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Abstract: The present study was carried out to evolve an effective treatment strategy for chronic obstructive pulmonary disease (COPD). Astaxanthin (AS) is 
abundantly present in red pigments of crustaceans, and has also been proven to have considerable biological activities. The anti-inflammatory effect of AS was eva-
luated in lipopolysaccharide (LPS)-exposed RAW264.7 macrophages. It was found that AS markedly inhibited elevation of NO and pro-inflammatory mediators. 
Moreover, it downregulated iNOS in LPS-stimulated RAW264.7 cells, suppressed the release of pro-inflammatory cytokines, and decreased ROS levels in mice 
exposed to cigarette smoke (CS) and LPS. These results imply that AS has therapeutic and prophylactic potential in the airway inflammatory response associated 
with COPD.
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Introduction

Recent decades have witnessed rising cases of chro-
nic inflammatory respiratory ailments such as COPD 
and asthma. Indeed, it has been projected that COPD 
may rank third in the list of killer diseases by 2020 (1, 
2). Although the pathogenesis of COPD is multi-facto-
rial, CS is thought to be one of the main pre-disposing 
agents (3). For instance, CS induces the recruitment of 
macrophages and neutrophils through the release of pro-
inflammatory cytokines and chemo-attractants (4, 5). 
Neutrophil influx is the mian pathophysiological cha-
racteristic of COPD. Continuous activation of neutro-
phils increases the release of ROS, inflammation-linked 
cytokines, and tissue lysate containing matrix metallo-
proteinases and elastases (6, 7). These aggravate airway 
inflammation and induction of destruction of the nor-
mal alveolar structure. Macrophages affect airway in-
flammatory cells by producing inflammatory cytokines 
and chemokines during the pathogenesis of COPD (8). 
Thus, the inhibition of production of these cytokines 
and chemokines is considered very essential in the 
control of respiratory diseases. Although current medi-
cal treatments can ease the symptoms of the disease, and 
numerous research have resulted in production of many 
therapeutic agents (9, 10), current research efforts are 
concentrated on new drugs with enhanced potency in 
ameliorating the symptoms of these diseases (11).

The structure of AS (3, 3'-dihydroxy-β, β'-carotene-
4,4'-dione) is shown in Figure 1. It is a non-provitamin 
A carotene-like compound categorized as xanthophyll, 
which is present in high amounts in red pigments of 

crustaceans (crabs and shrimps), squid, and asteroidean 
(12). Studies have demonstrated that AS has beneficial 
pharmacological properties such as antioxidant (100 
- 550 times more active than vitamin E), anti-cancer, 
NO-scavenging and anti-inflammatory effects (13, 14). 
Based on the biological characteristic of this naturally-
occurring carotenoid, it can also be used as a vascular 
endothelial protective agent. Recent researches in ani-
mal models of diabetes and hypertension have indica-
ted that AS lessens endothelial dysfunction underlying 
vascular endothelial lesions. Notwithstanding the bene-
ficial effects of AS, no studies have been carried out on 
its suitability for use in the treatment of CS-induced 
COPD. Therefore, it was theorized, as a basis of the cur-
rent study, that AS may be effective in reducing COPD 
inflammation caused by CS. To ascertain this, the anti-
inflammatory effects of AS were determined in vitro, 
and in vivo in mice exposed to CS and LPS, with a view 
to determining its potential for use in managing COPD.

Materials and Methods

Materials and reagents
AS was bought from J&K Scientific (Beijing, China) 

and solubilised in DMSO (Sigma Chemical Co) as stock 

Figure 1. The structure of AS.
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solution. Roflumilast (ROF) and MTT were purchased 
from Sigma Chemical Co. ( USA). Antibodies against 
β-actin, iNOS, p-Nrf2, Nrf2 and HO-1 were products of 
Santa Cruz Biotech (USA).

Cell culture
The RAW264.7 macrophages (ATCC, VA, USA) 

were cultured at 37°C in DMEM containing 10% fetal 
bovine serum (FBS), and 100 units/mL each of penicil-
lin and streptomycin (Invitrogen, USA) in a humidified 
atmosphere with 5% CO2.

Determination of cytotoxicity of AS
The cytotoxicity of AS to RAW264.7 cells was de-

termined using MTT assay. The cells (2 × 105 cells/mL) 
were cultured in a 96-well for 24 h, and then exposed 
separately to graded levels of AS (10, 20, 40, 60, 80, 
and 100 M) for 48 h. Thereafter, MTT (0.5 mg/mL, 20 
mL) was added to each culture well and the cells were 
continuously incubated at the temperature of 37 °C for 
4 h. After removing the MTT, the formazan crystals for-
med were solubilized in DMSO (200 μL) for 10 min, 
and the absorbance of the solution was read at 540 nm 
in a microplate reader (Infinite F200 Pro, Tecan, Swit-
zerland). The absorbance values were used as index of 
cell viability, relative to absorbance for cells incubated 
in control medium which were considered to be 100 % 
viable.

Assay of nitric oxide (NO) levels
The RAW264.7 cells were cultured exactly in the 

same manner, for the same period and at the same den-
sity as outlined in the cytotoxicity assay. Thereafter, the 
cells were incubated for 1 h with AS at concentrations 
of 5, 10 and 20 μM, and then stimulated for 16 h with 1 
μg/mL LPS (Sigma-Aldrich). Then, culture supernatant 
(100 μL) was added to100 μL of Griess reagent in a 96-
well plate. The resultant solution was incubated at room 
temperature for 15 min, and absorbance was read at 540 
nm. The NO was extrapolated from a sodium nitrite 
standard calibration curve. The results were expressed 
as mean ± SD of four replicates.

Western blotting
The RAW264.7 cells (2×105 cells/mL) were cultu-

red for 24 h, and pretreated with AS at concentrations 
of 10 and 20 μM. After incubation for 1 h, they were 
subjected to stimulation with LPS (1 g/mL). After 6 
h, Nrf2 activation was assayed in the cells and in lung 
tissues excised after 6 h of AS exposure. The expres-
sion of HO-1 was determined 24 h after AS exposure. 
The cells were harvested, lysed for 30 min with lysis 
buffer containing a protease inhibitor, and centrifuged. 
The lung tissues were extracted with 1:10 (w: v) mix-
ture of lysis buffer and extracting solution containing 
protease inhibitor. The total protein content of the lysate 
was assayed, and equal amounts of protein were sepa-
rated using SDS–polyacrylamide gel electrophoresis. 
The resultant bands were transferred onto nitrocellulose 
membranes and incubated with 1:1000 dilutions of rab-
bit polyclonal antibodies (iNOS, Nrf2, p-Nrf2, HO-1, 
and anti-β-actin). Non-specific binding was blocked 
with 5% skimmed milk. The membranes were rinsed 
in TBST at room temperature and incubated for 2 h 

with a 1:2000 dilution of Peroxidase-AffiniPure goat 
anti-rabbit IgG (H+L) and Peroxidase-AffiniPure goat 
anti-mouse IgG (H+L). After washing with TBST, the 
membranes were subjected to chemiluminescence using 
Thermo Fisher Chemiluminescence kits. The bands 
were visualized with an LAS-4000 image analyzer and 
subjected to densitometric analysis using Fuji Multin 
Gauge software.

Assay of IL-6, IL-1β and TNF-α 
The cell supernatant levels of TNF-α, IL-6, and IL-

1β were assayed with ELISA kits from R&D Systems in 
strict compliance with the kit protocol. 

Preparation of mouse model of CS and LPS-induced 
airway inflammation, and mice groupings

Male, 6-week-old C57BL/6N mice were used after a 
7-day acclimatization to laboratory conditions in an en-
vironment free from specific pathogens. The mice were 
randomly assigned to four groups (7 mice/group) viz: 
normal control (NC) group, CS + LPS group, 10 mg/kg 
roflumilast (ROF, positive control) group, and AS group 
(administered 10 and 20 mg / kg AS). The CS exposure 
was carried out as follows: the entire bodies of the mice 
were exposed for 1 h daily for 10 days to either indoor 
air or CS from 8 sticks of cigarettes. The CS was pro-
duced from 3R4F study cigarettes containing (per stick) 
11.0 mg total particulate matter, 9.4 mg tar and 0.76 
mg nicotine. The ROF and AS were dissolved in phos-
phate buffered saline (PBS) containing 1% DMSO + 1% 
Tween-20, and administered daily orally for 9 days. One 
hour after the final ROF and AS treatment, mice were 
intra-nasally administered LPS (μg in 30 μl of distilled 
water). The study protocol was in line with the guide-
lines of local Institutional Animal Care and Use Com-
mittee, and was carried out according to the National 
Institute of Health guidelines for the care and use of la-
boratory animals and the National Animal Welfare Act.

Assay pro-inflammatory cytokines and ROS
In line with previously described procedure (15), in-

tracellular ROS levels were assayed using 2',7'-dichlo-
rofluorescein diacetate (DCF-DA) obtained from Sig-
ma-Aldrich, USA. Following rinsing in PBS, the BALF 
cells were subjected to incubation at 37 °C for 10 min 
with 20 μM DCF-DA, and thereafter their ROS contents 
were measured in a fluorescent plate reader at wave-
length of 488 nm and emission fluorescence wavelength 
of 525 nm. The levels of pro-inflammatory cytokines 
were determined with R&D ELISA kits, and absorbance 
was read in a microplate reader at 450 nm.

Real-time polymerase chain reaction (PCR) analysis
The lung tissues of model mice were extracted with 

1:10 (w: v) mixture of lysis buffer to measure the mRNA 
expression of Nrf2, p-Nrf2 and HO-1. Total mRNA 
was extracted and reverse transcribed, then detected by 
quantitative real-time PCR using the iCycler real-time 
detection system (Bio-Rad, USA) in a two-step method. 
The hot start enzyme was activated at 95°C for 5 min. 
Subsequently, cDNA was amplified for 40 cycles, which 
consisted of denaturation at 95°C for 15s and annealing/
extension at 58°C for 30s. A melt curve analysis was 
then performed (the temperature was 55°C for 1 min and 
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cells, LPS-exposed cells showed increased IL-6 levels. 
However, AS treatment significantly and dose-de-
pendently decreased the LPS-induced increases in IL-6 
levels, when compared with the LPS-exposed cells (Fig. 
3A). In contrast to the results for IL-6, the LPS-stimu-
lated cells had significant increases in TNF-α and IL-
1β, relative to untreated cells, but these increases were 
reversed by AS (Fig. 3B and Fig.3C).

Effects of AS on mice model of CS and LPS-induced 
airway inflammation 

Increases in the amount of macrophages and neu-
trophils are fundamental features of CS- and LPS-in-
duced airway inflammation. Thus, the effect of AS on 
these cell infiltrations were evaluated with Diff-Quik 
staining. The results shown in Figures 4A-4B indicate 
significant and dose-dependent increases in the popula-
tions of macrophages and neutrophils in the CS + LPS 
group, while there were significant and dose-dependent 
decreases in the number of these cells in the AS group.

Effect of AS on ROS and pro-inflammatory cytokines
Intranasal administration of LPS, and CS exposure 

significantly increased the levels of TNF-α, IL-6 and 
ROS. However, treatment with AS led to significant and 
dose-dependent reductions in the levels of these para-
meters (Figures 5A-5C). The effects produced by 20 
mg/kg AS and 10 mg/kg ROF were comparable.

then increased by 0.5°C every 10 s) to detect the forma-
tion of primer-derived trimmers and dimmers. The pri-
mer sequences used were the following: Nrf2 forward, 
5’-CGGTATGCAACAGGACATTG-3’, and reverse, 
5’- ACTGGTTGGGGTCTTCTGTG-3’; p-Nrf2 
forward, 5’-TGGACGGGACTATTGAAGGCT-3’, and 
reverse, 5’-GCGGATTGACCGTAATGGGATA-3’, 
HO-1 forward, 5’-AAGATTGCCCAGAAAGCCC-
TGGAC-3’, and reverse, 5’-AACTGTCGCCACCA-
GAAAGCTGAG-3’ and β-actin forward, 5’-GTGG-
GCGCCCCAGACACCA-3’, and reverse, 5’-CTCCT-
TAATGTCACGCACGATTC-3’. β-actin was used as 
internal control.

Statistical analysis
Results were presented as mean ± standard deviation 

(SD), and were statistically analyzed using Student's t-
test. Values of p < 0.05 were assumed to indicate statis-
tical significance.

Results

Effect of AS on cell cytotoxicity in RAW264.7 cells
Different doses of AS were co-incubated for 48 h 

with RAW264.7 cells, and cell viability was assessed 
with MTT assay. In Figure 2A, even at concentrations 
up to 80 μM, AS was not cytotoxic to the RAW264.7 
cells. Therefore, AS at non-toxic concentration was 
chosen for potent anti-inflammatory assays in the sub-
sequent assays.

Effects of AS on NO and the expression of iNOS as a 
function of LPS stimulation

Compared to untreated cells, LPS-stimulated cells 
showed a substantial rise in NO production. However, 
AS significantly reduced the NO production in a dose-
dependent manner, when compared to LPS-stimulated 
cells (Fig. 2B). Besides, AS treatment inhibited iNOS 
expression caused by LPS treatment in a dose-de-
pendent manner (Fig. 2C-D).

Effects of AS on TNF-α, IL-6, and IL-1β production 
in LPS-stimulated RAW264.7 cells

As shown in Fig. 3, when compared to untreated 

Figure 2. Effect of AS on viability of RAW264.7 cells (A), NO 
levels (B) and iNOS levels (C) due to LPS exposure. Results were 
presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 vs. 
LPS. (C-D).

Figure 3. Effect of AS on TNF-α (A), IL-6 (B), and IL-1β (C) 
levels in LPS-exposed RAW264.7 cells. Results were presented as 
mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, compared to LPS.

Figure 4. AS-induced suppression of recruitment of (A) neutro-
phils, and (B) macrophages in BALF of mice subjected to CS- and 
LPS-induced inflammation. Diff-Quik® staining reagent was used 
for differential cell enumeration in BALF. NC (normal control); CS 
+ LPS (mice treated with CS and LPS); ROF (mice administered 
10 mg/kg ROF + CS + LPS); AS 10 and 20 (mice administered 
10 or 20 mg/kg AS + CS + LPS). Results were expressed as mean 
± SD. *p < 0.05, **p < 0.01, ***p < 0.001, compared with CS + 
LPS group.
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Effect of AS on the expression of HO-1 in the lungs
There was an increase in HO-1 expression in the AS 

group, relative to the NC or ROF groups (Fig. 6A). Acti-
vation of Nrf2, which is a major transcription factor of 
HO-1, was also observed following AS administration 
and HO-1 production (Fig. 6B).

Effect of AS on the expression of mRNA level by 
Real-Time PCR

There was an remarkable decrease in mRNA of 
HO-1 and Nrf2 expression in the AS group, relative to 
ROF group (Fig. 7A-B).

Discussion

The major features of COPD are increases in airway 
and lung parenchyma levels of macrophages, inflamma-
tion markers, neutrophils, macrophages, and inflamma-
tory mediators (16). In view of the importance of airway 
inflammation in COPD (17), the protective effect of 
AS was investigated in a CS- and LPS-induced mouse 
model of airway inflammation. The results showed that 
AS suppressed recruitment of inflammatory mediators 
by reducing ROS production and pro-inflammatory 
mediators in CS- and LPS-exposed mice. Consistent 
with results obtained in vivo, AS suppressed increases 
in iNOS levels as well as levels of NO and pro-inflam-
matory mediators in LPS-stimulated RAW264.7 cells. 
The pathogenesis of COPD is linked to pro-inflamma-
tory cytokines, chemokines, ROS and tissue lyase, all of 
which lead to airway inflammation (18). The recogni-
tion of neutrophils is linked to ROS and cytokines which 
result in release of TNF-α, IL-1β and IL-6 (19). Studies 
have shown that ROS exacerbate airway inflammation 
by stimulating specific inflammatory signals such as 
NF-κB and MAPK (20). CS is an effective stimulant 
for the release of inflammatory cells into the respiratory 
tract (21). Previous researches have established that cs 
enhances neutrophils recruitment into the airways by 
increasing ROS production (22). In the present study, 
the effect produced by 20 mg/kg AS in mice were com-
parable to those produced in mice treated with ROF. 
This result suggested that AS could efficiently inhibit 
the CS- and LPS-induced recruitment of inflammatory 
cells into the airways.

It has been demonstrated that IL-6, TNF-α, and IL-
1β participate in the response to inflammation by sti-
mulating the activating inflammatory signals close to 
lesion areas (23). Therefore, the inhibition of expres-
sions of pro-inflammatory cytokines can be thought as 
a vital step towards controlling inflammatory responses. 
In this study, CS and PLS exposure provoked signifi-
cant increase in BALF protein content through eleva-
tions in IL-6, TNF-α and IL-1β. However, AS reversed 
the CS- and LPS-induced increases in BALF cytokines. 
The results from in vivo studies were in agreement with 
those obtained in vitro in support of the anti-inflamma-
tory effects of AS.

The production of NO is strongly associated with the 
inflammatory process. Nitric oxide (NO) is synthesized 
from L-arginine in a reaction catalyzed by iNOS. A 
variety of stimuli and inflammatory lesions are associa-
ted with accentuated iNOS expression (24). Indeed, the 
NO produced by iNOS is involved in the generation of 
reactive nitrogen species which are implicated in tissue 
lesions. Moreover, NO activates inflammatory signals 
that exacerbate the inflammatory response. The LPS-ex-
posed cells had elevations in NO and iNOS, relative to 
untreated cells. However, these increases were reversed 
in a concentration-dependent fashion by AS treatment. 
The AS exposure also reduced the levels of pro-inflam-
matory cytokines in LPS-stimulated RAW264.7 cells, 
which was consistent with results obtained in vivo.

The antioxidant enzymes superoxide dismutase, 
HO-1 and NAD(P)H oxidoreductase 1 play protective 
roles against endotoxin-induced inflammation (25). Stu-
dies have shown that HO-1 exerts an anti-inflammatory 

Figure 5. Effect of AS on ROS, TNF-α and IL-6 in BALF CS and 
LPS-exposed mice. Results were presented as mean ± SD. **p < 
0.01, ***p < 0.001, relative to CS + LPS group; # p < 0.05, com-
pared to ROF group.

Figure 6. Effect of AS on HO-1 expression in lung tissues of CS-
LPS-treated mice. (A) Nrf2 activation, and (B) HO-1 expression. 
Results were presented as mean ± SD; *p < 0.05, **p < 0.01, rela-
tive to CS + LPS group.

Figure 7. Effect of AS on the expression of mRNA level by Real-
Time PCR. (A) HO-1 expression, and (B) Nrf2 activation. Results 
were presented as mean ± SD; *p < 0.05, **p < 0.01, relative to 
CS + LPS group.



98

.

Cell Mol Biol (Noisy le Grand) 2019 | Volume 65 | Issue 1 

Liu Nian et al.

action under inflammatory conditions through control 
of nuclear factor-κB activation and production of in-
flammatory molecules (26). Treatment with antioxi-
dants reverses CS-induced neutrophil influx and airway 
inflammation by inducing HO-1 (27). It has been repor-
ted that antioxidants down-regulate the expressions of 
inflammatory cytokines and up-regulate the expression 
of HO-1 in CSE-stimulated macrophages and bronchial 
epithelial cells. Therefore, HO-1 induction can be used 
for treating CS-induced airway inflammation. In the 
present study, it was found that AS administration up-
regulated HO-1 expression and activated Nrf2, relative 
to the CS + LPS group. It also improved HO-1 expres-
sion more effectively than that seen in the NC group, 
suggesting that AS can be used to induce HO-1 in CS-
induced airway inflammation.

These results suggest that AS suppresses the inflam-
matory response, and possesses therapeutic and prophy-
lactic potential in COPD-associated airway inflammato-
ry response. However, the mechanism of drug action is 
diverse, and whether astaxanthin can show the effect of 
COPD through this single pathway remains to be further 
studied. Thus, it can be considered as a potential drug 
candidate for the effective treatment for COPD.
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