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Aim: Docosahexaenoic acid (DHA; C22; n-3) shows beneficial effects on Non-alcoholic

fatty liver disease (NAFLD). Deacetylase Sirtuin1 (Sirt1) was reported to increase energy

metabolism and decrease lipogenesis. Here, we investigated whether DHA plays a role in

protecting against hepatic steatosis via Sirt1.

Main Methods: Both in vivo and in vitro hepatic steatosis models were used: diet-induced

obesity (DIO) model (middle-aged C57BL/6 mice fed a high-fat diet (HFD)) and palmitic

acid (PA)-induced lipid accumulation cell model (HepG2 cells).

Key Findings: In DIO mice, treatment with DHA (gavage supplementation) for 8 weeks not

only inhibited the lipid accumulation, but also increased fatty acids (FA) oxidation and

induced triglyceride export in liver. These changes were accompanied by attenuation of

inflammation. Moreover, DHA reversed the HFD-induced reduction of Sirt1 in liver.

Interestingly, the beneficial effects of DHA were reversed by lentivirus-mediated Sirt1

knockdown, accompanied with increased expression of markers of lipogenesis, inflammation

and reduced FA oxidation. In HepG2 cells, DHA prevented the accumulation of PA-induced

lipid droplets, the decrease of FA oxidation and the reduction of Sirt1 level. Inhibition of

Sirt1 by sirtinol partially reversed the beneficial effects of DHA on PA-treated cells.

Significance: DHA alleviated hepatic steatosis and reduced inflammation of liver in obese

middle-aged mice by mechanisms involving Sirt1 activation.

Keywords: non-alcoholic fatty liver disease, steatosis, docosahexaenoic acid, high-fat diet,

Sirt1

Introduction
Obesity has been implicated as a severe public health challenge worldwide.

Consequently, obesity-related diseases including type 2 diabetes, cardiovascular dis-

ease, and non-alcoholic fatty liver disease (NAFLD) will continue to escalate.1 Among

them, NAFLD defined as the accumulation of fat in liver cells in the absence of

excessive alcohol consumption has garnered much attention from researchers during

the last decade. When having inefficiency in removing lipids through β-oxidation or

efflux, the liver is overloaded with triglycerides in the form of lipid droplets in

hepatocytes, leading to hepatic steatosis.2 The latter is the initial stage of NAFLD.

Moreover, steatosis makes the liver more sensitive to a “second hit,” such as inflam-

matory cytokines, oxidative stress, endoplasmic reticulum (ER) stress and/or mito-

chondrial dysfunction. Mentioned above are hallmarks of the injury observed in the

liver of obese patients and ultimately result in the development of nonalcoholic
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steatohepatitis (NASH), which is the advanced stage of

NAFLD.3 In addition, excessive fat intake during obesity

enhances liver uptake of fatty acids and glycerol from the

circulation, which makes the liver exhibit a selective insulin

resistance (IR). In this circumstance, the effect of insulin on

hepatic de novo lipogenesis is enhanced, resulting in chronic

hyperglycemia and hypertriglyceridemia.4 NAFLD has been

implicated as one of the most prevalent chronic liver diseases

worldwide.5 Meanwhile, ameliorating NAFLD/NASH, the

most severe complication of this disease, eg, hepatocarci-

noma could be possibly prevented in its onset.6 However, the

effective ways for preventing NAFLD/NASH are still not

available.

N-3 polyunsaturated fatty acids (n-3 PUFAs), including

eicosapentaenoic acid and docosahexaenoic acid (DHA),

are reported to have benefits against NAFLD.7 This anti-

steatotic effect of n-3 PUFAs appears to be attributable to

the inhibition of de novo lipogenesis and the β-oxidation
activation, very-low density lipoproteins secretion, and

bile acid synthesis.8 Furthermore, n-3 PUFAs possess

pleiotropic properties, which help attenuate hepatic steato-

sis-induced inflammation and oxidative stress.9 In line

with these observations, a recent review by Delarue and

Lalles concluded that n-3 PUFAs decrease liver steatosis,

but do not reverse the histologic features of NASH already

established.10 Albeit the benefits of n-3 PUFAs in NAFLD,

the independent effects of DHA on NAFLD and the pos-

sible mechanisms are not clear.

Sirt1, belongs in a family of proteins which are pur-

ported to be involved in the regulation of glucose home-

ostasis and attenuates insulin resistance via reducing

mitochondrial dysfunction.11 Sirt1 physically interacts

with peroxisome proliferator-activated receptor-gamma

coactivator (PGC1α), a key enzyme in hepatic mitochon-

drial β-oxidation, and deacetylates it, ultimately leading to

the induction of liver gluconeogenic and β-oxidation genes

transcription.12 Our previous study revealed that DHA

reduces angiogenesis of adipose tissues and attenuates

insulin resistance in HFD-induced obese mice via the

activation of Sirt1.13 We also found that DHA attenuates

palmitic acid (PA)-induced lipid accumulation and inflam-

mation in hepatocytes through suppressing inflammasome

activation and inflammatory cytokine maturation in vitro.14

However, a more comprehensive profile of physiological

and genetic events under DHA treatment in NAFLD mice

have not yet been documented. Further, it is unclear

whether the beneficial effect of DHA on NAFLD is

mediated by Sirt1. Therefore, the aim of the present

study was to determine whether DHA supplementation is

able to decrease hepatic lipid accumulation and inflamma-

tion in a NAFLD mouse model.

Materials and Methods
Chemical Sources
Animal diet was purchased from Research Diet, Inc. (New

Brunswick, NJ, USA). DHA was obtained from Sigma-

Aldrich (St. Louis, MO, USA) and the stock solution

(1000 mg/mL) was prepared as follows: DHA powder (1 g)

was dissolved in a small amount of ethanol (100–150 μL),
dried under nitrogen and then dissolved in 100 μL NaOH

(0.01N) with 900 μL PBS. The stock solution was aliquoted

and stored in −80°C. Antibodies used are fromCell Signaling

Technology, Inc. (Danvers, MA, USA). All the other

reagents and materials were purchased from Sigma Aldrich

and Invitrogen (Carlsbad, CA, USA) unless otherwise noted.

Animals and Diets
Middle-aged (9 months) male C57BL/6 mice were purchased

from Beijing Vital River Laboratory Animal Technology Co.,

Ltd. In order to prevent mutual attacks, animals were housed

separately under a controlled ambient temperature (24°C) and

diurnal condition (12-h light-dark cycle) with access to food

and water ad libitum and were given fresh diet every 3 days.

After acclimatization, mice were randomly divided into five

groups (n=10 per group). Except for the control group (CD

group) which placed on a control diet (10% kcal fat, D12450),

all mice from other groups were fed a HFD (60% kcal fat,

D12492) for 20 weeks. One group of mice (HFD group) was

not changed diet during the whole experiment. One group of

mice (HFD+DHA group) was gavagely supplemented with

DHA (100 mg/kg bw, twice a week) for the last 8 weeks of

the experiment. The remaining two groups of mice were also

given DHA supplementation and semiweekly intravenously

injected of Sirt1 shRNA or Scr shRNA lentivirus solution

produced as we previously described for the last 8 weeks of

the experiment.13 Food consumption and body weight were

monitored weekly. After the mice were anesthetized by inha-

lation of CO2, blood was collected from the orbit and stored at

−80°C. Then, tissues were obtained and weighted. Fresh liver
tissues either were fixed with 4% w/v paraformaldehyde for

hematoxylin-eosin (H&E) staining or iced in refrigerator

(−80°C) with optimal cutting temperature (OCT) compound

for Oil Red O staining. The remaining liver tissue was stored

at −80°C till analysis. The animals were cared for in accor-

dance with the Guiding Principles in the Care and Use of
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Animals. The experiment was approved by the Institutional

Animal Care and Use Committee of Xi’an Jiaotong

University (No. XJTULAC-2013-024).

Measurement of Inflammatory Cytokines

by ELISA Assay
Blood was centrifuged at 10,000 g for 15 min at 4°C and the

supernatants were stored at −20°C before analysis. Serum

levels of inflammatory cytokines, including IL-6 and TNF-α
aswell as adiponectin proteinswere determined byQuantikine

ELISA kit (R&D Systems Inc, Minneapolis, USA). The color

generated was determined by measuring the OD value at 450

nm of spectrophotometric microtiter plate reader (Molecular

Devices Corp., Sunnyvale, CA, USA).

Cell Cultures
Cell cultures were performed as previously described.14 In

brief, HepG2 cells (ATCC, Manassas, VA, USA) were routi-

nely cultured with Dulbecco’s Modified Eagle’s Medium

(DMEM) containing 10% fetal bovine serum (FBS), penicillin

(100 IU/mL) and streptomycin (30mg/mL). Cellswere seeded

into plates 24 h prior to treatments at approximately 80%

confluence and exposed to different stimuli. For each assay,

at least three independent experiments were conducted.

RNA Isolation and Quantitative PCR

(qPCR) Analysis
Total RNA was isolated from liver and HepG2 cells using

TRIzol reagent (Invitrogen, San Diego, CA, USA) and rever-

sely transcribed into cDNA using a commercial RT-PCR Kit

according to the manufacturer’s instructions (Thermo scien-

tific, USA). qPCR was performed as previously described.13

Briefly, primers (Table 1) were designed using the sequence

information of the NCBI database and synthesized by Beijing

AUGCT Biological Technology Co., Ltd. (Beijing, China).

The PCR conditions were as follows: initial denaturation: 95°

C, 5 min; 40 cycles of denaturation (95°C, 30 s), annealing

(58°C, 30 s), and elongation (72°C, 60 s). The fluorescent

signals were collected during the extension phase; Ct values

of the sample were calculated. The expression of Gapdh was

assessed as a housekeeping gene. Relative expression of the

gene of interest was therefore determined using the 2–△△CT

method.

Western Blotting Analysis
Liver tissues were homogenized in RIPA buffer (50 mM Tris

(pH 7.4), 150 mM NaCl, 1% Triton X-100, 1% sodium

deoxycholate, 0.1%SDS, and sodium orthovanadate, sodium

fluoride, EDTA, leupeptin) with protease inhibitor cocktail

Table 1 Primers Used for Quantitative Real-Time PCR Analysis

Gene Forward Primer Reverse Primer

Sirt 1(m) CGTCTTATCCTCTAGTTCTTGTG ATCTCCATCAGTCCCAAATCC

Acc (m) GTTCTGTTGGACAACGCCTTCAC GGAGTCACAGAAGCAGCCCATT

Fas (m) CTGCGATTCTCCTGGCTGTGAA CAACAACCATAGGCGATTTCTGG

Pparα (m) ACCACTACGGAGTTCACGCATG GAATCTTGCAGCTCCGATCACAC

Acadm (m) AGGATGACGGAGCAGCCAATGA GCCGTTGATAACATACTCGTCAC

Mttp (m) CCAGGAAAGGTTCCTCTATGCC GACTCTCTGATGTCGTTGCTTGC

Apob100 (m) GCATGAGTATGCCAATGGTCTCC CTGGTTGCCATCTGAAGCCATG

Il6 (m) TACCACTTCACAAGTCGGAGGC CTGCAAGTGCATCATCGTTGTTC

Tnfα (m) GGTGCCTATGTCTCAGCCTCTT GCCATAGAACTGATGAGAGGGAG

Mcp1 (m) GCTACAAGAGGATCACCAGCAG GTCTGGACCCATTCCTTCTTGG

Il10 (m) AGCTCCAAGACCAAGGTGTC TCCAAGGAGTTGTTTCCGTTA

AdipoQ (m) GATGGCACTCCTGGAGAGAA TCTCCAGGCTCTCCTTTCCT

Pgc1α (m) GAATCAAGCCACTACAGACACCG CATCCCTCTTGAGCCTTTCGTG

Gapdh (m) CATCACTGCCACCCAGAAGACTG ATGCCAGTGAGCTTCCCGTTCAG

Acc (h) TTCACTCCACCTTGTCAGCGGA GTCAGAGAAGCAGCCCATCACT

Fas (h) GGACCCAGAATACCAAGTGCAG GTTGCTGGTGAGTGTGCATTCC

Srebp1 (h) ACTTCTGGAGGCATCGCAAGCA AGGTTCCAGAGGAGGCTACAAG

Scd1 (h) CCTGGTTTCACTTGGAGCTGTG TGTGGTGAAGTTGATGTGCCAGC

Cpt1 (h) GATCCTGGACAATACCTCGGAG CTCCACAGCATCAAGAGACTGC

Mttp (h) AGGCTGTCAGAAACTTCCTGGC GTCTGAGCAGAGGTGACAGCAT

Gapdh (h) GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA

Notes: Ps: “m” represents mouse; “h” represents human.
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and phosphatase inhibitor cocktail (Thermo scientific, USA).

After lysis on ice, samples were centrifuged at 12,000 rpm at

4°C for 15 min. The protein concentration was determined

using bovine serum albumin (BSA) as standard and then

processed to Western blotting regularly. The bands of pro-

teins were quantified using Image J software (National

Institute of Health, Bethesda, MD, USA). The ratio of the

intensity of the target protein to that of β-actin was calculated

to represent the expression level of the protein.

Biochemical Measurements and

HOMA-IR
Blood samples of fasted mice were collected to determine

serum concentrations of total cholesterol (TC), high-density

lipoprotein cholesterol (HDL-C), low-density lipoprotein

cholesterol (LDL-C), and triacylglycerols (TAG) by enzy-

matic methods (BioAssay Systems, Haward, CA). In addi-

tion, liver tissues were homogenized in cold Tris–HCl (pH

7.4) (1:10, w/v) of 20 mM. The homogenate was centrifuged

for 30 min at 2500 g. And then, hepatic TAG was measured

by commercial kits from Randox Laboratories Ltd. Fasting

blood glucose concentration and fasting plasma insulin con-

centration were evaluated as previously described.13 The

homeostasis model assessment of insulin resistance

(HOMA-IR) was calculated as fasting glucose (mmol/L)

x fasting insulin level (mIU/L)/22.5.

Histology and Oil Red O Staining
Liver tissues were fixed in 4% paraformaldehyde, dehy-

drated, and embedded in paraffin wax. Sections (7 μm)

were stained with H&E and assessed by light microscopy

for morphology (BX53, Olympus, Japan). Data were col-

lected from all mice in each group, five fields per mouse,

using Image J software. To determine hepatic lipid accu-

mulation, frozen liver sections (5 μm) were stained with

0.5% Oil Red O for 10 min, washed, and counterstained

with Mayer’s hematoxylin for 45 s. Data were presented as

the mean percentage of stained area to a total hepatic

region in 10 fields from each liver section. Quantitative

analysis was performed using analySIS-FIVE program

(Olympus Soft Imaging System, Münster, Germany).

Statistical Analyses
Statistical analysis was performed using SPSS 16.0 statis-

tical software (SPSS Inc., Chicago, IL, USA) and based on

one-way ANOVA, followed by the LSD post hoc test if the

overall differences were significant. p < 0.05 was consid-

ered statistically significant.

Results
Expression of Sirt1 in Steatotic Livers
Schematic flow of experiment was shown in Figure 1A. The

injection of Scr shRNA lentivirus solution had no obvious

extra effect on all aspects we concerned compared to HFD

+DHAmice, so the data were not shown. The expression level

of Sirt1 was studied by qPCR and Western blotting in livers

from each group of animals. As depicted in Figure 1B and C,

the expression of Sirt1 mRNA and protein was lower in

steatotic livers from HFD-fed mice compared to those from

animals on control diet (CD), but DHA supplementation sig-

nificantly reversed the decrease of Sirt1 expression in HFD-

fed mice livers. As expected, Sirt1 knockdown remarkably

decreased Sirt1 mRNA and protein levels (Figure 1B and C).

Sirt1 Knockdown Diminishes the

Protective Effects of DHA on

HFD-Induced Hepatic Steatosis
As we previously described, body weight significantly

increased responsive to a high-fat diet and there were no

differences in body weight and daily food intake between

HFD mice and HFD+DHA mice.13 Liver weight and its

compositional proportion from each group of mice were

conducted on the day of sacrifice. HFD caused a significant

increase in liver weight and liver coefficient compared to CD

group. Significant lower values were found after DHA sup-

plementation but these were not sustained in Sirt1 knock-

downmice (Table 2). The HOMA-IR index was significantly

higher in HFD-fed mice compared to CD-fed mice.

Interestingly, significantly lower values were found after

DHA supplementation but these were not sustained in Sirt1

knockdown mice (Supplementary Figure 1). We also mea-

sured the levels of plasma TAG, TC, HDL-C and LDL-C.

Within groups supplemented with the HFD, TAG and LDL-

C levels were significantly lower whereas HDL-C level was

higher in mice supplemented with DHA than in the other two

groups. Regarding to TC, HFD induced an increase in TC

values, which were not significantly different among HFD

groups (Table 2). Liver morphological alterations are pre-

sented in Figure 2A. Compared to CD mice, animals sub-

jected to HFD for 20 weeks showed liver steatosis, with more

droplets being found in the studied fields in HFD group but

less in HFD+DHA group (Figure 2A). However, systemic

Sirt1 knockdown diminished the effect of DHA on steatosis
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of liver. Next, we investigated hepatic accumulation of lipids

in each group of mice. Results from Oil Red O staining

showed that small amounts of lipid droplets were found in

liver sections of CD mice but massive accumulation of lipid

droplets were observed in HFD group. As expected, 8 weeks

of DHA supplementation almost entirely protected from

NAFLD (Figure 2A). In agreement with the histological

changes, hepatic TAG level of HFD+DHA group was sig-

nificantly lower compared to those of the HFD group but

Sirt1 knockdown attenuated the TAG-lowing effects of DHA

(Figure 2B).

We further investigated the regulation of enzymes

involved in fat metabolism (Figure 2C). Interestingly,

HFD markedly decreased mRNA levels of key lipogenic
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Figure 1 Sirt1 expression in steatotic livers. (A) Schematic flow of the experiment. Sirt1 mRNA (B) and protein expression (C) in liver from mice. β-Actin was used as

a loading control. Data represent the means ± S.D. (standard deviation) (n=8, *p < 0.05 and **p < 0.01).
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gene fatty acid synthase (Fas) and DHA supplementation

did not change its expression. However, DHA supplemen-

tation prominently upregulated Pgc1α mRNA level and

Sirt1 knockdown reversed it. In addition, DHA remarkably

induced the expression of Mttp, which is involved in the

TAG export, and Sirt1 knockdown diminished these effect

of DHA. These findings suggest that the activation of

mitochondrial β-oxidation and TAG export may contribute

to the antisteatotic properties of DHA, which is possibly

mediated by Sirt1.

DHA Treatment Attenuates Inflammation

via Sirt1 in Mice with NAFLD
We found that HFD treatment resulted in a significant

increase in serum IL6 and TNFα concentration levels

(Figure 3A and B) accompanied by a marked reduction in

serumAdipoQ level compared to controls (Figure 3C). These

changes were reversed by DHA administration but were

comparable in Sirt1 knockdown group. We next analyzed

the mRNA levels of pro-inflammatory and anti-inflammatory

genes. In agreement with biochemical data, DHA showed

significantly downregulated in the expression of the pro-

inflammatory genes Il6, Tnfα and Mcp1 while upregulated

gene expression of the anti-inflammatory cytokines Il-10 and

AdipoQ in liver. Expectedly, Sirt1 knockdown only reversed

the decrease of Mcp1 and the increase of AdipoQ mRNA

levels compared to DHA group (Figure 3D).

DHA Blocks Lipogenesis and Stimulates

FA Oxidation and TAG Export Through

Sirt1 in HepG2 Cells
In cultured HepG2 cells incubated with PA (300 μM) for 24

h, we observed obvious lipid accumulation in cells. DHA

treatment elicited a significant diminution of lipid drops,

which was abrogated by sirtinol, an inhibitor of Sirt1

(Figure 4A, the left panel). We then measured the TAG

levels in cells and found a consistent result with morpholo-

gic changes (Figure 4A, the right panel). The results from

qPCR showed that mRNA levels of lipogenic gene Fas was

downregulated in DHA-treated cells even those expression

were comparable between PA only-treated cells and control

cells (Figure 4B). In contrast, the expression of Pgc1α and

Mttp were hampered in PA-treated cells. DHA significantly

increased their mRNA levels and Sirt1 inhibition almost

abolished these effects (Figure 4B).

DHA Inhibits NF-κB Activation Through

Deacetylation of P65 Mediated by Sirt1
To further understand themolecularmechanism ofDHA in the

control of inflammation, we determined the expression level

and activation status of p65 NF-κB under DHA treatment. As

shown in Figure 5A, DHA treatment resulted in an increased

expression of Sirt1 in PA-treated cells. Because Sirt1 is well

known to deacetylate p65 specifically at lysine 310, we exam-

ined the roles of DHA and Sirt1 in the regulation of acetylated

p65 NF-κB. Notably, the levels of acetylated p65 NF-κB at

lysine 310were predominantly decreased inDHA-treated cells

and Sirt1 inhibition by sirtinol increased acetylated p65 protein

level. However, the total p65 was not considerably altered

among all treatments. We also found that phosphorylation of

p65 NF-κB (S468) was increased in Sirt1 inhibition cells but

comparable among other three groups of cells.

Discussion
Long term of HFD exposure causes lipids accumulation in

the liver, a process which leads to fatty liver disease known as

NAFLD and finally to NASH. In the present study, we have

demonstrated that DHA significantly decreased dyslipidemia

and ameliorated hepatic steatosis, which was supported by

a complex regulation of mitochondrial β-oxidation and TAG
export in the liver; DHA markedly prevented liver inflam-

mation in middle-aged mice with NAFLD supplemented

Table 2 Liver and Plasma Metabolic Parameters in Mice

Parameters CD HFD HFD+DHA HFD+DHA+Sirt1 shRNA

Liver weight (g) 1.76±0.16 2.96±0.61* 2.25±0.44*# 2.77±0.24*

Liver coefficient (% BW) 4.19±0.38 5.44±1.17* 4.21±0.87# 5.15±0.45*

TAG (mmol/L) 0.89±0.14 1.66±0.30* 1.11±0.15# 1.58±0.12*

TC (mmol/L) 3.56±0.76 8.03±0.72* 7.09±0.79* 7.97±0.48*

HDL-C (mmol/L) 2.50±0.42 2.37±0.67 3.37±0.53*# 2.71±0.58

LDL-C (mmol/L) 0.73±0.31 3.58±0.25* 2.95±0.29*# 3.43±0.52*

Notes: Liver weight and its compositional proportion (percentage relative to thewhole bodyweight (BW)) from each group of micewere conducted on the day of sacrifice. The levels

of triglyceride, total cholesterol, HDL-C and LDL-C were measured. All data are presented as mean ± S.D. (n = 10 for each group). *p < 0.05 vs CD mice; # p < 0.05 vs HFD mice.
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with DHA. In HepG2 cells, DHA blocked lipogenesis but

stimulated FA oxidation and TAG export. In addition, the

anti-inflammatory effect of DHA is related to the deacetyla-

tion of p65 NF-κB. Importantly, these effects of DHA on

NAFLD were mediated by Sirt1.

At present, three types of diets are commonly used to

induce NAFLD: methionine and choline deficiency diet

(MCD), choline deficiency diet (CD) and high-fat diet

(HFD). Although rodents fed MCD will develop significant

fatty liver in 2–4 weeks and then quickly evolve into hepatitis

and fibrosis, they often lose weight and do not develop insulin

resistance. This is in contrast to typical humanNAFLD/NASH

patients. On contrary, HFD can induce weight gain in rodent

models and lead to insulin resistance. Hence, in this study, we

chose HFD to establish NAFLDmouse model and would like

to explore the effect of DHA on obesity-related NAFLD.

Generally, TAG accumulation in hepatic steatosis caused by

HFD mainly results from three pathways, including increased

de novo FA synthesis, decreased fatty acid β-oxidation and

impaired TAG β-oxidation from hepatocytes.15 FAS is one of

the key enzymes that regulate fat synthesis. Some studies have

showed that HFD up-regulated the expression or activity of

FAS.16,17 In our study, we observed that a HFD for 20 weeks

led to an obvious lipid accumulation in liver, but the hepatic

Fas was down-regulated and even DHA supplementation had

no effect on its expression, which was in line with our in vitro

data (Figure 4A and B). This discrepancy might be attributed

to compensatory response of hepG2 cells. Furthermore, these

animals already had disorders of blood glucose metabolism

and their liver FAS activity may be reduced.13 This was in

agreement with a previous study in which hepatic FAS activity

in diabetic mice fed a HFD was significantly reduced.18 How

did HFD cause hepatic steatosis in our animal model? From

the results of related gene expression, we found HFD reduced
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the expression of mitochondrial β-oxidation gene Pgc1α and

TAG export geneMttp. It seems like that in our specificmodel,

reduced mitochondrial β-oxidation and TAG export rather

than increased lipogenesis contributed to lipid accumulation

finally.

Our data revealed that DHA supplementation to

NAFLD mice effectively reduced hepatic lipid accumula-

tion and concomitantly reduced liver weights and serum

TAG levels. We found that although DHA supplementation

had no effect on lipogenic gene expression, it was able to

completely eliminate hepatic steatosis in HFD-fed mice.

The possible reason is that this effect was accompanied by

a significant induction of Mttp as well as Pgc1α, an impor-

tant transcriptional factor that activates FA oxidation.19

Consistently, DHAwas reported to upregulate mRNA levels

of Pgc1α and stimulate PGC1α promoter activity in a dose-

and time-dependent manner in C2C12 muscle cells.20 These

results suggest that the anti-hepatosteatotic effect of DHA in

our NAFLD model is partly mediated by the modulation of

mitochondrial biogenesis and promotion of TAG export but

not the reduction of hepatic lipogenesis. The protective

effect of DHA on hepatic steatosis in vivo was also sup-

ported by in vitro data. Considering that DHA improved

insulin sensitivity in these middle-aged obese mice as we

previously described, we infer that the antisteatotic effects

of DHA may contribute to augment its insulin-sensitizing

effect in our animal model.

Emerging researches indicated that Sirt1 had a vital

role in the regulation of lipid metabolism. Hepatocyte-

specific deletion of Sirt1 results in hepatic steatosis and

inflammation.21 However, both transgenic Sirt1 mice and

over-expression of Sirt1 specifically in the liver show

lower hepatic steatosis along with better glucose tolerance,

which may represent a new strategy to counteract NAFLD

and related diseases such as type 2 diabetes.22,23 Our

previous study also revealed that DHA attenuates insulin

resistance in HFD-induced obese mice via the activation of

Sirt1.13 In the present study, DHA treatment increased the

expression of Sirt1 in liver and systemic Sirt1 knockdown

abrogated almost all the benefits of DHA on NAFLD.
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Basically, the explored mechanisms of Sirt1 counteracting

hepatic steatosis is that Sirt1 upregulates the expression of

genes that control β-oxidation and downregulates

lipogenesis.24,25 In this study, Sirt1 knockdown had no

effect on Fas gene expression. In the contrast, Sirt1

mediated other two pathways involving steatosis regulated

by DHA treatment in vivo. Firstly, the dysfunction of liver

mitochondria is very important in the “first and second hit”

leading to NAFLD and PGC1α is regarded as a key and

positive protein in regulating mitochondrial biogenesis.26

Sirt1 has been shown to deacetylate PGC1α and positively

regulate it.27 In the present study, we found that Sirt1

knockdown reduced the mRNA expression of Pgc1α and

the protective role of DHA in ameliorating hepatic steato-

sis was almost blocked. Secondly, the induction of TAG

export-related genes by DHAwas inhibited in Sirt1 knock-

down group. This is consistent with a previous study in

which lack of Sirt1 activity leads to reduced fat export in

the liver of mice and causes steatosis.28 Hence, we sup-

posed that the increased mitochondrial biogenesis by dea-

cetylation of Sirt1 to PGC1α and promotion of TAG

export are important molecular mechanisms of DHA to

improve NAFLD.

Another common feature of NAFLD is inflammation.29 In

agreement with the well-known anti-inflammation propriety

of DHAmediated by Sirt1,30,31 here we demonstrated that the
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steatosis-induced inflammatory milieu in HFD-fed mice were

all reversed by DHA treatment. Systemic Sirt1 knockdown

can partially abrogate these effects. Inflammation is tightly

controlled by NF-κB. Both deacetylation and phosphorylation
of p65 NF-κB are known to influence its ability to bind target

DNA sequences and then gene expression.32 Furthermore, an

antagonistic crosstalk between NF-κB and Sirt1 is present in

the regulation of inflammation.33 Sirt1 inhibits NF-κB signal-

ing directly by deacetylating the p65 subunit of NF-κB com-

plex, specifically at lysine 310.34 Consistently, we found that

the acetylation of p65 NF-κB at lysine 310 was markedly

decreased in DHA-treated cells and Sirt1 inhibition by sirtinol.

Similar to our findings, resveratrol, a Sirt1 activator, was

reported to upregulate the gene expression of Sirt1 and down-

regulate acetylated p65 NF-κB (lys 310) in BJAB B cells.35

However, the phosphorylation of p65 NF-κB (S468) was all

comparably increased compared to control cells. A previous

study indicated that the phosphorylation of p65 NF-κB on

serine 536 was able to regulate the acetylation of lysine

310,36 but whether the acetylation of lysine 310 could con-

versely directly affect the phosphorylation of p65 NF-κB on

serine 468 is not detected in our study. Nevertheless, these

results suggest that the deacetylation of p65 NF-κB mediated

by Sirt1 but not the phosphorylation of p65 NF-κB is asso-

ciated with the inactivation of NF-κB by DHA, which con-

tributes to DHA’s protective role in ameliorating NAFLD.

These data point to a participation of this pathway in the

protective role of DHA in the liver. The molecular interaction

among the possible metabolic pathways involved in the inhi-

bition of metabolic disorders and liver damage induced by

a HFD in mice is depicted in Figure 5B.

Conclusion
In conclusion, this study demonstrates that DHA might be

a potential dietary therapeutic tool against NAFLD and

reveals a previously unrecognized role of Sirt1 in this

process, which indicating Sirt1 may be a key molecular

target by which DHA improves NAFLD.
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