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Abstract: Sepsis is a systemic inflammatory response to a local infection induced by microbes and endotoxins. Se-
vere sepsis can lead to vital organ dysfunction and corresponds with a high mortality. Despite intensive treatment
modalities, such as antibiotics, low molecular weight heparin therapy, and so on, there is still no highly effective
therapeutic approach for sepsis. Recently, the combination of antibiotics with drug molecules has attracted atten-
tion. The search for new potentially potent medicines and the elucidation of the underlying mechanisms of sepsis
pathology are vital for the advancement of sepsis therapy. A lipopolysaccharide (LPS)-induced sepsis rat model
was established, the cardiac muscle tissues were stained with Hematoxylin & Eosin (HE), and the changes in car-
diac tissue morphology were examined under a transmission electron microscope. The protein expression levels of
protein phosphokinase | (PIIC), the inner mitochondrial membrane protein (ANT), and phospholamban (PLN) were
analyzed by Western blot. Next, the mRNA expression levels of calsequestrin (CASQ1), Na*-Ca?* exchanger (NCX),
sarcoplasmic reticulum Ca2*ATPase (SERCA2a), ryanodine receptor (RyR2), protein phosphatase type 1o (PPP1CA),
mitochondrial carrier, adenine nucleotide translocator 25, member 4 (Slc25a4), and PLN were all analyzed using
real-time quantitative PCR. We found a lesion in the mitochondria of the lipopolysaccharide (LPS)-induced sepsis
model. After treatment with omega-3 fish oil, the cardiac muscle cell morphology was recovered and the ultrastruc-
tural lesions were alleviated. Furthermore, we identified the involvement of genes expressed in cardiac muscle cell
plasma, as well as mitochondria related enzymes, among the beneficial effects of fish oil treatment on sepsis. In
conclusion, Omega-3 fish oil alleviates mitochondria lesions in our lipopolysaccharide-induced sepsis rat model.
This work provides a potential molecular mechanism underlying sepsis treatment with fish oil fatty acids, indicating
its possible application in sepsis therapy.
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Introduction ment, since the underlying pathological me-
chanism is still elusive. The most widely used
treatment is antibiotic usage, and recently,
combinatorial therapy has become more popu-
lar due to its unique therapeutic effect [4, 5].
Owing to a lack of effective treatment approach-

es, sepsis is considered a life-threatening clini-

Sepsis is a systemic inflammation with extreme-
ly high mortality. It is the result of the body’s
response to infection with microbes and endo-
toxins, and results in organ dysfunction [1]. The
annual incidence of sepsis is about 200-1000

cases per 100,000 people in Sweden [2]. The
vital organs, including the kidneys, lungs, and
liver, are especially vulnerable to damage and
subsequent functional impairment during sep-
sis. This is known as multi-organ dysfunction
syndrome (MODS), the development of which is
one of the key markers of sepsis [3]. Despite
the rapid increase in sepsis incidence, most
sepsis complications remain refractory to treat-

cal syndrome worldwide. Thus, it is urgent to
identify new candidate drug molecules.

The omega-3 fatty acids found in fish oils are
widely considered to be beneficial for cardio-
vascular health and certain diseases related to
inflammation because of their anti-inflammato-
ry properties [6]. Dietary omega-3 fish oil has
been shown to have a beneficial effect on con-
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trolling the progression of sepsis [7]; a short
term high dose of omega-3 fish oil therapy is
safe and has been associated with promising
effects on the inflammatory cascade and may
therefore play a key role in treatment of patients
with sepsis [8]. It is considered to have anti-
inflammatory properties [9], and may partially
inhibit a number of inflammatory mechanisms,
including leucocyte chemotaxis, the expression
of adhesion molecules, and leucocyte-endo-
thelial adhesive interactions [10]. In addition,
omega-3 fish oil may alleviate acute lung injury
and reduce inflammation in sepsis rat models
[11]. Its immunomodulatory role in sepsis
depends on multiple things, such as the inhibi-
tion of inflammation factor production, block-
age of the nuclear factor NF-kappa B pathway,
and inhibition of Toll-like receptor signal trans-
duction. Omega-3 fish oil has a protective effect
on the cardiovascular system, which may cor-
relate with its protection of mitochondria. Patch
clamp studies have indicated that omega-3 fish
oil can elongate the action potential of cardiac
muscle cells, which is likely to protect against
arrhythmia [12]. This effect is probably due to
its regulation of ion channels in cardiac cells.
Omega-3 fish oil has been reported to affect
the Na?*/Ca?* exchange, and maintain an intra-
cellular Ca?* concentration at resting potential,
thereby reducing the occurrence of arrhythmia
induced by Ca?* overload. These studies direct-
ly prove that omega-3 fatty acids are a poten-
tial candidate drug molecule in combinatorial
sepsis therapy. Nevertheless, the underlying
mechanisms of these beneficial effects are not
completely understood. One explanation is that
omega-3 fatty acid affects the immune system
through altering CD** T cell homeostasis [13],
and Shinto, et al., found that they modulate the
immune cell production of matrix metallopro-
teinase-9 (MMP-9) to benefit multiple sclerosis
patients [14]. In addition, fish oil fatty acids
inhibit Toll-like receptor 4 (TLR4) and its down-
stream expression, protecting vital organs from
inflammation [15, 16]. Fish oil fatty acids have
also been reported to have a protective effect
in cardiac surgery [17], a process that is likely
related to mitochondrial function [18]. However,
it is still not completely clear whether fish
omega-3 fatty acids can prevent the cardiac
lesions in sepsis.

In this study, we used a lipopolysaccharide
(LPS)-induced sepsis rat model to evaluate the
effects of omega-3 fish oil on cardiac muscle
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cells under septic attack. We elucidated the
ultrastructural alteration in mitochondria that
was induced by treatment with omega-3 fish oil.
In addition, we found that this effect was cor-
related with the altered expression of key genes
in cardiac muscle cell plasma, as well as mito-
chondria related proteins. CASQ1, RyR2, NCX,
PLN, SERCA2, PPP1CA and PIIC are molecules
related with cardiac cell plasma, Slc25a4, and
ANT are mitochondria related enzymes. These
molecules are important regulators of myocar-
dial function, mitochondria and the sarcoplas-
mic reticulum are very important organelles for
the regulation of energy metabolism and Ca?*
transport in the myocardium, which plays an
important role in the pathogenesis of sepsis-
induced myocardial injury. This work provides a
medical basis for the treatment of sepsis with
omega 3 fish oil and makes the combinatorial
strategy more optimal.

Materials and methods
Ethical statement

All animal handling procedures were carried
out in accordance with the protocols approv-
ed by the Institutional Animal Care and Use
Committee of Shenzhen People’s Hospital.

Animals

Forty male Sprague-Dawley rats (5-6 weeks
old, 150-180 g) were obtained from the Animal
Center of Shenzhen University (Shenzhen,
China). The animals were kept in a temperature
controlled room at 22°C+2°C in a single cage
with a relative humidity of 45%-55% under a 12
hr/12 hr light and dark cycle. Throughout the
study, all animals were allowed free access to
food and water.

Lipopolysaccharides (LPS)-induced sepsis
model and grouping

The animals were randomly divided into four
groups (n=10 per group), including the control,
sepsis, pretreatment, and treatment groups.
The rats in the control group were intravenously
injected with 3 ml saline for two days. The sep-
sis model was established according to a previ-
ous study [19]; rats were intravenously injected
with 15 mg/kg LPS (from Escherichia coli
D55:B5) (Sigma, USA) dissolved in 3 ml phos-
phate buffered saline (PBS) once a day for two
days. Rats in the pretreatment group were fed
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300 mg omega-3 fish oil (containing 180 mg
EPA and 120 mg DHA) for 15 days before under-
going injection with 15 mg/kg LPS. In the treat-
ment group, after LPS injection, sepsis models
were immediately injected with 2 ml of 10%
omega-3 fish oil fatty acid (containing 0.2 g fish
oil) and 20% long-chain fatty acid (containing
0.2 g fatty acid) twice a day for two days.

H&E staining

All animals were euthanized with 300 mg/kg
sodium barbital on day 3. The cardiac muscle
tissues were dissected and cut into 1 mm?3
pieces. Sections were deparaffinized in xylene
and dehydrated in alcohol. They were then
stained in Harris hematoxylin solution for 8
minutes before bluing in 0.2% ammonia water
or saturation lithium carbonate solution for 1
minute. After rinsing in 95% alcohol, sections
were counterstained in eosin-phloxine solution
for 1 minute. Finally, sections were mounted
with a xylene based mounting medium. All
images were captured with a Nikon microscope
(Tokyo, Japan). Image J was analyzed by ImageJ
software. The degree of cardiac injury was
assessed by myocardial necrosis, hemorrhage,
interstitial edema and neutrophil infiltration,
the scores of injury was graded as: O (normal),
1 (the proportion of the lesion area < 1/4), 2
(1/4 < the proportion of the lesion area < 1/2),
3 (the proportion of the lesion area > 1/2), the
final score was simply the sum of each item
score.

Transmission electron microscope

Cardiac tissues were sequentially fixed by 3%
glutaraldehyde, 1.5% paraformaldehyde, and
1% osmic acid-1.5% potassium ferrocyanide.
They were then dehydrated with ethanol-ace-
tone and embedded in ethoxyline resin. Se-
ctions were stained for 20 min with 2% (w/v)
aqueous uranyl acetate, followed by 6 min with
Reynolds lead citrate (Sigma-Aldrich, USA), and
were later examined in a Philips EM208 trans-
mission electron microscope (Philips, Eindho-
ven, The Netherlands). The damage was sc-
ored according to Flameng method [20].

Western blotting

Cardiac tissue lysate was loaded onto a poly-
acrylamide gel, then blotted onto a polyvinyli-
dene difluoride (PVDF) membrane. After block-
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ing with PBST containing 5% nonfat dry milk,
the membrane was incubated with antibodies
against PIIC, ANT, PLN, and GAPDH (purchas-
ed from Cell Signaling, NY, USA). Peroxidase-
linked IgG (Abcam, IL, USA) was used as a sec-
ondary antibody. These proteins were visual-
ized using an ECL western blotting detection
kit (Amersham Biosciences, USA). All images
were analyzed with Image J software (National
Institute of Health, MD, USA).

RNA extraction and real-time quantitative PCR

Total RNA extraction was performed using
TRIzol reagent (Life Technologies, USA), accord-
ing to the manufacturer’s instructions. Two pg
of total extracted RNA was subjected to rever-
se transcription. The cDNA synthesis was per-
formed with a one-step RT-PCR kit from Taka-
ra (Dalian, China). SYBR Green (Toyobo, Japan)
RT-PCR amplification and real time fluores-
cence detection were performed using an ABI
7300 real-time PCR thermal cycle instrument
(ABI, USA), according to the supplied protocol.
The relative gene expression levels were calcu-
lated with the 2244t method. The primers used
were as follows: CASQ1, (forward) 5-GGCTT-
GTTGGGGTCTGTATG-3’ and (reverse) 5-TGAA-
GGGAGTGACGGAAGAA-3’; NCX, (forward) 5'-TT-
GGCTGCACCATTGGTCTGAAAG-3’" and (reverse)
5-ACACTTTGAACTGTTCCCCGTTGG-3’; SERCA-
2a, (reverse) 5-GCACCGAGATTGGGAAGA-3’
and (reverse) 5-ACGCAGATGAGGGAGATGAC-3’;
RyR2, (forward) 5'-AAG TGC CAG AGT CAG CAT
TC-3’, and (reverse) 5-AGT AGT ATC CAA TGA
TGC AG-3’; PPP1CA, (forward) 5-AGGAGAGC-
CAGGCCGGAAGG-3’ and (reverse) 5-TGATGT-
GCTCTGCAGATGAGGTCC-3’; Slc25a4, (forward)
5-TAAGAA GCT ACA CAC AGC CTA C-3’ and
(reverse) 5-ATC AGA AAC TGT CTG CTC AGA
C-3’; PLN, (forward) 5-TGAGGACAAACAGACT-
GGAC-3’ and (reverse) 5-AGTCTGCCTTTGAGC-
CTAGC-3’; The relative expression levels were
normalized to the expression of endogenous
GAPDH (forward) (5-GGTATCGTGGAAGGACTC-
ATGAC-3’ and (reverse) 5-ATGCCAGTGAGCTT-
CCCGT TCAGC-3).

Statistical analysis

All of the statistical analysis data was analyzed
with SPSS 19.0 software (SPSS Inc. Chicago,
IL, USA). Data are presented as mean + SEM
and were analyzed with the two-tail Student’s
t-test and analysis of variance (one way ANOVA

Int J Clin Exp Med 2018;11(10):10740-10748
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Figure 1. HE staining of cardiac muscle tissues in rats from the control, sep-
sis, fish oil pretreatment, and fish oil treatment after sepsis occurrence. The
images were analyzed and quantitated by ImageJ software. Omega-3 fish oil
fatty acid prevented cell death in cardiac muscle. "P < 0.05 vs. control; P <

0.05 vs. sepsis; 2P < 0.05 vs. pretreatment.

with Turkey test). A p value less than 0.05 was
considered to be statistically significant.

Results

Omega-3 fish oil prevents cardiac muscle cell
death in sepsis

First, we determined whether fish oil fatty acid
could exert a protective effect on cardiac mus-
cle cells from sepsis attack. In this established
rat sepsis model, cardiac muscle cells showed
increased volume in the cell bodies and a mis-
alignment of the cardiac muscles (Figure 1,
sepsis), which are typical characteristics of
cardiac cell death or apoptosis, compared to
the saline control with a normal cell morpholo-
gy and well-characterized muscle alignment
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control  sepsis pretreatment treatment

(Figure 41, control). In con-
trast, animals with both the
fish oil pretreatment before
LPS injection and the fish oil
treatment after LPS injection
showed beneficial effects on
the prevention of cell death
(Figure 1, pretreatment and
treatment). Both the pretreat-
ment and treatment groups
demonstrated at least partial
recovery of cell morphology,
as well as a normal alignment
of cardiac muscles, which
showed to be more therapeu-
tically effective in the group
treated with fish oil after the
occurrence of sepsis. In addi-
tion, the cardiac injury score
was shown in Figure 1. The
injury score in sepsis group
was significantly increased
compared with control group,
the injury scores in pretreat-
ment and treatment groups
were significantly decreased
compared with sepsis group,
which indicate that fish oil
could reduce cardiac injury
either used before or after
the occurrence of sepsis. Co-
llectively, these data show
that Omega-3 fish oil may ha-
ve a therapeutic effect on
sepsis-induced cardiac mus-
cle cell injury.

Omega-3 fish oil alleviated the sepsis-induced
ultrastructural alteration in cardiac muscle
cells

Next, we detected whether the omega-3 fish oil
could alter the ultrastructure of cardiac muscle
cells. And Flameng score was applied to ana-
lyze the degree of mitochondrial damage. In the
control rats, the cells were aligned with regular
shapes (Figure 2, control). However, LPS injec-
tion induced cell misalignment and an irregular
shape of cardiac cells in the rat models (Figure
2, sepsis). Meanwhile, severe mitochondrial
lesions were observed in the sepsis model. In
contrast, treatment with omega-3 fish oil recov-
ered the ultrastructural damage in sepsis mod-
els, and alleviated the mitochondrial damage in
cardiac muscle cells, whether given before or
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sepsis cess. We found that treat-

ment with fish oil changed
the mRNA expression level of
genes expressed in cardiac
muscle cell plasma and mito-
chondria related enzymes. As
shown in Figure 3, the exp-
ression level of PLN was sig-
nificantly increased in the
sepsis models, compared to
the control (*P < 0.05), and
either pretreatment or treat-
ment with omega-3 fish oil
significantly increased the
PLN expression level (P <
0.05, compared with the
sepsis group). Nevertheless,
we did not observe a signifi-
cant change in the expression
levels of CASQ1, RyR2, or
slc25a4 after sepsis attack.
In the omega-3 fish oil-pre-
treated model, we found that,
compared with the sepsis
group, there were significant
alterations in the expressions
of RyR2, PPP1CA, slc25a4,
PLN, and SERCA2 (P < 0.05),
but not in other genes. In
addition, in the fish oil-treat-
ed sepsis models, the exp-
ression levels of NCX, RyR2,
slc25a4, and PLN were incr-

eased drastically (P < 0.05).
Similar data was obtained
with western blotting analy-

control  sepsis pretreatment treatment

Figure 2. Transmission electron microscopy. Ultrastructural alteration in car-
diac muscle cells after treatment with fish oil fatty acid. Flameng score was
applied to analyze the degree of mitochondrial damage. Scale bars in the
control, pretreatment, and treatment groups are 2 ym, and 1 um in the sep-
sis group. “P < 0.05 vs. control; #P < 0.05 vs. sepsis; “P < 0.05 vs. pretreat-

ment.

after sepsis occurrence (Figure 2, pretreat-
ment and treatment). This suggests that om-
ega-3 fish oil has the capacity to reverse the
ultrastructural alteration induced by sepsis.

Omega-3 fish oil altered the expression levels
of key genes in cardiac muscle cells

Since omega-3 fish oil improved the morpholo-

gy of cardiac muscle cells, we tried to elucidate
the underlying mechanism involved in this pro-
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sis. Treatment with omega-3
fish oil induced increased ex-
pression levels of PIIC and
PLN, while the expression le-
vel of ANT was only increased
in the group treated with fish
oil after the occurrence of
sepsis, but not in the pret-
reatment group (Figure 4).
Collectively, these data demonstrate that fi-
sh oil fatty acid treatment in a rat sepsis mo-
del impacted the expression levels of cardiac
cell plasma genes and mitochondria related
enzymes.

Discussion
Sepsis is a systemic inflammatory response to

infection with microbes and endotoxins. Severe
sepsis can lead to vital organ dysfunction and

Int J Clin Exp Med 2018;11(10):10740-10748
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Figure 4. Western blot. Alteration in the expression levels of PIIC, ANT, and
PLN expressed in cardiac muscle cell plasma. Treatment with omega-3 fish
oil induced the increased expression levels of PIIC and PLN, while the expres-
sion level of ANT only increased in the treatment group after the occurrence

of sepsis, but not in the pretreatment group.

result in high mortality. Recently, the combina-
tion of antibiotics with drug molecules to treat
sepsis has attracted more attention. In this
study, we established LPS-induced rat sepsis
models to evaluate the potential protective
effects of omega-3 fish oil on sepsis. Our
results indicate that omega-3 fish oil can allevi-
ate mitochondrial lesions in the sepsis model.
This process is likely to be related with the
altered expressions of genes expressed in car-
diac cell plasma and mitochondria related
enzymes. This work will facilitate the further
understanding of the pathological mechanism
underlying the role of mitochondria and the
sarcoplasmic reticulum in sepsis.
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changes in contractility, ven-
tricular response to fluid ther-
apy, and ventricular dilatation
[21]. Several factors have
been reported to affect car-
diac dysfunction induced by
sepsis, including IkB Kinase
[22], NLRP3 inflammasome
[23], sarcoplasmic reticulum
calcium [24], etc. These stud-
ies indicate that the immune
response maybe critical in se-
psis induced cardiac dysfunc-
tion. In addition, lesions in cellular organelles
are another signature of organ dysfunction. In
this study, we found that mitochondria from
cardiac cells were targeted in the LPS-induced
sepsis model with the occurrence of ultrastruc-
tural lesions. This is consistent with findings in
other cell types, including hippocampus neu-
rons [25], hepatocytes [26], skeletal cells [27],
etc. This demonstrates that sepsis leads to
mitochondria lesions in many tissues, implying
the successful establishment of a sepsis mo-
del in rats. Mitochondria and the sarcoplasmic
reticulum are very important organelles for the
regulation of energy metabolism and Ca2*
transport in the myocardium, which plays an

Zz K
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important role in the pathogenesis of sepsis-
induced myocardial injury [28]. In this study, we
found that treatment with omega-3 fish oil
could change the mRNA level of genes ex-
pressed in the cardiac muscle cell plasma, as
well as mitochondria related enzymes. The
MRNA expression levels of NCX, PPP1CA, PLN,
and SERCA2 were increased in the sepsis mod-
els. We also found significantly increased ex-
pressions of RyR2, PPP1A, slc25a, PLN and
SERCA2 in the omega-3 fish oil pretreatment
group. In the fish oil-treated sepsis models, the
expression levels of NCX, RyR2, slc25a4 and
PLN were drastically increased. The western
blot results indicated that treatment with fish
oil induced an increased protein expression of
PIIC and PLN, while the expression level of ANT
was only increased in the group treated after
the occurrence of sepsis, but not in the pre-
treatment group.

Calsequestrin has been recognized as the ma-
in Ca?* binding protein inside the sarcoplas-
mic reticulum, the organelle that stores and
upon demand mobilizes Ca?* for contractile
activation of muscle. Cardiac muscle contrac-
tion requires sarcoplasmic reticulum Ca?* rele-
ase mediated by the quaternary complex com-
prising the ryanodine receptor 2 (RyR2), calse-
questrin 2 (CSQ2), junctin and triadin, it is
reported that a direct interaction exists be-
tween RyR2 and CSQ2 [29]. The Ca?* concen-
tration in the sarcoplasm is regulated by the
functional calcium pump protein in sarcoplas-
mic reticulum membranes. As a major Ca?*
pump in the sarcoplasmic reticulum of cardio-
myocytes, SERCA2 controls the relaxation and
contraction of the cardiomyocyte, transporting
Ca?* ions inside the cytoplasm. SERCA2 is a
sarcoplasmic reticulum transmembrane pro-
tein that mediates calcium re-uptake from the
myoplasm and is expressed at a high level in
cardiac myocytes [30]. Dephosphorylated PLN
is an inhibitor of SERCA2a and is phosphory-
lated by protein kinase A (PKA). Therefore, the
activity of SERCA2a is regulated by PLN. Heinis,
et al., [31] reported that cardiac function was
maintained at a normal level in a novel genetic
mouse model of inducible severe and progres-
sive SERCA2 deficiency, and that this might be
due to the regulation of PLN28. SERCA2a/PLN
complexes are important regulators of myocar-
dial function and play key roles in cardiac insuf-
ficiency caused by sepsis. PLN can be dephos-
phorylated by protein phosphorylase | (PPI),
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whereas a dephosphorylated form of PLN in-
hibits the apparent affinity of SERCA2 for Ca?*
[32]. Li, et al., [33] developed a SERCA2 knock-
out in mice for seven-weeks, demonstrating
that the elevated Na* was due to an increased
influx of Na* through the Na*/Ca?* exchanger
(NCX) and the NA*/H™ exchanger, with the latter
being exacerbated by intracellular acidosis.
Furthermore, the upregulation of NCX resulted
in increased ATP consumption for ion transport,
suggesting that heart failure may be character-
ized by metabolic abnormalities. In this study,
we found an abnormal expression of PPP1CA in
myocardial cells from LPS-induced sepsis rats.
Therefore, mitochondrial lesions are a potential
target for sepsis treatment.

Omega-3 fish oil has been shown to have anti-
inflammatory properties, counteracting the in-
flammation induced by sepsis. Furthermore,
this work indicates that fish oil also alleviates
mitochondria lesions caused by sepsis. This is
further confirmed by the finding that the expr-
ession levels of critical mitochondria-related
genes are altered after fish oil treatment in the
sepsis model. This effect is potentially due to
its anti-inflammatory property, since inflamma-
tion is a major cause of mitochondria damage
[34]. The potential targets include Toll-like
receptor 2 [35] and interleukin-6 [36]. Con-
sistent with the current body of work, our stud-
ies found a beneficial effect of omega-3 fatty
acids on cardiac tissues. Langlois, et al., found
that omega-3 polyunsaturated fatty acids are
protective in cardiac surgery patients [37, 38].
Meanwhile, dietary fish oil can improve cardi-
ac efficiency [39]. All of these findings togeth-
er demonstrate a direct correlation between
omega-3 fish oil and a therapeutic effect on
cardiac diseases. Mechanistically, it is not fully
understood which molecules or signaling pa-
thways control or modulate this process, but
the clinical efficacy of dietary fish oil is due to
the intrinsic modulation of intracellular Ca?*
handling [40].

Conclusions

In conclusion, this study expands the knowl-
edge of the effect of omega-3 fish oil fatty
acids on cardiac muscle cells on an ultrastruc-
tural level. We elucidated the involvement of
mitochondria and pinpointed the key genes
participating in this process. This work pro-
vided mechanistic evidence to support the
known beneficial role of fish oil in cardiac dis-
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ease treatment. Future work will focus on the
mitochondria-dependent apoptotic pathway, in
order to elucidate the equilibrium in cell turn-
over when fish oil exerts its effects on the car-
diac muscle.
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