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Abstract 

Purpose: To investigate the cardioprotective action of astaxanthin, and to elucidate its underlying 
mechanism of action in H9c2 cells. 
Methods: Cell viability was determined by MTT assay. Intracellular reactive oxygen species (ROS) 
were evaluated using 2, 7-dichlorodihydro-fluorescein diacetate (H2DCFDA) staining. Cell apoptosis 
were assessed by determining caspase activities using colorimetric assay. The apoptotic cells were 
labelled with annexin V/PI staining and quantified by flow cytometry. Involvement of Akt signaling 
pathway was verified using western blot.  
Results: The results revealed that astaxanthin (5 and 10 μM) dose-dependently reversed high glucose-
induced cell viability loss in H9c2 cells (p < 0.01 and p < 0.001, respectively). Astaxanthin inhibited 
intracellular ROS production, decreased caspase 3 and caspase 9 activities in high glucose-challenged 
H9c2 cells in a concentration-related manner (p < 0.05). Besides, astaxanthin markedly inhibited the 
number of apoptotic H9c2 cells induced by high glucose. Furthermore, western blot analysis 
demonstrated that astaxanthin upregulated the activation of Akt signaling.  
Conclusion: Astaxanthin may protect high glucose induced diabetic cardiomyopathy via activation of 
Akt pathway, and thus deserves further investigation as a cardioprotective agent.  
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INTRODUCTION 
 
Diabetic cardiomyopathy (DCM), characterized 
by myocardial disorder as well as systolic and 
diastolic dysfunction, has become a major public 
health issue. The presence of DCM is 
independent of recognized causes such as 
ischemic heart disorders or hypertension, but it 
can eventually result in heart failure and death 
[1]. Oxidative stress, chronic inflammation and 

high glucose intake are main risk factors for DCM 
[1]. Hyperglycemia is indeed a major mediator of 
cardiomyopathy through induction of a series of 
secondary transducers such as reactive oxygen 
species (ROS) [1]. Unwarranted ROS cause 
damage to genes and proteins that ultimately 
lead to cell apoptosis [2-4]. Oxidative stress is 
demonstrated to contribute to the initiation and 
progression of DCM [5]. Targeting ROS signaling 
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may represent a possible strategy for preventing 
and treating DCM [2-4]. 
 
Astaxanthin is a carotenoid which exist in a wide 
variety of living organisms like krill, salmon, algae 
and flamingo [2]. Astaxanthin exhibits diverse 
pharmacological activities such as antioxidant, 
anti-inflammation, anti-hypertension and anti-
hyperglycemia, etc [2-4]. Up to date, astaxanthin 
has been demonstrated to show a potential role 
in treating retinal damage and cognitive decline 
[5, 6]. More importantly, astaxanthin could 
reduce glucose tolerance, increase serum insulin 
level and decrease blood glucose level in T2DM 
mouse model [7]. However, the cardioprotective 
role of astaxanthin has not been well addressed. 
Therefore, the primary purpose of this study was 
to verify the action of astaxanthin in high 
glucose-treated H9c2 cardiomyoblasts, and to 
elucidate the underlying mechanism using 
numerous assays. 
 

 
 
Figure 1: Chemical structure of astaxanthin 
 
EXPERIMENTAL 
 
Cell culture 
 
Rat H9c2 cardiomyoblasts (ATCC, Manassas, 
USA) were maintained in Dulbecco’s modified 
Eagle’s medium (DMEM supplement with 2 
mM/L glutamine and 5.5 mM glucose, Gibco, 
USA) containing 10 % (v/v) fetal bovine serum 
(FBS) and 1% (v/v) antibiotics (penicillin-
streptomycin). The cells were cultured in 5 % 
CO2 at 37 oC. Astaxanthin was obtained from 
Sigma-Aldrich (Missouri, USA) and dissolved in 
dimethyl sulfoxide (DMSO). In all treatments, 
DMSO concentrations were no more than 0.1 %.  
 
Cell viability studies 
 
Briefly, H9c2 cells were cultured overnight in a 
96-well plate (6000 cells/well) at 5 % CO2, 37 oC. 
The cells were pretreated with astaxanthin (0 - 
10 μM) for 2 h before culturing with high D-
glucose (HG, 33 mM) for 48 h. MTT solution (5 
mg/mL in fresh medium) was then added into the 
wells. After another 3 h incubation, the cultured 
supernatant was replaced with 100 μL DMSO. 
Optical density was detected at 540 nm using 
BioTek microplate reader (USA). 
 

Determination of intracellular ROS production  
 
Intracellular ROS were detected with the 
fluorescent ROS probe, 2’, 7’-dichlorodihydro-
fluorescein diacetate (H2DCFDA) under the 
manufacturer’s instruction (Invitrogen, USA). In 
brief, after appropriate treatments, H9c2 cells 
were incubated with H2DCFDA solution (10 μM) 
for 30 min at 37 oC in the dark. The cells were 
rinsed with PBS to remove extra fluorescent dye. 
Fluorescence intensities at 495 nm (excitation) 
and 529 nm (emission) were recorded with 
Fluoroskan Ascent FL fluorometer (Thermo, 
USA). The fold changes in ROS level were 
calculated by comparing to that of the control 
group. 
 
Evaluation of caspase activities 
 
Caspase-3 and -9 Colorimetric Assay Kits 
(Abcam, UK) were used to determine caspase 
activities following the manufacturer’s 
instructions. After appropriate treatment, H9c2 
cells were collected and lysed with lysis buffer for 
10 min on ice. Proteins (50 µg) of each sample 
was added into a 96-well plate. Then 50 µL 
reaction buffer (supplement with 10 mM 
dithiothreitol) and 5 µL caspase specific 
substrates were added to each well. The reaction 
was performed for 1.5 h at 37 oC in the dark. 
Absorbance at 405 nm was detected using 
BioTek microplate reader.  
 
Cell apoptosis detection 
 
Apoptotic cells was stained with Annexin V 
labeling kit (Roche, Swiss) following the 
manufacturer’s instructions. After appropriate 
treatments, the cells were collected by 
centrifugation and re-suspended in 100 μL 
Annexin V labeling solution for 15 min at room 
temperature in the dark. Data from 20,000 cells 
were collected and analyzed using flow 
cytometer (BD FACS Canto, USA). 
 
Western blot 
 
H92c cells were collected with 
radioimmunoprecipitation (RIPA) buffer. After 
lysis on ice for 30 min, the proteins were 
obtained by centrifugation. Proteins (20 µg) of 
each treatment group were loaded onto a 10% 
resolving SDS-PAGE gel. The electrophoretically 
developed proteins were transferred onto a 
PVDF membrane.  Primary antibodies against 
phospho-Akt and Akt (Cell Signaling Technology, 
USA) were added to membrane and maintained 
overnight at 4 oC. After removing extra primary 
antibodies with washing buffer, the membrane 
was then incubated with appropriate secondary 
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antibodies for 2 h at room temperature. After 
removing the unbound secondary antibodies with 
washing buffer, the protein bands were detected 
and visualized using chemiluminescence ECL 
staining. Protein levels were normalized to β-
actin, the internal control. 
 
Statistical analysis 
 
All results are presented as mean ± the standard 
deviation (SD). One-way ANOVA followed by 
Bonferroni test was employed to analyze 
statistical differences between each group using 
Graphpad Prism 5 software. In all comparisons, 
p < 0.05 was considered statistically significant.  
 
RESULTS 
 
Astaxanthin prevented HG-induced 
cardiomyocyte cell death 
 
As shown in Figure 2 A, astaxanthin alone at 10 
μM did not affect H9c2 cell viability. High glucose 
(33 mM) markedly reduced viable H9c2 cell 
counts compared with the blank control group 
(Figure 2B). In the meantime, astaxanthin at 5 
and 10 μM significantly increased cell viability to 
78.9 ± 8.0 % and 83.1 ± 9.0 %, respectively, 
compared to HG alone group (64.5 ± 5.2 %). 
These results indicated that astaxanthin showed 
great potential in protecting cardiomyocytes 
against high glucose-caused cell death. 
 

 
 
Figure 2: Preventive effects of astaxanthin against 
HG-casued cardiomyocytes cell death. Astaxanthin 
alone did not show cytotoxicity on H9c2 cells (A). 
Astaxanthin at 5 and 10 μM significantly prevented 
high glucose induced H9c2 cell death (B). Results are 
represented as mean ± SD (n = 3); ***p < 0.001 vs. 
control; #p < 0.05, ###p < 0.001 vs. HG group 

 
Astaxanthin decreased HG-initiated 
intracellular ROS production 
 
As indicated in Figure 3, 33 mM glucose 
significantly induced ROS generation in H9c2 
cells by about 3.7 folds as compared with control 
group. Astaxanthin dose-dependently decreased 
ROS level, especially after treatment at 5 and 10 
μM. 
 

 
 
Figure 3: Effect of astaxanthin on HG-induced ROS 
production. Intracellular ROS levels were measured 
using ROS specific fluorescent probe H2DCFDA. The 
fold changes in ROS level were calculated by 
comparing to that of the control group. Results were 
indicated as mean ± SD (n = 3); ***p < 0.001 vs. 
control; ###p < 0.001 vs. HG group 
 
Astaxanthin reduced caspase activities in 
H9c2 cells 
Caspase enzymes are important proteins 
regulating cell apoptotic progression, so 
caspase-3 and -9 activities were measured to 
evaluate the effects of astaxanthin on HG 
induced cardiomyocytes apoptosis. Compared to 
control group, caspase-3 and -9 activities 
increased 2.1- and 2.5-fold, respectively, upon 
high glucose stimulation (Figure 4). Pre-
treatment with astaxanthin at 5 and 10 μM 
significant inhibited high glucose induced 
caspase-3 and -9 activities. 
 

 
 
Figure 4: Effect of astaxanthin on caspase activities. 
Caspase-3 (A) and -9 (B) activities were determined 
using colorimetric kits. Fold-changes in absorbance 
density were represented as caspase activity 
compared to that of control group. Results are 
indicated as mean ± SD (n = 3); ***p < 0.001 vs. 
control; #p < 0.05 and ##p < 0.01 vs. HG group 
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Astaxanthin inhibited HG-induced cell 
apoptosis 
 
As shown in Figure 5, exposure to high glucose 
significantly increased early apoptotic cells (12.2 
± 2.0 % vs. 3.6 ± 0.6 %). Astaxanthin pre-
treatment at 10 μM markedly decreased the 
portion of apoptotic cells to 7.5 ± 1.8%. These 
results implied that astaxanthin showed 
protective effects against HG mediated 
cardiomyoblasts cell apoptosis. 
 

 
 
Figure 5: Effect of astaxanthin on HG-mediated 
cardiomyocytes apoptosis. Cells with Annexin V+PI- 
represents the early apoptotic cells in flow cytometric 
analysis. Results are indicated as mean ± SD (n = 3); 
***p < 0.001 vs. control; #p < 0.05 vs. HG group 
 
Astaxanthin-activated Akt signaling 
 
To investigate intracellular signaling pathway 
involved in the protective actions of astaxanthin 
on HG-mediated cell apoptosis, both 
phosphorylated and total Akt proteins were 
detected and analyzed by western blot. There 
were no obvious changes regarding total Akt 
proteins between each group (Figure 6). The 
phosphorylation of Akt was significantly inhibited 
by HG treatment, which was significantly 
reversed by astaxanthin pretreatment in 
concentration-related way. These results 
demonstrated that astaxanthin protects against 
HG-induced cardiomyocytes apoptosis through 
activation of Akt signaling. 
 
DISCUSSION 
 
In the present study, astaxanthin was 
demonstrate to protect cardiomyocytes against 
high glucose-induced damage via inhibition of 
ROS generation and cell apoptosis. The 
beneficial effects of astaxanthin were mediated 
via activating Akt signaling. Diabetes mellitus 
contributes to the pathogenesis of various 
cardiovascular disorders known as the most 
common causes of mortality worldwide [8]. 
 

 
 
Figure 6: Astaxanthin activated Akt signaling in HG-
treated cardiomyocytes. Primary antibodies against 
phospho-Akt and Akt were used in this study. The 
protein levels was quantified by densitometry using 
ImageJ software. Results were indicated as mean ± 
SD (n =4); *p < 0.05 vs. control; #p < 0.05 vs. HG 
group 
 
It is reported that DCM affects approximately 12 
% diabetic patients and increases the risk of 
death [9]. Getting a better understanding of the 
progression of DCM will undoubtedly contribute 
to the development of more effective treatments. 
 
Hyperglycemia and lipotoxicity are the major 
metabolic disturbances contributing to the 
pathogenesis of DCM. Excessive ROS 
generation in hyperglycemic tissues causes 
adverse functional and structural changes in 
heart [10]. Oxidative stress induces excess 
production of mitochondrial superoxide radical 
followed by several other reactive species which 
are not counter-balanced by the innate 
antioxidant defense system [11]. The superoxide 
radicals interact with other intracellular 
components including nitric oxide, leading to 
form nitrotyrosine species, which are upregulated 
in myocardial biopsies of T2DM patients [12,13].  
 
These reactive molecules lead to cardiomyocyte 
cell apoptosis, as well as some abnormal gene 
expression related to signal transduction [14,15]. 
Targeting oxidative stress related signaling 
pathways is a feasible strategy to prevent and 
treat DCM [13,16]. Multiple anti-oxidative drugs 
such as thioredoxin 2 and myricitrin showed 
great potential in preventing DCM through 
inhibition of oxidative stress [17]. In the present 
study, ROS was overproduced in high glucose 
stimulated cardiomyocyte, whilst astaxanthin was 
found to reduce the level of ROS (Figure 3), 
indicating astaxanthin deserves to be further 
studied as a drug for treating DCM. 
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Apoptosis of cardiomyocyte contributes to 
cardiac remodeling and heart failure during the 
progress of DCM [17]. Emerging evidences 
demonstrate that high glucose activates NADPH 
oxidase which causes ROS production. Reactive 
oxygen species triggers cell apoptosis through 
intrinsic mitochondrial pathway. Activation of the 
initiator caspase 9 and following e�ector 
caspases 3 is functioned as executors to 
downstream molecular activities, leading to cell 
apoptosis. In this study, caspase-3 and -9 
activities were markedly upregulated upon high 
glucose treatment, which were consistent with 
the previous reports [10]. Moreover, astaxanthin 
was demonstrated to suppress the activities of 
these two apoptosis-related enzymes. In 
addition, astaxanthin treatment significantly 
reduced the percentages of early apoptotic cells 
in high glucose treated H9c2 cells, suggesting 
astaxanthin is an effective anti-apoptosis drug.  
Dysregulation of intracellular molecules 
participates in the pathogenesis of DCM, 
including Akt and extracellular signal-regulated 
kinase 1 (ERK1) [10]. Defective 
phosphatidylinositol 3-kinase (PI3K)-Akt pathway 
has been observed in diabetes. It is necessary to 
upregulate the critical level of Akt 
phosphorylation to protect diabetic myocardium 
[18]. Phosphorylation of Akt modulates cell 
survival in part via inhibition of pro-apoptotic 
signals like Bad, Bax. Activation of Akt signaling 
can suppress apoptosis signal-regulating kinase 
1 (ASK1) activity, finally inhibit apoptosis [19]. 
Furthermore, elevated pAkt was observed in 
diabetic hearts of transgenic mice which 
constitutively expressed active PI3K, indicating 
PI3K/Akt is likely to participate in protection of 
diabetic cardiac injury [9]. 
 
Various molecules such as Annexin A1 and 
carbamylated erythropoietin have been shown to 
attenuate cardiomyopathy through activation of 
Akt signaling in diabetes [20,21]. In the current 
study, western blotting data which were used to 
assess the expression and phosphorylation of 
Akt protein suggest that activation of Akt 
signaling was inhibited in high glucose-mediated 
cardiomyocyte apoptosis and was recovered by 
astaxanthin treatment. 
 
Astaxanthin is a natural carotenoid found in 
many types of marine organisms and some fungi 
such as Phaffia rhodozyma [18]. Astaxanthin 
exhibits numerous biological activities including 
antioxidant, anti-inflammation, anti-hypertension, 
anti-hyperglycemia as well as neuroprotective 
effect [22,23]. The efficacy of astaxanthin as an 
antioxidant drug was comparable to classic 
vitamin C and other carotenoids like β-carotene 
in vitro. In the present study, astaxanthin was 

firstly demonstrated to protect cardiomyocytes 
through inhibition of ROS induced apoptosis. 
More in vivo studies and clinical trials are 
warranted to further demonstrate the application 
of astaxanthin in treating diabetic 
cardiomyopathy. 
 
CONCLUSION 
 
The findings of the current study indicate that 
astaxanthin protects cardiomyocytes against high 
glucose-induced apoptosis by reducing ROS 
generation, and activating Akt pathway. 
However, in vivo studies should be undertaken to 
further develop astaxanthin as a potential 
medicine for preventing diabetic cardiomyopathy. 
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