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A B S T R A C T   

Sepsis-induced cardiac injury is associated with oxidative stress and mitochondrial dysfunction. 
Docosahexaenoic acid (DHA), an essential omega-3 fatty acid, protects the injured myocardium 
by modulating mitochondrial dysfunction. We aimed to confirm whether the cardioprotective 
effect of DHA is mediated via the alleviation of mitochondrial fragmentation in lipopolysaccha-
ride (LPS)-induced cardiomyopathy in vitro. We found that DHA improved cell viability and 
alleviated cardiac cell apoptosis by reducing lactate dehydrogenase (LDH) release, expression 
levels of Cleaved caspase-3, and Caspase 3 activity. DHA attenuated oxidative stress as evidenced 
by decreased ROS production and increased superoxide dismutase activity. In addition, DHA 
ameliorated mitochondrial dysfunction by modulating mitochondrial respiratory chain injury and 
mitochondrial fragmentation, especially decreasing the mitochondrial fission-related protein p- 
Drp1(ser 616) but no effects on Drp1, p-Drp1(ser 637), and mitochondrial fusion-related protein. 
Our data suggest that DHA conferred cardioprotection by alleviating oxidative stress-induced 
apoptosis, which may be associated with alleviation of stress-induced mitochondrial 
fragmentation.   

1. Introduction 

Sepsis, a clinical condition characterized by critical organ dysfunction caused by an uncontrolled host response to infection, is 
associated with high mortality (28%–40 %), and sepsis-related organ dysfunction is still a leading cause of death in the intensive care 
unit (ICU) [1,2]. During the progression of sepsis-induced multi-organ dysfunction syndrome, the occurrence of septic cardiomyopathy 
is associated with increased morbidity and mortality. The fatality rate of sepsis combined with myocardial damage is much higher than 
that of sepsis without myocardial damage (70 % versus 20 %); hence, treatment of myocardial damage can improve the prognosis of 
sepsis [3]. 

Septic cardiomyopathy has a complex pathogenesis in which mitochondria dysfunction is believed to play a crucial role [4–7]. 
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Mitochondria are essential organelles contributing to several intracellular pathways. Mitochondrial dysfunction has been shown to 
contribute to oxidative stress and apoptosis in various heart diseases [8]. Furthermore, disequilibrium of mitochondrial dynamics, 
including mitochondrial fission and fusion, has been shown to play a key role in mitochondrial dysfunction [9,10]. Thus, a substance 
that can improve mitochondrial disequilibrium may be useful for the treatment of sepsis combined with myocardial damage. 

Docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) are omega-3 fatty acids (also called ω-3 FAs) [11–13]. Studies have 
shown that DHA has a variety of physiological functions, including anti-inflammatory, antioxidant, anti-atherosclerosis properties and 
mitochondria is a target of intracellular DHA [14,15]. However, whether DHA has a protective effect against cardiac impairment 
remains unclear [16,17]. Thus, in this study, we investigated whether DHA can alleviate oxidative stress-induced apoptosis in HL-1 
cardiomyocytes by alleviating mitochondrial dysfunction, particularly mitochondrial fragmentation. 

2. Materials and methods 

2.1. Cell culture 

HL-1 cells are an immortalized mouse atrial cardiomyocyte tumor lineage with some characteristics of adult mouse car-
diomyocytes, which were cultured at 37 ◦C in an atmosphere of air supplemented with 5 % CO2 in Claycomb medium (Sigma, 51800C) 
supplemented with 10 % fetal bovine serum (Gibco, Origin: Australia), 2 m ML-glutamine, 0.1 mM noradrenaline, 1 % penicillin/ 
streptomycin [18,19]. HL-1 cells were purchased from Warner Bio Co., Ltd(Wuhan, China). The experiments were not performed until 
cells were cultured about 24 h to achieve 60–70 % confluence. The experimental groups were divided into as follows: (1) Control 
group: the HL-1 cells were incubated without DHA and LPS, (2) DHA group：the HL-1 cells were incubated with DHA (Sigma, D2534) 
diluted with absolute ethanol at a dose of 100 μM for 24h, (3) LPS group: the HL-1 cells were subjected to LPS (1 μg/ml) from E. 
coli0111:B4 (Sigma, L4391) treated for 24h, (4) DHA + LPS group: HL-1 cells were pretreated with DHA(100 μM) for 24h before being 
subjected to LPS (1 μg/ml) treatment for 24h. 

2.2. Measurement of cell viability and lactate Dehydrogenase(LDH) 

The methyl thiazolyl tetrazolium (MTT) cell proliferation assay kit (Nanjing jiancheng, China) was used to assess cell viability. 
Briefly, HL-1 cells were cultured at a density of 5000/well in 96-well plates. Media were replaced with 0.5 mg/mL MTT solution (20 
μL/well) and incubated for 4 h at 37 ◦C. DMSO (150 μL/well) was then added before measuring the absorbance at 490 nm with an 
enzyme-labeled instrument. Optical density (OD) was used as a unit of cell viability. Cell viability was calculated according to the 
manufacturer’s instructions: cell viability (%) = mean OD in test wells/mean OD in Control wells × 100 %. LDH Assay kit (Nanjing 
jiancheng, China) was used to quantify the LDH via the colorimetric method according to the manufacturer’s instructions. 

2.3. Measurement of oxidative stress 

A reactive oxygen species assay kit (Beyotime Biotechnology, China) was used to detect dichlorofluorescein (DCF). Briefly, the cells 
were incubated in serum-free medium (SFM) diluted with DCF-diacetate (DCF-DA, 1:1000). After washing with SFM three times, 
reactive oxygen species (ROS) content was measured using a fluorescence microscope. The superoxide dismutase (SOD) level was 
measured by hydroxylamine method using a SOD kit (Nanjing jiancheng, China) according to the manufacturer’s instructions. 

2.4. Mitochondrial membrane potential 

Mitochondrial membrane potential was assessed by JC-1 mitochondrial membrane potential assay kit (Beyotime Biotechnology, 
China). HL-1 cells were stained with JC-1 for 20 min at 37 ◦C. The fluorescence intensity of the JC-1 monomers/aggregates (green 
fluorescence for monomer, red fluorescence for aggregate) were taken by fluorescence microscopy, according to the instructions of JC- 
1 assay kit. 

2.5. Caspase 3 activity assay 

Caspase 3 activity was assessed by an assay kit (Nanjing jiancheng, China). According to the manufacturer’s protocol, the cells were 
harvested and lysed with the lysis buffer for 30 min and then centrifuged for 5 min at 11,180 g, and 50 μL samples of supernatants were 
incubated with 50 μL of assay buffer including a specific caspase 3 substrate for 4 h at 37 ◦C. The activity of caspase 3 was measured via 
the absorbance at 405 nm in a microplate reader. 

2.6. Electron microscopy 

The HL-1 cells were harvested and fixed in 2 % paraformaldehyde and 0.1 % glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) at 
room temperature for 1h. After dehydration, cells were subsequently embedded in 100 % Eponate resin and left to harden. Ultrathin 
sections were stained with uranyl acetate and lead citrate and then viewed with an FEI Tecnai G2 12 model transmission electron 
microscope equipped with a charge coupled device (CCD) camera. For quantification of the average optical density and area of 
mitochondria, image analysis was randomly performed on mitochondria obtained from at least three experiments using Image-Pro 
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Plus 6.0. 

2.7. Super resolution microscopy 

Mitochondrial morphology was observed by immunofluorescence with Mitotracker Red (Yeasen Biotechnology, China). The cells 
in each group were incubated at a density of 4 × 104 cells/well using observation dishes. After 24-h incubation at 37 ◦C, the cell images 
were captured with super-resolution 3D-HISTECH. 

2.8. Assessment of mitochondrial morphology in the cells 

Mitochondrial volume and the number of mitochondria were analyzed and quantified. The Image J software was used to measure 
the roundness of mitochondria. The percentage of cells with fragmented mitochondria was determined. 

2.9. Western blot analysis 

The HL-1 cells were plated into six-well plates and treated with reagents based on the indicated experimental designs. After the 
indicated treatments, cells were washed three times with PBS and lysed in lysis buffer. The supernatant was harvested after centri-
fugation at 12,000 g at 4 ◦C for 10 min. The protein concentrations of cell extracts were determined using the BCA Protein Assay Kit. 
Equal amounts of protein were loaded on SDS-polyacrylamide gels for SDS-PAGE, followed by standard immunoblot analysis. The 
antibodies we used in Western blot as follows: NDUFA9 (1:1000 dilution, ABclonal China, #A3196), SDHB(1:1000 dilution, ABclonal 
China, #A10821), COX IV (1:1000 dilution, Cell Signaling Technology USA,#3E11), UQCRC2(1:1000 dilution, ABclonal China, 
#A4181), VDAC (1:1000 dilution, Cell Signaling Technology USA,#4661), OPA1 (1:1000 dilution, ABclonal China, #A9833), Mfn2 
(1:1000 dilution, ABclonal China, #A12771), Drp1 (1:1000 dilution, Cell Signaling Technology USA, #8570), p-Drp1 (Ser616) 
(1:1000 dilution, ABclonal China, #AP0849), p-Drp1 (Ser637) (1:1000 dilution, ABclonal China, #AP0812), cleaved caspase-3 
(1:1000 dilution, Cell Signaling Technology USA, #9664), β-actin (1:1000 dilution, antgene China, #ant322), and HRP Goat anti 
Rabbit igG (h + l) (1:3000 dilution, antgene China, #ant022).The grey value of the target band was analyzed using Image-Pro Plus 6.0. 

2.10. Statistical analysis 

All data are presented as mean ± SD. GraphPad Prism software package (San Diego, CA) was used for data statistical analysis. One- 
way analysis of variance (ANOVA) was performed to detect significant differences between groups, followed by a t-test corrected for 
multiple comparisons (Student-Newman-Keuls). The p values < 0.05 were considered statistically significant. 

Fig. 1. Effects of DHA on cell death in the LPS-induced HL-1 cardiac cells. A) Cell viability was scored by methyl thiazolyl tetrazolium (MTT) assay. 
B) LDH content in the cell supernatant was utilized as a surrogate for cell death and quantified using Cytotoxicity Detection Kit. C) Caspase 3 activity 
was used to analyze apoptosis. D) The expression level of Cleaved caspase-3 was assayed by Western blot. n = 3 independent experiments. *P<0.05, 
**P<0.01, compared with the control group; #P<0.05, ##P<0.01compared with the LPS group. 
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3. Results 

3.1. DHA protects HL-1 cardiac cells against LPS-induced injury 

As shown in Fig. 1A, a marked decrease in cell viability was observed after treatment with LPS alone (p < 0.01), while DHA 
pretreatment increased the cell viability (p < 0.05). As shown in Fig. 1B, DHA pretreatment significantly reduced the level of LDH in 
comparison with the LPS group (p < 0.05). The results of the caspase 3 activity and the protein expression of Cleaved caspase 3 showed 
that DHA pretreatment decreased the apoptotic rate of HL-1 cells in comparison with the LPS group (p < 0.05, Fig. 1C and D). These 
results indicated that DHA pretreatment protected HL-1 cardiac cells against LPS-induced injury in the in vitro sepsis model. 

3.2. DHA attenuates reactive oxygen species production in LPS-induced HL-1 cells 

The results showed that LPS markedly increased the production of ROS (p < 0.01), while DHA pretreatment decreased these effects 
(p < 0.01) (Fig. 2A and B). Additionally, analysis of the level of SOD activity showed that DHA is an effective antioxidant in car-
diomyocytes. As shown in Fig. 2C, LPS significantly decreased the level of SOD activity in HL-1 cells (p < 0.01), while DHA pre-
treatment reversed this effect (p < 0.05). These results indicated a protective effect of DHA against oxidative stress in LPS-induced HL-1 
cardiac cells. 

3.3. DHA inhibits LPS-induced mitochondrial damage in HL-1 cells 

Transmission electron microscopy of HL-1 cells revealed no structural abnormality in the mitochondria in the control group and 
DHA pretreatment group. However, signs of mitochondrial damage such as mitochondrial swelling with loss of cristae and tubules 
were observed after treatment with LPS alone, while DHA pretreatment decreased the mitochondrial damage (Fig. 3A). DHA pre-
treatment significantly reduced the percentage of JC-1 monomeric cells induced by LPS (Fig. 3B). As shown in Fig. 4A and B, LPS 
treatment significantly increased the mitochondrial fragmentation (p < 0.01), which was reversed by DHA pretreatment (p < 0.01). We 
also assessed the effect of DHA on the expression of mitochondrial respiratory chain-associated proteins. Compared with the control 
group, LPS induced mitochondrial damage, down-regulated the membrane potential and the expression of NDUFA9, SDHB, and COX 
IV (p < 0.01, Fig. 5A, B and 5D), but did not affect the expression of UQCRC2 (p > 0.05, Fig. 5C). However, compared with the LPS 
group, the mitochondrial damage was attenuated and the expressions of NDUFA9, SDHB, and COX IV were increased in the DHA + LPS 
group (p < 0.01, p < 0.05), but no significant difference was detected in UQCRC2 (p > 0.05). These results indicate a protective effect of 
DHA on LPS-induced mitochondrial damage in HL-1 cardiac cells. 

3.4. DHA improved mitochondrial dynamics-related dysfunction in LPS-induced HL-1 cells 

The Western blots of mitochondrial fusion proteins showed no significant difference between any of the groups with respect to 
expression of Optic Atrophy 1 (Opa1) and Mitofusin 2 (Mfn2) proteins (p > 0.05, Fig. 6A, C and 6D). However, compared with the 

Fig. 2. Effects of DHA on ROS production in the LPS-induced HL-1 cardiac cells. A) DCFH-DA was used to detect cytoplasmic H2O2 by fluorescence 
microscopy. B) DHA mitigated LPS-induced ROS production. n=6 independent experiments. C) DHA increased the level of SOD activity in LPS- 
induced HL-1 cells. n=3 independent experiments. **P<0.01, compared with the control group; #P<0.05, ##P<0.01compared with the LPS group. 
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control group, the LPS group showed an increasing level of mitochondrial fission proteins p-Drp1(ser 616) (p < 0.01, Fig. 6B and E) but 
showed no changes in Drp1 and p-Drp1(ser 637) (p > 0.05, Fig. 6B and F). Compared with the LPS group, the expression of p-Drp1(ser 
616) was reduced after pretreatment with DHA (p < 0.01, Fig. 6B and E). These results indicate that DHA attenuates mitochondrial 
dynamics-related dysfunction by inhibiting mitochondrial fission. 

4. Discussion 

In the present study, we reported novel findings regarding the protective effect of DHA against LPS-induced dysfunction of 
mitochondrial dynamics in HL-1 cells. Our main findings were as follows: (1) DHA attenuated LPS-induced injury in HL-1 cardiac cells; 
(2) DHA markedly attenuated LPS-induced oxidative stress and apoptosis; (3) DHA inhibited LPS-induced mitochondrial damage in 
HL-1 cells; (4) DHA regulated the dynamic imbalance between mitochondrial fission and fusion, which possibly contributed to the 
antioxidant and antiapoptotic effect. To our knowledge, this is the first study to investigate the relative roles of DHA and stress-induced 
mitochondrial fragmentation in sepsis-induced cardiomyopathy. 

Sepsis-induced cardiomyopathy, first described by Parker in 1984, is a potentially fatal complication of severe sepsis. Many clinical 
and experimental studies have investigated potential therapeutic strategies for sepsis-induced cardiomyopathy [20–22]. Mitochon-
drial dysfunction is one of the main pathogenetic mechanisms of sepsis-induced cardiomyopathy, in which the imbalance of mito-
chondrial fission and fusion is one of the key reasons [21,23,24]. Therefore, mitochondrial dynamics is an important therapeutic target 
for sepsis, and exploration of strategies for improving mitochondrial dynamics-related dysfunction is a key research imperative. 

DHA has been widely used in the study of inflammatory diseases due to its anti-inflammatory, antioxidant, and immunoregulatory 

Fig. 3. Effects of DHA on myocardial mitochondria in the LPS-induced HL-1 cardiac cells. A) Representative TEM images of HL-1 cells in control, 
DHA-treated, LPS-treated, and DHA + LPS-treated cells (scale bar = 1 μm). Black arrows indicate normal mitochondria, red arrows indicate 
abnormal mitochondria. B) Representative fluorescence images of JC-1 staining show the change in high mitochondrial membrane potential (red) 
and low mitochondrial membrane potential (green), which is used to evaluate mitochondrial damage. LPS treatment increased green fluorescence, 
whereas DHA decreased green fluorescence (scale bar = 20 μm). 

Fig. 4. Effects of DHA on mitochondrial fission in the LPS-induced HL-1 cardiac cells. A) Representative confocal microscopic images showing 
mitochondrial morphology stained by MitoTracker Red (scale bar = 10 μm). B) Percentage of HL-1 cells with fragmented mitochondria. n=6 in-
dependent experiments. **P<0.01, compared with the control group; ##P<0.01, compared with the LPS group. 
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properties [25–29]. It has been suggested that DHA supplementation can prevent cardiovascular disease. DHA was shown to increase 
the expression of uncoupling protein 3 (UCP 3) (which plays an important role in regulating mitochondrial division), and to reduce 
ROS production and myocardial cell apoptosis [30]. Consistent with these findings, in our study, DHA markedly attenuated 
LPS-induced cardiac apoptosis in HL-1 cells, which suggest that DHA may be a potential therapy to ameliorate sepsis-induced 
cardiomyopathy. 

Mitochondrial dysfunction is believed to contribute significantly to the development and progression of sepsis-induced cardio-
myopathy. Previous studies have demonstrated significant increase in ROS level during the pathogenesis of LPS-induced myocardial 
injury [31–33]. Elevated ROS levels consume and surpass the antioxidant capacity of the injured myocardium, leading to generation of 
oxidative stress resulting in mitochondrial lipid peroxidation and mitochondrial DNA (mt DNA) damage [34]. Overproduction of NO 
and ROS in the body can impair the function of mitochondrial respiratory chain complex, leading to the reduction of ATP production 
during oxidative phosphorylation, and the release of cytochrome c and apoptosis-related markers into the cytoplasm to promote 
apoptosis, which is closely related to mitochondrial dysfunction [35]. Additionally, the accumulation of damaged mitochondria 
promotes more ROS production, further accelerating mitochondrial abnormalities and mitochondrial membrane injury, leading to a 
vicious cycle [36,37]. It has been reported that DHA could alleviate oxidative stress injury and mitochondrial dysfunction induced by 
diabetes; the underlying mechanism was related to the activation of the expression of pyruvate dehydrogenase complex 4 (PDK-4) 
[29], promoting mitochondrial biogenesis and regulating myocardial metabolism. Thus, we hypothesized that DHA may participate in 

Fig. 5. Effects of DHA on the expression of mitochondrial respiratory chain-associated proteins in LPS-induced HL-1 cells. A-D) Representative 
Western blot images showing the effect of DHA on the expressions of NDUFA9, SDHB, UQCRC2, and COX IV. Quantitative analysis of above proteins 
among all groups n = 3 independent experiments. **P < 0.01, compared with the control group; #P<0.05, ##P<0.01, compared with the LPS group. 

Fig. 6. Effects of DHA on the expression of mitochondrial dynamics related proteins in LPS-induced HL-1 cells. A) Representative Western blot 
images showing the effect of DHA on the expressions of Mfn2 and Opa1. B) Representative Western blot images showing the effect of DHA on the 
expressions of Drp1, p-Drp1(Ser616), p-Drp1(Ser637) in LPS-induced HL-1 cells. C–F) Quantitative analysis of above proteins among all groups. n =
3 independent experiments. **P < 0.01, compared with the control group; ##P<0.01, compared with the LPS group. 
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mitochondrial protection by regulating oxidative stress response to sepsis. In the current study, HL-1 cardiomyocytes treated with LPS 
exhibited oxidative stress and mitochondrial dysfunction, as evidenced by increased production of ROS production, decreased pro-
duction of SOD, decreased mitochondrial membrane potential and decreased expression of mitochondrial respiratory chain-associated 
proteins. However, the LPS-induced mitochondrial dysfunction was reversed by DHA pretreatment in the present study, which is in 
line with previous experimental results [17,38]. These data demonstrated that DHA attenuated LPS-induced cardiac apoptosis by 
restoring mitochondrial function, regulating oxidative stress, and preserving cardiac function. 

Mitochondrial dynamics, including imbalance between fission and fusion, have been recognized as a key component involved in 
oxidative stress and apoptosis in sepsis-induced cardiomyopathy [21]. Excessive mitochondrial fission induced by sepsis has been 
shown to trigger mitochondrial structural and function injury as well as cellular damage [21,22,24]. In our study, MitoTracker and 
transmission electron microscopy (TEM) revealed mitochondrial rupture or smaller mitochondria in LPS-treated cardiomyocytes, 
indicating that mitochondrial fission was increased and that DHA pretreatment alleviated this effect. In addition, mitochondrial dy-
namics are regulated by proteins including Drp1, Mff, and OPA1. Increasing evidence supports that the inhibition of Drp1 can reduce 
the death of cardiomyocytes [39]. Our data showed that LPS treatment upregulated the expression of p-Drp1(ser 616), while DHA 
pretreatment reversed this effect, which is consistent with the results observed by MitoTracker and TEM. These results suggested that 
DHA can inhibit mitochondrial fission and improved mitochondrial fragmentation. It has been reported that several antioxidative 
properties increased mitochondria fusion and/or improved stress-induced mitochondria fragmentation promoting cell survival. For 
example, metformin could ameliorate Pb-induced mitochondrial fragmentation via antioxidative effects originated from AMPK/Nrf2 
pathway activation [40]. Another study found mitochondria-targeted antioxidant SkQ1 protected yeast cells against detrimental ef-
fects of benzalkonium chloride through improving mitochondrial fragmentation [41]. Thus, the improvement of mitochondrial dy-
namics and function may contribute to the inherent antioxidative capacity of DHA. In addition, mitochondrial dysfunction was also 
reported to directly induce apoptosis [42–46]. Taken together, we hypothesized that the mechanism of mitochondrial fragmentation, 
oxidative stress, and mitochondrial dysfunction may form an interactive cycle, eventually resulting in cardiomyocyte apoptosis. DHA 
may modulate the entire cycle and promote cardioprotection by improving mitochondrial fragmentation-targeted mitochondrial 
dysfunction. 

Some limitations of our study should be considered. Firstly, the experiments were only conducted in an immortalized cell line. 
Although HL-1 cells are frequently utilized in cardiovascular research, there are still various discrepancies between cell lines and 
animal models. Secondly, further experiments specific to mitochondria should be performed to better characterize the interaction 
among mitochondrial fragmentation, oxidative stress, and mitochondrial dysfunction. Finally, DHA and EPA are the two represen-
tative ω-3 FAs; it is important to explore whether the combined use of these two fatty acids can enhance the therapeutic potential of 
DHA in preventing organ damage related to sepsis. Further research is still underway to fully understand the underlying mechanisms 
and effects of DHA on mitochondria and oxidative stress. 

5. Conclusion 

Our study shows that DHA interacts with mitochondrial fragmentation, oxidative damage, mitochondrial dysfunction, and car-
diomyocyte apoptosis. We provide evidence that DHA pretreatment can confer cardioprotection against oxidative stress induced 
apoptosis by modulating mitochondrial fragmentation during sepsis-induced cardiomyopathy. Further studies are required to assess 
the potential clinical application of these findings. 
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