
nutrients

Article

Omega-3 Polyunsaturated Fatty Acids Prevent Nonalcoholic
Steatohepatitis (NASH) and Stimulate Adipogenesis

Vitor Jacó Antraco † , Bruna Kelly Sousa Hirata †, Jussara de Jesus Simão , Maysa Mariana Cruz,
Viviane Simões da Silva, Roberta Dourado Cavalcante da Cunha de Sá, Fernanda Miranda Abdala,
Lucia Armelin-Correa and Maria Isabel Cardoso Alonso-Vale *

����������
�������

Citation: Antraco, V.J.; Hirata, B.K.S.;

de Jesus Simão, J.; Cruz, M.M.; da

Silva, V.S.; da Cunha de Sá, R.D.C.;

Abdala, F.M.; Armelin-Correa, L.;

Alonso-Vale, M.I.C. Omega-3

Polyunsaturated Fatty Acids Prevent

Nonalcoholic Steatohepatitis (NASH)

and Stimulate Adipogenesis.

Nutrients 2021, 13, 622. https://

doi.org/10.3390/nu13020622

Academic Editor: Frederic Capel

Received: 29 December 2020

Accepted: 6 February 2021

Published: 15 February 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Department of Biological Sciences, Institute of Environmental Sciences, Chemical and Pharmaceutical,
Universidade Federal de São Paulo—UNIFESP, Diadema 09913-130, Brazil; vitor_antraco@hotmail.com (V.J.A.);
bruhirata@gmail.com (B.K.S.H.); jus_simao@hotmail.com (J.d.J.S.); maysamariana@gmail.com (M.M.C.);
ss.vivi95@gmail.com (V.S.d.S.); rdccunha@gmail.com (R.D.C.d.C.d.S.); fernanda.abdala03@gmail.com (F.M.A.);
larmelincorrea@gmail.com (L.A.-C.)
* Correspondence: alonso.vale@unifesp.br; Tel.: +55-11-4044-0500
† These authors contributed equally to this work.

Abstract: The increasing impact of obesity on global human health intensifies the importance of
studies focusing on agents interfering with the metabolism and remodeling not only of the white
adipose tissue (WAT) but also of the liver. In the present study, we have addressed the impact of
n-3 PUFA in adipose cells’ proliferation and adipogenesis, as well as in the hepatic lipid profile
and morphology. Mice were induced to obesity by the consumption of a high-fat diet (HFD) for
16 weeks. At the 9th week, the treatment with fish oil (FO) was initiated and maintained until the
end of the period. The FO treatment reduced the animals’ body mass, plasma lipids, glucose, plasma
transaminases, liver mass, triacylglycerol, and cholesterol liver content when compared to animals
consuming only HFD. FO also decreased the inguinal (ing) WAT mass, reduced adipocyte volume,
increased adipose cellularity (hyperplasia), and increased the proliferation of adipose-derived stromal
cells (AdSCs) which corroborates the increment in the proliferation of 3T3-L1 pre-adipocytes or AdSCs
treated in vitro with n-3 PUFA. After submitting the in vitro treated (n-3 PUFA) cells, 3T3-L1 and
AdSCs, to an adipogenic cocktail, there was an increase in the mRNA expression of adipogenic
transcriptional factors and other late adipocyte markers, as well as an increase in lipid accumulation
when compared to not treated cells. Finally, the expression of browning-related genes was also higher
in the n-3 PUFA treated group. We conclude that n-3 PUFA exerts an attenuating effect on body mass,
dyslipidemia, and hepatic steatosis induced by HFD. FO treatment led to decreasing adiposity and
adipocyte hypertrophy in ingWAT while increasing hyperplasia. Data suggest that FO treatment
might induce recruitment (by increased proliferation and differentiation) of new adipocytes (white
and/or beige) to the ingWAT, which is fundamental for the healthy expansion of WAT.

Keywords: obesity; fish oil; beige adipocytes; liver; AdScs

1. Introduction

Obesity is a chronic disease defined as an imbalance between energy intake and
calorie expenditure, with an abnormal or excessive lipid accumulation in adipose tissue
and other organs (e.g., liver, pancreas, and skeletal muscle) [1,2]. Increased adipose mass is
directly associated with chronic low-grade systemic inflammation that is involved in the
development of insulin resistance, type 2 diabetes mellitus (T2DM), cardiovascular diseases,
nonalcoholic fatty liver disease (NAFLD), and metabolic syndrome. These comorbidities
highlight the crucial role of white adipose tissue (WAT) in body homeostasis [2,3].

The overload of triglycerides (TAG) in the adipose tissue induces a pro-inflammatory
profile, due to adipocytes hypertrophy, WAT hypoxia, macrophage recruitment and activa-
tion, and dysregulation of adipokine secretory patterns [4]. The insulin resistance also leads
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to weaker insulin antilipolytic effect and fatty acid metabolism resulting in an increased
release of free fatty acids (FFA) [5]. The elevated hepatic influx of lipids, including FFA,
TGs, free cholesterol, and ceramides, are related to hepatic apoptosis, which is a key feature
of nonalcoholic fatty liver disease (NAFLD) [6]. In addition, cytokines such as leptin,
resistin, angiotensinogen, TNF-α, and interleukins also appear to play a notable role in the
development of the disease [7].

Overweight and obesity are characterized as excessive fat accumulation and are ma-
jor risks for liver complications [8,9]. NAFLD encompasses a spectrum of liver diseases
which are at the first stage characterized by the exacerbated lipids accumulation into
the hepatocytes. The progressive form is nonalcoholic steatohepatitis (NASH) character-
ized by hepatocyte damage due to inflammation, ballooning, and fibrosis by collagen
deposition, which can worsen over time and may lead to cirrhosis and hepatocellular
carcinoma (HCC) [10]. NAFLD is highly associated with obesity and insulin resistance.
The overall obesity prevalence estimates among NAFLD and NASH patients are 51% and
82%, respectively, while T2DM was identified in 23% of NAFLD cases and 44% of NASH
cases [11].

The multifactorial mechanisms driving from NAFLD to NASH include oxidative stress,
lipotoxicity, and mitochondrial damage [12]. The incapacity of hepatocytes to dispose of
excess FFAs results in apoptosis by intracellular stresses and by organelle dysfunction,
including endoplasmic reticulum (ER) stress and mitochondrial permeabilization [13].
Plasma markers of liver injury can also be detected such as alanine aminotransferase
(ALT), aspartate aminotransferase (AST), alkaline phosphatase, and gamma-glutamyl
transpeptidase (GGT).

Beforehand, we described that fish oil (FO), which is rich in n-3 long-chain polyun-
saturated fatty acids (n-3 PUFA), mainly eicosapentaenoic acid (EPA, 20:5 n-3) and do-
cosahexaenoic acid (DHA, 22:6 n-3), had positive effects on preventing obesity and its
deleterious effects. In our previous studies, FO administration was either preventive, begin-
ning four weeks before the induction of obesity [14], or as a treatment after the induction
of obesity, FO was administered to the animals only eight weeks after the induction of
obesity, and administration was maintained for another eight weeks [15]. PUFA-rich diets
(as Mediterranean diet with high consumption of nuts and fish) have been described as a
helpful instrument in preventive medicine, attenuating NAFLD/NASH by decreasing liver
fat content, improving insulin sensitivity, and lipid profile [16–18]. However, it remains
unclear how n-3 PUFA can act remodeling adipose tissue and attenuating NAFLD. Herein,
using our previous protocol of obesity treatment with FO, we aimed to investigate if n-3
PUFA can affect mesenchymal adipose-derived stromal cells (AdSC) inducing adipogenesis
in WAT and if it has beneficial effects on reversing liver steatosis.

2. Materials and Methods
2.1. Animals and Fish Oil Supplementation

The study was performed according to protocols approved by the Ethics Committee
of the Federal University of São Paulo (CEUA 2008220218). Eight-week-old male C57BL/6
mice obtained from the Center for Development of Experimental Models (CEDEME),
Federal University of São Paulo (UNIFESP), were housed in a room with a light-dark cycle
of 12–12 h and temperature of 24 ± 1 ◦C. The experimental protocol remained for 16 weeks,
where, in the first 8 weeks (first period), mice were separated into two groups: control (CO,
9% fat, 76% carbohydrates, and 15% proteins) and high-fat diet (HFD, 26% carbohydrates,
59% fat, and 15% proteins) group. We have previously demonstrated that this duration and
composition of HFD results in obesity, glucose, and insulin intolerance, increased fasting
blood glucose and insulin levels, raised blood cholesterol and low-density lipoproteins
(LDL) cholesterol concentrations, and elevated homeostatic model assessment of insulin
resistance (HOMA-IR), thus characterizing the metabolic syndrome [14,15]. In the next
8 weeks (second period), the HFD group was subdivided into HFD and HFD + FO (high-fat
diet supplemented with FO) groups. Supplementation was performed three times per
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week, by oral gavage at 2 g/kg BW (n-3 PUFA source, 5:1 EPA/DHA ratio, HiOmega-3,
Naturalis Nutrição, and Farma Ltda., São Paulo, Brazil). The CO and HFD groups received
water by gavage at the same volume (~50 µL, according to the BW). The FO dosage was
chosen based on previous studies from our group [14]. Considering the body surface area
for extrapolating the dose used in the present study to humans [19], FO 2 g/kg BW in
mice is ~162 mg/kg BW in humans, that is, ~11 g in a person with 70 kg, every two days.
Human studies reported a dose of 6 g of FO every day [20,21]. Therefore, the dosage used
here may be equivalent to human studies.

2.2. Experimental Procedure

Bodyweight and food intake were measured once a week. After 16 weeks of the exper-
imental protocol, 10–12 h fasted mice were anesthetized with isoflurane and euthanatized
by cervical dislocation after blood collection through puncturing the orbital plexus. Blood
samples were centrifuged at 1500 rpm for 20 min at 4 ◦C and serum was stored at −80 ◦C.
The subcutaneous adipose fat depot (inguinal—ingWAT) was harvested, weighed, and
processed as described below.

2.3. Biochemical Plasma and Lipid Analysis in the Liver

Triacylglycerol [22], total cholesterol, LDL-cholesterol [23], and HDL-cholesterol levels [24]
were determined by colorimetric assays (Labtest Diagnostics, Lagoa Santa, MG, Brazil). Total
cholesterol, HDL cholesterol, LDL cholesterol, bilirubin, aminotransferase (ALT), aspartate
aminotransferase (AST), alkaline phosphatase and gamma-glutamyltransferase (GGT), triglyc-
erides, and glycemic were measured through a colorimetric enzyme kit (Labtest, Lagoa
Santa, MG, Brazil) and non-esterified fatty acid (NEFA) was measured using the NEFA RH
series kit (Wako Chemicals Inc., Richmond, VA, USA) according to the manufacturer’s in-
structions. Fragments of the liver tissue were also removed from the animals (as described
below) for the quantification of triglycerides and total cholesterol.

2.4. Frozen Liver Tissue H/E and Oil Red O Staining

Paraffin sections 10 µm thick were obtained from frozen liver tissue and then subjected
to the staining process with hematoxylin and eosin according to protocols described by
Bancroft; Gamble [25], Fischer et al. [26], and Catta-Preta et al. [27] to assess the morphology
of hepatocytes, as well as oil red O to observe the presence of lipid drops. The tissue sections
were observed and photographed under an optical microscope (20× and 40×) connected
to the camera (AxioCam ERc5s; Zeiss, Oberkochen, Germany).

2.5. Adipocytes and AdSC Isolation

Subcutaneous ingWAT was removed, weighed, and placed in a digestion buffer. Cells
went through the digestion of the tissue by collagenase [28] with some modifications.
Briefly, the fat pad was digested in Dulbecco’s Modified Eagle Medium (DMEM) supple-
mented with HEPES (20 mM), sodium pyruvate (2 mM), bovine serum albumin (BSA, 1%),
and collagenase type II (1 mg/mL), pH 7.4 at 37 ◦C in an orbital bath shaker for about
45 of 60 min. After elimination by filtration through a nylon mesh (Corning, NY, USA)
of undigested fragments, the filtrate was centrifuged (400× g, 1 min), and then divided
into two fractions: 1. The floating adipocyte layer, and 2. The stromal-vascular fraction
(SVF) cells (all remaining filtrate), which was subjected to centrifugation (1500× g for
10 min). Cells were pooled from two mice. One pooled cell was counted as one sample.
Isolated mature adipocytes were washed three times in fresh buffer without collagenase.
After washing and brief spin, the medium was thoroughly aspirated, and adipocytes were
harvested. Aliquots of isolated adipocytes suspensions were placed in a microscope slide
and 6 fields were photographed under an optical microscope (×100 magnification) cou-
pled to a microscope camera (AxioCam ERc5s; Zeiss, Oberkochen, Germany), and mean
adipocyte volume (4/3 × π × r3) was determined by measuring 100 cells using AxioVision
LE64 software.
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2.6. AdSC Culture and Differentiation

The cellular pellet containing the SVF was resuspended in a pre-warmed incubation
medium [D’MEM F-12, supplemented with 10% bovine fetal serum (FBS) and 10 mL/L
penicillin/streptomycin (Gibco BRL, Grand Island, NY, USA)], seeded in 10 cm plates. After
2 h, the medium was changed to remove red blood cells and other residues. Cells were
cultured in 5% CO2 at 37 ◦C until reaching 70–80% of confluency (2 passages). The final step
for the isolation of AdSCs is the selection of the adherent population within the SVF. The
cells were finally plated at a density of 1× 105 cells/well in a 96-well plate (for proliferation
analysis) or 1 × 106 cells/well in a 6-well plate for other analysis. To induce adipogenesis,
2 days after confluence (day 0), cells were stimulated by the differentiation induction
medium composed of 0.5 mM IBMX (3-isobutyl-1-methylxanthine), 1 µM dexamethasone,
and 1.67 µM insulin, supplemented with 50 nM triiodothyronine, for 2 days. The adipocyte
maturation medium consisted of D’MEM F-12 (10% FBS), 0.4 µM insulin, and 50 nM
triiodothyronine, and was changed every 2 days. After 6 days of induction of differentiation,
adipogenesis was estimated by the accumulation of lipids, through oil red O staining.

2.7. In Vitro Treatment with Fatty Acids

The n-3 PUFA EPA and DHA obtained from Sigma, were dissolved in ethanol (vehicle)
not exceeding 0.05% and added to the cells during the proliferation (MTT assays) or at day
0 with the differentiation induction medium and maintained until the end of the respective
assay. For the in vitro treatments, cells received EPA or DHA at a concentration of 50 µM,
alone or combined at a 5:1 ratio (42 µM EPA: 8 µM DHA, the total concentration of 50 µM),
simulating the fatty acid composition of the FO used for the animals from this study.

2.8. Differentiation of Pre-Adipocytes from 3T3-L1 Cell Lineage and Browning Induction

Pre-adipocytes cloned from disaggregated mice embryos (Swiss 3T3 cells) obtained
from the cell bank of Rio de Janeiro (RJ, Brazil) were also cultivated and maintained in
D’MEM supplemented with 10% of calf serum (CS) and kept in a 5% CO2 incubator at 37 ◦C
until they reached the confluence (day-2). Differentiation induction medium (containing
D’MEM instead of D’MEM F-12) was used to stimulate adipogenesis of 3T3-L1 cells at
day 0, for two days. Then, the preadipocytes were cultured in an adipocyte maturation
medium (without triiodothyronine) for 4 additional days, being changed every 2 days.

To stimulate browning in adipocytes, the differentiation medium was supplemented
with 50 nM triiodothyronine and 1 µM rosiglitazone (Sigma, St. Louis, MI, USA) cocktail
for browning [29] in the presence or absence of the respective PUFAs for 2 days, and, then,
cultured in adipocyte maturation medium for 6 additional days.

2.9. Cell Proliferation Assay

Cell proliferation (which is directly proportional to the number of viable cells in culture)
was evaluated by the 3-[4,5-dimethylthiazol-2-diphenyltetrazolio] (MTT) formazan bromide
reduction method by the MTT cell proliferation Kit (Cat. No. 11465007001, Roche Diagnostics,
Mannheim, Germany) [30]. Briefly, after 36 h of culture (5 × 103 cells/well at 100 µL D’MEM
F-12/FBS) in 96-well plates (flat bottom), the cells were added at 100µL/well of MTT and
incubated for 4 h (37 ◦C, 5% CO2); after this period, the formazan crystals’ solubilization
solution (10% SDS at HC l0.01M) was added at 10µL/well. The plates were then incubated for
14 h (37 ◦C, 5% CO2). After incubation, the absorbance (at 550 nm) was measured in an optical
plate reader. Since all cultures were plated with the same initial number of cells, an increase or
decrease of viable cells represent the potential for proliferation of pre-adipocytes, which was
expressed as percentage values concerning the control.

2.10. Oil Red O Staining and Lipid Content Determination

Six days after differentiation induction, the cells were washed twice with PBS and
fixed with 10% formalin in PBS and stained in 0.3% oil red O (Sigma) solution in 60% (v/v)
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2-propanol in water for 1 h, for marking and visualization of lipid content. The cells were
photographed, and the lipid content was analyzed by spectrophotometry.

2.11. RNA Extraction and Quantitative Real-Time Polymerase Chain Reaction (qPCR)

Total RNA from 3T3-L1 cell lysates was extracted using Trizol (Invitrogen Life Technolo-
gies, Carlsbad, CA, USA), analyzed for quality on an agarose gel and absorbance ratios of
260/280 nm and 260/230 nm, and reverse transcribed to cDNA using the SuperScript III cDNA
kit (Invitrogen Life Technologies). Gene expression was evaluated by real-time qRT-PCR using
a Rotor-Gene (Qiagen, Roermond, The Netherlands) and SYBR Green as a fluorescent dye
(Qiagen) with 36B4 as a housekeeping gene. The reaction conditions were as follows: 95 ◦C for
5 min, then 40 cycles of 95 ◦C for 5 s, and 60 ◦C for 10 s. PCR products were run on an agarose
gel to confirm the size of the fragment and specificity of amplification. The primers were
designed and will be used to quantify the messenger RNA (mRNA) encoded by the genes
listed in Table 1. Data were obtained as ct values (ct = cycle number at which logarithmic
PCR plots cross a calculated threshold line) and used to determine ∆ct values (∆ct = (ct of the
target gene)− (ct of the housekeeping gene). Data were expressed as arbitrary units using the
following calculation: [expression = 1000× (2− ∆ct) arbitrary units (AU)].

Table 1. Sense and antisense primer sequences used for real-time quantitative PCR.

Gene 5′ Primer (5′-3′)—Sense 3′ Primer (5′-3′)—Antisense
36B4 TAAAGACTGGAGACAAGGTG GTGTACTCAGTCTCCACAGA
18S GAGAGGGAGCCTGAGAAAC GGCCTGCTTTGAACACTC
Lipe GGGAGGGCCTCAGCGTTCTCACA ATAGCACGGAGCTGGGTGAGGG

Fabp4 AAGGTGAAGAGCATCATAACCCT TCACGCCTTTCATAACACATTCC
Slc2a4 CATTCCCTGGTTCATTGTGG GAAGACGTAAGGACCCATAGC

AdipoQ GCAGAGATGGCACTCCTGGA CCCTTCAGCTCCTGTCATTCC
Cebpa CGCAAGAGCCGAGATAAAGC CAGTTCACGGCTCAGCTGTTC
Pnpla2 GGTCCTCTGCATCCCTCCTT CTGTCCTGAGGGAGATGTC

Lpl GGCCAGATTCATCAACTGGAT GCTCCAAGGCTGTACCCTAAG
Fasn AGAGGCTTGTGCTGACTTCC GTGGCTTCGGCGATGAGAG
Acaca GAGAGGGGTCAAGTCCTTCC ACATCCACTTCCACACACGA
Dgat1 AGAGGTGTTGGGAGGATCTG GTCTGAGTGGGTGGCAGGT
Lpin1 TGATGTGGTGTTCAGTGTCACT TCGTTGACCCAGTGCAGGTA
Nrf1 CGCAGCACCTTTGGAGAA CCCGACCTGTGGAATACTTG

Pparg2 GCATCAGGCTTCCACTATGGA AAGGCACTTCTGAAACCGACA
Cebpb GCAAGAGCCGCGACAAG GGCTCGGGCAGCTGCTT

Ppargc1a ATCTACTGCCTGGGGACCTT ATGTGTCGCCTTCTTGCTCT
Tfam GGAATGTGGAGCGTGCTAAAA TGCTGGAAAAACACTTCGGAATA
Ucp1 CACCTTCCCGCTGGACACT CCCTAGGACACCTTTATACCTAATGG

Prdm16 CCACCAGCGAGGACTTCAC GGAGGACTCTCGTAGCTCGAA
Cidea ATCACAACTGGCCTGGTTACG TACTACCCGGTGTCCATTTCT
Cited1 CGCTTCGTCCGTACCTCAGCT CAGCTGGGCCTGTTGGTCTC

Tmem26 GAAACCAGTATTGCAGCACCC CCAGACCGGTTCACATACCA
Tbx1 CGAATGTTCCCCACGTTCCA GTGTACTCGGCCAGGTGTAG
Fgf21 CGTCTGCCTCAGAAGGACTC TCTACCATGCTCAGGGGGTC
Dio2 AATTATGCCTCGGAGAAGACCG GGCAGTTGCCTAGTGAAAGGT

Pparalfa TCGGACTCGGTCTTCTTGAT TCTTCCCAAAGCTCCTTCAA
Bmp7 CCTGTCCATCTTAGGGTTGC GCCTTGTAGGGGTAGGAGAAG
Srebf1 CACTCCCTCTGATGCTACGG CTTGTTTGCGATGTCTCCAG
Cpt1 TGTCCAAGTATCTGGCAGTCG CATAGCCGTCATCAGCAACC

36B4: Acidic ribosomal phosphoprotein P0; 18S: 18 S ribosomal RNA; Lipe (Hsl): hormone sensitive type; Fabp4: Fatty Acid Binding Protein 4;
Slc2a4 (Glut-4): glucose transporter 4; AdipoQ: adiponectin; Cebpa (C/EBP-α): CCAAT/enhancer-binding protein alpha; Pnpal2 (Atgl): adipocyte
triacylglycerol lipase; Lpl: Lipoprotein lipase; Fasn: fatty acid sinthase; Acaca (Acc1): Acetyl-CoA carboxylase; Dgat1: Diacylglycerol acyltransferase
1; Lpin1: lipin 1; Nrf1: Nuclear Respiratory Factor 1; Pparg2 (Ppar-γ2): Peroxisome proliferator-activated receptor gamma; Cebpb (C/EBP-β):
CCAAT/enhancer-binding protein beta; Ppargc1a (Pgc1-α): Peroxisome Proliferator-Activated Receptor Gamma Coativator 1-alpha; Tfam:
Transcription Factor A, Mitochondrial; Ucp1: Uncoupler protein 1; Prdm16: PR-domain containing 16; Cidea: Cell Death Inducing DFFA Like
Effector A; Cited1: Cbp/P300 Interacting Transactivator With Glu/Asp Rich Carboxy-Terminal Domain 1; Tmem26: Transmembrane Protein
26; Tbx1: T-Box Transcription Factor 1; Fgf21: Fibroblast Growth Factor 21; Dio2: Iodothyronine Deiodinase 2; Pparalfa: Peroxisome Proliferator
Activated Receptor Alpha; Bmp7: Bone Morphogenetic Protein 7; Srebf1: Sterol Regulatory Element Binding Transcription Factor 1; Cpt1: carnitine
palmitoyltransferase 1.
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2.12. Statistical Analysis

Data are expressed as mean± standard error of the mean (SEM). A student’s t-test was
used in the first period, and one-way ANOVA variance analysis, followed by Tukey’s post-
test, in the second period for comparisons between groups. Prism, version 5.0 (GraphPad
Software, Inc., San Diego, CA, USA), was used for analysis. p < 0.05 was considered
statistically significant.

3. Results
3.1. Effects of FO Treatment on Body Weight, Adiposity, and Hypertrophy of ING Adipocytes from
Mice with HFD-Induced Obesity

The evolution of the animals’ body mass (in grams) over 16 weeks is shown in Figure 1.
In the period I (weeks 1–8), animals fed with HFD, which is rich in saturated fat, gained
30% more body mass than animals fed with a CO diet (Figure 1A). In period II (weeks
9–16), we observed that the animals receiving HFD (both HFD and HFD + FO groups)
presented an increase in body mass of 48% and 29%, respectively, when compared to the
CO group (Figure 1D). Thus, treatment with FO partially reversed the body mass gain,
promoting a reduction of 27% when compared to the HFD group (Figure 1D).

The animals’ food intake was measured (twice a week) and the analysis of the results
regarding the consumption is also shown in Figure 1. The animals were given a CO
or HF diet for a total period of 16 weeks. In the first 8 weeks (period I), the animals
only received the control or high-fat diet. It was possible to observe a decrease in food
intake (44%, Figure 1B) by the HFD group compared to the CO group. However, there
was a higher lipid intake (72%, Figure 1C) by the HFD group when compared to CO.
In period II (weeks 9–16), the introduction of FO did not change these feeding patterns,
and the differences between groups observed in period I was maintained on the same
parameters (Figure 1E,F).

IngWAT was removed and the relative mass (mg/g body mass) of this cushion was
calculated. It was found that there was a significant increase (40%) in the deposit mass
of the HFD group when compared to the CO group. However, supplementation with FO
partially reversed this increase, causing a 20% reduction in the HFD + FO compared to the
HFD group (Figure 1G).

Likewise, it was observed that the HFD group presented significant hypertrophy of
the ingWAT adipose cells (65% increase) when compared to the CO group (Figure 1H).
The FO supplementation completely prevented this effect, since it was observed a 74%
adipocyte volume reduction in comparison to the HFD group (Figure 1H,J). In addition,
FO significantly increased by 60% the tissue cellularity (Figure 1I), which may be a strong
indication that the treatment is favoring hyperplasia or adipogenesis in this fat depot.

3.2. Plasma Lipid Profile and Blood Glucose

As shown in Figure 2, HFD induced an increase in fasting plasma glucose (26%,
Figure 2A), total cholesterol (15%, Figure 2B), LDL-c (25%, Figure 2C), triglycerides (16%,
Figure 2E), and NEFA (24%, Figure 2F), as well as reduced HDL-c (16%, Figure 2D) in
the HFD group when compared to the CO group. However, FO treatment showed a
positive effect on reduction of fasting glucose (29%), total cholesterol (37%), LDL-c (50%),
triglycerides (36%), and NEFA (27%) when compared to HFD. HFD + FO group also had a
30% increase in HDL-c.
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Figure 1. Effects of high-fat diet (HFD) and fish oil (FO) treatment on body weight, food intake, and adiposity. In the
first period, mice were fed with a control diet (control group) or HFD. In the second period, the diets were maintained
and water (CO and HFD groups) or fish oil (HFD + FO group) were delivered by orogastric gavage. (A,D) body weight
(g); (B,E) food intake (g/day/animal); (C,F) lipid ingestion (g/day/animal); (G) subcutaneous adipose tissue (mg/g), (H)
ingWAT adipocyte volume (pL); (I) ING cellularity (ng); (J) isolated ING adipocytes photographed under optic microscope
(×100 magnification). Results were analyzed by one-way ANOVA and Tukey post-test. Values are mean ± SEM (n = 10–20).
* p < 0.05.

3.3. Effects of a High-Fat Diet and Treatment with Fish Oil on Nonalcoholic
Steatohepatitis (NASH)

Histological sections of the liver were performed to compare biochemical measure-
ments. In fact, by microscopic analysis with H&E (Figure 3A) or oil red O staining
(Figure 3B), the morphology of hepatocytes and the presence of lipid drops were confirmed
in the HFD group, while microgoticular hepatocytes were observed in control animals.
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Figure 3C), liver triglycerides (43%, Figure 3D), liver transaminases: AST (50%, Figure 3E) 

and ALT (47%, Figure 3F), VLDL (11%, Figure 3G), total liver cholesterol (36%, Figure 3H), 

Gamma-GT (34%, Figure 3I), alkaline phosphatase (11%, Figure 3J), direct bilirubin (29%, 

Figure 3K) and indirect bilirubin (30%, Figure 3L). The treatment with FO was able to 

reverse this situation, reducing all these parameters in comparison to the HFD group (~ 

28%, 50%, 49%, 39%, 30%, 42%, 32%, 17%, 25%, and 39%, respectively). 

Figure 2. Plasma biochemical profile: (A) fasting glucose (mg/dL), (B) total cholesterol (mg/dL), (C) LDL cholesterol
(mg/dL), (D) HDL cholesterol (mg/dL), (E) triglycerides (mg/dL), and (F) NEFA (mmol/L), in animals with diet-induced
obesity for 16 weeks. The animals received control diet (Control group) or hyperlipidic diet without (HFD group) or with
fish oil supplementation in the last eight weeks (HFD + FO group). Values expressed as mean ± SEM (n = 10–20). * p < 0.05
vs. Control; # p < 0.01 vs. HFD; one-way ANOVA and Tukey post-test.

In obese animals fed with HFD for 16 weeks, it can be observed diffuse macrogoticular
hepatocytes, with abnormal deposition of TAG in the parenchymal cells, characterized
by the presence of clear vacuoles in the cytoplasm around the cell nucleus. The affected
organ increased in size and presented a yellowish aspect, which perhaps may be associ-
ated with loss of function and with worsening of a pathological condition. Interestingly,
protection/reversion of this condition in animals that received FO was observed, given the
reduced lipid deposition in the hepatic histology section of this group.

It was observed that, when compared to the CO group, the animals that received
HFD showed a NASH condition since there was an increase in the total liver mass (28%,
Figure 3C), liver triglycerides (43%, Figure 3D), liver transaminases: AST (50%, Figure 3E)
and ALT (47%, Figure 3F), VLDL (11%, Figure 3G), total liver cholesterol (36%, Figure 3H),
Gamma-GT (34%, Figure 3I), alkaline phosphatase (11%, Figure 3J), direct bilirubin (29%,
Figure 3K) and indirect bilirubin (30%, Figure 3L). The treatment with FO was able to
reverse this situation, reducing all these parameters in comparison to the HFD group (~28%,
50%, 49%, 39%, 30%, 42%, 32%, 17%, 25%, and 39%, respectively).

3.4. Effects of FO Treatment on Proliferation and Differentiation of AdSCs Isolated from
Obese Mice

Evaluating the effect of in vivo treatment with FO on the proliferation of primary
mouse pre-adipocytes, we observed that the proliferation of AdSCs isolated from the HFD
+ FO group was higher than CO and HFD groups, 27% and 22%, respectively (Figure 4A).

The adipogenic potential of AdSC after adding the differentiation stimulus (adipogenic
cocktail) was estimated using oil red O staining and spectrophotometry measurement.
The adipocytes differentiated from HFD mice AdSCs showed a 20% reduction in the
lipid content when compared to the CO group (Figure 4B). The FO treatment completely
prevented this deleterious effect and had a positive impact on the cell ability to accumulate
lipids after in vitro differentiation (42%), suggesting an important role of FO treatment on
AdSCs adipogenic potential (Figure 4B).
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Figure 3. Macroscopic and histological comparison after (A) H&E and (B) oil red O staining for visualization of hepatic
lipid accumulation; (C) absolute weight of the liver (g); (D) liver triglycerides (mg/dL); (E) plasma AST (U/L); (F) plasma
ALT (U/L); (G) VLDL-c (mg/dL); (H) liver total cholesterol (mg/dL); (I), plasma Gamma-GT (mg/dL); (J) plasma alkaline
phosphatase (mg/dL); (K) direct bilirubin (mg/dL); (L) indirect bilirubin (mg/dL). Mice received control diet (Control)
or hyperlipidic diet without (HFD) or with fish oil treatment (HFD + FO). Values expressed as mean ± SEM (n = 10–20).
* p < 0.05 vs. Control, # p < 0.05 vs. HFD; one-way ANOVA and Tukey post-test.

3.5. Effects of In Vitro n-3 PUFA Treatment on Proliferation, Differentiation, and Gene Expression
of Markers of Adipogenesis on Both AdSCs and 3T3-L1 Pre-Adipocytes

When we cultivated primary pre-adipocytes from eutrophic mice (not fed with HFD
or HFD + FO) with n-3 PUFA (EPA and DHA alone, or associated in a 5: 1 ratio), we
observed an increase of 33% (treatment with EPA) and 31% (treatment with EPA/DHA
association) in proliferation potential compared to control. This effect was not seen in the
presence of DHA (Figure 5A).
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Figure 4. AdSCs proliferation and adipocyte differentiation. (A) the proliferation and (B) evaluation of intracellular lipid
accumulation determined after oil red O staining and estimated by spectrophotometry after induction of adipogenesis of
primary pre-adipocytes from control diet (Control) or hyperlipid diet (HFD) mice treated with fish oil (HFD + FO). The
pre-adipocytes were obtained from the cell fraction of the vascular stroma of the WAT inguinal. Values expressed as mean
± SEM (n = 6–15). * p < 0.001 vs. Control, # p < 0.01 vs. HFD; one-way ANOVA and Tukey post-test.
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Figure 5. Proliferation, evaluation of cell lipid accumulation determined by oil red O staining after 

induction of adipogenesis in primary mice pre-adipocytes (A,B) and 3T3-L1 (C–E) cultivated in vitro 

in the presence or not (control) of 50 µM of eicosapentaenoic acid (EPA, C20:5 n-3), docosahexaenoic 

(DHA, C22:6 n - 3), its association (EPA/DHA) in a 5:1 ratio (42 µM EPA: 8 µM DHA). Values ex-

pressed as mean ± SEM (n = 6–15). * p < 0.05 vs. Control; one-way ANOVA and Tukey post-test. 
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Figure 5. Proliferation, evaluation of cell lipid accumulation determined by oil red O staining after
induction of adipogenesis in primary mice pre-adipocytes (A,B) and 3T3-L1 (C–E) cultivated in vitro
in the presence or not (control) of 50 µM of eicosapentaenoic acid (EPA, C20:5 n-3), docosahexaenoic
(DHA, C22:6 n-3), its association (EPA/DHA) in a 5:1 ratio (42 µM EPA: 8 µM DHA). Values expressed
as mean ± SEM (n = 6–15). * p < 0.05 vs. Control; one-way ANOVA and Tukey post-test.

The in vitro treatment of AdSCs extracted from eutrophic mice (from day 0 of differen-
tiation induction) with omega-3 [eicosapentaenoic acid (EPA, C20:5 n-3), docosahexaenoic
(DHA, C22:6 n-3) and its association (EPA/DHA)] promoted an increase in lipid content of
30%, 20%, and 30%, respectively, as we can see in Figure 5B.

We also evaluated the isolated and combined EPA and DHA treatment on 3T3-L1
preadipocytes. 3T3-L1 preadipocytes treated for 36 h with EPA, DHA, or their association
(EPA/DHA) showed an increase in proliferation potential of 11%, 9%, and 20%, respectively,
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when compared to the control group (Figure 5C). The treatment with EPA (alone or in
association with DHA), also increased the lipid accumulation by 24% and 31%, respectively
(Figure 5D). These effects were visualized by microscopy after staining (Figure 5E).

Several transcription factors act on the adipogenesis process. Peroxisome Proliferator-
Activated Receptor gamma (Pparγ) and CCAAT Enhancer Binding Protein Alpha (Cebpα)
have a key role in the metabolism of adipose tissue and directly affect the differentiation
of pre-adipocytes, being known as the “master” regulators of adipogenesis (Rosen &
MacDougald, 2006). The use of the 3T3-L1 lineage is of extreme importance to elucidate
this process. The expression of the genes that encode these transcriptional factors and other
genes involved in the process of adipocytes differentiation were analyzed.

We observed that, after 8 days of induction with the adipogenic cocktail, the presence
of 50 µM of EPA or its association with DHA (EPA/DHA) since the day of induction (day 0)
promoted an increase in the expression of Pparγ (62% and 68%, respectively) and Cebpα
(50% and 65%, respectively) when compared to the control group (adipogenic cocktail
alone) (Figure 6A,B).
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Figure 6. Evaluation of gene expression 8 days after differentiation of 3T3-L1 preadipocytes by RT-PCR in the presence or
not (control) of 50 µM of eicosapentaenoic acids (EPA, C20:5 n-3), docosaexaenoic (DHA, C22:6 n-3) or their association in a
5:1 ratio (42 µM EPA: 8 µM DHA). (A) Ppar-gamma; (B) C/ebp-alpha; (C) Sic2a4 (Glut-4); (D) AdipoQ (Adiponectin); (E) Fabp4;
(F) Lpl; (G) Acaca (Acc1); (H) Fasn (FAS); (I) Lpin1 (Lipin); (J) Dgat1; (K) Pnpl2 (Atgl); (L) Lipe (Hsl). Values of mRNA were
expressed in relation to the control and corrected by the expression of the constitutive gene 36B4. Values are expressed as
mean ± SEM (n = 4–7). * p < 0.05 vs. Control, ** p < 0.01 vs. Control, *** p < 0.001 vs. Control, # p < 0.01 vs. DHA. One-way
ANOVA and Tukey post-test.

Corroborating the greater expression of adipogenic transcriptional factors, treatment
with EPA (alone or in association with DHA) also increased the gene expression of markers
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that respond to Pparγ and Cebpα: the Glut4 glucose carrier, 58%, and 71%, respectively
(Figure 6C) and Adiponectin, 56% and 65%, respectively (Figure 6D).

The results also revealed that, when compared to the control group, EPA, as well as its
association with DHA (EPA/DHA), promoted an increase of 67% and 71%, respectively, in
the expression of the gene that encodes Fabp4, a protein that is involved in the adipocyte
binding and intracellular transport of fatty acids (Figure 6E). EPA and EPA/DHA also led
to a significant increase in the expression of genes that encode lipogenesis-related proteins,
such as LPL, which promotes the uptake of free fatty acids (55% and 64%, respectively),
of Acc (~74%) and Fas (38% and 52%, respectively), both involved with the synthesis
of fatty acids again, besides Lpin (33% and 93%, respectively) and Dgat1 (67% and 81%,
respectively), the latter two involved in the synthesis of TAG (Figure 6E–J).

In the same way, concerning the genes that encode proteins that perform lipolysis,
we also observed an increase in the expression of Atgl (70% and 81%) and Hsl (74%
and 79%), in the cells treated in vitro with EPA, alone or associated to DHA (EPA/DHA),
respectively (Figure 6K,L). Interestingly, DHA fatty acid did not show any effect concerning
these parameters.

The increased expression of the adipogenic transcriptional factors and the adipocyte
terminal differentiation markers agree with the results of lipid content estimated in the cells
treated with these PUFAs. EPA treatment (alone or associated with DHA) boosted lipid
accumulation (Figure 5D). Once more, these effects were not observed in the presence of
DHA only. Taken together, these data suggest that EPA stimulates adipocyte proliferation
and differentiation.

3.6. Analysis of Gene Expression of Beige Adipocyte Markers after Browning Induction in
3T3-L1 Cells

The following analyses of the expression of genes involved in the oxidation of fatty
acids (Cpt1), mitochondrial function (Nrf1 and Tfam), thermogenesis, and mitochondrial
biogenesis (Ucp1, Pgc1-α, Prdm16, Cited, Cidea, Tmem 26, Tbx1, Fgf21, Dio2, and Bmp7) are
demonstrated in preadipocytes of cell line 3T3-L1 in the presence, or not (control), of 50 µM
of EPA, DHA, or their association in a ratio 5: 1 (42 µM EPA: 8 µM DHA).

The results showed that, when compared to the control group (cocktail), the presence
of 50 µM of EPA, alone or in association with DHA, promoted an increase of ~47% in
the expression of the gene encoding nuclear respiratory factor (Nrf-1) (Figure 7A), as well
as an increase of ~40% in the gene expression of mitochondrial transcription factor A
(Tfam) (Figure 7B). DHA alone was not able to elicit any significant effect in these genes’
expression. In addition, it was observed that EPA, compared to control, induced a ~31%
increase in the expression of the gene encoding carnitine palmitoyltransferase I (Cpt-1)
(Figure 7C), which plays an important role in the mitochondrial oxidation of fatty acids, as
well as an increased expression of genes that encode thermogenesis-related proteins, such
as Ucp1 (31%), Prdm16 (57%), Cited (40%), Cidea (56%), Tmem26 (30%), Tbx1 (66%), Fgf21
(51%), Dio2 (66%), and Bmp7 (53%) (Figure 7F–N).

These transcription factors are controlled by transcriptional co-activators, as is the
case of the PPARG Coactivator 1 Alpha (Pgc-1α), which also showed a ~44% increase in
transcription (Figure 7D).

Curiously, Cebpα, known as the transcriptional partner of Pparγ orchestrating differen-
tiation of white adipocytes, is not necessary for the differentiation of brown adipocytes.
On the other hand, the expression of the gene coding Cebpβ induces the expression of
Pgc1-α in beige adipocytes, but not in white ones. Herein, it was observed that, in the
presence of these same PUFAs (EPA and its association), there was an increase (31% and
41%, respectively) in Cebpβ transcription (Figure 7E).
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Figure 7. Evaluation of gene expression of beige adipocyte markers after browning induction six days after differentiation
into 3T3-L1 preadipocytes by RT-PCR in the presence or not (control) of 50 µM of eicosapentaenoic acid (EPA, C20:5 n-3),
docosaexaenoic (DHA, C22:6 n-3) or their association in a 5:1 ratio (42 µM EPA: 8 µM DHA). (A) Nrf1; (B) Tfam; (C) Cpt1;
(D) Ppargc1a (Pgc1-α); (E) Cebpβ; (F) Ucp1; (G) Prdm16; (H) Cited; (I) Cidea; (J) Tmem26; (K) Tbx; (L) Fgf21; (M) Dio2; (N)
Bmp7. Values of mRNA were expressed in relation to the control and corrected by the expression of the constitutive gene
36B4. Values expressed as mean ± SEM (n = 4–7). * p < 0.05 vs. Control, ** p < 0.01 vs. Control. One-way ANOVA and
Tukey post-test.

4. Discussion

Obesity is a chronic disease and is defined as a disproportion between body mass
and height, with an abnormal or excessive accumulation of lipids in WAT [1,2]. However,
the literature reports an important distinction between a pathologic WAT expansion and
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a healthy WAT expansion in obesity. The pathologic WAT expansion is the rapid growth
of fat mass through hypertrophy of existing fat cells (hypertrophic obesity), with a high
degree of infiltration mainly of M1 macrophages (which leads to inflammation), limited
development of blood vessels, and massive fibrosis (from hypoxia) [31]. Hypertrophied
adipocytes become highly inflamed and lipolytic, being responsible for the elevated levels
of free fatty acids (FFA) and increased deposition in other organs such as the heart and
liver (lipotoxic effects) [3]. On the other hand, healthy expansion occurs by adipocyte
hyperplasia (through de novo differentiation from progenitor cells) [32], along with the
recruitment of other types of stromal cells, within appropriate angiogenesis, vascular, and
extracellular matrix remodeling, and minimal inflammation.

Adipocyte differentiation is now accepted to be a potent strategy to prevent hyper-
trophic obesity (an independent risk factor for type 2 diabetes) and a driver for healthy
WAT expansion, while adipogenesis in subcutaneous stromal cells is markedly reduced in
hypertrophic obesity [33]. In agreement, it was demonstrated that subcutaneous adipocyte
precursor cells failure to recruit and differentiate is the cause of hypertrophic obesity [34,35].
The present study was selected to explore the ability of n-3 PUFAs to neutralize metabolic
consequences of obesity using obese mice (by high-fat diet) treated with FO, as well as
AdSCs extracted from these mice and induced in vitro differentiation.

It is postulated that the use of a diet rich in saturated and monounsaturated FAs in
animal models causes metabolic changes characteristic of obesity [36]. Recent studies also
have indicated that HFD is directly related to several secondary disorders, such as DM2,
hypertension, dyslipidemia, and NASH [37]. Thus, since lard and vegetable fat are rich in
saturated and monounsaturated FAs, respectively, they are used in studies to effectively
cause metabolic changes [14,38–40]. For the preparation of HFD in the present study, were
used lard, which contains 40% saturated FAs (24% palmitic) and 59% unsaturated FAs (44%
oleic acid) and soybean oil, which contains 81% unsaturated (24% oleic and 54% linoleic
acid) as a source of lipids (9:1 ratio), which represents 59% of the energy in the diet.

The development of NASH is associated with excessive consumption of saturated
fat, which can result in hyperlipidemia and subsequent accumulation of liver lipids [41].
Long-term HFD (like the one employed in the present study) results in the emergence
of NASH [42]. It is well known that the main function of PPARα is to control lipid
metabolism, and its activation can increase the utilization and decrease the synthesis of
lipids by modulating gene expressions of liver lipogenic proteins [43], including protein-1c
sterol regulatory element binder (SREBP-1c), fatty acid synthase (FAS), diacylglycerol
acyltransferase (DGAT) and carnitine palmitoyltransferase-1A (CPT-1A) [44]. Therefore,
PPARα is considered a potential therapeutic target for hyperlipidemia in NASH [45].

Furthermore, it is known that n-3 PUFAs can bind and/or regulate receptors activated
by peroxisome proliferators (PPARs), a mechanism that may explain part of the effects
demonstrated here, where treatment with FO significantly reduced plasma levels of VLDL,
AST, ALT, alkaline phosphatase, gamma GT, bilirubin, as well as the lipid content and liver
weight of obese animals induced by HFD. The anti-inflammatory properties of n-3 PUFAs
are postulated to reduce liver inflammation associated with hepatic steatosis [46]. The
parallel changes in the total liver mass and its lipid content found in our study support the
evidence that FO reduces the deposition of hepatic lipids.

Regarding dyslipidemia and hyperglycemia triggered by HFD, treatment with FO
during the last eight weeks (simultaneously with the HFD diet) also completely reversed
changes in the plasma glucose profile (decreased fasting glucose) and lipid (decreased
TAG, total cholesterol, LDL, and increased HDL). Dyslipidemia is frequently seen in obese
and/or diabetics and a plasma concentration of total and LDL cholesterol is associated
with an increased risk of heart disease. The effects reported above observed by treatment
with FO were already expected, seen by several studies in the literature, demonstrating that
it reduces the consequences of obesity, such as dyslipidemia and insulin resistance [47].

The consumption of n-3 PUFAs has important positive effects on the body, such
as neurological development [48], during pregnancy and lactation [49], cardiovascular
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and mental health [50], cell membrane structure and signal transduction, and facilitating
glucose uptake by endothelial cells in the brain, as well as reducing the accumulation of
body fat, dyslipidemia, and improvement in insulin resistance [51]. It is also known that
EPA triggers the reduction of blood clotting and blood flow. DHA has anti-inflammatory
effects [52] and elevates neuroprotective termed neuroprotectins [53].

In addition, studies carried out previously by our group demonstrated a potent bene-
ficial action of FO on adipocytes isolated from WAT of HFD-induced obesity, preventing
and treating the metabolic and endocrine dysfunctions of these cells triggered by the diet,
in addition to an anti-obesogenic effect [13,14]. In humans, n-3 PUFAs intake is directly
related to the presence of healthier metabolic profiles, making them able to assist in the
treatment and prevention of obesity comorbidities, especially by improving the individual
components of the metabolic syndrome [54].

The loss of body mass through lifestyle changes is the main strategy to combat obesity
and obesity-related diseases [55], even though it is difficult to adhere to, and adjuvant treat-
ments include pharmaceutical products [56], surgery [57], and dietary supplements [58].
Despite these agents, the prevalence of obesity continues to rise. Hence, alternatives to
assist in weight loss and reduce fat depots are highly necessary. Natural bioactive, such
as n-3 PUFAs, usually do not have adverse effects and may be safer than other modalities
for the treatment of obesity. In studies with rodents, the n-3 PUFAs prevented the gain
of body mass from the high-fat diet, with the majority of studies with supplementation
concomitant to the induction of obesity [59] or earlier, in a prevention model [14]. In the
present study, mice were fed an HFD for 16 weeks; the diet was efficient causing obesity
after 8 weeks—the period I. Thus, to treat obesity, in the following eight weeks (period
II), the animals were supplemented with FO. Although the treatment did not result in
differences in food intake and caloric intake, it was able to partially reduce the animals’
body mass.

Compared to CO, the HFD group shows an increase in body mass which corresponds
to the adiposity (ingWAT was significantly higher), and the FO reversed this increase. This
result corroborates with other papers [60–62].

The adipose organ is extremely plastic, as it can change size in response to envi-
ronmental stimuli, such as energy overload/deficiency or temperature changes. This is
attributed to two mechanisms, named hypertrophy and hyperplasia. It has been reported
that, after feeding with HFD, subcutaneous WAT grows its size mainly due to hypertrophy,
whereas, in visceral WAT, the increase in size is, at least in part, due to hyperplasia [63].
This demonstrates that environmental stimuli can differentially affect the recruitment of
new cells based on the anatomical location of adipose tissue, further accentuating the
plasticity of this organ. The balance between hypertrophy and hyperplasia is strongly
affected by the metabolic state of obesity.

Smaller adipocytes retain their insulin sensitivity, while hypertrophied adipocytes
are likely to become insulin resistant and secrete proinflammatory cytokines [64], such as
tumor necrosis factor-alpha (TNFα) and interleukin 6 (IL-6), which can also induce insulin
resistance in other tissues [65]. In addition, adipose tissue with hypertrophied adipocytes
is less vascularized and hypoxic, which can lead to high levels of angiogenic factors, which
in turn can accelerate fibrosis and inflammation [66].

A high concentration of n-3 PUFAs in human subcutaneous WAT has been reported to
correlate with shrink size of adipocytes, contrasting with an increase in the concentration of
saturated PUFAs, which leads to a growth of fat cells [67]. In the present study, there was a
significant increase in both the mass of the WAT deposit and the volume of the isolated
adipocyte (hypertrophy) of the HFD group when compared to the CO group. However, FO
treatment partially reversed these effects. Additionally, FO treatment caused a significant
increase in the cellularity of this pad.

A frequent and distinctive feature of metabolically healthy obese patients is the
presence of smaller and more numerous adipocytes compared to obese with metabolic
impairment, whereas, in rodent models, artificially formation of new adipocytes improved
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insulin sensitivity [68]. These findings suggest that de novo differentiation of adipocytes
from pre-adipocytes (adipogenesis) has a beneficial effect to protect from metabolic impair-
ment induced by obesity, highlighting both the importance of adipocyte tissue plasticity
and higher amounts of subcutaneous WAT than visceral WAT are associated with healthier
phenotype [69].

When evaluating the effect of in vivo FO treatment on the cell proliferation of primary
mouse pre-adipocytes, we observed that, compared to the CO and HFD groups, AdSCs
from the FO group showed an increase in the proliferation potential by 27% and 22%,
respectively. Corroborating this finding, when we cultured the primary pre-adipocytes
from the eutrophic mice (or pre-adipocytes of the 3T3-L1 lineage) treated in vitro with
n-3 fatty acids (EPA and DHA alone, or in a 5:1 ratio, which associated simulates the
concentration of n-3 PUFAs in FO), we also observed an increase in the proliferation
potential in cells treated with EPA or combination (but not with isolated DHA).

As mentioned, an increase in the number of adipocytes due to an adipogenesis stimu-
lus is associated with a smaller size of adipocytes and a metabolically healthy phenotype.
Additionally, it is known of great importance and the large involvement of WAT in the main-
tenance of metabolic homeostasis, since this tissue promotes several effects in metabolism
and has an endocrine function. Hence, investigating the in vivo effect of n-3 PUFAs on
the proliferation potential of pre-adipocytes and on the recruitment of new adipocytes by
adipogenesis stimulus constituted an important objective of the present work.

Previous reports have also shown that cells derived from the WAT SVF from mice
and humans can differentiate into several lineages, including adipocytes, in primary cell
culture. These multipotent cells have been named adipocyte-derived stromal (or stem)
cells (ADSCs), which contain a population of cells that can undergo proliferation and
differentiation to form new adipocytes, leading to WAT remodeling [70]. These cells can
differentiate into adipose cells with a white or beige phenotypic profile, with remarkable
consequences on the energy metabolism of these cells and, consequently, with repercussions
on the energy metabolism of the organism [71].

After differentiation, these cells acquire the machinery necessary for lipid metabolism,
lose their potential for proliferation, increase their insulin sensitivity, and secrete growth
factors and other cytokines [72]. Differentiation of pre-adipocytes can be induced by the
addition of specific cocktails containing growth factors or PPARγ agonists [73], PPARγ
being considered the main regulator of adipogenesis [74,75]. It is important to mention
that PUFAs are their natural ligands [76]. It has been reported that in vitro both n-3 PUFAs
(EPA and DHA) can bind and regulate PPARγ to induce differentiation of adipose cells and
accelerate maturation, raising the expression of lipoprotein lipase [77].

In our study, after inducing differentiation, the primary adipocytes from the HFD
group showed a 20% reduction in their lipid content, when compared to the CO group.
The treatment of the animal with FO changed AdSCs capacity in accumulating lipids
after in vitro differentiation, suggesting an important role of in vivo treatment with FO on
AdSCs adipogenic potential. Thus, herein we demonstrates for the first time that the effects
of FO treatment extend to non-differentiated SVF cells and persist after successive mitosis
during proliferation.

Accordingly, in vitro treatment of AdSCs (extracted from eutrophic mice, not induced
to obesity and untreated) since the differentiation induction day (day 0) with the n-3 PUFA
EPA, DHA, and association (EPA/DHA) promoted an increase in the cell’s lipid content,
suggesting an improvement in adipogenesis.

Taken together, we conclude that the treatment of obese animals with FO is effective
in decreasing body mass, dyslipidemia, and NASH, as well as the adiposity of ingWAT
and the hypertrophy of its adipocytes, besides promoting an increase in the cellularity of
this depot. Adding these to the data obtained with AdSCs, we suggest that n-3 PUFAs
might exert a stimulatory effect on the proliferation and differentiation of pre-adipocytes
and, thus, might promote the recruitment of new adipocytes (white and/or initiated) in
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ingWAT, which is fundamental to the expansion of healthy tissue, capable of dealing with
excess lipids offered by the diet.
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