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Patients with diabetes are at an increased risk of diabetic
cardiomyopathy (DCM) and acute myocardial infarction
(AMI). Protecting the heart against AMI is more challeng-
ing in DCM than in nondiabetic hearts. We investigated
whether intravenous (i.v.) atorvastatin administration
during AMI exerts cardioprotection in DCM as seen in
nondiabetic hearts. Sprague-Dawley rats were divided
into streptozotocin-induced DCM and normoglycemic
control groups. Our model of DCM rats exhibited intersti-
tial fibrosis and cardiac dysfunction at 5 weeks. At this
time point, all animals underwent AMI induction (coronary
ligation for 45 min), receiving i.v. atorvastatin or vehicle
during ischemia. Animals were reperfused and sacrificed
24 h later for myocardial infarct size analysis and cardiac
tissue sampling. Echocardiography was performed. DCM
vehicle rats had larger infarcts than normoglycemic
vehicle-treated animals at a comparable area-at-risk.
Intravenous atorvastatin reduced infarct size and pre-
served systolic function in both groups. Compared with
vehicle animals, i.v. atorvastatin inhibited RhoA mem-
brane translocation, induced AMPK phosphorylation,
prevented apoptosis execution, and improved cardiac
remodelling in the infarcted heart of both groups,
whereas innate immune cell infiltration was further re-
duced in i.v. atorvastatin-treated DCM animals. The
proven cardioprotective effectiveness of this i.v. statin
formulation in the presence of DCM warrants its further
development into a clinically therapeutic option.

Diabetic cardiomyopathy (DCM), one of the most severe
complications of diabetes, induces abnormalities in cardiac
structure and function in the absence of other cardiovascu-
lar risk factors (hypertension, coronary artery disease,

ARTICLE HIGHLIGHTS

¢ Diabetic cardiomyopathy (DCM) significantly increases
the risk of acute myocardial infarction and attenuates or
abolishes the cardioprotective effects of several thera-
peutic approaches.

e Whether intravenous atorvastatin administration during
ongoing acute myocardial infarction retains its cardiopro-
tective potential in the presence of DCM was investigated.

e Intravenous atorvastatin during ischemia reduces in-
farct size and preserves cardiac function in DCM rats.

e The efficacy of this intravenous statin formulation in
DCM supports its development as a viable therapeutic
option for clinical use.

and atherosclerosis) (1,2). DCM pathogenesis includes
macro- and microvascular alterations, cardiac inflammation,
diffuse interstitial fibrosis, and overall adverse left ventricu-
lar (LV) remodelling (2).

Patients with diabetes have a two- to threefold higher
relative risk of acute myocardial infarction (AMI), a worse
prognosis post-AMI, and an increased risk of developing
heart failure independently of age, risk factors, or comor-
bidities (3). Although several experimental studies have
demonstrated the protective effect of pharmacological and
mechanical interventions against AMI-related cardiac in-
jury, these protective measures have not successfully trans-
lated to patients with diabetes (4,5). Metabolic alterations,
such as hyperglycemia, insulin resistance, and diabetes,
have been shown to enhance myocardial susceptibility to
ischemic damage and markedly attenuate or even abolish
the cardioprotective response afforded by ischemic and
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pharmacological conditioning strategies (6). In the latter re-
gard, conventional hypoglycemic drugs, such as metformin
and thiazolidinediones, have shown limited cardioprotec-
tive efficacy across species (7). Conversely, the novel hypo-
glycemic drugs glucagon-like peptide 1 receptor agonists
and sodium-dependent glucose cotransporter protein 2 in-
hibitors have been shown to exert infarct-sparing effects in
diabetes at a preclinical (8) and clinical level (9,10), although
the mechanisms behind remain unknown (6). However, to
the best of our knowledge, no studies have addressed the
cardioprotective potential of pharmacological interventions
in the setting of AMI with a background of DCM, a diabe-
tes-related complication characterized by pathological and
functional features that differ from the diabetic heart.

We previously demonstrated in rodents (mice and rats)
and preclinical (pigs) animal models that intravenous (i.v.)
atorvastatin (IV-ATV) administration during ongoing ische-
mia significantly reduces myocardial damage, improves
cardiac function, and limits adverse cardiac remodeling af-
ter AMI (11-15). Most importantly, such cardioprotective
benefits persisted despite high plasma LDL-cholesterol
levels (14). Chen et al. (16) demonstrated that pharmacologi-
cal postconditioning with atorvastatin limited ischemia/
reperfusion damage in a model of diabetes without cardiac
impairment. Yet, whether IV-ATV is cardioprotective in the
presence of DCM, a severe complication of diabetes associ-
ated with diastolic dysfunction and myocardial interstitial fi-
brosis, remains unknown. Therefore, we aimed to investigate
whether IV-ATV administered during ischemia exerts cardio-
protective effects in rats with established DCM.

RESEARCH DESIGN AND METHODS

Experimental approaches were reviewed and approved by
the Institutional Animal Care and Use Committees (CEEA-
IR, procedure no. 137) and authorized by the Animal Ex-
perimental Committee of the local government (Generalitat
de Catalunya, Barcelona, Spain) by the Spanish law (RD
53/2013) and European Directive 2010/63/EU. In addi-
tion, the investigation conforms to the Guide for the
Care and Use of Laboratory Animals published by the U.S.
National Institutes of Health (NIH Publication No. 85-23,
revised 1985), follows the Animal Research: Reporting of
In Vivo Experiments (ARRIVE) guidelines 2.0 (17), and
adheres to the practical guidelines for rigor and reproduc-
ibility in preclinical and clinical studies on cardioprotection
(18,19). We are committed to the “3Rs” (Replacement,
Reduction, and Refinement) principle and used the mini-
mum of animals required to achieve statistical significance.

Animal Model of DCM

Male Sprague-Dawley rats (n = 24, weighing 250-300 g,
8-10 weeks old; Janvier Laboratory) were housed in stan-
dard cages (two/cage) and maintained under controlled
temperature (24 + 1°C) and humidity (55% + 5%), with a
12-h light-dark cycle. The animals had ad libitum access to
water and were fed regular chow (Teklad Global 14% Protein
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Rodent Maintenance Diet, Envigo). All animals were allowed
to acclimatize 5 days before we conducted all baseline meas-
urements. Thereafter, animals were randomly distributed
into two groups: one group received a unique high dose of
streptozotocin (STZ; 65 mgkg ' ip.) to induce DCM (n = 12;
572201-1GM, Sigma-Aldrich, Burlington, MA), whereas the
second group received an equal volume of sodium citrate buffer
(normoglycemic control [NC] group, n = 12) (Supple>mentary
Fig. 1) (20,21). Blood glucose levels were assessed within the
first 48 h post-STZ administration (Accu-Chek Instant MO
MG/DL, Roche Diabetes Care, Barcelona, Spain) to confirm
the hyperglycemic condition (>150 mg-dL ™" fasting state).

Echocardiographic analyses were performed in all ani-
mals at baseline and at 3 and 5 weeks to follow-up on
DCM development compared with NC. As detailed below,
animals showed both diastolic and systolic dysfunction
supporting the validity of this animal model of DCM
(1, 22,23). To further validate our DCM rat model, we as-
sessed interstitial fibrosis in another subgroup of animals
(n = 16) that received a unique high dose of STZ (65
mgkg ' ip; n = 8) and were sacrificed at 5 weeks when
cardiac dysfunction was evident. For this purpose, paraf-
fin-embedded slices from the LV of DCM rats and of NC
animals (n = 8) were processed for immunohistochemical
analyses of collagen deposition (Masson’s trichrome, Bio-
Optica, Milan, Italy). Preparations were scanned by Pan-
noramic MIDI 1.17 (3DHISTECH) and with informatic pro-
gram SlideViewer 2.7 (3DHISTECH) images, which were
acquired and imported to ImageJ. Image-adjusted color
threshold was performed to quantify cardiac fibrosis fol-
lowing same parameters (hue, 11-237; saturation, 0-254;
brightness, 0-250). The collagen volume fraction was mea-
sured as a mean of five random fields per animal ([collagen
positive area/total tissue area] x 100).

Blood Samples and Analyses

Rats were deeply anesthetized (Zoetis, Parsippany, NJ) at
baseline, week 3, and 24 h post-AMI for blood withdrawal and
serum obtention (TP010350, Everest-Tecnovet, Barcelona,
Spain). The serum was stored at —80°C (24). We assessed
triglycerides (GN 90125, RAL, Barcelona, Spain), total
cholesterol (GN 20125, RAL), and HDL-cholesterol (GN
20525, RAL) levels. We also determined circulating levels
of C-terminal propeptide of collagen a-1 chain (PICP)
(ER0322-96T, FineTest, bioNova cientifica) and matrix
metalloproteinase 1 (MMP1) (ER1158-96T, Fine-Test,
bioNova cientifica) with their respective ELISA kits.

Transthoracic Echocardiography

All animals underwent transthoracic echocardiography to
accurately assess cardiac function according to the indica-
tions provided by the European Society of Cardiology
Working Group on Myocardial Function (25) by using a
30-MHz linear array transducer system (VEVO 2100,
VisualSonics, Amsterdam, Netherlands).
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LV structural analyses included LV anterior wall thick-
ness in systole (LVAWSs), LV anterior wall thickness in di-
astole (LVAWd), LV internal diameter in systole (LVIDs),
LV internal diameter in diastole (LVIDd), interventricular
septal thickness in systole (IVSs), interventricular septal
thickness in diastole (IVSd), LV posterior wall thickness
in systole (LVPWs), LV posterior wall thickness in diastole
(LVPWA), LV systolic volume (LV Vs), LV diastolic volume
(LV VAd), and relative wall thickness (RWT).

LV functional parameters included the analyses of the
LV ejection fraction (LVEF), shortening fraction (SF),
stroke volume (SV), and cardiac output (CO). In the case
of large differences in body weight (BW), CO was normal-
ized to body surface area (BSA) and expressed as the car-
diac index (CI). CI = CO-BSA™ ", BSA = 9.8 x BW>,

Peak velocity of early diastolic filling (E wave), late peak
velocity of diastolic filling (A wave), isovolumetric relaxation
time (IVRT), ejection time (ET), aortic ejection time (AET)
and E wave-to- A wave ratio (E/A) were measured from the
mitral inflow images to identify diastolic dysfunction. LV
inflow pulsed-wave Doppler was also recorded.

Three representative cardiac cycles were evaluated for
each determination, and heart rate (HR) was continuously
monitored (26). Measurements were taken at baseline,
week 3, week 5, and 24 h post-AMI.

AMI Model and Treatment

At week 5, rats were anesthetized by a subcutaneous injec-
tion of midazolam (0.5 mg-kgfl), alfaxalone (10 mg'kgfl),
and buprenorphine (0.1 mgkg '). Rats were cannulated
and connected to a rodent ventilator (Advanced Safety
Ventilator, Harvard Apparatus, Holliston, MA), and a tho-
racotomy was performed at the fourth intercostal space
(21). Pericardial tissue was removed, and myocardial infarct
was performed by ligating the left anterior descending artery
with a 5-0 silk suture (SQETW581, Everest-Tecnovet) (11).
Myocardial infarction was confirmed by electrocardiogram vi-
sualization of the ST-elevation myocardial infarction pattern,
and the infarcted myocardium showed as a pale pink color.
Ischemia was maintained for 45 min. At 15 min of ische-
mia, the treated group received IV-ATV (2.75 mg~kg71),
whereas the vehicle animals received the same amount of
vehicle (N,N-dimethylformamide) through the vein tail.
The atorvastatin preparation used is a soluble atorvastatin
calcium salt formulation for iv. administration (patent
PCT/EP2018/058158), and the doses of atorvastatin cho-
sen were equivalent to the 40-mg oral dose of atorvastatin
used in humans and converted to rat dosing according to
body surface area (12).

After 45 min of ischemia, the coronary ligature was
loosed, the chest was closed, and the skin was sewed with
5-0 silk (SQETWS528H, Everest-Tecnovet). Rectal tempera-
ture was monitored and maintained during the experimen-
tal procedures within 37-38°C by the use of a heating
plate (Rodent Surgical Monitor PLUS - Mouse and Rat,
UNO Roestvatstaal BV, Zevenaar, Netherlands) (11).
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Infarct Size Assessment

At 24 h post-AM], all rats were anesthetized, cannulated,
and connected to a rodent ventilator. The left anterior de-
scending artery was reoccluded at the same point as AMI
induction, and 3 mL of Evans Blue 1% (Evans Blue
E2129-100G, Sigma-Aldrich) was perfused through the
femoral vein. The heart was rapidly removed and washed
with PBS at 4°C. The heart was cut into four slices with a
2-mm-thick section.

Two alternative slices were used for LV tissue collection
for further molecular and histological studies of the in-
farcted myocardial zone. The remaining two slices were
used for infarct size assessment with 1% triphenyl tetra-
zolium chloride (TTC) staining (27). The slices were pho-
tographed with a digital camera (Nikon D600, Tokyo,
Japan) connected to a microscope (Technoscope Zeiss
OPMI Pico S100, Jena, Germany) before and after TTC
staining and analyzed using ImageJ. Infarct size was ex-
pressed as a percentage of the area at risk (AAR).

Myocardial Molecular Studies

Ischemic (jeopardized) myocardium, delineated by Evans
Blue-negative staining, was collected and rapidly frozen in lig-
uid nitrogen for mRNA and protein extraction following the
indications provided by the supplier (TriPure, 11667165001,
Sigma-Aldrich). We assessed the entire ischemic region as the
scar had not yet developed 24 h post-AML

Assessment of Transcript Levels

RNA concentration was determined with a NanoDrop
ND-1000 spectrophotometer (NanoDrop Technologies,
Thermo Fisher Scientific, Waltham, MA), and purity was
assessed by the A260-to-A280 ratio. cDNA was synthe-
sized from 1 pg RNA with a cDNA reverse transcription
kit (QIAGEN, Diisseldorf, Germany), and the resulting cDNA
samples were amplified by RT-PCR with the following spe-
cific probes (Thermo Fisher Scientific) from Applied Biosys-
tems (Carlsbad, CA): 1) Ampk (Ampk; Rn00576935_m1), 2)
SiC2a4-Glut4 (Glut4; Rn01752377_m1), 3) cysteine-aspartic
acid protease 3 (Caspase-3; Rn00563902_m1), 4) p53 (P53;
Rn00755717_m1), 5) collagen I (Collal; Rn0143848 m]l),
and 6) collagen III (Col3al; Rn01437681_m1). mRNA levels
were normalized to the housekeeping gene r18S (Applied
Biosystems).

Protein Expression and Activation

We assessed myocardial markers of 1) cardiac metabolism:
AMPK (1:500; ab3759-1001, Abcam, Cambridge, U.K.)
and phosphorylated AMPK (p-AMPK) at threonine 172
(1:500; no. 2535, Cell Signaling, Danvers, MA); and 2) glu-
cose uptake: GLUT4 (1:500; sc-53566, Santa Cruz Bio-
technology, Dallas, TX) and GLUT1 (1:500; no. 73015,
Cell Signaling). The intensity of the Western blot bands
was assessed with Chemi-Doc (Bio-Rad Life Science, Bar-
celona, Spain), and quantification was done with Quantity
One Software (Bio-Rad Life Science). Normalization was
performed against ponceau staining, and the intensity of
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the bands was calculated by densitometry and expressed as
arbitrary units (28).

Immunohistochemical Analyses

Paraffin-embedded slices from infarcted hearts of all ani-
mals were cut into 5-pwm-thick serial sections (JUNG
RM2055, Leica, Wetzlar, Germany) and processed for 1)
Masson’s trichrome staining (as stated above); 2) cardio-
myocyte size assessment by hematoxylin (05-06004/L,
Bio-Optica) and eosin (10-3001, Casa Alvarez, Madrid,
Spain) staining (30 cardiomyocytes/image in five random
fields); 3) lipid peroxidation (a marker of ferroptosis) through
the assessment of glutathione peroxidase (GPX)4 (1:200;
ab125066, Abcam) (five images/sample; hue, 0-25; satura-
tion, 30-110; brightness, 135-230); and 4) innate immune
cell recruitment by measuring total infiltrated macro-
phages (anti-CD68, 1:200; ab31630, Abcam), type 2 mac-
rophages (anti-mannose receptor; 1:300; ab64693, Abcam),
and neutrophils (anti-elastase; 1:200; ab68672-1001,
Abcam) (positive cells were counted in 10 random fields).

Analyses of Apoptosis Execution by TUNEL
Fluorescence Assay

Apoptosis in the infarcted heart was analyzed by TUNEL
assay according to the manufacturer’s instructions (Chem-
icon, Pittsburgh, PA). Images were recorded on a Leica
inverted fluorescence confocal microscope (Leica TCS
SP5-AOBS). Slices were viewed with HCX PL APO 63X
0il/0.6-1.4 objective. Fluorescent images were acquired in
a scan format of 1,024 x 1,024 pixels in a spatial data set
(%, y, z) and were processed with the Leica Standard Soft-
ware TCS-AOBS. Apoptosis rate was expressed in the
mean of positive area (pixels) TUNEL-positive cells/micro-
scopic field (~100 cells), four random fields per heart.

Confocal Microscopy Analyses of RhoA and

GLUT4 Activation

Staining of the plasmatic membrane (5 mg-mL_l; C10046,
Thermo Fisher Scientific) was performed in infarcted heart
sections before RhoA (1:50; sc-418, Santa Cruz Biotechnol-
ogy) and GLUT4 (1:50; sc-53566, Santa Cruz Biotechnology)
immunochemistry following the manufacturer’s instruc-
tions. Thereafter, colocalization of RhoA and GLUT4 in the
plasma membrane (active forms) was evaluated by correlat-
ing the fluorescent signal represented in a two-dimensional
cytofluorogram in which the overlapping is indicated in yel-
low. Only a central cloud along the y-x-axis of the cyto-
fluorogram was selected and shown in yellow over images.
The colocalization rate was calculated using colocalization
area/area foreground x100. Membrane colocalization anal-
ysis was performed in five random fields/sample.

Statistical Analysis

All analyses were performed blindly to both DCM condi-
tions and treatment. Data are presented as mean + SD.
Normality was assessed with the Shapiro-Wilk test. When
normality could be assumed, statistical differences between
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groups were analyzed by two-tailed t test (for comparisons be-
tween two groups), one-way ANOVA (for multiple groups),
or two-way ANOVA (for multiple groups and two factors).
The Tukey honestly significant difference post hoc test or
the Bonferroni multiple comparisons test was performed to
correct significance for multiple comparisons. Kruskal-Wallis
rank sum test was performed when normality could not
be assumed using GraphPad Prism software. The Pear-
son correlation coefficient provided the correlation of
the intensity distributions between channels, and mean-
ders overlap coefficient assessed the degree of colocaliza-
tion. P < 0.05 was considered to indicate statistically
significant differences.

Data and Resource Availability

All data generated or analyzed during this study are in-
cluded in this published article and its supplementary in-
formation files.

RESULTS

Establishment of a Rat Model of STZ-Induced DCM
Glucose levels markedly rose 2 days post-STZ injection
and remained high throughout the experimental study,
and weight remained unchanged throughout the experi-
mental period (Supplementary Fig. 2). Transthoracic echo-
cardiography studies were performed at baseline and at
3 and 5 weeks post-STZ administration to verify the devel-
opment of DCM. As shown in Fig. 1, DCM rats showed a
significant dysfunction in systolic-related (Fig. 14) and dia-
stolic-related (Fig. 1B) parameters 3 weeks post-STZ injec-
tion (vs. NC animals) that persisted up to week 5. HR was
also found to be depressed in DCM rats compared with NC
rats (Fig. 1C). Hearts from DCM rats showed higher inter-
stitial fibrosis than hearts from NC animals (Fig. 1D), fur-
ther validating the DCM animal model.

IV-ATV Reduces Infarct Size in DCM Rats

Although there seemed to be a trend toward a reduction
in the AAR in ATV-treated rats (NC and DCM) compared
with their respective controls, P values were not statisti-
cally significant (P < 0.71 and P < 0.43, respectively),
and no differences were detected among all animals per
the AAR (Fig. 2). DCM-vehicle animals showed larger in-
farcts compared with NC-vehicle rats. Administration of
IV-ATV early after AMI resulted in a significant and simi-
lar reduction in the size of infarction in NC and DCM ani-
mals compared with their vehicle counterparts (22 + 7%
vs. 23 + 9%, respectively).

IV-ATV Inhibits RhoA Membrane Translocation in the
Infarcted Myocardium

We first determined ATV-related inhibition of RhoA mem-
brane translocation in the infarcted hearts. We detected a
higher degree of RhoA translocation in the infarcted heart of
DCM animals (vehicle and IV-ATV) than their NC counterparts
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Figure 1—DCM characterization by cardiac echocardiography and fibrosis assessment. A: LV systolic-related parameters. B: LV dia-
stolic-related parameters. C: HR (n = 12 animals/group in A, B, and C). bpm, beats per minute; BSL, baseline. D: Masson’s trichrome
staining (n = 8 animals/group). CVF, collagen volume fraction. Data are expressed as mean + SD. *P < 0.05 vs. NC group.

(Fig. 3). IV-ATV administration significantly reduced RhoA
translocation to the plasma membrane in both DCM and NC
animals compared with their matching vehicle arm.

IV-ATV Preserves Systolic-Related Functional
Parameters Post-AMI in DCM Rats

AMI induction for 45 min impaired LVEF, SF, and SV in
all animal groups (vs. prior-AMI) (Fig. 4). Among non-
treated animals, vehicle-DCM animals displayed a smaller
relative impairment in all functional parameters than vehi-
cle-NC animals. Of note, however, prior to AMI induction,

LVEF (Fig. 1 and Fig. 44), SF (Fig. 1 and Fig. 4B), and SV
(Fig. 1 and Fig. 4C) were found to be significantly impaired
in DCM animals compared with NC rats. IV-ATV markedly
and similarly preserved systolic function in NC and DCM
animals compared with vehicle-administered animals
(Fig. 4). We could speculate that the vehicle-DCM animals
displayed a smaller relative impairment in all functional
parameters compared with the vehicle-NC animals likely
because the vehicle-NC group showed better cardiac func-
tion before AMI induction, as shown in Fig. 1. Conse-
quently, the vehicle-NC animals had a greater potential
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Figure 2—Infarct size assessment (n = 6 animals/group). Data are expressed as mean + SD. *P < 0.05 vs. vehicle-NC; +P < 0.05 vs. vehicle-

DCM; £P < 0.05 vs. IV-ATV NC.
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- 1 1

Figure 3—RhoA inhibition in the infarcted heart. Degree of colocalization rate and representative images. RhoA in the plasma membrane/
RhoA in the cytoplasm (RhoA mb/RhoA cyt) (n = 6 animals/group). Data are expressed as mean + SD. *P < 0.05 vs. vehicle-NC; +P < 0.05

vs. vehicle-DCM; £P < 0.05 vs. IV-ATV NC.

for myocardial impairment following AMI whereas vehi-
cle-DCM animals had limited extent for further deteriora-
tion. IV-ATV administration also preserved LVAWs in
both groups and LVIDs and LV Vs in NC animals (vs. vehi-
cle-NC) (Supplementary Fig. 3). No differences were de-
tected among all animals in other systolic and diastolic
parameters (Supplementary Fig. 4).

IV-ATV Enhances Cardiac AMPK Activation in

DCM Rats

Ampk transcript levels were found to be higher in the in-
farcted myocardium DCM-vehicle animals compared with
NC-vehicle rats (Fig. 5A). Yet, no differences were de-
tected as per the total AMPK protein content among NC

and DCM animals (Fig. 5B). The degree of AMPK activa-
tion (and consequent ratio of p-AMPK to AMPK) was
found to be significantly lower in DCM vehicle animals
compared with NC-vehicle rats (Fig. 5B).

The administration of IV-ATV enhanced Ampk mRNA ex-
pression in the infarcted myocardium of NC animals com-
pared with their vehicle counterparts, but no changes were
observed in the DCM group. No changes were detected in
AMPK protein expression after IV-ATV administration
among both animal groups. In contrast, IV-ATV treat-
ment was associated with a significant increase in AMPK
activation and consequent ratio of p-AMPK to AMPK in
both NC and DCM animals, although to a lower extent
in the DCM group (vs. vehicle) (Fig. 5B).

A LVEF

A LVEF

5]
o

100

AMI < NC
| _ CIDCM 5
801 B _ &NC Vehicle = 40
—O— e ONC IV-ATY % a0
L 601 T ¥ =DM Vehicee g
3 ¥ I DDCMIV-ATY
0 ¥ & 2 20
. 5
201 & 10
=
0 ‘ 0
BSL 3w 5w 24h
post-AMI
B sF
50
" AMi ONC =
5% 7!  ooom 2 40
afl T——F R o 4NC Vehicle oy
Ty ©NC IV-ATV & 30
\E SDCM Vehicle & * 64%
2 ¥ ¥ LDCM IV-ATV 2 5 s =
20 I 2 O | -
290 ot t
=
s oL | EE Il
BSL 3w 5w 24h 2 > 2 >
post-AMI = < £ <
2 =z 2 =
NC DCM

Post-AMI

Vehicle
Vehicle

IV-ATV
IV-ATV

o A SV
250
AMI ONC s
300 DCM ks
el 4 NC Vehicle 0
e Y ©NC IV-ATV g
200 = Usj, MDCMVehicle @
o ¥ U@ DDCMIVATV - g
100 { \:IL 5
=
0L . , =
BSL 3w 5w 24h 2 2 8 2
post-AMI s 3 2 <
2 2 3 =
NC DCM

Figure 4—Echocardiography analysis of systolic-related parameters post-AMI induction. LVEF (A), SF (B), and SV (C). A: Relative impair-
ment prior vs post-AMI (n = 6 animals/group). Data are expressed as mean + SD. *P < 0.05 vs. vehicle-NC; +P < 0.05 vs. vehicle-DCM;

P < 0.05 vs. IV-ATV NC; ¥P < 0.05 vs. NC.


https://doi.org/10.2337/figshare.28565678
https://doi.org/10.2337/figshare.28565678

diabetesjournals.org/diabetes

>
m

p-AMPK

Ampk mRNA

AMPK protein

6 6
=2
< = @
2 @
Z 34 2 4
%] 5 I
@ o p=01 2
2 ¥ g
¥ ol . =
= =2 3 . 1 =2
< < ot 3 S s
| 3
= + =
0 = o LL 1 ]
% g 3 = s 2 o
e ¢ = 3 £ « £
g = 2 = $ £ 8
i > 2 >

NC DCM NC

Alcover and Associates 1027

p-AMPK/AMPK

63 kDa —» ¢ == «— AMPK
4 e =3
tt ° did s <+ p-AMPK
g =
T o -EV— == = o] Red Ponceau
1. 2 A
r B2 S VH IV-ATY VH IV-ATV
= . B .
I hE . g
v |
0 = .
e 3 E 2 E
< F £ 5§ %
= £ 2 £ =2
NC DCM

Figure 5—AMPK expression and activation in the infarcted heart. A: Ampk transcript levels. B: AMPK protein content and degree of acti-
vation (phosphorylation of threonine 172) (n = 6 animals/group). Data are expressed as mean + SD. *P < 0.05 vs. vehicle-NC; tP < 0.05

vs. vehicle-DCM; P < 0.05 vs. IV-ATV NC.

IV-ATV Exerts no Effect on Myocardial GLUT1 and
GLUT4 Expression and GLUT4 Membrane Translocation
Altered glucose metabolism, a characteristic feature in dia-
betic conditions, has been demonstrated to contribute to
the recovery of AMI (29). Accordingly, we examined whether
IV-ATV administration affected GLUT1 and GLUT4 expression
or GLUT4 membrane translocation. No differences were de-
tected in Glut4 transcript levels between NC-vehicle and DCM-
vehicle animals in the infarcted heart (Supplementary Fig. 5A).
In contrast, GLUT4 protein levels (Supplementary Fig. 5B)
were found to be significantly reduced in DCM-vehicle animals
compared with their NC counterparts. A comparable behavior
was observed for GLUT1. Regarding GLUT4 membrane trans-
location, this was found to be significantly reduced in all DCM
animals (Supplementary Fig. 5C). IV-ATV did not affect
GLUT1 and GLUT4 protein levels or GLUT4 translocation
in NC and DCM groups (Supplementary Fig. 5B and C).

IV-ATV Mitigates Apoptosis Execution in the Infarcted
Myocardium of DCM Rats
P53 and Caspase-3 transcript levels were found to be
higher in the infarcted myocardial of DCM animals com-
pared with NC (Fig. 6A). In line with the gene expression
levels, TUNEL staining revealed higher apoptosis execu-
tion in the infarcted myocardium of DCM-vehicle animals
compared with NC-vehicle rats (Fig. 6C). Yet, despite no
changes detected in Caspase-3 and P53 transcript levels in
IV-ATV treated animals, there was a 47% reduction in
TUNEL staining in IV-ATV NC animals and a 76% reduc-
tion in IV-ATV DCM rats.

We also assessed GPX4, an enzyme that prevents lipid per-
oxidation and subsequent ferroptosis. No differences in GPX4
detection were observed among all animal groups (Fig. 6C).

Impact of IV-ATV on Cardiac Innate Immune Cell
Infiltration

DCM-vehicle animals showed a clear trend (P = 0.08) toward
a higher (40%) neutrophil infiltration and a significant
increase in macrophage content in the infarcted heart com-
pared with NC-vehicle rats (Fig. 7A and B). IV-ATV adminis-
tration largely limited inflammatory cell recruitment (64%

and 21% reduction in neutrophil and macrophage, respec-
tively) in the infarcted region of DCM rats, whereas it ex-
erted no significant effect on NC rats. On the other hand,
lower amounts of type 2 macrophages were detected in the
infarcted myocardium of all DCM animals compared with
their NC counterparts, and IV-ATV treatment resulted in
higher detection levels compared with the vehicle counter-
parts (Fig. 7B).

IV-ATV Limits Adverse Cardiac Remodelling
DCM-vehicle animals showed an increased Col3a1 mRNA
level in the infarcted heart compared with the NC-vehicle
group. No differences were detected according to Collal
gene expression levels, and DCM animals showed lower
circulating levels of PIPC. MMP1 levels did not differ be-
tween NC and DCM animals (Fig. 84-C). At a histological
level, DCM-vehicle animals showed higher fibrosis detec-
tion in the infarcted heart than their NC-vehicle counter-
parts (Fig. 8D).

The impact of IV-ATV treatment on fibrosis differed
between NC and DCM animals. Among NC animals, IV-ATV
increased cardiac transcript levels of Collal and Col3al, en-
hanced PICP circulating levels, and lowered MMP1 concentra-
tions (Fig. 8A-C). In contrast, among DCM animals, [V-ATV
resulted in lower expression of Collal, Col3al, and PICP and
higher MMP1 levels (Fig. 8A-C). In line with these findings,
higher fibrosis was detected in the evolving scar of IV-ATV
NC animals compared with their vehicle NC counterparts
(Fig. 8D), whereas IV-ATV administration led to lower fibro-
sis deposition in the DCM hearts.

No differences in cardiomyocyte size were observed be-
tween the NC and DCM at 5 weeks after STZ administration
(Supplementary Fig. 64) or among groups at 24 h post-AMI
(Supplementary Fig. 6B).

Impact of IV-ATV on Plasma Lipid Levels

Triglycerides, total cholesterol, and HDL-cholesterol levels
were higher in the DCM animals compared with the NC
rats at 3 weeks, an effect that persisted up to 24 h post-
AMI (Supplementary Table 1). IV-ATV administration ex-
erted no changes in all tested lipid parameters.
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DISCUSSION

The failure to translate novel cardioprotective approaches
to the clinical setting has been partly attributed to comor-
bid conditions (3,30). Additionally, the excessive reactive
oxygen species production, persistent low-grade inflam-
matory state, and dysfunctional response to insulin that
characterizes diabetes have been suggested to interfere with
key cardioprotective signaling pathways, making diabetic
animal models resistant to certain mechanical and pharma-
cological cardioprotective interventions (6,22,31). We have
soundly demonstrated in small- and large-animal models
that IV-ATV during ongoing AMI robustly reduces cardiac
damage and improves LV remodelling and that such
benefits remain despite high plasma LDL-cholesterol
levels (11,12,14).

We now demonstrate that the cardioprotection conferred
by IV-ATV administered during ischemia persists in DCM
rats. So far, there is still no animal model that recapitulates
the full complexity of DCM, yet our STZ-induced rat model
of DCM mimics both the dysfunctional phenotype that
characterizes human DCM developing both diastolic and
systolic dysfunction (1,22,23) (evidenced by an increase in
IVRT and A peak and a decrease in LVEF and SF, respec-
tively) and the presence of diffuse myocardial fibrosis (6).

Inhibition of HMG-CoA reductase reduces mevalonate
synthesis and the subsequent formation of farnesyl pyro-
phosphate and geranyl pyrophosphate. Both farnesyl pyro-
phosphate and geranyl pyrophosphate anchor intracellular
proteins (such as the small G protein RhoA) through

prenylation, ensuring its translocation into the cell mem-
brane. Once activated, RhoA has been shown to trigger
detrimental effects on the cardiovascular system. RhoA
activity has been noted to increase in various cardiovascu-
lar disease models, including DCM (32). In line with these
findings, we detect a higher degree of RhoA membrane
translocation in DCM animals than in NC animals. Yet, IV-
ATV was able to mitigate RhoA activation in the infarcted
heart to a comparable extent in all animals regardless of
the DCM condition. RhoA inhibition by fasudil in mice has
been shown to promote liver kinase B1 activity, leading to
p-AMPK (33). AMPK plays a crucial role in modulating car-
diac metabolism in the presence of myocardial ischemia
(34). Several studies have demonstrated the negative im-
pact of hyperglycemia on AMPK expression and activity
(35,36), worsening cardiac adaptation to an ischemic insult
(37). In the current study and in agreement with previous
findings (38), we evidence that the DCM condition signifi-
cantly reduces AMPK activation to comparable levels found
in infarcted hearts. In addition, we also demonstrate higher
apoptosis execution in the infarcted region of nontreated
DCM rats. DCM pathophysiology is characterized by a higher
caspase-3 and p53 activation (39), which in our study, might
have been further challenged by AMI-induction as we and
others have previously shown (40,41). Although no differ-
ences were observed according to GPX4 content, this does
not allow us to excude potential differences in GPX4 activity.
Further studies are needed to ascertain the contribution of
ferroptosis to overall cell death.
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Altogether, the higher degree of RhoA translocation
and apoptosis execution in combination with a lower ratio
of p-AMPK observed in the jeopardized myocardium may
contribute to explain the larger infarcts observed in non-
treated DCM rats compared with their NC counterparts.
The presence of hypertension and dyslipidemia has been
shown to lead to larger infarcts (42,43). More recently, in
isolated rat hearts, DCM has shown impairing effects on
ischemia/reperfusion injury, reducing the effects of
preconditioning (44). We prove in vivo the impairing effects
of DCM on heart structure and function and how AMI fur-
ther impairs cardiac performance. Most importantly, we
demonstrate that administration of IV-ATV during ongoing
ischemia can revert the DCM-induced deleterious effects on
cardiac function and how both AMPK activation and cell
death are likely involved in limiting the final size of infarc-
tion. We previously demonstrated, by using a selective
AMPK inhibitor, a causal association between IV-ATV ad-
ministration and AMPK activation. On the other hand and
in line with our previous work (11), IV-ATV treatment likely
reduces apoptosis execution despite the absence of detect-
able modifications in Caspase-3 and P53 transcript levels.
This conclusion is supported by the observed decrease in
TUNEL staining and our previous findings in pigs, where
IV-ATV led to a reduced activity of both caspase-3 and p53
in the infarcted heart (11, 45).

Beyond AMPK, glucose transporters (particularly GLUT1
and GLUT4) have been shown to play critical roles in the
metabolic response to myocardial damage. In this regard,
cardiac tolerance under ischemia largely depends upon gly-
colysis, and glucose-insulin-potassium infusions have been
shown to limit cardiac damage and improve recovery after
AMI (46). We observed the expected reduction in GLUT1
and GLUT4 expression and GLUT4 translocation to the cy-
toplasmatic membrane in DCM rats, likely due to impaired
insulin sensitivity (13). Yet, IV-ATV administration did not
affect GLUT1 and GLUT4 content or activation, likely ex-
cluding any effects of IV-statin on cardiac glucose uptake.
IV-ATV did not exert any effect on plasma lipid levels in
line with our previous findings (12,14). Cholesterol reduc-
tion by statins requires prolonged inhibition of liver HMG-
CoA reductase, making a single i.v. infusion insufficient to
achieve meaningful lipid level reductions.

We further assessed the impact of IV-ATV on cardiac
innate immune cell response, considering the key role of
inflammation in the pathogenesis of both DCM- and
AMI-triggered cardiac damage (39). As such, we observed
a clear trend toward higher neutrophil and macrophage
recruitment in the infarcted area in DCM rats compared
with NC rats, which was significantly attenuated in those
animals treated with IV-ATV. We previously demonstrated
in hypercholesterolemic pigs the ability of IV-ATV to limit
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ischemia-induced neutrophil infiltration (11) and to dimin-
ish reperfusion-induced peripheral blood mononuclear cell
activation at 3 days post-AMI (12). We now provide evidence
that IV-ATV not only prevents local cardiac infiltration of in-
nate immune cells but also enhances the presence of type 2
macrophages (anti-inflammatory phenotype) found to be di-
minished in DCM hearts (47).

Moreover, we studied the effect of IV-ATV on the car-
diac fibrotic remodelling process (2). Interestingly, a dual
effect of IV-ATV was observed depending on the patholog-
ical background. Our observations in a whole allow us to
speculate that whereas IV-ATV favored reparative fibrosis
in the forming scar of NC animals (higher collagen content
and lower MMP1 levels), it limited further fibrous tissue
deposition in an already fibrotic DCM heart (48) overall,
supporting a beneficial effect of IV-ATV on ventricular re-
modeling. Finally, in line with previous studies, we did not
observe an increase in cardiomyocyte size during the de-
velopment of DCM at 5 weeks (49,50) and IV-statin in-
duced no changes in cardiomyocyte size post-AMI in the
infarcted heart, in line with our recent findings in hyperli-
pidemic pigs (45).

Study Limitations
Our study has some limitations. First we could not evaluate
the impact of sex on the study because Sprague-Dawley

female rats are resistant to diabetes induced by STZ admin-
istration (51).

Second, by design we only evaluated the short-term ef-
ficacy of the IV-ATV intervention and did not assess lon-
ger periods. However, we proved before in a preclinical
animal model of hypercholesterolemia that the acute ben-
efits of IV-ATV intervention persist in the chronic phase
post-AMI attenuating LV adverse remodeling at 42 days.

Third, our model of DCM is based on a type 1 diabetes
model following a single injection of STZ and does not re-
capitulate the features of type 2 diabetes (e.g., inadequate
weight gain over time and concurrence with other comor-
bidities) (20). Whether our observations can be translated
to a setting of type 2 diabetes remains to be assessed.

Finally, although the operations were not blinded to the
treatment arm, all subsequent analyses presented in this
manuscript were conducted under blinded conditions.

Conclusions

IV-ATV administered during ongoing ischemia limits in-
farct size and preserves cardiac function post-MI despite
the presence of DCM. These benefits are associated with
enhanced AMPK activation, reduced apoptosis execution,
lower innate immune cell recruitment, and improved car-
diac remodeling in the infarcted heart (graphical abstract).
This novel approach holds promise in the clinical setting
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and deserves to be investigated in patients suffering from
AMI with a background of DCM.
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