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AMPK activator AICAR (5-aminoimidazole-4-carboxam-
ide ribonucleotide) prevented up-regulation of ADRP and 
increased apoptosis by palmitic acid. Confirming these find-
ings, inhibition of AMPK by compound C in CoFA-treated 
cardiomyocytes resulted in an increased expression of ADRP 
to 154 ± 27%, FAT/CD36 to 167 ± 28% and apoptosis to 
183 ± 12%. These data reveal that AMPK activation plays an 
important role in prevention of palmitic acid-induced apop-
tosis and lipid accumulation in cardiomyocytes.
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Abbreviations
CoFA	� Combination of the FA palmitic, myristic 

and palmitoleic acid
FA	� Fatty acid
AMPK	� AMP activated protein kinase
ACC	� Acetyl-CoA-carboxylase
FAT/CD36	� Fatty acid translocase CD36
ADRP	� Adipose differentiation related protein
SAPK/JNK	� Stress-activated protein kinase/Jun-amino-

terminal kinase
AICAR	� 5-Aminoimidazole-4-carboxamide 

ribonucleotide
GLUT-4	� Glucose transporter 4
BSA	� Bovine serum albumin
TAC	� Transaortic constriction
PPAR	� Peroxisome proliferator-activated receptor
ROS	� Reactive oxygen species

Introduction

Cardiac hypertrophy develops as an adaptive or a mala-
daptive response to increased workload. Physiological 

Abstract  Palmitic acid, a main fatty acid (FA) in human 
nutrition, can induce apoptosis of cardiomyocytes. However, 
a specific combination of palmitic, myristic and palmitoleic 
acid (CoFA) has been reported to promote beneficial cardiac 
growth. The aim of this study was to investigate the relevance 
of CoFA for cardiac growth and to delineate the underlying 
signaling pathways of CoFA and palmitic acid treatment. 
CoFA treatment of C57Bl/6 mice increased FA serum con-
centrations. However, morphologic and echocardiographic 
analysis did not show myocardial hypertrophy. Cell culture 
studies using rat ventricular cardiomyocytes revealed an 
increased phosphorylation of AMP activated protein kinase 
α (AMPKα) to 155 ± 19% and its target acetyl-CoA-car-
boxylase to 177 ± 23% by CoFA. Treatment with myristic 
acid also increased AMPKα phosphorylation to 189 ± 32%. 
Palmitic acid did not activate AMPKα but increased expres-
sion of the FA translocase CD36 (FAT/CD36) to 163 ± 23% 
and adipose-differentiation-related-protein (ADRP), a sensi-
tive marker of lipid accumulation, to 168 ± 42%. This was 
associated with an increased phosphorylation of the stress-
activated-protein-kinase/Jun-amino-terminal-kinase (SAPK/
JNK) to 173 ± 27%. In CoFA-treated cells, phosphorylation of 
SAPK/JNK was unaltered. FACS analysis revealed increased 
apoptosis to 159 ± 5% by palmitic acid but not by CoFA. 
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hypertrophy can occur in highly trained athletes [1]. Patho-
logical hypertrophy can be a result of chronically increased 
afterload, e.g. in patients with hypertension or aortic steno-
sis, and predisposes for chronic heart failure [2, 3]. Under 
physiological conditions, fatty acids are the main energy 
source for cardiomyocytes. More than half of the cellular 
ATP is produced by beta oxidation of saturated and mono 
unsaturated fatty acids [4, 5]. An increased energy demand 
leads to a shift of substrate preference. Maladaptive myo-
cardial hypertrophy is characterized by increased glucose 
uptake and utilisation and decreased fatty acid oxidation 
[6–8]. The physiological balance between carbohydrate and 
fatty acid utilisation is important to maintain contractile car-
diac function [9].

Fatty acids are not only an important source of energy. 
An increase in cellular fatty acid uptake can lead to lipid 
accumulation and cardiac dysfunction. The failing hypertro-
phied heart is characterized by an impaired beta oxidation 
and a resulting lipotoxic cardiomyopathy [10]. The clini-
cal importance of lipotoxicity is observed in animal mod-
els and in humans [5]. Obesity and insulin resistance lead 
to increased cardiac lipid content, cardiac remodelling and 
impaired diastolic function [11, 12]. Interestingly, there is no 
lipid accumulation in the exercise training-induced hyper-
trophic heart [13]. Furthermore, fatty acids and fatty acid 
derivatives are able to act as signalling molecules in several 
pathways [5, 14].

A central regulator of cellular energy metabolism is the 
AMP activated protein kinase (AMPK) which is responsive 
to metabolic conditions [15]. The main function of AMPK in 
the myocardium is to minimize energy demanding processes 
and to enhance energy providing processes [16, 17]. The 
AMP/ATP ratio increases with energy consumption and acti-
vates AMPK [17]. AMPK consists of a catalytic alpha subu-
nit and regulatory beta and gamma subunits with several 
isoforms [18]. An important downstream target of AMPK 
is the acetyl CoA carboxylase (ACC). ACC is a regulator of 
fatty acid oxidation. ACC is inhibited by phosphorylation 
through AMPK which leads to increased fatty acid oxidation 
[19]. Furthermore AMPK activation is involved in transloca-
tion of the fatty acid translocase CD36 (FAT/CD36) from 
intracellular stores to the plasma membrane [20]. FAT/CD36 
is of importance for the uptake of long chain fatty acids into 
cardiac myocytes. Increased expression of FAT/CD36 under 
obese conditions is associated with intracellular lipid accu-
mulation and insulin resistance [21]. However, the influence 
of AMPK on FAT/CD36 expression is incompletely under-
stood, as there is also evidence for an AMPK independ-
ent regulation of FAT/CD36 expression [22]. Fatty acids 
can activate AMPK by allosteric effects [23]. In addition, 
AMPK increases glucose uptake by membrane translocation 
of glucose transporter 4 (GLUT-4) which is associated with 
increased glucose uptake and glycolysis [20, 24, 25]. Many 

studies show the importance of AMPK in metabolic changes 
in the post-ischemic heart [19, 26]. However, data about its 
role in the hypertrophied heart are sparse.

Specific fatty acids have been suggested to induce adap-
tive myocardial hypertrophy. Riquelme et al. showed that 
the Burmese python, after a large meal, develops rapid and 
pronounced cardiac hypertrophy that is reversible [27]. The 
snakes did not exhibit common maladaptive characteristics 
of pathological hypertrophy such as fibrosis and apoptosis. 
The cardiomyocytes showed no lipid accumulation despite 
high postprandial serum concentrations of fatty acids. The 
authors identified a specific combination of the fatty acids, 
namely palmitoleic (16:1), myristic (14:0) and palmitic 
acid (16:0) in the molar ratio of 1:6:16, to be responsible 
for physiological cardiac growth in both pythons and mice. 
This specific combination of fatty acids (CoFA) increased 
fatty acid transport and oxidation as well as expression of 
cardioprotective enzymes. However, isolated treatment with 
palmitic acid, an important fatty acid occurring in human 
nutrition, has been observed to induce cell apoptosis [28, 
29].

Heart failure is associated with profound changes in fatty 
acid metabolism and supply. However, the physiological 
and pathophysiological effects of fatty acids on the myo-
cardium are incompletely understood. The aim of this study 
was therefore to investigate the effect of CoFA and palmitic 
acid on cardiac growth and myocardial apoptosis and lipid 
metabolism. As AMPK is a main regulator of cellular energy 
homeostasis, we tested whether the observed metabolic 
changes may be regulated by AMPK.

Materials and Methods

Animal Studies

Preparation of Fatty Acids Solutions

Palmitoleic, myristic and palmitic acid were conjugated 
separately to initially fatty acid free bovine serum albumin 
(BSA) and combined in the molar ratio of 1:6:16. The fatty 
acids were dissolved in ethanol. Na2CO3 and nitrogen gas 
were added at a temperature of 60 °C until the ethanol was 
completely evaporated. After addition of 30 µM 10% fatty 
acid free BSA, the fatty acids were dialysed in 0.1 M (NH4)
HCO3 and lyophilised. Concentrations of the fatty acids were 
determined by gas chromatography as described [30], then 
they were put together in the mentioned molar ratio (CoFA).

Fatty Acid Treatment

C57/Bl6 mice were treated with CoFA as described by 
Riquelme et al. [27]. In n = 5 mice, CoFA was applied 
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via subcutaneous mini osmotic pumps (ALZET® model 
2001, 1 µl/h) for 7 days. The control group of n = 5 mice 
underwent sham operations. In a second experiment, 
C57/Bl6 mice (n = 24) were treated with either CoFA 
or a fatty acid free control BSA solution by daily subcu-
taneous injection (24 µl) over 5 weeks, then underwent 
either a transaortic construction or a sham operation. Each 
treatment was followed by echocardiographic analysis 
and isolation of the hearts. Fatty acid serum concentra-
tions were quantified by gas chromatography with mass 
spectrometry.

Transaortic Constriction (TAC)

TAC procedures were performed as described [31]. After 
thoracotomy, an Ethicon thread 6–0 was put around the 
aorta ascendens and a knot was set with the help of a 24G 
needle to define the aortic diameter. Sham operated mice 
underwent identical anaesthesia with ketamine–xylazine 
and a full thoracotomy.

Histology

The hearts were put into paraffin and cut in 3 µm thick 
layers. These patterns underwent standard haematoxy-
lin–eosin staining for cell size measurement.

Cell Culture Studies

Isolation of Ventricular Rat Cardiomyocytes

Animal experiments were approved by the animal 
ethics committee of the Universität des Saarlandes. 
Sprague–Dawley rats (Charles River) were kept under 
usual conditions. Ventricular cardiomyocytes were iso-
lated from 3- to 5-day-old rats as described [32, 33]. 
Briefly, the ventricles were digested using an enzyme 
mixture containing collagenase type 2 (Worthington Bio-
chemical, Cell Systems) and pancreatin (Sigma-Aldrich 
Chemie, München). The isolated myocytes were centri-
fuged for 5 min at 700 rpm and filtered to extract fibro-
blasts. After incubation for 1 h in F10 medium (Gibco, 
Invitrogen, Karlsruhe) containing 10% Horse-Serum, 5% 
Fetal calf serum and 1% Penicillin/Streptomycin, remain-
ing fibroblasts adhered to the bottom of the petri dishes. 
The overlap with the isolated cardiomyocytes was removed 
and distributed in 6-well culture trays (BD Falcon 6-Well 
Plate 353846, BD, Franklin Lakes, NJ, USA). Cells were 
counted in Neubauer counting chambers after marking 
dead cells with trypan blue.

Fatty Acid Treatment of Isolated Cardiomyocytes

On day 2 after cardiomyocyte isolation, the medium was 
exchanged for a serum free medium and 50 or 100 µM of the 
fatty acids palmitoleic, myristic and palmitic acid, as well as 
the combination (CoFA), were added for 48 h. Control cells 
were treated with 30 µM 10% fatty acid free BSA. The AMPK 
activator AICAR was added at 1 mM and the AMPK inhibi-
tor Compound C at 10 µM. Both were put into the medium 
1 h before the start of fatty acid treatment. H9C2 rat cardiac 
myoblasts were grown in F10 medium (Gibco, Invitrogen, 
Karlsruhe) and treated under identical conditions.

Western Blot Analyses

Proteins were separated by SDS polyacrylamide gel electro-
phoresis as described [34]. Proteins were transferred to nitro-
cellulose membranes using a Biorad Mini Trans Blot System 
(350 mA, 2 h). Membranes were incubated with primary 
and peroxidase conjugated secondary antibodies. Antibody 
bounded proteins were visualized by enhanced chemilumi-
nescence using ECL western blotting detection reagents (GE 
Healthcare). Band intensities were analysed by densitometry 
with UVP Labworks (Version 4.6.00.0).

Flow Cytometric Analyses

The cells were cells were extracted from the 6-well plates 
with trypsin, centrifuged in F10 medium and analysed using 
the Annexin V-FITC apoptosis detection kit as described [35]; 
25,000 cells of each sample were counted in the flow cytometer.

Statistical Analyses

All values are expressed as mean ± SEM. Groups were tested 
for normal distribution. Student’s t tests, Mann–Whitney U 
tests and one-way ANOVA for multiple comparisons were 
applied. Post hoc comparisons were performed with the Bon-
ferroni’s multiple comparison test. Data were statistically ana-
lysed with GraphPad Prism software 6.0 (GraphPad Software 
Inc., CA, USA). All results are shown in percent of control. 
Differences were considered significant at p < 0.05.

Results

Fatty Acid Combination Exerted No Effect on Cardiac 
Hypertrophy in C57/Bl6 Mice

Treatment of C57/Bl6 mice for 7 days with the fatty acids 
palmitoleic (16:1), myristic (14:0) and palmitic acid (16:0) 
in the molar ratio of 1:6:16 (CoFA) [27] via osmotic pumps 
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led to increased serum concentrations of myristic, pal-
mitic and palmitoleic acid (Fig. 1a–c). However, cardiac 
dimensions measured by echocardiography and cardiomyo-
cyte size, quantified by haematoxylin–eosin staining after 
7 days, remained unaffected (Table 1a; Fig. 1d). There was 

no difference in heart weight between the control group and 
the CoFA-treated mice (cardiac weight/tibia length con-
trol vs. CoFA 7 days: 0.0783 ± 0.001 vs. 0.0786 ± 0.013). 
CoFA treatment over 5 weeks increased cell area to 130% 
(458.29–593.72  µm2, Fig.  1e), but the effect was not 
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Fig. 1   Effect of CoFA on cardiac hypertrophy in C57/Bl6 mice 
in vivo and in neonatal cardiomyocytes in vitro. Representative gas 
chromatography with mass spectrometry (GCMS) analysis of the 
serum concentration of the fatty acids a myristic, b palmitic and c 
palmitoleic acid in C57/Bl6 mice after 7 days treatment with CoFA. 
Representative analysis of cardiomyocyte area after hematoxy-

lin–eosin staining of C57/Bl6 mice after treatment with CoFA for d 
7 days (n = 10) and e 5 weeks (n = 22). f Microscopic analysis of 
neonatal cardiomyocyte size after 48 h of incubation with CoFA, pal-
mitoleic, myristic and palmitic acid, n = 65–93. TAC transaortic con-
striction (*p < 0.05; **p < 0.01)



741Lipids (2017) 52:737–750	

1 3

statistically significant. Heart weights were not affected by 
CoFA after 5 weeks (cardiac weight/tibia length Control 
Sham vs. CoFA Sham: 0.0752 ± 0.004 vs. 0.0737 ± 0.004). 
As expected, transaortic constriction (TAC)-induced myo-
cardial hypertrophy after 5 weeks (Fig. 1e) [33]. CoFA did 
not influence this effect (cardiac weight/tibia length Control 
TAC vs. CoFA TAC: 0.0934 ± 0.005 vs. 0.0979 ± 0.005, 
Fig. 1e; Table 1b).

Myristic Acid‑Induced Cellular Hypertrophy

Riquelme et al. described an increased cell size in cell cul-
ture experiments after treatment with CoFA [27]. There-
fore, cultured primary rat cardiomyocytes were treated with 
100 µM CoFA as well as palmitoleic, myristic and palmitic 
acid for 48 h. Only cells treated with myristic acid exhibited 
mild hypertrophy (Fig. 1f).

Palmitic Acid But Not CoFA Increased Apoptosis 
of Cardiomyocytes

Flow cytometry analysis revealed an increase of cardiomyo-
cyte apoptosis to 159 ± 5% by 48 h treatment with palmitic 
acid at 50 µM and to 292 ± 29% by palmitic acid at 100 µM. 
CoFA did not influence apoptosis (Fig. 2).

CoFA and Myristic Acid, But Not Palmitic Acid, 
Increased Phosphorylation of AMPKα and ACC

AMP activated protein kinase (AMPK) is an important regu-
lator of cellular energy demand that is regulated by meta-
bolic stress [15]. AMPK is activated by phosphorylation 
[36, 37]. Western blot analysis showed an increased phos-
phorylation of AMPKα at threonine 172 in CoFA-treated 
cardiomyocytes to 155 ± 19% (Fig. 3a). To test whether this 

Table 1   Effect of CoFA on cardiac hypertrophy in C57/Bl6 mice after 5 weeks treatment with CoFA and either sham operation or transaortic 
constriction (TAC)

a  Echocardiografic analysis and heart weight of C57/Bl6 mice after 7 days treatment with CoFA. n = 10
b  Echocardiografic analysis and heart weight of C57/Bl6 mice after 5  weeks treatment with CoFA and either sham operation or transaortic 
construction (TAC). n = 24 (* p < 0.05 vs Control Sham, ** p < 0.01 vs. Control Sham, *** p < 0.001 vs. Control Sham, # p < 0.05 vs. CoFA 
Sham)

±SEMa Control CoFA 7d Significance

Systolic IVS [mm] 0.92 ± 0.03 0.87 ± 0.08 n. s
Diastolic IVS [mm] 0.68 ± 0.02 0.68 ± 0.04 n. s.
Systolic LVAW [mm] 0.89 ± 0.03 0.80 ± 0.06 n. s.
Diastolic LVAW [mm] 0.68 ± 0.02 0.64 ± 0.05 n. s.
Systolic LVID [mm] 3.96 ± 0.09 3.67 ± 0.31 n. s.
Diastolic LVID [mm] 4.78 ± 0.14 4.37 ± 0.37 n. s.
Systolic LVPW [mm] 0.84 ± 0.04 0.93 ± 0.02 n. s.
Diastolic LVPW [mm] 0.67 ± 0.02 0.76 ± 0.04 n. s.
FS [%] 17.16 ± 1.01 16.28 ± 0.87 n. s.
EF [%] 35.73 ± 1.81 34.28 ± 1.6 n. s.
E/A 1.45 ± 0.01 1.26 ± 0.07 n. s.
LV mass [mg] 103.33 ± 7.32 98.5 ± 10.89 n. s.

±SEMb Control Sham CoFA Sham Control TAC CoFA TAC

Systolic IVS [mm] 0.72 ± 0.05 0.73 ± 0.03 0.90 ± 0.05 0.87 ± 0.02
Diastolic IVS [mm] 0.60 ± 0.05 0.59 ± 0.03 0.67 ± 0.01 0.67 ± 0.01
Systolic LVAW [mm] 0.71 ± 0.01 0.76 ± 0.02 0.84 ± 0.04 0.84 ± 0.03
Diastolic LVAW [mm] 0.56 ± 0.01 0.55 ± 0.03 0.67 ± 0.02 0.66 ± 0.02
Systolic LVID [mm] 3.60 ± 0.13 3.67 ± 0.12 4.01 ± 0.09 4.02 ± 0.11
Diastolic LVID [mm] 4.41 ± 0.12 4.60 ± 0.13 4.81 ± 0.06 4.77 ± 0.09
Systolic LVPW [mm] 0.79 ± 0.02 0.89 ± 0.02 0.88 ± 0.05 0.98 ± 0.04**
Diastolic LVPW [mm] 0.59 ± 0.04 0.65 ± 0.01 0.68 ± 0.05 0.78 ± 0.03***,#

FS [%] 18.28 ± 1.15 20.35 ± 0.58 16.51 ± 1.21 15.84 ± 1.52
EF [%] 38.77 ± 1.58 41.58 ± 1.03 34.51 ± 2.25 33.11 ± 2.93
E/A ± SEM 1.82 ± 0.15 1.96 ± 0.20 2.12 ± 0.25 1.84 ± 0.14
LV mass [mg] 72.70 ± 5.56 82.40 ± 3.97 102.81 ± 3.85 107.99 ± 9.27**
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Fig. 2   Effect of CoFA and palmitic acid on apoptosis in cardiomy-
ocytes. a Flow cytometry analysis of apoptosis of cardiomyocytes 
using Annexin V. b Representative histograms and dot plots of flow 

cytometry analysis; H2O2—positive control, n = 18–32. (*p < 0.05; 
**p < 0.01; ***p < 0.001; ****p < 0.0001)
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observation also applies for adult cardiac myocytes, H9C2 
cells were treated with CoFA under the same conditions 
as described for the neonatal cardiomyocytes. CoFA led 
to a similar increase of AMPKα phosphorylation in H9C2 
cells (162.5 ± 25%, Fig. 4a). Palmitic acid did not increase 
AMPKα phosphorylation in neonatal cardiomyocytes. Pre-
incubation of palmitic acid-treated cells with the AMPK 
activator AICAR increased phosphorylation to 170 ± 30% 

(Fig. 3a). In addition, treatment with myristic acid increased 
AMPK phosphorylation to 189 ± 32%, which was prevented 
by the AMPK inhibitor compound C (Fig. 5a). AMPKα 
expression was unaffected under all conditions (Figs. 3b, 
4b, 5b). An important downstream target and main regu-
lator of fatty acid oxidation is Acetyl-CoA-carboxylase 
(ACC), which inhibits fatty acid oxidation by Malonyl-CoA 
production. AMPK inactivates ACC by phosphorylation 
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and increases fatty acid oxidation [19]. Consistent with 
the results described above, CoFA, but not palmitic acid, 
increased ACC phosphorylation to 177 ± 23%. Pre-incuba-
tion of palmitic acid-treated cardiomyocytes with AICAR 
led to an increased ACC phosphorylation to 242 ± 33% 
(Fig. 3c). CoFA and palmitic acid treatment had no effect 
on total ACC expression (Fig. 3d).

AMPK Activator AICAR Prevented the Palmitic 
Acid‑Induced Increased Expression of the Fatty 
Acid Translocase FAT/CD36 and Markers of Lipid 
Accumulation

Fatty acid translocase CD36 (FAT/CD36) is responsible for 
the uptake of more than 50% of fatty acids in the heart [38]. 
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Treatment of cardiomyocytes with palmitic acid led to an 
increased expression of FAT/CD36 to 163 ± 23%. Neither 
CoFA nor AICAR increased the expression of this fatty acid 
translocase (Fig. 6a). These data indicated an increased fatty 
acid uptake by treatment with palmitic acid, while fatty acid 
oxidation remained unaffected (no change in ACC phos-
phorylation). Subsequent analysis of expression of adipose 
differentiation related protein (ADRP), a sensitive marker 
for lipid accumulation, showed an increase after treatment 
with palmitic acid to 168 ± 42%, but no effect of CoFA or 
AICAR (Fig. 6b).

AMPK Activator AICAR Prevented Palmitic 
Acid‑Induced Apoptosis and Activation of the Stress 
Activated Protein Kinase SAPK/JNK

Flow cytometry analysis showed that apoptosis in cardiomy-
ocytes increased by 159 ± 5 and 292 ± 29% after treatment 
with palmitic acid at 50 and 100 µM, respectively. AICAR 
completely prevented the palmitic acid-induced apoptosis 
(Fig. 2). Palmitic acid, but not CoFA, increased phosphoryl-
ation of SAPK/JNK at Thr 183 and Thr 185 to 172 ± 22 and 
173 ± 27%, respectively. AICAR prevented the increased 
phosphorylation in palmitic acid-treated cells (Fig. 6c).

Inhibition of AMPK by Compound C was Associated 
with Increased Apoptosis, Fatty Acid Translocase CD36 
and Markers of Lipid Accumulation

To verify the role of AMPK as an important mediator in the 
prevention of fatty acid-induced apoptosis, CoFA-treated 
cardiomyocytes were pre-incubated with the AMPK inhibi-
tor Compound C. Inhibition of AMPK increased apoptosis 
to 183 ± 12% (Fig. 7c, d) and expression of FAT/CD36 to 
167 ± 28% (Fig. 7a) and ADRP to 154 ± 27% (Fig. 7b).

Discussion

This study provides novel insight into the importance of fatty 
acids for cardiomyocyte hypertrophy. The main findings are 
that palmitic acid induces cardiomyocyte apoptosis, cyto-
toxic lipid accumulation and activation of the SAPK/JNK 
pathway. The experiments did not fully reproduce the previ-
ously described induction of cardiac growth in the Burmese 
python and in mice induced by the combination of the fatty 
acids myristic, palmitic and palmitoleic acid (CoFA) [24; 
Riquelme et al. Science 2011]. Our data show that myristic 
acid induces hypertrophy of rat ventricular cardiomyocytes, 
whereas CoFA prevents palmitic acid-induced lipid accu-
mulation and apoptosis. Importantly, the study identifies 
AMPK as the central mediator of these cardio-protective 
effects (Fig. 8). 

The python has to survive long fasting periods between 
big meals. The result is the adaptation of the animal’s 
metabolism to an extreme metabolic situation. For exam-
ple, the mass of the digestive tract increases up to a quarter 
of the body weight in the first 24–48 h post feeding [39]. 
Riquelme et al. observed that the Burmese python devel-
ops a significant postprandial cardiac growth [27, 40]. This 
adaptive cardiac hypertrophy was reversible [40]. The spe-
cific combination of the fatty acids myristic, palmitic and 
palmitoleic acid (CoFA) was reported to be responsible for 
the physiological cardiac growth in the pythons and in mice 
[27]. Despite achieving appropriate serum concentrations by 
treatment with the specific fatty acid mix, C57/Bl6 mice in 
this study did not exhibit increased heart weight nor cardiac 
hypertrophy in careful echocardiographic analyses. After-
load induced by aortic constriction increased cardiomyocyte 
size, however this was not altered by CoFA treatment. After 
5 weeks treatment with CoFA, cardiomyocyte size showed 
a non-significant increase similar to the size effect in the 
in vivo experiments reported by Riquelme et al. In vitro, 
Riquelme et al. observed a small increase in cell diameter 
by 4.43%, which is similar to the minor 4.98% increase 
of cell area in this study. The data of this study, therefore, 
show a trend similar to that published by Riquelme et al. 
The lack of statistical significance is most likely explained 
by a biological variation. Physiologically, in animals and 
in humans, lipids are taken up in the gut via chylomicrons 
and then enter the lymphatic system. However we decided 
to follow the protocol described by Riquelme et al., who 
found elevated fatty acid levels in the python’s plasma and 
treated mice by subcutaneous infusion of the fatty acids. 
In our study, CoFA did not increase cardiac mass. While 
these experiments were ongoing, Jensen et al. reported no 
changes in ventricular mass or dimensions in the hearts of 
Python regius and Python molurus, despite using a meal 
size and animal husbandry conditions very similar to those 
reported by Riquelme et al. [39]. The difficulty of reproduc-
ing the data encountered by different groups using multiple 
approaches remains incompletely explained. Jensen et al. 
concluded that postprandial cardiac growth may have to be 
regarded as a facultative rather than an obligatory compo-
nent of the postprandial response [39].

Our data show that myristic, but not palmitic or pal-
mitoleic, acid leads to cardiomyocyte hypertrophy. These 
findings are in agreement with observations of Russo et al. 
in isolated murine cardiomyocytes [41]. Furthermore, our 
study shows that treatment of cardiomyocytes with pal-
mitic acid increases apoptosis. This was associated with 
increased phosphorylation of stress activated protein kinase 
(SAPK/JNK). SAPK/JNK is activated by metabolic stress 
and, itself, leads to cell apoptosis [28]. We postulate that 
palmitic acid initiates cell apoptosis by activation of SAP/
JNK pathways. These results are confirmed by the study of 
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Li et al., who demonstrated the association between palmitic 
acid-induced apoptosis and activation of SAPK/JNK, and 
its reversibility by activating AMP activated protein kinase 
(AMPK)-dependent pathways [42]. JNK signalling is also 
associated with a reduced capacity for fatty acid oxidation 
and cardiomyopathy [43]. Both SAPK/JNK activation and 
increased apoptosis induced by palmitic acid were prevented 

by CoFA. To investigate the underlying mechanisms, activa-
tion of AMPK as an important regulator of cellular energy 
homeostasis was assessed.

Western blot analysis revealed an increased activation 
of AMPK by CoFA. As allosteric binding of fatty acids 
to AMPK has been described, direct activation of AMPK 
by the fatty acids is possible, but further investigation 
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has to be done to clarify this mechanism [23]. Watkins 
et al. showed that the hypertrophic response of neonatal 
and adult cardiomyocytes, using H9C2 cells to established 
hypertrophic factors such as angiotensin II, are very similar 
[44]. We therefore repeated the key experiments in H9C2 
cardiomyocytes to test the reproducibility of the findings 
and found very similar effects, suggesting that the data that 
the observations made on neonatal cardiomyocytes in this 

study are transferable to adult cardiac myocytes. Palmitic 
acid failed to activate AMPK, but AMPK activator AICAR 
increased AMPK phosphorylation in palmitic acid-treated 
cells. In contrast, myristic acid increased phosphoryla-
tion of AMPK to 189 ± 32%. We therefore hypothesize 
that myristic acid plays an important role in the mediation 
of the metabolic changes described for CoFA. Accord-
ingly, CoFA and AICAR increased phosphorylation of 
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Acetyl-CoA carboxylase (ACC), an important downstream 
target of AMPK and main regulator of fatty acid oxidation. 
Phosphorylation of ACC inhibits its carboxylase activity 
and consequently malonyl-CoA production, which leads to 
an increased fatty acid oxidation and reduced intracellular 
fatty acid levels [19]. On the other hand, decreasing fatty 
acid oxidation by deletion of Peroxisome proliferator-acti-
vated receptor delta (PPAR-delta) in mice leads to cardiac 
lipid accumulation and heart failure [45]. Palmitic acid had 
no effect on ACC but increased expression of the fatty acid 
translocase CD36 (FAT/CD36), which is responsible for 
the uptake of more than 50% of the fatty acids in the heart 
[20]. This transport protein is essential for the develop-
ment of lipotoxic cardiomyopathy. CD36-knockout mice 
are protected from cardiac triglyceride accumulation and 
dysfunction through overexpression of PPAR-alpha [46]. 
AMPK is able to increase membrane expression of FAT/
CD36 [20]. However, Jeppesen et al. showed that AMPK 
kinase dead mice were able to elevate translocation of FAT/

CD36 to the membrane and consecutively increase fatty 
acid uptake under exercise in skeletal muscle [22]. This 
suggests AMPK independent pathways that may regulate 
membrane expression of FAT/CD36. In addition, FAT/
CD36 is able to suppress AMPK. Further investigations 
are necessary to describe the mechanisms leading to an 
increased FAT/CD36 expression without AMPK activation 
in palmitic acid-treated cells. Taken together, these findings 
suggest that palmitic acid increases fatty acid uptake with-
out influencing its oxidation. Consequently, adipose dif-
ferentiation related protein (ADRP), a sensitive marker for 
lipid accumulation [47, 48], was elevated through palmitic 
acid treatment. Further studies demonstrate a cytotoxic 
lipid accumulation by palmitic acid in cardiomyocytes 
leading to increased apoptosis [49, 50]. Our data therefore 
contribute to the understanding of palmitic acid-induced 
pro-apoptotic signalling. Cytotoxic metabolites, such as 
ceramides and diacylglycerols, and reactive oxygen spe-
cies (ROS) may contribute to the observed cell death [5, 
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Fig. 8   Summary. Schematic summary of the results. P-AMPK is 
main regulator of cellular energy homeostasis. P-AMPK inhibits 
ACC activity by phosphorylation. Active ACC inhibits beta oxida-
tion by malonyl-CoA production. CoFA activates AMPK and lowers 
cell apoptosis. Myristic acid activates AMPK and induces hyper-
trophic cell growth. Palmitic acid increases expression of FAT/CD36 
and of the lipid accumulation marker ADRP independent of AMPK. 

Furthermore, it induces apoptosis via SAP/JNK and a cytotoxic lipid 
accumulation. CoFA combination of the fatty acids myristic, palmitic 
and palmitoleic acid, SAPK/JNK stress-activated protein kinase/Jun-
amino-terminal kinase, AMPK–AMP activated protein kinase, FAT/
CD36 fatty acid translocase CD36, ADRP adipose differentiation 
related protein, ACC acetyl-CoA-carboxylase
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51–53]. AMPK activation in palmitic acid-treated cells pre-
vented elevated FAT/CD36, ADRP expression and, con-
sequently, palmitic acid-induced apoptosis. CoFA caused 
increased fatty acid oxidation without elevating fatty acid 
uptake. Consequently, lipid accumulation by palmitic acid 
was prevented. To verify the mechanism of palmitic acid-
induced cytotoxicity with AMPK as the central regulator, 
AMPK was inhibited by Compound C in cells treated with 
CoFA. In agreement with the findings described above, 
inhibition of AMPK prevented the beneficial effects of 
CoFA and led to increased apoptosis, expression of FAT/
CD36 and lipid accumulation indicated by up-regulation 
of ADRP.

Potential limitations of the study: The experiments in 
mice and in isolated rat cardiomyocytes are established 
models for investigating cellular metabolism and signal-
ling, however, these experimental data cannot be extrapo-
lated directly to humans or the effects of human nutrition. 
Neonatal ventricular myocytes use glycolysis for energy 
production. Therefore, adult H9C2 cells were tested to con-
firm the observations in an independent cell line. This study 
shows that increased cardiac mass is not a mandatory effect 
of CoFA. However, potential additional influencing factors 
in the study of Riquelme et al. [27] that were absent in our 
extensive experiments cannot be fully excluded.

In summary, the combination of the fatty acids palmitic, 
myristic and palmitoleic acid (CoFA) leads to mild cardiac 
hypertrophy in vivo and in vitro. Myristic acid by itself 
induces hypertrophy of rat ventricular cardiomyocytes in 
vitro. Palmitic acid-induced apoptosis is mediated by cyto-
toxic lipid accumulation and activation of SAPK/JNK path-
ways. Both lipid accumulation and apoptosis are prevented 
by CoFA. The study identifies AMPK as the central media-
tor of these cardio-protective effects.
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