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Abbreviations

AERP, atria effective refractory period; AG, aminoguanidine; AGE, advanced glycation end product;
AH, atrio-His bundle conduction interval; APA, action potential amplitude; APD2s, s0, 90, action
potential duration measured at 25, 50 and 90% repolarization; AVNERP, AV nodal effective
refractory period; BCL, basic cycle length; dP/dtma and dP/dtyin, maximal rate of rise and fall of LV
pressure; HPFRP, His-Purkinje system functional refractory period; HV, His-ventricular conduction
interval; IACT, interatrial conduction time; Ica., L-type Ca®* current; Ix1, inward rectifier K* current;
lss, steady-state outward K* current; Iy, transient outward K* current; LV, left ventricle; LVDP,LV
developed pressure; LVEDP, LV end-diastolic pressure; LVESP, LV end-systolic pressure; NCX,

Na'-Ca®* exchanger; PLB, phospholamban; RAGE, AGE receptor; RMP, resting membrane
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potential; RyR2, ryanodine receptor Ca?* release channel, SA, stimulus-atrial conduction interval;
SERCA, sarco(endo)plasmic reticulum Ca'-ATPase; STZ, streptozotocin; VERP, ventricular
effective refractory period;Vmax, maximal upstroke velocity of action potential; WCL, Wenckebach

cycle length.
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Abstract

Diabetic patients with cardiomyopathy show a higher incidence of arrhythmias and sudden death.
Chronic hyperglycemia induces the formation of advanced glycation end products (AGEs), which
contribute to the pathogenesis of diabetic cardiomyopathy. This study investigated whether
inhibition of AGEs formation by aminoguanidine (AG) could prevent the cardiac
electromechanical and arrhythmogenic remodeling in diabetes mellitus. Streptozotocin-induced
diabetic rats receilved AG (100 mg/kg daily, 1P) or vehicle (normal sdline, IP) for 5 weeks. Rats
underwent hemodynamic recording to evaluate cardiac function, and heart preparations were used to
determine the electrical, mechanical and biochemical functions. In vitro high glucose-induced AGES
formation, reactive oxygen species (ROS) generation, and action potential changes were examined in
HL-1 atria cells. AG treatment improved the diabetes-induced depression in left ventricular pressure
and the relaxation rate and normalized the prolongation of QTc intervasin anesthetized rats. AG reduced
the vulnerabilities to atrial and ventricular tachyarrhythmias in perfused diabetic hearts. AG normaized
the prolonged action potential duration in diabetic atrial and ventricular muscles which was correl ated
with the restoration of both transient outward (I;,) and steady-state outward (Iss) K™ current densities in
cardiomyocytes. The abnorma kinetics of Ca* transients and contraction were reversed in
cardiomyocytes from AG-treated diabetic rats, dong with pardld preservation of sarco(endo)plasmic
reticulum Ca’*-ATPase (SERCA2a) expression. Furthermore, ex vivo and in vitro studies showed AG
attenuated AGEs and ROS formation. Thus, long-term administration of AG ameliorated cardiac
electromechanica remodeling and arrhythmogenicity in diabetic rats and may present an effective

strategy for the prevention of diabetes-associated arrhythmias.
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I ntroduction

Diabetes mellitus (DM) is associated with an increased risk of cardiovascular morbidity and
mortality, much of which stems from cardiomyopathy, a unique disease that can progress towards
overt heart failure independent of vascular complications (Bugger and Abel, 2014). Diabetic
cardiomyopathy, which can occur in both type 1 and type 2 diabetes even with good glycemic
control, is characterized by early-onset diastolic and late-onset systolic dysfunction, as well as ECG
abnormalities such as QT prolongation and dispersion (Veglio et d., 2004; Huynh et al., 2014). Such
ECG changes may increase the incidence of life-threatening ventricular arrhythmias and sudden
death (Veglio et d., 2004). Diabetes is aso associated with an increased incidence of atria fibrillation
(Movahed et d., 2005). There is emerging evidence to suggest that defects in intracellular ca®*
homeostasis can contribute to myocardial mechanical and electrical dysfunction (Bugger and Abel,
2014). As a consegquence, agents that restore the normal electrical and ca®* handling properties
may represent a useful approach for the prevention of these lethal complications.

Diabetes triggers a number of signaling pathways that lead to the development of
cardiomyopathy (Bugger and Abel, 2014). Chronic hyperglycemiais associated with the formation of
AGEs, which are biochemica end products of non-enzymatic glycosylation that contribute to diabetic
complications (Norton et a., 1996; Brownlee, 2001). Growing evidences suggest that targeting
AGEs accumulation may constitute a potential strategy for prevention of cardiomyopathy
(Yamagishi et al., 2008; Bodiga et a., 2014). AGEs cause damage to cells, possibly by means of
protein modification or interactions with AGE receptors (RAGES), generating reactive oxygen species
(Brownlee, 2001; Bodiga et al., 2014). Oxidative stress plays a crucial role in the pathogenesis of
diabetic complications (Huynh et d., 2014), and is a known mgor modulator of cardiac K" channels.
Under diabetic conditions, the transient outward K* current (ly) density in cardiac cdls is
down-regulated by oxidative stress (Li et a., 2005) and is augmented following relief of this stress.

Modulation of redox signaling is thus an attractive strategy for preventing diabetic cardiac remodeling
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(Huynh et d., 2014).

Aminoguanidine (AG), a nucleophilic hydrazine compound, is the prototype and most
extensively studied inhibitor of AGEs formation (Brownlee et a., 1986). AG inhibits AGEs
formation via trapping of reactive carbonyl intermediates and hence preventing modification of
nucleophilic residues in proteins. AG also acts as an inhibitor of inducible NO synthase (Corbett et
al., 1992) and as an antioxidant (Giardino et a., 1998). AG-mediated inhibition of the cross-linking
of AGEs on collagen molecules has been shown to retard diabetes-associated myocardia stiffness and
the decrease in myocardial compliance (Norton et al., 1996). AG therapy has been reported to prevent
diabetic cardiac hypertrophy by blocking protein carbonylation (Stadler et al., 2005), and to attenuate
contractile dysfunction either by inhibiting the accumulation of AGEs in the arterid wal (Wu et dl.,
2008) or by decreasing AGEs-induced microtubule stabilization in the myocardium (Yuan et d.,
2015). Although these results suggest a potentid role for the AGEs inhibitor for prevention of diabetic
cardiovascular complications, the effect of this intervention on diabetes-induced cardiac
electromechanical and arrhythmogenic remodeling remains unknown. In this study, we
comprehensively investigated the effects of long-term AG treatment on the status of cardiac
mechanical function and associated Ca”* handling, as well as electrophysiologica and

arrhythmogenic propertiesin STZ-induced diabetic rats.

Materials and M ethods

Animal preparation.

All experiments were approved by the Institutional Anima Care and Use Committee of Chang Gung
University and were performed in accordance with the Guide for the Care and Use of Laboratory Animas
published by the US Nationd Ingtitutes of Hedth (NIH publication No 85-23, 8th edition, revised 1996).
Mae Sprague-Dawley rats (BioLASCO Co., Taipe, Tawan) weighing 190-220 g, age 6 weeks,

received a single tail vein injection of STZ (65 mg/kg). STZ was freshly dissolved in 0.9% sdine
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containing 0.1 M sodium citrate, pH adjusted to 4.5. One week after STZ injection, animals that had at
least a 3-fold increase in fasting plasma blood glucose levels compared to pre-injection levels were
classfied as diabetic. Blood glucose level was determined by using a digital glucometer and test strips
(Ascensia ELITE®, Bayer HedthCare AG, Leverkusen, Germany). Rats injected with comparable
volumes of citrate-buffered saline served as nondiabetic controls. Diabetic and control rats were received
either AG (100 mg/kg dally, IP) or vehicle (sdine, IP), respectively, for 5 weeks in an identica fashion.
Rats were housed in a 12-h light/dark cycle anima room and were allowed free access to standard chow

and water.

Hemodynamic and electr ocar diogram measur ements.

After the 6-week experimental period, the rats were anesthetized with urethane (1.25 g/kg, IP).
Blood pressure was measured by inserting a polyethylene cannula into the femora artery and
connecting it to a pressure transducer with a bridge amplifier. Lead 1| ECGs were recorded by a
biological amplifier. A 1.9F microtip catheter (Scisense, ON, Canada) connected to a
pressure-volume conductance system (896B, Scisense) was used to measure left ventricular (LV)
pressure. Output signals from these amplifiers were connected to an ACQ16 acquisition system (DSl

Ponemah, OH, USA), and were computed using an analysis program (P3 Plus 4.80-SP4; DSI Ponemah).

Histological analysis.

The atrial and ventricular sections (5 um thickness) were stained with Masson’s trichrome and
viewed under a light microscope (200x amplification; Axio Observer Z1, Carl Zeiss, Germany). The
fraction of intergtitial fibrosis area was quantified on 5 fields per dice for each heart using Image-Pro

Premier 9.0 (Media Cybernetics, MD, USA).

Electrophysiological studiesin perfused hearts.
Rats were sacrificed after the completion of hemodynamic recordings. The heart was quickly
excised, mounted on a Langendorff perfusion apparatus, and retrogradely perfused at a rate of 6

ml/min/(g cardiac tissue) with oxygenated (95% O, and 5% CO,) norma Tyrode’s solution
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[composition (mM): 137 NaCl, 5.4 KCl, 1.1 MgCl;, 11.9 NaHCOg, 0.33 NaH2PO4, 1.8 CaCl, and 11
dextrose] at 37°C as described previously (Chang et al., 2014). A 1.2F octapolar EP catheter
(Scisense) was used to record the His bundle electrogram, and the other platinum electrode was used
to record epicardia ventricular signals. To pace the atrium and ventricle, one pacing electrode was
placed on the right atrium and the 2™ was placed on the right ventricular apex. Pacing stimuli (1-ms
duration, twice-threshold voltage) were delivered by a programmable stimulator (DTU 215; Fischer
Imaging, Denver, CO, USA). The signas were continuously recorded on a chart recorder
(WindowGraf, Gould Inc., Cleveland, OH, USA), and digitized smultaneously with a data
acquisition system (IWX/214, iWorx, Dover, NH, USA). The right atrium was then paced at a
constant rate which was dlightly faster than the spontaneous heart rate. At this constant rate pacing,
theintra-atrial (SA), AV nodal (AH) and His-ventricular (HV) conduction intervals, and QT interval
were measured. Incremental right atrial pacing was used to determine the Wenckebach cycle length
(WCL), at which the 1:1 AV conduction was lost. Atrial premature extra-stimulation (Sz) after atrain
of constant rate atrial pacing (S1S1) for 8 beats was then performed to obtain the refractory periods of
the atria, AV node, and His-Purkinje system. The ventricular effective refractory period (VERP) was
determined using a ventricular extra-stimulation study protocol.

Atrial tachyarrhythmia was induced with 1-s burst pacing (a train of 100 square wave pulses, 1
ms in duration at a frequency of 100 Hz) after 8 regularly paced stimuli (S;) at 200-ms pacing cycle
length and 5x diastolic threshold. Ventricular tachyarrhythmia was evoked by programmed eectrica

extrarstimulation. An arrhythmia scoring system was used as described (detalsin Supplemental material).

Electrical measurements on cardiac muscles.

The left atrial strips or LV papillary muscles were superfused at a rate of 20 ml/min with
oxygenated normal Tyrode’s solution, and were stimulated with 1.5x threshold strength pulses (pulse
duration: 1 ms) through platinum field electrodes (Chang et al., 2014). Transmembrane potentials

were recorded using an Axoclamp 2B amplifier (Molecular Devices, CA, USA).
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M easurements of Ca?* transient and cell shortening.

Single cardiomyocytes were isolated using a modification of the enzymatic dissociation
procedure previously described (Chang et al., 2014) (detals in Supplementary Materials and
Methods). Intracellular Ca®* transients were measured by fura-2 fluorescence at room temperature
(25-27°C) as described previously (Chang et a., 2014). Cytosolic loading of fura-2 was achieved by
incubating cardiomyocytes with 5 uM fura2-AM and 2% Pluronic F-127 for 30 min at room
temperature. After washing out the excess fura-2-AM, the loaded myocytes were transferred to 1.8
mM Ca* containing buffer and were stimulated by 2-ms square wave pulses with a voltage
approximately 30%-40% above the threshold, at a frequency of 1 Hz. The cellswereilluminated at a
wavelength of 340 or 380 nm using a RaioMaster fluorometer system (PTI-HORIBA Scientific, NJ,
USA). The ratio of the fluorescence signal (Fas/Fas) Was used as the indicator of intracellular Ca®*
concentration. Cell shortening was measured simultaneously with a video edge-detection system
(Crescent Electronics, Sandy, UT, USA). Caffeine-induced Ca®* transients were evoked by rapidly
bath application of 10 mM caffeine 10 s after stopping field stimulations of the myocytes with

electrical pulses (for 20 s at 1-Hz frequency) to ensure stable SR Ca?* load.

Western blot analysis.

Western blotting was performed to measure the expression of various proteinsin LV samples or
HL-1 cells using primary antibodies against ryanodine receptor Ca®* release channel (RyR2)
(Thermo Fisher Scientific, MA, USA), SERCAZ2a (Badrilla, Leeds, UK), phospholamban (PLB)
(Badrilla), phosphorylated pSer'®-PLB (Millipore, CA, USA), Na'/Ca’* exchanger (NCX1) (Santa
Cruz Biotech, CA, USA), AGE (TransGenic, Fukuoka, Japan), or RAGE (Abcam, MA, USA). The
blot probed with GAPDH (Santa Cruz) or tubulin antibody (Santa Cruz) was used as an internal

control. Details are described in Supplemental material.

Detection of NADPH-dependent superoxide production by chemiluminescence.

Generation of superoxide was estimated in fresh LV tissue (approximately 2 mg) with
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lucigenin-enhanced chemiluminescence using a luminometer (Plate CHAMELEON, Hidex, Finland)
as previoudy described (Yeh et al., 2016). Photon outputs were measured after addition of lucigenin (5
uM) and NADPH (100 puM). Chemiluminescence data were recorded from 5 tissues for each heart and

normalized to the dry weight of tissues.

In vitro transfection of small interfering (s)) RNA.

HL-1 atrial myocytes in 4-well dishes were transfected with chemically synthesized SSIRNAs for
RAGE, or its control SRNA (200 nM/well; Dharmacon Lafayette, CO, USA) for 48 h prior to cell
treatment using DharmaFECT 1 (Dharmacon) according to the manufacturer’s instructions (Yeh et al.,

2016). The on-target SSIRNA-smart pool included four sequences.

Detection of intracellular reactive oxygen species (ROS).

Intracellular ROS generation in HL-1 cells was measured using cell-permeable fluorescent dyes
[2, 7-dichlorodihydrofluorescein diacetate (DCF-DA) or dihydroethidium (DHE)] at a concentration
of 10 uM (Yeh et a., 2016). The ROS-mediated fluorescence was observed under a confocal
microscope (Leica TCS SP2, Wetzlar, Germany) with excitation using a 488-nm argon laser.
Emission was recorded using a long-pass > 530-nm filter set to acquire two-dimensiona images (512

x 512 pixels).

Whole-cell patch-clamp recording.

lonic currents were recorded in LV or atrial myocytes at room temperature (25-27°C) using the
whole-cell patch-clamp configuration (pipette resistance of 2-5 MQ) as previously described (Chang
et a., 2014). Action potentials of single HL-1 cells were recorded in the current-clamp mode at arate
of 1 Hz. Membrane currents and potentials were recorded using an integrating patch clamp amplifier
(Axopatch 200B, Molecular Devices). Command pulses were generated by a 16-bit Digidata 1320A
D/A converter (Molecular Devices) controlled by pCLAMP8.0.2 software (Molecular Devices). Data
acquisition and analysis were performed using the Clampex and Clampfit module of pCLAMP

software, respectively. Recordings were filtered at 10 kHz and acquired at 100 kHz. After forming
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the whole-cell recording configuration, a capacitive transient induced by a 10 mV step from a
holding voltage of 0 mV was recorded and used for the calculation of cell capacitance. Series
resistance was in the range of 4-6 MQ and was compensated by 60% to 80%. Solution contents and

pulse protocols for recording of specific ionic current are described in Supplemental material.

Chemicals.

All chemicals used were purchased from Sigma-Aldrich (St Louis, MO, USA) except for
fura2/AM and Pluronic F127 were purchased from Molecular Probes (Eugene, OR, USA).
Fura-2/AM and Pluronic F127 were dissolved in dimethylsulfoxide (DMSO). Other drugs were

dissolved in physiological saline before the start of the experiment.

Statistical analysis.

Data are expressed as the means + SEM. Statistical analysis was carried out by one-way
ANOVA followed by post-hoc Tukey’s test for multiple comparisons. P < 0.05 was considered
statistically significant. Sigmaplot 12.0 (Systat Software, Inc., Chicago, IL, USA) was used for

fitting data with Boltzmann or other user-defined functions.

Results

General features of experimental animals.

During the sixth week after STZ injection, vehicle-treated diabetic rats had markedly lower
body weight and higher fasting blood glucose levels compared with the age-matched nondiabetic
controls. There was no significant change in body weight gain or blood glucose levels in either the
diabetic or control group after AG administration for 5 weeks (Table 1). Diabetes was associated
with lower LV weight (LVW) and heart weight (HW) that were attributable to lower body weight
(BW). AG-treated diabetic rats showed a significant decrease in LVW and HW, but did not differ
significantly in BW from the untreated diabetic group. The atrial weight (AW)/BW, LVW/BW, and

HW/BW ratios in the diabetic rats were significantly higher compared with those of nondiabetic
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controls, and were reduced by treatment with AG (Table 1).

Representative left atrial and ventricular tissue sections from each group stained with Masson’s
trichrome are shown in Supplemental Fig. S1IA. The amount of fibrosis in both tissues, as a
percentage of perimuscular interstitial blue area (except muscle for each rat heart), was significantly
higher in the vehicle-treated diabetic group than in the control group (Supplemental Fig. S1, B and
C). There was a significant reduction in cardiac fibrosis in AG-treated rats compared with their

vehicle-treated diabetic counterparts.

Effects of AG on hemodynamic and electrocar diographic indices.

Diabetic rats had significantly decreased heart rate, LV end-systolic (LVESP) and developed
pressure (LVDP), and maximal rate of rise (dP/dtmax) and fall (dP/dtmin) of LV pressure compared to
nondiabetic controls. Diabetic rats also showed increased end-diastolic pressure (LVEDP) and
relaxation time constant (Tau) of LV. AG-treated diabetic rats exhibited improved LVESP, LVDP,
and relaxation Tau (Fig. 1A; Table 1), and also showed a trend towards higher LV dP/dtn. and
dP/dtmin, and lower LVEDP, but heart rates were not affected. AG administration significantly
attenuated the prolongation of the QTc interval (P < 0.001) in diabetic rats (Fig. 1A, Table 1). Other
parameters were similar in al groups. AG treatment had no significant effect on any measured

parameters in nondiabetic controls.

Effects of AG on theintracardiac conduction system.

Langendorff-perfused diabetic hearts had longer basic cycle length (BCL), QT intervals and
refractory periods of the atrium (AERP), AV node (AVNERP), His-Purkinje system (HPFRP) and
ventricle (VERP) compared with nondiabetic controls (Fig. 1B; Table 2). No changes in other
parameters were observed in any group. Administration of AG significantly prevented the
prolongation of the QT interval, AERP, HPFRP, and VERP in diabetic hearts. However, AG-treated

diabetic rats showed a nonsignificant trend towards shorter BCL and AVNERP.

Effects of AG on susceptibility to atrial and ventricular tachyarrhythmias.
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Only asmall number of atria tachyarrhythmias (AT) were induced in control hearts. In contrast,
the same stimulation induced a much longer duration of AT in diabetic hearts, along with a wide
range in the values of this parameter (Fig. 2, A and B). The interatrial conduction time (IACT) was
significantly longer in diabetic hearts than in controls (Fig. 2C). AG administration significantly
reduced the duration of AT with normdization to IACT in diabetic hearts but did not affect the AT
vulnerability and IACT in the control group.

Representative recordings of the induction of ventricular tachyarrhythmias are shown in Fig.
2D. Control rats with or without AG treatment had very low arrhythmia scores (Fig. 2, D and E). In
contrast, the inducibility quotient was significantly higher in diabetic hearts vs. controls and was

decreased by AG treatment.

Effects of AG on action potential characteristicsin ventricular and atrial tissues.
Representative recordings of ventricular action potentials during stimulation at 1 and 4 Hz are
shown in Fig. 3A. The diabetic group had significantly prolonged action potential durations at the
25%, 50% and 90% repolarization levels (APD2s, APDsp, and APDgg) at all pacing frequencies
tested (0.5 to 4 Hz) compared with those of the control group (Fig. 3, A and B). The maximal
depolarization velocity (Vimax) Was lower in diabetic muscles compared to that of controls at each
frequency (Fig. 3B). Administration of AG attenuated the prolongation of APD and decreased Vpmax
in diabetic rats, but had no effect in the control group. Other parameters were not affected by either
diabetes or AG treatment. Similar but smaller changesin APD and Vi Were aso observed in atrial
strips from diabetic rats (Supplemental Fig. S2). AG attenuated the prolongation of APDsy and
APDg and depression of Vma, and aso tended to attenuate the prolongation of APDys in the

diabetic group.

Effects of AG on cell shortening and relengthening, and Ca?* transientsin cardiomyocytes.
Diastolic cell lengths were smaller in LV myocytes from the diabetic group treated with

vehicle or AG. Diabetic myocytes had significantly prolonged time-to-peak shortening and
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time-to-50% relengthening, and showed a trend towards smaller fractional shortening compared
with those of controls (Fig. 4, A and C). Fura-2 fluorescence data showed that diabetic myocytes
displayed higher diastolic Ca?* transient levels associated with longer times to peak and decay times
of the Ca®* transient than did controls (Fig. 4, A and B). In parallel with the fractional shortening,
diabetic myocytes also showed a trend towards lower Ca’* transient amplitude. AG administration
significantly reversed the abnormal kinetic parameters of cell shortening/relengthening and Ca*
transients in diabetic myocytes. None of these parameters changed in the AG-treated control
myocytes. Similar results on the basic properties of Ca®* transients and cell contraction were
observed in atrial myocytes from various groups (Supplementa Fig. S3). However, the amplitude of
Ca”" transients was significantly lower in the diabetic group compared to the controls,

To assess the sarcoplasmic reticulum (SR) Ca?* content, we rapidly applied caffeine (10 mM)
10 s after cessation of electrical stimulation (Fig. 5). LV myocytes from diabetic rats had a tendency
towards a smaller caffeine-induced Ca®* transient amplitude, together with a markedly longer decay
time constant compared with those of the controls. AG treatment partially attenuated the prolonged

decay time in diabetic myocytes.

Effects of AG on the expression of Ca*" handling proteins.

There was a significant decrease in the expression of SERCA2a protein in LV tissues from
diabetic rats compared to the nondiabetic control group, whereas PLB (total and phosphorylated),
RyR2, and NCX were unchanged (Fig. 6, A-E). AG administration significantly restored the
expression of SERCA2a but did not affect the levels of PLB, pSer'®-PLB, RyR2, and NCX in
diabetic tissues. AG treatment did not affect the expression of any protein tested in the control
group.

Effects of AG on AGEs accumulation and superoxide production in LV tissues.
There was a significant increase in the level of AGEs in LV tissues of diabetic rats, and this

was attenuated after AG treatment (Fig. 6F). AG had no effect on AGE levels in control rats. The
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NADPH-dependent superoxide production in LV tissues (10 rats per group) was evaluated using a
lucigenin-enhanced chemiluminescence technique and expressed as values relative to control group.
Diabetes induced a 1.75 + 0.09-fold increase in superoxide generation compared to controls (P <
0.001). AG treatment attenuated diabetes-induced superoxide production (1.29 £+ 0.14 fold, P < 0.05

vs DM+Veh group), but it did not affect the level in control rats (1.02 + 0.09 fold).

Effects of AG on high glucose (HG)-induced AGEs formation, oxidative stress, and APD
prolongation in HL-1 atrial cells.

To further explore the effect of AG on diabetes-induced AGEs and ROS production in vitro,
we treated HL-1 cells with HG (25 mM) to model the diabetic condition. Mannitol (19.4 mM) with
normal glucose (NG, 5.6 mM) was used in paralel to test whether the effect of high glucose was
simply due to changes in medium osmolality. Western blotting and fluorescence study showed that
HG incubation enhanced the AGEs and ROS production, and this increase was significantly
attenuated by AG (1 uM) treatment (Fig. 7, A and B). The increase of AGEs and ROS production
was not related to increased osmolality since mannitol did not affect this effect. In order to explore
the role of RAGE in AGEs-mediated effects, cells were transfected with SRNA-RAGE for 48 h to
silence RAGE, and then incubated with HG for 24 h. Knockdown of RAGE was confirmed by a
decrease in RAGE protein level. AG administration had no effect on RAGE expression either in
control or RAGE gene knockdown cells (Fig. 7C). Knockdown of the RAGE gene significantly
attenuated HG-induced production of ROS (Fig. 7D). AG treatment in control cells induced a
dlightly higher decrease in HG-induced ROS production compared to cells with RAGE gene
knockdown. Moreover, AG administration further decreased ROS production in RAGE gene
knockdown cells (Fig. 7D), which could be due to the less AGEs to interact with the residual

RAGE.

Effects of AG on high glucose (HG)-induced APD prolongation in HL-1 atrial cells.

To evaluate the effect of AG on the changes in APD under HG conditions and whether this
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effect was related to the AGE-RAGE pathway, the action potentials were recorded in HL-1 cells
incubated with NG or HG and in cells cultured in HG with or without RAGE gene knockdown as
described above. Electrophysiological features of murine HL-1 cells resemble those of primary
cardiomyocytes, with many typical ionic currents including Ina, I, Ica, @and the rapidly activating lx
(Ikr) (Yang et a., 2005). The APD was longer in cells cultured in HG compared in cells cultured in
NG (Fig. 8A and B). The prolongation of APD was partially attenuated by AG (1 uM) treatment
(Fig. 8, A and B). Incubation with mannitol had no effect on APD. Knockdown of the RAGE gene
alone attenuated the prolongation of APD in cells cultured in HG (Fig. 8C and D). AG treatment in
control (Con si) cells attenuated HG-induced prolongation of APD. AG administration further
tended to attenuate the prolongation of APD in RAGE gene knockdown cells cultured in HG (Fig.

8D).

Effects of AG on whole-cell K* currentsin cardiomyocytes.

The current densities of both I, and Iss were considerably smaller in LV myocytes isolated
from diabetic hearts compared with those from controls at each voltage. However, the inward
rectifier K* current (Ix1) density was not significantly changed in the diabetic group (Fig. 9, A-C).
AG treatment of the diabetic rats significantly restored densities of both I, and Iss. Neither Iy, nor
Iss density was altered following AG administration in the control group. Similar results in -V
relationships were observed in atrial myocytes isolated from animals in various groups
(Supplemental Fig. $4). The rate of decay of I, a each voltage in LV myocytes was not
significantly affected either by diabetes or by AG treatment (Fig. 9D).

The normalized conductance-voltage curves were calculated from the I, amplitude in Fig. 9B.
The estimated maxima |y, channel conductance (G, max) Was significantly smaller in diabetic LV
myocytes than in controls, and was partialy restored by AG treatment (Supplemental Table S1).
Neither diabetes nor AG treatment modified the steady-state activation curve, or made a significant

difference in the haf-activation potential (Vy) or slope factor (k) between the groups (Fig. 9E,
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Supplemental Table S1). The voltage-dependence of steady-state inactivation of It was measured
by a double-pulse protocol (Fig. 9F inset). Similarly, neither diabetes nor AG treatment significantly
altered the steady-state inactivation curve, and there was no difference in the haf-inactivation V;, or
k value between the groups (Fig. 9F; Supplemental Table S1).

To test the possibility that the decrease in |y, density is a change in the time-dependence of
recovery from inactivation, we studied the recovery properties of |y, using a paired-pulse protocol
(Fig. 9G inset). The results are shown in Fig. 9G, where the fraction of recovery current amplitude
Is reported as a function of recovery time. Fitting data with a monoexponential function of these

curves enables derivation of similar recovery time constantsin all groups (Supplemental Table S1).

Effects of AG on L-type Ca®* current (Ica) in LV myocytes.

Families of representative I, current traces from various groups are shown in Supplemental
Fig. S5A. The peak current density of Ic, at different membrane potentials is quantified in an 1-V
relation plot (Supplemental Fig. S5B). There were no significant differencesin |-V relation between
the control and diabetic groups at all voltages. There was also no significant difference in the time
course of the fast and slow components of Ic, inactivation. AG administration did not affect the
|-V curve and inactivation time courses in both the control and diabetic groups. Similarly, there
were no differences in the voltage-dependency of the steady-state activation and inactivation or in
the recovery from inactivation kinetics (Supplemental Fig. S5, C and D) of |5 among each group.

All the mean data are presented in Supplemental Table S1.

Discussion

The maor finding of this study is that treatment with AG, a prototype inhibitor of AGEs
formation, markedly protected against the electromechanical remodeling that leads to cardiac
dysfunction and arrhythmogenesis in diabetic rats. AG attenuated cardiac hypertrophy and fibrosis,

improved both diastolic and systolic function, attenuated abnorma Ca** handling and cell
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contraction kinetics, normalized the changes in the repolarization phase of action potentials, and
restored K™ currents in diabetic hearts, by primarily inhibiting AGEs and ROS formation.

Both diastolic and systolic dysfunction have been described in patients and experimental
animals with type 1 and type 2 diabetes (Bugger and Abel, 2014; Huynh et al., 2014). The present in
vivo study demonstrated that diabetes was associated with impaired ventricular relaxation and
depressed systolic performance. AG administration offered significant hemodynamic benefits
although it only mildly improved LV contractility (dP/dtyna). We aso observed that the most
significant changesin contraction and the Ca?* transient in diabetic cardiomyocytes were the increases
in rising and decay time, which characterize the most consistent hallmark of diabetic cardiomyopathy
(Choi et d., 2002; Yaras et a., 2005; Shao et al., 2007; Zhang et al., 2008). The initia global diastolic
dysfunction could be mainly related to impaired relaxation of myocytes, although mild LV fibrosis
could aso contribute. Intervention with AG could ameliorate these diastolic changes. Since the
amplitudes of Ca’* transients, SR Ca’* content, and shortening of diabetic LV myocytes were not
significantly impaired as reported previoudly (Ishikawa et d., 1999; Zhang et a., 2008), the systolic
dysfunction may not be simply attributable to defects of the myocytes. It is likely that myocyte
apoptosis (Sorrentino et al., 2017), which could be attenuated by AG treatment (Shi et al., 2013), as
well as other non-cardiomyocyte factors, may play a predominant role in the present stage of diabetes.

During the excitation—contraction coupling process, SR SERCAZ2a facilitates relaxation and
thereby makes Ca®* available for the next wave of contraction (Bers, 2002). Phosphorylation of
SERCA2a inhibitor, PLB, relieves the inhibitory effect exerted by PLB, which enhances C&?* uptake.
The unchanged I, observed in diabetic myocytes suggests that aterations in Ca?* handling are
mediated by altered SR release/uptake mechanisms. The increase in rising time of both the Ca®*
transient and contraction in diabetic myocytes may be partly due to the atered function and/or
expression of RyR2 on SR (Choi et a., 2002; Yaras et a., 2005). Our data showed no maor changes
in RyR2 expression in diabetic hearts, suggesting that the defect in RyR2 function, which may caused
by its cross-linking with AGEs (Bidasee et al., 2003), may be a contributory factor. Therefore,

18

¥20z ‘8T |udy uo sfeulnor 134SY e Bio'sjeuuno fiedse ed( wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on October 31, 2018 as DOI: 10.1124/jpet.118.252080
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#252080

AG-mediated restoration of RyR2 function is likely caused via inhibition of AGEs formation.
Diabetic heart is characterized by compromised function and expression of SERCA2a (Zhong et 4d.,
2001; Choi et al., 2002; Bidasee et a., 2004). Our current finding of an overt reduction in SERCA2a
protein despite unchanged levels of PLB could explain the diabetes-induced delayed Ca®* clearing and
relaxation. AG effectively normalized these atered kinetics partially mediated by the restoration of
SERCAZ2a levels or by attenuating AGEs formation and their subsequent cross-linking on SERCA2a
(Bidasee et a., 2004) or AGE-RAGE mediated activity (Petrova et al., 2002). We also found that the
decay rate of the caffeine-induced Ca* transient, which reflects the ability of Ca?* extrusion of NCX
(Sorrentino et al., 2017), was dower in diabetic myocytes, implying that despite normal expression,
NCX activity may be impaired, and this could be partialy restored with AG treatment. Overdl, AG
administration should be expected to prevent the disturbance of Ca®* homeostasis through the
restoration of function or expression of Ca®* handling proteins.

The important role of AGE-RAGE axis in diabetic cardiomyopathy has been reveded in RAGE
gene-knockdown diabetic mice (Ma et al., 2009). The interaction of AGEs and RAGE may activate a
diverse array of signals associated with increased oxidative stress and inflammation, and impaired
Ca’™" homeostasis (Brownlee, 2001; Bodiga et al., 2014). In cultured HL-1 cells, we demonstrated that
HG enhanced formation of AGESs as well as ROS production, which isin line with the findings from
in vivo diabetes. Increased ROS production could be attenuated by knockdown of the RAGE gene or
by AG treatment, suggesting that interaction of AGEs with RAGE could trigger this response. Similar
mechanism could explain why the restoration of prolonged APD by AG was mimicked by knockdown
of the RAGE gene in HG-cultured cell model. On the other hand, RAGE activation has been shown to
enhance NO production and cell damage by upregulation of INOS (Sumi and Ignarro, 2004; Hegab et
al., 2017). However, a previous study showed no increase in NO production in STZ-induced diabetic
rat heart (Stadler et a., 2005), implicating that the protective effect of AG in diabetic heart may not
necessarily dueto iNOS inhibition.

Our results showed a substantial prolongation in APD in diabetic atriad and ventricular
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preparations as reported previousy (Pacher et a., 1999; Howarth et a., 2009). The longer QTc
interval and VERP in diabetic rats was closely correlated with the longer ventricular APD.
Lengthening of the APD in diabetes results mainly from a decrease in I, and, to alesser extent, Iss
and/or delayed outward K" current (Ik) (Jourdon and Feuvray, 1993; Wang et d., 1995; Li et d.,
2005). Our study confirmed a depression of I, and Iss densities in diabetic myocytes. The
decrease in peak |y, density could result from either a lower dendity of |, channels (Qin et al., 2001,
Howarth et al., 2009) or from modified properties of single channels—or both. Since we found no
significant changes in the kinetics of activation, inactivation, or recovery of Iy, the former possibility
seems to be more likely. The most innovative finding of our study is that AG treatment markedly
normalized the prolonged QT interva and APD in diabetic rats, mainly through the restoration of 1, and
Iss dengties possibly by attenuating ROS production. Our cultured cell study further reinforce the
notion that the AGE-RAGE-ROS axis may involved in the HG-induced remodeling of APD, dthough
other pathways such as glycosylation of K™ channels should also be considered. We and others (Yaras
et a., 2005; Shao et a., 2007) dso found no significant differences in densities or any kinetic
properties of Ic, between the control and diabetic groups, which exclude its putative role in the
prolongation of APD. Additionally, AG improved the diminished Vi in diabetic cardiac muscles,
which could partially explain the restorations of myocardial refractoriness and interatrial conduction
function.

Previous studies showed that delayed atrial conduction and increased fibrotic deposition in the
atria play a magor role in promoting atrial tachyarrhythmias in diabetic rats (Kato et a., 2006).
Recently, Watanabe et a. (2012) suggested that the increased spatial dispersion and alternans of atrial
APD may also be key mechanisms. Our study showed that the interatria conduction time and AERP
were significantly longer, and were combined with interstitial fibrosis in diabetic rat hearts. Since
moderate AERP prolongation seemed to be a factor against arrhythmogenesis, our results implied that
the prominent conduction delay may be a mgjor substrate for atria tachyarrhythmias. Furthermore,
the longer APD in diabetic atrial and ventricular preparations may produce early after-depolarizations
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(Lacombe et a., 2007), while the abnormal subcellular Ca®* handling may predispose to delayed
after-depolarizations, both of which may further promote arrhythmogenic triggered activities. Thus,
we suggest that AG attenuates arrhythmogenic vulnerabilities, presumably via the prevention of
abnormal structural remodeling, conduction velocity, AP duration, and Ca?* handling.

Under hyperglycemic settings, the accelerated accumulation of AGES in tissues plays an
important role in the pathogenic process of diabetes and its complications. Moreover, the levels of
plasma AGEs reflect the severity of the diabetic complications and independently predict mortality or
hospitalization for diabetic patients compromised with heart failure (Willemsen et d., 2012). Thus,
intervention with AG aimed at decreasing AGEs should confer clinical relevance and would be a
novel approach to prevent the AGEs-mediated electrical and Ca&®* handling disorders in diabetic
patients. By using a low to moderate dosage of AG (100 mg/kg/day), which was adopted from that
used in experimenta studies (range: 25-500 mg/kg/day), a beneficial anti-remodeling effect was
achieved in our diabetic rat model. Much lower doses (~25-50-fold lower) recommended for use in
humans should be expected according to the consideration scale phenomenon (Mordenti et al., 1986).
Effective and tolerated dosage levels for AG in management of patients with diabetic cardiomyopathy
still need to be determined.

In summary, this study presented the first evidence that chronic administration of AG normalizes
the electrical remodeling of the diabetic heart by restoring the diminished K* current density, and
resolves mechanica dysfunctions by restoring the altered kinetics of Ca®* handling and structural
remodeling. AG-mediated attenuation of the atrial and ventricular arrhythmogenicities may be
primarily attributed to its anti-remodeling effects. There remains a lack of choice of therapies for
managing the remodeling specificaly in diabetic heart. Our findings provide insights into the novel
mechanisms underlying the cardioprotective action of AGEs-formation inhibitors, and have important

implications for preventing the diabetes-related cardiac dysfunction and arrhythmias.
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L egendsfor figures

Fig. 1. In vivo left ventricular (LV) performance and ECG recordings in anaesthetized rats and ex
vivo conduction electrogram recordings in isolated hearts. (A) Representative traces of LV pressure
(LVP), thefirst derivative of LVP (dP/dt), and lead 11 ECG recorded from control (Con) and diabetic
(DM) rats with vehicle (Veh) or AG treatment. (B) Representative His bundle (HBE) and ventricular
(VE) eectrograms of Langendorff-perfused hearts from various groups. Electrograms were recorded
at an atrial pacing cycle length of 200 ms. A, atrial depolarization; H, His bundle depolarization; S,

stimulation artifact; T, ventricular repolarization; V, ventricular depolarization.

Fig. 2. Susceptibility to atrial and ventricular tachyarrhythmias in Langendorff-perfused hearts from
control (Con) and diabetic (DM) rats with vehicle (Veh) or AG treatment. (A-C) Susceptibility to
atrial tachyarrhythmias (AT). (A) Representative electrograms from control and diabetic groups
treated with vehicle or AG following 1-s burst atrial pacing at a basic pacing cycle length of 200 ms.
(B and C) Summary data of duration of AT and inter-atrial conduction time (IACT), respectively. The
number of hearts in each group is indicated in parentheses. (D and E) Susceptibility to ventricular
tachyarrhythmias (VT). (D) Examples of epicardial electrograms showing the severity of VT in
different groups. Polymorphic ventricular tachycardia could be induced by one extra-stimulus ($:S;
of 30 ms) in the heart from a diabetic rat, whereas more extra-stimuli (S-S;) failed to induce
arrhythmia in the hearts from Con+Veh, Con+AG, and DM+AG group. $;$,, $;S3, and S3S, interval
al of 30 ms. (E) Inducibility quotient of ventricular tachyarrhythmias in various groups. Vaues are

means + SEM. *P < 0.05 and **P < 0.01 vs. Con+Veh group. 1P < 0.05 and {P < 0.01 vs. DM+Veh

group.

Fig. 3. Rate-dependence of action potential (AP) recorded in left ventricular papillary muscles from

control (Con) and diabetic (DM) rats with vehicle (Veh) or AG treatment. (A) Representative AP
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traces recorded at 1 and 4 Hz from various groups. (B) Effects of increased stimulus frequency (0.5-4
Hz) on AP duration (APD) at 25%, 50% and 90% repolarization levels, AP amplitude, maximal
depolarization velocity (Vmax), Or resting membrane potential (RMP) in various groups. Values are
means + SEM. *P < 0.05, **P<0.01, and #P < 0.001 vs. Con+Veh group. TP < 0.05, P < 0.01 and

$P < 0.001 vs. DM+Veh group.

Fig. 4. Intracellular Ca®* transients and contractile properties of LV myocytes isolated from hearts of
various groups. (A) Representative Ca’* transients (fura-2 fluorescence ratio Faso/Fago, upper panel)
with fitted curves and cell-shortening (lower panel) traces recorded during field stimulation at 1 Hz.
(B and C) Intracellular Ca?* transient (B) and contraction (C) properties of myocytes isolated from
Con+Veh (n = 40 myocytes/5 rats), DM+Veh (n = 52/8), Con+AG (n = 53/7) and DM+AG (n = 39/7)
groups. Values are means + SEM. *P < 0.05, **P < 0.01, and #P < 0.001 vs. Con+Veh group. TP <

0.05, 1P < 0.01 and $P < 0.001 vs. DM+Veh group.

Fig. 5. Caffeine-induced Intracellular Ca®* transients of LV myocytes isolated from hearts of various
groups. (A) Representative tracings of caffeine-induced Ca®* transients. Myocytes were first
stimulated at 1 Hz and caffeine (10 mM) was rapidly applied 10 s after cessation of electrical
stimulation. (B and C) Bar graphs showing the averaged data of the amplitude and decay time
constant (1) of the caffeine-induced Ca’* transients in myocytes from Con+Veh (n = 24 myocyte/5
rats), DM+Veh (n = 29/7), Con+AG (n = 33/7) and DM+AG (n = 23/6) groups. Values are means +

SEM. #P < 0.001 vs. Con+Veh group. 1P<0.05 vs. DM+Veh group.

Fig. 6. Western blot analysis of SERCA2a (A), PLB (B), pSer'®-PLB (C), RyR2 (D), NCX (E), and
AGE (F) expression in LV tissues from control and diabetic rats treated with vehicle or AG. The same
blot of each target protein was probed with GAPDH antibody as an internal control. Bars represent
means + SEM of 14, 14, 14, 13, 11 and 10 hearts in each group for the study of SERCAZ2a, PLB,
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pSer’®-PLB, RyR2, NCX, and AGEs respectively. All measurements were normalized to the protein

levels of GAPDH in each blot. #P < 0.001 vs. Con+Veh group. P < 0.01 and $P < 0.001 vs. DM+Veh

group.

Fig. 7. Effects of AG on high glucose (HG)-induced AGEs formation and ROS production (A-B) and
effects of RAGE knockdown on HG-induced ROS production (C-D) in HL-1 cells. (A and B): (A)
Western blot analysis of AGE expression in myocytes incubated with norma (NG, 5.6 mM), high
glucose (HG, 25 mM), or mannitol (Man; 19.4 mM mannitol with 5.6 mM glucose, the osmotic
control) for 24 h and subsequent treatment with vehicle or 1 uM AG for the last 12 h. The same blot of
the target protein was probed with tubulin antibody as an internal control. All measurements were
normalized to the levels of tubulin in each blot. The relative expression level was normalized to that of
NG+vehicle group. Each value represents the means + SEM of five independent experiments. (B)
Intracellular ROS production was measured by DCF-DA (cytoplasm staining) or DHE (nucleus
staining) fluorescent dye using confocal microscope (left panel) in cells treated with the identica
conditions as in panel (A) Relative fluorescence density was quantified (right panel). Each value
represents the means + SEM of five independent experiments. *P<0.05, **P < 0.01, and #P < 0.001 vs.
NG+Veh group. TP < 0.05 and $P < 0.001 vs. HG+Veh group. (C and D): (C) After transfected with
indicated SSIRNA for 48 h, cells were incubated with HG for 24 h and subsequent treatment with
vehicleor 1 uM AG for the last 12 h, the expression of RAGE and tubulin was evaluated by Western
blotting (upper pand). The relative expression level was normalized to the level of control SRNA
(Con si) group. Bars represent means £ SEM of five independent experiments in each group. (D)
Intracellular ROS production was measured by DCF-DA or DHE (left panel) in cells with conditions
as in pand C. Reative fluorescence density was quantified (right panel). Each value represents the
means + SEM of five independent experiments. * P<0.05, **P < 0.01, and #P<0.001 vs. HG+Con s

group. 1P < 0.01 vs. HG+RAGE s group.

31

¥20z ‘8T |udy uo sfeulnor 134SY e Bio'sjeuuno fiedse ed( wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on October 31, 2018 as DOI: 10.1124/jpet.118.252080
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#252080

Fig. 8. Effects of AG on high glucose (HG)-induced AP remodeling (A-B) and effects of RAGE
knockdown on HG-induced AP remodeling (C-D) in HL-1 cells. Cells were treated as the same
conditions shown in Fig. 7. (A and B): (A) Representative AP traces recorded at 1 Hz from cells
incubated with normal glucose (NG, 5.6 mM glucose), HG (25 mM glucose) or mannitol (Man, 19.4
mM mannitol with 5.6 mM glucose) with vehicle (Veh) or AG (1 uM) treatment. (B) Averaged AP
duration (APD) at 50% and 90% repolarization levelsin various groups. Bars represent means + SEM
of 8 cells in each group. *P<0.05 and #P < 0.001 vs. NG+Veh group. P < 0.05 and {P < 0.01 vs.
HG+Veh group. (C and D): (C) Representative AP traces recorded at 1 Hz in control (Con si) or
RAGE knockdown (RAGEsi) cells incubated with HG with or without AG treatment. (D) Averaged
APD at 50% and 90% repolarization levels in various groups. Bars represent means + SEM of 8 cells

in each group. *P<0.05, **P < 0.01, and #P<0.001 vs. HG+Con s group.

Fig 9. Whole-cell K™ currents recorded in LV myocytes from control and diabetic rats treated with
vehicleor AG. (A) Representative normalized K™ current traces in myocytes from Con+Veh (227 pF),
Con+AG (236 pF), DM+Veh (223 pF), and DM+AG (165 pF) rats. (B) Average current
density—voltage (I-V) relationships of I, and Iky peak currents. I, was measured as the difference
between the peak current and the steady-state current at the end of the pulse. (C) Average |-V
relationships of Iss current. Iss was measured as the steady-state current at the end of the pulse. (D)
Voltage-dependent decay kinetics of I, from various groups. Data were obtained by fitting with a
monoexponentia function. (E and F) Steady-state activation (E) and inactivation (F) curves of Iy in
LV myocytes from various groups. The activation curves were derived using |-V curves shown in
panel B. Steady-state inactivation was examined with a double-pulse protocol (inset). The relative
peak amplitudes of Iy, were plotted against prepulse potentials. Smooth lines represent the fit of a
Boltzmann function to the data. (G) Fractional recovery (ltest puse/lprepuise) Of lto from inactivation
plotted as a function of recovery time in myocytes from various groups. Recovery of |, was
determined with the paired-pulse protocol as shown in the inset. Smooth lines represent the fit of a
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monoexponentia function to the data. Data are means + SEM. **P < 0.01 and #P < 0.001 vs.

Con+Veh group. P < 0.05 vs. DM+Veh group.
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TABLE1

Genera characteristics, hemodynamic and electrocardiogram variables in control (Con) and

diabetic (DM ) rats treated with vehicle (V eh) or aminoguanidine (AG)

Con+Veh DM+Veh Con+AG DM+AG
Sample size (n) 16 18 15 22
Initial BW (Q) 211.9+52 205.8+5.1 208.7+ 4.2 209.8+ 34
Final BW (g) 380.3+14.1 216.1 + 8.6# 384.3+ 134 226.8 £ 9.7#
HW (g) 1.33+0.06 0.93 £ 0.04# 1.38+0.05 0.90 £ 0.04#
AW (g) 0.17+0.01 0.15+0.01 0.18+0.01 0.14+0.01
LVW (g) 0.67 £ 0.03 0.45 + 0.02# 0.66 + 0.02 0.42 + 0.02#
HW/BW (mg/qg) 3.49+0.08 4.34 + 0.12# 3.62+0.11 3.98 + 0.08** ¥
AW/BW (mg/g) 0.44 +0.01 0.70 + 0.03# 0.47 £ 0.02 0.61 + 0.03#7
LVW/BW (mg/g) 1.76 + 0.06 2.11 £ 0.08** 1.73+0.07 1.87 + 0.0471
Blood glucose 164.1+12.1 455.6+19.3#  152.0%16.2 399.0 + 25.3#
(mg/dL)
Sample size (n) 24 27 24 26
HR (beats/min) 325+ 12 265 + 9# 324+ 11 274 + 7**
MAP (mmHg) 704+24 71.2+32 70.2+2.3 722+3.0
LVESP (mmHg) 1181+ 2.7 99.1 + 2.1# 1185+ 2.2 107.9+ 2.2%+
LVEDP (mmHg) 46+0.7 7.1+0.6* 52+ 0.6 57+0.7
LVDP (mmHg) 1135+ 2.7 023+ 2.5# 1132+ 23 102.2 £ 2.1**§
dP/dtmax (MMHY/s) 7445 £ 461 5782 + 395* 8045 + 409 6608 + 357
dP/dtmin (MmMHg/s) 5573 + 363 3939 + 256# 5075 + 277 4606 + 191
Tau (ms) 11.1+0.7 16.3 + 0.4# 11.8+0.8 13.7+04*§
PR (ms) 60.6 + 2.0 599+ 21 61.2+ 17 593+ 1.6
QRS (ms) 153+04 153105 150+£0.3 148+0.3
QTc (ms) 2148+ 45 2534+ 10.2%*  2127+5.2 224.6 + 4.2

Data are expressed as means + SEM. “Initial” and “final” represent the observation times of the
beginning of first week and the end of the sixth week of the experimental period, respectively.
AW indicates atrial weight; BW; body weight; HW, heart weight; LVW, left ventricular weight;
HR, heart rate; MAP, mean arterial pressure; LVESP, LV end-systolic pressure; LVEDP, LV
end-diastolic pressure; LVDP, LV developed pressure; dP/dtnax and dP/dtyin, maximal rate of
rise and fall of LV pressure. Tau, time constant of LV pressure decay; Rate-corrected QT
intervals (QTc) were derived using the Bazett’s formula QTc (ms) = measured QT interva
(ms)/[squareroot of RR interval (s)].

*P<0.05, **P<0.01 and #P<0.001 vs. Cont+Veh group. 1P<0.05 and {P<0.01 vs. DM+Veh
group.
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Conduction system parameters recorded from the isolated perfused hearts of control
(Con) and diabetic (DM) rats treated with vehicle or AG

Cont+Veh DM+Veh Con+AG DM+AG
(n=21) (n=24) (n=21) (n=24)

BCL 243.3+59 269.2 + 8.6* 2414+ 6.6 255.6+ 5.6
SA 105+ 0.3 109+ 04 9.9+04 105+ 04
AH 257+10 25.0+0.7 23.7+0.8 26.1+10
HV 195+0.8 186+ 1.0 189+ 0.5 195+ 0.8
QT 421+ 35 54.0 + 3.0* 433124 450+ 2.17
WCL 1148+ 3.3 123.8+ 3.3 113.3+ 2.6 1188+ 2.2
AERP 386+1.7 48.8 + 2.0** 400+ 2.7 41.3 £ 1.57
AVNERP 88.6+ 2.6 103.8 + 2.8# 905+ 26 96.7 + 2.0*
HPFRP 1176+ 24 1342+ 2.7# 121.0+4.0 126.9+ 1.7**
VERP 40.0+4.1 58.8 + 3.1** 44.8 + 3.8 46.7 £ 2.27

Data (in ms) are expressed as means + SEM. BCL, basic cycle length; SA, stimulus-atrial

conduction interval; AH, atrio-His bundle conduction interval; HV, His-ventricular
conduction interval; WCL, Wenckebach cycle length; AERP, atrial effective refractory
period; AVNERP, AV nodal effective refractory period; HPFRP, His-Purkinje system
functiona refractory period; VERP, ventricular effective refractory period. The QT

interval (interval between V and T wave) was used as the parameter for monitoring

ventricular repolarization. SA, AH, HV, and QT intervals were recorded at a pacing cycle

length of 200 ms.

*P<0.05, **P<0.01, and #P<0.001 vs. Con+Veh group. +P<0.05 vs. DM+Veh group.

35

¥20z ‘8T |udy uo sfeulnor 134SY e Bio'sjeuuno fiedse ed( wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on October 31, 2018 as DOI: 10.1124/jpet.118.252080
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#252080

A

LY
o
o

LVP (mmHg)
(4]
o

0

(%))

o

o

o
J

dP/dt (mmHg/s)
o
1

-5000 -

ECG (mV)
o o o
L 1 J

Con+Veh

DM+Veh

Con

+AG

DM+AG

UL AL Y
A A L G

S
200 ms

B Con+Veh

5E~ 0.5+ A

£ H

0 0__ ______.*A R ‘*F -

o S

T.os

Vv

1.5+

S

N .#.A

w

>

-1.5-
200 ms

Figurel

DM+Veh
A

A i

S

Con+AG

\

—4

s

36

R R R R
ST ST J(\_UlA_AJNPT AN AN
a a a a

S

¥20z ‘8T |dy uo sfeunor 134SV e Bio'seulnofisdsesed| wouy pepeojumod


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on October 31, 2018 as DOI: 10.1124/jpet.118.252080
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#252080
A S2 Burst pacing: 100 Hz for 1 s,
5X threshold
.
S1 - A
Con+ \ | J] | | | J
Veh 1 1 LI
? AT
s1 R
DM+ )
Veh e } T
S1a
Con+ N
AG
A
S1A |
DM+ %
AG
250 ms
C
600 - 20 (18)
(18) 5 oy (18)
T 454018 [ (18)
iy
ZE 5 |
Tg
2 54
o}
h=
D .
N A 30 4O A (S 3O 4O

Figure?2

37

S1: PCL 150ms,

Con+ .

AG

DM+
AG

v 2X threshold 3283
IR
DL ﬁrﬁl ||
BEERR 1 { l |
HHH Wﬁﬂﬂw
(111
Vv
.!
T H’
Vv
| ’ y JZmV
250 ms
EES' (14)
ggz (11) (,3) g
4 100 ; ﬁ,xxé“ © 3 \t\xv-

¥20z ‘8T |dy uo sfeunor 134SV e Bio'seulnofisdsesed| wouy pepeojumod


http://jpet.aspetjournals.org/

A

JPET Fast Forward. Published on October 31, 2018 as DOI: 10.1124/jpet.118.252080

This article has not been copyedited and formatted. The final version may differ from this version.

JPET#252080
Con+Veh DM+Veh Con+AG DM+AG

. \ \
—1Hz
mV —4 Hz

J
40 - 150 -
4 # L

Figure3

dV/dt (Vis)

APDgqg (ms)
- N W
o o o
&] *0++

(‘d * [+

(l ) ++ E:3
:cI Ch—+ =
A—+ B ¥
APDgq (ms)

o

200
160
120 -
80 -

40 T .
0 1 2 3 4
Stimulation frequency (Hz)

38

100 -

O Con+Veh (n=10)
A  DM+Veh (n=9)
v Con+AG (n=9)
DM+AG (n=9)

1 2 3 4

¥20z ‘8T |dy uo sfeunor 134SV e Bio'seulnofisdsesed| wouy pepeojumod


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on October 31, 2018 as DOI: 10.1124/jpet.118.252080
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#252080

A
Con+Veh DM+Veh Con+AG DM+AG

J\\T:iz:s Nmsm Ms

Fa40/F 380
o -
o o

2
fo)

Cell length

(% of basal)
© o
(7] o

©
N

B Diastolic Ca?*
transient

0.8 -

206 -
o«
£ 04

& o2

0.0 -

C

140 -
105 -
70 1
35 1

0 -

Diastolic cell
length

* k%

pm

F340/F380

% of basal

o
n

<
o

0 o

Amplitude of
Ca?* transient

Cell
shortening

ms

90

60 1

ms

30 1

300 4
200 -
100 -

0 -

s

Time to peak Decay t of
of Fa40/F 350 Fa40/F 380
" 500 4 # $
+ 400 #
w 300 -
E 200 - '
100 | H
0
Time to peak of Time to 50% of
shortening relengthening
200 -
# 3 *
= 150 ]
£ 100 - |
50 1 | |
o ‘

—— Con+Veh === DM+Veh rc—= Con+AG === DM+AG

Figure4

39

¥20z ‘8T |dy uo sfeunor 134SV e Bio'seulnofisdsesed| wouy pepeojumod


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on October 31, 2018 as DOI: 10.1124/jpet.118.252080
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#252080

Con+Veh DM+Veh

F340/F 380
o
(00]

0.5- -
t
Caffeine Caffeine
Con+AG
1.1
o
S
L 08
&
[N
0.5-
10s t
Caffeine
B C
. @ 6 #
g o o
o 3 3
= LL
8 i) i) 4 -
S u.g’ |.|_g
873 5
2 % B 27
- >
T
< Qo0
o

Figureb

40

¥20z ‘8T |dy uo sfeunor 134SV e Bio'seulnofisdsesed| wouy pepeojumod


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on October 31, 2018 as DOI: 10.1124/jpet.118.252080
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#252080

A B C

SERCA2a @@ o= o= ewe | 120kDa PLB  [w% W wwe s | 25kDa  pSer's-PLE [l S Sl % | 25 kDa
GAPDH |[emms esss ams e== | 36 kDa GAPDH | we s w wm? | 36 kDa =~ GAPDH [ s s e | 36 kD2

1.2 1

o
o
)
o
L]
J

|

p
|
Ik

o
o]
L
*®*
o
]
1

o
n
1
=
n
1

SERCA2/GAPDH
(normalized to control)
PLB/GAPDH
(normalized to control)
pSer'®-PLB/GAPDH
(normalized to control)

o
o

o
o
o
o

WS @ 0 5O NUOPC A SO o NCARCAR S S
X x \Q\ X “\x o 0‘!\ X \5’( {\x \&\
& o o O o o o & o 9
E F
RyR2 |29 B BB8 P |565kDa  NCX [(mp e #8 BWM|120kDa  AGE [ SR W] 26 kDa

GAPDH | s s s s | 36 kDa GAPDH | amme s esm | 36 kDa GAPDH | este esse @ s | 36 kDa
1.5 #

(W)

—_—
[N
1
—
[N
]

il

|
H

o
[o:]
i
o
(o=}
1
—
o
1

e
~
1
o
»
1
o
o
L

RyR2/GAPDH
(normalized to control)
NCX/GAPDH
(normalized to control)
AGE/GAPDH
(normalized to control)

e
o

=
(=}

o
o

RO REANRCARNCS wvg’ AR 8 2O 3O

& o o o & N o o o o oF

Figure6

41

¥20z ‘8T |dy uo sfeunor 134SV e Bio'seulnofisdsesed| wouy pepeojumod


http://jpet.aspetjournals.org/

A

Cc

JPET Fast Forward. Published on October 31, 2018 as DOI: 10.1124/jpet.118.252080

This article has not been copyedited and formatted. The final version may differ from this version.

JPET#252080

AGE [Ww w» BB

" %40 kDa

Tubulin [ s w— - 55 Da

NG+Veh NG+AG HG+Veh HG+AG Man+Veh

F<N
J

Jdk

w
L

AGE/Tubulin
(normalized to NG)
— s8]

N[ ﬂ ....

DCF-DA

KA

DHE

N 10 4 50 & 75 um
SRR At 2

D
RAGE |_ — = __'l 50 kDa HG+Consi HG+Con si+AG HG+RAGEsi HG+RAGESsI+AG
Tubulin [we w— w— - 55 kDa "
(m]

=151 L

k7] Q
£56 =
50
‘§E 1.0 1

= 0.5 1 15}
L © E
e E o

2

~ 0.0 - \ o 5 R

& 3
XOO(‘ {\é\x?‘ V-OQ, o %\xP‘ 75_m
O @ 5 g
N S o
N

Figure?

42

N W N

=

DCF-DA intensity
(relative level)

110

LE=2

i

(relative level)

0O = N W b ;O

DHE intensity

100

H#

$
Il

A2 00
\\\GX\AG@G Q.%@(\x

o —_
@ %]

(=4
~

DCF-DA intensity
(relative level)
**

o =0
[+ <] M o

(relative level)
o
~

DHE intensity

o
o

Y 4
Ko

8)
%
»

5
%
<

e

T a0 8 O
2 v?@@’i}m
2

¥ e,,??

¥20z ‘8T |dy uo sfeunor 134SV e Bio'seulnofisdsesed| wouy pepeojumod


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on October 31, 2018 as DOI: 10.1124/jpet.118.252080
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#252080

A B _ 50+
NG+Veh NG+AG HG+Veh HG+AG Man+Veh
0 -
1A Hn

H*

— —
(9]
o
Ha

i
- . . Sinlalilils

(S N REWCCNT

100 ms RORRCHCIRCI

C D

HG+Con si HG+Con si+AG HG+RAGEsi HG+RAGEsi+AG

w
o
I

20 1

APDgO (ms)
- AN
g O U O —_
OO0 00 o o

x 6
100 ms ‘\C‘) "00(:?\

Figure8

¥20z ‘8T |dy uo sfeunor 134SV e Bio'seulnofisdsesed| wouy pepeojumod


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on October 31, 2018 as DOI: 10.1124/jpet.118.252080
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#252080
A Con+Veh DM+Veh Con+AG DM+AG
10 pA/pF
N e (o N —=——
= N [
\/’_‘______._,.._._..—‘_—-—-———-—-
" r—‘_'_-_-___‘_‘_—u___
/_,_—"_’_—_.—
CEE B AN K/’—_
B C D
O Con+Veh (n=9) _ Ipeak (PA/PF) les (DAIE 60 - O Con+Veh (n=9)
@ Con+AG (n=9) 20 J SRR b ® Con+AG (n=9)
10 O Con+Veh (n=9) £ 40
i ® Con+AG (n=9 M ?
V (mV) e g ’é\
o 20 1
=]
5 e
-20 - V (mV) 0 : ' ' ' ;
T T T T T '20 0 20 40 60 80
-30 1 150 -100 -50 O 50 Potential (mV)
A DM+Veh (n=10) lpeak (PA/PF) Isg (PA/PF) 60 A DM+Veh (n=10)
A DM+AG (n=9) 1 - A DM+AG (n=9)
A DM+Veh (n=10) E 45
A DM+AG (n=9) I % A3 —A—3
V (mV) 10 -
@ 20 -
-150 %O
V (mV) 0 e
. - - 20 0 20 40 60 80
-150 -100 -50 Potential (mV)
E F G
1071 +e0mv 1.0 A O Con+Veh (n=7) 5 101  oeeaeRas
i ® ContAG(n=7) Q g nt+Veh (n=8)
x o 5 . +60 i DM+Veh (n=9) § ' ® Con+AG (n=7)
QE 05 - O Con+Veh (n=8) E e g DM+AG (n=8) = 0.6 A DM+Veh (n=9)
R ® Con+AG(n=9) S = § 0.4 A DM+AG (n=8)
4 ﬁ gm+xéh(n=g10) 1 B § 0.2 4 +60 mV 02s i 02s
+, n= — = - .‘I |
0.0 1 FEten ‘(' ') 0020y 0 e oMY= \7/. :
o0, =40 O~ 40 @0 - 420 80  -40 0 40 0 100 200 300 400 500 600
Potential (mV) Potential (mV) Recovery time (ms)
Figure9

720z ‘8T |ldy uo sjeunor 134SY e Blo'sfeulnofiadse-iad| wolj pepeojumoq


http://jpet.aspetjournals.org/

