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ARTICLE INFO ABSTRACT

Keywords: The mechanism of severe hypoglycemia (SH)-induced cardiovascular disease in diabetes remains unknown. Our
Hypoglycemia previous study found that SH inhibits cardiac function and lipid metabolism in diabetic mice. Conversely, in
Diabetes

nondiabetic mice, SH does not induce cardiac dysfunction but promotes cardiac lipid metabolism. This study
aims to clarify the effect of increased fatty acid metabolism on the resistance of cardiomyocytes to f-adreno-
ceptor activation during hypoglycemia in diabetes. Results revealed that cardiomyocytes with enhanced lipid
metabolism were more vulnerable to damage due to p-adrenoceptor activation, which presented as decreased cell
viability, disorder of mitochondrial structure, dissipation of mitochondrial membrane potential, dysfunction of
mitochondrial oxidative phosphorylation, nonapoptotic damage, and accumulation of ROS and calcium from
mitochondria to cytoplasm, all of which were partially reversed by mitochondrial antioxidant Mito-TEMPO. The
SH-induced cardiac dysfunction, and reduction of myocardial energy metabolism in diabetic mice were rescued
by Mito-TEMPO. Our findings indicate that high fatty acid metabolism crippled cardiac resistance to p-adre-
noceptor hyperactivation, with mitochondrial ROS playing a pivotal role in this process. Reducing mitochondrial
ROS in diabetes could disrupt this synergistic effect and prevent poor cardiac outcomes caused by SH.

Lipid metabolism
p-adrenoceptor
Mitochondrial reactive oxygen species

Activation of the sympathoadrenal system is considered a key driver
of adverse cardiovascular events following SH [2,4]. Sympathetic exci-
tation is known to activate p-adrenergic receptors in the heart, resulting
in fatal arrhythmias and sudden death in diabetic rats due to SH [5]. The
isoproterenol (ISO) p-adrenergic agonist significantly inhibited

1. Introduction

Hypoglycemia is considered the strongest predictor of adverse car-

diovascular outcomes in patients with diabetes [1]. Hypoglycemia tends
to trigger such events in patients with diabetes with other preexisting
cardiovascular risk factors [2], suggesting the potential existence of
synergistic factors in hypoglycemia and diabetes, which jointly deter-
mine the fate of cardiovascular outcomes. Our previous study discovered
that severe hypoglycemia (SH)-afflicted diabetic mice showed inhibited
lipid metabolism and aggravated cardiac injuries, whereas nondiabetic
SH-inflicted mice did not show cardiac dysfunction but showed
enhanced cardiac lipid metabolism [3].

Abbreviations: TMRE, tetramethylrhodamine ethyl ester.

myocardial lipid metabolism in a dose-dependent manner [6]. There-
fore, a crucial role of p-adrenoceptor activation was speculated to
aggravate cardiac function and lipid metabolism in diabetic mice.
However, the similarity in the activity of sympathetic nerves between
diabetics and non-diabetics during hypoglycemia [7,8] cannot explain
the preserved cardiac function and lipid metabolism in nondiabetic mice
despite SH. Thus, the underlying basis between individuals with and
without diabetes might be vital for explaining the differences in
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Abbreviations: FI fluorescence intensity
FS fractional shortening
AIF apoptosis-inducing factor GLUT4  glucose transporter 4
AR aspect ratio HBSS Hanks’ balanced salt solution
ATP adenosine triphosphate ip. intraperitoneal
BCA bicinchoninic acid ISO isoproterenol
BSA bovine serum albumin Ivsd interventricular septal thickness at diastole
CCK-8  cell counting kit-8 IVSs interventricular septal thickness in systole
CD36 cluster of differentiation 36 LVIDd left ventricular internal dimension at diastole
COX 1 complex I LVIDs left ventricular internal dimension at systole
COX IV complex IV LVPWd left ventricular posterior wall thickness in diastole
CPT-1 carnitine palmityl transferase 1 LVPWs left ventricular posterior wall thickness in systole
cTnl cardiac troponin I LV Mass left ventricular mass
cyt-c cytochrome C MACD  medium-chain acyl-CoA dehydrogenase
DFO deferoxamine mesylate mPTP mitochondrial permeability transition pore
DH diabetic mice experiencing hypoglycemia MT Mito-TEMPO
DHT diabetic mice pretreated with Mito-TEMPO experiencing mtROS  mitochondrial reactive oxygen species
hypoglycemia OCR oxygen consumption rate
DM diabetes mellitus OXPHOS oxidative phosphorylation
EDV end-diastolic volume index PA palmitic acid
EF ejection fraction PBS phosphate-buffered saline
ELISA  Enzyme-linked immunosorbent assay PI propidium iodide
ESV end-systolic volume index PVDF polyvinylidene difluoride
FACS fatty acyl coenzyme A synthetases ROS reactive oxygen species
FATP-1 fatty acid transporter 1 SH severe hypoglycemia
Fer-1 ferrostatin-1 STZ streptozotocin
FF form factor SV stroke volume
cardiovascular outcomes in the context of SH. 2. Methods

The heart is an organ that depends almost exclusively on lipid
metabolism [9]. An increase in free fatty acid levels is the key regulator
signaling the heart to further enhance lipid metabolism and inhibit
insulin-dependent uptake of glucose in diabetes [10]. Short-term expo-
sure to a high concentration of palmitic acids could effectively activate
mitochondrial respiration of cardiomyocytes with increased mitochon-
drial polarization and adenosine triphosphate (ATP) synthesis [11].
Meanwhile, p-adrenoceptor activation stimulates the heart to increase
the force of contraction and rate of conduction, resulting in an escalating
demand for energy supply [12]. However, although the diabetic heart
tends to increase lipid metabolism in early stages, the efficiency of en-
ergy production by the mitochondria is decreased [13]. We speculated
that high fatty acid metabolism in diabetes may induce more cardiac
susceptibility to damage following f -receptor activation.

Mitochondria are considered as the major reactive oxygen species
(ROS)-producing organelles, and ROS production increases following
enhancement of mitochondrial oxidative phosphorylation in the context
of diabetes [14]. Overactivation of f-adrenoceptor-induced damage and
the death of cardiomyocytes are closely associated with ROS [15]. SH is
known to accelerate the production of ROS in both nondiabetic and
diabetic hearts [3]. Accordingly, it was hypothesized that mitochondrial
ROS is the core factor mediating the synergistic effect between high fatty
acid metabolism and p-adrenoceptor activation, leading to myocardial
injury and energy metabolism disorders.

Hence, this study aimed to investigate whether increased fatty acid
metabolism attenuates cardiac resistance to p-adrenoceptor activation
via mitochondrial ROS (mtROS) to elucidate a potential mechanism and
therapeutic target to prevent hypoglycemia-induced myocardial injury
in diabetes.

2.1. Cell culture and intervention

The H9c2 rat cardiomyocyte cell line was purchased from Boleolin
Biological Technology Co. Ltd (Fuzhou, Fujian, China). H9c2 cells were
cultured in low-glucose DMEM (Cat.10567014; Gibco, NY, USA) con-
taining 10% (v/v) fetal bovine serum (Cat.S712-012S; Lonsera,
Shanghai, China), and 1% (v/v) penicillin and streptomycin (Cat.C0222;
Beyotime, Shanghai, China) at 37 °C and 5% CO2. When the cell density
reached 80-90%, 500 pM palmitic acid (PA; P5585; Sigma-Aldrich, MO,
USA)-conjugated 0.5% fatty acid free bovine serum albumin (BSA)
(Cat.36104ES25; YEASEN; Shanghai, China) was added to the cell cul-
ture medium to mimic a high fatty acid environment [11,16]. After
pretreatment, the medium containing isoproterenol was replaced, fol-
lowed by another treatment. The Mito-TEMPO (MT) mitochondrial
antioxidant (SML0737; Sigma-Aldrich) was added to cells cultured in a
high concentration of fatty acids. Ferrostatin-1 (Fer-1; HY-100579;
MedChenExpress, Shanghai, China) and deferoxamine mesylate (DFO;
HY-B0988; MedChenExpress) were added during the ISO intervention.

2.2. Experimental animals and treatment

Male C57BL/6 J mice (20-25 g) were purchased from Vital River
Laboratory Animal Technology (Beijing, China) and randomly divided
in three groups: diabetic mice (DM), diabetic mice afflicted with SH
(DH), and diabetic mice pretreated with MT suffering SH (DHT). Dia-
betes was induced in mice via a single intraperitoneal (i.p.) injection of
150 mg/kg streptozotocin (STZ; S0130; Sigma-Aldrich). On day 3 post-
injection, a blood glucose level >16.7 mmol/L with symptoms of poly-
uria, polydipsia, polyphagia, and emaciation indicated the successful
induction of diabetes. After fasting overnight, DH and DHT mice
received an i.p. injection of regular insulin (15 mU/g;, Wanbang,
Jiangsu, China), to sustain a tail vein glucose level of <2.0 mmol/L for
90 min [3]. DHT mice were treated with 0.7 mg/kg/d MT (SML0737;
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Sigma-Aldrich) twice before induction of SH [17]. Finally, one mouse in
the DH group died and was excluded. Cardiac function was monitored,
and samples were collected at 24 h after SH [3]. All animal experiments
complied with the ARRIVE guidelines and carried out in accordance
with the National Research Council’s Guide for the Care and Use of
Laboratory Animals.

3. Method details
3.1. Cell viability

After treatment, cells were washed with phosphate-buffered saline
(PBS) and incubated in a culture medium containing 10% cell counting
kit-8 (CCK-8) (Cat.BS350B; Biosharp, Hefei, China). After incubation at
37 °C for 1.5 h in the dark, the absorbance was measured at 450 nm
using a spectrophotometer (MultiskanGO; Thermo Fisher Scientific, WA,
USA).

3.2. Mitochondrial staining

After treatment, cells were washed using preheated Hanks’ balanced
salt solution (HBSS) buffer (Cat.C0219; Beyotime). A labeling solution
containing 0.1 pM MitoTracker Red CMXRos (Cat.I35103; Thermo
Fisher Scientific) was added to the cells and incubated at 37 °C away
from light for 15 min. After washing with preheated HBSS buffer, cells
were soaked in warm buffer and observed under a laser scanning
confocal microscope (SP5; Leica, Frankfurt, Germany). There are two
main quantitative indices of mitochondrial morphology, the aspect ratio
(AR) and the form factor (FF), which were calculated using the Image
Pro Plus 6.0 software (Media Cybernetics; MD, USA).

The FF value was calculated using the formula “4 x © x Area/
perimeter?” and represented the mitochondria length and branching
degree. An FF value of 1 indicated round and non-branched mitochon-
dria, whereas a value less than 1 indicated longer and more branched
mitochondria. The AR value was calculated as the ratio of the length of
the long axis to that of the short axis, and represented the length of
mitochondria. An AR value of 1, indicated a round mitochondrion. The
value of AR increased with the length and elliptical shape of mito-
chondria. Based on the above, the FF and AR values tend to be close to 1
in damaged mitochondria [18].

3.3. Mitochondrial membrane potential assay

According to the instructions of the mitochondrial membrane po-
tential assay kit using JC-1 (C2006; Beyotime), the culture medium was
removed, and cells were washed with PBS (Beyotime) twice. The cell
medium and JC-1 staining solution were mixed at a 1:1 ratio and then
added to cells and incubated at 37 °C for 20 min. After incubation, the
supernatant was removed. The appropriate cell medium was added, and
cells were observed under a fluorescence microscope (DMi8; Leica).
When the mitochondrial membrane potential is high, JC-1 forms J-ag-
gregates; however, when the mitochondrial membrane potential is low,
JC-1 remains in its monomeric form.

3.4. Mitochondrial stress

Seahorse XF cell culture microplates were seeded with the appro-
priate cell growth medium at a predetermined and optimized density. A
sensor probe plate was hydrated with Seahorse XF calibration solution
overnight in a CO,-free incubator at 37 °C. All assay solutions and
working fluids were prepared in advance according to the instructions of
the mitochondrial stress test kit (Cat.103015-100; Agilent, CA, USA).
Treated cells were washed with the assay solution twice, and then
soaked in 500 pL of the assay solution, followed by incubation in a CO2-
free incubator at 37 °C for 1 h. Working fluids containing oligomycin,
FFCP, and rotenone/antimycin were preadded to the sensor probe plate.
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Finally, the mitochondrial stress of the treated cells was detected using
the Seahorse XFe24 Analyzer (Agilent).

3.5. ATP assay

According to the instructions of the ATP colorimetric/fluorometric
assay kit (Cat. MAK190; Sigma), cells or myocardial tissue were quickly
homogenized and filtered using a spin filter (Cat. UFC5010BK; Millipore,
MA, USA), and then centrifuged at 14,000 g for 5 min. The supernatant
was aspirated for subsequent tests. ATP standards, samples, and the
reaction mix were separately added to black plates, mixed, and incu-
bated at 25 °C away from light for 30 min. The absorbance was
measured using a microplate reader (SpectraMax®i3x; Molecular De-
vices, CA, USA).

3.6. Determination of superoxide levels

To detect the level of superoxide in the mitochondria, cells were
incubated with 5 pM MitoSox red mitochondrial superoxide indicator
(Cat.40778ES50; YEASON) at 37 °C away from light for 30 min.
Following washing, cells were incubated with the labeling solution of
200 nM Mito-Tracker green (Cat.C1048; Beyotime) at 37 °C away from
light for 20 min. After rinsing, cells were observed under a laser scan-
ning confocal microscope (SP5; Leica).

For the detection of intracellular superoxide, 5 pM dihydroethidium
(Cat.S0063; Beyotime) was added to each well, and then cells were
incubated at 37 °C away from light for 30 min. After washing, cells were
observed under a conventional fluorescence microscope (Olympus,
Tokyo, Japan).

To determine the presence of superoxide in myocardial tissues, heart
tissue was removed from liquid nitrogen and slightly thawed at 25 °C
and then cut into 10-pm-thick slices. According to the instructions of the
ROS assay kit (Cat.S0033S; Beyotime), heart tissue sections were fully
covered with 10 pmol/L of the fluorescent probe dye and incubated at
37 °C away from light for 20 min. After washing, sections were pano-
ramically scanned under the Tissue FAXS Platform (Tissue Gnostics;
Vienna, Austria). Myocardial nuclei displayed blue fluorescence,
whereas superoxide was indicated by green fluorescence.

For further quantification, the content of myocardial ROS was
detected. The heart tissues were weighed, washed with PBS, and then
fully homogenized on ice. According to the manufacturer’s instructions
of the tissue ROS assay kit (Cat.HR8835; Biorab, Beijing, China), the
homogenate was centrifugated at 1000 xg and 4 °C for 10 min. A mixture
containing 200 pl homogenate supernatant mixed with 2 pl probe was
added to each well and incubated at 37 °C away from light for 30 min.
The fluorescence intensity (FI) was measured using a fluorescence
microplate reader (SuPerMax 3000FA; FLASH, Shanghai, China).

3.7. Measurement of calcium ions

For the mitochondrial calcium ions assay, 8-uM Rhod-2 AM, a fluo-
rescent Ca®" indicator (Cat.ab142780; Abcam, Cambridge, England)
was added to each well at the end of cell treatment. Following removal
of the dye, cells were washed, incubated with the labeling solution of
200 nM Mito-Tracker green (Cat.C1048; Beyotime) at 37 °C away from
light for 20 min, and observed under a laser scanning confocal micro-
scope (SP5; Leica).

For the measurement of intracellular calcium ions, cells were washed
and incubated with a labeling solution containing 5 pM Fluo-3 AM, a
fluorescent Ca®* indicator (Cat.S1056; Beyotime) at 37 °C away from
light for 30 min. After washing, cells were observed with a conventional
fluorescence microscope (Olympus).

3.8. Mitochondrial transition pore assay

Cells were washed and then covered with labeling solution
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containing 1.0 pM Hoechst 33342 dye, 1.0 pM calcein AM, 0.2 pM
MitoTracker Red CMXRos, and 1.0 mM CoClI2 according to the protocol
of the mitochondrial transition pore assay kit (Cat.[35103; Thermo
Fisher Scientific). Cells were incubated at 37 °C away from light for 15
min. After washing, cells were observed under a conventional fluores-
cence microscope (Olympus). Calcein AM staining showed green fluo-
rescence; stronger fluorescence indicated less opening of the
mitochondrial permeability transition pore.

3.9. Fluorescence detection of apoptosis

According to the protocol of the annexin-V-FITC cell apoptosis
detection kit (Cat.C1062L; Beyotime), Hoechst staining solution
(Cat.33342; Beyotime), Annexin-V-FITC staining solution, and Propi-
dium Iodide (PI) were added to the culture medium at the end of cell
treatment, and cells were incubated at 37 °C away from light for 15 min.
Following staining, the dye solution was discarded, cells were washed,
and following the addition of fresh medium, they were observed under a
conventional fluorescence microscope (Dmi8; Leica). Apoptotic cells
exhibited dense or fragmented staining of the nuclei under Hoechst
staining and showed green fluorescence upon annexin-V-FITC staining.
Cells with ruptured membranes showed red fluorescence upon propi-
dium iodide staining.

3.10. Echocardiographic assessment

Mice were anesthetized with 2% isoflurane (R510-22-8; RWD,
Shenzhen China) and placed in a supine position. Cardiac function was
evaluated using an imaging system (EPIQ7; Philips, Amsterdam,
Netherlands). Upon M-mode and 2D tracing, the following parameters
were measured: interventricular septal thickness at diastole (IVSd), left
ventricular internal dimension at diastole (LVIDd), left ventricular
posterior wall thickness in diastole (LVPWd), interventricular septal
thickness in systole (IVSs); left ventricular internal dimension in systole
(LVIDs), left ventricular posterior wall thickness in systole (LVPWs),
end-diastolic volume index (EDV), end-systolic volume index (ESV),
stroke volume (SV), fractional shortening (FS), ejection fraction (EF) and
left ventricular mass (LV Mass).

3.11. Engyme-linked immunosorbent assay (ELISA)

The detection of cardiac troponin I (cTnl) was performed using a
mouse c¢Tnl ELISA kit (Cat.ml001932; mlbio, Shanghai, China) accord-
ing to the instructions of the manufacturer. A volume of 50 pL of serum,
sample, or standard was added to each well. Subsequently, 100 pL of
enzyme conjugate was added to the sample and standard wells, but not
the blank well, and the plate was incubated for 60 min at 37 °C away
from light. After washing, 50 pL of substrates A and B were added to
each well and incubated for 15 min at 37 °C away from light. Finally,
reactions in each well were terminated with 50 pL of termination solu-
tion. The OD value was measured using an enzyme reader (RT-6100;
Rayto, Shenzhen, China).

3.12. Immunoblotting analysis

Cardiac tissues were lysed with RIPA lysis reagent (Cat. PO0O13B;
Beyotime) containing protease (Cat. AR1179; Boster, CA, USA) and
phosphatase (Cat.AR1183; Boster) inhibitors, homogenized on ice, and
centrifuged at 14,000 g and 4 °C for 15 min. The protein concentration
was determined using the bicinchoninic acid (BCA) method (Cat.
AR0146; Beyotime). Proteins were separated in a suitable concentration
of sodium dodecyl sulfate-polyacrylamide (Cat.C631100-0200; BBI; BBI,
Shanghai, China) according to their molecular weight, and then trans-
ferred onto a polyvinylidene difluoride (PVDF, Cat. IPVH00010; Milli-
pore) membrane using the Trans-Blot TurboTM System (Cat. 1704150;
Bio-Rad, CA, USA). Nonspecific binding sites on the membrane were
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blocked using the QuickBlock™ blocking buffer for western blotting
(Cat.P0252; Beyotime). Membranes were incubated at 4 °C overnight
with the following primary antibodies: cytochrome C (cyt-c, Cat.
AF0146, 1:1000; Affinity, Jiangsu, China), cleaved caspase-9 (Cat.9507,
1:1000; Cell Signaling, MA, USA), cleaved caspase-3 (Cat.9661, 1:2000;
Cell Signaling), cleaved caspase-7 (Cat.9491; 1:1000; Cell Signaling),
apoptosis-inducing factor (AIF, Cat.sc-13116; 1:1000; Santa Cruz, CA,
USA), fatty acid transport protein 1 (FATP1, Cat.DF7716, 1:2000; Af-
finity), cluster of differentiation 36 (CD36, Cat.DF13262, 1:2000; Af-
finity), fatty acyl coenzyme A synthetase (FACS, Cat.4047s, 1:1000; Cell
Signaling), carnitine palmityl transferase 1 (CPT-1, Cat.15184-1-AP,
1:1000; Proteintech, IL, USA), medium chain acyl-CoA dehydrogenase
(MCAD, Cat.55210-1-AP, 1:1000; Proteintech), glucose transporter 4
(GLUT4, Cat.ab654, 1:1000; Abcam), complex I (COX I, cat.19703-1-AP,
1:1000; Proteintech) and complex IV (COX IV, cat.abl14744, 1:1000;
Abcam). The expression of all detected proteins was normalized to that
of B-actin (Cat.A2103, 1:1000; Sigma). Subsequently, membranes were
soaked in anti-mouse (Cat.BA1050, 1:5000; Boster) or anti-rabbit (Cat.
BA1055, 1:5000; Boster) secondary antibodies at 25 °C for 1 h. The
ChemiDoc imaging system (Bio-Rad) was used for blot imaging.

3.13. COX I and COX IV enzyme activity assay

Complex I Enzyme Activity Assay Kit (Cat.ab109721, Abcam) and
Complex IV Enzyme Activity Assay kit (Cat.ab109911, Abcam) were
performed according to the manufacturer’s instructions. Briefly, the
heart tissue was homogenized in ice cold PBS or solution 1, and the
homogenized tissue was adjusted to 5.5 mg/ml with PBS or solution 1. A
1/10 volume of detergent solution was added in the sample for
extracting the proteins. After centrifugation at 16,000 rpm for 20 min at
4 °C, the supernatant was collected and diluted to 100 pg/ml or 500 pg/
ml. Samples were loaded on plates and incubated for 3 h at room tem-
perature. The assay wells were rinsed twice and the appropriate volume
of assay solution was added in them. For the Complex I Enzyme Activity
Assay, OD45g measurements were obtained at 1 min intervals for 30 min
at room temperature. Subsequently, ODss59 measurements were obtained
at 1 min intervals for 2 h at 30 °C for the Complex IV Enzyme Activity
Assay.

3.14. TMRE mitochondrial membrane potential assay

Mitochondria from heart tissue were isolated using the Minute™
Muscle tissue and Cell Mitochondrial Extraction Kit (Cat. MM-038, In-
vent). According to the manufacturer’s instructions, cardiac tissue was
initially homogenized in buffer A; some homogenate was reserved for
BCA protein quantification and the rest was centrifuged at 16,000 rpm
for 30s. The precipitate was rotated in order to re-suspend, and was
centrifuged again at 1000 rpm for 5 min. Following centrifugation, the
supernatant was collected and centrifuged at 11,000 rpm for 20 min.
Buffer B was added to the precipitation, and following resuspension the
solution was centrifuged at 11,000 rpm for 10 min. The supernatant was
then transferred to a new centrifuge tube, and 0.3 ml of pre-cooled PBS
were added to the tube. Following thorough mixing, the solution was
centrifuged at 16,000 rpm for 20 min; the precipitate of this centrifu-
gation was the isolated mitochondria. 500 nM tetramethylrhodamine
ethyl ester (TMRE) working solution was added into the mitochondria-
containing pellet, the pellet was thoroughly resuspended, and incubated
at room temperature for 30 min. After washing, the mitochondria were
resuspended and added into plate, and were functionally assessed using
a microplate reader (SpectraMax®i3x; Molecular Devices, CA, USA).

3.15. Quantification and statistical analysis
Data are presented as mean =+ standard error of the mean. Statistics

were analyzed using the SPSS software (version 25.0; SPSS, Chicago, IL,
USA), whereas data was visualized with the GraphPad Prism 7.0
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software (GraphPad, San Diego, CA, USA). The two-way non-repeated-
measures analysis of variance (ANOVA) was used for testing the effects
of PA, ISO, and their interactions. The one-way ANOVA was used for
comparing other experimental groups when data conformed to a normal
distribution or used the Kruskal-Wallis rank sum test for abnormal dis-
tribution. Statistical significance was set at P < 0.05.

4. Results

4.1. High fatty acid environment attenuated the resistance of
cardiomyocytes to isoproterenol

To simulate the state of fatty acid metabolism in the diabetic
myocardium, we exposed cardiomyocytes to high concentrations of PA
[11]. As indicated by the CCK-8 assay, the viability of cardiomyocytes
was gradually increased following exposure to high concentrations of PA
for 8 h (P < 0.05 and P < 0.01, respectively; Fig. 1A) but then decreased
upon the 12th hour of exposure (P < 0.05; Fig. 1A). Therefore, following
exposure to PA for 4 h, cardiomyocytes were treated with the ISO
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BSA 4h

BSA 4h + 2mM ISO 4h
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B-adrenoceptor agonist. Compared with the BSA control group, the
viability of BSA-pretreated cardiomyocytes was increased after treat-
ment with 1 mmol/L (mM) and 2 mM ISO for 2 h (P < 0.001 and P <
0.001, respectively; Fig. 1B) but decreased when the concentration of
ISO reached 4 mM (P < 0.01; Fig. 1B). Regarding PA-pretreated cells,
although treatment with 1 mM ISO for 2 h still promoted cell viability,
treatment with 2 mM ISO did not affect this parameter (P < 0.05;
Fig. 1B). In contrast, compared with 2 mM ISO in the BSA group, 2 mM
ISO decreased cell viability in the PA group (P < 0.05; Fig. 1B). The same
result was obtained in the PA group when treated with 4 mM ISO
compared with to treatment with 4 mM ISO in the BSA group (P < 0.01;
Fig. 1B). Although treatment with 2 mM ISO for 4 h had no significant
effect on the viability of BSA-pretreated cells, it significantly inhibited
the viability of PA-pretreated cells compared with the PA control group
and 2 mM ISO in the BSA group (P < 0.001 and P < 0.01, respectively;
Fig. 1C). Moreover, when treatment was prolonged to 12 h, cell viability
was decreased in all groups (P < 0.001; Fig. 1D). Then, the 1 mM
ISO-induced inhibition on the viability of PA-pretreated cardiomyocytes
was greater than that in BSA-pretreated cells (P < 0.001; Fig. 1D). The
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Fig. 1. A high-content fatty acid environment attenuates the resistance of cardiomyocytes to isoproterenol. (A) Upon administration of 500 pM PA on
cardiomyocytes for different exposure times (0, 4, 8, 12 h), cell viability was evaluated using the CCK-8 kit. (B-D) Cardiomyocytes pretreated with 500 uM PA or
0.5% BSA for 4 h, were further treated with ISO (1, 2, 4 mM) for different times (2, 4, 12 h), and cell viability was determined using the CCK-8 kit. (E) Representative
morphological images of cardiomyocytes under selected treatment conditions; Scale bar = 50 pm control in PA vs control in BSA; 1 mM ISO in PA vs BSA and 1 mM
ISO in BSA; 2 mM ISO in PA vs BSA and 2 mM ISO in BSA; 4 mM ISO in PA vs BSA and 4 mM ISO in BSA; 2P < 0.05, “**P<0.001 vs PA 0 h; YP<0.05 vs PA 8 h; ““P <
0.01, ¥¥&p < 0.001 vs control in BSA; *P < 0.05, ###P < 0.001 vs control in PA; *P < 0.05, **P < 0.01, ***P < 0.001 vs 2 mM ISO in BSA; **P < 0.01, *%P < 0.001 vs
4 mM ISO in BSA; N.S. means not significant. BSA, bovine serum albumin; PA, Palmitic acid; ISO, isoproterenol.
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treatment with 2 mM ISO for 4 h sufficiently imitated SH-induced
myocardial injury in diabetic mice, but had no obvious effect on
nondiabetic mice. Therefore, in the following experiment, BSA- or
PA-pretreated cardiomyocytes were treated with or without 2 mM ISO
for 4 h (Fig. 1E). Fatty acid-pretreated cardiomyocytes are more sus-
ceptible to damage, potentially due to the overactivation of
B-adrenoceptors.

4.2. High fatty acid metabolism promoted mitochondrial structural and
functional damage after ff-adrenoceptor activation in cardionyocytes

We examined the morphology and function of mitochondria in car-
diomyocytes to observe the changes in energy metabolism. The AR and
FF values tend to be close to 1 in round and non-branched damaged
mitochondria [18]. Compared with the BSA group, the BSA + ISO group
had greater AR and less FF values, indicating that ISO increased the
length and number of branches of mitochondria (P < 0.01; Fig. 2A-2C).
However, compared with the BSA + ISO and PA groups, the PA + ISO
group was associated with less AR and greater FF values, indicating that
the length and number of branches of mitochondria were decreased in
the PA + ISO group. (P < 0.001 and P < 0.01, respectively; Fig. 2A-C).
To further explore the mitochondrial function in cardiomyocytes, we
measured the mitochondrial membrane potential and the oxidative
respiration rate. The mitochondrial membrane potential assay (Fig. 2D)
revealed that ISO did not affect the mitochondrial membrane potential
of BSA-pretreated cardiomyocytes, whereas the mitochondrial mem-
brane potential was significantly reduced in PA-pretreated cells
compared with that in the BSA + ISO and PA groups (P < 0.001 and P <
0.001, respectively; Fig. 2E). The evaluation of oxygen consumption rate
(OCR) of cardiomyocytes (Fig. 2F) showed that compared with the BSA
group, basal respiration increased in the PA group (P < 0.05; Fig. 2G),
but decreased in the PA + ISO group, compared with the BSA + ISO and
PA groups (P < 0.01, P < 0.001, respectively; Fig. 2G). The maximal
respiration also increased in the PA group compared with the BSA group
(P < 0.01; Fig. 2H), but decreased in the PA + ISO group compared with
the BSA + ISO and PA groups (P < 0.01; Fig. 2H). The spare respiratory
capacity increased in the ISO and PA groups compared with the BSA
group (P < 0.05; Fig. 2I), and decreased in the PA + ISO group compared
with the BSA + ISO and PA groups (P < 0.05; Fig. 2I). Consistently, ATP
production derived from oxidative phosphorylation increased in the PA
group (P < 0.05; Fig. 2J) but decreased in the PA + ISO group, compared
with the BSA + ISO and PA groups (P < 0.01, P < 0.001, respectively;
Fig. 2J). Our evaluation of the total ATP content of cardiomyocytes
suggested that compared with the BSA group, the production of total
ATP was increased in both the BSA + ISO and PA groups (P < 0.01, P <
0.001; Fig. 2K). However, compared with the BSA + ISO and PA groups,
ISO significantly reduced the total ATP content in PA-pretreated cells (P
< 0.01, P < 0.01, respectively; Fig. 2K).

4.3. High fatty acid metabolism promoted oxidative stress and calcium
overload from mitochondria to cytoplasm after ff-adrenoceptor activation
in cardiomyocytes

To explore the mechanism by which high fatty acid metabolism ag-
gravates ISO-induced myocardial cell damage, we detected the levels of
intracellular and mitochondrial superoxide and Ca*, both of which play
pivotal roles in the physiological and pathological processes of lipid
metabolism and p-receptor hyperactivation in the myocardium [11,
19-21]. Upon MitoSOX staining, which compared the PA with the BSA
group, the PA group was characterized by an elevation in the levels of
mtROS (P < 0.001; Fig. 3A and B). Specifically, ISO not only increased
the production of ROS in the mitochondria of BSA-pretreated car-
diomyocytes but further aggravated the burst of ROS in the mitochon-
dria of PA-pretreated cells (P < 0.05, P < 0.001, respectively; Fig. 3A
and B). Moreover, compared with the BSA + ISO group, the PA + ISO
group also exhibited a higher production of mtROS (P < 0.001; Fig. 3A
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and B). However, compared with the BSA + ISO and PA groups, the PA
+ ISO group showed a higher level of intracellular ROS (P < 0.001;
Fig. 3C and D), whereas, compared with the BSA group, no obvious
changes were found in the BSA + ISO and PA groups (Fig. 3C and D).
Rhode-2 AM staining similarly showed an increase in the level of
mitochondrial Ca?* only in the PA + ISO group compared with the BSA
+ ISO and PA groups (P < 0.001 and P < 0.001, respectively; Fig. 3E and
F). PA promoted the production of cellular Ca®" (P < 0.01; Fig. 3G and
H), compared with the BSA group. However, although the intracellular
level of Ca?* was increased in both BSA- and PA-pretreated car-
diomyocytes after treatment with ISO (P < 0.001 and P < 0.05,
respectively; Fig. 3G and H), no significant difference was found be-
tween the BSA + ISO and PA + ISO groups (Fig. 3G and H).

4.4. High fatty acid metabolism promoted nonapoptotic damage after
p-adrenoceptor activation in cardiomyocytes

Accumulation of ROS and Ca2*is a key factor for inducing apoptosis
through the stimulation of the opening of the mitochondrial membrane
transition pore (mPTP) [22,23]. Thus, we examined the opening of the
mPTP and related indicators of apoptosis. Contrary to our expectations,
PA facilitated the opening of mPTP compared with the BSA group,
showing lower fluorescence intensity of calcein AM (P < 0.01, Fig. 4A
and B). In contrast, ISO induced the closure of mPTP in both BSA- and
PA-pretreated cardiomyocytes, and was associated with higher fluores-
cence intensity of calcein AM (P < 0.001; Fig. 4A and B); this effect was
stronger in the BSA-pretreated cells compared with the PA-pretreated
cells (P < 0.001; Fig. 4A and B). Fluorescent staining using Hoechst,
Annexin-V, and PI revealed the lack of any obvious agglutination of
chromatin, phosphatidylserine eversion, or loss of cell membrane
integrity among the four groups (Fig. 4C). The levels of apoptosis-related
proteins were further evaluated by western blotting (Fig. 4D). The
expression of cyt-c in the PA + ISO group was lower than that in the PA
group (P < 0.05, Fig. 4E), as indicated in our Western blot analyses.
Although we did not detect any differences in the expression of cleaved
caspase-9 between the PA + ISO and PA groups, the expression of
cleaved caspase-9 in the PA + ISO group was relatively higher than that
in the BSA + ISO group (P < 0.05, Fig. 4E), as ISO reduced the
expression of cleaved caspase-9 in BSA-pretreated cardiomyocytes (P <
0.01, Fig. 4F). The expression of cleaved caspase-3 was not significantly
different among the four groups (Fig. 4G). Compared with the BSA
group, both the BSA + ISO and PA groups showed a decreased expres-
sion of cleaved caspase-7 (P < 0.05, P < 0.001; Fig. 4H). Meanwhile, we
did not observe any changes in the expression of AIF, a
caspase-independent apoptosis-related protein (Fig. 4I). Based on pre-
vious findings, we speculated that PA aggravates the ISO-induced car-
diomyocyte damage, which might be related to ferroptosis. Therefore,
we administered different concentrations of Fer-1 and DFO to observe
the cooperative effect of PA and ISO on cardiomyocyte damage. Both 50
nM Fer-1 and 30 pM DFO effectively reversed the PA- and ISO-induced
decrease in the activity of cardiomyocytes (P < 0.05, P < 0.01;
Fig. 4J-L).

Mito-TEMPO protected cardiomyocytes from damage induced
by the synergistic effect Considering that the level of mtROS was
significantly altered upon different treatments, we speculated that high
fatty acid metabolism might weaken the resistance of cardiomyocytes to
ISO through mtROS. Upon administration of MT, an mtROS scavenger in
high fatty acid environments, the resistance of PA-pretreated car-
diomyocytes to ISO was enhanced in varying degrees; especially under
treatment with 50 pM MT for 2 h (P < 0.01; Fig. 5A and B). Furthermore,
MT reduced the level of superoxide in the mitochondria (P < 0.001;
Fig. 5C and D) and cytoplasm (P < 0.001; Fig. 5E and F) of injured cells.
However, although MT rescued the PA and ISO coinduced mitochondrial
Ca?* overload (P < 0.001; Fig. 5G and H), its protective effect on cellular
Ca®* was not obvious (Fig. 5I and J).
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Fig. 2. High fatty acid metabolism promotes mitochondrial structural and functional damage after f-adrenoceptor activation in cardiomyocytes. (A)
Mitochondrial staining with MitoTracker Red; Scale bar = 10 ym. (B, C) The calculation of mitochondrial morphological parameters of image 2A. The FF and AR
values tend to be close to 1 in damaged mitochondria. (D) Mitochondrial membrane potential was assayed using the JC-1 kit; Scale bar = 50 pm. (E) Quantification of
relative fluorescence intensity of JC-1. (F) Seahorse XFe24 Analyzer detected the oxygen consumption rate using the mitochondrial stress test kit. (G-J) Quantifi-
cation of mitochondrial respiration based on image 2F, including basal respiration, maximal respiration, spare respiration capacity, and ATP production. (K)
Detection of total ATP production using an ATP colorimetric/fluorometric assay kit. Cells were pretreated with 500 pM PA or 0.5% BSA for 4 h, and were subse-
quently treated with 2 mM ISO for another 4 h, before being subjected to the above readouts. BSA + ISO vs BSA; PA vs BSA; PA + ISO vs PA and BSA + ISO; &p < 0.05,
&&p ~0.01 vs BSA; *P < 0.05, *°P < 0.01, ***P < 0.001 vs BSA; P < 0.05, *#P < 0.01, *##P < 0.001 vs PA; *P < 0.05, **P < 0.01, ***P < 0.001 vs BSA + ISO; N.S.
means not significant. OCR, oxygen consumption rate; ATP, adenosine triphosphate.
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Fig. 3. High fatty acid metabolism promotes oxidative stress and calcium overload from mitochondria to cytoplasm after f-adrenoceptor activation in
cardiomyocytes. (A) Mitochondrial localization using Mito-Tracker green and detection of mitochondrial ROS using MitoSOX; Scale bar = 5 pm. (B) Quantification
of fluorescence intensity of MitoSOX based on image 3A. (C) Detection of intracellular ROS with DHE; Scale bar = 50 pm. (D) Quantification of fluorescence intensity
of DHE based on image 3C. (E) Mitochondrial localization using Mito-Tracker green and detection of mitochondrial calcium using Rhod-2 AM; Scale bar = 10 pm. (F)
Quantification of fluorescence intensity of Rhod-2 AM based on image E. (G) Detection of intracellular calcium with Fluo-3 AM; Scale bar = 50 pm. (H) Quantification
of fluorescence intensity of Fluo-3 AM based on image G. Cells were pretreated with 500 pM PA or 0.5% BSA for 4 h, and were subsequently treated with 2 mM ISO
for another 4 h, before being subjected to the above readouts. BSA + ISO vs BSA; PA vs BSA; PA + ISO vs PA and BSA + ISO; “P < 0.05, #%4P < 0.001 vs BSA; P <
0.01, *%%p < 0.001 vs BSA; *P < 0.05, *##P < 0.001 vs PA; ***P < 0.001 vs BSA + ISO; N.S. means not significant. DHE, dihydroethidium.
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Fig. 4. High fatty acid metabolism promotes nonapoptotic damage after f-adrenoceptor activation in cardiomyocytes. (A) Evaluation of mPTP opening
using calcien AM, mitochondrial localization using Mito-Tracker red, and nuclear localization using Hoechst; Scale bar = 10 pm. (B) Fluorescent quantification of
calcien AM. (C) Nuclear staining using Hoechst, detection of phosphatidylserine exposure using annexin-V, and cell membrane integrity using PI; Scale bar = 50 pm.
(D) Representative immunoblot image of proteins related to mitochondrial-dependent apoptosis. (E-I) Quantification of immunoblot image. (J-K) Effects of different
concentrations of Fer-1 and DFO on the PA- and ISO-induced inhibition of cardiomyocyte viability. (L) Representative morphological image of cardiomyocytes
attributable to model and treatment groups; Scale bar = 50 pm. Cells were pretreated with 500 pM PA or 0.5% BSA for 4 h, and were subsequently treated with 2 mM
ISO for 4 h, before being subjected to the above readouts. Fer-1 (50, 100, 200 nM) and DFO (30, 50, 70 pM) were separately added at the same time when PA-
pretreated (500 pM) cardiomyocytes received 2 mM ISO. BSA + ISO vs BSA; PA vs BSA; PA + ISO vs PA and BSA + ISO; P < 0.05, “4P < 0.01, ***P < 0.001
vs BSA; *5P < 0.01, **3P < 0.00 vs BSA; *P < 0.05, *#*#P < 0.001 vs PA; *P < 0.05, **P < 0.01, ***P < 0.001 vs BSA + ISO; (50, 100, 200 nM)Fer-1 vs PA + ISO; (30,
50, 70 pM)DFO vs PA + ISO; #P < 0.05 vs PA + ISO; **P < 0.01 vs PA + ISO; N.S. means not significant. PI, propidium iodide; AIF, apoptosis-inducing factor; Fer-1,
ffrrostatin-l; DFO, deferoxamine mesylate.
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4.5. Mito-TEMPO protected the morphology and function of
mitochondria of cardiomyocytes from damage induced by the synergistic

effect

The PA and ISO coinduced reduction in the length and number of
branches of the mitochondria was restored upon administration of MT
(P < 0.01, P < 0.05, respectively; Fig. 6A-6C). Likewise, the PA and ISO
coinduced inhibition of the mitochondrial membrane potential was also
reversed by MT (P < 0.01; Fig. 6D and E). In agreement with the OCR of
cardiomyocytes results (Fig. 6F), MT partially recovered the reduction in
basal respiration (P < 0.05, Fig. 6G), maximal respiration (P < 0.05;
Fig. 6H), and spare respiratory capacity (P < 0.05; Fig. 6I) induced by PA
and ISO. The PA and ISO coinduced inhibition of ATP production
showed a rebounding tendency (P = 0.091, Fig. 6J), and the decreased
total production of ATP was managed by MT (P < 0.05; Fig. 6K).

4.6. Mito-TEMPO reduced myocardial ROS and improved cardiac
dysfunction in diabetic mice after severe hypoglycemia

mtROS played a pivotal role in cardiac damage synergistically
induced by high fatty acid metabolism and p-adrenoceptor activation.
To identify the effect of mtROS scavengers in myocardial injury in dia-
betic mice after SH, we treated diabetic mice with MT and then sub-
jected them to SH. There was no significant difference in the body
weight and blood glucose levels among the three groups of mice before
the induction of diabetes (Fig. 7A and B). On day 3 after STZ injection (i.
e., the establishment of the diabetic model) all three groups exhibited
decreased body weights and increased blood glucose levels compared
with those before the induction of diabetes; however, no significant
differences were noticed among the three groups (P < 0.001; Fig. 7A and
B) until the day of sacrifice. Following i.p. injection of insulin, the blood
glucose levels were significantly decreased in the DH and DHT groups,
indicating SH lasting for 90 min (Fig. 7C). Fluorescent staining and
quantitative detection of ROS revealed that following SH, the increase in
ROS in diabetic mice pretreated with MT was inhibited (P < 0.001;
Fig. 7D and E). Echocardiography showed that SH reduced the FS (%)
and EF (%) in diabetic mice (P < 0.01, P < 0.001, respectively; Fig. 7F),
whereas this effect was rescued by MT (P < 0.001; Fig. 7F). An increased
LV mass in was observed in the DHT group compared with that in the DH
group (P < 0.01; Fig. 7F). Consistent with this, SH promoted the
elevation of cTnl in diabetic mice, which was reversed by MT (P < 0.01,
P < 0.001, respectively; Fig. 7G).

4.7. Mito-TEMPO improved the severe hypoglycemia-impaired
myocardial energy metabolism in diabetic mice

To further explore the effect of MT on myocardial metabolism in
diabetic mice after SH, we examined the key proteins involved in fatty
acid metabolism and glucose uptake in the myocardium using western
blotting (Fig. 8A). SH inhibited the expression of CD36 and FATP1, the
key protein of fatty acid uptake in the myocardium of diabetic mice (P <
0.001; Fig. 8B and C), whereas this effect was rescued by MT (P < 0.01;
Fig. 8B and C). The protein expression of fatty acid oxidation markers,
including CPT-1, FACS, and MCAD, was decreased in diabetic mice after
SH (P < 0.001, P < 0.01, P < 0.01, respectively; Fig. 8D-F), whereas this
effect was also reversed by MT (P < 0.001, P < 0.05, P < 0.05, respec-
tively; Fig. 8D-F). MT effectively reversed the decrease in the level of
GLUT4 induced by SH in diabetic mice (P < 0.05, P < 0.01, respectively;
Fig. 8G). Then, we further investigated the mitochondrial function in the
three groups. The detection of oxidative phosphorylation proteins
(Fig. 8H) showed that SH didn’t influence the expression of COX I
(Fig. 8I) but decreased COX IV (P < 0.01; Fig. 8J), and this effect was
rescued by MT (P < 0.05; Fig. 8J). However, we did not observe any
changes on the activity of COX I and COX IV among the three groups
(Fig. 8K and L). The evaluation of the mitochondrial potential and ATP
content in myocardial tissues suggested that SH significantly reduced
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the mitochondrial potential and ATP production in diabetic mice (P <
0.05, P < 0.01, respectively; Fig. 8M and N), whereas this influence was
prevented by MT (P < 0.01, P < 0.001 respectively; Fig. 8M and N).
Overall, MT ameliorated the SH-induced inhibition of myocardial en-
ergy metabolism in diabetic mice.

5. Discussion

This study demonstrated that short-term exposure to a high fatty acid
environment or f-adrenoceptor activation could stimulate the enhanced
viability and energy metabolism of cardiomyocytes. However, When the
two conditions were superimposed, pathological changes occur, they
manifested as high fatty acid metabolism impairing the ability of car-
diomyocytes to resist f-adrenoceptor hyperactivation, resulting in the
induction of nonapoptotic damage. mtROS was found to be a key
component in this synergistic effect. Reducing the level of mtROS in
diabetic mice effectively prevented SH-induced cardiac dysfunction and
energy metabolism damage.

In physiological conditions, the heart is an organ highly-dependent
on fatty acid metabolism with flexible metabolic patterns [24]. In dia-
betes, as the concentration of free fatty acids elevates, the heart tends to
increase fatty acid metabolism and further reduces insulin-dependent
glucose requirements [10]. These metabolic characteristics of the
heart indicate that changes in glucose may not be the primary factor
responsible for adverse cardiac outcomes. Many clinical studies also
support this speculation. For instance, clinical studies have shown that
hemodynamic fluctuations, abnormal cardiac electrophysiology, hy-
percoagulability, and inflammatory responses closely related to cate-
cholamines, are considered to be the potential culprits leading to
adverse cardiovascular outcomes in diabetic patients, rather than
changes in blood glucose [25]. Therefore, in our in vitro model, we
administered f-receptor agonists instead of glycemic deprivation to
investigate whether B-receptor activation of cardiomyocytes would
result in differences in cardiomyocyte activity with and without high
fatty acid metabolism. To explain the differential effect of hypoglycemia
on myocardial outcomes, an in vivo model of diabetic and non-diabetic
mice was also used. The rational for selecting our in vitro cell model was
further validated by the uniformity of phenotypic changes observed
between our in vitro and in vivo models. In this study, we activated
B-receptor in cardiomyocytes preconditioned with or without high fatty
acid metabolism, to model in vitro the myocardial high fatty acid
metabolism observed in the diabetic state and the damage sympathetic
hyperactivation induces to the cardiovascular system in hypoglycemia.
We observed that increased fatty acid metabolism impaired the resis-
tance of cardiomyocytes to p-receptor hyperactivation, resulting in
decreased cellular activity and energy metabolism, accompanied by an
increase in ROS. These changes are consistent with the cardiac outcome
of the in vivo model of severe hypoglycemia in diabetic mice. When the
lipid uptake of the myocardium is greater than its oxidation rate, excess
lipid will accumulate in the heart damaging the myocardial tissue,
thereby resulting in cardiac dysfunction, also known as myocardial lipid
toxicity. In this study, cardiomyocytes with high fatty acid metabolism
showed sensitivity to f-receptor activation even when their activity was
not decreased. These observations suggest that in addition to lip-
otoxicity, a hypermetabolic pattern of cardiomyocytes may have been
an independent risk factor.

Although previous studies have suggested that high fatty acid
oxidation might be detrimental to cardiac function [13,26], the effect of
this metabolic pattern on cardiac f-adrenoceptor activation remains to
be elucidated. We discovered that high fatty acid metabolism weakened
the cardiac resistance to p-adrenoceptor activation. This finding might
largely explain the reason behind the aggravation of myocardial injury
by SH in diabetic mice and the lack of this effect in nondiabetic mice.
Moreover, patients with diabetes, metabolic syndrome, or obesity with
high serum lipids might be more vulnerable to cardiovascular events
following sympathetic activation originating from psychological,



L. Huang et al.

A pa

JC-1 aggregates JC-1 monomers U

Merge

s |

30,0 ‘Oligomycin
|

5.0

(pmol/min/ug)
o
[

10.0

Oxygen Consumption Rate (OCR)

PA+ISO

PA+ISO

Mitochondrial Respiration

Rotenone f: antimycin A

.
/F R
/ |
? /’1: \
L4 ..'
| $-9-9
60 80 100 120
Time (min)

® PA & PA+ISO &« MT

Spare Respiratory Capacity

8.0

6.0

OCR (pmoVmin/ug)

| i
40 e
- -
0.0
T o

R\

»

w

w
1

)
h

Aspect Ratio of mitochondria

JC-1 monomers / aggaregates

OCR (pmol/min/ug)

OCR (pmol/min/ug)

.

~

W
]

0.204

e

[

n
L

0.101

0.051

g

=

S
L

Basal

4,
>

ATP Production

NS.

o
>

Redox Biology 52 (2022) 102320

@)

e =
e (]
L h

Form Factor of mitochondria
S
-
ry

e
=
T

=
o !

OCR (pmol/min/ug)

Total ATP production

4
oL
S &
ool
&

Maximal Respiration
30.0
250
20.0 @
< i
150 .
10.0
5.0
0.0
\ad O §
< & &
Qr
0
E As
i a
25 it
E ,
3 20
g
LS
10
s
o
D\t & &
N

Fig. 6. Mito-TEMPO protects the morphology and function of mitochondria of cardiomyocytes from damage induced by the synergistic effect. (A)
Mitochondrial staining with MitoTracker Red; Scale bar = 10 pm. (B, C) The calculation of mitochondrial morphological parameters of image 6A. The FF and AR
values tend to be close to 1 in damaged mitochondria (D) Mitochondrial membrane potential was assayed with JC-1 kit; Scale bar = 50 pm. (E) Quantification of
relative fluorescence intensity of JC-1. (F) Seahorse XFe24 Analyzer detected the oxygen consumption rate with mitochondrial stress test kit. (G-J) Quantification of
mitochondrial respiration based on image 6F, including basal respiration, maximal respiration, spare respiration capacity and ATP production. (K) Detection of total
ATP production with ATP colorimetric/fluorometric assay kit. Cells pretreated or not with 50 pM MT for 2 h during pretreatment of 500 pM PA, and treated with 2
mM ISO for 4 h, then received those staining. *P < 0.05, **P < 0.01, *##P < 0.001 vs PA; * P < 0.05, ®* P < 0.01 vs PA + ISO. MT, Mito-TEMPO. OCR, oxygen
consumption rate; ATP, adenosine triphosphate.
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Fig. 7. Mito-TEMPO reduced myocardial ROS and improved contractile dysfunction in diabetic mice after severe hypoglycemia. (A-B) Body weight and
levels of blood glucose among the three groups on day 1, day 3 and day 5 after injection of STZ (150 mg/kg). (C) Blood glucose monitoring during induction of 90
min severe hypoglycemia (<2.0 mmol/L). (D) Immunofluorescent images of cardiac tissues, including nuclear staining with DAPI and ROS staining with DCFH-DA.
(E) Determination of ROS content in myocardial tissues using an ROS ELISA kit. (F) Cardiac ultrasound parameters of mice in the three groups. (G) Determination of
the serum cTnl content using a mouse cTnl ELISA. Diabetic mice were treated with severe hypoglycemia for 90 min after pretreatment with MT (0.7 mg/kg/d), twice.
The above evaluations were conducted at the 24th hour after the termination of hypoglycemia. ***P < 0.001 vs DM before injection of STZ; ***P < 0.001 vs DH before
injection of STZ; &&&p - 0.001 vs DHT before injection of STZ; ##p < 0.01, *##P < 0.001 vs DM; “**P<0.001 vs DH. DM, mice with diabetes mellitus; DH, diabetic
mice experiencing hypoglycemia; DHT, diabetic mice pretreated with Mito-TEMPO experiencing hypoglycemia; FI, fluorescence intensity; IVSd, interventricular
septal thickness at diastole; LVIDd, left ventricular internal dimension at diastole; LVPWAd, left ventricular posterior wall thickness in diastole; IVSs, interventricular
septal thickness in systole; LVIDs, left ventricular internal dimension in systole; LVPWs, left ventricular posterior wall thickness in systole; EDV, end-diastolic volume
index; ESV, end-systolic volume index; SV, stroke volume; FS, fractional shortening; EF, ejection fraction; LV Mass, left ventricular mass; cTnl, cardiac troponin I.
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Fig. 8. Mito-TEMPO improves the myocardial energy metabolism impaired by severe hypoglycemia in diabetic mice. (A) Representative immunoblot image
of proteins related to lipid metabolism and glucose uptake. (B-G) Quantification of immunoblot image. (H) Representative immunoblot image of proteins related to
oxidative phosphorylation. (I-J) Quantification of immunoblot image. (K-L) Activity of the COX I and COX IV enzymes. (M) Determination of mitochondrial potential
of myocardium. (N) Determination of ATP content in cardiac tissues. Diabetic mice were treated with severe hypoglycemia for 90 min after pretreatment with MT
(0.7 mg/kg/d), twice. The above evaluations were performed at the 24th hour after the termination of hypoglycemia. **P < 0.01, *##P < 0.001 vs DM; “P<0.05,
“*P<0.01, “**P<0.001 vs DH.CD36, cluster of differentiation 36; FATP1, fatty acid transporter 1; CPT-1, carnitine palmityl transferase 1; FACS, fatty acyl coenzyme A
synthetases; MCAD, medium-chain acyl-CoA dehydrogenase; GLUT4, glucose transporter 4; COX I, complex I; COX IV, complex IV; TMRE, tetramethylrhodamine

ethyl ester.

physical, or environmental stress [12]. Abundant clinical studies sup-
port this hypothesis. For example, obesity-induced cardiac dysfunction
and heart failure have also been closely related to sympathetic nerve
activation [27]. Inhibition of lipolysis could effectively prevent
ISO-induced heart failure [28]. However, it is worth considering that
many confounding factors tend to co-present in patients. Therefore, it is
difficult to clarify the mechanism underlying this synergistic effect be-
tween cardiac patterns of high fatty acid metabolism and sympathetic
activation in inducing cardiovascular events in vivo. In our study, we
first induced high fatty acid metabolism in cardiomyocytes, retaining
their viability, and then stimulated p-adrenoceptor activation to observe
whether these two physiological effects would produce pathological
results, balancing the defect of the in vivo experiment.

Mitochondria play a crucial role in life processes, as they are
involved in cellular energy production and the induction of apoptosis
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[29]. Normal mitochondrial structure and membrane potential provide
the basis for maintaining their oxidative phosphorylation ability [30,
31]. Mitochondria are the principal organelles that produce ROS, which
is known to be increased with the enhancement of OXPHOS [14].
However, excessive ROS and its sensitization of mPTP to Ca®" has been
shown to induce mitochondrial dysfunction and cell apoptosis [32]. The
p-adrenoceptor activation results in an increased influx of Ca®‘into
myocytes, promoting a positive inotropic response, whereas p-adreno-
ceptor hyperactivation tends to result in cardiomyocyte damage char-
acterized by Ca?toverload and oxidative stress [33,34]. The opening of
mPTP is principally triggered by Ca?*, especially together with ROS,
whereas it is inhibited by various factors, including a low pH, Mg2+,
adenine nucleotides, and CypD inhibitors, leading to mitochondrial
damage and cell apoptosis [22,23]. Although we observed an abatement
of mitochondrial membrane potential, oxidative phosphorylation, and
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ATP synthesis accompanied by an overload of Ca%* and ROS in our in
vitro model, the mPTP did not open as expected but remained closed.
Accordingly, the mitochondria did not show a massive outflow of
apoptosis inducers. We speculated that this might be attributed to the
exposure time and concentration of treatment agents or the consequence
of negative regulatory factors. It can’t be excluded that the closure of the
mPTP might imply the manner of cell death, as the transient opening of
the mPTP is beneficial to physiological regulation [35,36].

It is well known that structure and function are closely associated.
Indeed the changes of cell morphology were greater than the observed
functional changes, suggesting that the improvement of cell morphology
following Mito-TEMPO pretreatment may precede the improvement in
cell activity. The detection principle of cell activity is highly dependent
on the activity and quantity of dehydrogenase within cells. Therefore,
we speculate that the observed phenotype could be attributed to the
activity or quantity of dehydrogenase within the cells not being
increased in time. Whether Mito-TEMPO could further strengthen cell
activity requires more exploration, such as additional pretreatments of
Mito-TEMPO with higher concentrations at each time point, in order to
observe changes in cell activity.

Ferroptosis is a new form of cell death induced by iron-dependent
lipid peroxidation, which can be rescued by ferroptosis-specific in-
hibitors, such as Fer-1; iron chelators, such as DFO; and other antioxi-
dants [37,38]. Compared with apoptosis, this nonapoptotic cell death is
characterized by various morphological features, such as an integrated
cell membrane, a normal nuclear size without chromatin agglutination,
and small mitochondria with thick mitochondrial membranes [37].
Ferroptosis is also accompanied by several biological features, including
an accumulation of iron and ROS, and the dissipation of the mitochon-
drial membrane potential [37]. The consistency between our observa-
tions and most features of ferroptosis prompted us to further explore the
protection of the Fer-1 ferroptosis-specific inhibitor and the DFO iron
chelator. However, it should be mentioned that more indicators and cell
species are required to sufficiently demonstrate whether the form of cell
death observed in this study could be classified as ferroptosis or other
nonapoptotic death. This will be explored further in our future work.

Clinically, the regulation of dyslipidemia, inhibition of high fatty
acid metabolism in patients with diabetes, and application of p-adre-
noceptor blockers might be potential therapeutic approaches for
reducing SH-induced cardiovascular events. However, many obstacles
remain before these approaches can reach practical application. For
example, lipid-lowering therapy might affect blood glucose control and
increase insulin resistance [39]. Sympathetic nerve activation exerts a
defensive function, such as promoting an increase in the level of blood
glucose and stimulating feeding behavior [40]. f-Adrenoceptor blockers
might mask the vigilant state of hypoglycemia in diabetes, thereby
increasing the incidence of SH [41]. Moreover, the timing of SH events
are unpredictable; once they occur, self-protection is lost. Therefore, it
might be more feasible to prevent hypoglycemia-induced cardiovascular
disease by focusing on the risk factors in the diabetic stage. Considering
the synergistic effect, exploring the mechanisms of the synergistic effect
between high fatty acid metabolism and sympathetic activation might
have potential significance for future treatments. In this study, we
demonstrated that mtROS production during high fatty acid metabolism
was the key to impairing cardiomyocyte resistance to f-adrenoceptor
hyperactivation. However, whether there are more synergistic factors
related to or irrelevant to mtROS between diabetes and hypoglycemia
warrants further investigation.

6. Limitations

There were several limitations to the present study. First, whether
the synergistic effect of high fatty acid metabolism and p-adrenoceptor
activation exists in all types of cardiomyocytes remains to be elucidated.
Second, the human body possesses an intricate system determining the
differences in this synergism in in vivo and in vitro experiments. Third,
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the mechanism of cell death induced by this synergism and whether it
widely exists in different types of cardiomyocytes under the same
intervention needs further investigation.

In conclusion, our study revealed that high fatty acid metabolism
attenuates cardiomyocyte resistance to f-adrenoceptor hyperactivation,
partly explaining the differential outcome of the SH-induced cardiac
function and myocardial energy metabolism in diabetic and nondiabetic
mice. It was further confirmed that mtROS plays a key role in this syn-
ergistic effect, providing potential therapeutic targets for preventing
adverse cardiac outcomes due to SH in diabetes. We speculated that this
synergistic effect might also be the main effector of pathogenesis of
other cardiovascular diseases, and further exploration of the specific
mechanism in this interaction will be required in future work.
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