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1 | INTRODUCTION

Diabetic cardiomyopathy (DCM) is defined as a clinical presentation
of ventricular dysfunction caused by alterations in cardiac energy

substrates, the occurrence of which is independent of arterial and

Abstract

Forkhead box protein O1 (FOXO1), a nuclear transcription factor, is preferably ac-
tivated in the myocardium of diabetic mice. However, its role and mechanism in the
development of diabetic cardiomyopathy in non-obese insulin-deficient diabetes are
unclear. We hypothesized that cardiac FOXO1 over-activation was attributable to
the imbalanced myocardial oxidative metabolism and mitochondrial and cardiac dys-
function in type 1 diabetes. FOXO1-selective inhibitor AS1842856 was administered
to streptozotocin-induced diabetic (D) rats, and cardiac functions, mitochondrial en-
zymes PDK4 and CPT1 and mitochondrial function were assessed. Primary cardiomy-
ocytes isolated from non-diabetic control (C) and D rats were treated with or without
1 uM AS1842856 and underwent Seahorse experiment to determine the effects of
glucose, palmitate and pyruvate on cardiomyocyte bioenergetics. The results showed
diabetic hearts displayed elevated FOXO1 nuclear translocation, concomitant with
cardiac and mitochondrial dysfunction (manifested as elevated mtROS level and re-
duced mitochondrial membrane potential) and increased cell apoptosis (all P < .05,
D vs C). Diabetic myocardium showed impaired glycolysis, glucose oxidation and el-
evated fatty acid oxidation and enhanced PDK4 and CPT1 expression. AS1842856
attenuated or prevented all these changes except for glycolysis. We concluded that
FOXO1 activation, through stimulating PDK4 and CPT1, shifts substrate selection
from glucose to fatty acid and causes mitochondrial and cardiac dysfunction.
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structural heart diseases.™? Type 1 diabetes mellitus (T1DM) patients
with poor glycaemic control still have a high propensity to develop
DCM? and eventually cause heart failure.* A shift of fuel preference
that resembles type 2 diabetes mellitus (T2DM) was observed in
T1DM patients.” Impaired glucose oxidation in hearts of TIDM is
partially attributable to diminished cardiac insulin signalling and thus
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imposes the heart more reliable on fatty acid p-oxidation for energy
supply.® The resulted imbalanced oxidative metabolism, manifested
by the shift from glucose oxidation to fatty acid oxidation, is pro-
posed to be an underlying cause of mitochondrial dysfunction and
often associated with cardiac dysfunction.7 Nevertheless, the initial
mechanism that triggers the imbalanced oxidative metabolism in
type 1 diabetic heart is still unknown.

Forkhead box protein O1 (FOXO1) is a member of ‘O’ subgroup
of Forkhead box family of transcriptional factors.2” Accumulating evi-
dence has demonstrated the role of FOXO1 in the regulation of cardiac
metabolism.%2 FOXO1 decreases glucose oxidation rate through en-
hancing pyruvate dehydrogenase kinase 4 (PDK4) expression and thus
impairs right ventricular function in pulmonary hypertension in rats.'®
Moreover, in primary cardiomyocytes, activation of FOXO1 promotes
CD36 (fatty acid transporter) translocation to the membrane, which in
turn facilitates fatty acid uptake.!* These observations suggest a cru-
cial role of FOXO1 in modulating glucose and fatty acid metabolism in
the heart. Intriguingly, FOXO1 has been demonstrated to be over-acti-
vated in heart from high-fat diet-induced T2DM mice.*? And, the aber-
rant activated FOXO1 boosts morphological and functional myocardial
alterations that resemble DCM by mediating cardiac insulin resistance
and inducing lipid accumulation and lipotoxicity.'? As the insulin action
in TIDM patients differs from that in T2DM, the important questions
remaining unsolved are whether or not FOXOL1 is activated in non-
obese insulin-deficient diabetes and whether activation of FOXO1
contributes to cardiac metabolic flexibility with the switch from glu-
cose oxidation to fatty acid oxidation in the myocardium of TIDM.

The imbalanced oxidative metabolism, especially increment of fatty
acid oxidation, induces mitochondrial reactive oxygen species (mtROS)
production,14 resulting in mitochondrial dysfunction and cell apopto-
sis,” which may exacerbate DCM. Thus, how FOXO1 activation affects
mtROS and cardiac myocyte apoptosis and eventually leads to DCM
in TIDM is also needed to be elucidated. Considering the prospect for
clinical translation, FOXO1-selective inhibitor, AS1842856 (AS), was
administered to streptozotocin (STZ)-induced diabetic (D) rats as well
as the isolated primary diabetic cardiomyocytes to directly assess the
role of FOXO1 activation in the imbalanced oxidative metabolism and,
in the meanwhile, to study the effects of AS on mitochondrial dysfunc-

tion and impaired cardiac function in STZ-induced diabetic hearts.

2 | MATERIALS AND METHODS
2.1 | Animal treatment

Male Sprague Dawley rats (200 ~ 250 g) obtained from the
Laboratory Animal Unit (The University of Hong Kong) were used
in this study, and animal protocols were reviewed and approved by
the Committee on the Use of Live Animals in Teaching and Research
(CULATR) in the University of Hong Kong. As described,*® type 1
diabetes was induced by a single tail vein injection of STZ (Sigma-
Aldrich) in 0.1 M citrate buffer (pH 4.5) or citrate buffer alone as
control at 65 mg/kg bodyweight. After 72 hours of injection, rats

with blood glucose over 16.7 mm/L were considered as having dia-
betes. At fourth week of diabetes induction, diabetic rats were ad-
ministered AS (Glixx Lab) at the dosage of 50 mg/kg bodyweight
(BW) by gavage twice a day for the following one week. Before ad-
ministered to animals, the drug AS1842856 was dissolved in 10%
w/Vv B-cyclodextrin and underwent ultrasound homogenization until
obtaining homogenous suspension liquid. Our preliminary and previ-
ous study demonstrated that STZ-induced diabetic rats at the early
stage of the disease (4 weeks) developed diabetic cardiomyopathy,
manifested as myocyte apoptosis, hypertrophy and cardiac dysfunc-
tion.'® Therefore, we determined to apply pharmacological interven-
tion starting from the fourth week of diabetes induction. At the end
of the experiment, rats underwent cardiac function evaluation or

were killed for heart tissue collection.

2.2 | Pressure-volume analysis of left

ventricular function

Pressure-volume analysis was conducted as our previous report.”’
To be brief, rats were anaesthetized by intraperitoneal injection of
ketamine (100 mg/kg BW) and xylazine (10 mg/kg BW). Trachea was
intubated with a cannula connected to a rodent ventilator (Harvard
Rodent Ventilator Model 683) with a tidal volume of 1.0 mL/100 g
bodyweight (75 breaths/min). Then, the catheter was inserted to
beating heart through right carotid artery and the conductance
catheter was connected to a computer equipped with an advan-
tage PV control box software (AD Instruments). The baseline car-
diac functional parameters were recorded, including HR, SV, stroke
work (SW), cardiac output (CO), left ventricular end-diastolic pres-
sure (LVEDP), left ventricular end-systolic pressure (LVESP), maximal
slope of systolic pressure increment (dP/dt max), diastolic decrement
(dP/dt min) and the relaxation time constant calculated by Weiss
method (Tau).

2.3 | Extraction of total RNA and quantitative real-
time polymerase chain reaction analysis

Extraction of cardiac total RNA and quantitative real-time PCR
were performed as before.!® Gene-specific primers were as fol-
lows: rat FOXO1 forward: 5-CAGCAAATCAAGTTATGGAGGA-3',

reverse: 5'-TATCATTGTGGGGAGGAGAGTC-3'; rat PDK4
forward: 5'-TCCTTCACACCTTCACCACA-3’, reverse:
5'-AAAGAGGCGGTCAGTAATCC-3"; and rat GAPDH for-
ward: 5-GGGTGTGAACCACGAGAAAT-3, reverse:

5-ACTGTGGTCATGAGCCCTTC-3".

2.4 | Primary cardiomyocyte isolation and culture

As reported,'’ rat hearts were immediately removed and intu-

bated with a cannula to the Langendorff System. Perfuse heart
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with perfusion buffer [120.4 mM NaCl, 14.7 mM KCI, 0.6 mM
KH,PO,, 0.6 mM Na,HPO,, 1.2 mM MgSO,-7H,0, 10 mM Na-
HEPES, 4.6 mM NaHCO,, 30 mM taurine, 10 mM 2,3-butanedi-
one monoxime (BDM), 5.5 mM glucose (pH 7.1)] until the blood
in heart was washed out, and then, perfuse heart with digestion
buffer containing 1.5 mg/mL collagenase II. After full digestion, the
heart was then gently eased apart in the stopping solution contain-
ing 10% calf serum and 12.5 uM CaCl,. The resulted tissue pieces
were filtrated through a 70-pm nylon mesh to obtain isolated cells.
Then, the isolated cardiomyocytes were re-introduced to the gradi-
ent concentration of calcium by stepwise adding of 0.2% (vol/vol)
100 mmol/L CaCl,, 0.5% (vol/vol) 100 mmol/L CaCl, and 1% (vol/
vol) 100 mmol/L CaCl,. After each time of calcium re-introduction,
the cell suspension was centrifuged at 20x g for 3 minutes. The final
cell pellet was re-suspended in myocyte plating medium (M199 cul-
ture medium, 10% FBS, 10mM BDM, 100 U/mL penicillin-strepto-
mycin, 2 mM ITS) and seeded in Matrigel-coated cell culture plates.
After 4 ~ 6 hours, the plating medium was changed to culture me-
dium (M199 culture medium, 1 mg/mL BSA, 10 mM BDM, 100 U/
mL penicillin-streptomycin, 2 mM ITS).

2.5 | Agilent extracellular seahorse analysis of
glycolysis, glucose oxidation and fatty acid oxidation

Isolated cardiomyocytes were seeded on matrix gel-coated cell
culture microplates (Agilent Seahorse XF24) at the cell intensity
of 8000 cells/well. Generally, before performing the experiment,
culture medium was changed into 500 pL assay medium (Agilent
Seahorse XF Base Medium), and then, cells were incubated in 37°C
non-CO, incubator for 1 hour.

Glycolysis Load 100mM glucose (56 pL), 10 uM oligomycin (62 pl)
and 1 M 2-deoxy-glucose (2-DG, 69 pl) into the corresponding in-
jection port of sensor cartridge and do sensor cartridge calibration.
Then, start the system to conduct basal extracellular acidification rate
(ECAR) measurement [3 x (1.5 min mix, 2 min wait, 1.5 min measure)],
which was followed by injection of glucose, oligomycin and 2-DG suc-
cessively, and each compound injection was followed by the ECAR
measurement [3 x (1.5 min mix, 2 min wait, 1.5 min measure)].

Glucose and pyruvate oxidation Load 100 mM glucose (56 ulL) or
10 mM pyruvate (56 pul) to injection port of sensor cartridge. After
starting the measurement, the protocol consisted of basal oxygen
consumption rate (OCR) measurement [3 x (1.5 min mix, 2 min wait,
1.5 min measure)] and fuel substrate-induced OCR measurement
[3 x (1.5 min mix, 2 min wait, 1.5 min measure)] following glucose or
pyruvate injection.

Palmitate acid oxidation Palmitate acid should be conjugated
with BSA as previous report.?° 10mM palmitate-BSA (56 pL) or BSA
solution (56 L) was loaded into ports of sensor cartridge and in-
jected into the microplate following the basal OCR measurement
[3 x (1.5 min mix, 2 min wait, 1.5 min measure)]. In addition, the pal-
mitate acid-induced OCR measurement is 9 x (1.5 min mix, 2 min

wait, 1.5 min measure).

2.6 | Western blot

Protein extracted from rat heart tissue was separated by 8%-12%
SDS-PAGE and then transferred to PVDF membrane for immuno-
blotting. The primary antibodies against P-FOXO1 (5256), FOXO1,
P-PDH (S293), cleaved caspase 3, and histone 3 (H3) and GAPDH
were purchased from Cell Signaling Technology, and PDK4 and
CPT1 antibodies were purchased from Abcam. The intensity of pro-
tein bands was analysed by ImageJ software (National Institutes of
Health).

2.7 | Mitochondrial membrane potential detection
by JC-1 assay

The mitochondrial isolation from heart tissues was performed ac-
cording to the manufacturer's instructions as per the Mitochondria
Extraction Kit (Thermo Fisher Scientific). The isolated intact mito-
chondria were incubated with 2 pM JC-1 stain in black 96-well micro-
plate for 10 minutes at 37°C. The fluorescent signal was determined
by a fluorescence plate reader (Synergy HT BioTek) at excitation/
emission of 485/535 nm for green fluorescence and 560/595 nm for

red fluorescence.

2.8 | Transmission electron
microscopy of myocardium

The sample processing of fresh heart tissue for transmission elec-
tron microscopy study was according to the manual processing pro-
cedure issued by Electron Microscope Unit (The University of Hong
Kong). The prepared slices were observed using Philips CM100

transmission electron microscopy.
2.9 | Apoptotic cell death detection using terminal
deoxynucleotidyl transferase dUTP nick-end labelling

label-
ling (TUNEL) reaction was performed using an In Situ Cell Death

Terminal deoxynucleotidyl transferase dUTP nick-end

Detection Kit (Roche Diagnostics GmbH) as previously described.!®
The slides were observed on the microscope (Olympus BX41 fluo-
rescence microscope) by an investigator who was initially blinded
to treatment groups. The fluorescence intensity was analysed and
quantified with ImageJ software (National Institutes of Health), and
the apoptotic index was calculated as a percentage of staining-posi-

tive nuclei to total nuclei.

2.10 | Statistical analysis

All data were analysed by SPSS software version 19.0 (SPSS,
Inc). One-way analysis of variance (ANOVA) followed by
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multiple comparison Tukey test was used to compare the mean
values among different experimental groups. All values are pre-
sented as means * standard error of the mean (SEM). P value
less than 0.05 was considered to indicate statistically significant

differences.

3 | RESULTS
3.1 | AS1842856 treatment reduced myocardial
FOXO1 nuclear translocation in diabetic hearts

The phosphorylation of FOXO1 at the site ser256 enables the
nuclear extrusion and inactivation of FOXO1 2%; thus, the protein
ratio of P-FOXO1 (5256)/FOX01 can reflect the state of inactiva-
tion of FOXO1. As shown in Figure 1B, myocardial protein ratio
of P-FOXO1 (S256)/FOXO01 was significantly decreased in D rats
at 5 weeks of the disease, whereas nuclear FOXO1 protein level
(Figure 1C) was increased, indicating that FOXO1 is activated in
diabetic hearts.

To investigate the role of FOXO1 in type 1 diabetes-induced
DCM, FOXO1 antagonist AS was administered to STZ-induced dia-
betic rats. Obviously, AS administration altered FOXO1 cellular loca-
tion, manifested as significant increase in P-FOXO1 (5256)/FOX01
ratio and decrease in nuclear FOXO1 protein level (Figure 1B-C).
These results demonstrated that AS treatment prevented the in-
crease in nuclear translocation of FOXO1 in diabetic myocardium,
which contributed to FOXO1 inactivation.

3.2 | AS1842856 treatment attenuated cardiac
dysfunction in diabetic rats

Compared with non-diabetic control (C) rats, D rats displayed poly-
phagia and morbid thirst, along with severe general abnormalities
manifested as bodyweight loss, heart/body ratio increase, hyper-
glycaemia and hypertriglyceridaemia (Supplementary Table S1). AS
treatment significantly reduced heart/body ratio and plasma tri-
glyceride in D rats (Supplementary Table S1). PV loop analysis re-
vealed reduced cardiac performance in D rats (Table 1), which was
manifested as reduced HR, SV, SW, CO, LVESP, dP/dtmax and dP/
dtmin. However, AS treatment significantly increased HR, CO and
dP/dtmax (Table 1). These results indicated that treatment with AS
improved clinically relevant abnormalities and cardiac function in D
rats. These observations suggested that over-activation of FOXO1

was involved in the pathology of DCM in type 1 diabetic rat.

3.3 | AS1842856 treatment had no effects on
impaired glycolysis in diabetic cardiomyocytes

The isolated primary cardiomyocytes from C and D rats all displayed
high viability with good morphology and connectivity (Figure 2A). To
determine the effects of AS on glycolytic flux of these cardiomyo-
cytes, the isolated cardiomyocytes were detected in DMEM assay
medium following sequential addition of glucose, oligomycin (an in-
hibitor of ATP synthase) and 2-deoxy-glucose (2-DG, an inhibitor of

hexokinase). As illustrated in Figure 2B, glucose stimulated a large
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Parameters

HR (bpm)

SV (uL)

SW (mm Hg/pL)
CO (mL/min)
LVESP (mm Hg)
LVEDP (mm Hg)

dP/dtmax (mm Hg/s)
dP/dtmin (mm Hg/s)

Tau (ms)

YAN ET AL.

©

422 + 38
191.92 +12.74
20070 £ 363
85.34 £ 6.31
136.35 £ 11.83
3.53+£0.42
9127 £ 1623
10 179 + 2310
7.78 £0.16

D

346 +15**
134.5 + 23.83*
9776 + 1813**
46.30 + 6.07*
99.96 + 9.54*
5.16 + 0.50**
6479 + 427*
6320 + 351*
11.84 +1.29**

TABLE 1 Haemodynamic variables

+
DS and indices of cardiac systolic and
380 + 22# diastolic function by a pressure-volume
155.6 + 19.72 conductance catheter system

11 357 + 1125**
62.34 £ 2.59*#
106.05 + 18.76*
4.68 +0.52**
9180 £ 465#
6941 + 802*
12.52 +0.31**

Note: All values are expressed as mean = SEM. n = 6 per group. All these indices were measured

among groups. *P <.05vs C, **P < .01 vs C; #P < .05 vs D.

Abbreviations: AS, AS1842856; C, non-diabetes control; CO, cardiac output; D + AS, diabetic rats
treated with AS; D, diabetes; dP/dt max, maximal slope of systolic pressure increment; dP/dt min,
diastolic decrement; HR, heart rate; LVEDP, left ventricular end-diastolic pressure; LVESP, left
ventricular end-systolic pressure; SV, stroke volume; SW, stroke work; Tau, the relaxation time

constant calculated by Weiss method.
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FIGURE 2 AS treatment did not affect glycolytic flux and glycolytic capacity in isolated diabetic cardiomyocytes. A, Isolated
cardiomyocytes were seeded onto matrix gel-coated Seahorse XF24 Cell Culture Plates (8000 cells/well) treated with or without 1 uM
AS for 24 h. Scale bar, 200 pm. B, Kinetic extracellular acidification rate (ECAR) responses of isolated cardiomyocytes to glucose (10 mM),
oligomycin (1 pM) and 2-DG (100 mM). C, Calculated glycolytic flux and glycolytic capacity. The former one is calculated by the ECAR
increase (ECAR value of measurement 3 subtracted by measurement 4) normalized with cell protein content. The latter one is calculated
by the ECAR increase (ECAR value of measurement 3 subtracted by measurement 9) normalized with cell protein content. Control
cardiomyocytes (CCs); diabetic cardiomyocytes (DCs); AS-treated diabetic cardiomyocytes (DCs + AS); AS, AS1842856; 2-DG, 2-deoxy-

glucose. Data are expressed as means + SEM (n = 6). **P < .01 vs CCs

ECAR increase of 13.8 + 4.4 mPH/min (difference between values
of ECAR of measurement 3 and those of measurement 4) over basal
glycolysis in isolated control cardiomyocytes (CCs), whereas glu-
cose only evoked a slight ECAR increase in diabetic cardiomyocytes
(DCs). After injection of oligomycin, cardiomyocytes in both CCs and
DCs demonstrated the similar larger increase in ECAR, indicated as

20.2 + 2.7 mPH/min (difference between values of ECAR of measure-
ment 3 and those of measurement 9). The quantification as shown
(Figure 2C) demonstrated that glycolysis was significantly decreased
in DCs while the glycolytic capacity was basically unchanged as com-
pared with CCs. Nevertheless, AS-treated diabetic cardiomyocytes
(DCs + AS) displayed similar bioenergetic profiles of glycolytic rate
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with DC group (Figure 2B and C). This indicated that AS treatment had
no effects on impaired glycolytic rate in diabetic myocardium.

3.4 | AS1842856 treatment reduced PDK4
expression and restored glucose oxidation in
diabetic myocardium

Pyruvate dehydrogenase (PDH) is a rate-limiting enzyme that cataly-
ses the conversion of pyruvate to acyl-CoA and promotes glucose
oxidation rate.!® PDK4 is the predominant isoform of PDKs in the
heart, which can induce $256 phosphorylation of E1 subunit of PDH
complex and whereby deactivate PDH.?2 In the heart tissue from D
rats, PDK4 mRNA and protein level were all significantly increased,

respectively, demonstrated as ~ 6.7-fold and ~7.97-fold increase
when compared with C group (Figure 3A and B), and p-PDH was
concomitantly enhanced (Figure 3C). However, AS treatment par-
tially but significantly reduced myocardial PDK4 mRNA expression,
PDK4 and P-PDH in D rats.

Glucose addition triggered a significant OCR increase of
39.3 + 6.9 pmole/min (difference between the value of OCR at
measurement 3 and that at measurement 6) in CC group, but only
induced a small increase of 4 + 6.5 pmole/min in DCs (Figure 3D).
Intriguingly, AS treatment enhanced the glucose-stimulated OCR
to 19.8 = 5.9 pmole/min (difference between the value of OCR at
measurement 3 and that at measurement 6) (Figure 3F). Figure 3E
shows that glucose oxidation rate was impaired in diabetic myocar-
dium (P < .01, CCs vs DCs) and AS treatment significantly restored
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FIGURE 3 AS treatment reduced
PDK4 and P-PDH expression and restored F 500 . CCs
glucose oxidation in diabetic myocardium. __ 20 - Pyruvate = DCs
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increase (OCR value of measurement 3 3
subtracted by measurement 6) normalized % 4
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it (P < .05, DCs + AS vs DCs). The result of pyruvate oxidation rate
(Figure 3G) was similar to that of glucose oxidation rate. Taken to-
gether, these findings indicated that AS treatment could restore the
reduced glucose oxidation and pyruvate oxidation rate in diabetic

myocardium.

3.5 | AS1842856 treatment significantly
reduced the increase of fatty acid oxidation in
diabetic myocardium

CD36, a fatty acid transporter, is responsible for primary fatty acid
uptake in cardiac myocytes.22 Carnitine palmitoyltransferase 1
(CPT1) is a pivotal enzyme that controls long-chain fatty acid access
to the mitochondria for subsequent oxidative metabolism.?? These
two enzymes are critical for fatty acid metabolism in the heart.?? In
the present study, both CD36 and CPT1 were significantly elevated
in diabetic hearts (Figure 4A and B), whereas AS treatment cancelled
the increase in myocardial CPT1 expression without significant im-
pact on CD36.

Palmitate acid was pre-conjugated with BSA which was used as
fatty acid oxidation substrates,'” and BSA alone was applied as ve-
hicle control. Figure 4C illustrates that the addition of 1 mM palmi-
tate-BSA triggered a larger increase in OCR in DCs compared with
CCs, manifested as 13 + 2 vs 40.4 + 5.3 pmole/min (CCs vs DCs,
difference between value of OCR at measurement 3 and that at
measurement 9), whereas AS treatment lowered down this increase
to 22.5 + 2.8 pmole/min (difference between value of OCR at mea-

surement 3 and that at measurement 9). The quantification graph

(Figure 4D) also revealed that DCs exhibited higher palmitate oxida-
tion rate (P < .01, CCs vs DCs), which was abolished by AS treatment
(P <.01, DCs + AS vs DCs).

3.6 | AS1842856 treatment alleviated mitochondrial
dysfunction and reduced apoptosis in diabetic hearts

Diabetic hearts displayed excessive mtROS (Figure 5A and B), concom-
itant with decreased mitochondrial membrane potential (Figure 5C)
and structural disorganization (Figure 5D). The morphology of mi-
tochondria in diabetic heart was revealed by electron microscope
as a loss of matrix density and disruption of inner membrane cristae
(Figure 5D). Of note, AS administration remarkably reduced mtROS
content and reverted mitochondrial membrane potential, as well as
the morphology of mitochondrial structural, manifested by increased
matrix density and organized cristae in inner membrane (Figure 5A-D).

Diabetes significantly increased cardiac myocyte apopto-
sis, which was demonstrated as significantly increased TUNEL-
positive cells (Figure 5E and F) and cleaved caspase 3 protein level
(Figure 5G). The above-mentioned changes were all reverted by AS

administration.

4 | DISCUSSION

The myocardium is strong and capable of adjusting to fluctuations in
circulating substrate concentrations,?® granting the heart the meta-

bolic flexibility needed for feeding,'° fasting 2% and intense exercise.?*
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FIGURE 5 AS supplementation restored mitochondrial dysfunction and attenuated myocyte apoptosis in diabetic heart. A and B, mtROS
was assessed by MitoSOX Red staining in frozen sections of heart tissues. Scale bar, 200 uM. C, Mitochondrial membrane potential by JC-1
staining in mitochondria isolated from heart tissues. D, Representative electron photomicrographs of mitochondria (5200 x magnification) in
heart tissue, and the given area (red rectangle) in original image (upper layer) was cropped and magnified (lower layer). Scale bar, 500 nM. E,
F and G, Myocardial cell apoptosis assessed by cleaved caspase 3 protein expression and terminal deoxynucleotidyl transferase dUTP nick-
end labelling (TUNEL) assay. mtROS, mitochondrial reactive oxygen species; AS, A51842856. Data are shown as means + SEM, withn = 6
animals per group. *P < .05vs C,**P<.01vsC; #P <.05vs D, ## P <.01vs D

In diabetes, the cardiac energy flexibility (shift fuel preference) is
constrained, which was demonstrated to be associated with aber-
rantly active myocardial FOXO1. In the present study, hearts from
STZ-induced diabetic rats exhibited increased FOXO1 nuclear trans-
location, PDK4/P-PDH and CPT1 expression, concomitant with imbal-
anced oxidative metabolism, manifested by reduced glucose oxidation
and elevated fatty acid oxidation. As anticipated, pharmacological in-
hibition of FOXO1 with AS significantly reduced the presence and/or
activation of PDK4, PDH and CPT1, and concurrently normalized im-
balanced oxidative metabolism. Moreover, AS treatment significantly
attenuated the elevated mtROS, restored mitochondrial membrane
potential (MMP) and mitochondrial structure and reduced apoptotic
cells. Taken together, these results suggest that FOXO1, by regulating
metabolic enzymes PDK4 and CPT1, is a key modulator of imbalanced
oxidative metabolism in the myocardium of type 1 diabetic rats, and
FOXO1 activation contributes to mitochondrial dysfunction and myo-
cyte apoptosis, as well as cardiac dysfunction.

Hyperglycaemia induces various adverse effects on heart, in-
cluding glucotoxicity and over-production of advanced glycation
end products, which contribute to myocardial fibrosis, cardiac
stiffness and impaired diastolic relaxation in diabetes.?® In 2010,
Nagashima et al firstly reported that AS can bind to Foxol via
mass spectrometric affinity screening analysis and inhibit FOXO1-
mediated transactivation, indicating that AS works as a selective
inhibitor of FOX01.2¢ Acute administration of AS in diabetic db/
db mice has been shown to significantly decrease liver gluconeo-
genesis and thus decrease fasting plasma glucose.?® In the current
study, AS treatment reduced mitochondrial ROS content and car-
diac apoptosis and improved cardiac function, but did not have any
significant effects on existing hyperglycaemia in STZ-induced di-
abetic rats (Supplementary Table S1). This result may suggest that
the beneficial effects of AS treatment on DCM in T1DM are not
through lowering blood glucose.

In diabetic hearts, the compromised glucose metabolism is man-
ifested by impaired glycolysis and decreased glucose oxidation.?’
The role of activated FOXO1 in impaired glycolysis and reduced
glucose oxidation in diabetic hearts in TIDM has not yet been as-
sessed before. Pyruvate, as the end product of glycolysis, can be
directly consumed by mitochondria 28 and thus could skip the step
of glucose uptake. Our results showed AS treatment did not alter
the impaired glycolytic flux but could induce pronounced increase in
pyruvate oxidation. Moreover, the restored extent of pyruvate ox-
idation (~2-fold increase) (Figure 3G) in diabetic myocardium after
AS treatment was comparable to that of glucose oxidation (~1.8-fold

increase) (Figure 3E), suggesting that AS treatment merely restored

glucose oxidation process alone rather than affecting the processes
of glucose uptake and glycolysis.

PDH converts pyruvate to acetyl-CoA, linking glycolysis to the
Krebs cycle, and plays an important role in glucose metabolism in
cardiac myocytes.m'29 PDK4, a dominant isoform of PDKs in the
heart, functions to phosphorylate and inactivate PDH and reduces
its capacity to oxidize glucose.>>3! Recently, FOXO1 has been rec-
ognized as a novel upstream regulator of PDK4 and FOXO1 activa-
tion confines glucose availability for oxidation in cardiac myocytes.'°
However, the direct link among FOXO1, PDK4 and glucose oxidation
in diabetic heart has not yet been documented. Our study showed
that diabetic myocardium displayed increased FOXO1 nuclear trans-
location, and elevated PDK4 and P-PDH expression, which were
concomitant with significantly decreased glucose oxidation rate
(Figure 3D and E). However, AS treatment reversed the above alter-
ations (Figure 3D and E). This result suggested that aberrantly active
FOXO1 inhibited glucose oxidation via enhancing PDK4 expression.
Unlike the total cancellation of mRNA expression, AS treatment in-
duced approximately 50% reduction in PDK4 protein level in hearts
from D rats (Figure 3B). A possible reason might be that degradation
rate of PDK4 in diabetes is decayed due to the increased availability
of acetyI-CoA.32’33 The declined degradation made PDK4 content
still at high level although AS treatment already reduced its mRNA
to normal level. In addition, the incomplete inhibition of PDK4 level
may serve to support the notion that AS1842956 treatment could
not completely reduce P-PDH level and restore glucose oxidation.

Increased circulating triglyceride can augment cardiac fatty acid
uptake and lead to lipotoxicity in cardiomyocytes.?? Likewise, in-
creased plasma triglyceride was observed in STZ-induced insulin-de-
ficient rats (Supplementary Table S1). Until now, the underlying
mechanism regarding how insulin deficiency causes hypertriglyce-
ridaemia is still unclear. In the present study, AS treatment reduced
diabetic plasma triglyceride, implicating that FOXO1 may con-
tribute to hypertriglyceridaemia in TIDM. Altomonte et al®** have
shown that FOXO1 can stimulate the expression of apolipoprotein
CllIl'in the liver, which can inhibit peripheral clearance of VLDL tri-
glycerides. Intriguingly, activated FOXO1 has been demonstrated
in the liver of STZ-induced D rats in our recent study.35 However,
whether activated FOXO1 in the liver augments the apolipoprotein
expression and thus contributes to hypertriglyceridaemia in TIDM
merits further investigation. In addition, enhanced myocardial fatty
acid uptake has been demonstrated in both TIDM and T2DM ani-

mal models, %7

which was associated with enhanced cardiac fatty
acid transporter CD36 expression. In a previous study, cardiac-spe-

cific knockout of FOXO1 cancelled the increase in CD36 mRNA
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expression and reduced lipotoxicity in the hearts of T2DM mice.
our current study, heart from STZ-induced T1DM rats displayed el-
evated CD36 mRNA expression, but inhibition of FOXO1 by AS had
no effect on increased CD36 mRNA expression (Figure 4). Although
several other reports indicate that FOXO1 regulates CD36 sarco-
lemmal membrane translocation without affecting its transcriptional
expression,'! here we focused on the effects of FOXO1 on fatty acid
oxidation rather than fatty acid uptake.

Excessive fatty acid oxidation leads to cardiac inefficiency *¢ and
mitochondrial injury,” all of which contribute to the abnormalities
in cardiac function observed in DCM. In the present study, diabetic
hearts demonstrated elevated fatty acid oxidation. This was as-
sociated with enhanced transcript levels for enzyme that catalyse
fatty acid oxidation, CPT1. CPT1 controls fatty acid access to the
mitochondria, and thus, it is deemed to play critical roles in aber-
rantly elevated mitochondrial fatty acid oxidation in the setting of
diabetic hearts.®® For instance, CPT-1 inhibitors (eg perhexiline and
etomoxir), which target mitochondrial fatty acid oxidation, have
been proved to be beneficial to diabetic heart.®” Likewise, in our
current study, pharmacological inhibition of FOXO1 significantly
reduced the increases of CPT1 and fatty acid oxidation (Figure 4).
This suggests that FOXO1 activation enhances CPT1, which further
augments fatty acid oxidation in diabetic heart. To our knowledge,
CPT1 expression has been reported to be under the transcriptional
regulation of PPAR« in the liver.3® But, this transcription regulatory
relationship has not been verified in the heart. Especially, a decrease
in cardiac PPAR« 2% and an increase in CPT1 are observed in STZ-
induced diabetes,®? suggesting that there exist other unknown sig-
nalling pathways in the regulation of CPT1 expression in diabetic
hearts. Our finding that treatment with AS decreased CPT1 expres-
sion implicates that FOXO1 may serve as a potential upstream regu-
lator of CPT1, which provides a novel mechanism for the regulation
of this enzyme in diabetic heart.

Mitochondria are vulnerable to altered energy metabolism and

the functional or morphological pathological changes of which
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FIGURE 6 Schematicillustration

of proposed signalling mechanism
involved in diabetes-induced FOXO1
activation promotes imbalanced oxidative
metabolism, mitochondrial dysfunction
and cardiac dysfunction in heart. Under
the condition of diabetes, FOXO1, by
enhancing PDK4 and CPT1 expression,
induces imbalanced oxidative metabolism
manifested as decreased glucose
oxidation (GO) and elevated fatty acid
oxidation (FAQ), which was concomitant
with mitochondrial dysfunction

and cardiac dysfunction. However,
AS1842856 treatment attenuated or
prevented all the changes via inhibition
of diabetes-induced FOXO1 nuclear
translocation

lead to cardiac dysfunction, and this is accompanied by increased
cardiomyocyte apoptosis.>® As mentioned above, diabetic hearts
rely more on mitochondrial fatty acid oxidation for its ATP re-
quirements. However, the abnormal increment of fatty acid me-
tabolism may be energetically detrimental to the mitochondria, as
there will be higher delivery of FADH, and NADH to the electronic
transport chain * and more oxygen consumption when oxidizing
more fatty acids, leading to enhanced mtROS generation.®® Then,
the excessive mtROS production triggers mitochondrial oxidative
stress, leads to mitochondrial respiratory uncoupling and MMP
depolarization *! and further results in mitochondrial dysfunction
and cell apoptosis. Similarly, in the present study, diabetic heart
tissue demonstrated excessive mtROS, depolarized MMP and
disrupted mitochondrial structure, which were concomitant with
increased apoptotic cardiac myocytes (Figure 5). Pharmacological
inhibition of FOXO1 not only restored the balance of oxidative
metabolism and especially prevented the elevation of fatty acid
oxidation in diabetic cardiomyocytes but also reversed mitochon-
drial dysfunction, concomitant with reduction of mtROS and res-
toration of MMP, and attenuation of myocyte apoptosis (Figure 5).
Hence, we postulated that FOXO1-induced fatty acid oxidation
augmentation contributes to the excessive mtROS production in
diabetic heart. The increased mtROS is then attributable to the
loss of MMP and subsequent cardiomyocyte apoptosis. The fact
that mitochondrial dysfunction, cell apoptosis and cardiac dys-
function were all improved following the restoration of oxidative
metabolism in diabetic heart by AS treatment indicates an import-
ant role of FOXO1 over-activation in this pathology.

It should be noted that AS (FOXO1 inhibitor) treatment, rather
than cardiac-specific FOXO1 knockout mice, was used to study the
cardiometabolic role of FOXO1 in type 1 DCM. The present study
may not define a definite role of FOXO1 in the development of DCM
in TLDM. However, it should be noted that FOXO1 plays an essen-
tial role in sustaining cardiomyocyte metabolism and cell survival?

Indeed, in mice with cardiac-specific deficiency of FOXO1, the heart
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demonstrated lowered systole,*? potentially arrhythmias,*®> when
compared to wild-type mice. Hence, the moderate amount of FOXO1
is required to maintain its physiological function. Thus, AS adminis-
tration makes it possible to inhibit excessive FOXO1 activity in dis-
eased models and the current experimental setting provide a more

physiological condition instead of total abrogation of FOXO1 gene.

5 | CONCLUSIONS

To summarize, over-activation of FOXO1, through increasing PDK4
and CPT1 expression, induced disarranged cardiac oxidative me-
tabolism, manifested by a shift in substrate preference from glucose
oxidation to fatty acid oxidation, and subsequently caused mito-
chondrial dysfunction and cardiac myocyte apoptosis, thus leading
to cardiac dysfunction in STZ-induced diabetic rat (Figure 6). Most
of all, AS treatment reverted all above-mentioned alterations and
resulted in the alleviation of DCM. Data reported here suggest that
targeting FOXO1 by AS, by restoring balanced mitochondrial oxida-
tive metabolism, may have the potential to be a promising treatment
for heart failure and DCM.
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