. High-fat diet feeding inhibited phosphorylation of AMPK and promoted
phosphorylation of GSK-3p. TUDCA prevented high fat-induced dephosphorylation of AMPK but not GSK-3f3. High fat diet
promoted phosphorylation of IRS-1 (Ser*®”), JNK, and ERK without affecting c-Jun phosphorylation, the effect of which with
the exception of ERK phosphorylation was attenuated by TUDCA.

Conclusions: These data depict that TUDCA may ameliorate high fat diet feeding-induced cardiomyocyte contractile and
intracellular Ca®* defects through mechanisms associated with mitochondrial integrity, AMPK, JNK and IRS-1 serine

phosphorylation.
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Introduction

According to the 2011 estimate of the Center for Disease
Control and Prevention (CDC), nearly 26 million Americans are
afflicted with diabetes mellitus while 79 million individuals are
considered prediabetic[1]. Both clinical and experimental evi-
dence has identified a variety of predisposing factors for diabetes,
with obesity being one independent causative factor for the
increased prevalence of type 2 diabetes [2]. In addition,
uncorrected obesity adds to the overall health burden including
cardiovascular diseases, pulmonary diseases, cancer, and sleep
disorders [2—4]. Obesity is drawing more and more attention as a
pandemic health issue. Therefore, the search for effective
management strategies for obesity-related cardiovascular diseases
becomes a rather compelling health care initiative. However,
adequate management against obesity-related cardiovascular
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diseases has been somewhat dismal due to the complex and
multifactorial etiology of obesity-induced anomalies. Among the
array of pathophysiological machineries identified for obesity
pathology such as genetics, inflammation, insulin resistance,
oxidative stress, autophagy and apoptosis, enhanced endoplasmic
reticulum (ER) stress has emerged as a crucial factor in obesity-
induced metabolic derangement [5]. The ER is usually responsible
for the synthesis and folding of membrane and secretory proteins
while perturbation of such process triggers ER stress leading to the
onset and development of a wide variety of diseases [6]. Ample
evidence has depicted a pivotal role of ER stress in the
pathogenesis of insulin resistance, alcoholism, diabetes and obesity
[5,7-9]. In particular, ER stress is known to suppress insulin
receptor signaling via hyperactivation of c-Jun N-terminal kinase
(JNK) and subsequently serine phosphorylation of insulin receptor
substrate-1 (IRS-1), suggesting an essential role of ER stress in the
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etiology of insulin resistance and type 2 diabetes [5]. More recent
evidence also revealed a pivotal role of ER stress in the
pathogenesis of heart problems [10,11]. For example, pressure
overload was shown to result in sustained ER stress, leading to
cardiomyocyte apoptosis during transition from cardiac hypertro-
phy to heart failure [12]. ER stress is known to be associated with
cardiomyocyte apoptosis [13,14] and deteriorated ischemia/
reperfusion [15,16]. Not surprisingly, ER stress may be considered
as a therapeutic target for a number of cardioprotective signaling
molecules including AMP-activated protein kinase (AMPK) [17].
AMPK has been demonstrated to retard ER stress through eEF?2
inactivation, resulting in preservation of sarco(endo)plasmic
reticulum (SERCA) function and intracellular Ca®* homeostasis
[17,18].

Recent evidence has revealed that ursodeoxycholic acid
(UDCA), an endogenous bile acid, and its taurine-conjugated
derivative tauroursodeoxycholic acid (TUDCA) possess potent
regulatory effects on ER stress in obesity and diabetes [5,9,19,20].
UDCA exists in human bile at low concentrations (3% of bile
acids) and has been used in Chinese medicine for centuries for a
variety of biliary and liver diseases. Since the mid-1980s, UDCA
has been used clinically for liver diseases in the Western world
[21]. UDCA and TUDCA are capable of inhibiting ER stress-
induced apoptosis i vivo and @ wvitro [9,21-23]. For example,
TUDCA administration to obese and diabetic mice has been
shown to normalize hyperglycemia, insulin sensitivity, resolve fatty
liver disease, and enhance insulin action in liver, muscle and
adipose tissues [9]. To this end, the present study was designed to
examine the impact of ER stress correction using TUDCA in high
fat diet-induced changes in cardiac contractile function, intracel-
lular Ca®" homeostasis and ultrastructural properties as well as the
underlying mechanisms involved.

Materials and Methods

Experimental procedures

All animal procedures were approved by the Institutional
Animal Use and Care Committee at the University of Wyoming
(Laramie, WY). In brief, 3-4 month-old male C57BL/6 mice were
fed either a normal low fat (LF, 10 and 70% of total calorie from
fat and carbohydrate, respectively; Research Diets Inc., New
Brunswick, NJ, Catalogue #D12450B) or a high-fat [HF, 45% of
total calorie from fat (consisting of 37% from saturated fat, 46%
and 19% from mono- and polyunsaturated fatty acids, respective-
ly) and 35% of total calorie from carbohydrate; Research Diets
Inc., Catalogue #D12451] for 5 months. The high-fat diet was
calorically rich (4.83 kcal/g vs. 3.91 kcal/g in low-fat diet) due to
the higher fat composition [24], which is also referred to as the
“Western diet” [25]. Body weights and food intake were assessed
weekly. After 5 months of feeding, animals were randomly divided
into 4 groups to assign either low or high fat diet receiving a
300 g/kg/d.i.p., TUDCA (Gibbstown, NJ; Catalogue #580549)
in 0.1% carboxymethylcellulose (CMC) or vehicle (0.1% CMC
only) for a period of 15 days [9,26]. Mice were housed in clear
plastic cages in a temperature- and humidity-controlled environ-
ment with a 12/12 light/dark cycle and allowed access to their
designated diets and water ad libitum.

Intraperitoneal glucose tolerance test (IPGTT)

After diet feeding and TUDCA treatment period, mice were
fasted for 12 hrs and were given an intraperitoneal injection of
glucose (2 g/kg b.w.). Blood samples were drawn from tail veins
and glucose levels were determined immediately before glucose
challenge, as well as 15, 60 and 120 min thereafter using an Accu-
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Chek III' glucose analyzer (Boehringer Mannheim Diagnostics,
Indianapolis, IN) [27].

Isolation of murine cardiomyocytes

Hearts were rapidly removed from anesthetized (ketamine
80 mg/kg and xylazine 12 mg/kg, i.p.) mice and mounted onto a
temperature-controlled (37°C) Langendorfl system. After perfusing
with a modified Tyrode’s solution (Ca®" free) for 2 min, hearts
were digested with a Ca®"-free KHB buffer containing liberase
blendzyme 4 (Hoffmann-La Roche Inc., Indianapolis, IN) for
20 min. The modified Tyrode solution (pH 7.4) contained the
following (in mM): NaCl 135, KCI 4.0, MgCl, 1.0, HEPES 10,
NaH,PO, 0.33, glucose 10, butanedione monoxime 10, and was
gassed with 5% CO9-95% O,. The digested hearts were then
removed from the cannula and left ventricle was cut into small
pieces. Tissue pieces were gently agitated and pellet of cells was
resuspended. Extracellular Ca®* was added incrementally back to
1.20 mM over a period of 30 min. Isolated cardiomyocytes were
used for experiments within 8 hrs of isolation. Normally, a yield of
~50-60% viable rod-shaped cardiomyocytes with clear sarcomere
striations was achieved. Cardiomyocytes with obvious sarcolem-
mal blebs or spontaneous contractions were not chosen for study.
Only rod-shaped cardiomyocytes with clear edges were selected
for mechanical and intracellular Ca®" studies [24].

Cell shortening/relengthening

Mechanical properties of cardiomyocytes were assessed using a
SoftEdge MyoCam® system (IonOptix Corporation, Milton, MA)
[24]. In brief, cardiomyocytes were placed in a temperature-
controlled Warner chamber mounted onto the stage of an inverted
microscope (Model IX-70, Olympus Incorporation, Tokyo, Japan)
and superfused (~1 ml/min at 25°C) with a contractile buffer
containing (in mM): 131 NaCl, 4 KCIL, 1 CaCly, 1 MgCly, 10
glucose, 10 HEPES, at pH 7.4. Cardiomyocytes were field
stimulated with a supra-threshold voltage at a frequency of
0.5 Hz (unless otherwise indicated), 3 msec duration, using a pair
of platinum wires connected to a FHC stimulator (Brunswick, NE).
The myocyte being studied was displayed on the computer
monitor using an JonOptix MyoCam camera. An IonOptix
SoftEdge software was used to capture changes in cell length
during shortening and relengthening. Cell shortening and
relengthening were assessed using the following indices: peak
shortening (PS) - indicative of peak ventricular contractility, time-
to-PS (TPS) - indicative of contraction duration, and time-to-90%
relengthening (TRgg) - represents cardiomyocyte relaxation
duration, maximal velocities of shortening (+dL/dt) and relength-
ening (— dL/dt) - indicatives of maximal velocities of ventricular
pressure rise/fall. In the case of altered stimulus frequency from
0.1 to 5.0 Hz, the steady state contraction was achieved (after the
first 5—6 beats) before PS was recorded at 37°C.

Intracellular Ca®* transient measurement

Myocytes were loaded with fura-2/AM (0.5 pM) for 10 min
and fluorescence measurements were recorded at 25°C using a
dual-excitation fluorescence photomultiplier system (Ionoptix).
Myocytes were placed on an Olympus IX-70 inverted microscope
and imaged through a Fluor x40 oil objective. Cells were exposed
to light emitted by a 75 W lamp and passed through cither a 360
or a 380 nm filter, while being stimulated to contract at 0.5 Hz.
Fluorescence emissions were detected between 480 and 520 nm by
a photomultiplier tube after first illuminating the cells at 360 nm
for 0.5 sec then at 380 nm for the duration of the recording
protocol (333 Hz sampling rate). The 360 nm excitation scan was
repeated at the end of the protocol and qualitative changes in
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intracellular Ca”" concentration were inferred from the ratio of
fura-2 fluorescence intensity (FFI) at two wavelengths (360/380).
Steady state intracellular Ca®" transients (2 traces from each cell)
were used. Fluorescence decay time was measured as an indication
of the intracellular Ca®" clearing rate. intracellular Ca®" transient
decay time constant calculated using a single exponential equation
Single exponential curve fit programs were applied to calculate the
intracellular Ca®* decay constant [24].

Transmission electron microscopy (TEM)

Left ventricle was fixed with 2.5% glutaraldehyde/1.2%
acrolein in a fixative buffer (0.1 M cacodylate, 0.1 M sucrose,
pH 7.4) and 1% osmium tetroxide, followed by treatment with 1%
uranyl acetate. The samples were dehydrated through a graded
series of ethanol concentrations before being embedded in LX112
resin (LADD Research Industries, Burlington, VT). Ultra-thin
sections (~50 nm) were cut on ultramicrotome, stained with
uranyl acetate, followed by lead citrate, and visualized using a
Hitachi H-7000 Transmission Electron Microscope equipped with
a 4K x4K cooled CCO digital camera [28]. Quantitative analysis
of electron microscopy (magnification x20000) of >10 randomly
selected images from each mouse group were analyzed in a
blinded fashion using the NIH ImageJ software. At least 30
mitochondria were randomly selected per animal group and their
minimum and maximum gray values were determined. Mito-
chondrial abnormalities were expressed as the difference between
minimum and maximum gray values [29].

NAD" measurements

The NAD levels from ventricular tissues were measured as
described [30] with minor modifications. In brief, 30 mg of frozen
tissue was crushed and suspended with 180 ul of 0.6 M perchloric
acid. The mixture was then homogenized and centrifuged at
13,000 ¢ for 5 min. After neutralization with 3 M potassium
hydroxide, NAD" concentrations were determined fluorometri-
cally using alcohol dehydrogenase activity. Excitation was at
339 nm and emission wavelength at 460 nm monitored using a
SpectraMax Gemini fluorescent microplate reader.

Western blot analysis

Expression of the intracellular Ca®** regulatory proteins
[SERCA2a, Na*-Ca®* exchanger, phospholamban (PLB)], the
ER stress markers [GRP78/Bip, phospho-elF2a (pelF2a), PERK
and CHOP], the major glucose and insulin regulatory proteins
including Akt, phospho-Akt (pAkt, Ser’®), AMPKa, pAMPK
(Thr'), ACC, pACC (Ser”), GSK-3B, pGSK-38 (Ser?), IRS-1,
PIRS-1 (Ser®™), ¢Jun, pcJun, JNK, pJNK, ERK and pERK were
examined using Western blot analysis. Samples containing equal
amount of proteins (50 pg) were separated on 10% SDS-
polyacrylamide gels using a minigel apparatus (Mini-PROTEAN
II, Bio-Rad Laboratories, Hercules, CA) and were transferred to
nitrocellulose membranes. Membranes were incubated overnight
at 4°C with anti-PERK (1:1,000), anti-pPERK (1:500), anti-pIRE
(1:1,000), anti-CHOP (1:1,000), anti-eIF2a (1:500), anti-pelF2a
(1:500), ant-SERCA2a (1:1,000), anti-Na*-Ca® exchanger
(1:1,000), anti-PLB (1:1,000), anti-pPLB (Ser'®, 1:1,000), anti-
IRS-1 (1:1,000), anti-pIRS-1 (1:1000), anti-Akt (1:1,000), anti-pAkt
(1:1,000), anti-AMPKa (1:1,000), anti-pAMPK (1:1,000), anti-
ACC (1:1,000), anti-pACC (1:1,000), anti-GSK-3p (1:1,000), anti-
pGSK-3B (1:1,000), anti-c-Jun (1:1,000), anti-pc-Jun (1:1,000),
anti-JNK (1:1,000), anti-pJNK (1:1,000), anti-ERK (1:1,000), and
anti-pERK (1:1,000) antibodies. Anti-SERCA2a was purchased
from Affinity BioReagents (Golden, CO). Anti-pPLB antibody was
purchased from Abcam (Cambridge, MA). All other antibodies
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were obtained from Cell Signaling (Beverly, MA). After incubation
with the primary antibody, blots were incubated with an anti-
rabbit IgG HRP-linked antibody at a dilution of 1:5,000 for 1 hr
at room temperature. The intensity of bands was measured with a
scanning densitometer (model GS-800; Bio-Rad). o-tubulin was
used as the internal loading control [24].

Statistical analysis

Data were Mean®=SEM. Statistical significance (p<<0.03) for
each variable was determined by a 2-factor ANOVA followed by a
Bonferroni post hoc test.

Results

General feature of mice and IPGTT

As expected, high fat diet significantly increased body weight,
the effect of which was unaffected by TUDCA treatment (LF:
27.9%0.6 g; HF: 33.0x1.1 g; LF-TUDCA: 27.6%+0.9 g; HF-
TUDCA: 33.7£1.5 g; p<0.05 between any LF and HF groups,
n=>5-7 mice per group). Similarly, high fat diet feeding overtly
elevated heart weight, the effect of which was unaffected by
TUDCA treatment (LF: 134%6 mg; HI: 189*9 mg; LI-
TUDCA: 143£9 mg; HF-TUDCA: 194%*9 mg; p<0.05 between
any LI and HF groups, n = 5-7 mice per group). Given that high
fat intake is one of the risk factors for insulin resistance [28,31],
intraperitoneal glucose tolerance test was performed at the end of
the 15-day TUDCA or vehicle treatment period. Neither high fat
diet feeding nor TUDCA treatment significantly affected basal
blood glucose levels. Following acute intraperitoneal glucose
challenge, blood glucose levels in low fat diet-fed mice started to
decline after peaking at around 30 min, and returned to nearly
baseline after 120 min. However, the post-challenge glucose levels
maintained at much high levels from 30 to 120 min in high fat
diet-fed mice, indicating glucose intolerance. TUDCA treatment
significantly facilitated glucose clearance rate and decreased the
area underneath the IPGTT curve in high fat diet-fed mice
without affecting those in low fat diet-fed mice, indicating a
beneficial effect of ER stress inhibition on glucose metabolism
(Fig. 1A-B).

Electron microscopy and mitochondrial permeation
transition pore (mPTP) opening

TEM examination revealed that high fat diet feeding triggered
extensive focal damage in myocardial tissue, as evidenced by
disorganized myofibrils, swelling vacuolization, and in some cases,
loss of cristae of mitochondria. Quantitative analysis of TEM
images (evaluated by the difference between minimum and
maximum gray values) [29] revealed that TUDCA treatment
effectively alleviated high fat diet-induced ultrastructural abnor-
malities without eliciting any notable effect itself (Fig. 1C-D). In
line with the mitochondrial ultrastructural observation, myocardial
NAD™ release, an indicative for mPTP opening, was significantly
elevated in high fat diet-fed mouse hearts, the effect of which was
reversed by TUDCA treatment. TUDCA treatment did not affect
mPTP opening in low fat diet group (Fig. 1E).

Mechanical and intracellular Ca®* properties of
cardiomyocytes

Cardiomyocyte mechanical assessment displayed comparable
resting cell length in low or high fat diet-fed group. However at a
stimulus frequency of 0.5 Hz and a recording temperature of
25°C, high fat diet feeding significantly depressed cardiomyocyte
peak shortening amplitude and maximal velocity of shortening/
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Figure 1. Intraperitoneal glucose tolerance test (IPGTT, 2 g/kg), myocardial ultrastructural and mitochondrial properties in low fat
(LF) or high fat (HF)-fed C57 mice with or without TUDCA treatment (300 mg/kg for 15 days). A: Serum glucose levels following
intraperitoneal glucose challenge; B: Area under the curve (AUC) for IPGTT; C: Transmission electron microscopic micrographs of left ventricular tissue;
Normal myofilament and mitochondrial ultrastructure may be seen in LF, LF-TUDCA and HF-TUDCA groups while myocardium in HF group displays
irregular and deformed myofibril structure, some swollen mitochondria with cristae loss. Original magnification = x15,000 for upper and middle
panels; Original magnification = x30,000 for bottom panels; D: Quantitative analyses of mitochondrial ultrastructural abnormalities and E:

Mitochondrial permeation transition pore (mPTP) opening measured using NAD" level; Mean=SEM, n=4 mice per group, *p<<0.05.

doi:10.1371/journal.pone.0063615.g001

relengthening (=dL/dt) and prolonged duration of relengthening
(TRgp) associated with unchanged shortening duration (1PS)
compared with low fat diet-fed mice. High fat diet-induced
cardiomyocyte contractile anomalies were significantly attenuated
or mitigated by TUDCA. TUDCA failed to elicit any notable
effect on cardiomyocyte mechanics (Fig. 2). Given that rodent
hearts beat physiologically at relatively higher frequencies (~300—
400 bpm), peak shortening amplitude was measured at 37°C in
murine cardiomyocytes at increased stimulus frequencies (0.1 —
5.0 Hz). Our data shown in Table 1 revealed that high fat diet-
induced cardiomyocyte contractile anomalies seen at 0.5 Hz at
25°C were also notable between 0.1 and 5.0 Hz at 37°C (with the
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exception of TRy at 5.0 Hz). While TUDCA treatment did not
affect cardiomyocyte mechanical properties between 0.1 and
5.0 Hz, it significantly attenuated or mitigated high fat diet
feeding-induced contractile dysfunction. Neither high fat diet nor
TUDCA significantly affected TPS at the stimulus frequencies
tested at 37°C (0.1-5.0 Hz, data not shown). To explore the
possible underlying mechanism(s) behind TUDCA-induced ben-
efit against high fat diet-induced cardiomyocyte mechanical defect,
intracellular Ca®* handling was assessed at 25°C. using Fura-2
fluorescence microscopy. As shown in Fig. 3A-E, cardiomyocytes
from high fat diet-fed mice displayed elevated resting fura-2
fluorescence intensity (FFI), decreased rise of FFI in response to
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Figure 2. Cardiomyocyte contractile function at 25°C in low fat (LF) or high fat (HF)-fed C57 mice with or without TUDCA treatment
(300 mg/kg for 15 days). A: Representative traces depicting cell shortening in LF and HF-fed mice; B: Representative traces depicting cell
shortening in LF and HF-fed mice with TUDCA treatment; C: Resting cell length; D: Peak shortening (PS, normalized to resting cell length); E: Maximal
velocity of shortening (+dL/dt); F: Maximal velocity of relengthening (—dL/dt); G: Time-to-PS (TPS); and I: Time-t0o-90% relengthening (TRgp).
Mean=SEM, n=60-64 cells from 3 mice per group, *p<<0.05 (two-way ANOVA).

doi:10.1371/journal.pone.0063615.g002

electrical stimuli (AFFI) and prolonged intracellular Ca®" decay, Expression of intracellular Ca%t regulatory proteins

the effects of which were significantly alleviated‘ or ablated by Western blot analysis demonstrated that high fat diet feeding
TUDCA. TUDCA did not alter intracellular Ca™" properties in significantly downregulated expression of the key intracellular
cardiomyocytes from low fat-fed mice. Ca”" regulatory protein SERCA2a and phosphorylation of the

negative regulator of SERCA2a - phospholamban without
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Figure 3. Intracellular Ca?* and intracellular Ca®* regulatory protein properties in hearts from low fat (LF) or high fat (HF)-fed C57
mice with or without TUDCA treatment (300 mg/kg for 15 days). A: Representative traces depicting intracellular Ca** transients in LF and HF-
fed mice; B: Representative traces depicting Ca?* transients in LF and HF-fed mice with TUDCA treatment; C: Baseline intracellular Ca®* levels; D: Rise
in intracellular Ca®* in response to electrical stimulus shown as changes in Fura-2 fluorescence intensity (AFFI); E: Single exponential intracellular Ca®*
decay rate; F: Representative gel blots depicting levels of SERCA2a, Na*-Ca?* exchanger (NCX), total/phosphorylated phospholamban (pPLB) and a-
tubulin (loading control) using specific antibodies; G: SERCA2a expression; H: NCX expression; and I: pPLB (Ser'®)-to-PLB ratio. Mean=*SEM, n =44-47
cells from 3 mice (panels A-E); or denoted in the graphs (panels F-I); *p<<0.05 (two-way ANOVA).

doi:10.1371/journal.pone.0063615.g003

affecting that of Na*-Ca®" exchanger or total phospholamban.
While TUDCA did not affect the expression (total or phosphor-
ylation) of these intracellular Ca®* regulatory proteins, the ER
chaperone abrogated high fat diet-induced changes in SERCA2a
level and phospholamban phosphorylation without affecting Na*-
Ca?" exchanger or total phospholamban (Fig. $F-I).

Expression of ER stress proteins

Diabetes and obesity are usually associated with overt ER stress
[5]. As shown in Fig. 4, high fat feeding significantly increased the
levels of ER stress markers including GRP78/BiP, CHOP and
phosphorylation of PERK, IRE-1 and elF2a without affecting
total protein levels of PERK and elF2q, the effect of which was
nullified by TUDCA. Treatment of the ER chaperone failed to
overtly affect these ER stress markers in low fat diet-fed mouse
hearts.

PLOS ONE | www.plosone.org

Changes in cell signaling cascades of AMPK, Akt and GSK-
3p

Given that Akt, AMPK and the Akt downstream signaling
molecule GSK-3B are closely associated with regulation of cell
survival and glucose homeostasis, these signaling cascades were
examined in low and high fat diet-fed mice with or without
TUDCA treatment. Results shown in Fig. 5 indicated that high fat
diet feeding significantly suppressed activation of AMPK and
enhanced GSK-3B phosphorylation without affecting the phos-
phorylation of Akt and ACC. TUDCA prevented high fat diet
feeding-induced AMPK activation without affecting high fat diet-
induced GSK-3p phosphorylation. Interestingly, TUDCA treat-
ment elicited an increased phosphorylation of Akt and ACC in
high fat diet groups. TUDCA treatment did not affect the
phosphorylation of Akt, AMPK, ACC and GSK-3 in low fat

group.
Myocardial insulin signaling pathway

To examine the mechanisms involved in TUDCA-elicited
cardioprotection against high fat diet feeding, phosphorylation of
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Table 1. Cardiomyocyte contractile function at stimulus
frequencies of 0.1-5 Hz (at 37°C) in low fat (LF) or high fat
(HF)-fed C57 mice with or without TUDCA treatment (300 mg/
kg, 15 d).

Peak

shortening Vehicle-LF TUDCA-LF  Vehicle-HF TUDCA-HF
0.1 Hz 6.41£0.72 6.11£0.82 5.07+0.49* 5.97+0.53
0.5 Hz 4.98+0.71 4.48+0.57 3.75+0.37* 4.64+0.48
1.0 Hz 3.58+0.63 3.41+0.46 2.70+0.37* 3.34+0.28
3.0Hz 3.42+0.75 3.12+0.58 2.26+0.36* 3.08£0.29
5.0 Hz 3.30+0.70 2.99%+0.56 1.97%+0.30* 2.83£0.26
+dL/dt ( um/

sec) Vehicle-LF TUDCA-LF  Vehicle-HF TUDCA-HF
0.1 Hz 152.5+19.6 153.0£16.7 113.5£14.1*  145.8£15.1
0.5 Hz 120.0+20.1 116.4£13.9 92.1+10.6* 108.011.8
1.0 Hz 87.2*184 90.5+11.4 65.9+£9.2% 83.1£8.6

3.0 Hz 72.7*+13.7 782*+12.7 50.7+7.4* 75.2+9.2

5.0 Hz 58.0%11.1 66.8£9.1 38.7+9.1* 60.9+6.9
—dL/dt ( um/

sec) Vehicle-LF TUDCA-LF  Vehicle-HF TUDCA-HF
0.1 Hz —1429+19.2 —1355%158 —111.5%14.7% —131.3%£13.0
0.5 Hz —1126+16.9 —1186*164 —91.2*+124* —1133*17.0
1.0 Hz —755*13.7 —89.2%x14.1 —55.7+9.0% —70.5+9.4
3.0Hz —67.1+13.8 —659*149 —40.6*+7.2* —62.2+8.4
5.0 Hz —55.1£10.7 —56.5*11.2 —35.1£5.8* —52.3+6.6
TRogo (msec) Vehicle-LF TUDCA-LF  Vehicle-HF TUDCA-HF
0.1 Hz 171.1%£11.3 1753*17.4 215.6*18.7* 176.7+15.9
0.5 Hz 170.2x£12.7 165.9£14.2 224.5+£14.1*  175.8+16.4
1.0 Hz 172.5%+20.3 170.6+:20.0 219.0£17.3*  173.4%17.1
3.0Hz 98.8+8.2 113.3%7.8 126.7+10.7*  103.1£7.9
5.0 Hz 96.5+£7.9 96.9+9.29 102.2+7.8 94.2+10.3
Peak shortening is presented as% change of resting cell length;=dL/dt:
Maximal velocity of shortening/relengthening; TRoo: Time-to-90%

IRS-1, JNK c-Jun and ERK was evaluated using Western blotting.
Our data revealed that high fat diet feeding significantly enhanced
phosphorylation of IRS-1 (Ser’®”), JNK and ERK without
affecting c-Jun phosphorylation. Although TUDCA did not affect
phosphorylation of IRS-1, JNK and ERK in low fat diet feeding
group, it ablated high fat diet-induced phosphorylation of IRS-1
and JNK without reversing elevated phosphorylation of ERK.
Neither high fat diet feeding nor TUDCA significantly affected the
levels of total IRS-1, JNK, c-Jun and ERK as well as ERK
phosphorylation (Fig. 6).

Discussion

The major findings from this study demonstrated that TUDCA
treatment attenuated high fat diet- induced cardiomyocyte
contractile and intracellular Ca®" anomalies including depressed
PS, reduced*=dL/dt, and prolonged TRg, along with decreased
AFFI and prolonged intracellular Ca®* decay. In addition, high fat
diet-induced drop in SERCAZ2a expression and phosphorylation of
phospholamban was reversed by TUDCA. Importantly, TUDCA
treatment suppressed high fat diet feeding-induced ER stress as
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evidenced by changes in pPERK, BiP, pIREl and CHOP.
Furthermore, TUDCA ameliorated glucose intolerance possibly
through phosphorylation of Akt and AMPK (or ACC), and
suppressed phosphorylation of JNK, and IRS-1 (Ser®®”). Further-
more, TUDCA treatment ablated high fat diet-induced mito-
chondrial damage (evidenced by MPTP opening). These data
collectively favor a unique role of the chemical chaperon TUDCA
against high fat diet feeding-induced cardiomyocyte contractile
and intracellular Ca”" derangements, possibly through mecha-
nisms associated with mitochondrial integrity, AMPK activation,
JNK and IRS-1 serine phosphorylation.

ER reacts to pathological stimuli by upregulating ER chaper-
ones, a response termed the unfolded protein response (UPR).
However, excess ER stress or perturbation in ER function leads to
apoptosis in afflicted cells [32,33]. Obesity is known to contribute
to the development of insulin resistance and diabetes through
inducing ER stress in animals [5] and humans [34]. Given the
pivotal role of obesity as an independent risk factor for
cardiovascular diseases, targeting ER stress may be one innovative
approach towards the management of cardiovascular complica-
tions associated with obesity and diabetes [35]. To this end, a
plethora of studies have demonstrated that sustained ER stress
may lead to pathological heart conditions such as heart failure,
ischemia-reperfusion injury [36], cardiac hypertrophy [12] and
atherosclerosis [18]. Previous data from our laboratory indicated
that ER stress is closely associated with cardiac contractile
anomalies resulted from oxidative stress [37] and sepsis [38].
More recently, finding from our laboratory demonstrated that
TUDCA treatment may attenuate cardiac contractile defects in
0b/0b mice via alleviation of ER stress [26]. Along the same line,
findings from our current study revealed that TUDCA amelio-
rated glucose intolerance, ER stress and cardiomyocyte contractile
dysfunction in fat diet-induced obesity. A unique finding from our
current study was that the proapoptotic CHOP protein was
effectively inhibited with TUDCA. Despite the beneficial effect of
TUDCA on glucose metabolism and ER stress, the chemical
chaperon was unable to counteract high fat diet-induced increase
in body and heart weights, excluding the possible secondary effect
resulted from body weight reduction.

SERCA2a and Na*-Ca>" exchanger are the main machineries
responsible for removing Ca®* from cytosol during diastole. The
reduced cardiac protein expression of SERCA2a observed in this
study may underscore the diastolic dysfunction in obesity
(prolongation in relengthening duration and intracellular Ca®"
clearing). Impaired SERCA activity has been associated with ER
stress [18,39], consistent with data from our study. Obesity
contributes to insulin resistance via ER stress-induced activation of
JNK, IRS-1 (Ser®®’) and the proinflammatory signaling cascades
[9]. Previous data from our laboratory displayed that impaired
myocardial insulin signaling may play a critical role in contractile
dysfunction in obesity [26,40]. Further study is warranted to
elucidate the role of intracellular Ca®* regulation in TUDCA-
elicited beneficial effect against high fat diet-induced cardiomyo-
cyte contractile and intracellular Ca®* derangements.

Data from our study revealed that TUDCA restored high fat
diet-induced decrease in AMPK phosphorylation. These data are
consistent with our recent findings of decreased AMPK activity in
hearts from mice exposed to the similar fat diet regimen [24].
AMPK is key regulator of cellular and body energy metabolism
which is activated by an increase in the AMP-to-ATP ratio.
AMPK increases energy supply by switching on ATP-generating
pathways and decreases energy demand by switching off ATP-
consuming pathways [41]. A recent report revealed that AMPK
suppresses ER-associated apoptotic signaling in cardiomyocytes

May 2013 | Volume 8 | Issue 5 | e63615



ER Stress, High Fat Diet and Cardiac Function

TUDCA
A LF  HF LF HF B
GRP78/8iP | |78 k0 [ Vehicle WM TUDCA
pPERK| R ——_— |170KD __ 084 . * .
c ; 1
PERK| - - - —-—|170KD S i T
_g 0.6
pIRE-ll 5 o - |11o KD e
CHOP |~ R -|27KD 2 0.4- n
| ©
pelF2a | — | 40KD E 0.2
elF2a | ’.—*1 40 KD [0) 3 3
_ 0.0 ’ .
a-Tubulin |,  — — — -| 52KD LF HF

—]Vehicle mmm TUDCA [ Vehicle mm TUDCA
g 0.8 - . * o 1.5- -
© I 1r 1 _
x 0.6 - L =
£ 2 10 T
w T 2
[
0. 0.4 - !
S s
0 1 0.54
X
& 0.2 E
o 3 3 o 3 3
2 0.0 y r 0.0 r T
LF HF LF HF
E Vehicle HEERTUDCA 1 Vehicle mE TUDCA
31 * o 1.5+
— L Ll 1 -1
£ T k)
3 S T
S 2- X 1.0
- L
3 T ¢
=z ge)
o 1- 1 05-
e S
o 5 4 e 3 3
0 T T 0.0 T T
LF HF LF HF

Figure 4. Expression of ER stress proteins in myocardium from low fat (LF) or high fat (HF)-fed C57 mice with or without TUDCA
treatment (300 mg/kg for 15 days). A: Representative gel blots depicting levels of GRP78/BiP, pPERK, PERK, CHOP, elF2q, pelF2a and a-tubulin
(as loading control) using specific antibodies; B: GRP78/Bip expression; C: pPERK-to-PERK ratio; D: pIRE-1 level; E: CHOP expression; and F: pelF2a-to-

elF2a ratio. Mean*SEM; sample sizes are denoted in the bar graphs, *p<<0.05 (two-way ANOVA).

doi:10.1371/journal.pone.0063615.g004

[17]. Likewise, AMPK activation was found to inhibit oxidized
LDL-triggered ER stress via attenuation of SERCA oxidation
[18]. It may be speculated that TUDCA-induced AMPK
activation following high fat diet feeding helps to maintain
myocardial energy fuel and glucose homeostasis in obese hearts.
Moreover, TUDCA-induced mnactivation of ACC (through ACC
phosphorylation) may promote -oxidation and ameliorate
perturbed fatty acid oxidation following high fat diet feeding.
This is supported by our recent finding where TUDCA inhibits
the unsaturated fatty acid palmitic acid-induced cardiomyocyte

PLOS ONE | www.plosone.org

contractile dysfunction [26]. These properties of TUDCA on
myocardial energy fuel, glucose and lipid metabolism may
contribute to TUDCA-offered cardioprotection independent of
ER stress alleviation.

The phosphatidylinositol-3 kinase (PI3K)-Akt-GSK-3f signal-
ing pathway is essential for cell metabolism and survival. Akt
activation is implicated in insulin sensitivity and cell survival [42].
Our data demonstrated that TUDCA increased Akt activation in
high fat diet- but not low fat diet-fed mouse hearts. The
mechanism(s) through which TUDCA increases Akt activation is
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Figure 5. Levels of total and phosphorylated Akt, AMPK, ACC and GSK-3§ in myocardium from low fat (LF) or high fat (HF)-fed C57
mice with or without TUDCA treatment (300 mg/kg for 15 days). A: Representative gel blots of Akt, pAkt, AMPK, pAMPK, ACC, pACC, GSK-38,
pPGSK-3p and a-tubulin (loading control) using specific antibodies. B: pAkt-to-Akt ratio; C: pAMPK-to-AMPK ratio; D: pACC-to-ACC ratio; and E: pGSK-
3B-to-GSK-3f ratio; Mean=SEM; sample sizes are denoted in the bar graphs; *p<<0.05 (two-way ANOVA).

doi:10.1371/journal.pone.0063615.9g005

still unclear. Nevertheless, it was shown that TUDCA activates Akt
in human hepatocytes via a G-protein coupled mechanism [43].
Consistently, TUDCA was found to activate Akt in skeletal
muscles in obese human subjects [44]. Our data revealed that
TUDCA restored high fat diet-induced mitochondrial damage as
evidenced by TEM and mPTP openings. ER stress is closely
associated with mitochondrial damage [22]. Mitochondrial
potential (AY) has been implicated in the maintenance of
mitochondrial integrity. It has been demonstrated NAD" levels
are required for normal mitochondrial fatty acid oxidation [45].

PLOS ONE | www.plosone.org

On the other hand, NAD™ release is used as an index of mPTP
opening. In our hands, TUDCA treatment was capable of
maintaining NAD" levels following high fat diet. Our TEM
results indicated TUDCA ameliorated the ultrastructural abnor-
malities induced by high fat diet, as evidenced by preserved
mitochondrial integrity and density. Mitochondria are indispens-
able for maintaining cardiomyocyte energy metabolism, intracel-
lular Ca®" homeostasis and apoptosis. Among many regulators for
mitochondria, GSK-3f inactivation through Ser9 phosphorylation
is known to preserve mitochondrial function through inhibiting
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Figure 6. Levels of insulin signaling cascades in myocardium from low fat (LF) or high fat (HF)-fed C57 mice with or without TUDCA
treatment (300 mg/kg for 15 days). A: pIRS-1-to-IRS-1 ratio; B: pJNK-to-JNK ratio; C: pcJun-to-cJun ratio; and D: pERK-to-ERK ratio. Insets:
Representative gel blots of total and phosphorylated IRS-1, JNK, cJun and ERK using specific antibodies. a-tubulin was used as the loading control.
Mean=SEM; sample sizes are denoted in the bar graphs; *p<<0.05 (two-way ANOVA).

doi:10.1371/journal.pone.0063615.g006

mPTP opening. TUDCA is capable of reducing ER stress thus to
protect against mPTP opening in diabetic hearts [46]. To the
contrary, the diabetes- and obesity-prone C57BL/6] mice
exhibited increased GSK-3 activity [47]. Our data revealed
increased GSK-3B phosphorylation in high fat diet-fed mice
following TUDCA treatment, favoring a likely role of GSK-3f3
phosphorylation (or inactivation of GSK-3B) in the preserved
mitochondrial function in high fat diet-induced obesity. This is in
line with increased Akt phosphorylation in TUDCA-treated high
fat diet group, as Akt is known to be upstream of GSK-3B [42].
Although it is not entirely clear at this point, enhanced GSK-3f
phosphorylation following high fat feeding may reflect a compen-
satory mechanism of the heart to preserve mitochondrial function.

Experimental limitations: Although our current study has
provided several lines of causal relationship among ER stress,
TUDCA treatment and myocardial function in high fat diet-
induced obesity, it does not offer any conclusive answer with
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regards to the precise role of ER stress in human obesity-associated
heart dysfunction. For the assessment of mPTP opening, use of
NAD levels is non-specific and may be affected by the presence of
enzymes (such as alcohol metabolizing enzymes) requiring NAD as
a coenzyme. Another limitation of our study is the assessment of
cardiomyocyte contractile function in a sub-physiological setting.
Use of high stimulus frequency close to the physiological setting at
5 Hz cannot fully reveal some of the impaired contractile
parameters (e.g., prolongation of TRgy seen at lower stimulus
frequencies may be masked by the narrowed cardiac cycle
duration).

In summary, data from our present study revealed that the
chemical chaperon TUDCA may ameliorate high fat diet-induced
cardiomyocyte contractile and intracellular Ca”" anomalies. The
cardioprotective effects of the ER chaperone may be associated
with improved insulin and AMPK signaling, alleviated phosphor-
ylation of the negative regulators for insulin signaling including
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JNK and IRS-1 (serine) and preserved mitochondrial integrity.
These findings should shed some lights on the therapeutic
implication of chemical chaperons in the management of
pathological conditions where ER stress is abundant.
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