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regulating the FGF21/PGC-1α pathway
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Background and Purpose: Non-alcoholic fatty liver disease (NAFLD) is considered to

be one of the most common chronic liver diseases across worldwide. Astaxanthin

(Ax) is a carotenoid, and beneficial effects of astaxanthin, including anti-oxidative,

anti-inflammatory, and anti-tumour activity, have been identified. The present study

aimed to elucidate the protective effect of astaxanthin against NAFLD and its under-

lying mechanism.

Experimental Approach: Mice were fed either a high fat or chow diet, with or with-

out astaxanthin, for up to 12 weeks. L02 cells were treated with free fatty acids com-

bined with different doses of astaxanthin for 48 h. Histopathology, expression of lipid

metabolism, inflammation, apoptosis, and fibrosis-related gene expression were

assessed. And the function of mitochondria was also evaluated.

Key Results: The results indicated that astaxanthin attenuated HFD- and FFA-

induced lipid accumulation and its associated oxidative stress, cell apoptosis, inflam-

mation, and fibrosis both in vivo and in vitro. Astaxanthin up-regulated FGF21 and

PGC-1α expression in damaged hepatocytes, which suggested an unrecognized

mechanism of astaxanthin on ameliorating NAFLD.

Conclusion and Implications: Astaxanthin attenuated hepatocyte damage and mito-

chondrial dysfunction in NAFLD by up-regulating FGF21/PGC-1α pathway. Our

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; FFA, free fatty acid; HFD, high-fat diet; NAFLD, non-alcoholic fatty liver disease; NAS, NAFLD activity score;

NASH, non-alcoholic steatohepatitis; NRF1, nuclear respiratory factor 1; OXPHOS, oxidative phosphorylation; PGC-1α, PPAR-γ coactivator-1α; TFAM, mitochondrial transcription factor A; TGs,

triglycerides; ΔΨm, mitochondrial membrane potential.
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results suggest that astaxanthin may become a promising drug to treat or relieve

NAFLD.

1 | INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) arises from the imbalance

of hepatic free fatty acid (FFA) metabolism and is considered one of

the most common chronic liver diseases with a prevalence of approxi-

mately 25%–30% worldwide (Ahmed et al., 2017). NAFLD has a wide

disease spectrum, ranging from simple steatosis, non-alcoholic

steatohepatitis (NASH), liver fibrosis, cirrhosis, and hepatocellular car-

cinoma. NAFLD pathogenesis has been is described as the two-hit

process. The first hit is triggered by an overload of fatty acids and tri-

glycerides (TGs) in liver. The second hit is characterized as chronic

stress, including the generation of ROS, exacerbated pro-inflammatory

responses, enhanced lipid peroxidation, and endoplasmic reticulum

stress associated with fatty liver (Chen, Yu, Xiong, Du, & Zhu, 2017;

Day & James, 1998). However, the underlying mechanisms remain

poorly understood.

According to the “two-hit” theory, the second hit involves the

mitochondria as the main target (Baker & Friedman, 2018). The mito-

chondrion, whose shape is highly variable, contains a double mem-

brane structure and is the primary location of ATP production and the

main source of ROS (Li et al., 2018),. Mitochondria play an important

regulatory role in many cellular activities, such as oxidative stress, cell

apoptosis and gene expression. Excessive intracellular lipid deposition

promotes oxidative stress reactions to produce excessive amounts of

ROS, which results in mitochondrial dysfunction and cytotoxicity. This

promotes a vicious cycle and exacerbates the development of NAFLD

(Zhou et al., 2018).

The growth factor FGF21 is an endocrine member of the FGF

family, and it is involved in a variety of metabolic systems. Circu-

lating FGF21 is largely derived from the liver, and its levels are

highly correlated with hepatic function (Badman et al., 2007). In

addition, clinical studies have shown that FGF21 is associated with

fatty liver disease (Hu et al., 2019; Li et al., 2010). Animal experi-

ments have shown that FGF21 mRNA is increased in the livers of

mice with NAFLD (Badman et al., 2007). Studies with FGF21 gene

knockout or overexpressing mice have shown that FGF21 plays an

important role in lipid metabolism (Yan et al., 2015). PPAR-γ
coactivator-1α (PGC-1α), an important transcriptional coactivator,

is a central inducer of mitochondrial biosynthesis and energy

metabolism (Lustig et al., 2011; Yan et al., 2013). Convincing evi-

dence has shown that FGF21 can regulate PGC-1α (Fisher

et al., 2012; Potthoff et al., 2009).

Astaxanthin is a carotenoid that exists in shrimp, crab, salmon,

algae, and other marine organisms, which exhibits both hydrophilic

and lipotropic properties (Ambati, Phang, Ravi, &

Aswathanarayana, 2014). And has a molecular structure that allows it

to directly enter cells and quench active oxygen and free radicals, all-

owing it to act as naturally occurring antioxidant, with an antioxidant

activity 500 times greater than that of vitamin E (Ambati et al., 2014;

Ni et al., 2015). Astaxanthin is known to protect mitochondria by

preventing oxidative stress (Baburina et al., 2019) and, with good

safety data (Brendler & Williamson, 2019; Williamson, Liu, &

Izzo, 2020), astaxanthin exhibits a wide range of beneficial effects

(Ambati et al., 2014), including anti-inflammatory and anti-tumour

activities. More relevantly, astaxanthin reduced lipid accumulation and

induced energy expenditure in mice on a high-fat diet (HFD) (Jia, Wu,

Kim, Kim, & Lee, 2016; Kim et al., 2017).

In this study, we have evaluated the effects of astaxanthin in

C57BL/6 mice fed an HFD, which is a widely used animal model

(Recena Aydos et al., 2019), and investigated its underlying mecha-

nisms. Our results clearly show that astaxanthin administration up-

What is already known

• Astaxanthin can exert beneficial effects in various

diseases.

• FGF21 is involved in a number of metabolic pathways,

including lipid metabolism.

What this study adds

• Astaxanthin achieved its anti-NAFLD effects by up-

regulating the FGF21/PGC-1α pathway.

• OATP1A/1B and CYP3A contribute to the elimination of

larotrectinib.

What is the clinical significance

• Astaxanthin may become a promising drug to treat or

relieve NAFLD in the near future.
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regulated FGF21 and PGC-1α, resulting in the prevention of HFD-

induced fatty liver, effects which were associated with the regulation

of mitochondrial function. Our data suggest that astaxanthin can be

considered a potential agent for treating fatty liver.

2 | METHODS

2.1 | Cell culture and treatment

The normal human liver cell line, LO2 cells, was purchased from

the Chinese Academy of Science Committee Type Culture Collec-

tion Cell Bank (RRID:CVCL_6926). The cells were cultured in h-

DMEM supplemented with 10% FBS, 100 U�ml−1 of penicillin, and

100 g�ml−1 of streptomycin in a humidified incubator at 37�C in

5% CO2. Oleic acid (OA) and palmitic acid (PA) were dissolved in

5% BSA. LO2 cells were exposed to an FFA mixture of 800-μM

OA and 400-μM PA for 48 h to induce steatosis. Cells were

treated with 30-, 60-, and 90-μM astaxanthin. After eliminating

other factors (Supporting Information), the cells were divided into

five groups: (1) control group, treated only with 5% BSA; (2) FFA

group, treated with an FFA mixture for 48 h; (3) FFA + Ax30

group, treated with 30-μM astaxanthin and the FFA mixture

described above; (4) FFA + Ax60 group, treated with 60-μM

astaxanthin and the FFA mixture described above; and

(5) FFA + Ax90 group, treated with 90-μM astaxanthin and the

FFA mixture described above.

2.2 | Plasmid construction, lentivirus packaging, and
cellular transfection

FGF21 overexpression (FGF21-oe) or knockdown (sh-FGF21)

lentivirus was synthesized and cloned into the LV5 (EF-

1aF/GTP&Puro) and LV3 (H1/GTP&Puro) vector by GenePharma Bio-

technology (Shanghai, China). Empty vectors (EV5 and EV3) were

used as controls.

To establish a stable lentivirus transfection, L02 cell line, L02

cells were seeded into 24-well plates. When the cells had reached

60%–70% confluency, they were transfected with EV5, FGF21-oe,

EV3, or sh-FGF21 lentivirus with 5 μg�ml−1 of polybrene for 24 h.

The positive cells were selected by puromycin, and the transfection

efficiency was determined by qPCR and Western blot.

2.3 | CCK8 assay

L02 cells were plated at a density of 5 × 104 cells�ml−1 into

96-well plates (100 μl medium per well) with five replicates. The

L02 cells were then treated with different concentrations of

astaxanthin and FFA. After incubation for 48 h, cell viability was

measured using a CCK8 assay according to the manufacturer's

instructions.

2.4 | Animal experiments and design

All animal care and experimental protocols complied with the

guidelines of the China National Institutes of Health and were

approved by the Animal Care and Use Committee of Shanghai

Tongji University, China.. All efforts were made to minimize suffer-

ing of experimental mice in this research. Animal studies are

reported in compliance with the ARRIVE guidelines (Kilkenny,

Browne, Cuthill, Emerson, & Altman, 2010) and with the recom-

mendations made by the British Journal of Pharmacology.

Male C57 (RRID:IMSR_ORNL:C57BL/Rl) mice (20 g ± 0.5 g)

were bought from Shanghai SLAC Laboratory Animal Co., Ltd.

(Shanghai, China) and were housed under controlled temperatures,

humidity, and lighting with ad libitum food and water. The experi-

mental design was based on earlier work (Liu et al., 2019; Mao

et al., 2015; Monmeesil, Fungfuang, Tulayakul, &

Pongchairerk, 2019). The mice were randomly distributed into the

following six groups:

1 Control group (n = 7): mice were fed a standard chow diet (CD).

2 HFD group (n = 7): mice were fed an HFD and received saline by

gavage every 2 days in later 10 weeks.

3 HFD + Ax group (n = 7): mice were fed an HFD and received

10, 30, and 60 mg�kg−1 of astaxanthin by gavage every 2 days in

later 10 weeks.

4 Negative group (n = 7): mice were fed an HFD and received a tail-

vein injection of control-siRNA eight times during the first 4 weeks.

5 siRNA-FGF21 group (n = 7): mice were fed an HFD and received a

tail-vein injection of FGF21-siRNA eight times during the first

4 weeks.

6 siRNA-FGF21 + Ax group(n = 7): mice were fed an HFD and

received a tail-vein injection of FGF21-siRNA eight times during

first 4 weeks and received 60 mg�kg−1 of astaxanthin by gavage

every 2 days during the later 10 weeks.

Astaxanthin was dissolved in saline.

Body weight and food intake were measured each week. Mice

were killed after 12 weeks, and the serum and liver tissues were

collected for further analysis. Blinding was used in the subsequent

analyses.

2.5 | In vivo transfection with FGF21 siRNA

Firstly, siRNA FGF21 (guide: 50GAAGCCGGGAGUUAUUCAATT30,

passenger: 50UUGAAUAACUCCCGGCUUCTT30) or siRNA control

(GenePharma, Shanghai, China) was dissolved in RNase-free water

to a final concentration of 1 μg�μl−1. Next, FGF21 siRNA or nega-

tive control siRNA and Entranster-in vivo transfection reagent

(Engreen, Co., Beijing, China) were mixed and diluted with 10%

glucose following the manufacturer's instructions. Then, 20 μl of

the diluted mixture were injected in the tail vein of mice.
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2.6 | Oil Red O staining

L02 cells were plated into six-well plates and exposed to FFA with

or without Ax for 48 h. After fixation with 4% paraformaldehyde

for 10 min, fixed cells were stained in Oil Red O solution for

15 min, and then their nucleus was stained by haematoxylin for

3 min.

2.7 | Histological and immunohistochemistry
analysis

Liver tissue samples, which were fixed in 4% paraformaldehyde, were

embedded with paraffin. Serial sections were sliced at 5 μm and sta-

ined with haematoxylin–eosin (H&E) and Masson's trichrome to

observe the damage. Oil Red O staining was used to visualize lipid

droplets in the liver.

The antibody-based procedures used in this study comply with

the recommendations made by the British Journal of Pharmacology

(Alexander et al., 2018). For immunohistochemistry (IHC) staining, the

slices were dewaxed and rehydrated, and after an antigen retrieval

process and blocking, they were incubated with primary antibodies

overnight. For the terminal deoxynucleotidyl transferase dUTP nick

end labelling (TUNEL) assay, the slices were treated ccording to the

instruction and then incubated in theTUNEL reaction mixture at room

temperature for 1 h. The brown-stained cells were regarded as

TUNEL-positive cells. All of the images were captured by an optical

microscope (DM6B, Leica, Hamburg, Germany). The primary anti-

bodies used were listed inTable 1.

2.8 | Immunofluorescence analysis

L02 cells were seeded onto glass cover slips in six-well plates and

treated with FFA and astaxanthin for 48 h, washed with cold PBS,

and fixed in 4% paraformaldehyde in PBS at room temperature.

The fixed cells were washed three times with PBS and kept in chil-

led methanol for 10 min at −20�C. The cells were washed three

times and incubated with the primary antibody (listed in Table 1)

and secondary antibody (Alexa Fluor goat anti-mouse 488, 1:500).

Then, the nucleus was counter-stained blue with DAPI and

mounted with anti-fluorescence quenching sealant. The slips were

imaged using an inverted fluorescence microscope (IX53, Olympus,

Tokyo, Japan.

2.9 | Annexin V-FITC/PI double staining

L02 cells (5 × 105) were plated into 12-well plates and treated

with FFA and Ax for 48 h. The cells were then washed and

trypsinized and resuspended in 500-μl binding buffer containing

Annexin V (5 μl) and PI (5 μl). The cells were further incubated for

30 min at 4�C, in the dark. The samples were analysed by flow

cytometry (BD Biosciences).

2.10 | Measurement of intracellular ROS

The ROS assay kit was bought from Beyotime to test the production

of intracellular ROS. The cells (5 × 105) were pretreated with FFA and

astaxanthin for 48 h, collected, and resuspended in serum-free

medium containing 10-μM DCFH-DA. The collected cells were cul-

tured in 37�C for 20 min and were immediately measured by flow

cytometry.

2.11 | Measurement of the mitochondrial membrane
potential (ΔΨm)

The changes in MMP were measured by MMP assay kit with JC-1

(Beyotime). The cells were pretreated with FFA and astaxanthin for

48 h and resuspended and then incubated with JC-1 for 20 min in

TABLE 1 Primer antibodies used in the study

Antibody Dilution ratio Supplier Catalogue Number RRID

β-actin 1/1000 Proteintech 60008-1-Ig AB_2289225

TNF-ɑ 1/1000 Cell Signaling Technology 11948 AB_2687962

IL-1β 1/1000 Cell Signaling Technology 12242 AB_2715503

iNOS 1/1000 Cell Signaling Technology 13120S AB_2687529

Bax 1/2000 Proteintech 23931-1-AP AB_2833256

Caspase 9 1/1000 Proteintech 66169-1-Ig AB_2833257

ɑ-SMA 1/1000 Proteintech 14395-1-AP AB_2223009

TGF-β1 1/1000 Proteintech 21898-1-AP AB_2811115

ColI 1/1000 Proteintech 14695-1-AP AB_2082037

FGF21 1/1000 abcam ab 171941 AB_2629460

PGC-1ɑ 1/1000 abcam ab54481 AB_881987

OXPHOS 1/250 mitoscience MS604 AB_2629281
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37�C. After measuring by flow cytometry, the fluorescence intensity

was analysed.

2.12 | Quantitative real-time PCR for the mtDNA
content

The total DNA was extracted from cells or frozen liver samples using

a QIaamp DNA mini kit (QIAGEN, Valencia, CA). The DNA concentra-

tion was determined using a PicoGreen DNA quantitation kit

(Molecular Probes, Eugene, OR). The sequences for mouse cyto-

chrome β and β-actin are presented in Table S1. Primers and an FAM-

labelled TAMRA-quenched probe were ordered fromTaKaRa Biotech-

nology. The amplification and quantitation of mtDNA was accom-

plished using a PCR detection kit (DRR039A, TaKaRa).

2.13 | Determining ATP content

The cellular ATP levels were measured using an ATP bioluminescent

assay kit (Beyotime, China). The assay was carried out in accordance

with the manufacturer's instruction.

2.14 | Biochemical analysis

After keeping blood samples at 4�C overnight, serum was separated

by centrifugation at 4600 x g for 10 mins and stored at −80�C. Cul-

tured cells were trypsinized and collected for further analysis. Serum

and cultured cells were collected. The aspartate aminotransferase

(AST), alanine aminotransferase (ALT), and triglyceride (TG) levels

were determined using commercially available kits (Jiancheng

Co. Nanjing, China). The assays were carried out according to the

manufacturer's protocols.

2.15 | Expression of FGF21 protein

Blood samples were collected from the mice, and the plasma was

isolated. Circulating FGF21 was measured using an ELISA kit pur-

chased from Jonln Bioscience (Shanghai, China). The cell culture

medium was collected, and the level of FGF21 protein expression

was measured using an ELISA kit obtained from Huyu Bioscience

(Shanghai, China). Both ELISAs were conducted following the man-

ufacturer's protocol.

2.16 | Real-time quantitative PCR

The total RNA was isolated from the cells and tissues according to the

standard protocol. The first strand of cDNA was synthesized using a

reverse transcription kit (TaKaRa Biotechnology) and was used to ana-

lyse the indicator expression. The primers used in the PCR reactions

are listed in Table 2. Real-time PCR experiments were performed

according to the protocol of the real-time PCR kit (Takara, Otsu, Shiga,

Japan). The ratio of each gene compared to β-actin was calculated by

standardizing the ratio of each control to the unit value.

2.17 | Western blotting

Protein was extracted from cultured cells or frozen liver samples. A

total of 30- or 80-ng protein was loaded onto 7.5%, 10%, and 12.5%

SDS-polyacrylamide gels, and the separated proteins were transferred

to PVDF or NC membranes. The membranes were incubated over-

night at 4�C with primary antibodies (listed in Table 1) followed by an

incubation with a secondary antibody(1:2,000). Finally, the blots were

scanned using an Odyssey two-colour infrared laser imaging system

(Li-Cor, Lincoln, NE, USA).

2.18 | Co-immunoprecipitation assay

Cells were seeded into 10-cm dishes and then treated with FFA and

astaxanthin for 48 h. A co-immunoprecipitation (Co-IP) assay was per-

formed using a Pierce Co-immunoprecipitation Kit (Thermo Scientific,

Waltham, MA, USA) according to the manufacturer's protocol. Primary

antibodies used are listed in Table 1. The IP antibody against FGF21

was from Santa Cruz (sc-81946, RRID:AB_2104609).

2.19 | Electron microscopy

After prefixing, the tissues were washed six times with potassium

phosphate (0.1 M, pH 7.4) and then fixed with 2% osmium tetroxide.

Samples were then dehydrated and embedded with pure epoxy resin.

Mitochondria were observed by electron microscopy (JEM-1230 from

JEOL, Tokyo, Japan). Images were acquired and handled with the

Image J analysis software.

2.20 | NAFLD activity score evaluation

To assess morphological changes in liver, we used the NAFLD activity

score (NAS) system for evaluation, which has been defined as the sum

of scores for steatosis(0–3), lobular inflammation (0–3), and hepato-

cellular ballooning (0–2). Samples with scores more than 5 were asso-

ciated with a diagnosis of NASH and scores less than 3 were

diagnosed as not NASH.

2.21 | Data and statistical analysis

The data and statistical analysis comply with the recommendations of

the British Journal of Pharmacology on experimental design and analy-

sis in pharmacology (Curtis et al., 2018). Statistical analysis was
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TABLE 2 Sequences of primer pairs used for amplification of mRNA by real-time PCR

For mice For human

β-actin F GTGACGTTGACATCCGTAAAGA β-actin F CTGGAACGGTGAAGGTGACA

R GCCGGACTCATCGTACTCC R AAGGGACTTCCTGTAACAATGCA

BAX F AGACAGGGGCCTTTTTGCTAC BAX F AAGAAGCTGAGCGAGTGT

R AATTCGCCGGAGACACTCG R GGAGGAAGTCCAATGTC

IL-1β F CGATCGCGCAGGGCTGGGCGG ─

R AGGAACTGACGGTACTGATGGA

iNOS F CTCACTGGGACAGCACAGAA ─

R GATGTGGCCTTGTGGTGAA

TNF-α F CAGGCGGTGCCTATGTCTC ─

R CGATCACCCCGAAGTTCAGTAG

APOB F GCTCAACTCAGGTTACCGTGA APOB F TGCTCCACTCACTTTACCGTC

R AGGGTGTACTGGCAAGTTTGG R TAGCGTCCAGTGTGTACTGAC

ApoE F CTCCCAAGTCACACAAGAACTG ApoE F GTTGCTGGTCACATTCCTGG

R CCAGCTCCTTTTTGTAAGCCTTT R GCAGGTAATCCCAAAAGCGAC

ADRP F CTTGTGTCCTCCGCTTATGTC ADRP F ATGGCATCCGTTGCAGTTGAT

R GCAGAGGTCACGGTCTTCAC R GGACATGAGGTCATACGTGGAG

FAT/CD36 F ATGGGCTGTGATCGGAACTG FAT/CD36 F GGCTGTGACCGGAACTGTG

R TTTGCCACGTCATCTGGGTTT R AGGTCTCCAACTGGCATTAGAA

CPT1α F TGGCATCATCACTGGTGTGTT CPT1α F TCCAGTTGGCTTATCGTGGTG

R GTCTAGGGTCCGATTGATCTTTG R TCCAGAGTCCGATTGATTTTTGC

FATP5 F TCTATGGCCTAAAGTTCAGGCG FATP5 F TGGAGGAGATCCTTCCCAAGC

R CTTGCCGCTCTAAAGCATCC R TGGTCCCCGAGGTATAGATGAA

FGF21 F GTGTCAAAGCCTCTAGGTTTCTT FGF21 F CTGTGGGTTTCTGTGCTGG

R GGTACACATTGTAACCGTCCTC R CCGGCTTCAAGGCTTTCAG

FOXA1 F ACATTCAAGCGCAGCTACCC FOXA1 F GCAATACTCGCCTTACGGCT

R TGCTGGTTCTGGCGGTAATAG R TACACACCTTGGTAGTACGCC

PGC-1a F TATGGAGTGACATAGAGTGTGCT PGC-1a F TCTGAGTCTGTATGGAGTGACAT

R GTCGCTACACCACTTCAATCC R CCAAGTCGTTCACATCTAGTTCA

PPAR-α F AACATCGAGTGTCGAATATGTGG PPAR-α F ATGGTGGACACGGAAAGCC

R CCGAATAGTTCGCCGAAAGAA R CGATGGATTGCGAAATCTCTTGG

SREBP-1c F TTGTGGAGCTCAAAGACCTG SREBP-1c F ACAGTGACTTCCCTGGCCTAT

R TGCAAGAAGCGGATGTAGTC R GCATGGACGGGTACATCTTCAA

Tm6sf2 F GATCACCTACGACCCTCTCTATG Tm6sf2 F GCATTGATGAGCGCCCTAATC

R TGGAGTGCAATGACAAGGTCC R AGTGGGTCATAGGAGACCTCG

UCP1 F GTGAACCCGACAACTTCCGAA UCP1 F AGGTCCAAGGTGAATGCCC

R TGCCAGGCAAGCTGAAACTC R TTACCACAGCGGTGATTGTTC

Caspase 9 F GGCTGTTAAACCCCTAGACCA Caspase 9 F CTTCGTTTCTGCGAACTAACAGG

R TGACGGGTCCAGCTTCACTA R GCACCACTGGGGTAAGGTTT

Collagen I F TTCACCTACAGCACGCTTGT ─

R TCTTGGTGGTTTTGTATTCGATGA

ɑ-SMA F CCCAGACATCAGGGAGTAATGG ─

R TCTATCGGATACTTCAGCGTCA

TGF-β1 F CCTGCAAGACCATCGACATG ─

R GAGCCTTAGTTTGGACAGGATCTG

CTGF F CGCCAACCGCAAGATTG ─

R ACACGGACCCACCGAAGAC
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undertaken only when each group size has a minimum of n = 5 inde-

pendent samples/individuals, and in a blinded manner. We used

unpaired two-tailed Student's t test or one-way ANOVA with the

Tukey's post hoc test, while post hoc tests were conducted only if

F achieved P < 0.05 and there was no significant variance inhomoge-

neity. A P value below 0.05 (P < 0.05) was considered to be signifi-

cantly different, and P value is not varied later in Section 3. Outliers in

our experiments were included in the data analysis and presentation.

To control of the unwanted sources of variation, normalization of the

data was also carried out. For data that did not pass normality testing,

log transformation was applied to generate Gaussian-distributed data

set that could be subjected to parametric statistical analysis or non-

parametric statistics were used (Wilcoxon rank sum test or Kruskal–

Wallis H test). Data were presented as mean ± SEM, and all statistical

analyses were performed using GraphPad Prism v6.02 software

(GraphPad Software, USA).

2.22Materials

High-glucose DMEM (h-DMEM), FBS, penicillin, and streptomy-

cin were obtained from Gibco (Thermo Fisher Scientific, Waltham,

MA, USA). Astaxanthin, BSA, oleic acid (OA), and palmitic acid

(PA) were purchased from Sigma-Aldrich (St. Louis, MO, USA).

HFD (D12492) was composed of 20% protein, 60% fat, and 20%

carbohydrate of the caloric intake; 5.24 kcal�g−1 was purchased

from Shanghai QF Biosciences (Shanghai, China). Cell Counting Kit

(CCK-8) was obtained from Yeasen Biotechnology (Shanghai,

China). Annexin V-FITC apoptosis detection kit and PI/RNase

Staining Buffer were purchased from BD Biosciences (San Jose,

CA, USA). Oligonucleotide primers were produced in Generay Bio-

tech (Shanghai, China). The PrimeScript RT Reagent kit and SYBR

Premix Ex Taq were obtained from TaKaRa Biotechnology (Dalian,

China). Details for primary antibodies used in our experiments were

listed in Table 1.

2.22 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in http://www.guidetopharmacology.org, the

common portal for data from the IUPHAR/BPS Guide to PHAR-

MACOLOGY (Harding et al., 2018), and are permanently archived

in the Concise Guide to PHARMACOLOGY 2019/20 (Alexander,

Cidlowski, et al., 2019; Alexander, Fabbro et al., 2019a, 2019b;

Alexander, Kelly et al., 2019a, 2019b).

3 | RESULTS

3.1 | Astaxanthin alleviated hepatic damage in mice
fed an HFD by regulating lipid metabolism, fibrosis,
and inflammation

We established an HFD-induced fatty liver model to determine the

effect of astaxanthin in non-alcoholic fatty liver, and the time-

course of the experiments is shown in Figure 1a. To confirm the

control group, we compared the natural control, vehicle,

astaxanthin-treated, and negative group, and the results were

showed in Figure 2s. Thus, vehicle, astaxanthin, and si-NC did not

cause observable damage to mice. During these 12 weeks, food

intake were recorded each week, and no significant differences

were observed in the average food intake among the control, HFD,

and astaxanthin-treated groups (Figure 1b). The body weight of the

mice was measured twice a week, and Figure 1c shows that

F IGURE 1 Astaxanthin (Ax) alleviated hepatic damage in mice fed
with HFD by regulating lipid metabolism, fibrosis, and inflammation.
(a) Experimental flow chart; (b) food intake; (c) body weight; (d) liver
weight and liver index; (e) serum ALT and AST levels; (f) serumTG
levels; (g) H&E staining (×200) of livers (positive cells were marked by
arrows; central veins were marked as Δ); (h) Relative expression of
apoptotic mRNA; (i) Expression of apoptotic proteins; (j) Masson
staining and TUNEL staining (×200) of livers (central veins were
marked as Δ); (k) Oil Red O staining (×200) of livers (central veins
were marked as Δ); (l) H&E staining (×200) of WAT; (m) Relative
expressions of lipogenesis-related genes in livers; (n) Serum ELISA
levels of TNF-α and IL-1β and expression of mRNA and protein levels
of inflammatory genes; (o) Expression of mRNA and protein levels of
profibrotic genes. Data shown are means ± SEM; n = 7 in each group.
#P<.05, significantly different from control, *P<.05, significantly
different from HFD
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treatment with astaxanthin reduced the weight gain caused by the

HFD. Figure 1d demonstrated that the mice treated with

astaxanthin had a lower liver weight compared with the HFD

group. Different groups with different doses showed different

effects and the body and liver weight changes were most pro-

nounced in the highest dose group. The levels of serum ALT and

AST are presented in Figure 1e. Long-term HFD caused an eleva-

tion of ALT and AST, which could be reduced by astaxanthin in a

dose-dependent manner. Another biochemical quantitative determi-

nation showed that astaxanthin prevented the dyslipidaemia

induced by HFD (Figure 1f). Pathological changes in the liver of

these mice were assessed every 4 weeks, and these results were

shown in Figure S2. The H&E stained samples shown in Figure 1g

showed that the mice fed an HFD for 12 weeks displayed the typ-

ical appearance of hepatic fatty acid infiltration, which suggested

that fat metabolism was disrupted. We also observed infiltration of

inflammatory cells and ballooning in the samples. However, treat-

ment with astaxanthin effectively alleviated these symptoms. And

similar to the above, all of these changes were dose-dependent,

and the group treated with 60 mg�kg−1 astaxanthin showing the

greatest effects.

We used NAS to evaluate morphological changes in liver

(Table 3). NAS scores of HFD group were significantly higher than

control group, and Ax treatment down-regulated them strikingly.

Based on these analyses, we selected the dose of 60 mg�kg−1 for

our further in vivo studies.

TUNEL staining exhibited HFD toxicity in the liver, and addi-

tional positive sites were observed in the model group compared

with the control group. Astaxanthin treatment reduced the

observed toxicity. In addition, the level of Bax and caspase 9

mRNA and protein expression confirmed the above results

(Figure 1h–j). Increased expression of Bax and caspase 9 in the

model group was reversed by treatment with astaxanthin. Thus, we

ensured the beneficial effect of Ax in NAFLD.

NAFLD involves multiple mechanisms, including altered lipid

metabolism, dysregulation of cytokine production, inflammation,

oxidative stress, and fibrosis. The samples stained with Oil Red O,

in Figure 1k, revealed that the size and content of lipid droplets

were small and reduced in the astaxanthin group, which indicated

alleviation of hepatic lipid deposition. Moreover, astaxanthin

reduced the enlargement of adipocytes caused by HFD in WAT

(Figure 1l), suggesting that, to some degree, astaxanthin could reg-

ulate lipid metabolism in both the liver, and the entire body.

Hepatic mRNA expression of lipid metabolism-related genes were

detected and the results are shown in Figure 1m. These genes

included those for ApoB, ApoE, ADRP, CD36, CPT1α, FATP5,

FGF21, FOXA, PGC-1α, SREBP-1c, Tm6sf2, and UCP1, which

reflected FFA synthesis, decomposition and transportation. Our

data showed that astaxanthin administration significantly inhibited

fatty acid uptake, blocked fatty acids synthesis and increased lipid

decomposition and fatty acid oxidation. Astaxanthin treatment sig-

nificantly reduced the secretion of inflammatory cytokines and

relieved hepatic inflammation. The level of TNF-ɑ, IL-1β, and iNOS T
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expression was assessed by ELISA, qRT-PCR, and Western blot.

The expression of these pro-inflammatory cytokines was increased

in the model group but decreased following astaxanthin treatment

(Figure 1n). As shown in Figure 1j, HFD caused almost no fibre

formation. However, in the model group, the level of hepatic

collagen I, TGF-β1, ɑ-SMA, and CTGF expression were substantially

up-regulated compared with the control group; and astaxanthin

induced a decrease (Figure 1o). It was concluded that astaxanthin

had protected the liver of NAFLD mice by regulating altered lipid

metabolism, fibrosis, and inflammation.

3.2 | Astaxanthin suppressed FFA-induced injury in
hepatocytes

To further study the beneficial mechanism(s) of astaxanthin in FLD,

we treated the L02 cell line with FFAs to establish an in vitro

model. We treated the cells with different doses of FFAs and

astaxanthin for 48 h and measured the effects using an CCK8

assay (Figure 2a). From these results, we found the beneficial

effects of astaxanthin were concentration-dependent over the

range of 30 - 90 μM, with the best effect at 90 μM. Thus, in

F IGURE 2 Astaxanthin (Ax) suppressed FFAs-induced injury in hepatocytes. (a) CCK8 assay; (b) flow cytometry for apoptosis;
(c) immunofluorescence for caspase 9 (×200); (d) relative expression of apoptotic mRNA; (e) expression of apoptotic proteins; (f) relative
expressions of lipogenesis related genes in hepatocytes; (g) Oil Red O staining of hepatocytes (×200); (h) cellular TG levels. Data were presented
as mean ± SEM; n = 5 in each group. #P<.05, significantly different from control, +P<.05, significantly different from FFA
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subsequent work, we used astaxanthin at 30, 60, and 90 μM. The

proportion of living and dead cells was determined by flow cyto-

metry, and the results (Figure 2b) showed that incubation with the

FFAs induced approximately 20% cell death, and astaxanthin

improved the cell survival rate by about 18%. We also measured

the expression of Bax and caspase 9. As shown in Figure 2c–e,

Bax and caspase 9 were up-regulated by exposure to FFAs and

this effect was inhibited by astaxanthin. The protective effects of

astaxanthin on Bax and caspase 9 were also concentration-depen-

dent. The results of staining with Oil Red O (Figure 2g) and assay

of TG (Figure 2h) showed that exposure to astaxanthin clearly

reduced the lipid concentration in FFA-loaded L02 hepatocytes,

concentration-dependently. The changes in the genes related to

lipid metabolism in Figure 2f were similar to those in Figure 1k.

These results demonstrated clearly that astaxanthin protected L02

hepatocytes against FFA-induced injury.

3.3 | The beneficial role of astaxanthin was
associated with the regulation of mitochondrial
function

As mitochondrial dysfunction plays an important role in the progres-

sion of NAFLD, we explored changes in mitochondrial function in our

model sytem. Oxidative phosphorylation (OXPHOS) is an important

indicator of mitochondrial function and we measured changes in

OXPHOS expression by Western blot (Figure 3a,b). OXPHOS com-

plexes were reduced when FFAs were loaded both in vivo and in vitro,

and treatment with astaxanthin restored the OXPHOS enzymic activ-

ity. This indicated that astaxanthin improved mitochondrial biogenesis

and function. Compared with the control group, the level of mitochon-

drial ROS production was elevated by FFA loading and reduced

concentration-dependently by treatment with astaxanthin (Figure 3e).

As mitochondria are the major site of ATP production, we examined

F IGURE 3 The beneficial effects of treatment with astaxanthin (Ax) was associated with its regulation of mitochondrial function. (a,b)
OXPHOS expression of hepatocytes and livers; (c) ATP levels; (d) relative mtDNA levels; (e) ROS analysed by flow cytometry; (f) mitochondrial
membrane potential (MMP) analysed by flow cytometry; (g) relative expression of mitochondrial mRNAs (NRF1 and TFAM); (h) mitochondria

under electron microscopy (×1900) (mitochondria were marked by arrows). Data shown are means ± SEM; in (b), n = 7; n = 5 in other groups.
#P<.05, significantly different from control, *P<.05. significantly different from FFA
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the energy production in FFA-loaded cells using a luciferase-based

ATP assay kit. As expected, FFAs reduced ATP production, and the

addition of astaxanthin improved ATP generation (Figure 3c). The

graph in Figure 3d shows that the number of mtDNA copies, which

were associated with mitochondrial biogenesis, was decreased by FFA

and significantly increased by astaxanthin, concentration-dependently.

We also found that when loaded with FFAs, the mitochondrial mem-

brane potential (ΔΨm) was dissipated. However, astaxanthin restored

the ΔΨm in a concentration-dependent manner (Figure 3f). Moreover,

astaxanthin markedly elevated the expression of nuclear respiratory

factor 1 (NRF1) and mitochondrial transcription factor A (TFAM) in

hepatocytes, which were reduced by FFA loading (Figure 3g). Changes

in the mitochondrial morphology were observed by electron micros-

copy (Figure 3h). In addition to lipid droplets, we observed some lipid

inclusions in the mitochondria after FFA loading, along with increased

mitochondrial swelling, cristae disorder, and matrix particles.

3.4 | FGF21/PGC-1ɑ was the target of astaxanthin,
and the beneficial effects of astaxanthin were
influenced by the overexpression or knockdown of
FGF21 in vitro

Based on the results of genes related to lipid metabolism and the

repor7ted beneficial effects of FGF21 already mentioned, astaxanthin

described above were likely to be closely related to FGF21 and PGC-

1ɑ, so we decide to assess expression of FGF21 in our system. We

measured the level of circulating FGF21 protein in the serum of our

mice (Figure 4a), and found that the serum FGF21 was increased in

the HFD-fed mice. In addition, administration of astaxanthin aggra-

vated this increase. The level of FGF21 gene and protein expression

was detected by qRT-PCR and Western blot both in vivo and in vitro,

and consistent results were obtained (Figure 4b). Treatment with

astaxanthin up-regulated FGF21 expression dose-dependently. The

immunohistochemical and immunofluorescence results in Figure 4c,d

exhibited the same changes. Thus, FGF21 appeared to be involved in

the beneficial effects of astaxanthin in NAFLD models.

After screening the valid sequences (Figure S3), lentiviruses con-

taining PKM2-oe, PKM2-ko, or an empty vector were transfected into

L02 cells. The transfection results were shown by green fluorescent

imaging, qRT-PCR, and Western blot in Figure 4e–g, which confirmed a

successful transfection. It has been reported that FGF21 interacts with

PGC-1α and promotes the transcription of genes downstream from

PGC-1α. The unified expression of FGF21 and PGC-1ɑ detected by

Western blot and qRT-PCR in above figures suggested that Ax treatment

may have a positive effect on the interaction between FGF21 and PGC-

1ɑ. We conducted a Co-IP assay to assess the relationship between

astaxanthin, FGF21, and PGC-1ɑ in L02 cells (Figure 4h). The results

showed that PGC-1ɑ was pulled-down by FGF21, and the level of the

FGF21/PGC-1ɑ complex was increased following astaxanthin treatment.

The actions of FGF21/PGC-1ɑ alone and any synergistic action

with astaxanthin in both animals and cell models were then deter-

mined. Figure 4i shows the levels of TG. Figure 4j shows the staining

by Oil Red O of transfected L02 cells, and Figure 4k showed the level

of mRNA expression of some genes involved in lipid metabolism.

Overall, these results show that FFA accumulation in FGF21(−) cells

was significantly higher than that in FGF21(+) cells. The efficacy of

F IGURE 4 FGF21/PGC-1ɑ was the target of astaxanthin (Ax) and
the beneficial effects of astaxanthin treatment were influenced by the
overexpression or knockdown of FGF21 in vitro. (a) Serum FGF21

levels. Data shown are means ± SEM. #P < .05, significantly different
from control, *P < .05, significantly different from HFD. (b) Protein
levels of FGF21 and PGC-1α of liver and hepatocytes; (c) IHC for
FGF21 and PGC-1α (×200) (central veins were marked as Δ);
(d) immunofluorescence for FGF21 (×200); (e) transfection results of
L02 cells (×200); (f) Relative FGF21 mRNA expression of transfected
cells. Data shown are means ± SEM. #P < .05, significantly different
from EV3; *P < .05, significantly different from EV5; (g) FGF21 protein
expression of transfected cells; (h) CO-IP assay of FGF21 and PGC-
1α; (i) cellular TG levels; (j) Oil Red O staining of transfected cells
(×200); (k) relative expressions of lipogenesis related genes of
transfected cells; (l) expression of mRNA and protein levels of
apoptotic genes; (m) ATP levels, relative mtDNA levels, and relative
expression of mitochondrial mRNAs. Data shown are means ± SEM.
#P < .05, significantly different from EV; *P<.05, significantly different
from FFA+EV; +P<.05, significantly different from FFA + FGF(+/−). In
(a–c), n = 7 in each group; in (d–m), n = 5 in each group
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astaxanthin in regulating lipid metabolism was decreased in FGF21(−)

cells, but enhanced in FGF21(+) cells. We also measured the changes

in apoptosis in these transfected cells (Figure 4l). Changes caused by

astaxanthin in the gene and protein expression of the markers for

apoptosis in FGF21(−) cells were minor whereas they were very clear

in FGF21(+) cells. Thus, we assumed the protective effect of

astaxanthin against hepatocyte damage, was suppressed in FGF21(−)

cells. Therefore, FGF21 may be the target of astaxanthin when this

compound has its beneficial effects. Furthermore, we assayed mito-

chondrial biogenesis and function in the transfected L02 cells with or

without the treatment of FFA and astaxanthin. The results for ATP,

mtDNA, and mRNA (Figure 4m) suggest that the influence of

astaxanthin on the mitochondria were dependent, to a large extent,

on the presence of FGF21.

In addition, Figure 6a shows the effects on cell apoptosis. As

anticipated, the protective effects of astaxanthin on hepatocytes

loaded with FFAs were suppressed by FGF21 down-regulation.

Figure 6b illustrates the intracellular deposition of FFAs and these its

results were consistent. Thus, the beneficial effect of astaxanthin in

reducing lipid toxicity was blocked by the down-regulation of FGF21.

3.5 | The down-regulation of FGF21 aggravated liver
damage in HFD-fed mice

We injected FGF21 siRNA into the tail veins of mice to down-regulate

FGF21 expression and administered astaxanthin and the effects are

shown in Figure 5a. An ELISA and Western blot were performed to

confirm the effect of the siRNA (Figure 5b,c). Food intake was also

recorded (Figure 5d) and no differences were observed between

HFD, FGF21(−), and astaxanthin-treated groups. The body weight of

these mice were recorded twice a week and Figure 5e shows that the

down-regulation of FGF21 induced serious weight gains, which were

reversed by astaxanthin treatment . Figure 5f shows that mice with

lower FGF21 expression had a heavier liver. The results of the serum

ALT, AST, and TG assays are given in Figure 5g,h. During the long-

term HFD, the down-regulated FGF21 expression appeared to

increase the liver enzyme index. H&E and Oil Red O staining in

Figure 5i,j showed that the FGF21(−) group of mice exhibited a more

severe hepatic fatty infiltration, which was only slightly improved in

the astaxanthin-treated group. Hepatic mRNA expression of lipid

metabolism-associated genes (Figure 5k) showed changes

consistent with the results already described. In addition, we

assessed the inflammatory response, cell apoptosis, and fibrosis

progression among these three groups (Figure 5l–n). The HFD led to

more serious injury in the livers of the FGF21(−) group of mice, and

astaxanthin could occasionally reduce the damage induced by

FGF21 down-regulation. The graph of Table 3 showed the same

results. Figure 5o shows morphological changes in the mitochondria

observed by electron microscopy. In the FGF21(−) group, lipid

droplets in hepatocytes were clearly visible. Pleomorphic

mitochondria, increased matrix particles, and membrane rupture

were also observed.

Further, we compared and summarized the experimental results

with or without FGF21 gene down-regulation and found that the

effects of astaxanthin were claerly inhibited by such down-regulation.

The morphological observations under the microscope (Figure 6c) and

serum examination (Figure 6e) showed that the hepatic pathology of

the FGF21(−) mice treated with astaxanthin was significantly more

F IGURE 5 FGF21 down-regulation aggravated liver damage in
HFD-fed mice. (a) Experimental flow chart; (b) serum FGF21 levels;
(c) food intake; (d) liver weight and liver index; (e) bodyweight; (f)

serum ALT and AST levels; (g) serumTG levels; (h) H&E staining
(×200) of livers (central veins were marked as Δ); (i) Oil Red O staining
(×200) of livers (central veins were marked as Δ); (j) relative
expressions of lipogenesis related genes in livers; (k) Serum ELISA
levels of TNF-α and IL-1β; (l) expression of mRNA and protein levels
of inflammatory genes; (m) Expression of mRNA and protein levels of
apoptotic genes; (n) Expression of mRNA and protein levels of
profibrotic genes; (o) mitochondria under electron microscopy
(×1900) (mitochondria were marked by arrows). Data shown are
means ± SEM; n = 7 in each group. #P<.05, significantly different from
HFD; *P<.05, significantly different from HFD + FGF(−)
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serious. Figure 6f summarises a comparison among these groups

regarding the states of inflammation, apoptosis, and fibrosis. Table 3

shows the comparison between HFD + Ax and siFGF21 + HFD + Ax

group. The protective effects of astaxanthin were reduced by the

deficiency of FGF21.

4 | DISCUSSION

NAFLD is a clinicopathological syndrome characterized by bullous

steatosis of the liver. Although NAFLD is now a worldwide health con-

cern, the full pathogenesis leading up to lipid accumulation, cell apopto-

sis, inflammation, and fibrosis remains ill defined. Many nutri-based

compounds have been assessed for antioxidant properties in the treat-

ment of NAFLD, such as L-carnitine (Montesano et al., 2019), chrysin

(Pai, Munshi, Panchal, Gaur, & Juvekar, 2019), and plumbagin (Pai

et al., 2019). Consequently, many scientists agree that nutrigenomic

aspects are very important in the management of NAFLD.

At the same time, ample evidence suggests the involvement of

astaxanthin in the protection of liver function of liver disease. Several

articles reported the mechanisms underlying astaxanthin treatment of

NAFLD injury. Jia et al. (2016) showed that astaxanthin activated

PPAR-α while inhibiting PPAR-γ, thus reducing lipid accumulation in

hepatocytes, and its function was also related to the inhibition of

Akt–mTOR–autophagy pathway. But they did not analyse the under-

lying mechanisms in detail (Jia et al., 2016). Besides, Kim et al. (2017)

confirmed that astaxanthin could regulate fatty acid oxidation and

mitochondrial biogenesis, leading to inhibition of inflammation and

fibrosis in obese mice. However, our knowledge of the the

mechanism(s) of astaxanthin in NAFLD is still inadequate.

F IGURE 6 The protective effect of astaxanthin (Ax) was decreased by FGF21 down-regulation. (a) H&E staining (×200) and Oil Red O
staining (×200) of livers (central veins were marked as Δ); (b) serum ALT and AST levels; (c) serumTG levels; (d) expression of mRNA and protein
levels of inflammatory, apoptotic, and profibrotic genes of liver; (e) expression of mRNA and protein levels of apoptotic genes of transfected cells;
(f) Oil Red O staining of transfected cells (×200). Data shown are means ± SEM; n = 7 in each group. #P<.05, significantly different from HFD
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To some extent, elevated serum TG levels and weight gain are

typical manifestations of NAFLD and are often accompanied by an

increase in the liver index. ALT and AST are typical indicators of liver

injury, and they can reveal the damaged state of liver cells, in most

cases. Our HFD-fed mice showed significant elevation of these liver

enzymes and such increased levels were decreased following

astaxanthin treatment. The characteristic histological feature of

NAFLD is the accumulation of fat in hepatocytes. The results of Oil

Red O staining showed that treatment with astaxanthin alleviated the

formation of lipid droplets. Consistent with the results of food intake,

astaxanthin treatment did not inhibit HFD-induced weight gain. Com-

bining the qPCR results of lipid metabolism genes, the effects of

astaxanthin in inhibiting excessive fat deposition was through altering

lipid metabolism.

The pathogenesis of NAFLD is considered to be a complex multi-

factorial process. Inflammation, cell apoptosis, and fibrogenesis are all

typical damage-associated changes seen in the NAFLD model and are

caused by the lipotoxicity (Garcia-Monzón et al., 2000; Kumar

et al., 2019). We next assessed changes in the liver from both in vivo

and in vitro models. Inflammation is one of the hallmarks of lipid toxic-

ity in the liver, and TNF-α, IL-1β and iNOS are all involved in the

inflammatory response induced by lipids (Chen, Yu, et al., 2017;

Sharma et al., 2013; Tilg, Moschen, & Szabo, 2016) and are secreted

by damaged hepatocytes. By sectioning the livers and measuring the

expression of TNF-α, IL-1β, and iNOS, we found astaxanthin reversed

inflammation in the pathogenic processes of NAFLD. Apoptosis is one

of the main manifestations of poorly stimulated cells (Czabotar,

Lessene, Strasser, & Adams, 2014). The abnormal expression of apo-

ptosis is strongly linked to the progression of NAFLD, and apoptosis

abduction is one theory of lipid toxicity (Schwabe & Luedde, 2018).

After observing TUNEL-stained and measuring the expression of Bax

and caspase 9, we found that astaxanthin ameliorated the occurrence

of apoptosis in NAFLD. Moreover, fibrosis is a required pathological

feature when defining NASH (Miele, Forgione, Gasbarrini, &

Grieco, 2007; Schuppan, Surabattula, & Wang, 2018). The expression

of fibrosis marker genes exhibited a marked increase in the liver of

these NAFLD mice and was significantly decreased by astaxanthin

administration. These data indicate that astaxanthin reversed HFD

diet-induced hepatic fibrosis. Taken together, astaxanthin alleviated

the liver damage caused by lipid toxicity in NAFLD. This was consis-

tent with previous research results.

Mitochondrial dysfunction plays a central role in the pathophysiol-

ogy of NASH because it affects hepatic lipid homeostasis and promoting

ROS production, lipid peroxidation, cytokine release, and cell death

(Kelly & Scarpulla, 2004; Wang et al., 2015). In turn, excessive ROS then

aggravates OXPHOS impairment and mitochondrial dysfunction (Bailey

et al., 2005; Begriche, Igoudjil, Pessayre, & Fromenty, 2006). Therefore,

we measured changes in mitochondrial function. Enzymic activities

involved in OXPHOS were reduced in both in vivo and in vitro experi-

mental models, resulting in a reduction of ATP generation. The decreased

mitochondrial DNA in the model groups was in line with the changes in

ROS, OXPHOS, and ATP. Treatment with astaxanthin substantially

restored OXPHOS complexes and ATP levels, reduced ROS production,

and increased the mtDNA copy number, which suggested amelioration

of mitochondrial biogenesis and function. In addition, we examined the

levels of NRF1 and TFAM transcription, as NRF1 has been associated

with the initiation of mitochondrial biogenesis by activating gene

transcription for mitochondrial proteins, includingTFAM (Scarpulla, 2008;

Virbasius & Scarpulla, 1994). After translocating into mitochondria, TFAM

launches the transcription and replication of mtDNA (Kang, Kim, &

Hamasaki, 2007). Therefore, astaxanthin may act as an effective

treatment for NASH by modulating mitochondrial dysfunction.

To confirm the function of astaxanthin in regulating lipid metabo-

lism, we measured various lipid metabolism-related genes, including

those for ApoB, ApoE, ADRP, CD36, CPT1α, FATP5, FGF21, FOXA,

PGC-1α, SREBP-1c, Tm6sf2, and UCP1. Among these, ApoB, ApoE,

CD36, and FATP5 are involved in fatty acid transportation; CPT1α

and UCP1 are associated with β-oxidation; and ADRP, FGF21, FOXA,

PGC-1α, Tm6sf2, and SREBP-1c for lipid synthesis and degradation.

Our study of these genes has shown that astaxanthin administration

significantly increased lipid efflux and degradation and fatty acid oxi-

dation, while blocking cholesterol and fatty acids synthesis, as well as

fatty acid uptake. In analysing the data, we found that the variation of

FGF21 expression was significant and stable. Combined with its phys-

iological characteristics, it is possible that astaxanthin inhibited

NAFLD progression through regulating FGF21.

FGF21 is involved in glucose metabolism, lipid metabolism, and

insulin resistance (Piccinin & Moschetta, 2016; Potthoff, 2017). The

C-terminus of FGF21 binds to b-Klotho (KLB) with a high affinity and

forms a complex with FGF receptors (FGFRs) on the surface of cells

(Chen et al., 2017; Kharitonenkov et al., 2008). Therefore, the co-

expression of FGFRs and KLB determines the tissue specificity of

FGF21 and FGF21 is highly expressed in the liver, adipose tissue and

pancreas of mice (Kharitonenkov et al., 2008; Agrawal et al., 2018). In

the context of NASH pathology, deficiency of FGF21 markedly exac-

erbated the TG accumulation in the liver, which is due to the impaired

fatty acid oxidation, increased fatty acid uptake, and enhanced inflam-

mation and fibrosis. Additionally, increased levels of FGF21, due to

endogenous or exogenous factors, can stimulate glucose uptake,

increase insulin sensitivity, decrease serum glucose and lipid levels,

and elevate energy expenditure (Fisher & Maratos-Flier, 2016;

Gimeno & Moller, 2014).

The co-regulator PGC-1α modulates lipid metabolism in various

tissues (Boström et al., 2012; Gallardo-Montejano et al., 2016) and also

plays a significant role in liver diseases (Liu et al., 2016; Piccinin, Villani, &

Moschetta, 2019). Leone et al. (2005) isolated hepatocytes from PGC-

1α-deficient mice and found that both the fatty acid oxidation and mito-

chondrial respiration rates were diminished. Our results showed that

astaxanthin greatly enhanced the level of FGF21 and PGC-1α mRNA

and protein expression. The Co-IP results suggested that there may be

direct or indirect interactions between FGF21 and PGC-1α. According

to the hypothesis associated with the development of NAFLD,

mitochondria modulate OXPHOS and ROS generation, thereby affecting

hepatic lipid homeostasis. Many studies have shown that the regulation

of mitochondrial function is closely related to FGF21 (Lehtonen

et al., 2016) and PGC-1α (Gallardo-Montejano et al., 2016). Therefore,
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the protective functions of astaxanthin against fatty liver diseases may

at least partly depend on its regulation of FGF21/PGC-1α.

To test our hypothesis, FGF21 was overexpressed or silenced, via

lentivirus transfection in L02 cells. Also, FGF21 siRNA was adminis-

tered to mice to sustain low levels of FGF21, in vivo. We collected

the samples and used the same method as described previously to

conduct various tests and analyses. As expected, FGF21 expression

exhibited a close relationship with lipid accumulation, the inflamma-

tory response, fibrosis and apoptosis. Low levels of FGF21 led to

aggravated HFD- or FFA-induced hepatocyte injury, which was

relieved by FGF21 overexpression. Moreover, by comparing the

effects of astaxanthin under different states of FGF21 expression, the

down-regulation of FGF21 suppressed the effects of astaxanthin on

HFD- or FFA-induced hepatocyte injury, which indicated that FGF21

was tightly related to the function of astaxanthin in inhibiting lipid

accumulation, inflammation, fibrosis, and cell apoptosis. Besides, after

the expression of FGF21 changed, PGC-1α expression also changed

accordingly. We have concluded that astaxanthin could act as an

FGF21 agonist to up-regulate the FGF21/PGC-1α system to inhibit

the progression of fatty liver disease. This represents a previously

unrecognized mechanism of astaxanthin in ameliorating HFD-induced

fatty liver. Moreover, it should be noted that no death or signs of tox-

icity were observed for 12 weeks of astaxanthin administration. As

the potential toxicity of FGF21 in skeletal homeostasis has been indi-

cated in previous studies (Kharitonenkov & DiMarchi, 2015), this side

effect can be greatly mitigated by astaxanthin.

In conclusion, we have demonstrated that astaxanthin prevented

hepatic TG accumulation in mice fed an HFD and in the L02 cell line

treated with FFAs, and alleviated inflammation, cell apoptosis, and

fibrosis induced by lipids. Treatment with astaxanthin substantially

ameliorated mitochondrial biogenesis and functionality by restoring the

OXPHOS complexes and ATP levels, which reduces ROS production and

increases the mtDNA copy number. Astaxanthin decreased the severity

of experimental steatohepatitis via mechanisms likely to involve the up-

regulation of FGF21/PGC-1α. Our studies confirmed that astaxanthin

may become a promising drug to treat or relieve NAFLD (Figure 7).
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