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CD36 exon 4 Forward: AACACTGTGATTGTACCTG
Reverse: TCAATAAGCATGTCTCCGAC

18S Forward: CCAGTGGTCTTGGTGTGCTG
Reverse: GGAGAACTCACGGAGGACGA
Abstract Lipid accumulation in nonadipose tissues
can cause lipotoxicity, leading to cell death and se-
vere organ dysfunction. Adipose triglyceride lipase
(ATGL) deficiency causes human neutral lipid stor-
age disease and leads to cardiomyopathy; ATGL
deficiency has no current treatment. One possible
approach to alleviate this disorder has been to alter
the diet and reduce the supply of dietary lipids and,
hence, myocardial lipid uptake. However, in this
study, when we supplied cardiac Atgl KO mice a low-
or high-fat diet, we found that heart lipid accumula-
tion, heart dysfunction, and death were not altered.
We next deleted lipid uptake pathways in the ATGL-
deficient mice through the generation of double KO
mice also deficient in either cardiac lipoprotein lipase
or cluster of differentiation 36, which is involved in
an lipoprotein lipase-independent pathway for FA
uptake in the heart. We show that neither deletion
ameliorated ATGL-deficient heart dysfunction.
Similarly, we determined that non-lipid-containing
media did not prevent lipid accumulation by
cultured myocytes; rather, the cells switched to
increased de novo FA synthesis. Thus, we conclude
that pathological storage of lipids in ATGL defi-
ciency cannot be corrected by reducing heart lipid
uptake.

Supplementary key words CD36 • dietary fat • lipid
accumulation • lipotoxicity • storage diseases • LpL • lipid
droplets • heart failure • myocardial lipid uptake • FA synthesis

Deficiency of adipose triglyceride (TG) lipase
(ATGL), the rate-limiting enzyme for release of stored
FAs within cells, leads to accumulation of TG in myo-
cytes and in mice causes premature death because of
heart failure (1–3). Humans with ATGL deficiency also
have lipid accumulation in their skeletal muscles and
with age develop cardiomyopathy (4, 5). There is no
current treatment for this disorder. Although ATGL
deficiency is often viewed as a model for lipotoxic
cardiomyopathy, whether the primary cause of heart
dysfunction is massive TG accumulation, inability to
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release lipid droplet (LD) stored TG, or mitochondrial
dysfunction is unclear. Moreover, the driver of LD
accumulation, whether lipid uptake or failed oxidation
of intracellular lipids, is also unknown.

If the primary cause of heart dysfunction in ATGL
deficiency is accumulation of circulating lipids, this
disorder should be prevented if lipid uptake is reduced.
Cardiomyocyte overexpression of PPARα, another
mouse model of lipotoxic cardiomyopathy, was rescued
by genetic deletion of cluster of differentiation 36
(CD36) and lipoprotein lipase (LpL) in the heart (6, 7).
CD36 mediates transendothelial (8) and cardiomyocyte
uptake (9) of long-chain FAs. LpL expression by car-
diomyocytes is required for normal uptake of both
chylomicron and VLDL-derived FAs (10). Another
approach that has been advocated in humans is the use
of a low fat medium-chain TG-enriched diet (11). Evi-
dence that such a diet is beneficial is lacking.

We first tested whether the fat content of the
diet altered heart pathology in cardiac ATGL-
deficient mice. We then altered the major pathways
of heart lipid uptake by deletion of LpL or CD36.
Cultured cardiomyocytes were then studied to
further elucidate the role of exogenous lipid in LD
accumulation and survival in the context of ATGL
deficiency. Our data show that modulating uptake of
circulating lipids does not prevent cardiac dysfunc-
tion in ATGL deficiency.
MATERIALS AND METHODS

Primers
ATGL (Pnpla2) Forward: GAGTGCAGTGTCCTTCACCA
Reverse: ATCAGGCAGCCACTCCAAC

LpL Forward: CGGCTTAGCTCAGTACTCAA
Reverse: TCTAGGCAGAGAGCAGCAGA
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Antibodies
LC3B antibody Abcam; catalog no.: ab48394
Vinculin monoclonal
antibody

Proteintech; catalog no.: 66305-1-Ig

Integrin beta1 antibody Cell Signaling; catalog no.: 4706
p62/SQSTM1 antibody Sigma-Aldrich; catalog no.: P0067-25UL
ATGL antibody #2138 Cell Signaling; catalog no.: 2138S
IRDye® 800CW donkey
anti-goat IgG (H + L),
0.1 mg

Li-Cor; catalog no.: 925-32214

IRDye® 680RD donkey
anti-mouse IgG (H + L),
0.1 mg

Li-Cor; catalog no.: 925-68072
Inhibitors
C75 Sigma-Aldrich; catalog no.: C5490
Cerulenin MilliporeSigma; catalog no.: C2389
Platensimycin
streptomyces

MilliporeSigma; catalog no.: 528244

Atglistatin ≥98%
(HPLC)

Sigma-Aldrich; catalog no.: SML1075-
5MG

Bafilomycin A1 Sigma-Aldrich; catalog no.: 19-148
3-Methyladenine
(3-MA)

Fisher (Selleckchem); NC0737715 (catalog
no.: S2767)

Rapamycin Sigma-Aldrich; catalog no.: R0395
Lalistat 1 Tocris; catalog no.: 60-981-0
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Mouse studies
All procedures were conducted in conformity with the

National Institutes of Health’s Public Health Service Policy on
Humane Care and Use of Laboratory Animals and the Na-
tional Research Council of the National Academy of Sciences’
Guide for the Care and Use of Laboratory Animals and were
approved by the New York University Langone Medical
Center Institutional Animal Care and Use Committee.

Mice generation
Atgl floxed mice (The Jackson Laboratory; stock no.:

024278) were crossed with major histocompatibility complex-
Cre expressing mice in laboratory to generate cardiomyocyte-
specific ATGL-deficient (cAtgl−/−) mice. Genotype was
confirmed by tail genomic DNA analysis. cAtgl−/− mice were
crossed with either Lpl floxed mice or Cd36 floxed mice to
generate double KO cAtgl−/−Lpl−/− and cAtgl−/−Cd36−/− mice,
respectively. Genotype was confirmed by tail genomic DNA
analysis.

Mice maintenance, fasting, and harvesting
Mice were maintained under a constant light-dark cycle

(Light from 7 AM to 7 PM) and received a standard diet
(catalog no.: 5053; LabDiet), 60% kcal high-fat diet (catalog no.:
D12492i; Research Diets), 90% kcal high-fat no carb diet (cat-
alog no.: D1007080; Research Diets), or a 30% kcal sucrose and
40% kcal fat Western diet (catalog no.: 100244; Dyets). Mice
were fasted overnight for ∼17 h for the CD36 antisense
oligonucleotide (ASO) experiments or fasted for ∼5 h for all
other experiments prior to sacrifice. After fasting, mice were
flushed with PBS, and organs and tissues were harvested and
immediately frozen on dry ice and stored at −80◦C for future
procedures.
Measurement of plasma lipids and glucose
Mice were fasted for 5 h and then bled retro-orbitally un-

der anesthesia (∼2% isoflurane), and the blood was spun at
10,000 g for 10 min to separate the plasma from the blood cells.
Plasma was isolated from the aqueous layer. Plasma total
cholesterol (TC), TG, and FFAs were measured enzymatically
using TC (catalog no.: TR13421; Infinity, Thermo Fisher Sci-
entific), TG (catalog no.: TR2242; Infinity, Thermo Fisher
Scientific), and NEFA C (catalog no.: NC9517308-1; Wako,
Fisher) kits. Glucose was measured after a 5 h fast. A blade was
used to create a small incision on the tails of the mice, and a
glucometer was used to measure the glucose of these mice.

Cell culture conditions
H9c2(2-1) cells (ATCC CRL-1446; ATCC) were used for cell

culture experiments and cultured according to the estab-
lished guidelines. To deplete LDs, media supplemented with
10% FBS were removed from cells, and FBS-free DMEM was
added for 24 h. C75 (40 μM) (12, 13), cerulenin (40 μM) (13, 14),
and platensimycin streptomyces (20 μM) (13) were used to
inhibit FASN. Atglistatin was used to inhibit ATGL (40 μM)
(15). To examine the effect of various interventions on cell
survival, AC16 cardiomyocyte-like cells were used. They were
cultured according to the established guidelines. Then cells
were incubated in media without FBS and the addition of
various compounds (40 μM atglistatin and/or 5 mM 3-MA,
100 nM rapamycin). Survival was calculated using change in
cells per field over time.

Lipid extraction from tissues
To examine tissue lipids, 40–50 mg of heart tissue was ho-

mogenized using a mini bead beater. Lipids were extracted
using methods modified from the study by Folch et al. (16).
Lipids were dried using a nitrogen blower and solubilized in
distilled water containing 2% Triton X. TG was measured
using the Infinity Triglycerides kit.

Microscopy for cell visualization
Tissue lipids were examined via histochemistry. About 20

to 40 mg of heart tissue was embedded using optimal cutting
temperature compound and flash frozen. Embedded samples
were sectioned into 8-micron thick sections and stained for
nuclei using 4',6-diamidino-2-phenylindole (1:10,000 dilution)
and then neutral lipids using the BODIPY green dye (1:1,000
dilution) (Thermo Fisher Scientific). Fluorescent images were
captured using the Leica SP5 Confocal Microscope, and green
fluorescent signal (LD number) was counted using the ImageJ
software (U. S. National Institutes of Health). These counts
were normalized to 4',6-diamidino-2-phenylindole-stained
nuclei.

Microscopy for gross heart visualization
Leica S9i microscope was used to capture gross images of

excised hearts.

Gene expression
To examine tissue gene expression, 20–40 mg of heart tis-

sue was homogenized using a Biospec mini bead beater. Total
RNA was isolated using a Pure Link micro-to-Midi total pu-
rification kit (Invitrogen) and reverse transcribed using
ThermoScript RT-PCR Kit (Invitrogen). Quantitative real-



time PCR using SYBR Green PCR Master Mix (Applied Bio-
systems) was used to examine gene expression.
RNA sequencing
Sequencing. To examine tissue gene expression, 20–40 mg

of heart tissue was homogenized using a Biospec mini bead
beater. Total RNA was isolated using a Pure Link micro-to-
Midi total purification kit and DNase treated. Total RNA
(1 μg input per sample) was input by the Illumina Stranded
Total RNA Ribozero Gold prep. All samples underwent 11
PCR cycles. Final libraries were run on the Agilent tapesta-
tion system to verify library base pair size and quantified
with the high sensitivity dsDNA qubit kit (Invitrogen). Each
library was normalized and pooled equally. Final normalized
pool was sequenced on half an SP100 (1 lane) Illumina
Novaseq flow cell, run as paired end 50 on the Illumina
Novaseq 6000.

Analysis. RNA sequencing (RNA-Seq) differential
expression analysis was performed for one lane of an SP100
paired-end 50 Illumina NovaSeq 6000 run. Per-read per-
sample FASTQ files were generated using the bcl2fastq2
Conversion software (version 2.20) to convert per-cycle BCL
base call files outputted by the sequencing instrument (RTA,
version 3.4.4) into the FASTQ format. The alignment pro-
gram, STAR (version 2.6.1d), was used for mapping reads of 13
samples to the mouse reference genome mm10, and the
application Fastq Screen (version 0.13.0) was utilized to check
for contaminants. The software, featureCounts (Subread
package, version 1.6.3), was used to generate matrices of read
counts for annotated genomic features. For differential gene
statistical comparisons between groups of replicate samples
contrasted by Atglflox/flox, cAtgl−/−, and cAtgl−/−Lpl−/− condi-
tions, the DESeq2 package (R, version 3.6.1) in the R statistical
programming environment was utilized (17).
Lipidomics
For lipidomics analysis, tissue was weighed to 20 mg and

homogenized with 1 ml of methanol spiked with Avanti
Lipid standards (Alabaster, AL). Lipids were extracted by
taking 60 μl of homogenate in a 1:1:2 concentration of ho-
mogenate, LC-MS grade water, and chloroform. Homoge-
nate solution was centrifuged to separate a top polar and a
bottom nonpolar layer. Bottom layer chloroform was
removed by vacuum centrifuge at 45oC for 30 min and
resuspended in a 4:3:1 concentration of LC-MS grade iso-
propanol, acetonitrile, and water. Both top and bottom layers
were run, and we focused on the nonpolar fraction for
analysis.
Metabolomics
Tissue metabolite extraction. A metabolite extraction was

carried out on each sample based on a previously described
method (18). Tissue processing began by precipitating proteins
and other macromolecules within each sample by addition of
extraction buffer of 80% methanol containing 500 nM
isotopically labeled amino acid standards, whereas the con-
trols were processed simultaneously. The extraction ratio was
10 mg of muscle sample per 1000 μl extraction buffer. The
sample in extraction buffer mixture was subjected to a ho-
mogenization step with ∼100 μl zirconium disruption beads
(0.5 mm, RPI) and homogenized for 10 min at 4◦C in a
BeadBlaster™ with a 30 s on, 30 s off pattern. The samples
were subjected to three cycles of this homogenization step.
Four stainless steel disruption beads (2.8 mm; Benchmark
Scientific) were then added to each sample tube and subjected
to two further cycles of the above homogenization step. The
homogenized sample was centrifuged at 21,000 g for 3 min,
and a fixed volume of the supernatant (450 μl) was trans-
ferred to a 1.5 ml microfuge tube for speed vacuum concen-
tration; no heating was used. Muscle extracts were
resolubilized in 50 μl of LC-MS grade water, and aliquots were
transferred for metabolomics analysis.

LC-MS/MS with the hybrid metabolomics method. Samples were
subjected to an LC-MS analysis to detect and quantify known
peaks. The LC column was a Millipore™ ZIC-pHILIC (2.1 ×
150 mm, 5 μm) coupled to a Dionex Ultimate 3000™ system,
and the column oven temperature was set to 25◦C for the
gradient elution. A flow rate of 100 μl/min was used with
the following buffers: A) 10 mM ammonium carbonate in
water, pH 9.0 and B) neat acetonitrile. The gradient profile
was as follows: 80–20% B (0–30 min), 20–80% B (30–31 min),
and 80–80% B (31–42 min). Injection volume was set to 2 μl
for all analyses (42 min total run time per injection).

MS analyses were carried out by coupling the LC system
to a Thermo Q Exactive HF™ mass spectrometer operating
in heated electrospray ionization mode. Method duration
was 30 min with a polarity switching data-dependent Top 5
method for both positive and negative modes. Spray voltage
for both positive and negative modes was 3.5 kV, and
capillary temperature was set to 320oC with a sheath gas rate
of 35, auxiliary gas of 10, and maximum spray current of
100 μA. The full MS scan for both polarities utilized 120,000
resolution with an automatic gain control (AGC) target of
3e6 and a maximum injection time of 100 ms, and the scan
range was from m/z 67 to 1,000. Tandem MS spectra for both
positive and negative modes used a resolution of 15,000,
AGC target of 1e5, maximum injection time of 50 ms,
isolation window of m/z 0.4, isolation offset of m/z 0.1, fixed
first mass of m/z 50, and three-way multiplexed normalized
collision energies of 10, 35, and 80. The minimum AGC
target was 1e4 with an intensity threshold of 2e5. All data
were acquired in profile mode.

Relative quantification of metabolites. The resulting Thermo™
RAW files were converted to a sqlite3 file containing the
raw signal intensities for all samples. An in-house python
script (Skeleton) was used for peak detection and quantifi-
cation of all internal standards and sample peaks based on a
previously established library of metabolite retention times
and accurate masses adapted from the Whitehead Institute
(19) and verified with authentic standards and/or high-
resolution MS/MS spectral manually curated against the
NIST14MS/MS and METLIN (2017) (20) tandem mass spec-
tral libraries. Metabolite peaks were extracted based on the
theoretical m/z of the expected ion type (e.g., [M + H]+), with
a ±5 part-per-million tolerance, and a ±7.5 s peak apex
retention time tolerance within an initial retention time
search window of ±0.5 min across the study samples. The
resulting data matrix of metabolite intensities for all samples
and blank controls was processed with an in-house statistical
pipeline Metabolyze, version 1.0, and final peak detection was
calculated based on a signal-to-noise ratio of 3× compared
with blank controls, with a floor of 10,000 (arbitrary units).
For samples where the peak intensity was lower than the
blank threshold, metabolites were annotated as not detected,
Lipid uptake pathways in ATGL deficiency 3



and the threshold value was imputed for any statistical
comparisons to enable an estimate of the fold change as
applicable. The resulting blank corrected data matrix was
then used for all groupwise comparisons, and t-tests were
performed with the Python SciPy (version 1.1.0) (21) library to
test for differences and generate statistics for downstream
analyses. Any metabolite with P < 0.05 was considered
significantly regulated (up or down).
Endothelial cell isolation
Endothelial cells were isolated using the protocol adapted

from the study by van Beijnum et al. (22). Heart tissue was
minced and treated with a solution of 0.9 ml collagenase and
0.1 ml dispase per 100 mg of tissue. Then the tissue suspension
was incubated for 30 min at 37◦C, under continuous agitation.
About 7.5 μl DNaseI solution per 1 ml cell suspension was
added, and suspension was incubated for another 30 min in
37◦C. About 0.5 ml of cold DMEM was then added for every
1 ml of collagenase/dispase solution to the tissue suspension.
The suspension was sieved through a 100-μm cell strainer
fitted on a 50-ml tube on ice to remove undigested cell clumps
and separate the single cells, the filter rinsed with 2 ml cold
DMEM, and the cells collected by centrifugation at 400 g for
5 min at room temperature. To remove red blood cells, the
suspension was treated with red blood cell lysis buffer. For
magnetic bead isolation, cell suspension was centrifuged at
300 g for 10 min, and the supernatant was completely aspi-
rated. The final cell pellet was resuspended in 90 μl of protein
extraction buffer, and an established protocol for Miltenyi
Biotec CD31 microbead-based isolation was followed. To
further validate the purity of microbead isolated cells, the
Cd31 gene expression of bound cells (elemental carbon frac-
tion, CD31+) and nonbound cells (CD31−) was compared. We
observed CD31 differential expression comparable to flow
cytometry-sorted cells (CD31+).
Western blotting
Protein was extracted from flash-frozen tissues through

homogenization in RIPA buffer using minibeads. BSA pro-
tein assay kit (Thermo Fisher Scientific) was used to deter-
mine the concentration of proteins. Western blotting was
performed using established protocols.
Echocardiography
Echocardiograms were obtained using the Vevo2100 Ul-

trasound on mice under anesthesia (∼2% isoflurane) while
temperature was maintained at 37◦C with a heated pad and
heat lamp. Parasternal long-axis and short-axis views of the
heart were obtained. In the long-axis view, visualization of the
apex, ascending aorta, and aortic reflex ensures proper
orientation. The short-axis view was obtained by rotating the
probe 90◦ after appropriately acquiring the long-axis view.
Visualization of the circular contracting left ventricle (LV) as
well as the papillary muscles ensured proper orientation. M-
mode recordings were made from the midline of the LV in
the short-axis view. Measurements used were obtained from
the M-mode view. Measurements acquired include LV inter-
ventricular septal thicknesses, LV internal dimensions
(LVIDs), and posterior wall (PW) thicknesses at diastole and
systole. LV ejection fraction (EF), LV fractional shortening,
and LV posterior wall thickening were calculated using the
following formulas: EF (%) = 100 × [(LVIDd (3) − LVIDs (3))/
LVIDd (3)]; fractional shortening (%) = 100 × [(LVIDd −
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LVIDs)/LVIDd]; and posterior wall thickening (%) = 100 *
[(PWs − PWd)/PWd].

Statistical analysis
Statistical analyses were performed using GraphPad Prism

(GraphPad Software, Inc), and all graphs are shown using
standard deviation. Statistical significance when comparing
two groups was determined by an unpaired t-test. Statistical
significance when comparing three or more groups was
determined by one-way ANOVA with Tukey multiple com-
parisons test. Statistical significance when comparing multiple
unrelated parameters of multiple groups in the same analysis
was determined by two-way ANOVA with Fisher’s least sig-
nificant difference multiple comparisons test. Statistical sig-
nificance when comparing multiple related parameters of
multiple groups was determined by two-way ANOVA with
Tukey correction for multiple comparisons.

RESULTS

Effects of dietary carbohydrate on heart function
and survival of ATGL-deficient mice

Because others have proposed the use of low-fat diets
for humans with ATGL deficiency (11), we tested
whether changing the dietary content of fat alters the
phenotype of ATGL-deficient hearts. Although we had
expected the higher fat-containing diets to worsen
cardiomyopathy, neither a carbohydrate-poor diet
(ketogenic diet) or carbohydrate-rich diet (Western
diet) improved EF (Fig. 1A) or survival (Fig. 1B).

LpL deficiency does not improve hearts of ATGL-
deficient mice

To determine whether KO of LpL reduced heart
dysfunction and premature death, we created mice
with cardiac KO of both ATGL and LpL. First, we bred
Atglflox/flox mice with major histocompatibility complex-
Cre expressing mice to generate cardiomyocyte-
specific Atgl deletion, cAtgl−/− (Figs. 2A and S1A).
Heart Atgl mRNA was decreased by over 80% in male
and female mice. Lpl gene expression was reduced in
female cAtgl−/− mice but not in males (Fig. 2B, C),
consistent with a previous report of reduced LpL ac-
tivity in hearts of female muscle-specific ATGL-defi-
cient mice (2). We next bred cAtgl−/− mice with Lplflox/flox

mice to generate cardiomyocyte-specific cAtgl−/−Lpl−/−

mice (Fig. 2A, S. Fig. 1A). As expected, cardiomyocyte-
specific LpL deficiency increased circulating TG but
not cholesterol levels (10) (Fig. 2D, E). TG levels were
more dramatically increased in male cAtgl−/−Lpl−/−

mice, consistent with the difference in Lpl mRNA
expression between male and female cAtgl−/− mice.

Echocardiography at approximately 10 weeks after
birth showed that ATGL deficiency increased heart
mass in male and female mice (Fig. 3A, B and Table 1A,
B). LV diameter and volume were decreased during the
end of diastole but increased during late systole, which
correlated with decreased EF (Table 1A). This could be
due to fibrosis caused by ATGL deficiency as seen in
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Fig. 1. Treatment of cAtgl−/− mice with ketogenic or Western diets. Five-week-old male and female mice were fed either a keto-
genic, Western, or chow diet for 5 weeks and then examined for changes in EF and survival. A: Neither ketogenic diet nor Western
diet significantly improved EF of male mice (Atglflox/flox + ketogenic diet [n = 4]; Atglflox/flox + Western diet [n = 4]; cAtgl−/− + chow diet
[n = 4]; cAtgl−/− + ketogenic diet [n = 4]; cAtgl−/− + Western diet [n = 6]) or female mice (Atglflox/flox + ketogenic diet [n = 7]; Atglflox/flox +
Western diet [n = 3]; cAtgl−/− + chow diet [n = 3]; cAtgl−/− + ketogenic diet [n = 5]; cAtgl−/− + Western diet [n = 4]). Statistical sig-
nificance was determined by one-way ANOVA with Tukey multiple comparisons test; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P <
0.0001. B: Survival was not improved either in male mice (Atglflox/flox + ketogenic diet [n = 6]; Atglflox/flox +Western diet [n = 4]; cAtgl−/− +
chow diet [n = 5]; cAtgl−/− + ketogenic diet [n = 4]; cAtgl−/− + Western diet [n = 4]) or female mice (Atglflox/flox + ketogenic diet [n = 5];
Atglflox/flox + Western diet [n = 4]; cAtgl−/− + chow diet [n = 4]; cAtgl−/− + ketogenic diet [n = 4]; cAtgl−/− + Western diet [n = 6]). Survival
data are from the mice shown in panel A with the addition of another cohort of mice. Statistical significance of Kaplan-Meier was
determined by log-rank test with a P value cutoff of 0.05.
Atgl−/− and inducible cAtgl−/− mice (1, 3). Despite their
increased heart rates, cardiac output in these mice was
reduced because of a decreased stroke volume. LV
anterior and posterior wall thickness reflected the
changes in LV diameter and volume (Table 1A).

Both male and female cAtgl−/− hearts were pale and
enlarged, and deletion of Lpl did not change the gross
appearance (Fig. 3C, D, upper panels). Surprisingly, loss
of LpL neither did reduce cardiomyocyte neutral lipid
accumulation as shown by BODIPY 493/503 staining of
neutral lipids in heart sections (Fig. 3C, D, lower panels,
green) nor did reduce TG per milligram of heart pro-
tein (Fig. 3E). Heart TG levels averaged higher in males
but not females with the double KO. The reasons for
this are unclear but might indicate non-LpL pathways
of lipid uptake, which have been described recently
(23, 24).
All tissue-specific Atgl KO mice began to die at
around 12 weeks. As has been shown previously (1),
although some Atgl−/− female mice survived longer
(50% at 17 weeks) than their male counterparts (50% at
13 weeks), LpL deficiency did not improve overall sur-
vival of either male or female cAtgl−/− mice as assessed
using log-rank test analysis (Fig. 3F).

Cardiomyocyte CD36 deficiency does not improve
ATGL-deficient hearts

CD36 mediates an alternative route of FA uptake
into the heart that is independent of LpL. We next
tested whether CD36 inhibition improves the heart
function and survival of cAtgl−/− mice. Data from our
laboratory (8) and others (25, 26) have shown that car-
diomyocyte CD36 inhibition reduces heart LDs. To
create a double KO of ATGL and CD36 in
Lipid uptake pathways in ATGL deficiency 5
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Fig. 2. Creation of cAtgl−/−Lpl−/− mice. A: Breeding of Atgl/Lpl cardiomyocyte-specific double KO mice from Atglflox/flox mice and
major histocompatibility complex-Cre expressing mice with a C57BL/6 background. B: mRNA quantitative RT-PCR gene expression
from homogenized whole heart in ∼10-week-old male Atglflox/flox (n = 8), cAtgl−/− (n = 8), and cAtgl−/−Lpl−/− mice (n = 9) as well as (C)
female ∼10-week-old Atglflox/flox (n = 5), cAtgl−/− (n = 8), and cAtgl−/−Lpl−/− (n = 5) mice. They show decreased Atgl gene expression in
male and female cAtgl−/− and cAtgl−/−Lpl−/− mice and decreased Lpl gene expression in male and female cAtgl−/−Lpl−/− mice as well as
female cAtgl−/− mice. Data are corrected for 18S rRNA and normalized to Atglflox/flox controls. D: Plasma TG and TC of 10-week-old
male mice (Atglflox/flox [n = 8]; cAtgl−/− [n = 8]; and cAtgl−/−Lpl−/− [n = 8]) and (E) female mice (Atglflox/flox [n = 5]; cAtgl−/− [n = 4]; and
cAtgl−/−Lpl−/− [n = 6]) after a 5 h fast show increased TG in male cAtgl−/−Lpl−/− mice. Statistical significance was determined by one-
way ANOVA with Tukey multiple comparisons test; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
cardiomyocytes, we crossed cAtgl−/− mice with
Cd36flox/flox mice (Figs. 4A and S1B). Atgl and Cd36
mRNAs were significantly decreased in both male and
female mice (Fig. 4B, C).

Echocardiography at 9–11 weeks showed that ATGL
deficiency increased heart mass in male and female
mice (Fig. 4D and Table 2A, B). EF was not improved by
CD36 deficiency (Fig. 4E and Table 2A, B). Like with
LpL deficiency, deletion of CD36 led to increased TG
6 J. Lipid Res. (2022) 63(11) 100274
content in hearts from males (Fig. 4F). In neither males
nor females was loss of CD36 associated with changes in
survival (Fig. 4G).

CD36 ASO decreases lipid accumulation in
overnight fasted and but not ATGL-deficient hearts

Heart uptake of FAs may be more reliant on CD36
expression by endothelial cells than cardiomyocytes (8).
Therefore, we assessed the effect of a global
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Fig. 3. Effect of LpL deletion on cAtgl−/− mice. A: Echocardiographic analysis of cAtgl−/− mice showed increased LV mass and
decreased EF that was not improved by LpL deletion in 10-week-old male (Atglflox/flox [n = 9]; cAtgl−/− [n = 7]; and cAtgl−/−Lpl−/− [n = 9])
but was normalized in (B) female mice (Atglflox/flox [n = 4]; cAtgl−/− [n = 4]; and cAtgl−/−Lpl−/− [n = 5]). C and D, upper panels: Images of
hearts from 10-week-old Atglflox/flox, cAtgl−/−, and cAtgl−/−Lpl−/− male and female mice. Pale discoloration because of lipid accumu-
lation in the cAtgl−/− still present with LpL deletion in both male and female mice. Heart tissue sections from the three genotypes
were stained with the neutral lipid stain BODIPY (green) and 4',6-diamidino-2-phenylindole (DAPI) (blue). The increased BODIPY
staining in the cAtgl−/− was not decreased by LpL deletion in male or female 10-week-old mice (C and D, lower panels). The scale bars
represent 50 μm. E: Heart TG content in male mice (Atglflox/flox [n = 7]; cAtgl−/− [n = 7]; cAtgl−/−Lpl−/− [n = 7]) and female mice (Atglflox/flox

[n = 7]; cAtgl−/− [n = 6]; cAtgl−/−Lpl−/− [n = 8]) show a similar pattern. Statistical significance was determined by one-way ANOVA with
Tukey multiple comparisons test; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. F, left panel: Kaplan-Meier plot showing the
cumulative survival of male Atglflox/flox (n = 8), cAtgl−/− (n = 8), and cAtgl−/−Lpl−/− (n = 14) mice over 30 weeks. F, right panel: Kaplan-
Meier plot showing the cumulative survival of female Atglflox/flox (n = 10), cAtgl−/− (n = 7), and cAtgl−/−Lpl−/− (n = 11) mice over 30 weeks.
LpL deletion did not improve survival of cAtgl−/− mice.
knockdown of Cd36 using ASOs. With control ASO,
CD36 expression as expected was lower in ATGL KO
hearts, as CD36 is downstream of PPAR activation that
requires ATGL. But this reduction was even greater
with specific ASO; Cd36 mRNA decreased >90% in the
heart, quadriceps, and inguinal adipose of mice treated
with CD36 ASO (Fig. 5A). There was a similar reduction
both in CD31 positive (endothelial cells) and negative
cells isolated from the cell suspension of collagenase-
dissociated hearts (Fig. 5A). C57BL/6 mice fasted over-
night develop LDs and increased TG content in various
organs (27). In the heart, CD36 deficiency in either
Lipid uptake pathways in ATGL deficiency 7



TABLE 1. Echocardiography of Atglflox/flox, cAtgl−/−, and cAtgl−/−Lpl−/− mice

Male (A)

Atglflox/flox cAtgl−/− cAtgl−/−Lpl−/−

Mean SD N Mean SD N Mean SD N

Heart rate (BPM) 408 28 9 462 103 7 467 66 9 *, #
Diameter; s (mm) 3.28 0.47 9 3.38 0.55 7 3.48 0.64 9 *, #
Diameter; d (mm) 4.47 0.39 9 4.06 0.52 7 4.18 0.47 9 *, #
Volume; s (μl) 45.05 15.61 9 48.87 17.70 7 52.98 22.85 9 *, #
Volume; d (μl) 92.24 18.94 9 74.32 22.46 7 79.19 20.65 9 *, #
Stroke volume (μl) 47.20 7.92 9 25.45 8.51 7 26.21 4.86 9 *, #
EF (%) 52.15 8.63 9 35.28 10.60 7 36.01 12.08 9 *, #
Fractional shortening (%) 26.85 5.48 9 16.90 5.85 7 17.33 6.30 9 *, #
Cardiac output (ml/min) 19.25 3.46 9 11.23 3.44 7 12.15 2.42 9 *, #
LV mass (mg) 132.39 37.13 9 239.12 37.07 7 198.23 40.42 9 *, #
LV mass correct (mg) 105.91 29.70 9 191.29 29.65 7 158.58 32.34 9 *, #
LVAW; s (mm) 1.17 0.16 9 1.59 0.39 7 1.39 0.14 9 *, #
LVAW; d (mm) 0.77 0.15 9 1.27 0.29 7 1.14 0.16 9 *, #
LVPW; s (mm) 0.99 0.20 9 1.55 0.28 7 1.23 0.20 9 *, #
LVPW; d (mm) 0.73 0.18 9 1.32 0.24 7 1.06 0.15 9 *, #

Female (B)

Atglflox/flox cAtgl−/− cAtgl−/−Lpl−/−

Mean SD N Mean SD N Mean SD N

Heart rate (BPM) 403 43 7 426 75 4 442 36 5 *, #, %
Diameter; s (mm) 2.47 0.48 7 4.37 0.32 4 3.14 0.81 5 *, #, %
Diameter; d (mm) 3.78 0.33 7 4.77 0.26 4 3.95 0.59 5 *, #, %
Volume; s (μl) 23.17 10.81 7 87.06 15.24 4 43.52 28.31 5 *, #, %
Volume; d (μl) 62.15 12.90 7 106.25 13.51 4 70.32 25.69 5 *, #, %
Stroke volume (μl) 38.98 3.96 7 19.20 3.21 4 26.80 4.64 5 *, #, %
EF (%) 64.62 10.08 7 18.51 4.31 4 43.49 14.83 5 *, #, %
Fractional shortening (%) 35.28 7.48 7 8.37 2.02 4 21.59 7.94 5 *, #, %
Cardiac output (ml/min) 15.70 2.15 7 8.11 1.91 4 11.70 1.35 5 *, #, %
LV mass (mg) 81.06 18.50 7 200.28 36.68 4 137.49 15.41 5 *, #, %
LV mass correct (mg) 64.85 14.80 7 160.22 29.34 4 109.99 12.33 5 *, #, %
LVAW; s (mm) 1.14 0.11 7 1.15 0.27 4 1.17 0.26 5 *, #, %
LVAW; d (mm) 0.69 0.11 7 0.87 0.13 4 0.97 0.17 5 *, #, %
LVPW; s (mm) 0.87 0.14 7 1.13 0.24 4 1.06 0.13 5 *, #, %
LVPW; d (mm) 0.60 0.11 7 1.05 0.28 4 0.86 0.11 5 *, #, %

Measurements include heart rate, LV systolic diameter, LV diastolic diameter, LV systolic volume, LV diastolic volume, stroke volume,
EF, fractional shortening, cardiac output, LV mass, LV mass correct by constant derived by Visualsonic Vevo 2100 ultrasound system to more
accurately determine LV mass, LV anterior wall thickness during systole, LV anterior wall thickness during diastole, LV posterior wall
thickness during systole and LV posterior wall thickness during diastole for male (A) and female (B) mice. * = Atglflox/flox versus cAtgl−/−, P <
0.05, # = Atglflox/flox versus cAtgl−/−Lpl−/−, P < 0.05, % = cAtgl−/− versus cAtgl−/−Lpl−/−, P < 0.05. Statistical significance was determined by two-way
ANOVA with Fisher’s least significant difference multiple comparisons test.
endothelial cells or cardiomyocytes prevents this accu-
mulation (8). CD36 ASO similarly decreased heart TG
content during fasting (Fig. 5B).

To assess whether systemic CD36 inhibition would
reduce heart lipid accumulation and improve cardiac
dysfunction in ATGL-deficient mice, we treated Atglflox/
flox and cAtgl−/− mice with either the CD36 ASO or a
scrambled control for 5 weeks. The ASO treatment
decreased Cd36 gene expression (Fig. 5C, left panel) and
protein levels (supplemental Fig. S2A) and as expected
Atgl expression in Atglflox/flox mice was decreased by the
CD36 ASO because of the effect of CD36 inhibition in
cardiomyocytes on PPARα-regulated genes (7, 8)
(Fig. 5C, right panel).

CD36 ASO does not improve hearts of ATGL- and
ATGL/LpL-deficient mice

The CD36 ASO treatment did not significantly
improve heart discoloration (not shown), LV mass and
EF (Fig. 5D and Table 3), or reduce TG accumulation
(Fig. 5E) in male mice. We observed a similar trend in
female mice (supplemental Fig. S2B–D and Table 3B).
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We then treated cAtgl−/−Lpl−/− mice with this ASO to
determine if CD36 compensated for loss of LpL. But
even with loss of both pathways involved in lipid up-
take, survival of neither male mice nor female mice was
improved (supplemental Fig. S3A, B).

CD36 deficiency reduced high-fat diet cardiac lipid
accumulation

To confirm that CD36 ASO affected heart lipid
metabolism, we treated mice eating a 60% high-fat diet
fed with this ASO every 4 days for 4 weeks. Circulating
lipids in these mice were similar to those in untreated
mice (TG: 77.20 ± 24.02 mg/dl control ASO, 82.26 ±
35.15 CD36 ASO; TC: 79.50 ± 21.84 control ASO, 82.86 ±
20.59 mg/dl CD36 ASO). Although within this period,
we found no change in cardiac function, the ASO
reduced LDs and TG in the hearts (Fig. 5F–I).

Gene and metabolite changes in ATGL KO mice
Loss of LpL and CD36 might be compensated by

upregulation of another molecule that participates in
lipid uptake into the heart. To determine this, we next
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Fig. 4. Creation of cAtgl−/−Cd36−/− mice and characterization of effect of CD36 deletion on cAtgl−/− mice. A: Breeding of Atgl/Cd36
cardiomyocyte-specific double KO mice from cAtgl−/− mice and Cd36flox/flox mice with a C57BL/6 background. B: mRNA quantitative
RT-PCR gene expression from homogenized whole heart in 10-week-old male mice (Atglflox/flox [n = 5]; cAtgl−/− [n = 3]; and
cAtgl−/−Cd36−/− [n = 6]) and (C) female mice (Atglflox/flox [n = 4]; cAtgl−/− [n = 5]; and cAtgl−/−Cd36−/− [n = 7]) show decreased Atgl gene
expression in male and female cAtgl−/− and cAtgl−/−Cd36−/− mice; and decreased Cd36 gene expression in male and female
cAtgl−/−Cd36−/− mice. Data are corrected for 18S rRNA and normalized to Atglflox/floxCd36flox/flox controls. D and E: Echocardiographic
analysis of cAtgl−/− mice showed increased LV mass (D) and decreased EF (E) that was not improved by CD36 deletion in 10-week-old
male mice (Atglflox/flox [n = 6]; cAtgl−/− [n = 4]; and cAtgl−/−Cd36−/− [n = 6]) or female mice (Atglflox/flox [n = 5]; cAtgl−/− [n = 5]; and
cAtgl−/−Cd36−/− [n = 8]). F: Increased heart TG content in male (n = 3–7) and female (n = 3–6) mice was not reduced by CD36 in-
hibition. G, left panel: Kaplan-Meier plot showing the cumulative survival of male Atglflox/floxCd36flox/flox (n = 8), cAtgl−/− (n = 8), and
cAtgl−/−Cd36−/− (n = 6) mice over 30 weeks. G, right panel: Kaplan-Meier plot showing the cumulative survival of female
Atglflox/floxCd36flox/flox (n = 9), cAtgl−/− (n = 7), and cAtgl−/−Cd36−/− (n = 5) mice over 30 weeks. CD36 deletion did not improve survival of
cAtgl−/− mice. (Note: TG data and survival data of cAtgl−/− mice same as for Figure 2. TG isolation and quantification of Atglflox/flox,
cAtgl−/−, cAtgl−/−Lpl−/−, Atglflox/floxCd36flox/flox, and cAtgl−/−Cd36−/− performed simultaneously) Statistical significance was determined
by one-way ANOVA with Tukey multiple comparisons test; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
used a big data approach, studying gene transcription
changes in hearts with ATGL deficiency. Heart failure
leads to a metabolic switch from FA to glucose associ-
ated with decreased expression of FA oxidation
enzymes (28). To avoid the confounding effects of
heart failure, we investigated cAtgl−/− mice before the
development of cardiac dysfunction, at 6 weeks. Gene
expression of lipid uptake proteins (Cd36, Fatp1, and
Lipid uptake pathways in ATGL deficiency 9



TABLE 2. Echocardiography of Atglflox/floxCd36flox/flox, cAtgl−/−, and cAtgl−/−Cd36−/− mice

Male (A)

Atglflox/floxCd36flox/flox cAtgl−/− cAtgl−/−Cd36 −/−

Mean SD N Mean SD N Mean SD N

Heart rate (BPM) 458 38 6 518 73 4 410 137 6 *, #
Diameter; s (mm) 2.74 0.32 6 3.68 0.32 4 4.10 0.45 6 *, #
Diameter; d (mm) 4.05 0.12 6 4.47 0.23 4 4.55 0.33 6 *, #
Volume; s (μl) 28.71 8.40 6 58.20 12.32 4 75.53 19.71 6 *, #
Volume; d (μl) 72.21 5.11 6 91.45 10.91 4 95.55 17.10 6 *, #
Stroke volume (μl) 43.50 7.14 6 33.25 7.95 4 20.02 7.97 6 *, #
EF (%) 60.48 10.10 6 36.70 8.41 4 21.75 10.06 6 *, #
Fractional shortening (%) 32.39 6.91 6 17.71 4.42 4 10.05 4.85 6 *, #
Cardiac output (ml/min) 20.14 4.59 6 16.68 2.24 4 8.30 4.94 6 *, #
LV mass (mg) 98.25 12.13 6 242.77 27.90 4 245.16 52.08 6 *, #
LV mass correct (mg) 78.60 9.71 6 194.21 22.32 4 196.13 41.66 6 *, #
LVAW; s (mm) 1.09 0.16 6 1.61 0.23 4 1.44 0.23 6 *, #
LVAW; d (mm) 0.73 0.07 6 1.27 0.23 4 1.25 0.18 6 *, #
LVPW; s (mm) 0.92 0.16 6 1.32 0.09 4 1.26 0.07 6 *, #
LVPW; d (mm) 0.64 0.09 6 1.09 0.09 4 1.07 0.10 6 *, #

Female (B)

Atglflox/floxCd36flox/flox cAtgl−/− cAtgl−/−Cd36−/−

Mean SD N Mean SD N Mean SD N

Heart rate (BPM) 454 40 5 510 46 5 491 56 8 *, #, %
Diameter; s (mm) 2.86 0.37 5 3.63 0.48 5 3.39 0.69 8 *, #, %
Diameter; d (mm) 4.10 0.25 5 4.35 0.32 5 3.96 0.52 8 *, #, %
Volume; s (μl) 32.15 10.53 5 57.17 17.91 5 50.14 24.14 8 *, #, %
Volume; d (μl) 74.89 11.12 5 86.12 14.32 5 70.14 22.42 8 *, #, %
Stroke volume (μl) 42.74 4.97 5 28.96 8.10 5 20.00 7.59 8 *, #, %
EF (%) 57.88 8.27 5 34.99 11.33 5 31.70 15.12 8 *, #, %
Fractional shortening (%) 30.44 5.44 5 16.82 5.84 5 15.12 7.67 8 *, #, %
Cardiac output (ml/min) 19.34 2.41 5 14.75 4.35 5 9.87 3.84 8 *, #, %
LV mass (mg) 116.79 40.41 5 232.98 22.27 5 189.12 37.51 8 *, #, %
LV mass correct (mg) 93.43 32.33 5 186.39 17.82 5 151.29 30.01 8 *, #, %
LVAW; s (mm) 1.18 0.28 5 1.58 0.15 5 1.40 0.19 8 *, #, %
LVAW; d (mm) 0.76 0.15 5 1.22 0.19 5 1.12 0.12 8 *, #, %
LVPW; s (mm) 1.05 0.37 5 1.32 0.07 5 1.27 0.13 8 *, #, %
LVPW; d (mm) 0.75 0.26 5 1.15 0.15 5 1.13 0.10 8 *, #, %

Measurements include heart rate, LV systolic diameter, LV diastolic diameter, LV systolic volume, LV diastolic volume, stroke volume,
EF, fractional shortening, cardiac output, LV mass, LV mass correct by constant derived by Visualsonic Vevo 2100 ultrasound system to more
accurately determine LV mass, LV anterior wall thickness during systole, LV anterior wall thickness during diastole, LV posterior wall
thickness during systole, and LV posterior wall thickness during diastole for male (A) and female (B) mice. * = Atglflox/floxCd36flox/flox versus
cAtgl−/−, P < 0.05, # = Atglflox/floxCd36flox/flox versus cAtgl−/−Cd36−/−, P < 0.05, % = cAtgl−/− versus cAtgl−/−Cd36−/−, P < 0.05. Statistical significance
was determined by two-way ANOVA with Fisher’s least significant difference multiple comparisons test.
Fatp5), lipid catabolic genes (Acsl1, Acadm, and PPARα),
and tricarboxylic acid cycle enzymes was decreased in
cAtgl−/− and cAtgl−/−Lpl−/− hearts suggesting that uptake
of exogenous lipids is not an important source of lipid
accumulation (Fig. 6A). A number of genes important
in lipid synthesis were unchanged including Fasn
(Fig. 6A). Cell death was the most upregulated pathway,
whereas mitochondrion and cellular oxidation pro-
cesses were the most downregulated (Fig. 6B). Consis-
tent with a decrease in mitochondrial function,
metabolomic analysis showed a decrease in tricarbox-
ylic acid cycle intermediates (citric acid, fumaric acid,
and L-malic acid). Levels of glycolysis intermediates and
energy carrier molecules were largely unchanged
(Fig. 6C).

Effects of ATGL deficiency on cardiac lipidomics
At 6 weeks, ATGL-deficient hearts have increased

lipid accumulation (2) despite no impairment of EF (1).
We first assessed the distribution of ceramides, which
are associated with cardiac dysfunction (29, 30). Several
long-chain ceramides—18:1/19:0, 15:2/22:0, and 16:2/
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18:0—were increased, although others—18:1/24:0 and
15:2/22:0—were decreased (supplemental Fig. S4).
Other lipids including phosphoethanolamines, phos-
phocholines, and sphingomyelins also had some
changes in their distribution. Thus, it was unclear
whether a specific lipid species contributed to heart
dysfunction.

LDs accumulate in cultured cardiomyocytes
Taken together, our in vivo data suggested that

exogenous lipids do not cause lipid accumulation in
ATGL deficiency. In contrast, normal cells cultured
with FBS accumulate LDs that disappear when FBS is
removed. To test this, we cultured H9c2(2-1) rat car-
diomyocytes in media with and without lipids and
inhibited ATGL using atglistatin (15). Cells cultured in
DMEM supplemented with 10% FBS developed LDs,
and an overnight incubation with FBS-free DMEM led
to LD depletion. When we then inhibited ATGL in
these LD-free cells, LDs accumulated despite the
absence of FBS or any other extracellular lipid source
(Fig. 7A, upper panels, green, quantified in Fig. 7B). To
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Fig. 5. CD36 ASO treatment. A: Overnight (≈17 h) fasted C57B6 mice were injected with PBS (vehicle) or CD36 ASO (50 mg/kg
body weight). ASO significantly decreased Cd36 gene expression in whole heart (vehicle [n = 5], Cd36 ASO [n = 4]), quadriceps
(vehicle [n = 5], Cd36 ASO [n = 5]), and inguinal white adipose (vehicle [n = 5], Cd36 ASO [n = 4]) as well as in CD31+ (vehicle [n = 9],
Cd36 ASO [n = 8]) and CD31− cells (vehicle [n = 9], Cd36 ASO [n = 8]) isolated from collagenase-disassociated hearts. B: Heart TG was
decreased with CD36 ASO treatment (vehicle [n = 4], Cd36 ASO [n = 3]). C: Experimental protocol for CD36 ASO treatment of HFD-
fed animals. D and E: CD36 ASO significantly decreased heart TG content as shown in BODIPY-stained heart sections (D, top panels,
green). The scale bars represent 25 μm (vehicle [n = 3], Cd36 ASO [n = 5]), EM imaging of LDs (D, lower panels). The scale bars
represent 2 μm, and whole-tissue TG quantification (E) (vehicle [n = 3], Cd36 ASO [n = 5]). Statistical significance was determined by
unpaired t test; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. F: EF as measured by echocardiography in control mice (chow-fed
C57BL/6 mice treated with vehicle), and HFD-fed mice treated with vehicle or CD36 ASO * = Chow + vehicle versus HFD + vehicle,
P < 0.05, # = Chow + vehicle versus HFD + CD36 ASO, P < 0.05, % = HFD + vehicle versus HFD + CD36 ASO, P < 0.05. Statistical
significance was determined by two-way ANOVA with Tukey correction for multiple comparisons. G: Atgl and Cd36 gene expression
in Atglflox/flox and cAtgl−/− treated with either the control ASO or the CD36 ASO in male mice (Atglflox/flox + Con ASO [n = 3]; Atglflox/flox +
CD36 ASO [n = 5]; cAtgl−/− + Con ASO [n = 3]; cAtgl−/− + CD36 ASO [n = 4]). Atgl gene expression was reduced in cAtgl−/− mice as well
as CD36 ASO-treated mice. The CD36 ASO reduced Cd36 gene expression in the treated mice. ATGL deletion also led to decreased
gene expression. H: Echocardiography analysis of changes in LV mass and EF in the four treatment groups of male mice shows
increased LVmass and decreased EF in cAtgl−/− mice that is not improved by the CD36 ASO (Atglflox/flox + Con ASO [n = 3]; Atglflox/flox +
CD36 ASO [n = 5]; cAtgl−/− + Con ASO [n = 3]; cAtgl−/− + CD36 ASO [n = 4]). I: Heart TG changes from male mice of the four
treatment groups (Atglflox/flox + Con ASO [n = 3]; Atglflox/flox + CD36 ASO [n = 5]; cAtgl−/− + Con ASO [n = 3]; cAtgl−/− + CD36 ASO [n =
4]) show that the CD36 ASO does not reduce TG accumulation. Statistical significance was determined by one-way ANOVA with
Tukey multiple comparisons test; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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TABLE 3. Echocardiography of Atglflox/floxx, cAtgl−/− mice treated with either a control ASO or CD36 ASO

Male (A)

Atglflox/flox + CON ASO Atglflox/flox + CD36 ASO cAtgl−/− + CON ASO cAtgl−/− + CD36 ASO

Mean SD N Mean SD N Mean SD N Mean SD N

Heart rate (BPM) 448 42 3 437 42 5 514 55 3 512 30 4 #, %
Diameter; s (mm) 3.18 0.31 3 2.63 0.49 5 3.76 0.37 3 4.50 0.52 4
Diameter; d (mm) 4.48 0.26 3 3.88 0.44 5 4.19 0.27 3 4.86 0.51 4
Volume; s (μl) 41.04 9.26 3 26.91 12.37 5 61.25 14.75 3 94.09 23.38 4 %, @
Volume; d (μl) 91.76 12.37 3 66.55 18.51 5 78.50 12.21 3 112.71 25.33 4 *, %, @
Stroke volume (μl) 50.72 3.64 3 39.64 7.17 5 17.26 3.91 3 18.62 5.59 4 #, %
EF (%) 55.86 4.54 3 61.32 8.23 5 22.85 6.96 3 16.95 4.35 4 #, %
Fractional shortening (%) 29.06 2.89 3 32.70 5.77 5 10.40 3.34 3 7.66 2.04 4
Cardiac output (ml/min) 22.58 0.96 3 17.31 3.54 5 8.67 1.04 3 9.71 3.53 4
LV mass (mg) 120.01 15.87 3 117.48 8.31 5 215.86 31.82 3 261.33 34.71 4 #, %, @
LV mass correct (mg) 96.01 12.69 3 93.98 6.65 5 172.69 25.46 3 209.07 27.77 4 #, %, @
LVAW; s (mm) 1.25 0.18 3 1.46 0.13 5 1.35 0.11 3 1.29 0.15 4
LVAW; d (mm) 0.79 0.13 3 0.91 0.11 5 1.21 0.07 3 1.11 0.15 4
LVPW; s (mm) 0.83 0.07 3 1.00 0.18 5 1.42 0.25 3 1.36 0.10 4
LVPW; d (mm) 0.62 0.02 3 0.76 0.15 5 1.13 0.17 3 1.16 0.15 4

Female (B)

Atglflox/flox + CON ASO Atglflox/flox + CD36 ASO cAtgl−/− + CON ASO cAtgl−/− + CD36 ASO

Mean SD N Mean SD N Mean SD N Mean SD N

Heart rate (BPM) 465 33 5 484 60 5 486 52 3 513 66 3 #, %
Diameter; s (mm) 3.15 0.57 5 2.80 0.56 5 3.49 0.59 3 3.10 0.91 3
Diameter; d (mm) 4.31 0.50 5 3.98 0.38 5 4.22 0.28 3 3.85 0.65 3
Volume; s (μl) 41.54 19.19 5 31.61 13.39 5 52.74 19.30 3 43.20 29.29 3
Volume; d (μl) 85.45 24.69 5 70.37 15.44 5 79.89 12.03 3 66.87 27.79 3
Stroke volume (μl) 43.91 6.30 5 38.76 5.60 5 27.15 10.15 3 23.67 6.25 3
EF (%) 53.38 7.73 5 57.21 12.13 5 36.06 17.61 3 41.44 19.92 3
Fractional shortening (%) 27.47 4.68 5 30.32 8.69 5 17.81 9.68 3 21.04 11.89 3
Cardiac output (ml/min) 20.47 3.48 5 18.94 4.34 5 13.03 5.04 3 11.80 1.97 3
LV mass (mg) 161.21 29.60 5 114.09 29.82 5 183.86 46.80 3 123.11 24.89 3 *, %, #
LV mass correct (mg) 128.96 23.68 5 91.27 23.86 5 147.09 37.44 3 98.49 19.92 3 *, %, #
LVAW; s (mm) 1.37 0.34 5 1.30 0.15 5 1.54 0.20 3 1.15 0.21 3
LVAW; d (mm) 0.91 0.24 5 0.74 0.06 5 1.27 0.16 3 0.88 0.13 3
LVPW; s (mm) 1.27 0.38 5 1.04 0.30 5 1.08 0.27 3 1.30 0.24 3
LVPW; d (mm) 0.93 0.25 5 0.80 0.19 5 0.77 0.17 3 0.85 0.27 3

Measurements for male (A) and female (B) mice include heart rate, LV systolic diameter, LV diastolic diameter, LV systolic volume, LV
diastolic volume, stroke volume, EF, fractional shortening, cardiac output, LV mass, LV mass correct by constant derived by Visualsonic Vevo
2100 ultrasound system to more accurately determine LV mass, LV anterior wall thickness during systole, LV anterior wall thickness
during diastole, LV posterior wall thickness during systole, and LV posterior wall thickness during diastole. * = Atglflox/flox + CON ASO versus
Atglflox/flox + CD36 ASO, P < 0.05, # = Atglflox/flox + CON ASO versus cAtgl−/− + CON ASO, P < 0.05, % = Atglflox/flox + CON ASO versus cAtgl−/− +
CD36 ASO, P < 0.05, @ = Atgl−/− + CON ASO versus cAtgl−/− + CD36 ASO, P < 0.05. Statistical significance was determined by two-way ANOVA
with Fisher’s least significant difference multiple comparisons test.
assess whether de novo FA synthesis was involved in
this process, we inhibited FASN using three different
inhibitors: C75, cerulenin and platensimycin strepto-
myces (Fig. 7A, lower panels, quantified in Fig. 7B).
FASN inhibition markedly decreased LD accumulation
in ATGL-inhibited cells.

ATGL inhibition increases autophagy
Our in vitro studies suggested that ATGL deficiency

leads to TG accumulation because of defective TG
lipolysis of exogenous and endogenous lipids. Our
RNA-Seq data revealed that hearts from cAtgl−/− mice
had increased expression of several genes known to
participate in the regulation of autophagy, including
p62 (Sqstm1) and members of the annexin A family (31,
32) (Fig. 8A). To assess whether excessive, “maladap-
tive” autophagy induction has a role in heart dysfunc-
tion in the context of ATGL deficiency, we treated
cardiomyocyte cell lines (AC16 and H9c2) with atglis-
tatin and then switched the cells to FBS-free medium.
Autophagy, as monitored by the appearance of LC3-II
12 J. Lipid Res. (2022) 63(11) 100274
in an immunoblot, was induced by FBS-free medium
but was further enhanced by treatment with atglistatin.
Atglistatin induction of autophagy was equivalent to
that found with rapamycin (an autophagy activator)
treatment. 3-MA, a selective phosphoinositide 3-kinase
(PI3K) inhibitor commonly used to block autophago-
some biogenesis, strongly reduced autophagy in
atglistatin-treated cells (Fig. 8B). Moreover, inhibition of
autophagy in ATGL-knockdown FBS-deprived AC16
cardiomyocytes (over a 72 h timecourse) using 3-MA
increased cell number and rescued AC16 car-
diomyocytes treated with atglistatin. Conversely,
cotreatment with 100 nM rapamycin did not improve
viability (Fig. 8C, left panel, representative images are
shown in Fig. 8D). In addition, we observed that inhi-
bition of autophagy with 3-MA led to a further accu-
mulation of LDs in atglistatin-treated cells (Fig. 8C, right
panel).

The role of autophagy in the degradation of LDs
(termed “lipophagy”) has been well established since its
discovery in 2009 (33). To assess whether lipophagy
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Fig. 6. Heart tissue mRNA expression and metabolomics changes in cAtgl−/− and cAtgl−/−Lpl−/− mice. A: RNA-Seq analysis of
changes between 6-week-old Atglflox/flox, cAtgl−/−, and cAtgl−/−Lpl−/− mice in expression of genes associated with lipid uptake, FA
oxidation, TCA cycle, and lipid synthesis. B: Pathway analysis was performed to identify the most upregulated and downregulated
pathways. C: Metabolomic analysis of changes in glycolysis intermediates, TCA cycle intermediates, and energy carrier molecules in
6-week-old Atglflox/flox [n = 4], cAtgl−/−[n = 4], and cAtgl−/−Lpl−/− [n = 4] mice. TCA, tricarboxylic acid.
specifically, rather than macroautophagy in general, is
responsible for the toxicity observed in ATGL-
inhibited cardiomyocytes, we used lalistat 1 to inhibit
lysosomal lipase. As we had previously observed (Fig. 7),
inhibition of ATGL in FBS-deprived cardiomyocytes
resulted in increased cell death (≈80% after a 72 h
treatment) (supplemental Fig. S5A, quantified in B) and
LD accumulation (supplemental Fig. S5C). As expected,
treatment with lalistat increased LD content, consistent
with the established role of autophagy in LD degrada-
tion (33). However, in contrast to 3-MA, treatment with
1 μM lalistat 1 increased cell death (≈50% after a 72 h
treatment) and failed to rescue ATGL-inhibited car-
diomyocytes (supplemental Fig. S5A, quantified in B).
These results suggest that, whereas lysosomal lipid hy-
drolysis may sustain cell viability in FBS-deprived car-
diomyocytes, the products of that hydrolysis are
unlikely to be responsible for the toxicity observed in
ATGL-inhibited cells.

While ATGL deficiency leads to many cellular ab-
normalities including lipid accumulation and reduced
FA oxidation, our data suggest that another toxicity is
an excessive induction of autophagy.

DISCUSSION

Cardiac ATGL deficiency causes massive TG accu-
mulation in the heart that leads to cardiac failure and
death. ATGL deficiency in humans has no known
effective therapy. We first tested whether dietary
manipulation affected heart lipid accumulation, heart
dysfunction, and mortality of mice with heart ATGL
deficiency. This strategy has been suggested
for humans, but with limited clinical outcome data
Lipid uptake pathways in ATGL deficiency 13
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Fig. 7. Cardiomyocyte cell culture examination of ATGL deficiency. A: Cells were grown in DMEM, 10% FBS, and incubated in
DMEM without FBS for 24 h to deplete LDs. Those cells were then treated with atglistatin plus or minus FASN inhibitors C75,
cerulenin, or platensimycin. B: Quantification. Statistical significance was determined by one-way ANOVA with Tukey multiple
comparisons test; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 (significantly different to atglistatin treatment); #P < 0.05, ###P<
0.001 (significantly different to 10% FBS treatment). The scale bars represent 20 μm.
(PMID: 9301368). Heart lipid accumulation and prema-
ture death occurred in mice eating either high- or low-
fat diets. We then found that unlike other models of
lipid toxicity (6, 7), deleting lipid uptake pathways did
not rescue cardiac ATGL-deficient mice. Neither
reducing TG lipolysis in the heart because of LpL KO
nor reducing FA uptake by deletion of Cd36 affected
lipid accumulation or improved hearts in Atgl KO mice.
Using cultured cardiomyocytes, we saw that ATGL in-
hibition led to marked LD accumulation even in the
absence of an exogenous lipid source. This lipid accu-
mulation was prevented by treatment with FASN in-
hibitors, suggesting that the accumulation can occur via
14 J. Lipid Res. (2022) 63(11) 100274
de novo synthesis. Our data show that the toxicity in
ATGL deficiency cannot be prevented by reducing
cardiac lipid uptake.

A mutation of the Atgl gene in humans causes lipid
accumulation, myopathy, and cardiomyopathy (5, 34).
The clinical presentation of ATGL deficiency varies
with some patients presenting early in life with exercise
intolerance, palpitations, or chest pain (5, 35). Others
present later in life (40+) with muscle weakness (5, 34).
There are currently no established treatments for
ATGL-deficient patients, although low-fat diets and
PPARα receptor agonists have been used (11, 36). The
reasons why skeletal muscle symptoms rather than
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Statistical significance was determined by unpaired t-tests; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. The scale bars
represent 20 μm.
cardiac symptoms predominate in humans are unclear
but might reflect the relatively greater cardiac nutri-
tional demands in the rapidly beating mouse heart. Our
goal had been to define a method to treat ATGL
deficiency by studying mice. In both mice and humans,
ATGL catalyzes the rate-limiting step of LD TG hy-
drolysis (37–39).

We had hypothesized incorrectly that hindering lipid
uptake would reduce LD accumulation and prevent
cardiomyopathy. Rather, we found that even in the
absence of exogenous lipids, ATGL knockdown led to
LDs. Furthermore, the amount of lipid from the diet or
in the culture media did not correlate with the degree
of heart dysfunction or cardiomyocyte death. These
data suggest that defective FA oxidation leads to lipid
accumulation from either circulating or endogenously
produced lipids. Although cardiomyocyte synthesis of
FAs is relatively low, this locally produced TG accu-
mulates likely because of reduced activation of PPARα.
This conclusion is, however, a bit tenuous as a marked
Lipid uptake pathways in ATGL deficiency 15



reduction in PPARα signaling was not found in induc-
ible cardiomyocyte-specific Atgl KO (3). Likewise, our
younger (6-week-old) cardiomyocyte-specific ATGL-
deficient mice show a less dramatic decrease in the
PPAR signaling pathway. In contrast to mice, hearts
from ATGL-deficient patients requiring trans-
plantation had increased PPARα and PPARγ gene
expression (40). Together, these data suggest a dissoci-
ation between PPAR activation and the development of
heart dysfunction and imply that another process such
as lipid-induced mitochondrial dysfunction results
from ATGL deficiency.

Our failure to find a reduction in lipid accumulation
and an improvement in heart function with low-fat
diets and Cd36 and LpL deletion led us to study
ATGL-deficient hearts in more detail. Greater lip-
ophagy accompanies nutrient deprivation as likely oc-
curs in ATGL-deficient hearts that are unable to use
FAs. Our gene array data obtained from hearts of mice
prior to their development of dysfunction pointed to
activation of the autophagy pathway. Our experiments
in cell culture showed that inhibition of autophagy
prevented cell death. Moreover, we found that
increased LDs are not toxic when autophagy is sup-
pressed. Data in humans support a role for greater
autophagy in ATGL-deficient muscles; biopsies from
patients with neutral lipid storage disease with myop-
athy have more vacuoles that are positive for auto-
phagy markers LC3, p62, and Beclin-1 (41).

Why should this autophagy be harmful? The role of
autophagy in heart physiology and pathology remains
poorly understood. Treatments aimed at inducing
autophagy may be cardioprotective after ischemic
insult (42–45). In contrast, “maladaptive” autophagic
flux can lead to excessive degradation and depletion of
cytosolic components—including mitochondria—and
cardiomyocyte death (46). In addition, with increased
autophagy, released lipids such as ceramides—seen in
our lipidomics analysis of 6-week-old mice—could lead
to mitochondrial toxicity and decreased oxidative ca-
pacity (2), which would further deplete mitochondria
and promote LD accumulation (29, 47, 48).

Aside from increased autophagy, ATGL deficiency
leads to a number of metabolic/cellular abnormalities.
Is it possible that autophagy adds to these other defects?
Blocking autophagy, as we show in cultured cells, may
prevent mitochondrial toxicity and muscle dysfunction
in ATGL deficiency. Support for a pathologic role of
autophagy was obtained using 3-MA, a PI3K inhibitor
that also blocks autophagy, as well as other cellular
processes mediated by PI3K (49, 50). Thus, while not
ideal, 3-MA inhibition of autophagy in ATGL-deficient
cells improved survival and is further evidence for the
importance of this pathway in cellular dysfunction. We
note that a genetic model that completely blocks the
autophagy pathway leads to myocardial growth defects
(51). Whether a partial block in this pathway could be a
therapeutic approach remains to be tested. It should be
16 J. Lipid Res. (2022) 63(11) 100274
noted that we have obtained no evidence that altering
autophagy in vivo will reduce heart dysfunction, as the
greater gene expression indicative of activation of this
pathway might primarily reflect the energetic defects
in these mice. Moreover, because our cellular studies
were done in lipid-depleted serum, a condition unlike
that in the mice, the possibility that loss of lipophagy
might exacerbate heart failure must be considered.

In summary, we tested whether reduced lipid uptake
rescues dysfunction in ATGL deficiency. Lipid accu-
mulation and heart dysfunction in cardiac ATGL-
deficient mice is not corrected by changes in diet.
Unlike in other lipotoxicity models, reduced expression
of either LpL or CD36 did not modify lipid accumu-
lation or toxicity. We discovered that the lipid accu-
mulation in ATGL-deficient cardiomyocytes can occur
via de novo synthesis. ATGL-deficient cardiomyopathy
is often presented as a model of lipid-induced heart
dysfunction. As such, lessons learned from this model
might be applicable to the much more common forms
of cardiomyopathy associated with human obesity
(52–54). While heart failure in patients with obesity and
type 2 diabetes often associates with lipid accumulation,
the source of that lipid might not be from circulating
FAs or lipoproteins. Rather changes in cellular meta-
bolism will drive TG accumulation and heart dysfunc-
tion via uptake of either FAs or substrates for de novo
lipogenesis.
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