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Abstract Lipid droplets (LDs) are multifunctional
organelles that regulate energy storage and cellular
homeostasis. The first step of triacylglycerol hydro-
lysis in LDs is catalyzed by adipose triglyceride lipase
(ATGL), deficiency of which results in lethal cardiac
steatosis. Although hormone-sensitive lipase (HSL)
functions as a diacylglycerol lipase in the heart, we
hypothesized that activation of HSL might compen-
sate for ATGL deficiency. To test this hypothesis, we
crossed ATGL-KO (AKO) mice and cardiac-specific
HSL-overexpressing mice (cHSL) to establish homo-
zygous AKO mice and AKO mice with cardiac-
specific HSL overexpression (AKOþcHSL). We
found that cardiac triacylglycerol content was 160-
fold higher in AKO relative to Wt mice, whereas
that of AKOþcHSL mice was comparable to the
latter. In addition, AKO cardiac tissues exhibited
reduced mRNA expression of PPARα-regulated
genes and upregulation of genes involved in inflam-
mation, fibrosis, and cardiac stress. In contrast,
AKOþcHSL cardiac tissues exhibited expression
levels similar to those observed in Wt mice. AKO
cardiac tissues also exhibited macrophage infiltra-
tion, apoptosis, interstitial fibrosis, impaired systolic
function, and marked increases in ceramide and
diacylglycerol contents, whereas no such pathological
alterations were observed in AKOþcHSL tissues.
Furthermore, electron microscopy revealed consid-
erable LDs, damaged mitochondria, and disrupted
intercalated discs in AKO cardiomyocytes, none of
which were noted in AKOþcHSL cardiomyocytes.
Importantly, the life span of AKOþcHSL mice was
comparable to that of Wt mice. HSL over-
expression normalizes lipotoxic cardiomyopathy in
AKO mice and the findings highlight the applica-
bility of cardiac HSL activation as a therapeutic
strategy for ATGL deficiency-associated lipotoxic
cardiomyopathies.
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Lipid droplets (LDs) are intracellular organelles
found in various cell types within the body. In car-
diomyocytes, long-chain FAs, which are considered the
major dietary FAs utilized by cardiac tissue, are sub-
jected to uptake via FA transporters, following which
they are converted to acyl-CoAs and directly oxidized
or converted to triacylglycerol (TAG) for storage in
LDs (1).

LD synthesis and degradation are dynamically regu-
lated in the heart depending on the cardiac energy
status. Under conditions with increased plasma FA
levels, for example, diabetes or obesity, the FA influx
often exceeds the cellular capacity for FA oxidation
(FAO), resulting in intracellular LD accumulation
(steatosis) (2, 3). Aberrant LD accumulation, associated
with stimulated intracellular lipolysis, is thought to
induce intracellular lipotoxicity. FAs released from LDs
stimulate ceramide biosynthesis and lipid peroxidation,
which in turn induce apoptosis (4, 5). Excess FAs also
increase intracellular fatty acyl-CoAs and diac-
ylglycerol (DAG) levels, triggering the occurrence of
endoplasmic reticulum (ER) stress and insulin resis-
tance (6, 7). These adverse reactions lead to cardiac
dysfunction, namely lipotoxic cardiomyopathy (8).

Cardiac steatosis is also present in conditions with
impaired FAO. Genetic defects of the genes regulating
FAO, such as SLC22A5 (encoding organic cation/carni-
tine transporter type 2) (9, 10) or CPT2 (encoding
carnitine palmitoyltransferase 2), lead to the develop-
ment of cardiac dysfunction associated with myocardial
lipid accumulation (11, 12). Among mouse models,
cardiac-specific PPARδ-KO mice or heterozygous
CPT1-KO mice reportedly develop lipotoxic cardio-
myopathy with cardiomyocyte apoptosis and interstitial
fibrosis (13, 14). Under such conditions, impaired FAO is
considered the primary cause of cardiac dysfunction,
although pathophysiological function of accumulated
LDs remains to be addressed.

The TAG stored in LDs is hydrolyzed upon demand,
resulting in the release of FAs for ATP production. The
first step of this lipolytic cascade is catalyzed by adipose
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triglyceride lipase (ATGL). One molecule of FA is
released from the first step of the cascade to generate
DAG, which is then hydrolyzed by hormone-sensitive
lipase (HSL) to release FA and monoacylglycerol
(MAG). In the final step, MAG is hydrolyzed by MAG
lipase to release FA and glycerol (15, 16). It has been
shown that intracellular TAG hydrolysis by ATGL
plays a critical role in the release of essential media-
tor(s) involved in the generation of PPARα lipid ligands
and, consequently, modulates mitochondrial biogenesis
as well as oxidative phosphorylation (17). Thus, ATGL
plays an important role not only in controlling intra-
cellular energy supply but also in the regulation of
cardiac gene expression and mitochondrial function.

Mutations in PNPLA2 (which encodes ATGL) cause
neutral lipid storage disease with myopathy (NLSDM).
NLSDM is characterized by the presence of TAG-
containing LDs in the cytoplasm of neutrophils (Jor-
dans' bodies) as well as in the cells of other tissues,
including muscle, liver, and heart tissues (18). Patients
with NLSDM are primarily affected by progressive
myopathy, cardiomyopathy, coronary atherosclerosis,
diabetes, hepatomegaly, chronic pancreatitis, and short
stature. Progressive skeletal muscle myopathy is always
present, exhibiting both proximal and distal distribu-
tion (19, 20). Cardiac dysfunction is present in approx-
imately 40–50% of patients with NLSDM, with
cardiomyopathy demonstrating lethality or necessi-
tating the conduction of cardiac transplantation in
certain cases (18, 19, 21).

ATGL-KO mice were previously established as a
murine model of NLSDM. They present with accumu-
lation of massive LDs in cardiomyocytes and succumb
before 6 months of age because of heart failure (22).
Defective intracellular FA release from LDs and
resultant mitochondrial dysfunction are considered the
primary causes of cardiomyopathy in ATGL-KO mice,
although the precise mechanisms through which ATGL
deficiency induces such severe lipotoxicity remain to
be fully understood.

PPARα agonists reportedly normalize the expression
of PPARα-regulated genes, restore normal cardiac
function, and prevent premature death in ATGL-KO
mice (17). Two patients with NLSDM were previously
treated with PPARα agonist bezafibrate for a period of
28 weeks, and this led to improved FAO and reduced
tissue TAG accumulation without considerable
improvement in clinical parameters (23). Recently,
medium-chain FA tricaprin was shown to improve
myocardial long-chain FA metabolism, cardiac steatosis,
and left ventricular (LV) function in ATGL-KO mice
(24), incentivizing a clinical trial in Japan, which is
currently ongoing. Nevertheless, an effective therapeu-
tic strategy has not been introduced, and many ATGL-
deficient patients develop heart failure at a young age,
while awaiting cardiac transplantation (18, 21).

In the physiological setting, HSL functions as a DAG
lipase within the heart (25), while also exhibiting potent
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TAG hydrolase activity (26). We have previously re-
ported that cardiac overexpression of HSL inhibits
myocardial steatosis and fibrosis in mice with
streptozotocin-induced diabetes (27) as well as atrial
steatosis and atrial fibrillation in cardiac perilipin
(PLIN) 2-overexpressing mice (28, 29). In the present
study, we investigated whether the activation of cardiac
HSL could alleviate cardiomyopathy in ATGL-KO
mice. Our findings highlight the potential applica-
bility of HSL as a therapeutic target against ATGL
deficiency-associated cardiac death.
MATERIALS AND METHODS

Animal studies
Heterozygous ATGL-KO mice on a C57BL/6 background

were purchased from The Jackson Laboratory (Bar Harbor,
ME) (22). Cardiac-specific HSL-overexpressing mice were
generated using myosin heavy chain α promotor and rat HSL
complementary DNA as per methods previously reported (27)
and were backcrossed to C57BL/6 mice for 10 generations.
The heterozygous ATGL-KO and cardiac HSL-
overexpressing mice were crossed to generate breeders of
experimental groups: (ATGL+/−, HSLTg−/Tg−) and (ATGL+/−,
HSLTg+/Tg−) mice. The breeder mice were then crossed to
generate the experimental groups: Wt (ATGL+/+,
HSLTg−/Tg−; designated as Wt), homozygous ATGL-KO
(ATGL−/−, HSLTg−/Tg−; designated as AKO), heterozygous
cardiac-specific HSL overexpression (ATGL+/+, HSLTg+/Tg−;
designated as cHSL), and AKO with cardiac-specific HSL
overexpression (ATGL−/−, HSLTg+/Tg−; designated as
AKO+cHSL) mice. Mice from all groups were provided a
regular chow diet (MF, Oriental Yeast Co, Tokyo, Japan) and
water ad libitum, while kept under a 12:12 h dark-light cycle.
Mice were anesthetized with isoflurane at the age of 10–-
12 weeks and dissected between 10:00 and 12:00 PM. All pro-
cedures were conducted in accordance with the “Regulations
for Animal Research” at the University of Fukui and
approved by the Animal Research Committee, University of
Fukui (approval no.: R01028).

Blood chemistry
Blood samples were collected from the right ventricle un-

der anesthesia. Plasma concentrations of FFA, TAG, and total
cholesterol (T-Cho) were measured using commercially
available kits (Wako, Osaka, Japan). The plasma glucose (PG)
concentration was measured using Freestyle™ (Nipro, Osaka,
Japan).

Western blot analysis
Immunoblot analyses were performed using specific anti-

bodies against ATGL (catalog no.: 2439; Cell Signaling Tech-
nology, Danvers, MA), HSL (catalog no.: 4107; Cell Signaling
Technology), PLIN1 (catalog no.: ab172907; Abcam, Cam-
bridge, UK), PLIN2 (catalog no.: ab52356; Abcam), PLIN3
(catalog no.: ABS482; Merck Millipore, Burlington, MA),
PLIN4 (catalog no.: 55404-1-AP; Proteintech, Rosemont, IL),
PLIN5 (catalog no.: PAB12542; Abnova, Taipei, Taiwan),
GAPDH (catalog no.: MAB374; Merck Millipore), phosphory-
lated HSL Ser563 (catalog no.: 4139; Cell Signaling Technol-
ogy), Ser565 (catalog no.: 4137; Cell Signaling Technology),



Ser660 (catalog no.: 4126; Cell Signaling Technology), and
phosphorylated PLIN1 (catalog no.: 3834; Affinity Biosciences,
Cincinnati, OH) as per methods previously reported (29).
Cardiac tissues were homogenized in TES buffer (20 mM Tris,
1 mM EDTA, 255 mM sucrose, pH 7.4) containing a protease
inhibitor cocktail (catalog no.: 25955; Nacalai Tesque, Kyoto,
Japan), and the supernatant was collected to be utilized in the
subsequent gel electrophoresis. To analyze phosphorylated
proteins, cardiac tissues were homogenized in the same TES
buffer containing a phosphatase inhibitor cocktail (catalog
no.: 07574; Nacalai Tesque). Next, 10–20 μg of the protein
samples were subjected to SDS-PAGE, transferred to nitro-
cellulose membranes, and probed with the specific antibodies.
The membranes were washed and incubated with the
appropriate HRP-conjugated secondary antibodies (catalog
no.: NA934 or no. NA931; Cytiva, Marlborough, MA), followed
by chemiluminescence detection using ECL™ Prime Western
Blotting Detection Reagents (catalog no.: RPN2232; GE
Healthcare, Chicago, IL) and FUSION SOLO S (Vilber-Lour-
mat, Collégien, France). Band intensities were quantified
using the Evolution-Capt Edge software, version 18.07 (Vilber-
Lourmat), and protein abundance was presented relative to
GAPDH in the corresponding lane.
TAG hydrolase activity assay
TAG hydrolase activity was assessed using a commercially

available kit (catalog no.: MAK046; Sigma-Aldrich, St. Louis,
MO), which contains the TAG substrate, following the man-
ufacturer’s protocol with a minor modification. Cardiac tis-
sues were homogenized in TES buffer containing a protease
inhibitor cocktail (catalog no.: 25955; Nacalai Tesque), and
the supernatants were used for the assays. Next, 50 μl of the
sample was incubated with 100 μl of the reaction mix or the
sample blank mix at 37◦C for 60 min. Absorbance at 570 nm
was measured using a SpectraMax™ iD3 microplate reader
(Molecular Devices, San Jose, CA), and the TAG hydrolase
activity was calculated and presented as nanomole glycerol/
minute/gram protein.
Tissue lipid content
The heart was perfused with 3 ml of PBS from the LV and

was subsequently excised. Tissue samples (30–40 mg) were
homogenized in 20 volumes of PBS, and lipids were extracted
with 20 volumes of chloroform/methanol (2:1). After centri-
fugation, the chloroform phase was transferred into glass
tubes, following which it was dried and dissolved in isopropyl
alcohol at 70◦C for 1 h. TAG level was measured using assay
kits (Wako) with lipid standards that were treated in parallel
with tissue samples derived from the extraction step (28).
Histological studies
The excised LV was fixed with 4% paraformaldehyde-PBS

for 1 h and embedded in OCT compound (Sakura Finetek,
Tokyo, Japan). The sections were stained with hematoxylin
and eosin or specific antibodies against N-cadherin (catalog
no.: ab98952; Abcam) for intercalated discs (ICDs) or F4/80
(catalog no.: 14-4801-85; Invitrogen, Waltham, MA) for mac-
rophages, followed by microscopic examination using AX80
(Olympus, Tokyo, Japan). Fibrosis was assessed using Masson’s
trichrome staining. For confocal microscopy, the sections
were stained with specific antibodies against PLIN2 or F4/80
and fluorescent secondary antibodies (catalog no.: A32733;
Thermo Fisher Scientific, Waltham, MA, or catalog no.:
HSL
ab150165; Abcam, respectively), followed by observation using
a confocal microscope system TCS Sp2 (Leica, Wetzlar, Ger-
many) (29). Apoptosis was analyzed via TUNEL assay using a
commercially available kit (catalog no:. MK500; Takara, Shiga,
Japan).

Electron microscopy was performed as per methods pre-
viously described (29). Briefly, mouse hearts were excised and
fixed with 2% paraformaldehyde and 2% glutaraldehyde in
0.1 M phosphate buffer (pH 7.4), followed by incubation in 1%
osmium tetroxide for 2 h at 4◦C. The samples were subjected
to washing steps with 10% sucrose, stained with 2% uranyl
acetate for 60 min at 4◦C, dehydrated with ethanol, and
embedded in epoxy resin (Quetol 812; Nisshin EM, Tokyo,
Japan). Thin sections (60–70 nm in thickness) were stained
with lead citrate and uranyl acetate prior to examination
under a transmission electron microscope (H-7650; Hitachi,
Tokyo, Japan).
Ultrasonography
Cardiac function was evaluated via echocardiography in

mice that were awake, using an ultrasonograph equipped with
a 13-MHz linear transducer (Aloka, Tokyo, Japan), as per
protocols previously described (30).
Quantitative RT-PCR
Total RNA extraction from cardiac ventricles was per-

formed using the Trizol™ reagent (Invitrogen), and 2 μg of
RNA samples were reverse-transcribed using a Quantitect™
reverse transcription kit (Qiagen, Hilden, Germany). The
reverse-transcribed samples were diluted 10 times (or two
times for PLIN1) with 10 mM Tris, 1 mM EDTA, pH 8.0 buffer.
The target gene transcripts were amplified and analyzed in
triplicate using TaqMan™ probes (Applied Biosystems, Wal-
tham, MA) and StepOne Software, version 2.1 (Applied Bio-
systems) as previously described (27). The expression values of
the target genes were normalized with that of GAPDH. A list
of gene-specific probes is presented in supplemental Table S1.
FAO activity assay
Cardiac FAO activity was assessed using a commercially

available kit (Biomedical Research Service Center, Buffalo,
NY) (31). First, 40 mg of cardiac tissue was homogenized with
1 ml of ice-cold cell lysis solution, and 20 μl of the sample was
incubated with the control or the reaction solution for 60 min
following the manufacturer’s protocol. Absorbance at 492 nm
was measured using a SpectraMax™ iD3 microplate reader
(Molecular Devices), and the FAO activity was determined.
LC-MS
Six mice (three males and three females) from Wt, AKO,

and AKO+cHSL groups were used for this analysis. The six
mice were divided into two groups (male and female groups).
One hundred milligrams of ventricles were excised, and the
ventricles from each group were pooled together, followed by
lipid extraction using the Bligh-Dyer method (32). The
extracted lipids were dried, dissolved in methanol, and sub-
jected to LC-MS analysis performed at Lipidome Lab, Co, Ltd
(Akita, Japan).

The samples were separated on an L-column3 C18 metal-
free column at 40◦C using a gradient solvent system, and
electrospray ionization-MS/MS analysis was performed using
a Q-Exactive™ Plus mass spectrometer with an UltiMate™
protects ATGL-deficient mice from cardiomyopathy 3



3000 LC system (Thermo Fisher Scientific). Postprocessing of
the raw data files for ceramides and DAGs was performed
using a lipid molecular identification software Lipid Search™
4.2.28 (Mitsui Knowledge Industries, Tokyo, Japan). Eighteen
species of FFA (C12–C24) were manually analyzed, and the
peaks were identified and quantified using the Xcalibur™
Quan Browser software (Thermo Fisher Scientific). N-lauroyl-
D-erythro-sphingosine (d18:1/12:0), 1,3 diheptadecanoyl-
glycerol (d5), and arachidonic acid-d8 were used as the
internal standards for ceramide, DAG, and FFA, respectively.
The mean values in the male and female groups for each lipid
species were compared between genotypes, and the species
that showed greater than 2-fold changes between Wt and
AKO were extracted.

Life span analysis
Wt mice (n = 27; 15 males and 12 females), AKO mice (n =

22; 11 males and 11 females), and AKO+cHSL mice (n = 23; 10
males and 13 females) were followed for 52 weeks, and the
incidence of spontaneous death was recorded as a function of
time. Kaplan-Meier plotter analysis was used to analyze the
influence of different genetic backgrounds on survival rate.
Eleven Wt mice (five males and six females) and 10
AKO+cHSL mice (five males and five females), which sur-
vived beyond the 52 weeks, were followed for an additional
26 weeks (total 78 weeks) to compare life span.

Statistical analysis
All values are expressed as the mean ± SEM. Significance

was determined via ANOVA, followed by Fisher's protected
least significant difference. P < 0.05 was considered signifi-
cant, and the differences between genotypes are indicated in
the figures and tables unless noted otherwise.

RESULTS

Characterization of AKO, cHSL, and AKOþcHSL
mice

We first analyzed the protein expression of ATGL
and HSL in the cardiac tissues of mice, comparing them
between genotypes. As shown in Fig. 1A, AKO and
AKO+cHSL mice exhibited no ATGL expression in
cardiac tissue. Cardiac HSL expression in cHSL and
AKO+cHSL mouse cardiac tissues was markedly
greater compared with that in the cardiac tissues of Wt
and AKO mice. To assess the phosphorylation status of
transgenic HSL, Western blot analyses were performed
using specific antibodies against the phosphorylation
sites of HSL. As shown in Fig. 1B, transgenic HSL was
highly phosphorylated at Ser565 and Ser660 in the
cardiac tissues of cHSL and AKO+cHSL mice. The
phosphorylation level of Ser563 also tended to be
greater in both cHSL mice. As shown in Fig. 1C, the
TAG hydrolase activity of cardiac tissue was 66% lower
in AKO mice than that in Wt mice. In contrast, the
activity in AKO+cHSL mice was 4-fold greater
compared with that in AKO mice. Interestingly, the
activity in cHSL mice was comparable to that in Wt
mice in this assay, suggesting the existence of under-
lying unknown mechanisms, such as interference
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between ATGL and HSL. The activity in heterozygous
AKO mice was also comparable to that in Wt mice.

Cardiac HSL overexpression counteracts cardiac
steatosis in AKO mice

In order to evaluate the effect of HSL over-
expression on cardiac steatosis in AKO mice, we
measured cardiac TAG content. The cardiac TAG
content of AKO mice was 160-fold greater than that of
Wt mice. In contrast, the cardiac TAG content of
AKO+cHSL mice was comparable to that of Wt mice
(Fig. 1D). The impact of HSL overexpression was also
assessed via light microscopy. As shown in Fig. 1E, AKO
mice accumulated large LDs in cardiomyocytes,
whereas few LDs were observed in the cardiomyocytes
of AKO+cHSL mice and Wt mice. We performed
electron microscopy in order to observe smaller LDs,
potentially overlooked during light microscopy. As
shown in the bottom panels of Fig. 1E, very few LDs
were observed in the cardiomyocytes of AKO+cHSL
mice and Wt cardiomyocytes. Thus, cardiac HSL over-
expression conferred protection to AKO mice against
cardiac steatosis.

Aberrant expression of PLIN family in AKO heart
was normalized in AKOþcHSL mice

We then assessed the expression of the LD-associated
PLIN family via Western blot, as we assumed that since
huge LDs in AKO mice are associated with PLIN
expression changes, HSL overexpression may also exert
an impact. As shown in Fig. 2A, AKO mice exhibited
greater expression of PLIN2 and PLIN3 than Wt mice.
In contrast, AKO+cHSL mice expressed both proteins
at levels comparable to those in Wt mice. In contrast to
PLIN2 and PLIN3, PLIN5 expression was decreased in
AKO relative to that in Wt mice, while comparable
between AKO+cHSL and Wt mice. Consistent with the
protein expression levels, the mRNA expression of
PLIN2 was upregulated while that of PLIN5 was
downregulated in AKO mice, whereas the expression
levels of both these components were normalized in
AKO+cHSL mice (Fig. 2B). Interestingly, the PLIN1
protein was detected in the myocardium following very
long exposure, although there was great variation in all
genotypes. The PLIN4 protein was undetectable with
the antibody used in the current study. Since the
phosphorylation of PLINs is crucial for the regulation
of lipolysis, we attempted to analyze PLIN1 phosphor-
ylation. However, we could not detect any phosphory-
lation in PLIN1, as shown in supplemental Fig. S1.

Cardiac HSL overexpression normalized low PG in
AKO mice, whereas plasma lipids remained altered
in AKOþcHSL mice

Table 1 shows the body weight and plasma concen-
tration of glucose and lipids in mice of the four geno-
types. The body weight of male mice was comparable
between all four genotypes, while female AKO mice



Fig. 1. Generation and characterization of AKO, cHSL, and AKO+cHSL mice. A: Protein expression of ATGL and HSL in the
cardiac ventricle of Wt, AKO, cHSL, and AKO+cHSL (A+H) mice, as determined via Western blotting using specific antibodies
against ATGL or HSL: 10 μg of the protein sample was subjected to SDS-PAGE, transferred to nitrocellulose membranes, and probed
with an appropriate antibody. The graphs present the densitometric analysis of protein expression normalized to that of GAPDH.
Values are presented as the mean ± SEM of four mice/group. B: Phosphorylation of HSL using specific antibodies against Ser563,
Ser565, and Ser660. Twenty micrograms (Wt and AKO) or 3.3 μg (cHSL and AKO+cHSL) of the protein sample was subjected to SDS-
PAGE, transferred to nitrocellulose membranes, and probed with an appropriate antibody. The graphs present the densitometric
analysis of phosphorylated HSLs normalized to total HSL expression. A + H denotes AKO+cHSL mice. Values are presented as the
mean ± SEM of four mice/group. C: Cardiac TAG hydrolase activity in Wt, AKO, cHSL, AKO+cHSL (A+H), and heterozygous AKO
(hetero AKO) mice. Cardiac ventricles were homogenized in TES buffer containing a protease inhibitor cocktail, and the super-
natants were subjected to the assay. Values are presented as the mean ± SEM of four mice/group. D: Cardiac TAG content in Wt,
AKO, cHSL, and AKO+cHSL (A+H) mice. Lipids were extracted from cardiac ventricles and quantified as per methods described in
the Materials and Methods section. Values are presented as mean ± SEM of five (Wt, cHSL, and AKO+cHSL) or four (AKO) mice in
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Fig. 2. Expression levels of members of the PLIN family in cardiac tissues. A: Western blot analysis of PLIN1, PLIN2, PLIN3, and
PLIN5 in the cardiac ventricles of Wt, AKO, cHSL, and AKO+cHSL (A+H) mice: 20 μg of protein sample was subjected to SDS-
PAGE, transferred to nitrocellulose membranes, and probed with an appropriate antibody. Four mice per group were analyzed,
and the representative blots are presented. Note that PLIN1 was detected after an extremely long exposure. The graphs present the
densitometric analysis of protein expression normalized to that of GAPDH. Values are presented as the mean ± SEM of four mice/
group. B: mRNA expression levels of PLIN1, PLIN2, PLIN3, and PLIN5 in the cardiac ventricles of Wt, AKO, cHSL, and AKO+cHSL
(A+H) mice. The expression levels were determined via RT-qPCR and normalized to GAPDH expression. Values are presented as
the mean ± SEM of four mice per group. *P < 0.05, **P < 0.01 versus Wt mice; †P < 0.05, ††P < 0.01 versus AKO mice.
were heavier compared with female mice of the other
three genotypes. The PG concentration was lower in
AKO mice than in Wt mice, as previously reported (33),
whereas that of AKO+cHSL mice was similar to that of
Wt mice. The plasma concentrations of FFA, TAG, and
T-Cho in AKO mice were also lower than those in Wt
mice. Interestingly, the plasma FFA concentration of
AKO+cHSL mice was between Wt and AKO mice,
whereas the plasma TAG concentration remained
lower. The plasma T-Cho concentration of AKO+cHSL
mice was comparable to that in Wt or cHSL mice.

Cardiac HSL overexpression rescued lethal cardiac
dysfunction in AKO mice

We performed echocardiography to analyze the
cardiac function of mice. As shown in Table 2, the
interventricular septum and left ventricular posterior
each group. E: Representative light (upper panels) and electron (low
AKO, cHSL, and AKO+cHSL mice. The scale bars represent 100 μm
three to five sections per mouse were analyzed, and representative
mice; †P < 0.05 and ††P < 0.01 versus AKO mice.
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wall of AKO mice were thicker than in Wt mice,
whereas those of AKO+cHSL mice were once again
comparable. Fractional shortening and ejection frac-
tion, which indicate systolic function, were markedly
lower in AKO mice compared with Wt mice (25 ± 2.0%
vs. 49 ± 0.9% and 56 ± 3.3% vs. 86 ± 0.7%, respectively).
In contrast, the fractional shortening and ejection
fraction in AKO+cHSL mice were comparable to those
in Wt mice (48 ± 1.4% vs. 49 ± 0.9% and 86 ± 1.1% vs. 86
± 0.7%, respectively). The results indicate that cardiac
overexpression of HSL completely maintained normal
cardiac function in AKO mice.

Abnormal mitochondria and destroyed ICDs were
restored by HSL overexpression

In order to determine the cause of cardiac dysfunc-
tion in AKO mice, we performed light and electron
er panels) micrographs of ventricular tissues derived from Wt,
(upper panels) or 5.0 μm (lower panels). Five mice per group,

images have been presented. *P < 0.05 and **P < 0.01 versus Wt



TABLE 1. Body weight and plasma concentration of glucose and lipids in Wt, AKO, cHSL, and AKO+cHSL mice

Phenotype Wt AKO cHSL AKO+cHSL

Body weight, male (g) 26.5 ± 0.2 27.1 ± 0.6 26.4 ± 0.6 25.3 ± 0.7
Body weight, female (g) 21.2 ± 0.4a 23.8 ± 0.5b 21.7 ± 0.7c 22.3 ± 0.6
PG (mg/dl) 158 ± 4.5a 112 ± 8.0b 152 ± 6.0a 143 ± 13.6c
FFA (mmol/l) 0.43 ± 0.03a 0.21 ± 0.02b 0.35 ± 0.03a 0.31 ± 0.05c,d
TAG (mg/dl) 77 ± 9.9c 50 ± 5.2d 69 ± 7.9 49 ± 4.1d
T-Cho (mg/dl) 71 ± 4.9c 55 ± 3.8d 64 ± 4.9 61 ± 3.4

Data are presented as mean ± SEM of five male and five female mice aged 10–12 weeks.
aP < 0.01 versus AKO mice.
bP < 0.01 versus Wt mice.
cP < 0.05 versus AKO mice.
dP < 0.05 versus Wt mice.
microscopic analyses, focusing on the mitochondria
and ICDs of cardiomyocytes. As shown in Fig. 3B,
clusters of abnormal mitochondria with destroyed
cristae were observed in the cardiomyocytes of AKO
mice, in contrast to Wt cardiomyocytes wherein round-
shaped mitochondria with fine cristae were lined up
(Fig. 3A and D). In AKO cardiomyocytes, some
abnormal mitochondria contained vacuoles (Fig. 3E).
Of note, such abnormal mitochondria were not
observed in the cardiomyocytes of AKO+cHSL mice,
which harbored normal-shaped mitochondria (Fig. 3C
and F).

ICDs play a critical role in the longitudinal connec-
tion of cardiomyocytes, transmission of mechanical
force via adherens junctions, and propagation of action
potential via gap junctions. As shown in Fig. 4A, im-
munostaining with anti-N-cadherin antibody revealed
ICDs as sharp lines under light microscopy in Wt as well
as in AKO+cHSL cardiac tissues (Fig. 4C). In AKO
cardiac tissues, ICDs appeared intact despite expanded
cytosol with huge LDs (Fig. 4B). However, electron mi-
croscopy revealed that some of the ICDs in AKO car-
diac tissues appeared loose and with a wider gap
(Fig. 4E). These loose ICDs contained less adherens
junctions, desmosomes, and gap junctions in contrast to
the normal ICDs observed in Wt cardiomyocytes
(Fig. 4D). The ICDs in AKO+cHSL cardiomyocytes
appeared sharp and contained clear adherens junctions,
desmosomes, and gap junctions (Fig. 4F), as observed in
Wt cardiomyocytes. High-magnification electron mi-
croscopy revealed scarce actin filaments, which reached
the adherens junctions, in AKO cardiomyocytes
(Fig. 4H). In contrast, AKO+cHSL cardiomyocytes had
TABLE 2. Echocardiographic parameters o

Genotype HR (beats per minute) LVIDd (mm) LVIDs (m

Wt 658 ± 9 3.1 ± 0.09 1.6 ± 0.0
AKO 644 ± 19 3.5 ± 0.20a 2.7 ± 0.2
cHSL 633 ± 13 3.2 ± 0.12 1.7 ± 0.0
AKO+cHSL 638 ± 17 3.0 ± 0.07 1.6 ± 0.0

EF, ejection fraction; FS, fractional shortening; HR, heart rate; IVS,
in diastole; LVIDs, left ventricular internal dimension in systole; LVPW

Data are presented as mean ± SEM of 10 male mice aged 10–12 we
aP < 0.01 versus Wt or AKO+cHSL mice.
bP < 0.01 versus Wt, cHSL, or AKO+cHSL mice.

HSL
fine and dense actin filaments connected to the adhe-
rens junctions (Fig. 4I), as observed for Wt car-
diomyocytes (Fig. 4G). Thus, microscopic evaluation
indicated that the overexpression of HSL completely
inhibited mitochondrial malformations and ICD
destruction in AKO cardiomyocytes.

Altered expression of PPARα-regulated genes was
partially restored, whereas the expression levels of
most genes related to cardiomyopathy were
normalized by HSL overexpression

We then analyzed the cardiac mRNA expression of
genes related to lipotoxic cardiomyopathy via quanti-
tative RT-PCR. As shown in Fig. 5A, the mRNA
expression of PPARα (Ppara), which is a key regulator
of FAO, was decreased in AKO cardiac tissues, whereas
remaining unchanged in AKO+cHSL cardiac tissues.
Among PPARα-regulated genes, the expression of
Cpt1b, long-chain acyl-CoA dehydrogenase (Acadl),
medium-chain acyl CoA dehydrogenase (Acadm), acyl-
CoA oxidase 1 (Acox1), uncoupling protein 3 (Ucp3),
HMG-CoA synthase 2 (Hmgcs2), PPAR gamma coac-
tivator 1-alpha (Ppargc1a), pyruvate dehydrogenase ki-
nase 4 (Pdk4), lipoprotein lipase (Lpl), and cluster of
differentiation (Cd36) was lower, whereas that of
uncoupling protein 2 (Ucp2) was higher in AKO mice
compared with Wt mice. Interestingly, among these
altered genes, the expression of Cpt1b, Acadl, Acadm,
Acox1, and Ucp3 was the same as Wt levels, whereas Ucp2,
Hmgcs2, Pprgc1a, Pdk4, Lpl, and Cd36 remained higher or
lower in AKO+cHSL mice. Thus, overexpression of
HSL maintained the mRNA expression of PPARα and
many of its target genes to the Wt level, with several
f Wt, AKO, cHSL, and AKO+cHSL mice

m) IVS (mm) LVPW (mm) FS (%) EF (%)

7 0.7 ± 0.03 0.7 ± 0.03 49 ± 0.9 86 ± 0.7
2b 1.0 ± 0.07b 1.0 ± 0.06b 25 ± 2.0b 56 ± 3.3b
8 0.7 ± 0.03 0.7 ± 0.02 47 ± 0.9 85 ± 0.8
8 0.8 ± 0.03 0.8 ± 0.03 48 ± 1.4 86 ± 1.1

interventricular septum; LVIDd, left ventricular internal dimension
, left ventricular posterior wall.
eks.
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Fig. 3. Representative electron micrographs depicting mitochondrial morphology in the cardiac ventricles of Wt, AKO, and
AKO+cHSL mice. Note the cluster of abnormal mitochondria (B) characterized by destroyed cristae and vacuole degeneration
(arrow) in the ventricular cardiomyocytes of AKO mice (E), compared with the normal mitochondria presenting with fine cristae
observed in the ventricular cardiomyocytes of Wt (A, D) or AKO+cHSL mice (C, F). Four mice per group, three to five sections per
mouse were analyzed, and representative images under low magnification (A, B, and C) or high magnification (D, E, and F) have been
presented. The scale bars in the upper panels represent 2 μm; the scale bars in the lower panels represent 0.5 μm.
PPARα-regulated genes altered in AKO+cHSL mice.
To assess whether this partial recovery of the expres-
sion levels of PPARα-regulated genes improves cardiac
FAO capability, we analyzed cardiac FAO activity using
cardiac tissue homogenates. As shown in supplemental
Fig. S2, cardiac FAO activity in AKO mice was signifi-
cantly lower than that in Wt mice, whereas that in
AKO+cHSL mice was comparable to that in Wt mice.
Thus, the partial recovery of the expression levels of
PPARα-regulated genes by HSL overexpression seemed
to normalize cardiac FAO capability.

We further analyzed the expression of genes related
to TAG synthesis (Gpam, Ppap2a, Dgat1, and Dgat2),
macrophage (Ccl2, Msr1, and Mrc1), inflammation (Tnf,
Il1b, and Il6), fibrosis (Tgfb1, Tgfb2, and Col1a1), cardiac
stress (Nppa and Nppb), apoptosis (Bcl2, Bax, and Casp9),
and antioxidant proteins, metallothioneins (Mt1 and
Mt2). As shown in Fig. 5B, the expression of Ppap2a was
upregulated in AKO mice, whereas it was comparable
to Wt mice in AKO+cHSL mice. The expression of
Dgat2 was downregulated in AKO mice, whereas it was
similar to Wt mice in AKO+cHSL mice. As shown in
Fig. 5C and D, macrophage-related and inflammation-
related genes were significantly upregulated in AKO
mice compared with Wt mice, whereas similar in
8 J. Lipid Res. (2022) 63(5) 100194
AKO+cHSL mice, suggesting the presence of macro-
phage infiltration and inflammation in AKO cardiac
tissues but not in AKO+cHSL cardiac tissues. Genes
related to fibrosis and cardiac stress were also upregu-
lated in AKO mice compared with Wt mice, while
remaining at Wt levels in AKO+cHSL mice (Fig. 5E and
F). Apoptosis-related Bax and Bcl2 as well as antioxidant
Mt1 and Mt2 expression was higher in AKO mice,
whereas remaining at Wt levels in AKO+HSL mice
(Fig. 5G and H).

Macrophage infiltration, fibrosis, and apoptosis
were present in the cardiac tissue of AKO mice,
whereas they were absent in AKOþcHSL mice

Since the cardiac gene expression profile indicated
potential macrophage infiltration, fibrosis, and
apoptosis in AKO cardiac tissues, we investigated these
features via immunohistochemistry. As shown in
Fig. 6B, a number of F4/80-positive macrophages were
detected in AKO cardiac tissues, whereas rarely
observed in Wt (Fig. 6A) or AKO+cHSL cardiac tissues
(Fig. 6C). Since macrophages scavenge modified lipo-
proteins, we aimed to determine whether macrophages
infiltrated cardiomyocytes and directly targeted LDs in
AKO cardiac tissues. To this end, we performed double



Fig. 4. ICDs in mouse cardiac ventricles. A–C: Representative light micrographs of the cardiac ventricles of Wt (A), AKO (B), and
AKO+cHSL (C) mice. ICDs were subjected to immunostaining procedures with a specific antibody against N-cadherin. The scale bars
represent 20 μm. D–F: Representative electron low-magnification micrographs showing ICDs between the arrowheads. Note the
wider gap in ICDs of AKOmice (E) compared with that observed inWt (D) or AKO+cHSL (F) mice. DS indicates desmosomes, and GJ
indicates gap junctions. The scale bars represent 5 μm. G–I: Representative electron high-magnification micrographs showing actin
filaments (arrows) connected to adherence junctions at ICD. Note the scarce actin filaments in the cardiomyocytes of AKO mice (H),
compared with the fine and dense filaments observed in the cardiomyocytes of Wt (G) or AKO+cHSL (I) mice. The scale bars
represent 0.5 μm. Four mice per group, three to five sections per mouse were analyzed, and representative images have been
presented.
staining using antibodies against F4/80 and PLIN2. The
results indicated that no F4/80-positive macrophages
interacted with the LD surface, instead localizing within
the cardiac interstitium (Fig. 6E). We also performed
Masson's trichrome staining to assess cardiac fibrosis,
which was markedly greater in AKO cardiac tissues
(Fig. 6H) compared with that observed in cardiac tissues
of Wt mice (Fig. 6G) or AKO+cHSL mice (Fig. 6I).
TUNEL staining indicated a significant increase in
apoptotic cells within AKO cardiac tissues (1.64
apoptotic cells/high-power field, Fig. 6K), whereas no
HSL
apoptotic cells were detected in Wt or AKO+cHSL
cardiac tissues (Fig. 6J and L).

Cardiac content of ceramide and DAG species was
markedly increased in AKO mice, whereas
normalized in AKOþcHSL mice

In order to address the pathogenesis of apoptosis and
inflammation observed in AKO cardiac tissues, we
performed a lipidomic analysis using cardiac lipids
extracted from Wt, AKO, and AKO+cHSL mice. The
lipidomic analysis identified totally 38 species of
protects ATGL-deficient mice from cardiomyopathy 9
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Fig. 5. Cardiac expression of genes related to PPARα (A), TAG synthesis (B), macrophage (C), inflammation (D), fibrosis (E), cardiac
stress (F), apoptosis (G), and antioxidants (H). Total RNA was extracted from the ventricles of Wt, AKO, and AKO+cHSL (A+H)
mice, and the mRNA expression levels were determined via RT-qPCR and normalized to GAPDH expression. Values are presented
as mean ± SEM of five mice per group. *P < 0.05, **P < 0.01 versus Wt mice; †P < 0.05, ††P < 0.01 versus AKO mice. Acadl, long-chain
specific acyl-CoA dehydrogenase; Acadm, middle-chain specific acyl-CoA dehydrogenase; Acox1, acyl-CoA oxidase 1; Ccl2, C-C motif
chemokine 2/monocyte chemotactic protein 1; Col1a1, collagen type 1 alpha 1; Gpam, glycerol-3-phosphate acyltransferase, mito-
chondrial; Hmgcs2, HMG-CoA synthase 2; Mrc1, mannose receptor c-type 1; Msr1, macrophage scavenger receptor 1; Mt1, metal-
lothionein 1; Mt2, metallothionein 2; Nppa, natriuretic peptide type A; Nppb, natriuretic peptide type B; Pdk4, pyruvate dehydrogenase
kinase 4; Ppap2a, phosphatidic acid phosphatase type 2A; Ppargc1a, PPAR gamma coactivator 1 alpha.
ceramide in the cardiac tissues of the mice investigated.
As shown in Fig. 7A and supplemental Table S2,
whereas total cardiac ceramide content in AKO mice
10 J. Lipid Res. (2022) 63(5) 100194
was comparable to that in Wt mice, 12 species of
ceramides were increased greater than 2-fold in AKO
mice compared with those in Wt mice. In contrast, all



Fig. 6. Cardiac macrophage infiltration, interstitial fibrosis, and apoptosis. A–C: Representative light micrographs of cardiac
ventricles derived from Wt, AKO, and AKO+cHSL mice. Macrophages were immunostained with a specific antibody against F4/80.
The scale bars represent 100 μm. D–F: Macrophage localization in cardiac ventricles. Tissue sections were subjected to immuno-
staining procedures with a specific antibody against F4/80 and PLIN2, and they were analyzed via confocal microscopy. Repre-
sentative images are presented showing macrophages (indicated in green, with arrows), the LD surface (indicated in red), and the
nucleus (indicated in blue). The scale bars represent 10 μm. G–I: Representative light micrographs of cardiac ventricles derived from
Wt, AKO, and AKO+cHSL mice subjected to staining procedures with Masson’s trichrome staining. The scale bars represent 100 μm.
J–L: Apoptotic cells in cardiac ventricles of Wt, AKO, and AKO+cHSL mice. DNA fragmentation was detected using the TUNEL
assay, and representative images have been presented. TUNEL-positive nuclei are shown in green (with arrows). The scale bars
represent 20 μm. Five mice per group were selected, two sections per mouse were analyzed, and representative images have been
presented.
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Fig. 7. Ventricular lipidomic analysis for ceramide, DAG, and FFA contents. Six mice (three males and three females) from Wt,
AKO, and AKO+cHSL (A+H) groups were divided into two groups (male and female groups), and 100 mg of ventricles from each
mouse were excised. The ventricles from each group were pooled together, and lipids were extracted. The extracted lipids were then
dried, dissolved in methanol, and subjected to LC-MS analysis as described in the Materials and Methods section. The mean values in
the male and female groups for each lipid species were compared between genotypes, and the species that showed greater than
2-fold changes between Wt and AKO were extracted. The abundant species of ceramide (A) and DAG (B) or the predominant
species of FFA (C) are presented. A1, male AKO; A2, female AKO; A+H1, male AKO+cHSL; A+H2, female AKO+cHSL group; W1,
male Wt; W2, female Wt. Detailed data are presented in supplemental Tables S2–S4.
ceramide species in AKO+cHSL mice were comparable
to those in Wt mice. The lipidomic analysis identified
totally 98 species of DAG in the cardiac tissues of the
mice. Among these species, 79 species were increased
greater than 2-fold in AKO mice compared with those
in Wt mice (supplemental Table S3). As shown in
Fig. 7B, the total DAG content in AKO mice was 8-fold
greater compared with that in Wt mice, and many DAG
species were extremely increased in AKO mice. In
contrast, in AKO+cHSL mice, most of the increased
DAG species were at a comparable level with those in
Wt mice. As shown in Fig. 7C and supplemental
Table S4, the total cardiac content of FFA in AKO
mice was comparable to that in Wt mice, whereas it was
37% greater in AKO+cHSL mice compared with that in
Wt mice. Of note, the cardiac content of EPA (C22:5)
was 36% (vs. Wt) or 48% (vs. AKO+cHSL) lower in AKO
12 J. Lipid Res. (2022) 63(5) 100194
mice, and the content of DHA (C22:6) was 49% (vs. Wt)
or 57% (vs. AKO+cHSL) lower in AKO mice. Thus, the
results of the lipidomic analysis revealed that increased
toxic lipids (ceramide and DAG) and decreased ω-3 FAs
(EPA and DHA) might be related to the pathogenesis of
lipotoxic cardiomyopathy in AKO mice, and HSL
overexpression normalizes this aberrant condition.

Cardiac HSL overexpression rescues AKO mice
from cardiac death

Finally, we studied the effect of HSL overexpression
on the life span of AKO mice. As shown in Fig. 8, most
AKO mice died within 16 weeks, whereas all
AKO+cHSL mice studied lived for 52 weeks. We
further followed 11 Wt mice (five males and six fe-
males) and 10 AKO+cHSL mice (five males and five
females) until 78 weeks of age. Neither AKO+cHSL
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Fig. 8. Life span analysis. Wt mice (n = 27; 15 males and 12
females), AKO mice (n = 22; 11 males and 11 females), and
AKO+cHSL mice (n = 23; 10 males and 13 females) were sub-
jected to follow-up for 52 weeks, and the incidence of sponta-
neous death was recorded as a function of time. Differences
between survival curves were compared using Kaplan-Meier
survival analysis.
mice nor Wt mice died within this follow-up period.
Thus, the premature death of AKO mice was
completely prevented via the cardiac overexpression of
HSL.

DISCUSSION

In the present study, we demonstrated that cardiac-
specific HSL overexpression completely inhibited lip-
otoxic cardiomyopathy and protected AKO mice from
cardiac death.

The precise mechanism through which impaired
FAO leads to end-stage heart failure in AKO mice re-
mains unclear (6, 34). We observed higher inflamma-
tory cytokine expression, macrophage infiltration,
cardiomyocyte apoptosis, transforming growth factor
beta expression, and fibrosis in AKO cardiac tissues, all
of which indicated the occurrence of chronic inflam-
mation. In addition, a lipidomic analysis revealed a
marked increase of ceramide and DAG species and
decrease of ω-3 FAs in the ventricle of AKO mice
(Fig. 7). Thus, one possible pathophysiological mecha-
nism of lipotoxic cardiomyopathy in AKO cardiac tis-
sues is that impaired FAO caused by disrupted LD
lipolysis induces mitochondrial stress, monocyte
chemotactic protein 1 expression, and apoptosis, which
are associated with ceramide and DAG accumulation,
leading to macrophage infiltration and the recruitment
of other inflammatory cells. These events in turn lead
to chronic inflammation and, eventually, interstitial
fibrosis (35, 36).

Recent advances in LD research have revealed that
LDs interact with intracellular organelles, including
the ER, lysosomes, peroxisomes, and mitochondria.
Associated with many proteins, LDs play an important
role in protecting cells from lipotoxicity and oxidative
stress through the regulation of ER stress, mitochon-
drial damage, and autophagy (1). Considering the
aberrant size and shape of LDs in AKO car-
diomyocytes, their protective functions might be
HSL
impaired, which results in ER stress, autophagy defects,
and apoptosis, in turn triggering cytokine secretion and
chronic inflammation.

Based on the current results, cardiac overexpression
of HSL in AKO mice appeared not only to restore the
lipolytic cascade but also to normalize mitochondrial
FAO and prevent proinflammatory/proapoptotic con-
ditions. We previously reported that, despite conditions
of increased FAO, cardiac overexpression of HSL
eliminates LDs in the cardiac tissues of diabetic mice
without inducing intracellular lipotoxicity (27). Taken
together with the current findings, these suggest that
FAs released by overexpressed HSL appear to be
oxidized smoothly within the mitochondria or released
out of the cell via FA transporters (i.e., FA-binding
proteins) without generating intracellular lipotoxicity
(37, 38).

The downregulation of PPARα-regulated genes is also
critical for impaired FAO and mitochondrial dysfunc-
tion in AKO cardiac tissues (17). Our results indicated
that various genes implicated in FAO, including Cpt1b,
Acadl, Acadm, Acox1, and Ucp3, were downregulated in
AKO cardiac tissues (Fig. 5). HSL overexpression main-
tained the expression of these, whereas other PPARα-
regulated genes, including Ucp2, Hmgcs2, Pprgc1a, Pdk4,
Lpl, and Cd36, remained altered in AKO+cHSL cardiac
tissues. This discrepancy might be due to the substrate
specificity or preferences of ATGL and HSL. The two
lipases possess distinct functions in the catabolism of
TAG estolides (39). Furthermore, HSL hydrolyzes
retinol esters, which regulate gene expression (40), as
well as DAGs, which are involved in cellular signaling
(25, 41). Our results indicate that HSL generates suffi-
cient PPARα ligands for the maintenance of FAO and
mitochondrial function in the AKO cardiac tissue.

Altered PLIN expression might also affect the ac-
tivity of HSL in AKO cardiac tissues. PLIN5 is mainly
expressed in cardiomyocytes, skeletal muscle cells, and
brown adipocytes, whereas PLIN2 is ubiquitously
expressed (42). We observed an upregulation of PLIN2
and a downregulation of PLIN5 in AKO cardiac tissues
(Fig. 2A and B). As it has been reported that PLIN2-rich
LDs are catabolized more efficiently by HSL than
PLIN5-rich LDs (43), it is possible that LDs with a high
PLIN2/PLIN5 ratio in AKO cardiac tissues might have
been catabolized efficiently under HSL overexpression
conditions. Taken together, cardiac-specific HSL over-
expression in AKO mice maintained normal FAO and
mitochondrial function by restoring the lipolytic
cascade and PPARα function without the generation of
intracellular lipotoxicity, thus preventing macrophage
infiltration, inflammation, and cardiac fibrosis. As a
result, AKO mice exhibited normal cardiac function
and had a normal life span.

The reason underlying the massive accumulation of
TAG in AKO cardiac tissues despite endogenous HSL
expression remains unclear. It is apparent that basal
levels of HSL are unable to initiate the lipolytic cascade
protects ATGL-deficient mice from cardiomyopathy 13



in the absence of ATGL in the cardiac tissue, in contrast
to adipose tissues wherein TAG accumulates modestly
(22). The trivial expression of PLIN1 might be one of
the reasons why endogenous HSL is inactive as a TAG
lipase within the cardiac tissue (44). Considering these
phenotypes of AKO mice, we expected a limited ATGL
compensation via HSL overexpression. However, the
observed compensation was greater than expected, as
AKO+cHSL mice demonstrated normal cardiac TAG
content. According to a report by Schweiger et al. (45),
the TAG lipase activity of HSL is approximately one-
seventh that of ATGL during in vitro hydrolase as-
says. The present study revealed 4-fold greater cardiac
TAG hydrolase activity in AKO+cHSL mice compared
with that in AKO mice (Fig. 1C). Importantly, our
findings indicated that exogenous HSL could function
as a TAG lipase even in the absence of ATGL within
the cardiac tissue and suggests that this level of HSL
activation might be a practical target when applied to
clinical settings. In addition, given that the cardiac HSL
(cholesterol esterase) activity in cHSL mice is 8-fold
greater than that in Wt mice (27), the cardiac DAG
hydrolase activity might also be similarly greater in
AKO+cHSL mice, resulting in a normal cardiac DAG
content in AKO+cHSL mice.

Currently, gene therapy through viral vectors has
been introduced for the treatment of various genetic
disorders. Adeno-associated viruses (AAVs) are mainly
used as vectors, since these are suitable for gene trans-
fer to the retina, liver, and muscles (46). Even though
several safety issues of AAVs remain to be addressed
(47), AAV-based gene therapies have been approved
for LPL deficiency, inherited retinal diseases, and spi-
nal muscular atrophy in the United States and Europe
(48–50). Although introducing the ATGL gene is the
default option in gene therapy, considering the im-
mune response against foreign proteins, gene transfer
of HSL might be relatively safer compared with that of
the ATGL gene in ATGL-deficient patients (47, 51). In
addition, HSL overexpression has been shown to
induce no lipotoxicity in adipose tissue or liver in mice
(52, 53). Therefore, targeting HSL is a promising novel
therapeutic strategy for ATGL deficiency-associated
lipotoxic cardiomyopathy.
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