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Abstract

The aim of this study was to investigate the effect of a polyphenol-rich Acai seed extract
(ASE, 300 mg/kg-1d-1) on adiposity and hepatic steatosis in mice that were fed a high-fat
(HF) diet and its underlying mechanisms based on hepatic lipid metabolism and oxidative
stress. Four groups were studied: C57BL/6 mice that were fed with standard diet (10% fat,
Control), 10% fat + ASE (ASE), 60% fat (HF), and 60% fat + ASE (HF + ASE) for 12 weeks.
We evaluated the food intake, body weight gain, serum glucose and lipid profile, hepatic
cholesterol and triacyglycerol (TG), hepatic expression of pAMPK, lipogenic proteins
(SREBP-1c, pACC, ACC, HMG-CoA reductase) and cholesterol excretion transporters,
ABCG5 and ABCG8. We also evaluated the steatosis in liver sections and oxidative stress.
ASE reduced body weight gain, food intake, glucose levels, accumulation of cholesterol
and TG in the liver, which was associated with a reduction of hepatic steatosis. The
increased expressions of SREBP-1c and HMG-CoA reductase and reduced expressions of
pAMPK and pACC/ACC in HF group were antagonized by ASE. The ABCG5 and ABCG8
transporters expressions were increased by the extract. The antioxidant effect of ASE was
demonstrated in liver of HF mice by restoration of SOD, CAT and GPx activities and reduc-
tion of the increased levels of malondialdehyde and protein carbonylation. In conclusion,
ASE substantially reduced the obesity and hepatic steatosis induced by HF diet by reducing
lipogenesis, increasing cholesterol excretion and improving oxidative stress in the liver, pro-
viding a nutritional resource for prevention of obesity-related adiposity and hepatic
steatosis.
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Introduction

Metabolic syndrome (MS) is a disease composed of different risk factors such as obesity, type 2
diabetes, hypertension or dyslipidemia [1, 2]. The prevalence of this syndrome is increasing
worldwide in parallel with the rise in obesity. Nonalcoholic fatty liver disease (NAFLD) is now
the most frequent chronic liver disease in western countries, affecting more than 30% of the gen-
eral population. NAFLD encompasses a spectrum of liver manifestations ranging from simple
steatosis to steatohepatitis, fibrosis and cirrhosis, which may ultimately progress to hepatocellu-
lar carcinoma. There is accumulating evidence supporting an association between NAFLD and
MS. Indeed, NAFLD is recognized as the liver manifestation of MS [1]. In particular, abdominal
fat accumulation plays an important role in the associated deleterious effects of excess body fat,
including dyslipidemia and hepatic steatosis. Although the complex relationship between vis-
ceral fat accumulation and hepatic steatosis is not completely understood, dysregulation of lipid
metabolism in liver and adipose tissue is associated with adiposity and hepatic steatosis [3].

The liver plays a key role in fatty acid and cholesterol homeostasis because it controls the sup-
ply and removal pathways. Adenosine-monophosphate-activated protein kinase (AMPK), a key
enzyme of energy metabolism, regulates glucose and lipid uptake, storage and utilization in adi-
pose tissue and liver [4]. AMPK is phosphorylated and then inactivates metabolic enzymes
involved in fatty acid (FA) and cholesterol synthesis, such as acetyl-CoA carboxylase (ACC) and
3-hydroxy-3-methylglutaryl CoA reductase (HMG-CoA reductase) [5]. The reduction of
pAMPK may play a major role in the pathogenesis of NAFLD [6]. In addition, SREBP-1c (ste-
rol-regulatory-element binding protein-1c) regulates the expression of genes involved in hepatic
triacyglycerol (TG) synthesis, and its increased expression [6]. In contrast, the liver eliminates
excess of cholesterol from the body either by its conversion into bile acids or after direct secretion
into bile by the ATP-biding cassette, subfamily G transporters (ABCG), ABCG5 and ABCG8 [7].

There is increasing evidence supporting an important role to increased oxidative stress in
the manifestations associated with obesity [8]. Mitochondrial dysfunction, as a result of uncon-
trolled oxidative stress, might be a key factor in the pathogenesis of NAFLD with the conse-
quent hepatocellular apoptosis and necrosis [9, 10]. Several studies have shown that treatment
with insulin-sensitizing agents [11,12,13], and antioxidants [11, 14] may be useful and might
improve the clinical and histological features of nonalcoholic steatohepatitis. However, there is
not enough evidence-based support from randomized clinical trials, and the long-term benefit
of these medications has not been demonstrated.

Recently, many food components have been studied for their ability to prevent obesity dis-
orders. Euterpe oleracea Mart, also known by the popular name of agai is widely diffused in
Amazon region and its fruits are rich in polyphenolic content [15]. We previously reported
that acai seed extract (ASE), rich in catechin and polymeric proanthocyanidins [16] induced
endothelium-dependent vasodilatation [17], antihypertensive and antioxidant effects in experi-
mental hypertension [18] and a beneficial effect on metabolic syndrome [19]. However, the
mechanism of the antiobesity effect of ASE still remain unclear, and no studies have deter-
mined the intrinsic mechanism of ASE on liver lipid metabolism in response to a high fat diet.

In this study, we investigated whether seed extract of agal, rich in polyphenols could reduce
HEF-diet-induced obesity and hepatic steatosis in C57BL/6 mice and elucidated its mechanisms.

Materials and Methods
Preparation of the acai seed extract (ASE)

Euterpe oleracea Mart. (agai) fruits were obtained from the Amazon Bay (Belém do Pard, Bra-
zil; excicata number 29052, Museu Goeldi-Belém do Para). Hydro-alcoholic extracts were
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obtained from a decoction of the seed. Approximately 200 g of acai seed were boiled in 400 ml
of water for 5 min, grounded for 2 min, and then boiled for an additional 5 min. The decoction
was cooled to room temperature, and then extracted by addition of 400 ml of ethanol with
shaking for 2 h. The extract was stored in dark bottles at 4°C for 10 days. After this maceration
period, the hydro-alcoholic extract of acai was filtered through Whatman filter paper, and the
ethanol was evaporated under low pressure at 55°C. The extract was then lyophilized at -30 to
-4°C in a vacuum of 200 mmHg, and then frozen at -20°C until use. Typically, 100 g of seed
yielded approximately 5 g of lyophilized extract. The content of polyphenols in ASE, measured
by analyzing for total phenol was around 265 mg/g of extract.

Chemical analysis of ASE

One gram of the lyophilized extract was suspended in 50 mL of distilled water and the resulting
solution was extracted with ethyl acetate (3 x 50 mL). After solvent evaporation, the water
(95% mass yield) and ethyl acetate (5% mass yield) residues were analyzed by HPLC-DAD on
a RP-18 column according to the method developed by Peng et al. (2001) [20]. The ethyl ace-
tate fraction residue was analyzed by negative mode Electrospray Mass Spectrometry after
direct infusion on an Ion-Trap Amazon SL spectrometer (Bruker Daltonics).

The mean degree of polymerization (mDP) of the aqueous fraction residue was determined
by acid hydrolysis followed by condensation with phloroglucinol, according to the methodol-
ogy of Kennedy & Jones [21]. The degree of polymerization was confirmed by HPLC-UV on a
Diol stationary phase as reported by Kelm et al (2006) [22] and by MALDI-TOF analysis on an
Autoflex Speed spectrometer (Bruker Daltonics) according to methodology proposed by
Mateos-Martin et al. (2012) [23] with modifications. Briefly, a 1 mg/mL acid solution of the
residue of the aqueous fraction was prepared using 0.1% aqueous TFA. Aliquots of the solution
were mixed with the matrix (2,5-dihydroxybenzoic acid, 10mg/mL) and the cationic reagent
(NaCl, Img/mL)to a final mass proportion of 10:1:1 (matrix, sample and cationic reagent,
respectively), applied to the target plate and left to dry at room temperature. Mass software was
used to analyze the spectral data.

Animals and Diet

This study was carried out in strict accordance with the recommendations in the conventional
guidelines for experimentation with animals (National Institutes of Health Publication No. 85-
23 revised, 1996). The protocol was reviewed and approved by the Animal Care and Use Com-
mittee of the Institute of Biology of the State University of Rio de Janeiro (protocol n° CEA/
025/2010). Male mice of the C57BL/6 strain were obtained from the facilities of the Rio de
Janeiro State University at 4 weeks of age. After 1 week of adaptation and at 5 weeks of age, the
animals were housed in individual cages in a temperature-controlled room with 12-hour light/
dark cycle and randomly allocated into 4 groups. The control group was fed with a standard
diet and was allowed access to water (control group: 10% fat; 8.4+0.2 kcal) or ASE (ASE group,
300 mg/kg-1d-1, intragastric gavage). Two other groups were fed a HF diet with access to
water (HF group: 60% fat; 12.4+0.3 kcal) or ASE (HF + ASE group: 60% fat; 12.4+0.3 kcal) for
12 weeks (Table 1). The dose of ASE was based on previous studies that showed significant
changes in the components of metabolic syndrome induced in HF group [19]. The chronic
treatment (12 weeks) with ASE was based on the period of time necessary to induce the meta-
bolic alterations in the C57BL/6 mice fed a HF diet [19]. The diets were elaborated by Rhoster
(Sao Paulo, Brazil) in accordance with the standard recommendations for rodents in the main-
tenance state of American Institute of Nutrition (AIN-93M) [24].
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Table 1. Composition and energy content of standard and high-fat (HF) diets.

Nutrient (U/kg diet) Diets

Standard HF
Casein (g) 140 190
Cornstarch (g) 620.7 250.7
Sucrose (g) 100 100
Soybean oil (g) 40 40
Lard or oil (g) - 320
Fiber (g) 50 50
Mineral Mix* (g) 35 35
Vitamin Mix * (g) 10 10
L-cystine (g) 1.8 1.8
Choline (g) 25 25
Antioxidant (g) 0.008 0.008
Energy (kcal) 3800 5400
Percentage as carbohydrate 76 26
Percentage as Protein 14 14
Percentage as Fat 10 60

*Vitamins and minerals mix following the AIN-93M recommendation for rodents

doi:10.1371/journal.pone.0143721.1001

Food Consumption and Body Weight Measurements

Food consumption of the mice was estimated by subtracting the amount of food left on the
grid and amount of spilled food from the initial weight of food supplied. Energy intakes were
calculated on the basis of 3.8 kcal/g for the control diet and 5.4 kcal/g for the HF. Body weight
was measured weekly and expressed as initial weight (grams) before treatment and week 12
weight (grams) at the end of treatment.

Serum and liver Assays

After 12 weeks of treatment and at 17 weeks of age, the animals were fasted for 6 hours, and
blood samples were then collected by cardiac puncture in anesthetized (thiopental sodium, 70
mg/Kg i.p) animals, after which the animals were euthanized using carbon dioxide. Glycaemia
was determined with a glucometer (Accu-Chek Active; Roche, Mannheim, Germany). The
contents of serum total cholesterol (TC) and TG were determined by a colorimetric assay (Bio-
clin, Belo Horizonte, Brazil). Plasma leptin and adiponectin levels were determined by an
enzyme-linked immunosorbent assay (ELISA) (Millipore, Missouri, EUA).

The epididymal and retroperitoneal fat mass and liver were removed from animals and
weighted. Fragments of the liver of each animal were frozen at- 80°C for further biochemical
analysis. Frozen mouse liver (50 mg) was placed in an ultrasonic processor with 1 ml of isopro-
panol. The homogenate was centrifuged at 2000g and 5 pl of the supernatant was used with a
kit for measuring TG and cholesterol in a semi-automatic biochemical analyser (Bioclin, Belo
Horizonte, Brazil).

Western Blot analyses

The total hepatic proteins were extracted in a homogenizing buffer with protease inhibitors.
After the liver protein content was detected, the homogenates were centrifuged at 3200 g for 20
min at 4°C, and the supernatants were collected. Equal quantities of total protein were
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suspended in SDS-containing sample buffer, heated for 5 min at 100°C and separated by
SDS-PAGE. After electrophoresis, aliquots (30 pg) of the proteins were electroblotted on to
PVDF transfer membranes (Hybond-P; GE Healthcare) and visualized with Ponceau solution
staining. The membrane was blocked with phosphate buffer solution plus tween 10 (0.1%) and
albumin (5%) and incubated overnight with rabbit polyclonal immunoglobulin G raised
against SREBP-1, pACC, ACC, HMG-CoA reductase, pAMPK, ABCG5, ABCG8 and Tubulin
antibodies (1:1,000, Santa Cruz Biotechnology, Santa Cruz, CA, USA). B-actin served as a load-
ing control for cytosolic proteins. Following the incubation with the primary antibody, the
membranes were washed and incubated with an anti-(rabbit IgG) secondary antibody. Protein
expression was detected using an ECL advanced Western blotting detection kit and ECL
Hyperfilm (GE Healthcare). The signals were visualized by ChemiDoc Resolutions System and
determined by quantitative analysis of digital images of gels using Image-Pro Plus version 7.0
(Media Cybernetics).

Determination of oxidative damage: carbonyl protein and
malondialdehyde assay

Protein carbonylation was determined from the formation of carbonyl group by reaction with
2,4-dinitrophenylhydrazine (2,4-DNPH) according to the method described by Levine et al.
(1990) [25].

The lipid membrane damage was determined by formation of products of lipid peroxidation
(malondialdehyde-MDA) concentration, using the thiobarbituric acid reactive substances
method. Briefly, the samples were mixed with 1 ml of 10% trichloroacetic acid and 1 ml of
0.67% thiobarbituric acid. They were then, heated in a boiling water bath for 30 min. The
absorbance of the organic phase containing the pink chromogen was measured spectrophoto-
metrically at 532 nm. MDA equivalents were expressed in nanomole per milligram protein.

Determination of antioxidant enzyme activity

Superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx) activities were
assayed in liver homogenates of mice. SOD activity was determined by measuring the inhibi-
tion of adrenaline auto-oxidation as absorbance at 480 nm [26]. CAT activity was measured in
terms of the rate of decrease in hydrogen peroxide at 240 nm [27]. GPx activity was determined
by monitoring the oxidation of NADPH at 340 nm in the presence of hydrogen peroxide [28].

Histological analysis of the liver

Random fragments of the liver were prepared for light microscopy. Small pieces of liver were
embedded in Paraplast plus (Sigma-Aldrich), sectioned at 5 um and then stained with haema-
toxylin and eosin. The liver sections were analyzed using light microscopy (Olympus BX 60,
Japan) to investigate hepatocyte steatosis and the structure of the hepatic lobules. The images
were acquired using Image-Pro Plus version 7.0 (Media Cybernetics) with a sample size of at
least 75 fields per group (Olympus DP71, Japan).

Statistical Analyses

Values are expressed as the mean + standard error of the mean. Statistical significance was
determined by a one-way analysis of variance, with Bonferroni and Tuckey post hoc test. P val-
ues less than or equal to 0.05 were accepted as statistically significant.
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Results
Chemical Composition of ASE

Fig 1A shows the chromatogram of the water fraction residue. The big peak eluting last (51
min) displays UV spectral characteristics of condensed tannins and contains predominantly
polymeric condensed tannins, proanthocyanidins. The integrated area of this peak is equiva-
lent to 88% of the total area, showing that the extract is composed basically by proanthocyani-
dins. The peaks at 27 and 38 min are of catechin and epicatechin, respectively, and were
identified after co-injection with reference standards. Direct infusion negative ESI MS analysis
of the ethyl acetate fraction residue revealed the presence of catechin, epicatechin, a dimer and
a trimer at m/z 289, 577 and 865 respectively.

Further experiments were performed to delineate the composition of the main fraction of
ASE, the water residue: acid depolymerization in presence of phloroglucinal led to the determi-
nation of the mDP as 6.7 and normal phase chromatography was used to assess the extent of
polymerization allowing the detection of tannin monomers to decamers (Fig 1B).

MALDI TOF MS has proved to be highly suited to the analysis of the highly complex
proanthocyanidin samples [29]. The MALDI TOF MS spectrum of the water residue sample
(Fig 2) has shown two major B-type proanthocyanidin peak sequences: the first one of procya-
nidins (from trimer to undecamer) at m/z (sodium adducts): 889, 1177, 1465, 1753, 2041,
2329,2617,2907 and 3193. The second sequence of signals presented peaks separated by 16
mass units from the previous one indicating heteropolymerization with introduction of one
unit of (epi) galocatechin from the trimer to undecamer, peaks at m/z (sodium adducts): 905,
1193, 1481, 1769, 2058, 2347, 2634, 2922 and 3211). 3-O-galloylated series were also detected
with procyanidin peaks added by multiples of 152 mass units: monogalloylated trimer, mono,
di and trigalloylatedtetramer; mono, di and trigalloylatedpentamer all detected in very small
amounts. Application of MALDI TOF MS in this field has been critical to unravel the structural
complexities of proanthocyanidin samples [30].

Thus, the application of chemical and spectrometric methodology to the analysis of the
composition of ASE revealed that it is composed predominantly by polymeric procyanidins,
heteropolymers with one gallocatechin unit and, in minor extent, of galloylatedprocyanidins.

Effect of ASE on Food Intake and Body Weight gain

The amount of food consumed (grams) was higher (p<0.05) in HF compared to control and
ASE groups and the treatment with ASE prevented the increase of food intake in HF group
(Fig 3A).

We compared male mice from the 4 groups with initial body weights at the age of 5 weeks
and at the end of experimental protocol at the age of 17 weeks (Fig 3B). There was no body
weight difference among the animals at the beginning of the study. However, from the third
week to the end of the experimental protocol, the body weight gain of the HF group signifi-
cantly increased (p<0.05, n = 8) compared to other groups (Fig 3C). Body weight of the HF
+ASE group was reduced (p<0.05) compared to HF group, indicating a protective effect of
ASE against overweight (Table 2).

Inhibitory effect of ASE on adipokine levels, adipose and liver mass gain

Treatment with ASE reduced the epididymal and retroperitoneal adipose tissues weights from
mice fed HF diet compared to mice fed HF diet (p<0.05, n = 8, Table 2). Liver weight in mice

fed HF diet significantly increased compared to control mice, and ASE prevented liver weight

gain in HF fed mice (p<0.05, Table 2).
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Fig 1. HPLC analysis of ASE. (A) HPLC analysis of the aqueous residue of ASE according to Peng, et al
(2001) [21]. The marked peaks of 27, 38 and 51 min correspond to catechin, epicatechin and oligomeric and
polymeric condensed tannins. (B) HPLC analysis of the aqueous fraction residue according to Kelm, et al
(2006) [23], where the marked peaks (1 to 10) shows the series of condensed tannins present in the sample
from monomer to decamer.

doi:10.1371/journal.pone.0143721.g001

HFD-induced obesity is also known to be strongly associated with the levels of adipokines
such as leptin and adiponectin, both of which are secreted from adipose tissue. As shown in
table 3, circulating plasma levels of leptin were increased in mice fed HF diet compared to con-
trol and ASE groups (p<0.05, n = 8), which reflects the increased fat deposits in HF mice.
Treatment with ASE reduced plasma leptin levels in HF mice (p<0.05), indicating restoration
of leptin sensitivity. In contrast, plasma levels of adiponectin were decreased in mice fed HF
diet compared to control and ASE groups (p<0.05, n = 8). Treatment with ASE prevented the
decrease in plasma adiponectin levels in HF mice (p<0.05).

3
g
. 11935915
%
14817858
9053266
]
17699251
01 saz 11776038 i
14657980
- 1754 9141 I ZNYIDZIS
1 1
g o l 16338263 l[ 242991 210127 2 5206 zn601 11.3%%
. | 1l il N i | 1 "
1000 1500 2000 20 »

mz

Fig 2. MALDI-TOF mass spectrum of the aqueous fraction residue from ASE. The spectrum was
obtained on a Bruker Autoflex Speed; DHB matrix, 1:1:10 (sample: NaCl:matrix). Mass peaks are of sodium
adducts of B-type proanthocyanidins: [M + Na] + m/z = 889, 903, 1177, 1193, 1465, 1481, 1753, 1769, 2041,
2058, 2329, 2347, 2617, 2634, 2907, 2922, 3193 and 3211.

doi:10.1371/journal.pone.0143721.9g002
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Fig 3. Food intake and body weight. Effects of ASE on food intake (A) and body weight (B) were analyzed
weekly. Body weight gain (C) was measured from the 4™ week until the 17" week in HF fed mice. Values are
meanstSEM, n = 8 for all groups. *Significantly different from the control and ASE groups (p<.05).
*Significantly different from the corresponding HF group (p<.05). *Significantly different from the control and
ASE groups (p<.05).

doi:10.1371/journal.pone.0143721.g003

Effect of ASE on glycaemia, lipid profile and hepatic steatosis

Final blood glucose levels differed significantly between HF groups and controls. HF group
developed hyperglycemia, whereas control and ASE groups remained normoglycemic at 17
weeks of age. Treatment of HF mice with ASE reduced (p<0.05) the hyperglycemia (n = 8,
Table 3).

HF group showed macro- and microvesicular steatosis within hepatocytes. HF+ASE group
showed less steatosis compared to untreated HF group (Fig 4). The serum levels of TC and TG
were higher in the HF group compared to other groups at the end of study period (p<0.05,

n = 8). Treatment with ASE reduced TC, TG, LDL and VLDL levels (Table 3).

The liver cholesterol and TG levels were higher (p<0.05) in HF group compared to control
group (n = 8, Table 3). ASE significantly reduced (p<0.05) the liver cholesterol and TG levels
in HF+ASE group compared to control group. There was no significant difference between
control and ASE groups.

Effect of ASE on the expression of proteins involved in fatty acid and
cholesterol synthesis and excretion in liver

To investigate the molecular mechanisms involved in the hypolipidemic effect of ASE, the
expressions of SREBP1-c, p-ACC, ACC, HMG-CoA reductase and p-AMPK were assessed in

Table 2. Effects of HF diet and ASE on body mass, food intake, energy intake, visceral adipose mass and liver parameters of C57BL/6 mice

Variables

Final body mass (g)
Intake (g)

Energy intake (kcal)
Fat mass (g)
Epididymal
Retroperitoneal
Liver/body weight (g)

Data are means + SEM, n = 8 for all groups.

Control ASE HF HF+ASE
24.1+0.6 236+0.6 42.8 £0.7*% 31.4+0.8*"
2.7+£0.1 2.8+0.1 3.5+0.1% 29+0.17
10.3+0.2 10.4+£0.2 17.4 £ 0.4* 14.6 + 0.6*1
0.66 + 0.09 0.59 + 0.09 1.99 £0.11% 1.35+0.11*"
0.48 £0.13 0.36 £ 0.12 2.16 £ 0.15% 1.45 + 0.13*1
0.046+0.01 0.041+ 0.01 0.028 + 0.01* 0.036 + 0.01T

*Significantly different from the Control and Control+ASE groups (p< 0.05).
TSignificantly different from the corresponding HF group (p< 0.05).

doi:10.1371/journal.pone.0143721.t1002
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Table 3. Effects of HF diet and ASE on glycaemia, plasma adipokines, serum and hepatic lipid profile in C57BL/6 mice

Variables Control ASE HF HF+ASE
Initial glucose (mg/dl) 55.4 + 8.1 1552+ 7.2 164.1 £ 3.7 158.7 £ 0.2
Final glucose (mg/dl) 147.8+5.9 142.6 + 3.8 207.1 £ 4.5% 174.2 + 3,51
Plasma

Leptin (ng/ml) 0.99+0.17 0.96 + 0.09 1.59 £ 0.01* 0.70 £ 0.21*
Adiponectin (ng/ml) 13.1+0.7 13.3+0.7 10.9 £ 0.3* 14.8 +0.27
Serum

TC (mg/dl) 98.6+7.6 85.8+8.9 180.6 + 7.6* 132.7 + 9.8*T
TG (mg/dl) 28.3+4,9 30.1+3.4 97.7+6.5* 532+ 3.1*T
LDL 49.4+5.6 49.2+3.8 139.0 + 1.6* 822+ 22"
VLDL 5.6+1.0 6.0+ 0.7 19.5+1.2* 10.6 + 0.6*"
Liver

Cholesterol (mg/dl) 10.7+1.8 122+27 34.05 + 4.2* 158 +1.57
TG (mg/dl) 194.6 £ 46.9 115.8 £10.7 778.4 + 26.8*% 260.1 + 52.7*1

Data are means + SEM, n = 8 for all groups.
*Significantly different from the Control and Control+ASE groups (p< 0.05).

TSignificantly different from the corresponding HF group (p< 0.05).

doi:10.1371/journal.pone.0143721.t003

the liver of the different groups. As shown in Fig 5, the HF group presented a reduction in the
expression of pAMPK and in the ratio of pACC/ACC relative to the controls (p<0.05, n = 3).
The treatment with ASE restored the AMPK phosphorylation and the ratio of pACC/ACC in
HF group (p<0.05). The HF group showed an increase in the expression of HMG-CoA

Fig 4. Photomicrographs of the liver structure. Sections of the liver were stained with hematoxylin and
eosin, and each photomicrograph is shown at the same magnification. (A) The usual liver appearance in the
control group; (B) ASE did not change the liver appearance; (C) macro- and micro-vesicular steatosis in the

HF group; (D) steatosis was reduced in the HF+ASE group.

doi:10.1371/journal.pone.0143721.g004
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reductase relative to the control (p<0.05), which was impaired by ASE. In the untreated HF
group, the expression of SREBP-1c was increased (p<0.05) compared to control mice and
treatment with ASE prevented the increase (p<0.05) in SREBP-1c expression in HF fed mice
(Fig 5).

ASE increased the expressions of ABCG5 and ABCGS transporters in HF fed mice (p<0.05)
in comparison with other groups (Fig 6).

Effect of ASE on hepatic oxidative damage and antioxidant activity

We observed a significant increase (p<0.05, n = 8) in the formation of by-products of lipid per-
oxidation (MDA) and carbonyl protein levels in HF group as compared to control animals (Fig
7). Treatment with ASE prevented the increase in MDA and carbonyl protein levels (p<0.05)
in HF fed mice (Fig 7).

The antioxidant enzyme activities (SOD, CAT and GPx) were reduced (p<0.05) in the liver
homogenate of the HF group (Fig 8), as compared to the control groups, which was prevented
by treatment with ASE (p<0.05).

Discussion

MS and NAFLD are a major cause of morbidity in developed and developing societies [1, 31].
Insulin resistance and an unfavorable utilization of FA increase the hepatic content of TG and
promote hepatic steatosis. Oxidative stress is one of the mechanisms preventing nontoxic deg-
radation of excess lipids and promoting steatohepatitis. In the present study, we demonstrated
that administration of ASE to mice fed a HF diet prevented the increase in body weight gain
and significantly improved plasma and tissue metabolic profile, and hepatic steatosis to a simi-
lar metabolic condition comparable to mice fed a normal diet. The mechanisms underlying the
beneficial effects of ASE involve the reduction of lipogenesis, increase in cholesterol excretion
and improvement of oxidative stress in the liver.

Phenotypic changes, such as, increased adiposity, hyperglycemia, hyperlipidemia and
hepatic steatosis are similar to previous studies in the same model [19, 32]. In this study, treat-
ment with ASE substantially reduced the body weight gain and adiposity in obese mice from
HF group. Adipose and liver masses correlated with body weight changes in mice treated with
ASE, suggesting that the reduction in adipose and liver masses may contribute to ASE-medi-
ated decrease in body weight. The possible mechanisms behind this antiobesity effect of ASE
may be due to the presence of polyphenols in ASE [33] since it has been reported that polyphe-
nols from other sources reduce serum TG, cholesterol and glucose [34, 35].

Adiponectin is one of the most important adipocytokines and is highly specific to adipose
tissue [36]. We found a decreased plasma adiponectin concentration, which is in accordance
with previous study in the same experimental model [32]. Evidence has shown that mice fed a
high fat diet, develop hypoadiponectinemia associated with reduced activation of the critical
energy sensor, AMPK and its target, ACC [37], as observed in the present study. Since AMPK
activation is a cellular response to activate oxidative phosphorylation, reduced adiponectin
may act via blunted cellular energy sensing mechanisms [37]. In the present study, treatment
of mice fed a high fat diet with ASE prevented the hypoadiponectinemia associated with
increased expression of pAMPK and pACC/ACC, indicating a role of increased adiponectin
sensitivity to the ASE-mediated decrease in body weight. Previous studies have demonstrated
that anthocyanins induce adiponectin gene expression in adipocytes from C57BL/6 fed a HF
diet [38]. In addition, treatment with ASE reduced plasma leptin levels in HF fed mice, indicat-
ing restoration of leptin sensitivity leading to the reduction of food intake and therefore, low
fat accumulation.
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Fig 5. Expression of lipogenic proteins. Effects of ASE on SREBP-1 (A), pAMPK (B), pACC/ACC (C) and
HMG CoA-R expressions in liver from HF fed mice. Values are means+SEM, n = 3 for all groups.
*Significantly different from the control and ASE groups (p<.05). *Significantly different from the
corresponding HF group (p<.05).

doi:10.1371/journal.pone.0143721.g005

The prevalence of hyperlipidemia in humans with NAFLD ranges from 20 to 92% [39]. It is
widely accepted that nutritional excess, mainly through the consumption of a diet high in satu-
rated fat, can cause liver damage by the accumulation of cholesterol and TG. In the current
study, a significant reduction in both serum and liver TG and cholesterol was observed in mice
fed a HF diet and treated with ASE. Similarly, some human and animal studies demonstrated
that Agai has a positive effect in lowering serum cholesterol and TG [19, 40], suggesting a lipid-
lowering action to Acai.

Removal of the excess of cholesterol from the body is essential for the maintenance of
homeostasis. The ABCG transporter ABCGS is responsible for the efflux of cholesterol in the
bile [41]. Acai pulp was recently shown to produce a hypocholesterolemic effect in rats fed a
high cholesterol diet, an effect mediated by an over-expression of the ABCG5 and ABCG 8
transporters, resulting in a profound cholesterol trafficking which is characterized by an
increase in the biliary cholesterol secretion and a decrease in cholesterol absorption [41]. In the
present study, we found that ASE increased the expressions of ABCG5 and ABCGS8 transport-
ers in the liver of obese mice. Up-regulation of these transporters is the likely mechanism
underlying the decreased concentration of serum and liver cholesterol.

HMG-CoA reductase is the key enzyme in the regulation of cholesterol synthetic pathway.
The activity of this enzyme is regulated by AMPK, which in its phosphorylated and active state
(pAMPK), promotes inactivation of HMG-CoA reductase [5]. Once AMPK is activated,
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lipogenesis in liver is inhibited, which consequently inhibits fat accumulation [5; 42]. HF diet
inhibits AMPK phosphorylation in C57BL/6 mice [43, 44]. A recent study in mice fed a diet
with 60% fat for 5 weeks, showed a significant increase in HMG-CoA reductase expression and
activity, which correlated with accumulation of cholesterol in the liver [45]. In this study, the
expression of HMG-CoA reductase was increased in the liver from HF fed mice and that of
PAMPK was reduced, which is in agreement with previews findings in the same experimental
model [42]. These data suggest that the negative modulation exerted by pAMPK on cholesterol
synthesis is compromised in obese animals, resulting in increased cholesterol levels observed in
this study. We demonstrated for the first time that ASE impaired the reduction of pAMPK
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Fig 7. Protein carbonylation and malondialdehyde levels. Effects of ASE on protein carbonylation (A) and
malondialdehyde levels (B) in liver from HF fed mice. Values are means+SEM, n = 8 for all groups.
*Significantly different from the control and ASE groups (p<.05). *Significantly different from the
corresponding HF group (p<.05).

doi:10.1371/journal.pone.0143721.g007
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expression and the increase of HMG-CoA reductase in the liver of mice fed a HF diet. These
findings suggest an important modulation by ASE of AMPK pathway involved in the regula-
tion of body weight, lipid metabolism and glucose homeostasis [4].

The hepatic steatosis observed in this study is characterized by increased lipid (mainly TG)
levels in the liver. SREBP-1c plays a unique role in the expression of the genes involved in
hepatic TG synthesis and, may play a major role in the pathogenesis of NAFLD [46]. The lipo-
genic genes regulated by SREBP-1C, include ACC that converts acetyl-CoA substrate in malo-
nyl-CoA. Subsequently, malonyl-CoA is converted into palmitate and FA that can be esterified
to TG [46]. A positive energy imbalance, characteristic of this model, chronically activates
SREBP1-c, causing lipotoxicity in various organs and tissues. Insulin seems to play a central
role in the activation of SREBP-1c transcription, even with the presence of insulin resistance
[47]. Furthermore, liver pAMPK is known to regulate the synthesis of FA and TG, by inactivat-
ing ACC [48]. In the present study, we observed an increased expression of the pro-lipogenic
transcription factor SREBP-1c protein and reduced the ratio of pACC/ACC expression in HF
fed mice, indicating the induction of lipogenesis, which is in agreement with previews findings
in the same experimental model [32,42]. ASE significantly reduced the SREBP-1c expression
and increased the ratio of pACC/ACC to the normal levels, which was associated with reduc-
tion in TG levels and effective reduction of hepatic steatosis. These findings suggest a role to
ASE in the control of endogenous FA synthesis, accumulation of lipids and lipotoxicity.

Another important aspect of the regulation of lipid metabolism is the liver mitochondrial
oxidative function. Several studies in animal models indicate a significant relationship between
accumulation of TG, mitochondrial dysfunction and oxidative stress [49]. It is conceivable that
hyperglycemia and high levels of saturated FA can promote greater activation of NADPH oxi-
dase and consequently higher reactive oxygen species (ROS) generation [50]. Mitochondria
continuously exposed to high levels of ROS can suffer deleterious consequences, such as dam-
age to the respiratory chain in the mitochondrial genome and in lipids and membrane proteins
[51]. These structural and functional alterations in mitochondria may contribute to the reduc-
tion of the activities of this organelle as beta oxidation leading to a greater accumulation of free
FA [52]. Associated with this process there is a lower formation of antioxidant enzymes [50]
leading to an imbalance between ROS formation and antioxidant protection featuring oxida-
tive stress.

In the current study, we found a significant increase in MDA and protein carbonyl levels, in
the liver of mice fed by HF diet which may be related to mitochondrial dysfunction and may
contribute to the accumulation of fat in the liver of these animals [50]. Furthermore, a signifi-
cant decrease in hepatic antioxidant enzyme activities was detected in the mice fed a HF diet.
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Treatment with ASE markedly decreased the MDA and protein carbonylation levels and
restored antioxidant activity of SOD, CAT and GPx to levels similar to controls fed by standard
diet. A study by de Oliveira et al showed that high levels of plasma MDA in mice fed by high
fat diet were reduced in response to ASE [19]. Guerra et al demonstrated that 2% Acai extract
added to the diet of control and diabetic rats increased the total hepatic content of glutathione
and increased mRNA expression of different liver anti-oxidant enzymes including GPx [53].
Catechin and polymeric proanthocyanidins may be the major contributors to the antioxidant
activity of ASE.

Conclusions

The present study demonstrated that in HF-fed mice ASE decreased food intake and body
mass gain, and ameliorates both adiposity and hepatic steatosis. The underlying mechanisms
may involve reduction in hepatic lipogenesis, which can primarily be attributed to reduced
expression of SREBP-1c and increased expression of pAMPK, which negatively modulates
ACC and HMG-CoA reductase. The beneficial effect of ASE can be due to an increase in cho-
lesterol excretion by ABCGS8 transporter, as well as the antioxidant effect in liver.
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