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Objective(s): This study intended to investigate the effects of Ginsenoside-Rbl (Gs-Rbl) on fatty acid 
β-oxidation (FAO) in rat failing heart and to identify potential mechanisms of Gs-Rbl improving heart 
failure (HF) by FAO pathway dependent on AMP-activated protein kinase (AMPK). 
Materials and Methods: Rats with chronic HF, induced by adriamycin (Adr), were randomly grouped 
into 7 groups. Gs-Rb1, adenine 9-β-D-arabinofuranoside (Ara A, specific AMPK inhibitor), and 
5'-aminoimidazole-4-carboxamide riboside (Aicar, specific AMPK activator) were administered to 
rats with HF, singly and/or combinedly. Myocardial high-energy phosphate (such as phosphocreatine, 
ADP, and ATP), free L-Carnitine, malonyl-CoA, and the activity of FAO-related enzymes in left ventricle 
from different groups were measured by using the corresponding molecular biological techniques. 
Results: Gs-Rb1 improved HF significantly, accompanied by a significant increase in phosphocreatine 
(PCr), ADP, ATP, PCr/ATP ratio, free carnitine, malonyl-CoA, mRNA, activity of carnitine 
palmitoyltransferase (Cpt), medium-chain Acyl-CoA Dehydrogenase (MCAD) and long-chain acyl-CoA 
Synthetase (ACSL) and a significant decrease of the ADP/ATP ratio in the left ventricular myocardium. 
However, all those effects were almost abolished by Ara A and were not further improved by Aicar. 
Conclusion: Taken together, it suggests that Gs-Rb1 may modulate cardiac metabolic remodeling by 
improving myocardial fatty acid β-oxidation in failing heart. In addition, the effects of Gs-Rb1 may be 
mediated via activating AMPK. 
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Introduction
Heart failure (HF) as a major health problem and a 

growing economic burden worldwide, is associated 
with abnormal myocardial energy metabolism (1, 2) 
and even provokes “metabolic remodeling” in the heart 
(3), characterized by a fetal metabolic phenotype (4, 5). 
“Metabolic remodeling” reduces the cardiac efficiency 
by converting chemical energy into mechanical work (6, 
7) and stirs up abnormalities in myocardial substrate 
utilization from fatty acids to glucose (8). The decline 
in adenosine triphosphate (ATP) and the increase in 
free fatty acid concentration directly correlate with the 
progression of HF (8-12). As HF progresses towards an 
uncompensated state, metabolic adaptation becomes 
insufficient along with decreased mechanical efficiency 
(13). Therefore, improving “metabolic remodeling” has 
emerged as a promising approach for the treatment of 
HF.

Ginsenoside-Rbl (Gs-Rbl) as a major component 
of ginsenosides extracted from ginseng (the root 
of Panax ginseng C.A. MEYER, family Araliaceae) in 
Asian countries, has been revealed to ameliorate 
HF and protect the heart from ischemic and/or 
reperfusion injuries (14-20). Notably, our previous 
study showed that Gs-Rb1 improves the viability of 
hypoxic cardiomyocytes by the regulation of glucose 

uptake, through the specific activation of glucose 
transporter-4 (14) and the enhancement of glycolysis, 
which were mediated by AMP-activated protein kinase 
(AMPK) (20). All of these indicate that Gs-Rb1 may be a 
potential drug for ameliorating “metabolic remodeling” 
in the heart with HF. In HF, the lack of micronutrients 
may be an important reason that the heart cannot use 
the “fuel” (21). Carnitine is considered a “conditionally 
essential” nutrient, which decreases in chronic HF (21). 
Some studies showed that L-carnitine has the potential 
to improve HF (8, 21). However, the pharmacological 
effects of Gs-Rb1 on myocardial fatty acid β-oxidation 
(FAO) in the failing heart are incompletely understood. 
In this study, we investigated the possible mechanisms 
of Gs-Rb1 on mediating cardiac FAO. 

Materials and Methods
All male Wistar rats (150-180 g) were obtained 

from the Laboratory Animal Center of China Medical 
University [SCXK (Liao) 2010-0001] and were housed 
singly fed with free access to food and water throughout 
the study. Animal care and experiments were conducted 
in accordance with the guidelines established by 
the Regulations for the Administration of Affairs 
Concerning Experimental Animals (Ministry of Science 
and Technology, China, revised in June 2004) and were 
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approved by the People’s Hospital of Liaoning Province 
(i.e. The People’s Hospital of China Medical University). 

Establishment of HF models and animal grouping 
Adriamycin (Adr, Sigma), Gs-Rb1 (99.5%, the Research 

Center of Traditional Chinese Medicine, Wuhan, China), 
adenine 9-β-D-arabinofuranoside (Ara A; AMPK 
inhibitor; Gibco), and 5’-aminoimidazole-4-carboxamide 
riboside (Aicar; AMPK activator; Gibco) were freshly 
prepared. 

HF models were performed as we previously 
described (19, 22). Briefly, rats periodically  received 
intraperitoneal (IP) injection of Adr at 0.2 mg/100 g five 
times over 3 days, followed by an additional five times 
over 1 week. At the 14th day after final administration, 
HF was confirmed with echocardiographic examination 
and grouped randomly into groups as follows: control 
group (n=5), HF group (n=5), Gs-Rb1 group (Gs-Rb1 was 
administered in rat with HF, n=5), Ara A-1 group (Ara A 
in rat with HF, n=5), Ara A-2 group (Ara A and Gs-Rb1 in 
rat with HF, n=5), Aicar-1 group (Aicar in rat with HF, 
n=5), and Aicar-2 group (Aicar and Gs-Rb1 in rat with 
HF, n=5). Gs-Rb1 (10 mg/100 g body weight, dissolved 
in 1 ml normal saline), Ara A (50 mg/100 g, dissolved in 
1 ml normal saline), and Aicar (50 mg/100 g, dissolved 
in 1 ml sterile saline) was administered IP daily for 7 
days. Rats in the control group and in the HF group were 
administered 1 ml normal saline IP. Rats had available ad 
libitum a rat diet. After echocardiographic examination 
on the 8th day, rats were humanely euthanized and blood 
and the left ventricle were collected. All tissues were 
snap frozen in liquid nitrogen and stored at -80 °C for 
the following study.

Echocardiographic examination
Echocardiographic examination was performed by an 

investigator blinded to treatment allocation, according 
to our previously described method (19, 22). Briefly, 
after being anesthetized by IP injection of 10% chloral 
hydrate, two-dimensional and M-mode echocardiograms 
were obtained at the level of the papillary muscles 
with an echocardiographic system (CFM-725, 7.5M Hz 
broadband transducer, Vingmed, USA). Left ventricular 
dimensions were measured at least three consecutive 
cardiac cycles. Left ventricular end-diastolic volume 
(EDV), end-systolic volume (ESV), and left ventricular 
ejection fraction (LVEF) were acquired; LVEF= (EDV–
ESV)/EDV×100%. The mean value of EF <0.45 was 
referred to as the standard of HF.

Myocardial high-energy phosphate determination
The high-energy phosphate substrate levels, 

including phosphocreatine (PCr), ADP and ATP, were 
measured by the HPLC-UV system (Shimadzu Corp, 
Kyoto, Japan) as previously reported (23). The left 
ventricular homogenate (final concentration 100 mg/
ml), in 0.7 M ice-cold perchloric acid, was centrifuged 
at 15,000 g×5 min. The supernatant was neutralized for 
pH near 7.0 with 2 M potassium hydroxide and was then 
filtered through 0.45 µm filter and 10 µl was injected 
into a 3 μ Luna C-18 column using step gradient flow 
conditions. The mobile phase components, including 
20 mM potassium phosphate buffer (pH 7.0) and 100% 
methanol, were delivered at a flow rate of 1 ml/min 

in the sequence of 100% phosphate buffer from 0–6.5 
min, 100% methanol from 6.5–12.5 min followed by 
100% phosphate buffer from 12.5 to 25 min for column 
re-equilibration in order to achieve stable baseline 
conditions. PCr, ADP and ATP were monitored at 210 
nm. The standard curve range was from 6.25–100 µg/
ml and the limit of detection was 0.078 µg/ml for ATP 
and 0.31 µg/ml for ADP. Intra- and inter-assay accuracy 
and precision ranged from 4.2% to 14.5%. PCr, ADP, and 
ATP contents were expressed as μmol/g tissue weight. 

Free L-Carnitine analysis in the left ventricle
Free L-carnitine in the left ventricle was quantified by 

HPLC-UV with pre-column derivatization as previously 
reported by researchers (23). Briefly, 50 mg pooled 
left ventricular samples were homogenized with 
250 µl phosphate buffer (50 mM, pH 7.4) and were 
centrifuged at 2500 × g for 10 min at 4 °C. Then 20 µl 
supernatant or serum sample was added to the reaction 
mixture and then incubated at 60 °C for 2 hr followed by 
centrifugation at 12000 × g for 15 min depending on the 
kit. L-Carnitine was analyzed using a 10 µl sample with 
detection wavelength set at 260 nm.

Determination of malonyl-CoA
Malonyl-CoA levels were measured in freshly pre-

pared left ventricular extracts using a rat malonyl-CoA 
ELISA kit (Sigma) according to the manufacturer’s 
protocol.

Total mRNA isolation and quantitative RT-PCR analysis 
Total mRNA was extracted from different tissues 

using RNeasy Midi Kits according to the manufacturer 
of carnitine palmitoyltransferase (Cpt) kits’ instruc-
tions. A poly-A tail was added to the extracted total 
RNA and was then reverse transcribed into cDNA 
to extend the RNA length. The expression of Cpt1b 
[primers (Forward/Reverse): cagccatgccaccaagatc/
aagggccgcacagaatcc. accession number: NM_013200] and 
Cpt2 [primers (Forward/Reverse): gctccgaggcgtttctca/
tggccgttgccagatagc. accession number: NM_012930] 
was examined by real-time qPCR using β-actin 
[primers (Forward/Reverse): agcgtggctacagcttcacc/
tgccacaggattccataccc. accession number: NM_031144] 
as internal controls and was quantified following cDNA 
annealing using real-time PCR primers. 

Assessment of heart Cpt enzyme activities
The activities of the Cpt enzyme were measured using 

the spectrophotometric method as previously described 
(23). Briefly, frozen tissue was homogenized in 10% 
homogenization buffer supplemented with 3 mg nagarse 
and then centrifuged at 500 × g for 10 min at 4 °C. The 
supernatant was centrifuged at 9000 × g for 35 min at 
4 °C. The pellet, being washed with the homogenization 
buffer without nagarse, was centrifuged at 9000 × g 
for 35 min at 4 °C and resuspended in 200 µl isolation 
buffer without nagarse. Protein concentrations were 
measured using the Advanced Protein Assay kit (Sigma) 
with bovine serum albumin as standards. To determine 
total Cpt activity, 20 µg protein was assayed in 200 µl 
ml reaction buffer. Cpt2 activity was determined using 
the same reaction conditions as total Cpt without 10 µl 
malonyl-CoA (Cpt1 inhibitor, a final concentration of 
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10 μM). Cpt1 activity was calculated by subtracting the 
Cpt2 activity from the total Cpt activity. The Cpt activity 
was calculated as amount of CoASH released per min 
per mg protein. 

Assessment of enzyme of medium chain acyl-CoA 
dehydrogenase (MCAD) and long-chain acyl-CoA 
synthetase (ACSL)

The activities of MCAD and ACSL were measured as a 
marker of the capacity for fatty acid β-oxidation (FAO). 

MCAD activity was measured spectrophotometrically 
in mitochondria extracts, as previously described (24). 
ACSL specific activity was measured in mitochondrial 
homogenates (25). Briefly, 2 µg protein was incubated 
with 50 µM [1-14C]fatty acid, 250 μM CoA, 10 mM ATP, 
5 mM dithiothreitol, and 8 mM MgCl2 in 175 mM Tris 
(pH 7.4) at room temperature for 10 min and then the 
enzyme reaction was stopped with 1 ml Dole’s solution. 
Radioactivity of the acyl-CoAs in the aqueous phase was 
measured using a liquid scintillation counter.

Data analysis
All data in this study were presented as mean ± 

standard error (`x±s). All experimental data were 
analyzed using PASW Statistics 22 (SPSS Inc, Chicago, 
USA). Multiple comparisons for all parameters at 
different groups were analyzed using one way ANOVA 
with Dunnett’s T3 test as post hoc test. P-values <0.05 
were considered to be significant. 

Results
Gs-Rb1 improving cardiac functions of the rat chronic 
HF model (Figure 1)

Chronic HF rat models were successfully established 
by periodically injecting IP Adr. Gs-Rb1 and Aicar-1 
significantly improved HF (P<0.05), however, the 
synergistic effect was not found between Gs-Rb1 and 
Aicar (P>0.05). Ara A provoked HF to further deteriorate 
(P=0.000), which was improved by Gs-Rb1 (P=0.027). 

Figure 1. Comparison of LVEF value (`x±s, n=5): 1, 2, 3, 4, 5, 6, and 
7 represent control, HF, Gs-Rbl, ara A-1, ara A-2, Aicar-1, and Aicar-2 
groups, respectively. LVEF was 0.56±0.04 in control group; 0.39±0.01 
in HF group; 0.45±0.01 in Gs-Rb1 group; 0.30±0.02 in ara A-1 group; 
0.36±0.01 in ara A-2 group; 0.43±0.01 in Aicar-1 group, and 0.45±0.02 
in Aicar-2 group. *P<0.05 vs control group; ΔP<0.05 vs HF group; 
▲P<0.05 vs Gs-Rbl group

 

 

 

 

Figure 2. Heart high energy phosphate substrate profiles in different groups (`x±s, n=5) 1, 2, 3, 4, 5, 6, and 7 represent control, HF, Gs-Rbl, ara A-1, ara A-2, 
Aicar-1, and Aicar-2 groups, respectively. PCr/ATP ratio: there was significance in ara A-1 and ara A-2 groups (P=0.024), and there was no significance in 
Gs-Rbl, Aicar-1, and Aicar-2 groups. ADP/ATP ratio: the ratio was decreased in the ara A-2 group more than in the ara A-1 group (P=0.020), and there was 
no significance in Gs-Rbl, Aicar-1, and Aicar-2 groups. *P<0.05 vs control group; ΔP<0.05 vs HF group; ▲P<0.05 vs Gs-Rbl group
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Gs-Rb1 increasing the high energy phosphate substrate 
levels (Figure 2)

Gs-Rb1 and/or Aicar significantly increased each 
concentration of PCr, ATP, and ADP in rats with HF 
(P<0.01), in addition, Gs-Rb1 significantly improved the 
inhibiting effects of Ara A on PCr, ATP, and ADP in rats 
with HF (P<0.01). However, there was no significance in 
Gs-Rb1 and/or Aicar (P>0.05). Compared to the control 
group, HF groups significantly reduced the ratio between 
PCr and ATP (PCr/ATP ratio, P=0.000) and significantly 
increased the ratio between ADP and ATP (ADP/ATP 
ratio, P=0.000), which was further worsened by Ara A 
(P<0.05) and significantly improved by Gs-Rb1, Aicar, 
and Aicar+Gs-Rb1 (P<0.05). However, no synergistic 
effect was found between Gs-Rb1 and Aicar (P>0.05). 

The effects of Gs-Rb1 on free L-carnitine in the left 
ventricle (Figure 3)

The levels of myocardial free carnitine decreased 
in HF, which was further decreased by Ara A (P<0.01) 
and was significantly increased by Gs-Rb1, Aicar, and 
Aicar+Gs-Rb1 (P<0.01). However, Gs-Rb1 could not 
significantly change the effects of Ara A (P>0.05), and 
no differences were found between Gs-Rb1, Aicar, and 
Aicar+Gs-Rb1 (P>0.05). 

The effects of Gs-Rb1 on malonyl-CoA in the left ventricle 
(Figure 4)

The concentration of malonyl-CoA was significantly 
declined in the HF group compared to the control 
group (P=0.000), which was further deteriorated by 
Ara A (P=0.000) and significantly improved by Gs-
Rb1 (P=0.006), Aicar (P=0.030), and Aicar+Gs-Rb1 
(P=0.003), however, there existed no synergistic effect 
between Gs-Rb1 and Aicar (P>0.05). In addition, Gs-Rb1 
significantly improved the inhibiting effect of Ara A on 
heart malonyl-CoA (P=0.002).

Gs-Rb1 ameliorating the expression of Cpt mRNA and 
Cpt activity (Figure 5)

The mRNA expression of Cpt1b and Cpt2 was 

significantly downregulated in HF (P<0.05) and reduced 
further by Ara A (P<0.05) and upregulated by Gs-Rb1, 
Aicar, and Aicar+Gs-Rb1 (P<0.05) with no differences 
in the three groups (P>0.05). In addition, Gs-Rb1 
significantly improved the effects of Ara A (P<0.05). 
Most importantly, we also found that the activities of 
Cpt1b and Cpt2 were similar to the mRNA expressions 
of Cpt1b and Cpt2 in different groups.

Gs-Rb1 modifying the activity of MCAD and ACSL in 
the failing heart (Figure 6)

The activities of MCAD and ACSL were significantly 
decreased in the HF group compared to the control 
group (P<0.05), which was further deteriorated by Ara 
A (P<0.05) and significantly improved by Gs-Rb1, Aicar, 
and Aicar+Gs-Rb1 (P<0.05) without synergistic effects 
between Gs-Rb1 and Aicar (P>0.05). In addition, Gs-
Rb1 did not significantly improve the effects of Ara A 
(P>0.05).

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. The levels of myocardial free L-carnitine (`x±s, n=5) 1, 2, 3, 
4, 5, 6, and 7 represent the control, HF, Gs-Rbl, ara A-1, ara A-2, Aicar-1, 
and Aicar-2 groups, respectively. *P<0.05 vs control group; ΔP<0.05 vs 
HF group; ▲P<0.05 vs Gs-Rbl group

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. The levels of myocardial free L-carnitine (`x±s, n=5) 1, 2, 3, 4, 
5, 6, and 7 represent control, HF, Gs-Rbl, ara A-1, ara A-2, Aicar-1, and 
Aicar-2 groups, respectively. *P<0.05 vs control group; ΔP<0.05 vs HF 
group; ▲P<0.05 vs Gs-Rbl group

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Cpt mRNA and Cpt activity levels in the myocardium (`x±s, 
n=5) 1, 2, 3, 4, 5, 6, and 7 represent control, HF, Gs-Rbl, ara A-1, ara A-2, 
Aicar-1, and Aicar-2 groups, respectively. *P<0.05 vs control group; 
ΔP<0.05 vs HF group; ▲P<0.05 vs Gs-Rbl group
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Discussion
lot of unknown energy metabolic pathways might 

mediate the effects of Gs-Rb1 such as inhibiting 
cell apoptosis, suppressing local inflammation, and 
improving glucose metabolism (14-20). Besides, the 
functional AMPK significantly contributes to restoration 
of myocardial contractile efficiency (26), which is one of 
the essential conditions for preserving cardiac function 
reported by Juric et al (27). In view of metabolic 
remodeling being integral to the progression of HF (10, 
11) and Gs-Rb1 improving glucose uptake and glycolysis 
(22), the purpose of the present study was to determine 
whether and how Gs-Rb1 improves the FAO remodeling 
in the failing heart. In order to determine whether AMPK 
mediated the effects of Gs-Rb1 on the failing heart, both 
Ara A (specific AMPK inhibitor) and Aicar (specific AMPK 
activator) were administrated. Our findings, consistent 
with prior studies (15), demonstrated that Gs-Rb1 might 
improve Adr-induced HF (22). In addition, the findings, 
Aicar improving HF, Ara A deteriorating HF, the effect of 
Gs-Rb1 improving HF being partly inhibited by Ara A and 
superior to Aicar, supported the above views reported 
by Juric et al. (27) and showed that Gs-Rb1 possessed 
the effect of the AMPK activator and improved HF by 
activating the AMPK pathway.

Persistent pump function of the heart is supported by 
consuming quantities of ATP, about 60–90% of which is 
produced by the FAO in mitochondria. With pathologic 
cardiac remodeling in the failing heart, the heart also 
undergoes energy metabolic reprogramming: fuel 
substrate preferences shift from fatty acids to glucose 
and the capacity and efficiency of mitochondrial ATP 
production are diminished (8), being difficult to match 
with energy demands under diverse developmental 
and physiological circumstances. In a word, a failing 
heart has been referred to as “an engine out of fuel” (8). 
Both the reduction in the ratio of PCr/ATP, as an early 
sign of heart dysfunction and a predictor of mortality 
for patients with dilated cardiomyopathy (28), and the 
increase in the ratio of ADP/ATP have been associated 
with several pathological conditions (29). Consistent 
with the previous studies (9-12, 30-32), the present 
study further demonstrated that HF may provoke some 
obvious adverse changes of high-energy phosphates. All 

those adverse changes being deteriorated by Ara A and 
improved by Aicar, suggested further that the AMPK 
pathway takes part in the metabolism of myocardial 
high-energy phosphate (27). The present findings 
suggesting the effects of Gs-Rbl on myocardial high-
energy phosphates were beyond the one by Ara A and 
similar to the one by Aicar in the failing heart, indicated 
that the AMPK pathway played a key role in mediating 
the effects of Gs-Rbl. 

L-Carnitine plays a key role in energy production as 
facilitates the transport of long-chain fatty acids across 
the mitochondrial membrane making them available for 
FAO (33, 34). Tissues with low L-carnitine levels often 
have low FAO rates (35) and typical Low CrP/ATP ratios 
(36). The reduction in L-carnitine levels may provoke 
the development of cardiomyopathy (21, 23, 37). The 
finding that heart free L-carnitine levels were reduced 
in HF groups, further showed the role of L-carnitine 
in HF (37). However, the reasons for out-of-balance 
L-Carnitine homeostasis were unknown. Malonyl-
CoA levels, as endogenous inhibitors of Cpt1 and key 
regulators of myocardial substrate use (38), are the major 
determinants of the FAO rate (39, 40), which regulates 
long-chain fatty acyl CoA import into the mitochondria 
for FAO. AMPK, as an essential for controlling malonyl-
CoA content (41), decreases malonyl-CoA production in 
the heart (41). Our data, the effects of Ara A/Aicar on 
L-Carnitine homeostasis, further demonstrated that 
AMPK played an important role in adjusting L-Carnitine 
homeostasis. The finding that the effects of Gs-Rb1 on 
improving L-Carnitine and malonyl-CoA in the failing 
heart being inhibited by Ara A and similar to Aicar, 
demonstrated that Gs-Rb1 administration may alter the 
homeostasis of both L-carnitine and malonyl-CoA in rats 
with HF, which were dependent on the AMPK pathway. 
Of particular note was that there exist other pathways 
mediating the effects of Gs-Rb1 besides AMPK pathway.

Cpt, as a key transporter for long-chain fatty acids 
into the mitochondrial matrix space, consists of Cpt1 
and Cpt2, of which Cpt1 is responsible for the first rate-
limiting step in the FAO in mitochondria and its activation 
is most consistently associated with glutathiolation 
of Cpt1b. FAO is impaired and the activity of Cpt1 is 
markedly decreased in HF (24, 42-46), in which the 

 

Figure 6. The activity of MCAD and ACSL on the failing heart (`x±s, n=5) 1, 2, 3, 4, 5, 6, and 7 represent control, HF, Gs-Rbl, ara A-1, ara A-2, Aicar-1, 
and Aicar-2 groups, respectively. *P<0.05 vs control group; ΔP<0.05 vs HF group; ▲P<0.05 vs Gs-Rbl group
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impaired FAO is associated with concomitant decreases 
in the activity of Cpt1 (47). Both MCAD and ACSL are key 
enzymes of mitochondrial FAO, which plays a pivotal 
role in maintaining body energy homeostasis mainly 
during catabolic states. Consistent with the previous 
investigations (24, 42-46, 48, 49), MCAD activity, 
together with ACSL activity, was reduced in the failing 
heart, which demonstrated that the impaired FAO was 
associated with concomitant decreases in the activity 
and protein expression of MCAD. Our results indicating 
down-regulation of both mRNA and activity for Cpt1b 
and Cpt2 in HF are consistent with many previous studies 
(24, 42-46). The present study also demonstrated that 
the influence of Gs-Rb1 on Cpt1b, Cpt2, MCAD, and 
ACSL in the failing heart may at least partly depend 
on AMPK. However, the underlying mechanism of this 
phenomenon remains unknown.

The present study has further demonstrated that 
the level of FAO in the failing heart is impaired but 
that AMPK may take part in adjusting FAO, which may 
be the main reason for “metabolic remodeling” in the 
failing heart, being provoked by HF and exacerbating 
HF in turn. The above effects of Gs-Rb1 on HF, from the 
FAO-related enzymes to ATP content, suggest that FAO 
function may be improved by Gs-Rb1 in the failing heart. 
The synergistic studies, along with Ara A and Aicar, 
revealed that the FAO effects of Gs-Rb1 at least partly 
depended on AMPK activity. However, we predict that 
other additional mechanisms exist that allow for Gs-Rb1 
maintenance of myocardial FAO rates independent from 
the AMPK signal. 

Conclusion
According to the findings of the present study, 

especially the results in which the effects of Gs-Rb1 
improve HF significantly accompanied by a significant 
increase in PCr, ADP, ATP, PCr/ATP ratio, free carnitine, 
malonyl-CoA, both mRNA and activity of Cpt, MCAD, and 
ACSL, and a significant decrease of the ADP/ATP ratio 
in left ventricular myocardium, and all those effects 
were almost abolished by Ara A and were not further 
improved by Aicar, we suggest that the capacities of Gs-
Rb1 adjusting myocardial FAO in the failing heart play 
a key role in its effects on improving HF, and all those 
may be mediated via activating AMPK pathway. So Gs-
Rb1 could be suspected as one of potential HF drug 
treatments, but further studies on this particular topic 
are essential. 

Acknowlegment
This work was supported by Science and Technique 

Foundation of Liaoning Province (no.2015020282), 
and by Shenyang Innovation Foundation of Science and 
Technology-the Application Projects of Basic Research 
(F15-199-1-06), China.

References
1. Ingwall JS. Is cardiac failure a consequence of decreased 
energy reserve? Circulation. 1993; 87(suppl VII): 58–62.
2. Katz AM. Is the failing heart energy depleted? Cardiol Clin. 
1998;16:633-644.  
3. Doenst T, Abel ED. Spotlight on metabolic remodelling in 
heart failure. Cardiovasc Res. 2011;90:191-193. 

4. Neubauer S, Horn M, Cramer M, Harre K, Newell JB, Peters W, 
et al. Myocardial phosphocreatine-to-ATP ratio is a predictor of 
mortality in patients with dilated cardiomyopathy. Circulation. 
1997;96:2190-2196.
5. Van Bilsen M, van Nieuwenhoven FA, van der Vusse GJ. 
Metabolic remodelling of the failing heart: Beneficial or 
detrimental? Cardiovasc Res. 2009;81:420-428.
6. Van Bilsen M, Smeets PJ, Gilde AJ, van der Vusse GJ. 
Metabolic remodelling of the failing heart: The cardiac burn-
out syndrome? Cardiovasc Res. 2004;61:218-226.
7. Gupta A, Akki A, Wang Y, Leppo MK, Chacko VP, Foster DB, 
et al. Creatine kinase-mediated improvement of function in 
failing mouse hearts provides causal evidence the failing heart 
is energy starved. J Clin Investig. 2012;122:291-302.
8. Neubauer S. The failing heart-An engine out of fuel. N Engl J 
Med. 2007;356:1140-1151.
9. Ventura-Clapier R, Garnier A, Veksler V. Energy metabolism 
in heart failure. J Physiol. 2004;555:1-13. 
10. Stanley WC, Recchia FA, Lopaschuk GD. Myocardial 
substrate metabolism in the normal and failing heart. Physiol 
Rev. 2005;85:1093-1129. 
11. Ingwall J S, Weiss R G. Is the failing heart energy starved? 
On using chemical energy to support cardiac function. Circ 
Res. 2004;95:135-145. 
12.  Zhang M, Shah A M. Role of reactive oxygen species in 
myocardial remodeling. Curr Heart Fail Rep. 2007;4:26-30.
13. Leong HS, Brownsey RW, Kulpa JE, Allard MF. Glycolysis 
and pyruvate oxidation in cardiac hypertrophy--why so 
unbalanced? Comp Biochem Physiol A Mol Integr Physiol. 
2003;135:499-513.
14. Kong HL, Wang JP, Li ZQ, Zhao SM, Dong J, Zhang WW. 
Anti-hypoxic effect of ginsenoside Rbl on neonatal rat 
cardiomyocytes is mediated through the specific activation of 
glucose transporter-4 ex vivo. Acta Pharmacol Sin (Chin) 2009; 
30: 396-403. 
15. Zhao H, Lv D, Zhang W, Dong W, Feng J, Xiang Z, et al. 
Ginsenoside-Rb1 attenuates dilated cardiomyopathy in 
cT.nT(R141W) transgenic mouse. J Pharmacol Sci. 2010; 
112:214-222.
16. Kong HL, Li ZQ, Zhao YJ, Zhao SM, Zhu L, Li T, et al. 
Ginsenoside Rb1 protects cardiomyocytes against CoCl2-
induced apoptosis in neonatal rats by inhibiting mitochondria 
permeability transition pore opening. Acta Pharmacol Sin 
(Chin). 2010; 31:687-695.
17. Jiang QS, Huang XN, Yang GZ, Jiang XY, Zhou QX. Inhibitory 
effect of ginsenoside Rb1 on calcineurin signal pathway in 
cardiomyocyte hypertrophy induced by prostaglandin F2-
alpha.Acta Pharmacol Sin (Chin). 2007; 28:1149-1154.
18. Kong HL, Li ZQ, Zhao SM, Yuan L, Miao ZL, Liu Y, et al. 
Apelin-APJ effects of Ginsenoside-Rb1 depending on hypoxia-
induced factor 1a in hypoxia neonatal cardiomyocytes. Chin J 
Integr Med. 2015;21:139-146.
19. Hongliang KONG, Aijie HOU,Shumei ZHAO, Lijie CUI. 
Suppressing local inflammatory effect of ginsenoside Rb1 in 
adriamycin-induced cardiomyocyte injury. Lat Am J Pharm. 
2016;35: 1966-1975.
20. Kong H, Hou A, Chen X, Shi Y, Zhao H. Improving effects 
of ginsenoside Rb1 on glucose metabolism in cardiomyocytes 
under hypoxia by hypoxia-inducible factor 1α. Chinese Chin J 
Pathophysiol2016; 32: 1621-1626.
21. Soukoulis V, Dihu JB, Sole M, et al. Micronutrient 
deficiencies an unmet need in heart failure. J Am Coll Cardiol. 
2009;54:1660-1673.
22. Kong HL, Li ZQ, Zhao SM, Zhu L, Zhao YJ, Zhang WW. et al. 



737Iran J Basic Med Sci, Vol. 21, No. 7, Jul 2018

Ginsenoside Rb1 β-oxidation in failing heart Kong et al.

Cardiac autonomic nerve fiber regeneration in chromic heart 
failure: do Akt gene-transduced mesenchymal stem cells 
promote repair. NRR. 2010; 5:28-34.
23. Binbing Ling, Caroline Aziz, Chris Wojnarowicz, Andrew 
Olkowski, Jane Alcorn. Timing and duration of drug exposure 
affects outcomes of a drug-nutrient interaction during 
ontogeny. Pharmaceutics 2010; 2: 321-338.
24. Osorio JC, Stanley WC, Linke A, Castellari M, Diep QN, 
Panchal AR, et al. Impaired myocardial fatty acid oxidation and 
reduced protein expression of retinoid X receptor-alpha in 
pacing-induced heart failure. Circulation.2002; 106: 606–612.
25. Trisha J Grevengoed, Sarah A Martin, Lalage Katunga, Daniel 
E Cooper, Ethan J Anderson, Robert C Murphy, et al. Acyl-CoA 
synthetase 1 deficiency alters cardiolipin species and impairs 
mitochondrial function. J Lipid Res. 2015; 56: 1572–1582.
26. Towler MC, Hardie DG. AMP‐activated protein kinase in 
metabolic control and insulin signaling. Circ Res. 2007; 100: 
328-341.
27. Juric D, Wojciechowski P, Das DK, Netticadan T. Prevention 
of concentric hypertrophy and diastolic impairment in aortic-
banded rats treated with resveratrol. Am J Physiol Heart Circ 
Physiol. 2007; 292:H2138-2143.
28. Neubauer S, Horn M, Cramer M, Harre K, Newell JB, 
Peters W, et al. Myocardial phosphocreatine-to-ATP ratio is a 
predictor of mortality in patients with dilated cardiomyopathy. 
Circulation. 1997;96:2190–2196.
29. Weiss RG, Bottomley PA, Hardy CJ, Gerstenblith G. Regional 
myocardial metabolism of high-energy phosphates during 
isometric exercise in patients with coronary artery disease. N 
Engl J Med. 1990;323: 1593-1600.
30. Beer M, Seyfarth T, Sandstede J, Landschutz W, Lipke 
C, Kostler H, et al. Absolute concentrations of high-energy 
phosphate metabolites in normal, hypertrophied, and failing 
human myocardium measured noninvasively with 31P-SLOOP 
magnetic resonance spectroscopy. J Am Coll Cardiol. 
2002;40:1267-1274. 
31. Conway MA, Allis J, Ouwerkerk R, Niioka T, Rajagopalan B, 
Radda GK. Detection of low phosphocreatine to ATP ratio in 
failing hypertrophied human myocardium by 31P magnetic 
resonance spectroscopy. Lancet. 1991;338:973-976.
32. Tian R, Nascimben L, Kaddurah-Daouk R, Ingwall JS. 
Depletion of energy reserve via the creatine kinase reaction 
during the evolution of heart failure in cardiomyopathic 
hamsters. J Mol Cell Cardiol.1996;28:755-765.
33. Stefanovic-Racic M, Perdomo G, Mantell BS, Sipula IJ, 
Brown NF, O'Doherty RM. A moderate increase in carnitine 
palmitoyltransferase 1a activity is sufficient to substantially 
reduce hepatic triglyceride levels.Amer. J. Physiol. Endocrinol. 
Metab. 2008;294:E969–E977.
34. Arenas J, Rubio JC, Martin MA, Campos Y. Biological roles 
of L-carnitine in perinatal metabolism. Early Hum. Dev. 
1998;53:S43–S50.
35. Paulson D.J. Carnitine deficiency-induced cardiomyopathy. 
Mol. Cell. Biochem. 1998;180:33–41.
36. Cederbaum SD, Koo-McCoy S, Tein I, Hsu BY, Ganguly A, 
Vilain E, et al. Carnitine membrane transporter deficiency: 
a long-term follow up and OCTN2 mutation in the first 

documented case of primary carnitine deficiency. Mol Genet 
Metab 2002;77:195–201.
37. Amat di San Filippo C, Taylor MR, Mestroni L, Botto LD, 
Longo N. Cardiomyopathy and carnitine deficiency. Mol Genet 
Metab 2008;94:162–166.
38. Dolinsky VW, Dyck JR. Role of AMP-activated protein kinase 
in healthy and diseased hearts. Am J Physiol Heart Circ Physiol. 
2006;291:H2557–H2569.
39. Dyck JR, Cheng JF, Stanley WC, Barr R, Chandler MP, Brown 
S, et al. Malonyl coenzyme a decarboxylase inhibition protects 
the ischemic heart by inhibiting fatty acid oxidation and 
stimulating glucose oxidation. Circ Res. 2004;94:e78–e84.
40. Dyck JR, Hopkins TA, Bonnet S, Michelakis ED, Young 
ME, Watanabe M, et al. Absence of malonyl coenzyme A 
decarboxylase in mice increases cardiac glucose oxidation 
and protects the heart from ischemic injury. Circulation. 
2006;114:1721–1728.
41. Beshay NM Zordoky, Jeevan Nagendran, Thomas 
Pulinilkunnil, Petra C Kienesberger, Grant Masson, Terri J 
Waller, et al. AMPK-dependent inhibitory phosphorylation 
of ACC is not essential for maintaining myocardial fatty acid 
oxidation. Circ Res 2014;115:518-524.
42. Lei B, Lionetti V, Young ME, Chandler MP, d' Agostino C, Kang 
E, et al. Paradoxical downregulation of the glucose oxidation 
pathway despite enhanced flux in severe heart failure. J Mol 
Cell Cardiol. 2004;36: 567–576.   
43. Sack MN, Rader TA, Park S, Bastin J, McCune SA, Kelly DP. 
Fatty acid oxidation enzyme gene expression is downregulated 
in the failing heart. Circulation. 1996;94: 2837–2842. 
44. Martin MA, Gomez MA, Guillen F, Bornstein B, Campos 
Y, Rubio JC, et al. Myocardial carnitine and carnitine 
palmitoyltransferase deficiencies in patients with severe heart 
failure. Biochim Biophys Acta. 2000;1502: 330–336.
45. Neglia D, De Caterina A, Marraccini P, Natali A, Ciardetti 
M, Vecoli C, et al. Impaired myocardial metabolic reserve and 
substrate selection flexibility during stress in patients with 
idiopathic dilated cardiomyopathy. Am J Physiol Heart Circ 
Physiol. 2007;293: H3270–3278. 
46. Yazaki Y, Isobe M, Takahashi W, Kitabayashi H, Nishiyama 
O, Sekiguchi M, et al. Assessment of myocardial fatty acid 
metabolic abnormalities in patients with idiopathic dilated 
cardiomyopathy using 123I BMIPP SPECT: correlation 
with clinicopathological findings and clinical course. Heart. 
1999;81: 153–159.
47. Marie A. Schroeder,  Angus Z Lau, Albert P Chen, Yiping 
Gu, Jeevan Nagendran, et al. Hyperpolarized 13C magnetic 
resonance reveals early- and late-onset changes to in vivo 
pyruvate metabolism in the failing heart. Eur J Heart Fail. 
2013; 15: 130–140.
48. Lionetti V, Linke A, Chandler MP, Young ME, Penn MS, Gupte 
S, et al. Carnitine palmitoyl transferase-I inhibition prevents 
ventricular remodeling and delays decompensation in pacing-
induced heart failure. Cardiovasc Res. 2005;66: 274–281.
49. Heather LC, Cole MA, Lygate CA, Evans RD, Stuckey DJ, 
Murray AJ, et al. Fatty acid transporter levels and palmitate 
oxidation rate correlate with ejection fraction in the infarcted 
rat heart. Cardiovasc Res. 2006; 72: 430-437.


	bookmark0
	OLE_LINK82
	OLE_LINK83
	OLE_LINK128
	OLE_LINK127
	_GoBack
	OLE_LINK20
	OLE_LINK22
	OLE_LINK10
	OLE_LINK11
	OLE_LINK15
	OLE_LINK9
	OLE_LINK17
	OLE_LINK18
	OLE_LINK14
	OLE_LINK7
	OLE_LINK16
	OLE_LINK47
	OLE_LINK46

