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Abstract

Background Astaxanthin is a red carotenoid pigment

which has significant potential for antioxidant activity. The

macrophages in atherosclerotic lesions, known as activated

macrophages, express scavenger receptors responsible for

the clearance of pathogenic lipoproteins. In addition, the

expression and secretion of proteolytic enzymes, matrix

metalloproteinases (MMPs), and pro-inflammatory cyto-

kines are remarkably promoted in activated macrophages.

Aim of the study In this study, we investigated the effects

of astaxanthin on the expression of scavenger receptors,

MMPs, and pro-inflammatory cytokines in macrophages.

Methods THP-1 macrophages were incubated with

5–10 lM astaxanthin for 24 h. The expression levels of

scavenger receptors, MMPs, and pro-inflammatory cyto-

kines were determined by Western blot analysis or real-

time RT-PCR. The MMP-9 and -2 activities were

examined by gelatin zymography and total MMP activity

was measured by fluorometry.

Results We found that astaxanthin remarkably decreased

the class A scavenger receptor and CD36 expression in the

protein and mRNA levels. Astaxanthin also reduced MMP-

1, -2, -3, -9, -12, and -14 activity and expression. The

mRNA expression of tumor necrosis factor-a, interleukin-

1b, interleukin-6, inducible nitric oxide synthase, and

cyclooxygenase-2 were significantly suppressed by asta-

xanthin. Furthermore, astaxanthin inhibited the phosphor-

ylation of nuclear factor-jB.

Conclusions These results indicate that astaxanthin has

inhibitory effects on macrophage activation, such as

scavenger receptors up-regulation, MMPs activation, and

pro-inflammatory cytokines secretion.

Keywords Astaxanthin � Macrophage �
Scavenger receptor � Matrix metalloproteinase �
Atherosclerosis

Introduction

Astaxanthin is a red carotenoid pigment contained in some

seafood, such as salmons, crabs, and shrimps. The asta-

xanthin content of salmon is 1.7–2.6 mg/100 g. Astaxan-

thin belongs to the xanthophyll class of carotenoids and is

closely related to b-carotene, lutein, and zeaxanthin, shar-

ing with them many of the general metabolic and physio-

logical functions attributed to carotenoids. Several previous

studies have demonstrated that astaxanthin exhibits a wide

variety of biological activities, including antioxidant [19,

31] and anti-tumor effects [5, 21]. The antioxidant activity

of astaxanthin is greater than that of b-carotene or

a-tocopherol [11, 31]. Astaxanthin has unique chemical
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properties based on its molecular structure. The presence of

the hydroxyl and keto moieties on each ionone ring

explains its higher antioxidant activity. We previously

reported that astaxanthin inhibited low density lipoprotein

(LDL) oxidation in vitro and ex vivo [18]. However, little

information is available about the effects of astaxanthin on

atherosclerosis progression beyond its antioxidant ability.

One of the earliest events in atherosclerosis is the

accumulation of oxidized LDL (ox-LDL) in the intima.

Scavenger receptors are integral membrane proteins that

bind to a wide variety of ligands, including modified and

ox-LDL, lipoproteins, apoptotic cells and pathogens.

Scavenger receptor-mediated recognition of ox-LDL by

macrophages leads to the formation of foam cells and

plaque. In vitro experiments have shown that the class A

scavenger receptor (SR-A) and CD36 are responsible for

the major part of ox-LDL uptake by macrophages, sug-

gesting pro-atherogenic roles for SR-A and CD36 [24,

29].

Additionally, macrophages play particularly important

roles in inflammation via the production of matrix-

degrading enzymes, pro-inflammatory cytokines/chemo-

kines, cell adhesion molecules, nitric oxide (NO), and

cyclooxygenase-2 (COX-2) [35]. Matrix metalloprotein-

ases (MMPs), a family of Zn2?-dependent endopeptidases,

are responsible for the degradation of most extracellular

matrix proteins. MMPs also mediate tissue remodeling in

various pathologic conditions, including several inflam-

matory diseases [2]. Expression of MMPs is increased in

atherosclerotic lesions and is linked to weakening of the

vascular wall due to degradation of the extracellular matrix

[4, 39, 41]. Furthermore, several biomarker studies show

associations between increased plasma MMPs levels and

acute coronary syndromes [13, 17]. Inducible nitric oxide

synthase (iNOS) has been detected in macrophages and T-

lymphocytes of advanced atherosclerotic plaques of human

coronary arteries. The local release of large amount of NO

metabolites has been linked to the production of harmful

oxidative products such as peroxynitrite. Prostaglandin

which is synthesized by cyclooxygenase is another

important mediator of inflammation. COX-2 is induced by

several pro-inflammatory stimuli, such as, growth factors,

cytokines, and endotoxin. Many macrophage-derived fac-

tors have been hypothesized to play an important role in

generating inflammatory responses during atherosclerosis.

Thus, macrophages are central to the initiation and

progression of atherosclerosis and can be very appropriate

targets for therapy. The aim of this study was to elucidate

the potential of astaxanthin on macrophage atherogenesis-

related functions. We investigated whether astaxanthin

inhibited scavenger receptors up-regulation, MMPs acti-

vation, and pro-inflammatory cytokines expression in THP-

1 macrophages.

Materials and methods

Materials and reagents

Astaxanthin was kindly provided by Fuji Chemical Indus-

tries (Toyama, Japan). RPMI 1640 medium, fetal bovine

serum (FBS), and penicillin/streptomycin were purchased

from GIBCO (Paisley, UK). Oligonucleotide primers were

synthesized by Sigma-Genosys (Hokkaido, Japan). RNeasy

Mini Kit was purchased from Qiagen (Hilden, Germany),

and cDNA Reverse Transcription Kit and SYBR green PCR

mix from Applied Biosystems (CA, USA). Polyclonal anti-

body against SR-A, CD36, LOX-1, MMP-9, MMP-2,

nuclear factor-jB (NF-jB) (p65), and phospho NF-jB (p65)

were purchased from Santa Cruz Biotechnology (CA, USA).

Polyclonal antibody against actin was obtained from Sigma-

Aldrich (Tokyo, Japan). All other chemicals were purchased

from Wako Pure Chemicals (Osaka, Japan), unless otherwise

specified.

Cell culture

The human monocytic cell line THP-1 was obtained from the

RIKEN CELL BANK (Tsukuba, Japan) and cultured in

PRMI-1640 supplemented with 50 units/mL penicillin and

streptomycin, and 10% FBS, at 37 �C and 5% CO2. THP-1

cells were stimulated with 320 nM Phorbol-12-myristate-13-

acetate (PMA) for 72 h to induce differentiation into macro-

phages. After differentiation, cells were treated with 5–10 lM

astaxanthin dissolved in dimethyl sulfoxide for 24 h.

MMPs activity

Gelatinolytic activities of MMP-9 and -2 were examined by

gelatin zymography assay. Electrophoresis was performed

on culture supernatants at 4 �C on 10% polyacrylamide gels

containing 1% SDS and 0.1% gelatin without boiling at a

constant voltage of 80 V. The gels were incubated overnight

at 37 �C in incubation buffer containing 50 mM Tris–HCl

(pH 7.5), 150 mM NaCl, 10 mM CaCl2, and 1 nM ZnCl2.

The gels were then stained with a solution of coomassie

brilliant blue R-250. Gelatinolytic activity was quantified by

scanning densitometry with LAS-4000 (Fujifilm, Tokyo,

Japan). Total MMP activity in culture supernatants was

measured by using a fluorogenic peptide substrate (R&D

systems, MN, USA). The MMP substrate was added to the

culture supernatants and incubated at 37 �C for 60 min.

Total MMP activity was determined by fluorometer (POW-

ERSCAN-HT, DS Pharma Biomedical, Osaka, Japan) at

excitation at 320 nm and emission at 405 nm. The tern ‘total

MMP activity’ is used throughout the paper synonymously

with the activity of MMP-1, -2, -7, -8, -9, -12, -13, -14, -15,

and -16.
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Real-time RT-PCR analysis

Total cellular RNA was extracted using RNeasy Mini kit

and the total RNA (2 lg) was then reverse-transcribed into

cDNA using a thermal cycler (MJ Research, MA, USA).

Real-time PCR was performed on the ABI 7300 cycler

(Applied Biosystems, CA, USA) using SYBR green PCR

mix. The results were expressed as a copy number ratio of

the target mRNA to b-actin mRNA. Primer sequences used

in the study were shown in Table 1.

Western blot analysis

After treatment, cells were washed with ice-cold PBS and

lysed with protein extraction reagent (Pierce Biotechnol-

ogy, IL, USA) containing 10 lg/mL leupeptin, 10 lg/mL

aprotinin, and 1 mM phenylmethylsulfonyl fluoride. Ali-

quots of cellular proteins were electrophoresed on 10%

SDS-polyacrylamide gel and transferred to an Immobilon-

P-membrane (Millipore, MA, USA). The membrane was

allowed to react with a specific antibody, and detection of

specific proteins was carried out by enhanced chemilumi-

nescence. Loading differences were normalized using

polyclonal actin antibodies. All signals were detected by

LAS-4000 (Fujifilm, Tokyo, Japan). Densitometric analysis

was performed using Multi Gauge version 3.0 (Fujifilm,

Tokyo, Japan) to scan the signals.

Statistical analysis

Statistical analyses were performed with GraphPad Prism

for Windows version 5.0 (GraphPad Software, CA, USA).

All results were expressed as mean ± SEM, and differ-

ences between groups were analyzed by one-way ANOVA

followed by Dunnett’s test. The minimum significance

level was set at a P value of 0.05 for all analysis. All

experiments were performed at least three times.

Results

Effects of astaxanthin on scavenger receptors

expression

We first checked the cytotoxic effects of astaxanthin in

THP-1 macrophages by MTT assay. Astaxanthin did not

affect cell viability under our experimental conditions (data

not shown).

We next examined the effect of astaxanthin on scaven-

ger receptors (SR-A and CD36) expression. SR-A and

CD36 expressions were remarkably increased during dif-

ferentiation into macrophages. Astaxanthin gradually

decreased SR-A and CD36 protein levels at 5–10 lM in

THP-1 macrophages (Fig. 1a).We performed the real-time

RT-PCR analyses to determine whether the inhibition of

scavenger receptors expression by astaxanthin was due to

decreased levels of transcription. Astaxanthin decreased

the mRNA expression levels of SR-A and CD36 at 10 lM

(48 and 58%, respectively) (Fig. 1b). Furthermore, asta-

xanthin also suppressed SR-A and CD36 expression in the

protein and mRNA levels within human primary macro-

phages (data not shown).

Effects of astaxanthin on MMPs activity and expression

We analyzed the MMPs activity by using gelatin zymog-

raphy assay and fluorometry. Quiescent THP-1 cells

secreted MMPs at very low levels, and differentiation into

macrophages markedly augmented MMPs activity in the

culture supernatants. The MMP-9 activity was slightly

inhibited in the presence of 10 lM astaxanthin (Fig. 2a).

The medium from THP-1 macrophages contained very

Table 1 List of primer sequence

Gene/primer Sequence (50–30)

SR-A Forward: AGGGCCCTCTTAAGATCAGG

Reverse: ACAACACGGGAACCAAAGTC

CD36 Forward: CAATTAAAAAGCAAGTTGTCCTCGA

Reverse: ATCACTTCCTGTGGATTTTGCA

MMP-9 Forward: GTGCGTCTTCCCCTTCACTTTCCT

Reverse: GGAATGATCTAAGCCCAGCG

MMP-2 Forward: GGGACAAGAACCAGATCACATAC

Reverse: CTTCTCAAAGTTGTAGGTGGTGG

MMP-1 Forward: GACAGAAAGAGACAGGAGAC

Reverse: GAGTTATCCCTTGCCTATCC

MMP-3 Forward: GGCACAATATGGGCACTTTA

Reverse: CCGGCAAGATACAGATTCAC

MMP-12 Forward: ACACCTGACATGAACCGTGA

Reverse: CTAGGATTCCACCTTTGCCA

MMP-14 Forward: GAAGCCTGGCTACAGCAATATG

Reverse: TGCAAGCCGTAAAACTTCTGC

TNF-a Forward: TGGAGAAGGGTGACCGACTC

Reverse: TCCTCACAGGGCAATGATCC

IL-1b Forward: CTGTACGATCACTGAACTGC

Reverse: CACCACTTGTTGCTCCATACT

IL-6 Forward: GGTACATCCTCGACGGCATC

Reverse: GCCTCTTTGCTGCTTTCACAC

iNOS Forward: CCAAGAGAAGAGAGATTCCATTGAA

Reverse: TGATTTTCCTGTCTCTGTCGCA

COX-2 Forward: CCAGCACTTCACGCATCAGT

Reverse: ACGCTGTCTAGCCAGAGTTTCAC

b-Actin Forward: CTTCTACAATGAGCTGCGTG

Reverse: CATGAGGTAGTCAGTCAGG
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weak proteolytic activity at 72 kDa, corresponding to

MMP-2. Total MMP activity was measured by digestion of

fluorogenic peptide substrate. As shown in Fig. 2b, asta-

xanthin significantly reduced total MMP activity at 10 lM

(73%, P \ 0.05). The protein expression levels of MMP-9

and -2 were determined by Western blot analysis. The

expression levels of MMP-9 protein decreased (Fig. 2c),

indicating that reduced MMP-9 enzyme activity was the

result of decreased amounts of MMP-9 protein. MMP-2

protein expression was also decreased by astaxanthin.

Figure 2d showed the effects of astaxanthin on MMPs

expression in the mRNA levels. MMP-9, -2 and the other

MMPs expressed in macrophages, MMP-1, -3, -12, and -14

expressions were decreased by 10 lM astaxanthin (29, 66,

74, 15, 10 and 37%, respectively). Furthermore, astaxan-

thin showed the inhibitory effects on MMP-9 and -2

expressions in mRNA and protein level in human primary

macrophages (data not shown).

Effects of astaxanthin on pro-inflammatory cytokines,

iNOS and COX-2 expression

As shown in Fig. 3, the differentiation of monocytes into

macrophages-induced up-regulation of pro-inflammatory

cytokines, iNOS and COX-2. Astaxanthin remarkably

suppressed the mRNA expression of tumor necrosis factor-

a (TNF-a), interleukin-1b (IL-1b), interleukin-6 (IL-6),

iNOS, and COX-2 at 10 lM (39, 31, 28, 32, and 19%,

respectively). We found that astaxanthin also inhibited the

pro-inflammatory cytokines expression in human primary

macrophages (data not shown).

Effects of astaxanthin on nuclear factor-jB activation

To evaluate the mechanism by which astaxanthin down-

regulates the expression of scavenger receptors, MMPs,

and pro-inflammatory cytokines, we examined its inhibi-

tory effect on NF-jB activation. Protein kinase C activated

by PMA is known to stimulate the activities of NF-jB. We

found that astaxanthin inhibited the phosphorylation of NF-

jB in THP-1 macrophages (Fig. 4).

Discussion

Macrophages play central roles in the initiation, progres-

sion, development, and rupture of atherosclerotic plaque. In

the present study, we evaluated the inhibitory effects of

astaxanthin on macrophage activation. Astaxanthin effec-

tively suppressed the expression of scavenger receptors,

MMPs, and pro-inflammatory cytokines in THP-1 macro-

phages. Moreover, we found that astaxanthin inhibited the

activation of NF-jB.

Atherosclerosis is known as an inflammatory disease.

Recently, it has been proposed that oxidative stress and

inflammation are evoked thought the similar pathway.

Therefore, the antioxidants, such as carotenoids, are

expected to inhibit inflammation and improve atheroscle-

rosis progression. Several epidemiologic studies have

proposed an inverse relationship between serum carote-

noids and cardiovascular disease [6, 9]. Astaxanthin is

considered to have stronger antioxidant ability than other

carotenoids due to the presence of the hydroxyl and keto
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Fig. 1 Effects of astaxanthin on

scavenger receptor expression

in THP-1 macrophages.

Macrophages were treated with

5–10 lM astaxanthin for 24 h.

a SR-A and CD36 protein

expression were determined by

Western blot. Equal loading of

proteins was confirmed with

total actin antibody.

Representative blots from three

independent experiments are

shown. b SR-A and CD36

mRNA expression were

determined by real-time RT-

PCR analysis. Each mRNA

levels were normalized to the

levels of b-actin mRNA.

***P \ 0.001 compared with

untreated macrophage
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moieties on each terminal ring. In addition, astaxanthin is

likely to be located in the membrane in such a way that its

polar terminal ring is oriented at or near the membrane

surface, with the polyene chain in the interior of the

membrane [14]. This structure could be effective for the

terminal ring of astaxanthin to scavenge reactive oxygen
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Fig. 2 Effects of astaxanthin on

MMP activity and expression in

THP-1 macrophages.

Macrophages were treated with

5–10 lM astaxanthin for 24 h.

a MMP-9 and -2 activities in

culture supernatants were

analyzed by gelatinolytic

zymography. b Total MMP

activity was measured by

digestion of fluorogenic peptide

substrate. c MMP-9 and -2

protein expressions were

determined by Western blot.

Equal loading of proteins was

confirmed with total actin

antibody. Representative blots

from three independent

experiments are shown.

d MMP-9, -2, -1, -3, -12, and

-14 mRNA expression were

determined by real-time

RT-PCR analysis. Each mRNA

levels were normalized to the

levels of b-actin mRNA. Data

are presented as mean ± SEM

of three separate experiments.

***P \ 0.001, **P \ 0.01,

*P \ 0.05 compared with

untreated macrophage
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species (ROS) at/near the membrane surface, and for its

polyene chain to inhibit the radical chain reaction in the

membrane.

We showed that astaxanthin decreased SR-A and CD36

up-regulations in THP-1 macrophages. Unregulated uptake

of ox-LDL via macrophage scavenger receptors is a key

event in atherosclerosis progression. Mamputu et al. [28]

showed that gliclazide, a sulfonylurea with antioxidant

properties, but not glyburide, without antioxidant proper-

ties, decreased CD36 expression in human macrophages.

These results suggest that oxidative stress is involved in the

regulation of CD36 expression. Recent studies demon-

strated that some antioxidants, such as flavonoids [8, 22]

and a-tocopherol [7, 33], suppressed CD36 expression in

macrophages. Though the precise mechanisms for devel-

opmental regulation of SR-A have not been clear, in vitro

and animal studies probably suggest that ROS generated

from a protein kinase C-dependent NAD(P)H oxidase

pathway plays a role in the high glucose-induced up-reg-

ulation of SR-A [10]. Hence, we think that the antioxidant

property of astaxanthin may account for its inhibitory

effect on SR-A and CD36 expression. We previously

reported that astaxanthin protected LDL oxidation in

healthy subjects [18]. These data, as well as our current

results, suggest that astaxanthin can inhibit the uptake of

ox-LDL and foam cells formation.
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Fig. 3 Effects of astaxanthin on

pro-inflammatory cytokines,

iNOS and COX-2 expression in

THP-1 macrophages.

Macrophages were treated with

5–10 lM astaxanthin for 24 h.

TNF-a, IL-1b, IL-6, COX-2,

and iNOS mRNA expression

were determined by real-time

RT-PCR analysis. Each mRNA

levels were normalized to the

levels of b-actin mRNA.

***P \ 0.001, **P \ 0.01

compared with untreated

macrophage
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Fig. 4 Effects of astaxanthin on NF-jB activation in THP-1 macro-

phages. Macrophages were treated with 5–10 lM astaxanthin for

24 h. NF-jB activation were determined by Western blot with

phospho-specific antibodies. Equal loading was confirmed with the

total antibody. Representative blots from three independent experi-

ments are shown
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Macrophage-derived foam cells associate clinically with

unstable plaques [26]. Elevated levels of MMPs, such as

MMP-1, -2, -3, -9, -11, -12, -13, -14, and -16 are all found

in macrophage-rich regions of human atherosclerotic pla-

que [32]. In the current study, we found that astaxanthin

reduced the gelatinolytic activity (MMP-9 and -2) and total

peptidase activity (total MMP) in THP-1 macrophages.

Astaxanthin decreased MMP-9 and -2 in both the mRNA

and protein levels, and MMP-1, -3, -12, and -14 in mRNA

levels. It has been reported that the gelatinolytic activity in

plaques is ROS-dependent and thus inhibitable by ROS

scavengers such as N-acetyl-L-cysteine [12]. Our results

indicated that astaxanthin might prove useful for inhibiting

matrix degradation and improving vascular stability.

The pro-inflammatory cytokines, prostaglandins, and

NO produced by activated macrophages play critical roles

in atherosclerosis. The inhibition of pro-inflammatory

cytokines secretion from macrophages might be one of the

mechanisms mediating the beneficial effects of antioxi-

dants on atherosclerosis development. This idea is based

primarily on studies with vitamin E, which has been shown

to reduce the secretion of pro-inflammatory cytokines,

including TNF-a, IL-1b, and IL-6, by monocytes and

macrophages [20, 36]. We found that astaxanthin inhibited

TNF-a, IL-1b, IL-6, COX-2, and iNOS mRNA expressions

in THP-1 macrophage. The pro-inflammatory mediators,

such as TNF-a, IL-1b, or IFNc is known to further increase

expression of MMPs [37, 42].

Nuclear factor-jB is one of most important transcription

factors in terms of inflammatory responses, and controls

the expressions of numerous genes, such as TNF-a, IL-1b,

IL-6, COX-2, and iNOS [1]. Moreover, it is known that

MMPs expressions are also regulated with NF-jB [3].

Previous studies showed that the inhibitor of the NF-jB

signaling pathway blocked the MMP-9 activation [27, 40].

We found that astaxanthin inhibited the phosphorylation of

NF-jB in THP-1 macrophages, suggesting that the inhib-

itory effects of astaxanthin on the MMPs activation and

pro-inflammatory cytokines expression were associated

with the suppression of NF-jB activation. Lycopene and

b-carotene have been shown to regulate NF-jB pathways

[23, 34].

A few animal studies have reported the beneficial effects

of oral astaxanthin supplementation on prevention of car-

diovascular disease. The astaxanthin derivative, astaxan-

thin disodium salt (ADD), protected ischemia-reperfusion

injury in rat and dog [15, 16]. ADD has also demonstrated

efficacy of carotid artery rethrombosis and platelet aggre-

gation [25]. Though the anti-inflammatory effects of asta-

xanthin in human subject is still unclear, lycopene or

b-carotene supplementation suppressed ROS generation in

neutrophils [38]. Serum lycopene levels inversely corre-

lated with neopterin, a sensitive indicator for macrophage

immune activation [30]. Results from previous reports and

our study support the antioxidant/anti-inflammatory prop-

erties of astaxanthin, suggesting it as a candidate for a

therapeutic agent for cardiovascular oxidative stress and

inflammation. However, it remains to be seen if the results

of these in vitro and animal studies can be reproduced in

human subjects.

In conclusion, astaxanthin suppressed the scavenger

receptors up-regulation, MMPs activation, and pro-

inflammatory cytokines expression in macrophages. Our

findings suggest that astaxanthin can be effective to regu-

late the macrophage atherogenesis-related functions.
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