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Diabetic cardlomyopathy (DbCM), which consists of cardiac hypertrophy and failure in the absence of tradi-
tional risk factors, is a major contributor to increased heart failure risk in type 2 diabetes patients. In rodent
models of DbCM, cardiac hypertrophy and dysfunction have been shown to depend upon saturated fatty
acid (SFA) oversupply and de novo sphingolipid synthesis. However, it is not known whether these effects
are mediated by bulk SFAs and sphingolipids or by individual lipid species. In this report, we demonstrate
that a diet high in SFA induced cardiac hypertrophy, left ventricular systolic and diastolic dysfunction, and
autophagy in mice. Furthermore, treatment with the SFA myristate, but not palmitate, induced hypertrophy
and autophagy in adult primary cardiomyocytes. De novo sphingolipid synthesis was required for induction
of all pathological features observed both in vitro and in vivo, and autophagy was required for induction of
hypertrophy in vitro. Finally, we implicated a specific ceramide N-acyl chain length in this process and demon-
strated a requirement for (dihydro)ceramide synthase 5 in cardiomyocyte autophagy and myristate-mediated
hypertrophy. Thus, this report reveals a requirement for a specific sphingolipid metabolic route and dietary

SFAs in the molecular pathogenesis of lipotoxic cardiomyopathy and hypertrophy.

Introduction

Obesity and diabetes present two of the most important health
challenges facing the Western world at this time. Patients suffer-
ing from type 2 diabetes (T2D) are subject to a number of major
health risks, including a greatly increased risk of heart failure (1).
This is due in part to the development of diabetic cardiomyopa-
thy (DbCM), which occurs independently of other traditional
risk factors (2). DbCM promotes cardiac remodeling and impairs
cardiac function (1). Importantly, individuals with T2D and the
metabolic syndrome present with dyslipidemia, and recent stud-
ies have suggested that DbCM may occur as a result of lipid over-
load and subsequent lipotoxic events (ref. 2, reviewed in ref. 3).
In particular, oversupply of saturated fatty acids (SFAs) has been
implicated in this process.

Previous studies of lipotoxic DbCM in rodents have relied on
several important transgenic models. The B6.Cg-Lep®®/] (0b/ob)
and B6.BKS(D)-Lepr®/] (db/db) mouse models, which lack the
genes encoding leptin and the leptin receptor, respectively, are
both very popular models that develop obesity and a DbCM-like
cardiac phenotype (reviewed in ref. 4). Other less common mod-
els, including the Atgl-knockout mouse and the LpL¢"! transgenic
mouse, also induce lipotoxic cardiomyopathy by perturbing car-
diac lipid uptake, handling, or metabolism (reviewed in ref. 4).
While these transgenic models robustly induce lipid overload
in cardiomyocytes, the very disruptions that produce lipotoxic
DbCM also drastically alter patterns of lipid uptake and handling
in a nonphysiologic way. In contrast, wild-type mice fed standard
lard-based high-fat diets (LBD) failed to develop a DbCM-like phe-
notype until very late time points, if at all, and insulin resistance
and other aspects of the diabetic phenotype were less pronounced
in this model system than in transgenic animals (4-9). This may
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result from the high levels of protective unsaturated fatty acids
(UFAs) contained in these diets (10-12). Thus, while these trans-
genic model systems produce a robust DbCM phenotype, they are
unable to reveal clinically relevant roles of specific lipid species in
the molecular pathogenesis of DbCM.

Because of these weaknesses in present model systems, our labo-
ratory recently implemented a new obesogenic high-fat diet that
was designed to replicate the shift toward shorter SFAs observed
in the plasma of obese and diabetic patients (13). Milk was con-
sidered an ideal fat source for this diet, as it contains low levels of
UFAs and high levels of saturated fat. Furthermore, epidemiologic
studies have demonstrated a relationship between consumption of
high-fat dairy (e.g., butter, cheese, ice cream) and insulin resistance
in humans (reviewed in ref. 14). Similarly, multiple studies have
also linked the SFA myristate (C14:0), which is a major constituent
of milk fat, to insulin resistance and the metabolic syndrome in
humans (14-17). Strikingly, in wild-type C57BL/6] mice, this milk
fat-based diet (MFBD) promoted profound insulin resistance and
hyperglycemia by 8 weeks. This stands in contrast with mice fed
a traditional LBD, which do not develop metabolic defects until
very late time points (4). These findings suggested that the MFBD
might promote a more severe DbCM phenotype than the LBD in
wild-type mice.

Additional evidence suggests that milk fat and its constituent
fatty acid, myristate, may promote cardiac dysfunction and hyper-
trophy. In particular, dietary patterns that feature high-fat dairy
were associated with increased LV mass and reduced systolic func-
tion in humans, and plasma myristate content was positively asso-
ciated with incidence of heart failure and total cardiovascular dis-
ease mortality (18-20). Furthermore, a recent study demonstrated
that infusion with a myristate-rich SFA cocktail rapidly induced
LV hypertrophy in mice (21). These data suggest a role for dietary
and plasma myristate in cardiac hypertrophy and dysfunction, but
potential mechanisms remain unknown.
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Table 1
Echocardiographic assessment of mice after 15 weeks of high-fat diet

Diet BW (g) EF (%) LV mass (g) LV mass/TL (g/mm) ED PWTH (mm) RWTH EDD (mm)
cD 32114 651 85728 4301 0.74 £ 0.01 0.37 £ 0.01 4.0+0.1
MFBD 38.7+22 54 £+ 1A 102.4 + 4.04 51+027 0.88 £ 0.024 0.45+0.01A 3.9+041
LBD 378x27 621 79.8+5.4 4003 0.74 £ 0.03 0.39 +0.02 3.8+0.1

Echocardiographic measurements demonstrated reduced ejection fraction and increased LV mass in mice fed an MFBD, which is high in saturated fat.
EDD, end-diastolic dimension; EF, ejection fraction; TL, tibia length; ED PWTH, end-diastolic posterior wall thickness. Data are presented as mean + SEM,

AP < 0.05 vs. control.

Thus, the literature has provided epidemiological links between
dietary milk fat, the fatty acid myristate, and both cardiac dys-
function and diabetes in humans, while data in animals suggest a
potential role for myristate in cardiac hypertrophy. Based on these
findings, we hypothesized that the MFBD might induce a cardiac
phenotype closely resembling human DbCM, with no requirement
for genetic perturbations. Furthermore, we hypothesized that this
phenotype would develop in a sphingolipid-dependent manner.

This report characterizes the cardiac phenotype of mice fed the
MFBD, which is rich in SFAs but not UFAs, and implicates a spe-
cific SFA and sphingolipid metabolic route in the induction of
hypertrophy and increased autophagy in response to lipid over-
load in cardiomyocytes.

Results

An MFBD induces cardiac hypertrophy and dysfunction. Based on the
documented connection between diets high in saturated fat and
both insulin resistance and incidence of heart disease in humans,
we hypothesized that the MFBD, which is high in SFAs and low
in protective UFAs, would induce DbCM-like cardiac hypertro-
phy and dysfunction in wild-type mice. To test this hypothesis,
mice were maintained on the MFBD, a traditional LBD, or an
isocaloric low-fat control diet (CD) for fifteen weeks and then
subjected to echocardiographic analyses. By 15 weeks of high-fat
feeding, MFBD mice developed LV hypertrophy and functionally
significant reductions in ejection fraction relative to mice fed the
CD (Table 1). In contrast, LBD-fed mice maintained normal car-
diac function and LV mass relative to CD-fed mice. These results

suggested that a diet rich in saturated fat but not unsaturated
fat promoted LV hypertrophy and diminished cardiac function.

These findings led us to ask whether these observations consti-
tuted a pure DbCM phenotype, i.e., one independent of pressure
overload and cardiac dilation. To determine this, blood pressure
measurements, detailed echocardiographic studies, and histologi-
cal assessments were performed on these mice after 18 weeks of
high-fat feeding. Despite similar BWs, blood pressures, and end-
diastolic diameters between high-fat diet groups (Figure 1A and
Table 2), only MFBD mice displayed reduced ejection fraction,
reduced early diastolic mitral annular velocity, increased end-
diastolic posterior wall thickness, and LV hypertrophy (Table 2).
Furthermore, only mice fed the MFBD displayed whole heart, LV,
and RV hypertrophy and increased cardiomyocyte cross-sectional
area (Figure 1, B and C). These findings indicate that the MFBD,
but not the LBD or CD, induced concentric cardiac hypertrophy
and reduced cardiac function in the absence of dilated cardiomy-
opathy or pressure overload.

Cardiac outcomes in the MFBD are sphingolipid dependent. Mechanisti-
cally, lipotoxicity has been implicated in the pathogenesis of DbCM
(22). Previous studies in mice overexpressing a membrane-anchored
lipoprotein lipase in the heart indicated that cardiac dysfunction,
hypertrophy, and expression of heart failure markers were amelio-
rated by inhibition of de novo sphingolipid synthesis; however, the
clinical relevance of this model to human DbCM may be limited
(23). Moreover, only bulk sphingolipid synthesis has been implicat-
ed in these effects; the specific molecular species of sphingolipids
and the enzymes that mediate them have remained undetermined.
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Figure 1

An MFBD promotes sphingolipid-dependent cardiac hypertrophy. Mice fed an MFBD for 18 weeks (A) did not experience greater obesity than
mice on a traditional LBD, but they displayed (B) marked cardiac hypertrophy and (C) increased cardiomyocyte cross-sectional area. Myriocin
treatment attenuated this hypertrophy without affecting weight gain. Black bars, control plus DMSO; light gray bars, milk fat plus DMSO; dark gray

bars, milk fat plus myriocin; hatched bars, lard plus DMSO. All results are
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given as mean + SEM. *P < 0.05 vs. control.
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Table 2

Echocardiographic assessment of mice after 18 weeks of high-fat diet
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Diet EF E LV mass LV mass/TL  ED PWTH RWTH SBP DBP EDD
(%) (mm/s) (9) (g/mm) (mm) (mmHg)  (mmHg)  (mm)
CD 65+2 50213 932+2.6 45+0.2 0.79+£0.01 0.39+0.01 137x6 106 £ 6 41+041
MFBD 52+1A 347120  113.8+3.4A 55+02¢ 093+0.01f 0.46+0.01A 1384 107 £ 6 40+01
MFBD + myriocin 66 + 1 45941 87.9+4.1 42+0.2 0.76 + 0.01 039+0.01 139+4 105+6 3.9+01
LBD 68+2 50.3+25 83428 41+041 0.78 £ 0.01 041+0.02 137+8 107+ 8 3.8+01

Echocardiographic and blood pressure measurements indicate that a diet based on milk fat induces sphingolipid-dependent cardiac hypertrophy and car-
diac dysfunction in the absence of hypertension or cardiac dilation. E; early diastolic mitral annular velocity; EDV, end-diastolic volume. Data are presented

as mean = SEM, AP < 0.05 vs. control.

To determine whether the cardiac remodeling observed in MFBD
mice was dependent on sphingolipid synthesis, MFBD mice were
treated with the de novo sphingolipid synthesis inhibitor myriocin
and subjected to echocardiography and histological assessment.
Strikingly, inhibition of de novo sphingolipid synthesis restored
all measured echocardiographic parameters to normal levels in the
MFBD mice (Table 2). Furthermore, myriocin treatment prevented
LV and cardiomyocyte hypertrophy without reducing BW (Figure
1). These results dramatically highlight a role for sphingolipids in
the pathogenesis of concentric cardiac hypertrophy and cardiac
dysfunction in diet-induced obesity and DbCM.

Because attenuation of de novo sphingolipid synthesis prevent-
ed development of cardiomyopathy in the MFBD, we hypothesized
that the cardiomyopathy phenotype may result from increases in
bulk ceramide levels. To test this, ceramide and its precursor dihy-
droceramide were measured in hearts of mice fed the MFBD or
the LBD. Surprisingly, total ceramide and dihydroceramide did
not increase in the MFBD, but rather increased in the less cardio-
toxic LBD, relative to control (Figure 2A). This perplexing result
suggested a more subtle mechanism for sphingolipid-dependent
lipotoxicity than merely a simple increase in bulk ceramide levels,
as had previously been assumed.

The term “ceramide” generally refers to any simple N-acylated
sphingosine moiety; however, many different N-acyl chain lengths
occur in ceramides, with the natural range extending from 12 to 26
carbons (24). Importantly, recent studies indicate that elevations of
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specific ceramide N-acyl chain lengths promote particular cellular
and signaling outcomes in some systems (25, 26). In order to deter-
mine whether the MFBD induced changes in specific ceramides,
individual ceramide species were quantified in hearts from mice
after 8 weeks of high-fat feeding. This time point was chosen to
minimize confounding effects of long-term insulin resistance, obe-
sity, and inflammation. Strikingly, the MFBD specifically increased
Ci4-ceramide (Figure 2B); similar results were obtained at later
time points (data not shown). This finding was consistent with the
lipid content of the MFBD, which contained significantly more
myristate than either the CD or the LBD and promoted a 4-fold
increase in plasma myristate levels (Supplemental Figure 1; sup-
plemental material available online with this article; doi:10.1172/
JCI63888DS1). These results indicate that the MFBD induced a
very precise readjustment of ceramide N-acyl chain length compo-
sition, possibly consequent to elevated plasma myristate levels.
Myristate induces hypertrophy through ceramide synthase S. Because of the
high myristate content of the MFBD, we were led to ask whether expo-
sure to myristate alone might induce hypertrophy in cardiomyocytes.
To test this, we measured the effects of myristate treatment on cell size
inisolated primary cardiomyocytes. Consistent with a specific role for
myristate in cardiac hypertrophy, myristate treatment increased cell
size in isolated cardiomyocytes (Figure 3A). Furthermore, as in the
MFBD hearts, this hypertrophic response was completely attenuated
by inhibition of de novo sphingolipid synthesis with myriocin. In con-
trast, treatment with palmitate, a fatty acid implicated in lipotoxicity
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An MFBD production of C14-ceramide. (A) Total ceramide (Cer) and dihydroceramide (DHC) did not increase in mice fed an MFBD for 8 weeks,
but (B) C14-ceramide increased specifically in the MFBD but not the LBD. All results are given as mean + SEM. *P < 0.05 vs. control.
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Myristate induces hypertrophy in a sphin-
golipid- and CerS5-dependent manner.
(A) Myristate, but not palmitate, treatment
induced hypertrophy in cardiomyocytes.
This was prevented by inhibition of de
novo sphingolipid synthesis with myrio-
cin. Results are shown as percentage
increase over BSA. (B) Myristate, but not
palmitate, strongly induces C14-ceramide
production in cardiomyocytes. (C) CerS5
and CerS6 are primarily responsible for
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in other tissues, did not induce cardiomyocyte hypertrophy. These
findings suggest a specific role for myristate or its derivatives in the
induction of sphingolipid-dependent cardiomyocyte hypertrophy.

The specific upregulation of Cy4-ceramide in the MFBD myocar-
dium suggested that this metabolite, or the pathway that synthe-
sizes it, may play a unique role in lipotoxic cardiac hypertrophy.
Supporting this hypothesis, myristate treatment, which promoted
cardiomyocyte hypertrophy, increased Cy4-ceramide levels 10-fold
in isolated cardiomyocytes (Figure 3B). In contrast, palmitate
treatment, which did not induce hypertrophy, had no effect on
Ci4-ceramide levels. These findings led us to ask whether the path-
way that produces Ci4-ceramide might be required for myristate-
induced cardiomyocyte hypertrophy.

Ceramide synthesis occurs through N-acylation of a sphingoid
base by one of 6 ceramide synthase (CerS) isoforms, each of which
displays a unique profile of N-acyl chain length incorporation
(Figure 3C) (27, 28). While both CerS5 and CerS6 synthesize C4-
ceramide robustly in vitro (28), expression of CerS6 is very low in
heart (28-30), suggesting CerSS as the most likely candidate for
cardiac Cy4-ceramide production. Thus, we tested to determine
whether siRNA-mediated CerS5 knockdown was sufficient to
prevent induction of cardiomyocyte hypertrophy by myristate.
Indeed, it was found that CerS5 knockdown completely prevented
lipotoxic cardiomyocyte hypertrophy in this system (Figure 3D).
Thus, these findings implicate a specific CerS isoform in a com-
ponent of the DbCM cardiac phenotype and lend credence to the
hypothesis that the CerS5/Ci4-ceramide pathway is required for
induction of lipotoxic cardiac hypertrophy.

The MFBD induces autophagy in a sphingolipid-dependent manner.
Numerous studies have identified autophagy as a key process
that is upregulated in cardiac hypertrophy in response to pres-
sure overload (31-36). Furthermore, sphingolipid-dependent
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autophagy has been demonstrated in numerous cell types, with
the molecular mechanisms appearing to be specific to both the
cell type and the mode of induction (reviewed in refs. 37-39).
However, few studies have addressed the role of autophagy in
DbCM in T2D, and none of them have directly tested the effect of
lipid oversupply on cardiac autophagy.

To determine whether the MFBD increased autophagy, expres-
sion of the autophagy markers was measured in whole-heart lysate
at 8 weeks. Indeed, mRNA levels of LC3B (Map1lc3b) and Beclin 1
(Becn1) were both strongly upregulated in the MFBD (Figure 4A).
Furthermore, immunohistochemical and immunofluorescent
staining demonstrated increased numbers of LC3B puncta in the
LV of mice fed the MFBD, but not the LBD (Figure 4, B and C);
moreover, this effect was attenuated in myriocin-treated mice,
suggesting that autophagy in the MFBD mice occurred through
a sphingolipid-dependent mechanism.

Myristate induces autophagy through ceramide synthase 5. Because
of the high myristate content of the MFBD and the confirmed
role of exogenous myristate in the induction of cardiomyocyte
hypertrophy in this system, we were led to ask whether exposure
to myristate might also induce autophagy in cardiomyocytes. To
test this, we treated isolated adult primary cardiomyocytes with
myristate and measured levels of autophagy markers. Consistent
with observations in whole heart, myristate treatment promoted
overexpression of Becnl and Atg7, another marker of autophagy,
compared with BSA (Figure 5, A and B). In contrast, treatment
with palmitate (a C16:0 fatty acid) did not induce expression of
autophagy markers. These findings strongly paralleled those
regarding the role of myristate in cardiomyocyte hypertrophy.
Additionally, a prior study indicated that Cy4-ceramide and
CerS5 increased under proautophagic conditions in cancer cells,
although the potential mechanistic link was not investigated (40).
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LC3 immunohistochemical staining

An MFBD promoted autophagy in cardiomyocytes. (A) Myocardial mRNA levels of the autophagy markers Map1/c3b (LC3B) and Becn1 (Beclin 1)
were upregulated by the MFBD but not by the LBD. (B) Immunohistochemical and (C) immunofluorescent staining revealed increased numbers
of LC3B puncta (indicated by arrows in B and enclosed in circles in C) in the MFBD but not the LBD after 18 weeks of high-fat feeding. This effect
was attenuated by myriocin treatment. Photographs were taken in a cross-sectional plane with a x10 objective (B) and in a transverse plane using
a x60 objective (C). Results are presented as mean + SEM. *P < 0.05 vs. control.

Thus, we were led to ask whether CerSS might also mediate induc-
tion of cardiomyocyte autophagy by myristate.

Previous studies have indicated that upregulation of BECN1
expression was sufficient to increase cardiac autophagy, both
basally and in response to stress, while diminishing BECN1
expression attenuated stress-induced autophagy (34). Consistent
with a role for CerS5 in regulation of cardiomyocyte autophagy
in the present system, overexpression of CerSS induced BECN1
expression in isolated cardiomyocytes, even in the absence of
myristate treatment (Figure 5C). Furthermore, siRNA-mediated
knockdown of endogenous CerSS5 reduced basal expression of
BECNI1 (Figure 5SD). To test directly the potential role of CerS5
in sphingolipid-mediated cardiomyocyte autophagy, we treated
cells with the sphingoid base dihydrosphingosine (DHS), which
serves as the immediate precursor of dihydroceramide. Because
all CerS isoforms utilize DHS as a substrate, CerSS knockdown
would only prevent autophagy if that isoform were specifically
required for this process. Supporting a role for a CerS-mediated
sphingolipid pathway in cardiac autophagy, treatment with DHS

The Journal of Clinical Investigation

induced BECN1 expression in isolated cardiomyocytes (Figure
SD). Strikingly, CerSS knockdown completely prevented induc-
tion of BECN1 by DHS. This explicitly confirmed the require-
ment for this CerS isoform in sphingolipid-induced BECN1
expression in cardiomyocytes. Finally, to confirm the role for
CerSS in myristate-induced autophagy per se, myristate-treated
cells were subjected to siRNA-mediated CerSS5 knockdown. Con-
sistent with the preceding results, CerS5 knockdown abrogated
the induction of BECN1 expression by myristate treatment (Fig-
ure SE). These findings demonstrated a requirement for CerSS5 in
sphingolipid-mediated induction of Beclin 1 protein and message
levels in cardiomyocytes.

As suggestive as these results might be, they do not definitively
demonstrate that myristate induces autophagy in cardiomyocytes.
Indeed, it is possible that levels of autophagy mediators might be
upregulated due to a defect in fusion of the autophagosome to
the lysosome rather than increased autophagic flux. To test this
possibility, autophagic flux was assessed in 2 complementary
approaches, both of which utilized a GFP-LC3B fusion construct.
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Myristate- and sphingolipid-dependent autophagy is mediated by CerS5 in cardiomyocytes. Treatment with myristate, but not palmitate,
increased mRNA levels of the autophagy markers (A) Becn1 and (B) Atg7 in isolated cardiomyocytes. (C) Overexpression of CerS5 in iso-
lated cardiomyocytes resulted in an increase in Beclin T mRNA and protein. Immunoblot quantitation is normalized to actin and shown with a
representative immunoblot. (D) siRNA-mediated knockdown of CerS5 reduced constitutive Beclin 1 expression and prevented DHS-mediated
induction of Beclin 1 overexpression. Immunoblot quantitation is normalized to actin and shown with a representative immunoblot. (E) siRNA-
mediated knockdown of CerS5 prevented induction of autophagy by myristate. Quantitation is paired with a representative immunoblot. For
all representative immunoblots, lanes separated by white lines were run on the same gel but were noncontiguous. Results are presented as

mean + SEM. *P < 0.05 vs. control or BSA.

The first approach used the GFP-LC3B fusion construct to
track LC3B lipidation and breakdown. The GFP-LC3B fusion
protein is lipidated and processed similarly to native LC3B
(41); however, the GFP moiety is more resistant to lysosomal
proteases than the LC3B moiety, causing the free GFP protein
to persist in the lysosome after breakdown of LC3B. Thus, levels
of free GFP, detected by Western blot, can be used as a read-
out for breakdown of the inner membrane and contents of the
autophagosome (41). Similarly to the results obtained with
BECN1, it was found that overexpression of CerS5 in isolated
cardiomyocytes increased expression of GFP-LC3B-I 4-fold (Fig-
ure 6A), while GFP-LC3B-II and free GFP expression increased
2- and 3-fold, respectively. Additionally, treatment with
myristate increased levels of GFP-LC3B-II 7-fold and levels of
free GFP 13-fold compared with BSA controls (Figure 6B). Final-
ly, knockdown of CerSS attenuated induction of all of these out-
comes by myristate. Thus, these results indicate that myristate
treatment stimulated lipidation and lysosomal degradation of
LC3B, a finding consistent with increased autophagic flux.

6 The Journal of Clinical Investigation

In a complementary approach, autophagosome dynamics were
examined by fluorescent microscopy. To track autophagosome for-
mation and fusion with the lysosome, GFP-LC3B-expressing cells
were treated with myristate or BSA for 16 hours, loaded with the
acidotropic dye LysoTracker Red, and examined by fluorescence
microscopy over a 20-minute time course. This approach did not
provide evidence of aberrant autophagosome accumulation and,
rather, confirmed that fusion of autophagosomes to the lysosome, as
indicated by fluorescent colocalization, is unimpaired in myristate-
treated cells (Figure 7 and Supplemental Figures 5 and 6). Further-
more, it was revealed that total GFP-labeled puncta increased in
myristate-treated cells, compared with those treated with BSA, and
this increase was attenuated by CerSS knockdown (Figure 6C). Taken
together, all of these results demonstrate a requirement for CerSS in
induction of sphingolipid-mediated autophagic flux by myristate.

Autophagy is required for induction of hypertrophy by myristate in iso-
lated cardiomyocytes. While numerous reports have demonstrated
an increase in autophagy in other hypertrophic cardiac conditions,
it is still debated whether autophagy promotes or protects against
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levels of GFP-LC3B-1, GFP-LC3B-Il, and free GFP, indicating an increase in autophagy under these conditions, compared with empty vector.
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mediated knockdown of CerS5. Immunoblot quantitations are presented with representative immunoblots; noncontiguous lanes, separated by
white lines, are shown from the same gel. (C) Myristate treatment increased the number of GFP-labeled puncta in GFP-LC3B—-expressing cells,
suggesting increased numbers of autophagosomes; this effect was attenuated by CerS5 knockdown. All results are presented as mean + SEM.
*P < 0.05 vs. empty vector or control siRNA and BSA; ***P < 0.005 vs. control siRNA and BSA.

cardiac hypertrophy in these systems (33-36, 42). To test the role
for autophagy in regulation of cardiomyocyte hypertrophy, iso-
lated cardiomyocytes were subjected to LC3B knockdown, which
has been shown to impair autophagy (43). Strikingly, knockdown
of LC3B prevented myristate-induced cardiomyocyte hypertrophy,
suggesting a prohypertrophic role for autophagy in lipid overload
(Figure 8). To confirm that this result was not due to an off-target
effect of LC3B knockdown, cells were treated with 3-methylad-
enine, which inhibits autophagy via its action on type III phos-
phoinositide 3-kinases (44). Consistent with observations with
LC3B knockdown, inhibition of autophagy by 3-methyladenine
prevented myristate-induced cardiomyocyte hypertrophy (Supple-
mental Figure 8). These findings suggest that, at least in the con-
text of cardiac lipid overload, increased autophagy is required for
induction of cardiomyocyte hypertrophy.

Discussion
Despite the considerable work that has been performed to tease
apart the mechanisms of lipotoxic DbCM, to date, only general
information has been published about the specific lipid media-
tors governing this process. In particular, although a few studies
have implicated ceramides as a lipid class required for induction
of cardiac lipotoxicity, the particular species involved have yet to
be determined (23, 45-49). Additionally, the practical relevance of
lipotoxicity to DbCM remained to be demonstrated, as all effective
models of DbCM, to date, relied on genetic manipulations that
disrupted cardiac lipid handling in a manner with no clinical par-
allels (ref. 2, reviewed in refs. 3, 4, 22).

The present study addresses both of these concerns. Here,
we present a nontransgenic model of diet-induced obesity that
robustly produced DbCM-like cardiac hypertrophy and func-

The Journal of Clinical Investigation

tional impairment. Our findings revealed that an obesogenic
diet based on milk fat, rather than lard, induced cardiac dys-
function, both gross and cellular hypertrophy, and increased
autophagy in hearts of nontransgenic mice (Figures 1 and 4,
and Tables 1 and 2). Furthermore, all of these outcomes were
shown to be sphingolipid dependent. This diet, which was
highly enriched in myristate (C14:0), also specifically potenti-
ated production of the myristate-containing ceramide species
Cy4-ceramide (Figure 2). These findings provided a compelling
argument for further in vitro mechanistic work in isolated adult
cardiomyocytes, where we were able to identify a specific path-
way through which oversupply of an individual saturated fat
induced cardiac hypertrophy. In isolated cells, myristate, but not
palmitate (C16:0), was found to induce sphingolipid-dependent
cardiomyocyte hypertrophy (Figure 3). Furthermore, myristate
treatment potentiated Cy4-ceramide production, as was seen in
the animal model. Subsequent to these observations, we identi-
fied a specific CerS isoform (CerSS5) required for induction of
hypertrophy by lipid overload (Figure 3).

This work also provided basic insight into the link between
autophagy and lipotoxic cardiomyocyte hypertrophy. While
numerous reports have demonstrated an increase in autophagy
in other hypertrophic cardiac conditions, very few have examined
cardiac autophagy in the context of T2D, and none have deter-
mined what effect lipid overload has on this pathway. Addition-
ally, some controversy has surrounded the role for autophagy in
the hypertrophic heart (31-36, 42). The debate centers on whether
autophagy promotes or protects against cardiac hypertrophy in
these systems. One major hypothesis unifies these 2 points of
view, suggesting that autophagy is a “Goldilocks” phenomenon:
too little is pathogenic; too much is pathogenic (50). In an iso-
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lated cardiomyocyte system, we demonstrated that oversupply of
myristate, but not palmitate, promoted an increase in autophagy
(Figures 5 and 6). Furthermore, we directly tested whether inhibi-
tion of autophagy would promote hypertrophy or prevent it. In
fact, we found that facty acid-induced hypertrophy was completely
prevented by knockdown of LC3B or 3-methyladenine treatment,
suggesting a pathogenic role for autophagy in cardiac lipid over-
load (Figure 8 and Supplemental Figure 8). Finally, we linked the
induction of autophagy by myristate to the same CerS isoform
implicated in the hypertrophic response (Figures 5 and 6).

Based on these findings, we propose a model in which a diet rich
in myristate, which is a major constituent of milk fat-containing
products such as butter and ice cream, induces cardiac hypertro-
phy through its effects on ceramide synthesis and composition.

8 The Journal of Clinical Investigation

Figure 7

Myristate-treated cells do not
display decreased autophago-
some clearance. After 16 hours of
treatment with BSA (A and B) or
myristate (C and D), GFP-LC3B-
expressing cells were labeled with
LysoTracker Red and observed by
fluorescence microscopy for 20 min-
utes. Representative photomicro-
graphs from the beginning and end
of the time course (0 minutes and 20
minutes) are shown. Images were
taken using a x60 objective lens. In
the panels presented, gamma set-
tings of 0.7 for both red and green
channels were used for all images.
The heavily stained structure in the
upper right quadrants of C and D is
an adjacent cardiomyocyte under-
going cell death.

Lysotracker
Red + GFP

Lysotracker
Red + GFP

Lysotracker
Red + GFP
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Namely, dietary myristate oversupply promotes ceramide synthesis
via CerSS5 and, consequently, increased autophagy. This increase in
autophagy subsequently promotes hypertrophy through a mecha-
nism that has yet to be identified.

Two major routes could potentially link autophagy and hyper-
trophy. The first mechanism would be mediated by conventional
signaling pathways. While investigations remain ongoing, several
potential connections have emerged through bioinformatic analy-
ses. In particular, analysis of protein-protein interaction pathways
has revealed links among 3 proteins of the autophagy pathway
(ie., Atg7, Atgl2, and RB1CC1/FIP200) and the hypertrophy pro-
tein GSK3p via several routes, including FOXO1 and SIRT1 (S.B.
Russo, unpublished data). Indeed, literature has already implicat-
ed FOXO1 and SIRT1 in regulation of both autophagy and hyper-
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trophy in cardiomyocytes (51-54). Thus, it appears likely that
autophagy and hypertrophy pathways may be subject to common
regulators and could possibly engage in crosstalk.

The authors also hypothesize a second, less obvious mechanism
by which upregulation of autophagy may be required for induc-
tion of hypertrophy. To develop the hypertrophic phenotype,
cardiomyocytes undergo substantial subcellular remodeling of
numerous components, including the mitochondria, sarcolem-
mal membrane, sarcoplasmic reticulum, and sarcomeres (55).
Autophagy is a key process of cellular remodeling, and in particu-
lar, remodeling and recycling of the endoplasmic/sarcoplasmic
reticulum and mitochondria (56, 57). On this basis, the authors
speculate that, by altering the intracellular landscape via organelle
turnover and by recycling intracellular components, induction of
autophagy potentiates the organized remodeling prompted by
prohypertrophic stimuli.

With regard to the mechanism linking Cj4-ceramide levels to
autophagy, the authors of this study hypothesize that, in addi-
tion to upstream signaling roles, the effect of increased Cis-
ceramide may mediate membrane properties of the autophago-
some and, thereby, the activity of membrane-resident proteins
involved in autophagy. This notion is based on data from the
literature that indicate that sphingolipid N-acyl chain lengths
alter the biophysical properties of membranes, including curva-
ture, fluidity, stability, and permeability (58-65). In particular, it
has been shown that genetic ablation of CerS2 in mice promoted
membrane fusion and budding (66). This was mechanistically
attributed to alterations in lipid packing and membrane curva-
ture, which occurred due to a shift toward shorter, unsaturated
ceramides and a total ablation of Cy;- to Cy4-ceramide produc-
tion. Furthermore, it has been shown that the activities of mem-
brane-resident proteins are modulated by membrane biophysical
properties and are sensitive to membrane lipid composition (67-
69). In findings particularly relevant to this study, it was shown
that membrane lipid composition and curvature were essential
for targeting of Barkor/Atg14 to the budding autophagosome
(70). Additionally, it has been shown that the proautophagic
activity of BECN1 is mediated by its exit from sphingolipid-
enriched membrane microdomains (so-called “lipid rafts”) in the
context of traumatic brain injury (71). Thus, it seems plausible
that increases in Ci4-ceramide may induce autophagy by promot-
ing membrane budding and fusion and by altering localization
or activity of membrane-resident proteins, including BECN1.

The Journal of Clinical Investigation
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Figure 8

Myristate induces hypertrophy in an autophagy-dependent manner.
Treatment with myristate induced hypertrophy in cardiomyocytes. This
was prevented by knockdown of LC3B, which is a required component
of the cellular autophagy machinery. Results are given as percentage
increase over control siRNA treated with BSA. Results are presented
as mean + SEM. ***P < 0.005 vs. control BSA.

The diet model used in this study also represents an impor-
tant technical advance in the study of lipotoxicity in DbCM.
Specifically, previous studies of lipotoxic DbCM in mice have
relied upon transgenic mouse models, including the ob/ob and
db/db strains (reviewed in refs. 3, 4, 22). While these models
closely mimic the DbCM phenotype, they do so by grossly per-
turbing cardiac metabolism and lipid handling. Thus, by their
very nature, these studies confound any meaningful inference
about roles for specific fatty acids and sphingolipid species in the
pathophysiology of genotypically normal diabetic myocardium.
Further complicating this effort, previously investigated diet-
induced obesity models, which utilize high-fat feeding in wild-
type mice, poorly reproduced the cardiac parameters of DbCM,
including hypertrophy. This may be because the fatty acid profile
of lard, which is the fat source for these diets, contains close to
60% combined oleic and linoleic acids, which have been shown to
protect against lipotoxicity and might be expected to attenuate
lipotoxic outcomes (11, 72).

In contrast, in the present study, feeding mice a diet based
on milk fat, which is high in saturated fat and low in protective
UFAs, robustly induced a DbCM phenotype (Tables 1 and 2). Fur-
thermore, because this outcome was achieved in wild-type mice,
meaningful conclusions could be drawn about the lipid species
involved in this process. Thus, the present model represents a new
and powerful tool to dissect the mechanisms underlying lipotoxic
cardiomyopathy in a physiologically relevant context.

In conclusion, we present here what we believe is a new diet-
based model of DbCM. This new model led us to define a specific
role for Cy4-ceramide and CerSS in promoting cardiac autophagy
and subsequent hypertrophy of cardiomyocytes. Thus, this study
implicates a specific ceramide species and CerS isoform in autoph-
agy, hypertrophy, and cardiomyopathy resulting from lipid over-
load. Additionally, it provides a specific biochemical chain leading
from dietary saturated fat to sphingolipid-mediated cardiac hyper-
trophy. Future studies aim to address the role for CerSS in diet-
induced obesity and insulin resistance in vivo as well as to identify
the specific mechanisms by which myristate and Cy4-ceramide pro-
mote autophagy and hypertrophy.

Methods

Diets. High-fat diets (60% calories from fat) and an isocaloric CD (10%
calories from fat; TD.08810) were purchased from Harlan Labora-
tories Inc. High-fat diets were based on lard (TD.06414) or milk fat
(TD.09766). The MFBD used anhydrous milk fat (also known as anhy-
drous butter oil) as its fat source; this substance is 99.8% fat and con-
tains no detectible carbohydrate, including lactose. Both high-fat diets
derived 18.4% of kcal from protein, 21.3% of kcal from carbohydrate,
and 60.3% of kcal from fat. All components of the high-fat diets were
identical, except for the substitution of anhydrous milk fat for lard. The
CD derived 22.3% of kcal from protein, 60.9% of kcal from low-glycemic
carbohydrate, and 16.8% of kcal from fat.
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Animals. Eight-week-old C57BL/6 male mice (Jackson Laboratory) were
given water and chow ad libitum. For the study with time points of 8 and
16 weeks on the diets, 12 mice were placed in each group, and 6 mice were
sacrificed per group per time point. For the study with time points of 15
and 18 weeks of feeding, 12 animals were assigned to each group. At the
end of the study, at least 7 mice remained per group, with the exception of
the lard group that received myriocin injections, of which only 5 survived.
All mice from this study were sacrificed at 18 weeks. Metabolic character-
ization of these animals revealed a frank T2D phenotype in the MFBD-
fed animals by 8 weeks. In particular, fasting plasma glucose levels in the
MFBD mice exceeded 142% of control levels; this is consistent with and
exceeds clinical diagnostic guidelines for T2D (73).

Echocardiography. Mice underwent echocardiography to examine in vivo
LV structure and function using a 40-MHz transducer and a Vevo 770
echocardiograph (VisualSonics). Three to six beats were averaged for each
measurement. LV dimension and wall thickness were made at end-diasto-
le and end-systole using American Society of Echocardiography criteria
(74). Mean wall thickness was calculated as the average of interventricu-
lar septal wall thickness (IVS) and LV posterior wall thickness (LVPW).
Relative wall thickness (RWTH) was calculated as the mean LV wall thick-
ness divided by the LV internal dimension at end-diastole (LVIDd). LV
mass was calculated as follows: LV mass = 0.8 x 1.05 x [(IVSd + LVPWd +
LVIDd)? - (LVIDd)3]. LV mass was normalized to BW (LV/BW ratio) and
tibial length (LV/TL ratio). Ejection fraction (EF, %) was calculated as fol-
lows: EF = 100 x (LVEDV - LVESV)/LVEDV, where LV end-diastolic vol-
ume (LVEDV) and end-systolic volume (LVESV) were determined using
Simpson’s method of discs. Both systolic (SBP) and diastolic blood pres-
sure (DBP) were measured by using a standard, noninvasive, no-anesthe-
sia, tail cuff pressure CODA system (Kent Scientific Corp). Five animals
were analyzed per group at 15 and 18 weeks.

Histologic analysis. At harvest, half of each heart was snap-frozen for
biochemical analysis. The remaining half was submerged in 4% formal-
dehyde in PBS at 4°C overnight, transferred to 70% ethanol at 4°C, and
paraffin embedded by the Histology Core at the MUSC. Paraffin sections
were sliced to a thickness of 4 uM, deparaffinized as described in the Per-
oxidase Detection Reagent Pack (Thermo Scientific), and permeabilized
with 0.5% Triton X-100. Sections were washed and blocked in 5% BSA in
PBS, followed by incubation with LC3B antibody (MBL International)
and anti-rabbit secondary antibody (Cell Signaling Technology) for light
microscopy or Alexa Fluor 488 anti-rabbit secondary antibody (Cell
Signaling Technology) for fluorescence microscopy. For fluorescence
microscopy, cells were examined under a confocal microscope (Olympus
FV10i), utilizing identical sensitivity and laser settings for all sections.
Images were analyzed using FV10-ASW software (Olympus); identical
thresholds and gamma settings were utilized for all images. For light
microscopy, cells were stained as described in the Peroxidase Detection
Reagent Pack and counterstained with H&E. Cross-sectional cell areas
were quantified from images obtained at x10 magnification, using Adobe
PhotoShop 9.0 (Adobe Systems) on at least 10 fields from 3 animals per
group, for a total of 335-475 cells analyzed per group. All cardiomyo-
cytes in the proper plane of section were analyzed in each image field.
Histograms of cell sizes, along with analyses of skewness and kurtosis,
are provided in Supplemental Figure 2.

Cell culture. Adult feline cardiomyocytes were isolated using a hanging
heart preparation with enzymatic digestion, per approval of the Insti-
tutional Animal Care and Use Committee of the Ralph H. Johnson Vet-
erans Affairs Medical Center, and cultured as described previously (75).
Cardiomyocytes were plated on laminin-coated dishes at an initial den-
sity of 7.5 x 10* cells/ml. Cardiomyocytes for early studies were donated
by Donald Menick (MUSC).
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Free fatty acid treatment. To prepare stock solutions of SFAs, medium was
supplemented with 2% fatty acid-free BSA and either 1.5 mM myristate or
2.0 mM palmitate. Solutions were sonicated briefly, incubated for 15 min-
utes at 55°C, and cooled to 37°C. For studies in nontransfected cells, cells
were incubated in 0.75 mM myristate or 1.0 mM palmitate for 16 hours.
For experiments requiring transfection (described below), cells were treat-
ed with 0.1 mM myristate in order to minimize lipotoxicity. For experi-
ments utilizing the de novo sphingolipid synthesis inhibitor myriocin or
the autophagy inhibitor 3-methyladenine (Sigma-Aldrich), cells were pre-
treated with 1.0 uM myriocin, 2.5 mM 3-methyladenine, or vehicle for 30
minutes prior to addition of fatty acids. Inhibitors were allowed to remain
in the medium for the duration of fatty acid treatment.

siRNA transfection and sphingoid base treatment. Cardiomyocytes were
transfected with siRNA oligonucleotides using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions. Custom
feline siRNAs directed against CerS5 and LC3B were purchased from
Invitrogen. AllStars Negative Control siRNA was from QIAGEN. At 24
hours after transfection, culture medium was supplemented with a final
concentration of 2.5 uM Cyg-DHS (Matreya) or ethanol, or with 0.1 mM
myristate or BSA. Cells were treated with DHS for a total of 3 hours or
with myristate for a total of 16 hours.

DNA transfection. Plasma DNA was transfected into cardiomyocytes using
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s proto-
col. For CerSS overexpression studies, cells were transfected with empty
pcDNA3.0 or pcDNA3.0 containing the human CerS5 cDNA sequence
(cloned and validated as described previously, ref. 76) and cultured for 24
hours. The CerSS construct was provided by Anthony Futerman (Depart-
ment of Biological Chemistry, Weizmann Institute of Science, Rehovot,
Israel). For studies utilizing the GFP-LC3B construct, cells were cotrans-
fected with pSELECT-GFP-LC3 (InvivoGen) and other plasmids or siRNAs,
as indicated, and cultured for 24 hours prior to fatty acid treatment, as
described above.

RNA isolation and quantitative real-time PCR analysis. Total RNA was
isolated with TRIzoL (Invitrogen), according to the manufacturer’s
protocol. cDNA was synthesized using SuperScript III (Invitrogen).
Quantitative real-time PCR was performed using SYBR Green reagent
(Bio-Rad) as described previously (10). Results were normalized to
GAPDH. Primers for Map1lc3b, Becnl, Atg7, and GAPDH were obtained
from SABiosciences. Feline Cers5 and Becnl primers were ordered from
Integrated DNA Technologies.

Analysis of cardiomyocyte area. For analysis of isolated cardiomyocyte areas,
cells were treated as indicated, fixed with 10% formalin, stained with H&E,
and photographed and analyzed as described above. Mean cell area was
determined from 10 fields each from a total of 5 to 6 replicates per group,
isolated from a total of 2 separate animals, yielding a final total of 150-
200 analyzed cells per treatment group. Cells demonstrating evidence of
rounding (an indication of cell death) were excluded from analysis. Data
are presented as mean + SEM. Histograms of cell size, as well as analyses
of kurtosis and skewness, are provided in Supplemental Figures 3, 4, and
7. Example photomicrographs showing cell size and morphology are pro-
vided in Supplemental Figure 9.

Western blotting. Cells were washed twice with sterile filtered cold
PBS, lysed with buffer containing 20 mM Tris (pH 7.5), 150 mM NaCl,
1 mM EDTA, 1 mM EGTA, 2.5 mM sodium pyrophosphate, 1 mM B-D-
glycerophosphate, 1 mM sodium orthovanadate, 1% Triton X-100, and
Complete Mini Protease Inhibitor (Roche), disrupted by freeze-thaw,
and incubated on ice for 10 minutes. Insoluble material was pelleted by
centrifugation at 4°C. Protein concentrations were determined using a
Micro BCA Protein Assay Kit (Thermo-Fisher). Lysates were subjected to
SDS-PAGE and immunoblotted as described previously (10). Membranes
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were incubated with antibodies against BECN1 (Cell Signaling Technol-
ogy), GFP (Cell Signaling Technology), or actin (Sigma-Aldrich) and with
anti-rabbit secondary antibody (Cell Signaling). Proteins were visualized
by enhanced chemiluminescence. Images were quantitated using Image]
software (NIH). Results were presented as mean + SEM and shown with a
representative immunoblot image.

Fluorescence microscopy of cardionryocytes. After transfection and fatty acid
treatment (described above), half of the culture medium was removed and
saved, and cells were preloaded for 30 minutes with 50 nM LysoTracker
Red DND-99 (Invitrogen). The dye-containing medium was then removed
and replaced with the dye-free aliquot, and cells were examined by con-
focal fluorescence microscopy using an Olympus FV10i microscope. To
track autophagosome dynamics, images were taken every S minutes for
20 minutes at a magnification of x60 with a zoom setting of x3.9. Identi-
cal laser and sensitivity settings were utilized for all images. Images were
analyzed using FV10-ASW software, as described above, using identical
threshold and gamma settings for images presented in figures. For quan-
tification of GFP-labeled puncta, cells were formalin fixed in the dark,
rinsed in PBS, photographed at a magnification of x60 with a zoom set-
ting of x2 and analyzed with FV10-ASW software, as described above.
Puncta were counted for 25 cells per treatment group. Results are pre-
sented as mean + SEM.

Lipidomic analysis. Lipidomic profiling was performed by LC/MS by the
Lipidomics Core Facility at MUSC, as described previously (77).

Statistics. Data are expressed as mean + SEM. Animal data were analyzed
by 1-way ANOVA followed by Bonferroni’s ¢ test. All other data were ana-
lyzed by 2-tailed, unpaired Student’s ¢ test. For all experiments, P < 0.05 was
considered statistically significant.

Study approval. All animal protocols were in accordance with the Guide for

research article

the Care and Use of Laboratory Animals (NIH publication no. 85-23. Revised
1985) and were approved by the Institutional Animal Care and Use Com-
mittee at MUSC.
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