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A B S T R A C T

The present study was conducted to evaluate the protective effects of astaxanthin against lipopolysaccharide
(LPS)-induced inflammatory responses in Channa argus in vivo and ex vivo. Primary hepatocytes were exposed to
different concentrations of LPS for 24 h to induce an inflammatory response, and the protective effects of as-
taxanthin against LPS-induced inflammation were studied ex vivo and in vivo. Hepatocytes exposed to LPS (5–20
μg mL−1) alone for 24 h resulted in a significant increase in lactate dehydrogenase release (LDH), Nitric oxide
(NO) production and Malondialdehyde (MDA) content, 10 μg mL−1 LPS could induced inflammatory response in
hepatocytes. Gene expression of TLR4, NFkBp65, MAPKp38, TNF-α, IL-6 and IL-1β mRNA expression were also
enhanced ex vivo (p < 0.05). In vivo test demonstrated that pretreatment with astaxanthin prevented the LPS-
induced upregulation of pro-inflammatory cytokines TNF-α, IL-6 and IL-1β. Besides, astaxanthin blocked the
expression of Toll-like receptor 4 (TLR4) and then suppressed the phosphorylation of nuclear transcription
factor-kappa B (NF-κB) p65 and degradation inhibitor of NF-κBα (IκBα). Further study showed that astaxanthin
could suppress the phosphorylation of p38, extracellular signal-regulated kinase (ERK) and c-jun NH2-terminal
kinase (JNK) in mitogen-activated protein kinase (MAPK) signal pathway. In conclusion, our results suggest that
astaxanthin played an anti-inflammatory role by regulating TLR4 and the NF-κB and MAPK signaling pathways
in C. argus.

1. Introduction

Lipopolysaccharide (LPS), a component of the cell envelope of
gram-negative bacteria, is often associated with disease processes, it is
also one of the most potent initiators of inflammation. As we know, pro-
inflammatory response is initiated as a defense mechanism following
stimulation from environmental stimuli, including pathogens, damage,
or other foreign products [1]. However an excessive or inappropriate
production of inflammatory mediators can result in numerous chronic
diseases [2].

LPS is recognized by Toll-like receptor (TLR) 4 on the surface of the
host cell and initiates an inflammatory signaling cascade. TLR4-acti-
vated macrophages signal via inflammatory pathways to up-regulate
the expression and release of various inflammatory factors. Activation
of TLR4 by LPS eventually results in the activation of NF-kB, which is
believed to play a central role in the regulation of genes encoding for
the inflammatory cytokines, adhesion molecules, chemokines, and
other growth factors involved in mammary inflammation [3]. This

occurs primarily via the translocation of nuclear factors, such as nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-κB) and
signal transducer and activator of transcription 3 (STAT3) [4]. While
inflammation is usually required as a natural defense mechanism, ex-
cessive and prolonged immune activation can result in the destruction
of healthy tissues. Therefore, for many inflammatory-related diseases,
pharmaceutical intervention is required to restrain the excessive release
of such inflammatory mediators.

NF-κB and mitogen-activated protein kinases (MAPKs) signaling
pathways have long been considered the classical pathways to mod-
ulate the inflammatory response and process. Activation of these
pathways leads to the release of inflammatory factors, regulates oxi-
dative stress response and accelerates the inflammation progress [5].
Once activated, nuclear factor κB translocates into the nucleus to reg-
ulate the target genes [6]. Moreover, MAPK pathway plays an essential
role in regulating cellular processes, especially inflammation, to involve
the production of inflammatory mediators [7].

Astaxanthin is a naturally occurring carotenoid pigment that
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belongs to a phytochemical class known as terpenes and has significant
antioxidant capacity [8,9]. It is found in many kinds of marine organ-
isms, such as microalgae, yeast, salmon, trout, krill, and shrimp [10].
Astaxanthin has been reported to possess a wide variety of biological
functions, including antioxidant and anti-tumor activities [11,12]. Re-
cently astaxanthin are used gainfully in aquaculture as feed additive
and dietary supplement [13–15]. As a dietary supplement, it has been
reported as having anti-aging, anti-inflammatory, and sun proofing
properties, positively influence growth, reproductive performance, and
boost immune system in fish and shellfish [16–18]. However, the pro-
tective effects of astaxanthin against LPS-induced inflammatory re-
sponses is little known, the present study was conducted to evaluate the
anti-inflammatory effect of astaxanthin in Channa argus, the mechan-
isms and signaling pathways underlying this property was also de-
termined.

2. Materials and methods

2.1. Reagent

Astaxanthin, ≥98% (HPLC) purchased from Shanghai aladdin Bio-
Technology, LPS were prepared in our lab and it was isolated from
Aeromonas veronii-JS-1 in Parabramis pekinensis The following anti-
bodies were used in this study: Rabbit anti-phospho-p65, rabbit anti-
phospho-ERK, rabbit anti-phospho-p38, rabbit anti-p65, rabbit anti-
ERK, rabbit anti-p38 and TLR4 were purchased from Hangzhou HuaAn
Bio-Technology, Zhejiang, China. LDH, NO and MDA commercial kits
were purchased from Nanjing Jiancheng Bioengineering Institute,
China.

2.2. Ex vivo study

2.2.1. Culture of primary C. argus hepatocyte
Primary cultured hepatocyte was prepared as previously described

by Giri et al. [19]. Cells were cultured in DMEM containing 10% fetal
bovine serum (FBS), 100 IU streptomycin sulfate mL−1 and 100 IU
penicillin mL−1 at a concentration of 1×106 cells mL−1. Cultures were
maintained in an incubator at 26 ± 0.5 °C in 5% CO2. Cells were al-
lowed to attach to 24-well plates for 72 h.

2.2.2. LPS induced inflammatory response in C. argus hepatocyte
To determine a suitable concentration of LPS, primary culture he-

patocytes were treated with a serious of concentrations of LPS (5–20 μg
mL−1). The cells were incubated for 24 h in fresh medium containing 0,
5, 10, 15 and 20 μg mL−1 LPS. The levels of lactate dehydrogenase
(LDH) and Nitric oxide (NO) production and Malondialdehyde (MDA)
content were measured by commercial kits according to the manufac-
turer's instructions. All the test were replicated three times.

2.2.3. Ex vivo effect of astaxanthin against LPS-induced inflammatory in C.
argus hepatocyte

C. argus hepatocyte were seeded in 6-well plates and divided into 5
groups: Group I (control group) treated with no astaxanthin, Group II
treated with no astaxanthin but 10 μg mL−1 LPS, Group III, Group IV
and Group V pretreated with 50, 100 and 200 μg mL−1astaxanthin for
72 h prior to treatment with 10 μg mL−1 LPS in a 27 °C incubator,
correspondingly. After 72 h incubation, each group were exposed to
10mg L−1 LPS (based on 2.1.2, this concentration could induce in-
flammatory response) for 24 h, respectively.

Cell lysates were collected to detect TLR4, NFkBp65, MAPKp38,
TNF-α, IL-6 and IL-1β mRNA expression. Total RNA was extracted by
TRIzol Reagent (simgen). cDNA was then synthesized using the Reverse
Transcriptase M-MLV Kit (TaKaRa) following the instructions. The real-
time quantitative PCR was performed using THUNDERBIRD SYBR qPCR
Mix Kit (TOYOBO), and carried out in astratagene MxProSystem
(stratagene mx3005p, USA) in 96-well reaction plates. The β-actin gene

was used as a house keeping gene. The reaction mixture included 10 μl
of THUNDERBIRD SYBR qPCR Mix, 1 μl of forward and reverse primer
(10mM) and 1 μl of cDNA, and was then filled up with ultra-pure water
to a final total volume of 20mL. All PCRs were performed at least three
times. Additional dissociation-curve analysis was performed and
showed a single melting curve in all cases. Data were analyzed by the
stratagene MxPro software (stratagene mx3005p, USA).

2.3. In vivo

2.3.1. Feed and experimental design
The experimental design was completely randomized with five

treatment diets, each of which was replicated three times. For each
treatment replicate, 30 C. argus (58.8 ± 6.5 g) were randomly chosen
and placed in 300 L cycling-filtered plastic tanks containing con-
tinuously circulating aerated water. The five treatment diets were as
follows: Group I (control group) were fed with control (basic) diet
throughout the feeding trial; Group II, III, IV and V were fed 0, 50, 100
and 200mg astaxanthin kg−1 body weight, respectively. Fish were fed
twice a day (9:00 and 15:00) at a rate of 3% of the bodyweight and kept
in glass aquaria at 23 ± 1 °C with laboratory conditions as mentioned
above for 8 weeks. Based on the increases in body weight, the total
amount of the diet was adjusted every ten days, and the amount con-
sumed every time was recorded by calculating the differences in the
weight of the diet before and after feeding. Tank bottom debris was
removed by siphon daily and about one third of the water was replaced
daily. All the experimental animals used in the study were performed in
accordance with the NIH Guide for the Care and Use of Laboratory
Animals and approved by the Institutional Animal Care and Use
Committee of Jilin Agricultural College.

2.3.2. Cytokine assay
After 8 weeks administration, 10 fish were collected in each tank of

every treatment for cytokine assays. Tissue samples (liver) were col-
lected from the individual fish after the blood samples. The gene ex-
pression of TNF-α, IL-6 and IL-1β mRNA were determined according to
the method mentioned in 2.1.3.

2.3.3. Western blotting
After 8 weeks administration, liver from ten fish of each groups

were collected and the levels of TLR4, NF-kBp65 and IκBα, p38, ERK,
and JNK were determined by immuno-blotting Opal et al. [20]. Protein
concentrations were measured by BCA assay and were then separated
by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred onto a polyvinylidene difluoride (PVDF)
membrane. The membrane was incubated with a specific antibody at
4 °C overnight and was blocked in 5% skim milk for 2 h on a rotary
shaker. Subsequently, the membrane was washed with TBST followed
by incubation with the anti-rabbit secondary antibodies at room tem-
perature for 1 h. The membrane was again washed with TBST and de-
veloped with the ECL Plus Western blotting Detection System.

2.4. Data analysis

The data in this study were analyzed by Statistical Product and
Service Solutions (SPSS 16.0) and expressed as the arithmetic
mean ± standard deviation. The homogeneity of the replicates of the
samples was checked by the Mann–Whitney U test. Differences between
the three groups were measured and considered statistically different at
P < 0.05 or P < 0.01.
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3. Results

3.1. Ex vivo study

3.1.1. LPS-induced inflammatory response in C. argus hepatocyte
The results of LPS-induced inflammatory response in C. argus he-

patocyte were listed in Fig. 1. As showed in Fig. 1, LPS markedly in-
creased the LDH activity in a dose-dependent manner which indicated
the injury was induced by LPS. The NO production in LPS treated group
were higher than that of control group, it reached the highest when the
LPS concentration was 10 μg mL−1. As for MDA, all the LPS-treated
group resulted in a statistically significant increase as compared to the
control group (P < 0.05).

3.1.2. Protective effect of astaxanthin against LPS-induced inflammatory
response in C. argus hepatocyte ex vivo

The transcriptional changes of TLR4, NFkBp65, MAPKp38, TNF-α,
IL-6 and IL-1β genes in hepatocyte were shown in Fig. 2. All the test

genes transcription in LPS treated only group were markedly increased
as compared with control group. Compared with Group II (LPS treated
only), transcriptional level of TLR4, NFkBp65, MAPKp38, TNF-α, IL-6
and IL-1β in astaxanthin treated group were decreased. As for TLR4,
NFkBp65 and MAPKp38, the mRNA expression levels were down-
regulated after treated with astaxanthin, however, only group V and
group III showed the statistical difference (P < 0.05). As for IL-1β,
slight decrease in TNF-αcontent were detected, but only Group V
showed the statistical difference (P < 0.05). With regard to the ex-
pression of IL-1β and IL-6, all the astaxanthin-treated group led to a
statistically significant decrease as compared to the LPS-treated group
(P < 0.05).

3.2. In vivo study

3.2.1. Effects of astaxanthin on cytokine production
The effects of astaxanthin on TNF-α, IL-1β and IL-6 mRNA expres-

sion in the liver of fish following LPS exposure are presented in Fig. 3.
As showed in Fig. 3. Expression of TNF-α, IL-1β and IL-6 were sig-
nificantly increased in group II (LPS treated but with no astaxanthin
pre-treated) as compared with control group. However, pre-treatment
with astaxanthin prior to LPS administration led to a significant lower
of TNF-α, IL-1β and IL-6 mRNA expression (P < 0.05).

3.2.2. Astaxanthin inhibits the activation of NF-KB and MAPKs signal
pathways

The levels of TLR4 were shown in Fig. 4. The results showed that
infusion of LPS marked increased the expression of TLR4. Astaxanthin
(50, 100 and 200mg kg−1) significantly inhibited the activation of the
expression of TLR4 compared with the LPS-treated group.

The results of immuno-blotting assays were presented in Figs. 4–5.
As shown in Fig. 4, the levels of NF-KBp65 and IκBα in the NF-KB signal
pathway, and levels of p38, ERK, JNK in the MAPKs signal pathway in
group II (LPS treated but with no astaxanthin pre-treated) were sig-
nificantly increases as compared with the control group. However,
administration of astaxanthin inhibited the up-regulation of phos-
phorylation of NF-kBp65 and IκBα, p38, ERK, and JNK as compared
with the group II (Fig. 5).

Fig. 1. Effect of different concentrations of LPS on NO production, MDA and
LDH activity in Channa argus hepatocytes. Note: Data are expressed as
mean ± SD with different letters as significantly difference (P < 0.05).

Fig. 2. Effect of various concentrations of astaxanthin on TLR4, NFkBp65, MAPKp38, TNF-α, IL-6 and IL-1β mRNA expression in Channa argus hepatocytes after
treated with LPS. The values presented are mean ± SEM. (n = 10 in each group). P*< 0.05, P**< 0.01vs. LPS group (only).
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4. Discussion

Inflammation play an important role in host defense reaction in
response to the invasion of pathogens, tissue damage, or other en-
vironmental assaults. The body must achieve a balance of injury and
restoration during an inflammatory response to resolve a threat while
incurring a minimal level of damage. If the balance is broken as a result
of an excessive or unregulated pro-inflammatory response, chronic
tissue damage ensues [2]. Recently, the molecular mechanisms of the
initiation and functionality of the cellular processes involved in a pro-
inflammatory response have shed light on potential targets for novel
anti-inflammatory therapeutics [21]. In the present study, we evaluated
lipopolysaccharide (LPS)-induced inflammatory responses in Channa
argus, and found that 10 μg mL−1 LPS could induced inflammatory
response in hepatocytes. Our result is similar with Solem et al. (1995)
[22] whose results showed that 10 μg mL−1 LPS result in respiratory
burst and phagocytic activity in Atlantic salmon. However, Luo et al.
(2019) [23] found that when the concentration of LPS reached 100 μg
mL−1 LPS inflammatory responses could be induced in Epinephelus
coioides, this may because LPS of different bacterial species and ser-
otypes, even of the same origin but from different production batches
have widely differing potency to induce inflammation and mortality in
zebrafish [24].

Nitric oxide is considered as an indicator for inflammation and it
plays a key role in various forms of inflammation and carcinogenesis
[25]. Excessive NO production can lead to cytotoxicity, inflammation,
carcinogenicity, and autoimmune disorders [25]. Therefore, NO pro-
duction may provide a measure to assess the effects of chemopreventive
agents on the inflammatory process. So, in the present study, we use NO
production as an indicator to determine the dose of LPS to induce

inflammatory response, and the ex vivo results showed that, 10 μg
mL−1 LPS was the optimum concentration. LDH levels is another a
critical marker of cell toxicity [26,27]. Inflammatory cytokines trigger
the generation of ROS and antioxidant defense [28]. MDA is an im-
portant oxidant enzyme and index of tissue damage [29]. The present
results demonstrated that exposure to LPS (10 μg mL−1) alone sig-
nificantly increased LDH levels and MDA content in the medium, in-
dicating severe enterocyte damage. Therefore, to test the protective
effects of astaxanthin, 10 μg mL−1of LPS was used for inducing in-
flammation in C. argus hepatocytes (ex vivo).

Persistent pro-inflammatory signals can lead to tissue damage and
even various immune-related diseases. Thus, there are a significant
number of regulatory factors that counteract the release of pro-in-
flammatory cytokines and restrict the inflammatory response [30].
TNF-α, IL-1β and IL-6 are the most important cytokines. They are the
signal of various kinds of interaction between cells, play important roles
in the process of host defense and infection and inflammation patho-
logical development [31]. TNF-α generated by macrophages or mam-
mary epithelial cells can trigger the inflammatory cascade and induce
other cells to produce other cellular factors [32]. TNF-α can elicit in-
filtration and activation of neutrophils, impair vascular endothelial
cells, enhance cellular adhesion molecules. IL-1β is a pro-inflammatory
cytokine and has been confirmed to have the ability to induce the
production of several secondary cytokines. IL-6 is a proinflammatory
cytokine and is typically one of the first to be produced following im-
mune activation. Moreover, it is involved in the formation of C-reactive
protein in the plasma of the patients with acute or chronic inflamma-
tion [33]. Additionally, IL-6 acts as a proinflammatory cytokine by
activating the JAK2/STAT3 signaling pathway. In the current study, the
concentrations of TNF-α, IL-1β and IL-6 both in LPS-induced C. argus

Fig. 3. Effect of different concentrations of AST on TNF-a, IL-1b, and IL-6 mRNA expression in LPS induced Channa argus. The values presented are mean ± SEM.
(n = 10 in each group). P*<0.05, P**<0.01vs. LPS group (only).
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and LPS-stimulated primary hepatocyte were attenuated after pre-
treatment with astaxanthin as compared with the control group. These
results indicated that astaxanthin reduced inflammatory responses may
be attributed to the inhibition of inflammatory cytokines TNF-α, IL-1β
and IL-6.

TLR4, one of the best characterized TLRs located on the cell plasma
membrane, is a pattern recognition receptor for LPS from Gram-nega-
tive bacteria [34]. In mammals, the lipid A portion of the LPS acts as a
toxin by overstimulating the TLR-4 innate immune signaling, which
induces pathogenic inflammatory responses [35]. Activation of TLR4 by
LPS eventually results in the activation of NF-kB, which is believed to
play a central role in the regulation of genes encoding for the in-
flammatory cytokines, adhesion molecules, chemokines, and other
growth factors involved in mammary inflammation [36]. Thus, the

inhibition of TLR4/NF-κB signaling pathways may have a therapeutic
effect on inflammation. The results of the present study showed that
astaxanthin inhibited the expression of TLR4 in LPS stimulated in-
flammatory responses.

The key signaling pathway mediating the inflammatory response,
from MAPKs to NF-kB activation has been well established in various
inflammatory diseases and cancers [37]. NF-κB plays an important role
in regulating inflammatory and immune responses to extracellular sti-
mulus [38]. It is known as an important target for anti-inflammatory
molecules. NF-κB is normally sequestered in the cytoplasm by a family
of inhibitory proteins known as inhibitors of NF-κB (IκBs). Therefore,
this signaling pathway is a noble target for anti-inflammatory drug
development. To further explore the potential molecular mechanism of
astaxanthin suppressing the production of proinflammatory cytokines,

Fig. 4. Effect of AST on the TLR4 and NF-κB pathway in LPS induced Channa argus. Western blot analysis was employed to the expression of P-65 and IκB. β-actin was
used as a control. The values presented are mean ± SEM. (n = 10 in each group). P*<0.05, P**<0.01vs. LPS group (only).
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we examined the activation of NF-κB p65 subunit and IκBα in the NF-κB
signaling pathway. Our data showed that the phosphorylation of IκBα
and NF-κB protein were increased by LPS, but astaxanthin inhibited NF-
κB activation and IκBα degradation. Therefore, the results indicated
that anti-inflammatory effect of astaxanthin correlated with the in-
hibition of NF-κB activation.

In addition, MAPKs have been implicated in LPS-induced in-
flammation pathways, it also play an important role during in-
flammatory responses [39]. To further characterize the inhibitory me-
chanism of astaxanthin on cytokine production, we also tested its' effect
on the activation of MAPK. Our results demonstrated that phosphor-
ylation of p38, ERK and JNK were accentuated after LPS induction.
However, phosphorylation of p38, ERK and JNK in astaxanthin treated

groups were significantly inhibited (p < 0.05). From the above, our
results suggested that astaxanthin suppressed pro-inflammatory cyto-
kine production by inhibiting the activation of NF-κB and MAPKs sig-
naling pathway.

In conclusion, our results demonstrated that pretreatment with as-
taxanthin develops a potent protective effect on LPS-induced in-
flammatory response which may be associated with its inhibition of NF-
κB and MAPKs signaling pathways activation.
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