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Abstract Antibodies (Abs) targeting the P3 sequence
(Gly1127-Cys1140) of LDL receptor-related protein 1 (anti-
P3 Abs) inhibit the interaction between ApoB100 in
cholesteryl ester (CE)-enriched lipoproteins and the
CR9 domain in LDL receptor-related protein 1, pre-
venting intracellular CE accumulation induced by a
high-fat high-cholesterol (HFHC) diet in car-
diomyocytes. This study examines (i) whether HFHC
induces cholesterol accumulation inmitochondria, and
impacts cardiac bioenergetics, and (ii) the effectiveness
of anti-P3 Abs in mitigating HFHC-induced mitochon-
drial alterations. Cardiac tissue was homogenized, and
mitochondria were isolated through subcellular frac-
tionation. Thin layer chromatography demonstrated
that HFHC induced the accumulation of CE in cardiac
mitochondria, and that this process was significantly
reduced by anti-P3 Abs. In line, transmission electron
microscopy studies revealed that morphological
changes induced by HFHC in cardiomyocyte mito-
chondria were reversed, at least in part, by anti-P3 Abs.
Additionally, anti-P3 Abs promoted more extensive
interactions between mitochondria and lipid droplets
(LDs), accompanied by an increase in LD diameter and
electrodensity in cardiomyocytes. Cardiac mitochon-
drial respiratory capacity assessed by Seahorse analysis
showed that HFHC reduced CI/CIV and CII/CIV ac-
tivity ratios, while anti-P3 Abs restored complex II/IV
activity. In conclusion, by blocking CE uptake from li-
poproteins, anti-P3 Abs reduce CE accumulation in the
cardiomyocyte mitochondria and LDs, enhance
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bioenergetically favorable mitochondria/LD in-
teractions, and improve cardiomyocyte respiratory
function in hypercholesterolemic rabbits. These
findings highlight the therapeutic potential of anti-P3
Abs in metabolic diseases by limiting CE loading of
mitochondria andLDs in theheart and restoring cardiac
bioenergetics.
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Cardiovascular disease is the leading cause of death
globally. Cardiac dysfunction is marked by reduced
mitochondrial respiratory capacity that disrupts cardiac
metabolism and energy production (1). Research across
experimental, preclinical, and clinical studies shows
that mitochondrial dysfunction and bioenergetic
insufficiency are key drivers in the onset (2) and pro-
gression of cardiac dysfunction (3). Cardiomyocytes are
among the most mitochondria-rich cells in mammals,
with mitochondria occupying over 25–30% of their
volume (4, 5).

Mitochondrial function relies on coordination with
other organelles, especially the endoplasmic reticulum
(ER). Mitochondria-associated ER membranes (MAMs)
are structural connections essential for phospholipid
synthesis, intracellular transport, Ca2+ signaling, and
maintaining mitochondrial structure, bioenergetics,
and dynamics (6). Mitochondria also interact with lipid
droplets (LDs); those attached to LDs, known as peri-
droplet mitochondria (PDM), exhibit distinct bio-
energetics and dynamics compared to cytoplasmic
mitochondria. PDMs show enhanced bioenergetics,
including increased ATP synthesis and glucose oxida-
tion capacity (7–9).

Lipoproteins are an essential source of fatty acids for
the heart (10, 11). However, excessive low-density lipo-
protein (LDL) cholesterol can impair left ventricular
function by increasing left ventricular mass, as shown
in a Mendelian randomization study of 17,311 European
individuals (12). Both LDL and VLDLs significantly
alter calcium dynamics, signal transmission, and the
expression of sarcoplasmic/ER Ca2+-ATPase and con-
nexins in cultured cardiomyocytes (13–16). Additionally,
cholesterol-rich diets increase ventricular susceptibility
to fibrillation in rabbits, likely due to higher cholesterol
content in the sarcoplasmic reticulum (17, 18). These
findings underscore cholesterol buildup in car-
diomyocytes as a key contributor to cardiac damage.

Intracellular cholesterol trafficking involves the
mitochondria, where cholesterol buildup can lead to
pathological changes, such as disrupted oxygen ho-
meostasis, reduced antioxidant defenses, and impaired
respiratory supercomplex assembly—particularly in
hepatic and neurodegenerative diseases (19–23). The
potential transport of exogenous dietary cholesteryl
esters (CEs) to cardiomyocyte mitochondria, however,
remains unexplored.

The LDL receptor-related protein 1 (LRP1) is a key
receptor for the uptake of CE-rich lipoproteins in car-
diomyocytes and plays a major role in CE accumulation
within LDs, as shown in both in vitro (15, 16) and in vivo
models (24, 25). Our group has developed an LRP1 (P3)-
based immunotherapy that induces anti-P3 antibodies
(Abs) to specifically block LRP1’s interaction with CE-
enriched lipoproteins. These antibodies effectively
reduce intracellular CEaccumulationwithout impacting
triglyceride levels in cardiomyocytes (24–27). By target-
ing CE buildup, anti-P3 Abs restore insulin signaling (24)
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and inhibit extracellular matrix (ECM) remodeling (25)
in the rabbit heart model used in this study. Anti-P3 Abs
offer a unique opportunity to examine the specific
impact of CE accumulation on cardiac mitochondrial
structure and function. The primary objectives of this
study are 1) to determinewhetherCEs accumulatewithin
cardiomyocyte mitochondria; 2) to assess the effects of
CE accumulation on mitochondrial morphology, mito-
chondria/LD interactions and respiratory function; and
3) to evaluate the effectiveness of anti-P3 Abs in miti-
gating mitochondrial and respiratory alterations
induced by CE-enriched lipoproteins.
MATERIAL AND METHODS

Ethics statement, study design, and animal model
description

Experimental procedures were approved by the Ethics
Committee of Animal Experimentation at the Vall d'Hebron
Institute of Research (registration number 46/17) and con-
ducted in accordance with Spanish legislation and European
Union directives (2010/63/EU). As shown in Figure 1, ani-
mals were acclimated for 1 week before the initial immu-
nization, followed by immunizations every 21 days with a
primary injection and four booster doses (R1–R4). Rabbits
were divided into two groups: one received an irrelevant
peptide (IrP) (control group; n = 10), and the other received
P3 (treated group; n = 10), both conjugated to the carrier.
The four doses of IrP or P3 antigen, conjugated with
keyhole limpet hemocyanin, were administered subcutane-
ously (138 μg/kg, maximum volume 150 μl). For the first
immunization, IrP or P3-keyhole limpet hemocyanin pep-
tides were emulsified in complete Freund's adjuvant; sub-
sequent immunizations used incomplete Freund's adjuvant
(both from Sigma-Aldrich). During the immunization
period, animals were fed a standard chow diet. As depicted
in Figure 1, starting at the R4 time point, female New Zea-
land White rabbits were divided into two dietary groups for
one month: i) A standard chow diet (R-01, Granja San Ber-
nardo), consisting of 17.3% protein, 16.7% fiber, and 3% fat,
and ii) a high-fat, high-cholesterol diet (HFHC, TD.140140,
Harlan), consisting of 16.7% protein, 12.4% fiber, 7.6% fat,
and supplemented with 1% cholesterol. Thus, there were
four groups analyzed: i) standard chow, IrP-immunized; ii)
standard chow, P3-immunized; iii) HFHC, IrP-immunized;
and iv) HFHC, P3-immunized. The selection of a rabbit
model and female sex for this study is based on previous
research examining the effects of immunotherapy on
atherosclerosis. Rabbits are ideal for immunotherapy studies
due to their strong immune response and size, which is
suitable for investigating vascular inflammation in the aorta,
the primary focus of this study. Additionally, female sex
hormones may influence atherosclerosis development,
aligning with the replacement, reduction, and refinement
principles in research.

Throughout both prediet and postdiet phases, we moni-
tored animal weight and measured serum levels of specific
anti-P3 Abs using ELISA (24–26). All animals were euthanized,
and only frozen tissues and serum samples were available to
develop this last study in this experimental model. Since direct
cardiac bioimaging is currently not feasible, we have evalu-
ated NT-proBNP levels to determine whether HFHC-induced



Fig. 1. Study Design. Rabbits were acclimated for 1 week prior to the initial immunization. They received a primary injection,
followed by four booster doses (R1–R4) of either an irrelevant peptide (IrP) or P3 conjugated to a carrier protein, administered every
21 days. Baseline levels of circulating anti-P3–specific antibodies were measured at checkpoint 1 (Chk1). Starting at R4, rabbits were
randomly assigned to either a normal diet or a high-fat high-cholesterol diet (HFHC) group. After 30 days on the respective diets,
anti-P3 antibody levels were reassessed at checkpoint 2 (Chk2). The rabbits were then euthanized, and their hearts were collected for
subcellular fractionation, molecular and lipid analyses, RIFS analysis, and transmission electron microscopy. Chk1, checkpoint 1
(prediet); Chk2, checkpoint 2 (postdiet); RIFS, respiration in frozen samples.
changes in the heart result in early (asymptomatic) or
advanced (symptomatic) cardiac damage.
Serum NT-proBNP determinations
Serum concentrations of NT-proBNP were measured using

an automated electrochemiluminescence immunoassay on
the Roche Cobas® e801 platform (Roche Diagnostics GmbH,
Mannheim, Germany). The measuring range was
5–35,000 ng/l. Intra-assay and interassay coefficients of vari-
ation were evaluated with PreciControl cardiac 1 and 2 (Roche
Diagnostics). Serum NT-proBNP levels were below 5 ng/l in
all groups. This finding indicates that the cardiac changes
observed in this model occur at early stages of cardiac
damage.
Peptide synthesis and conjugation
The P3 peptide used for rabbit immunization contained

the sequence GDNDSEDNSDEENC, corresponding to amino
acids 1,127–1,140 of the LRP1 cluster II (domain CR9) (27). This
sequence shows high homology between human and rabbit
LRP1, with the exception that the asparagine (N) at position
1,135 in humans was replaced by a serine (S) in the rabbit
protein. Additionally, the amino acid at position 1,140 in the
rabbit sequence (GDNDCEDNSDEENC) was changed to
cysteine (C) to enhance peptide immunogenicity. The IrP
shares the same sequence as P3 but with amino acids in the D-
enantiomer configuration. Both peptides were synthesized by
the Laboratory of Proteomics & Protein Chemistry,
Mito
Department of Experimental & Health Sciences, Pompeu
Fabra University, as previously described (27).

Transmission electron microscopy
Rabbits were anesthetized, and their hearts were removed,

immediately frozen, and embedded in OCT (Tissue-Tek,
4,583). In some experiments, small 1 mm3 tissue pieces were
cut and fixed in 3% glutaraldehyde with 0.1 M phosphate
buffer overnight. Postfixation was carried out for 1 h at 4◦C
in 1% OsO4 phosphate buffer. After extensive washing, the
samples were dehydrated, embedded in Spurr resin, and
sectioned using a Leica ultramicrotome (Leica Microsystems).
Ultrathin sections (50–70 nm) were stained with 2% uranyl
acetate for 10 min and with a lead-staining solution for 5 min.
The sections were then examined using a JEOL JEM-1010
transmission electron microscope, equipped with a Gatan
Orius SC1000 (model 832) digital camera, at the unit of elec-
tron microscopy, Scientific and Technological Centers of the
University of Barcelona, School of Medicine and Health Sci-
ences (Barcelona, Spain). Area and perimeter in LDs as well as
the percentage of mitochondrial perimeter interacting with
LD was analyzed in the total of mitochondrial/LD in-
teractions observed in three ultrathin sections from each
rabbit heart (n = 4 per group) using ImageJ (v. 1.51a).

Isolation, purification, and characterization of
mitochondrial fraction isolated from heart

Mitochondria and MAMs were isolated from total cardiac
extracts using the method described by Wieckowski et al. (28).
chondrial cholesteryl esters and cardiac bioenergetics 3



Heart cross-sections from HFHC-fed rabbits were homoge-
nized in an isolation buffer (225 mM mannitol, 75 mM su-
crose, 0.5% BSA, 0.5 mM EGTA, and 30 mM Tris–HCl, pH 7.4)
with a Dounce glass-Teflon homogenizer. The homogenate
was centrifuged at 740 g at 4◦C for 5 min to remove nuclei
and unbroken cells. The supernatant was then centrifuged at
9,000 g for 10 min to pellet the mitochondria and MAM
fractions. This pellet was washed by centrifugation at 10,000 g
at 4◦C for 10 min and subsequently resuspended in a nonionic
buffer (mitochondrial resuspension buffer [MRB]) containing
250 mM mannitol, 5 mM Hepes, and 0.5 mM EGTA, pH 7.4.
MAMs, and mitochondria were separated using Percoll 30%
(vol/vol) density gradient centrifugation (Sigma-Aldrich,
P1644) at 95,000 g for 30 min. Following isolation, the mito-
chondrial fraction was washed twice with MRB by centrifu-
gation at 6,300 g for 10 min. The MAM fraction underwent a
similar washing process and was then centrifuged at 100,000 g
for 1 h. The MAM and mitochondria pellets were dissolved in
MRB and quantified. The protein yield in the MAM fraction
was insufficient for proper protein quantification. In contrast,
the yield in the lysosomal, crude, and pure mitochondrial
fractions was optimal for adequate characterization. To
determine whether these isolated fractions contained
contaminant membranes, we performed Western blot anal-
ysis for specific markers of lysosomes, LDs, and mitochondria
in all fractions obtained from the subcellular fractionation of
the heart. The following cardiac tissue sub-
fractions—lysosomal, pure mitochondria, and crude mito-
chondria—along with total cardiac extracts, were analyzed for
lysosomal-associated membrane protein 1 (LAMP1) as a lyso-
somal marker, perilipin 2 (PLIN2) as a LD marker, calnexin
(CNX) as a MAM marker, and cytochrome C (Cyt C) and
voltage-dependent anion channel (VDAC) as mitochondrial
markers. Due to the large sample requirements for tissue
subfractionation studies, the sample size (N) was reduced
because of limited cardiac tissue availability in some animals.

Western blot analysis
Total extract, lysosomal, crude, and pure mitochondrial

fractions were analyzed using Western blotting with 10–12%
SDS-PAGE gels based on their molecular weight. After sepa-
ration, the proteins were transferred to a 0.45 μm nitrocellu-
lose membrane (Bio-Rad). The blotted proteins were probed
with primary Abs against CNX (Novus Biologicals, NB100-
1965SS, dilution 1 : 500), LAMP1 (Cell Signaling, #9091, dilu-
tion 1 : 1000), PLIN2 (Abcam, ab78920, dilution1: 1000), VDAC
(LSBIO, LS-B8743, dilution 1 : 1000), and CytC (Santa Cruz, sc-
13156, dilution 1:500). Protein detection was performed using
Amersham™ ECL™ Prime Western Blotting Detection Re-
agent (GE Healthcare) and visualized with the Chemidoc XRS
system (Bio-Rad). Quantitative analysis of the results was
conducted using Quantity One software (Bio-Rad).

TLC analysis of neutral lipid content in cardiac
mitochondria

Isolated mitochondrial fractions from rabbit hearts un-
derwent neutral lipid extraction using the Bligh and Dyer
method (29). The organic phase was then applied to silica
chromatography plates (DC-Fertigplatten SIL G-25UV,
Macherey-Nagel). Lipids were separated on the plates using
an initial solvent mixture of heptane, ether, and acetic acid
(72:21:4), followed by a second wash with heptane alone. The
plates were stained with a solution of 5% phosphomolybdic
acid and 5% sulfuric acid in ethanol and heated at 100◦C for
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7 min. Bands corresponding to CEs, triglycerides (TGs), and
free cholesterol (FC) were quantified using a Chemidoc XRS
system (Bio-Rad). To determine the amounts of CE, TG, and
FC in mitochondria (ng/μg of mitochondrial protein), stan-
dard samples with increasing amounts (μg) of a mixture
containing cholesterol, TGs, and cholesteryl palmitate were
used (Supplemental Fig. S1). The sample data were then in-
tegrated and compared against the respective standard curves
for quantification.
Determination of gene expression by real-time PCR
Total RNA was isolated from rabbit cardiac tissue by Tri-

Pure™ isolation Reagent (Roche Molecular Biochemicals)
according to the manufacturer’s instructions. LRP1, classical
LDL receptor (LDLR), 3-hydroxy-3-methylglutaryl-CoA
reductase, and acetyl-CoA acetyltransferase 1 mRNA levels
were determined by real-time PCR using the assays on de-
mand Oc03396402_m1, Oc03396245_g1, Oc006714507_m1,
and Oc06778523_m1 (Applied Biosystems), respectively. Hu-
man 18srRNA (4319413E) was used as housekeeping gene.
Confocal microscopy studies
Heart slides were first incubated with BODIPY (5 mg/ml,

1:50 dilution, 30 min), followed by incubation with Abs against
Cyt C (Santa Cruz, sc-13156, 1:50 dilution). Images of immu-
nostained cells were viewed with HCX PL APO 63x/1.2 W
Corr/0.17 CS objective in a Confocal microscope TCS SP5.
Fluorescent images were acquired in a scan format of 1024 ×
1024 pixels in a spatial data set (xyz) and processed with the
Leica Standard Software TCS-AOBS. Controls without the
primary Ab showed no fluorescence labeling. For colocaliza-
tion analysis, the correlation of the fluorescent signals was
represented in a two-dimensional cytofluorogram, where the
overlapping areas of both markers are indicated in white. A
central cloud along the y-x axis of the cytofluorogram was
selected and highlighted in white over the images. Pearson's
correlation coefficient describes the correlation between in-
tensity distributions across channels. Manders' overlap coef-
ficient measures colocalization and indicates the extent of
signal overlap, representing the degree of colocalization. The
colocalization rate (CR) was calculated as the colocalized area
divided by the foreground area, multiplied by 100.
Respiration in frozen samples
The mitochondrial respiratory capacity was assessed in

frozen cardiac samples using a modified protocol from Osto
et al. (30, 31) on a Seahorse XF96 analyzer. Frozen rabbit hearts
were homogenized in a mitochondria assay solution (MAS)
buffer composed of 70 mM sucrose, 220 mM mannitol, 5 mM
KH2PO4, 5 mM MgCl2, 1 mM EGTA, and 2 mMHepes (pH 7.4)
using a Dounce glass-Teflon homogenizer. An aliquot of the
homogenate (8–12 μg) was placed in a Seahorse XF96 micro-
plate (103777-100) and brought to a total volume of 20 μl with
MAS buffer. The plate was centrifuged at 3,400 × rpm for
10 min at 4◦C (without brake), and 130 μl of MAS buffer
containing Cyt C (100 μg/ml) was added.

XFe96 sensor cartridges were prepared with the following
substrate injection sequence: NADH (1 mM) or succinate
(5 mM) + rotenone (2 μM) in port A; rotenone + antimycin A
(4 μM) in port B; N,N,N',N'-tetramethyl-p-phenylenediamine
(0.5 mM) + ascorbic acid (1 mM) in port C; and azide (50 mM) in
portD.NADHassessed complex I activity, succinate+ rotenone
evaluated complex II, and N,N,N',N'-tetramethyl-p-



phenylenediamine + ascorbic acid measured complex IV ac-
tivity. Rotenone and antimycin A inhibited complexes I and II,
respectively, while azide inhibited complex IV.

After preparing the microplate and cartridge, the assay was
conducted on the Seahorse XF96, utilizing cycles of 2 min for
mixing and 3 min for measurement, following an initial 5-
min delay. The Wave software (Agilent) exported the
normalized oxygen consumption rates (OCRs) per protein to
GraphPad Prism v7.02. The respiratory activities of complexes
I, II, and IV were calculated by subtracting the OCR values
obtained with the respective activating substrates from those
obtained with the inhibitors. The results are presented as the
CI/CIV and CII/CIV activity ratios, as normalizing the ac-
tivities of respiratory chain complexes I and II to that of
complex IV is a widely recommended practice for several
reasons. Complex IV (Cyt C oxidase) serves as a marker of
total mitochondrial content, helping to correct for sample-to-
sample variability. Additionally, this normalization ensures
standardization by accounting for technical artifacts, such as
differences in sample size or mitochondrial isolation effi-
ciency. Finally, as the terminal component of the electron
transport chain and essential for oxygen consumption, com-
plex IV provides a robust functional reference for evaluating
the relative activities of other complexes.
Determination of mitochondrial content in heart
homogenates

Mitochondrial content in cardiac samples was quantified
using MitoTracker Deep Red (MTDR) staining. Heart ho-
mogenates (4 μg per well) were incubated with a 1 mM stock
solution of MTDR diluted 1:2000 in MAS buffer. Control wells
containing only buffer served as blanks. After a 10-min in-
cubation at 37◦C, the plates were centrifuged at 2000 g at 4◦C
(without brake) for 5 min, and the supernatants were care-
fully discarded. MAS buffer (100 μl) was added to each well,
and MTDR fluorescence was measured using an excitation
wavelength of 625 nm and an emission wavelength of 670 nm.
Mitochondrial content was calculated as the blank-subtracted
MTDR signal per milligram of protein (31).
Fig. 2. Protein components of subcellular fractions from
cardiac tissue. Cardiac tissue from hypercholesterolemic rabbits
was subjected to subcellular fractionation and isolated fractions
were subjected to Western blot analysis. Representative West-
ern blot analysis showing lysosomal-associated membrane pro-
tein 1 (LAMP1) as a lysosomal marker, perilipin2 (PLIN2) as a
lipid droplet marker, calnexin (CNX) as a MAM marker, and
cytochrome C (Cyt C) and voltage-dependent anion channel
(VDAC) as mitochondrial markers, in total cardiac extracts, and
lysosomal (Lys), pure mitochondria (pMit), and crude mito-
chondria (cMit) subcellular fractions. The experimental pro-
cedure was performed in triplicate using pooled samples
from the hearts of hypercholesterolemic rabbits. MAM,
mitochondria-associated ER membrane.
Statistical analysis
All results are presented as mean ± SD because the

samples follow a Gaussian distribution. Statistical analyses
were performed using Prism software (version 9.0, Graph-
Pad). The normality of all variables was evaluated using the
Shapiro–Wilk test. For comparisons between two groups, we
employed the unpaired two-tailed Student’s t test (for equal
variances) or two-way ANOVA followed by Tukey’s posthoc
test (for normally distributed data with homogeneous vari-
ances). A significance level of P < 0.05 was used.

Due to the high sample requirements for tissue sub-
fractionation studies, the sample size (N) was reduced because
of limited cardiac tissue availability from some animals. To
ensure the validity of the results, we conducted a power
analysis using G*Power software, which indicated a statistical
power greater than 0.8 with the current sample size.

To explore the relationships between cardiac mitochon-
drial lipids and biophysical ECM variables previously ob-
tained in this model (25), we calculated Pearson’s correlation
coefficient (r) matrix using OriginPro 2023 (version 10.0.0154,
OriginLab Corporation, Northampton, MA). The correlation
matrix was visualized as a correlogram, with color indicating
Mito
the value of Pearson’s coefficient and shape representing the
confidence ellipse of scatter plots between variables. Signifi-
cant correlations (P < 0.05, P < 0.01, and P < 0.001) were indi-
cated with asterisks.
RESULTS

Mitochondrial fraction isolated from the rabbit
heart is not contaminated by lysosomes or LDs but
retains MAM components

Subcellular fractionation of rabbit cardiac tissue
successfully yielded a fraction enriched in mitochon-
dria, as indicated by strong positivity for VDAC and Cyt
C, widely considered as mitochondrial markers. How-
ever, this fraction was not entirely free of MAM
contamination, as it also tested positive for CNX, a
known MAM marker. Importantly, lysosomal and LD
contamination was ruled out, as the mitochondrial
fraction showed no positivity for LAMP1 or PLIN2,
markers of lysosomes and LDs, respectively (Fig. 2).
These findings confirm that the isolated mitochondrial
fraction is free from lysosomal and LD contamination
but retains some MAM components. Notably, isolating a
pure mitochondrial fraction from the heart appears to
be more challenging than in other organs due to the
high abundance of MAMs in cardiac tissue, the strong
mitochondrial anchorage between myofibrils, and the
tight ER-mitochondrial coupling required for calcium
regulation. These characteristics are evident in the
transmission electron microscopy (TEM) image pre-
sented in (Supplemental Fig. S2).
chondrial cholesteryl esters and cardiac bioenergetics 5



HFHC triggers CE buildup in cardiac mitochondria
and disrupts cristae mitochondrial architecture

The arrival of cholesterol from CE-enriched lipo-
proteins to the ER led to alterations in the expression
of genes involved in cholesterol metabolism. Real-
time PCR revealed that LRP1 receptor levels were
elevated in the hearts of hypercholesterolemic rab-
bits compared to chow-fed rabbits (Supplemental
Fig. S3A), in line with our previous findings in the
vasculature of a porcine model of hypercholester-
olemia (32). In addition, there was a complete
reduction in cardiac levels of the classical LDLR
(Supplemental Fig. S3B) and a partial decrease in
HMG-CoA reductase (Supplemental Fig. S3C) levels
in hypercholesterolemic rabbits, while ACAT levels
remained unchanged between hyper and normo-
cholesterolemic animals (Supplemental Fig. S3D).

Fluorometric analysis of MTDR-stained mitochon-
dria (Supplemental Fig. S4) andWestern blot analysis of
mitochondrial markers, VDAC and CytC, revealed
similar mitochondrial content across all four study
groups (Figs. 3A, B, and C).

The mitochondrial content of CEs, TGs, and FC was
calculated based on standard curves generated with
increasing doses of each lipid, as shown in
Supplementary Fig. S1A–C, respectively. Thin layer
chromatography (TLC) analysis of mitochondrial lipid
extracts showed that CEswere undetectable in the hearts
of rabbits fed a standard chow diet, while mitochondrial
FC content were 4.96± 2.12 ng FC/μgmitochondrial (mt)
protein (Figs. 3D, E, and G). HCHC increased mito-
chondrial levels of CE up to 29.68 ± 9.54 ng CE/μg mt
protein (P< 0.001) and FC levels up 22.76± 1.97 ng FC/μg
mt protein (P < 0.001) in rabbit’s hearts (Figs. 3D, E, and
G). However, mitochondrial TG content (ng TG/μg mt
protein) showed no significant differences between
HFHC-fed (3.94 ± 0.96 ng TG/μg mt protein) and chow-
fed rabbits (3.82 ± 1.01 ng TG/μg mt protein) (P = 0.999)
(Fig. 3D and F).

Confocal microscopy images revealed a high de-
gree of colocalization between BODIPY and Cyt C in
the hearts of HFHC-fed rabbits (Pearson’s correlation:
0.645; overlap coefficient 0.6997; CR: 60.78%) (Fig. 4B
and inset), which was not observed in standard chow-
fed rabbits (Fig. 4A) (Pearson’s correlation: 0.1003;
overlap coefficient 0.226; CR: 8.45%).

TEM images showed that cardiomyocytes from
HFHC-fed rabbits (HFHC/IrP group) had mito-
chondria with a tubular cristae architecture (Fig. 5B,
and C), in contrast to the lamellar cristae architec-
ture observed in mitochondria from the chow-fed
group (Fig. 5A). This alteration was accompanied
by signs of increased mitochondrial vacuolization
and swelling (Fig. 5B, inset). Together, these results
suggest that mitochondria of cardiomyocytes have
been loaded with cholesterol in hypercholesterol-
emic rabbits.
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Anti-P3 Abs effectively inhibit CE accumulation in
mitochondria and help to mitigate architectural
alterations in cardiomyocytes

Immunization with P3 in this experimental model
effectively increased the levels of circulating anti-P3
Abs, which significantly and selectively reduced intra-
cellular CE accumulation in cardiomyocytes by block-
ing CE uptake from CE-enriched lipoproteins (24, 25).
Here, TLC studies demonstrate that anti-P3 Abs effi-
ciently inhibited CE accumulation in the mitochondria
of hypercholesterolemic rabbits (P3: 1.05 ± 0.44 ng CE/
μg mt protein versus IrP: 29.68 ± 9.54 ng CE/μg mt
protein, P < 0.001) (Fig. 3D, E). However, anti-P3 Abs did
not exert any effect on mitochondrial FC levels
(P = 0.996) (Fig. 3D, G). There were no significant dif-
ferences in the TG content of mitochondria (Fig. 3D, F)
across the four rabbit groups. These results indicate
that, in mitochondria—as in total cardiac tissue (24,
25)—anti-P3 Abs specifically reduce CE content, while
having no effect on FC or TG levels.

TEM images revealed that, despite specifically
reducing esterified cholesterol, anti-P3 Abs helped
restore the lamellar cristae architecture in the hearts of
treated rabbits (HFHC/P3 group) (Fig. 5D, D inset, 5E).
The resulting mitochondrial morphology closely
resembled that observed in the hearts of standard
chow-fed rabbits (Fig. 5A, A inset) and was clearly
distinct from that of untreated hypercholesterolemic
hearts (Fig. 5B, B inset, 5C).

Bioenergetic benefits of Anti-P3 aAbs: promoting
mitochondria-LD interactions in cardiomyocytes

TEM images from rabbit heart sections revealed that
LDs (white dotted rectangles) were significantly higher
and more electrodense in the cardiomyocytes of anti-P3
Ab-treated group (Fig. 6B) than the HFHC/IrP control
group (Fig. 6A). Quantification of LD area and perimeter
in TEM images from rabbit heart sections revealed that
the LD area was 0.19 ± 0.09 μm2 in the HFHC/P3 hearts,
while it was 0.06 ± 0.05 μm2 in the HFHC/IrP hearts
(P< 0.001) (Fig. 6C). Similarly, theLDperimetermeasured
1.57 ± 0.41 μm in the HFHC/P3 hearts, compared to
0.85±0.35 μmin theHFHC/IrPhearts (P< 0.001) (Fig. 6D).

Quantitative TEM analysis illustrated two types of
mitochondrial/LD contacts: a lateral interaction
(Fig. 7C), which showed more extensive contact, and an
apical interaction (Fig. 7A), which exhibited limited
contact (white dotted rectangles). Quantification of the
percentage of mitochondria involved in the contact
with LD revealed that the percentage of the mito-
chondrial perimeter involved in lateral contact with
LDs (characteristic of PDM (7, 8)) was significantly
higher in the cardiomyocytes of treated hypercholes-
terolemic animals (HFHC/P3) (Fig. 7C, D) than un-
treated (HFHC/IrP) (Fig. 7A, B) as quantified in
Figure 7E (13.33 ± 6.97% versus 8.10 ± 4.33%, P = 0.015).
In contrast, the percentage of mitochondrial perimeter



Fig. 3. Anti-P3 antibodies reduce cholesteryl ester content in cardiac mitochondria of hypercholesterolemic rabbits. Representative
Western blot analysis (A) and bar graphs showing comparable levels of mitochondrial markers voltage-dependent anion channel
(VDAC) (B) and cytochrome C (CytC) (C) across the four rabbit heart groups. D: TLC of lipid extracts from mitochondria isolated
from rabbit hearts, showing bands for cholesteryl ester (CE), triglycerides (TGs), and free cholesterol (FC). Bar graphs representing
the mean ± SD of CE (E), TG (F), and FC (G) content (ng lipid/μg mt protein) in mitochondria isolated from the hearts of the four
rabbit groups (n = 3 per group). Statistical significance was assessed using ANOVA with Tukey’s posthoc test. mt, mitochondria.
involved in apical contacts with LDs (characteristic of
cytoplasmic mitochondria (7, 8)) was similar in the car-
diomyocytes of treated and control hypercholesterol-
emic rabbits (7.50 ± 3.49% versus 7.21 ± 4.37%, P = 0.875)
(Fig. 7F).
Mito
Blocking mitochondrial CE accumulation restores
complex II activity in the hearts of anti-P3–treated
rabbits

In this study, we evaluated the respiratory capacity in
frozen rabbit heart samples by measuring the OCR
chondrial cholesteryl esters and cardiac bioenergetics 7



Fig. 4. Confocal microscopy images showing the colocalization between BODIPY and cytochrome C in the heart of hypercho-
lesterolemic rabbits. Confocal microscopy images showing the colocalization between BODIPY (in green) and cytochrome C (in red)
as yellow color in hypercholesterolemic hearts (B) but not in normocholesterolemic hearts (A). Bodipy (in green), Cyt C (in red),
colocalization (in yellow), nuclei, in blue. Two-dimensional cytofluorograms showing the overlapping areas of BODIPY and Cyt C in
white color in normocholesterolemic (C) and hypercholesterolemic (D) hearts. Scale: 50 μm in A and B images; Scale: 5 μm in the inset.
with a Seahorse XF96 Extracellular Flux Analyzer. This
assessment was conducted using the innovative respi-
rometry in frozen samples (RIFSs) protocol, following
the method developed by Acín-Pérez et al. (30, 31). This
assay allows for the analysis of the combined function
of mitochondrial complexes I through IV. In frozen
samples, the inner mitochondrial membrane (IMM)
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becomes permeable, enabling direct access of complex
I to the injected NADH. Accordingly, we observed a
progressive decline in NADH-dependent OCR in rabbit
heart samples (Fig. 8A), reflecting rapid NADH deple-
tion over time, consistent with previous findings in liver
samples (30). Hearts from HFHC-fed rabbits showed a
significantly reduced complex I/IV activity ratio



Fig. 5. Architecture of mitochondria in the heart of hypercholesterolemic rabbits. Comparative transmission electron microscopy
(TEM) images of cardiomyocyte ultrastructure from hearts of chow standard diet (A), HFHC/IrP (B and C) and HFHC/P3 rabbits (D
and E), highlighting differences in mitochondrial structure between the groups (insets from areas labeled with dotted white rect-
angle). Scale bar: 500 nm; inset, 220 nm. FA, fascia adherens; HFHC, high-fat high-cholesterol; IrP, irrelevant peptide; Mit, mito-
chondria; MF, myofibrils; white arrows, Z-bands; small red arrows, sarcoplasmic reticulum; small black arrowheads, vacuolization and
tubular cristae morphology within mitochondria.
compared to those from standard chow-fed rabbits
(0.76 ± 0.31 versus 1.06 ± 0.25, P = 0.002) (Fig. 8A, B).

To evaluate the effect of HFHC on complex
II–mediated respiration, we used succinate and rote-
none as substrates. Similar to the CI/CIV ratio, the CII/
CIV activity ratio was significantly reduced in the
hearts of HFHC compared to standard chow-fed rab-
bits (0.51 ± 0.09 versus 0.71 ± 0.25, P = 0.010) (Fig. 8C, D).
Mito
Treatment with anti-P3 Abs effectively restored the
decreased cardiac CII/CIV activity ratio in hypercho-
lesterolemic rabbits (HFHC/P3: 0.70 ± 0.13 versus
HFHC/IrP: 0.51 ± 0.09, P = 0.003) (Fig. 8C, D). However,
anti-P3 treatment did not reverse the reduced CI/CIV
activity ratio in hypercholesterolemic rabbits (HFHC/
P3: 0.82 ± 0.21 versus HFHC/IrP: 0.76 ± 0.31, P = 0.913)
(Fig. 8A, B). These findings suggest that the reduction in
chondrial cholesteryl esters and cardiac bioenergetics 9



Fig. 6. Anti-P3 Abs increase lipid droplet size in cardiomyocytes of hypercholesterolemic rabbits. Representative TEM images of
cardiomyocyte ultrastructure from hearts from HFHC/IrP (A) and HFHC/P3 (B) cardiomyocytes showing differences in LD size
and electrodensity (LD differences marked in dotted white rectangles). Scale bar: 500 nm. Bar graphs showing the mean ± SD of LD
area (C) and LD perimeter (D) calculated using ImageJ (v. 1.51a) in all LDs found in 2–3 ultrathin sections from each rabbit heart
(n = 4/group). Statistical significance was determined by ANOVA with Tukey’s posthoc test. HFHC, high-fat high-cholesterol; IrP,
irrelevant peptide; LD, lipid droplet; Mit, mitochondria; MF, myofibrils; small red arrows, sarcoplasmic reticulum; small black ar-
rowheads, vacuolization and tubular cristae morphology within mitochondria; TEM, transmission electron microscopy.
CII/CIV, which is restored by anti-P3 Abs, is driven by
mitochondrial CE (MT CE) accumulation, while the
decrease in CI/CIV activity, which is unaffected by
anti-P3 Abs, could be related to FC accumulation in
mitochondria.

Mitochondrial CE accumulation is strongly
associated with ECM expansion in rabbit hearts

Correlograms were generated to examine the re-
lationships between MIT CE accumulation in the rab-
bit’s hearts and various biophysical data previously
obtained in these cardiac samples, including Fourier-
transform infrared spectroscopy and thermal differ-
ential scanning calorimetry measurements (25). The
correlograms indicated several significant correlations
of MIT CE content with lipidic and structural bio-
physical variables derived from Fourier-transform
infrared spectroscopy spectra of rabbit hearts (Fig. 9).
MT CE exhibited strong positive correlations with car-
diac total lipids (r = 0.857, P < 0.001), esterified lipids
(r = 0.886, P < 0.001), and CEs (r = 0.778, P < 0.005).
Furthermore, MIT CE was positively correlated with
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morphological variables of the cardiac ECM, such as the
presence of alpha helices (r = 0.757, P < 0.005), which
are primarily found in collagen. Additionally, there
were strong positive correlations with thermal differ-
ential scanning calorimetry parameters, including total
water content (r = 0.745, P < 0.005) and bound water
(r = 0.768, P < 0.005), indicative of ECM expansion in
the heart.

DISCUSSION

This study provides the first evidence that CE-
enriched lipoproteins drive CE accumulation in
mitochondria of cardiomyocytes, leading to alter-
ations in mitochondrial morphology and bio-
energetics. Notably, targeting CE accumulation with
anti-P3 Abs restores mitochondrial architecture, en-
hances bioenergetically efficient interactions be-
tween mitochondria and LDs, and improves
mitochondrial respiratory function, particularly the
complex II/IV activity ratio. These findings highlight
the therapeutic potential of anti-P3 Abs to counteract



Fig. 7. Anti-P3 Abs increase lateral mitochondria-lipid droplet interactions in cardiomyocytes of hypercholesterolemic rabbits.
Representative TEM images of cardiomyocyte ultrastructure from the hearts of HFHC/IrP (A and B) and HFHC/P3 (C and D)
rabbits display differences in mitochondria-lipid droplet (LD) contacts. White dotted rectangles denote an example of lateral
mitochondrial/LD contact in panel C compared to an apical mitochondrial/LD contact in panel A. Scale bar: 500 nm. Bar graphs
showing the mean ± SD of the percentage of mitochondria involved in lateral (E) and apical (F) mitochondria-LD contacts.
Morphological measurements were performed using ImageJ (v. 1.51a) to calculate the percentage of the mitochondrial perimeter
interacting with lipid droplets. These variables were analyzed in all mitochondria-LD contacts observed in three ultrathin sections
from each rabbit heart (n = 4 per group). Statistical significance was assessed by ANOVA with Tukey’s posthoc test. HFHC, high-fat
high-cholesterol; IrP, irrelevant peptide; LD, lipid droplet; MF, myofibrils; Mit, mitochondria; N, nuclei; TEM, transmission electron
microscopy; white arrows, Z-bands; small red arrows, sarcoplasmic reticulum.
mitochondrial dysfunction in the context of hyper-
cholesterolemia. Furthermore, a strong correlation
was observed between the accumulation of MIT CE
Mito
and significant structural remodeling of the heart,
most notably characterized by the expansion of the
cardiac ECM.
chondrial cholesteryl esters and cardiac bioenergetics 11



Fig. 8. Anti-P3 antibodies reverse the downregulatory effect of HFHC on the complex II to complex IV activity ratio. Repre-
sentative NADH (A) and succinate plus rotenone (C) Seahorse profiles obtained using the RIFS respirometry protocol in cardiac
homogenates from frozen rabbit hearts. Bar graphs showing the mean ± SD of the complex I to complex IV (CI/CIV) respiratory
activity ratio (B) and the complex II to complex IV (CII/CIV) respiratory activity ratio (D) in heart homogenates from the four rabbit
groups. Data represent the mean ± SD from five animals per group, with each biological replicate based on the average of four
technical replicates. Statistical significance was determined by ANOVA with Tukey’s posthoc test. RIFS, respirometry in frozen
samples. HFHC, high-fat high cholesterol.
LDL-derived cholesterol is taken up via the LDLR
and transported to the endolysosomal compartment
and then transferred to the plasma membrane and ER
through vesicular and nonvesicular pathways (33–38).
In selective uptake pathways involving HDL, aggre-
gated LDL, and other CE-rich lipoproteins, CE can
diffuse laterally through membranes (39–42). Our
group showed that LRP1 facilitates CE uptake from CE-
rich lipoproteins like aggregated LDL. Using radio-
labeled LDL, we found that over 90% of intracellular
CE derived from agLDL uptake occurs independently
of both apoB100 degradation and CE synthesis,
following a nonendocytic pathway (39). This process
requires the interaction between LRP1 and a specific
epitope on ApoB100—distinct from the epitope that
interacts with LDLR (43). These previous studies sug-
gest that CE from CE-rich lipoproteins may reach
mitochondria through nonendocytic LDL-cholesterol
pathways. Currently, it remains almost completely un-
known how cholesterol transported by lipoproteins
reaches the mitochondria. Recently, a pioneering and
outstanding study described how vesicles containing
LDL and LDLR fuse with the outer mitochondrial
membrane (OMM), facilitating the entry of LDL-
cholesterol into the mitochondria through a process
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mediated by the LDLR. Two proteins located at the
OMM—phospholipase D6 and CDGSH iron-sulfur
domain-containing protein 2—are essential for the
fusion of LDL particles with mitochondria. CDGSH
iron-sulfur domain-containing protein 2 binds to the
cytosolic tail of LDLR and connects LDLR-containing
vesicles to the mitochondria, while phospholipase D6
hydrolyzes cardiolipin from the OMM into phospha-
tidic acid, a process that facilitates the degradation of
LDLR (44). Consistent with the results of this study,
which show that HFHC induces CE accumulation in
mitochondria, the study by Zhou et al. (44) and other
previously described pathways—such as cholesterol
transport from HDLs to the ER via the plasma mem-
brane Aster-B pathway and subsequently to the mito-
chondria (45)—support the idea that CE can
accumulate in mitochondria under certain conditions.
The limited resolution of confocal microscopy used in
this study prevents the precise localization of lipids
within mitochondria in cardiomyocytes. Biophysically,
it seems unlikely for CE to accumulate in the mito-
chondrial membranes, and it is also difficult to under-
stand how CE could reach the mitochondrial matrix.
Based on the data from this study, we cannot rule out
the possibility that some CE may reside in the MAMs, as



Fig. 9. Correlogram illustrating the positive correlation between CE accumulation in mitochondria and extracellular matrix
expansion in the heart. The correlogram displays significant correlations between mitochondrial CE (MIT CE) accumulation and
ECM structural variables in rabbit hearts. Positive correlations are shown in red, while negative correlations are shown in blue, with
color intensity representing the strength of Pearson’s correlation coefficient. The shape of each correlation is represented by a
confidence ellipse derived from the scatter plot between variables. Significant correlation levels are indicated with asterisks.
the mitochondrial fraction isolated from rabbit hearts
is partially contaminated by MAMs, and previous
studies have reported that cholesterol transfers from
the ER to mitochondria via MAMs where it can accu-
mulate (46–48). However, the Abs that reduce CE
content in mitochondria partially restore the mito-
chondrial cristae morphology, which is closely related
to both the IMM and the mitochondrial matrix.
Therefore, it cannot be excluded that CE may accu-
mulate in the mitochondrial matrix and potentially
alter IMM morphology. Additional studies using high-
resolution microscopy combined with Raman spec-
troscopy are necessary to precisely determine CE
localization within mitochondria and the morpholog-
ical and functional alterations of mitochondrial cristae
induced by MIT CE accumulation.

Consistent with previous studies conducted in murine
liver models (19, 23), our results demonstrate that HFHC
diets lead to the accumulation of FC in the mitochon-
dria of rabbit hearts. FC, which is highly toxic to cells, is
distributed among various membrane pools (49),
including the subcellular membranes of organelles
such as the ER and mitochondria (50–52). FC accumu-
lated in mitochondria may derive from the hydrolysis
of CE stored in LDs (45), from the ER via MAM (48),
and from the plasma membrane in response to specific
stimuli (46).
Mito
Based on our TEM and confocal imaging studies, the
accumulation of both free and esterified forms of
cholesterol may potentially participate in the pro-
nounced shift in phenotypical mitochondrial architec-
ture. While previous studies have highlighted the
critical role of cholesterol in morphological changes in
hepatic mitochondria (19), the involvement of CEs in
this pathological process has not been previously re-
ported. In this study, anti-P3 Abs, which effectively
inhibit the accumulation of esterified cholesterol (CE)
in cardiac mitochondria without affecting FC levels,
partially recovered HFHC-induced alterations in cristae
morphology in cardiomyocytes. These findings suggest
that CE plays a crucial role in the disruption of mito-
chondrial structure. Alterations in mitochondrial
cristae morphology are a hallmark of irreversible
mitochondrial damage, with potentially severe conse-
quences for ATP production (53, 54). Unlike the sig-
nificant impact of HFHC on increasing MIT CE and FC
content, HFHC did not appear to affect mitochondrial
TG levels. The low TG levels detected in the mito-
chondrial fraction may be attributed to partial
contamination with MAM, as these specific regions of
the ER have been reported to contain TGs (55).

TEM studies from the present study provide addi-
tional evidence of HFHC-induced morphologic
changes in other suborganelles such as LDs. LD area
chondrial cholesteryl esters and cardiac bioenergetics 13



and perimeter were increased in cardiomyocytes of
treated (HFHC/P3) compared to untreated (HFHC/IrP)
hearts. Our data suggest that LDs in cardiomyocytes of
treated hypercholesterolemic rabbits primarily contain
TGs, as the transfer of CEs from lipoproteins to LDs
was inhibited by anti-P3 Abs (24). The low CE content in
LDs led to a biophysical expansion of LDs in the car-
diomyocytes of treated rabbits, as CEs contribute to the
nucleation and packaging of LDs (56, 57). In the present
study, the morphologic expansion of CE-poor LDs in
cardiomyocytes of treated rabbits was associated with
higher percentage of lateral LD-mitochondria con-
tacts—characteristic of bioenergetically favorable
PDMs (7–9). Our results emphasize the potential
contribution of LD lipid composition on cellular mito-
chondrial bioenergetics. In line with our findings in
cardiac tissue, recent studies in adipose and hepatic
tissues have shown that LD size is a critical determinant
for the bioenergetic efficiency of mitochondria/LD
interactions (58). In addition to the adverse effects of
MIT CE accumulation on cardiac bioenergetics re-
ported here, previous research has indicated that
intracellular CE accumulation in cardiomyocytes leads
to deficiencies in myocardial insulin signaling and
glucose uptake (24, 59). Collectively, these findings
suggest for the first time that CE accumulation in
mitochondria and LDs of cardiomyocytes significantly
impact glucose and fatty acid oxidative metabolism in
the heart.

RIFS experiments conducted in this study demon-
strate that HFHC-induced mitochondrial cholesterol
accumulation, in both free and esterified forms,
contributes to the downregulation of mitochondrial
respiratory activity in rabbit hearts through reduction
of activities of complex I (CI) to complex IV (CIV)
and complex II (CII) to CIV. This finding aligns with
previous research indicating that mitochondrial
cholesterol loading reduces state 3 respirations driven
by complex I and complex II in the murine liver (19).
Importantly, here we reported that while anti-P3 Abs
restored the cardiac CII/CIV ratio, the CI/CIV ratio
remained unchanged in the cardiac tissue of treated
hypercholesterolemic rabbits. These results indicate
that the activity of complex II (CII) in the hearts of
hypercholesterolemic rabbits could be primarily
affected by intracellular CE accumulation in car-
diomyocyte. In contrast, complex I (CI) activity ap-
pears to be influenced by intracellular FC
accumulation, which remains unchanged by anti-P3
Abs. Further research is necessary to investigate
whether the restoration of CII/CIV activity by anti-P3
Abs can offset the reduction in CI/CIV activity
observed in the hearts of hypercholesterolemic
rabbits. Importantly, complex II (succinate dehydro-
genase) serves as a critical functional link between the
tricarboxylic acid cycle and oxidative phosphoryla-
tion (60).
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In addition to the effects of mitochondrial CE accu-
mulation in respiration, we found a positive correlation
between mitochondrial CE accumulation and ECM
expansion in rabbit hearts. Supporting our findings,
other studies have shown a significant interplay be-
tween mitochondria and the ECM in various contexts,
including idiopathic pulmonary fibrosis (61), cancer
(62), and cartilage maintenance (63).

Limitations of this study
One limitation of this study is that direct cardiac

bioimaging is not currently feasible, as all animals were
euthanized, leaving only frozen tissues and serum
samples available for analysis. The evaluation of serum
levels of NT-proBNP, a valuable biomarker for diag-
nosing heart failure and assessing cardiac stress in
humans, indicated that HFHC diet induced a subclinical
damage in the heart. Other limitation is that the dietary
components of the standard chow and HFHC diets
were not matched. Therefore, we cannot rule out the
possibility that differences in fiber content between
these diets may influence cholesterol absorption. It is
also important to include as limitations, the partial
contamination of the mitochondrial fraction by MAM
and the insufficient resolution of confocal microscopy
to accurately determine the localization of lipids within
the mitochondria. An additional limitation is that the
immunization procedure was initiated before the
introduction of the HFHC, making the implementation
of preventive measures in humans challenging.
Furthermore, the study involved a limited number of
animals per group, all of which were female. We have
recently begun producing monoclonal anti-P3 Abs, and
their efficacy will be evaluated using a therapeutic
experimental protocol in a translational heart failure
model. This approach aims to address key limitations
and further advance this line of research.

CONCLUSION

In conclusion (summarized in Fig. 10), the uptake of
CE-enriched lipoproteins through the LRP1 receptor
leads to CE overload of mitochondria and LDs,
resulting in pathological bioenergetic changes. CE
loading of LDs and mitochondria promotes unfavor-
able bioenergetic interactions between these organ-
elles. MIT CE buildup also contributes to change the
shape of mitochondrial cristae from lamellar to
tubular. These alterations promote mitochondrial
respiratory dysfunction in the heart. Anti-P3 (LRP1)
Abs, which alleviate the structural and functional
changes caused by CE overload in these suborganelles,
improve mitochondrial respiratory function in the
heart. Therefore, anti-P3 Abs present a promising
therapeutic strategy for managing cardiac mitochon-
drial dysfunction associated with obesity, ischemia,
and hypercholesterolemia—conditions known to



Fig. 10. Schematic summary of main findings. Dietary cholesterol intake results in substantial cholesteryl ester (CE) accumulation in
the mitochondria and lipid droplets (LDs) of cardiomyocytes via LRP1 receptor-mediated uptake. This accumulation induces
structural and functional alterations in mitochondria, LDs, and mitochondria-LD interactions, leading to impaired mitochondrial
respiratory bioenergetics and extracellular matrix (ECM) remodeling in a rabbit model. Treatment with anti-P3 antibodies effec-
tively prevents CE buildup in mitochondria and LDs, restores mitochondrial architecture, and enhances favorable lateral bio-
energetic interactions between mitochondria and LDs, thereby improving mitochondrial respiratory activity. Together, these
findings underscore the therapeutic potential of targeting CE accumulation in cardiomyocytes to mitigate cardiac dysfunction
linked to metabolic diseases. ECM, extracellular matrix; LRP1, LDL receptor-related protein 1.
promote the accumulation of intramyocardial CE due
to an altered lipoprotein profile and uptake (17, 18, 24).
Despite scientific evidence linking myocardial CE
accumulation to cardiac dysfunction, this phenome-
non has not been clinically afforded.
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upon reasonable request.
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