
Lipids (2016) 51:25–38
DOI 10.1007/s11745-015-4105-x

1 3

ORIGINAL ARTICLE

Dietary Omega‑3 Fatty Acids Prevented Adipocyte Hypertrophy 
by Downregulating DGAT‑2 and FABP‑4 in a Sex‑Dependent 
Fashion

Kayode A. Balogun1 · Sukhinder K. Cheema1 

Received: 30 April 2015 / Accepted: 18 November 2015 / Published online: 11 December 2015 
© AOCS 2015

Keywords  Adipocyte hypertrophy · DGAT-2 · FABP-4 · 
Leptin · N-3 PUFA · Obesity

Abbreviations
ARA	� Arachidonic acid
ALA	� Alpha linolenic acid
CREB	� cAMP response element binding protein
COX	� Cyclooxygenase
CVD	� Cardiovascular disease
DGAT	� Acyl CoA:diacylglycerol acyltransferase
DHA	� Docosahexaenoic acid
DPA	� Docosapentaenoic acid
EPA	� Eicosapentaenoic acid
FFA	� Free fatty acids
FABP-4	� Fatty acid binding protein-4
GLC	� Gas liquid chromatography
HDL	� High density lipoprotein
IL-6	� Interleukin-6
LA	� Linoleic acid
LDL	� Low density lipoprotein
LDL-r	� Low density lipoprotein receptor
LPL	� Lipoprotein lipase
MUFA	� Monounsaturated fatty acid
n-3 PUFA	� Omega-3 polyunsaturated fatty acid
n-6 PUFA	� Omega-6 polyunsaturated fatty acid
NEFA	� Non-esterified fatty acids
PPARγ	� Peroxisome proliferator-activated 

receptor-gamma
PUFA	� Polyunsaturated fatty acid
SCD-1	� Stearoyl-CoA desaturase-1
SFA	� Saturated fatty acid
SREBP-1	� Sterol regulatory element binding protein
TC	� Total-cholesterol
TAG	� Triacylglycerols
TNF-α	� Tumor necrosis factor

Abstract  Obesity is characterized by an increase in 
fat mass primarily as a result of adipocyte hypertrophy. 
Diets enriched in omega (n)-3 polyunsaturated fatty acids 
(PUFA) are suggested to reduce obesity, however, the 
mechanisms are not well understood. We investigated the 
effect of n-3 PUFA on adipocyte hypertrophy and the key 
genes involved in adipocyte hypertrophy. Female C57BL/6 
mice were fed semi-purified diets (20 % w/w fat) contain-
ing high n-3 PUFA before mating, during pregnancy, and 
until weaning. Male and female offspring were continued 
on high n-3 PUFA (10 % w/w), medium n-3 PUFA (4 % 
w/w), or low n-3 PUFA (2 % w/w) diet for 16 weeks post-
weaning. Adipocyte area was quantified using microscopy, 
and gonadal mRNA expression of acyl CoA:diacylglycerol 
acyltransferase-2 (DGAT-2), fatty acid binding protein-4 
(FABP-4) and leptin were measured. The high n-3 PUFA 
group showed higher levels of total n-3 PUFA in gonadal 
TAG compared to the medium and low n-3 PUFA groups 
(P < 0.001). The high n-3 PUFA male group had a lower 
adipocyte area compared to the medium and low n-3 PUFA 
group (P  <  0.001); however, no difference was observed 
in females. The high n-3 PUFA male group showed lower 
mRNA expression of FABP-4, DGAT-2 and leptin com-
pared to the low n-3 PUFA group, with no difference in 
females. Plasma lipid levels were lower in the high n-3 
PUFA group compared to the other groups. Our findings 
show for the first time that n-3 PUFA prevents adipocyte 
hypertrophy by downregulating FABP-4, DGAT-2 and lep-
tin; the effects are however sex-specific.
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Introduction

The incidence of obesity is on the rise in both developed 
and developing countries [1, 2]. Obesity is defined as the 
accumulation of excess fat, and is associated with patho-
physiological conditions such as type-2 diabetes, cardio-
vascular disease (CVD), and dyslipidemia [3, 4]. The phe-
notype of obesity is characterized at the cellular level by an 
increase in adipose tissue mass, mainly as a result of the 
enlargement of adipocytes (hypertrophy) [5]. Adipocyte 
hypertrophy is accompanied by changes in metabolic activ-
ities such as lipid metabolism, which could exacerbate the 
development of obesity [6]. Larger adipocytes are known to 
both release more fatty acids and produce more triglycer-
ides (TAG) relative to smaller adipocytes [7].

Adipocyte hypertrophy is a consequence of excess accu-
mulation of TAG in the adipose tissue, and it is highly 
dependent on the nuclear receptor protein, peroxisome 
proliferator activator receptor-gamma (PPARγ). Therefore, 
elucidating the molecular process involved in the formation 
of TAG in the adipose tissue is important in understand-
ing the development of obesity. Acyl CoA:diacylglycerol 
acyltransferase (DGAT) is responsible for the synthesis of 
TAG [8]; it catalyzes the covalent binding of acyl CoA to 
diacylglycerol (DAG), which is the final step of TAG syn-
thesis [9]. DGAT-2, one of the two isoforms of the enzyme 
has been shown to be the main DGAT isoform involved in 
TAG synthesis [10]. Furthermore, the size of an adipocyte 
affects its endocrine functions. Larger adipocytes secrete 
more inflammatory cytokines and non-esterified fatty acids 
(NEFA), and increase lipolysis, which could lead to the 
development of metabolic syndrome [11]. Fatty acid bind-
ing protein-4 (FABP-4), also known as adipocyte fatty 
acid binding protein 2 (aP2), accounts for around 6 % of 
cellular protein [12] and has been implicated in the regu-
lation of glucose and lipid metabolism [12]. Mice lacking 
the FABP-4 gene are genetically protected from develop-
ing obesity and its complications [13]. Adipose tissue also 
secretes adipokines such as leptin. Leptin is a hormone pro-
duced primarily by adipocytes and it plays a vital role in 
food intake and metabolism [14]. The secretion of leptin 
has been positively correlated with the size of adipocytes 
[15], and clinical studies have also shown a positive cor-
relation between the size of adipocyte and circulating leptin 
concentration [16].

The etiology of obesity remains elusive; however, obe-
sity has been suggested to arise as a result of an inter-
play between genetic and environmental factors [17]. 
The development of obesity is closely linked with nutri-
tion; hence, nutritional intervention is a viable option of 
tackling the obesity epidemic. High dietary fat consump-
tion has been suggested to be a major risk factor of obe-
sity [18]. Besides the quantity of dietary fat, the quality 

of fat has also been suggested to play an important role 
in the development of obesity. Studies using rodents have 
shown that a high fat diet promotes adipose tissue differen-
tiation and hypertrophy [19, 20]. Omega (n)-3 polyunsatu-
rated fatty acid (PUFA) has been shown to elicit several 
health benefits, including but not limited to the prevention 
of type-2 diabetes, CVD, and alleviation of inflammation 
[21]. The Western diet has witnessed a transition to lower 
consumption of n-3 PUFA [22], which may be part of the 
reason for the rise in the prevalence of obesity. There is 
burgeoning evidence of the anti-obesity effects of n-3 
PUFA. Rodent studies have shown that n-3 PUFA could 
prevent the development of insulin resistance and obesity 
[23, 24]. Studies in rats have also shown that n-3 PUFA 
could reduce obesity by reducing the size of an adipo-
cyte without affecting the adipocyte number and the body 
weight [25].

The incidence of obesity and related complication 
are well established at the population level, however, 
there is still a lack of information on the mechanisms at 
the cellular level. Furthermore, the biological causes of 
obesity vary between both sexes [26, 27], and there are 
reported sex differences in adipose tissue storage and 
metabolism between males and females [28]. The path-
ological effects of obesity also differ by sex [29–31], 
and estrogen plays an important role in fat distribution 
in females [32]. Obesity has been identified as an inde-
pendent risk factor of CVD in both males and females 
[33, 34]; however, most studies have excluded the 
effect of sex and an adequate amount of n-3 PUFA in 
the diet. In the present study, we hypothesized that high 
dietary n-3 PUFA will prevent adipocyte hypertrophy 
by downregulating the mRNA expression of DGAT-2 
and FABP-4 in a sex dependent fashion in C57BL/6 
mice. The specific objectives were to investigate the 
sex-specific effects of diets varying in the quantity of 
n-3 PUFA on adipocyte TAG fatty acid composition; on 
adipocyte size; on the mRNA expression of adipocyte 
DGAT-2, FABP-4, leptin, PPARγ, and on plasma lipids 
and lipoproteins of C57BL/6 mice. Our findings show 
for the first time that n-3 PUFA prevents adipocyte 
hypertrophy by downregulating the mRNA expression 
of DGAT-2, FABP-4, and leptin; however the effects 
were sex-dependent.

Materials and Methods

Experimental Diets

The experimental diets were prepared according to 
our previously published paper [35]. Briefly, a semi-
synthetic base diet designed to allow the control of fat 
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level at 20 % w/w was purchased without fat (MP Bio-
medicals, USA). Fish oil (Menhaden), safflower oil, 
extra-virgin olive oil, and lard were used as sources 
of n-3 PUFA, n-6 PUFA, monounsaturated fatty acids 
(MUFA) and SFA respectively. The oils were used to 
make three different mixtures containing approximately 
10 % (High n-3), 4 % (Medium n-3), and 2 % (Low n-
3) n-3 PUFA of the total dietary fat, while keeping the 
amounts of total SFA and MUFA constant as per our 
previous publications [36, 37]. The medium and low n-3 
PUFA diets were designed to contain an n-6:n-3 PUFA 
ratio of 15:1 and 30:1 respectively which approximately 
represent the current n-6:n-3 PUFA ratios in a typical 
Western diet; while the high n-3 PUFA diet contains 
an n-6:n-3 PUFA ratio of 5:1, which is suggested to be 
an optimal ratio for whole body homeostasis [22]. The 
diets were isocaloric and contained the same amount of 
protein, carbohydrate and fat; the only difference was 
the ratio of n-6 to n-3 PUFA. The diets were designed to 
test the quality of dietary fat consumed in regards to the 
ratio of n-6:n-3 PUFA composition. The composition of 
the semi-synthetic diet is provided in Table 1. The fatty 
acid composition of the experimental diet was analyzed 
as per our previous publications [35, 38] and is given in 
Table 2.

Animals and Experimental Design

All the experimental procedures were done in accordance 
with the principles and guidelines of the Canadian Council 
on Animal Care and were approved by Memorial Universi-
ty’s Animal Care Committee (approval no: 10-09-SK). The 
C57BL/6 mouse model was used for this study as this model 
is susceptible to diet induced hyperlipidemia, atherosclerosis 
[39, 40], diabetes and obesity [41, 42], making it suitable for 
the study of lipid and lipoprotein metabolism. Furthermore, 
we chose the normal C57BL/6 mice over the obese C57BL/6 
mice as we were interested in the cellular events that lead to 
obesity in normal physiology, and not in a disease state. The 
study was designed according to our previously published 
paper with modifications [35–37]. Seven week old male 
and female C57BL/6 mice were obtained from Charles Riv-
ers Laboratories (MA, USA), and were housed in separate 
cages under regulated temperature (21 ± 1 °C) and humid-
ity (35 ± 5 %) conditions with a 12-h light/12-h dark period 
cycle. Mice were acclimatized on standard rodent chow 
pellets (Prolab RMH 3000) (PMI nutrition, MO, USA) for 
1 week. After this period, female mice were fed the high n-3 
PUFA diet for 2  weeks before mating. Female mice were 
continued on this diet throughout gestation, lactation, and 
until weaning to ensure an optimum level of n-3 PUFA for 
maintaining whole body homeostasis [22]. It was important 
to put the mothers on the same diet in order to exclude the 
differential effects of n-3 and n-6 on adipogenesis at this crit-
ical stage of development [43, 44]. At weaning, the offspring 
(male and female) were divided into three separate groups. 
Each group was fed one of the three experimental diets that 
differed in n-3 PUFA levels, and designated as “High n-3”, 
“Medium n-3”, and “Low n-3” diets, for 16 weeks postwean-
ing. At the end of the experimental period, the animals were 
sacrificed after an overnight fast using isoflurane. Blood was 
collected by cardiac puncture in tubes containing EDTA 
(4.5 mM, pH 7.4), and plasma was separated immediately. 
Tissues were removed and weighed at the time of sacrifice, 
snap frozen in liquid nitrogen and stored at −80 °C until fur-
ther analyses. Animals were provided with fresh food ad libi-
tum every other day during the period of the experiment, 
and water. Body weights of the animals were documented 
weekly, and food consumption was recorded every 2 days.

Fatty Acid Analyses of Adipocyte Triglycerides

Total lipids were extracted from gonadal fat pads using the 
method of Folch et al. [45] as per our previous publication 
[38]. Adipocyte TAG were separated on thin layer chro-
matography (TLC) plates using hexane: ethyl ether: ace-
tic acid (70:30:2 v/v) [46]. The TAG spots were identified 
in comparison with known standard. The TAG spots were 
scraped and the fatty acid composition was determined 

Table 1   Composition of the semi-purified diet with 20 % (w/w) fat 
level

Supplied in quantities adequate to meet National Research Council 
requirements
a  Vitamin Mix (1  kg): Thiamine hydrochloride, 0.6  g; riboflavin, 
0.6  g; pyridoxine hydrochloride, 0.7  g; nicotinic acid, 3.0  g; d-cal-
cium pantothenate, 1.6  g; folic acid, 0.2  g; d-biotin, 0.02  g; cyano-
cobalamin (vitamin B12), 0.001 g; retinyl palmitate (vitamin A) pre-
mix (250,000 IU/g), 1.6 g; DL-α-tocopherol acetate (250 IU/g), 20 g; 
cholecalciferol (vitamin D3, 400,000  IU/g), 0.25  g; menaquinone 
(vitamin K2), 0.005 g; sucrose, finely powdered, 972.9 g
b  Mineral Mix: Calcium phosphate dibasic, 500.0 g/kg; sodium chlo-
ride, 74.0  g/kg; potassium citrate monohydrate, 220.0  g/kg; potas-
sium sulfate, 52.0 g/kg; magnesium oxide, 24.0 g/kg; manganese car-
bonate (43–48 % Mn), 3.50 g/kg; ferric citrate (16–17 % Fe), 6.0 g/
kg; zinc carbonate (70 % ZnO), 1.6 g/kg; cupric carbonate (53–55 % 
Cu), 0.30 g/kg; potassium iodate, 0.01 g/kg; sodium selenite, 0.01 g/
kg; chromium potassium sulfate, 0.55 g/kg; sucrose, finely powdered, 
118.0 g/kg

Ingredients Semi-synthetic diets (g/kg)

Casein 200

DL-methionine 3

Sucrose 305

Corn starch 190

Alphacel non-nutritive bulk 50

Vitamin mixa 11

Mineral mixb 40

Fat 200
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using gas chromatography (GC) according to our previ-
ously published method [38].

Adipocyte Histology and Imaging

Adipocyte area was measured using computer image analy-
sis according to the method of Chen and Farese [47] with 
minor modifications. Briefly, gonadal fat was harvested from 
mice fresh at time of sacrifice and fixed in 4 % paraformal-
dehyde for 24 h. Fats were collected at the same location to 
control for cell size variation. Fixed tissues were transferred 
to phosphate buffered saline (PBS), paraffin embedded 
and 5 μm sections were made. Sections were stained using 
standard hematoxylin and eosin (H&E) staining procedure. 
The stained sections were visualized using the Epifloures-
ence microscope (E600) at 10X magnification. All the pic-
tures were taken at the same time, using the same settings 
and magnification. The analyses of cell area were performed 
using the same scale bar (50 μm) to ensure uniformity. Adi-
pocytes areas were determined using Image J software. A 
total of 4 images per animals were obtained, and the sizes of 
40 cells in two different microscopic fields were obtained per 
image giving a total of 800 cells per group.

RNA Extraction and Real‑Time qPCR

Total RNA was extracted from gonadal fat pads using 
Trizol method [48] and contaminating genomic DNA 
was removed by treating with DNAse enzyme (Promega, 
USA). RNA concentration and purity were measured using 
NanoDrop 2000 (Thermo Scientific, USA). Primers for 
DGAT-2, FABP-4, leptin, and PPARγ used for qPCR were 
designed using NCBI primer blast (www.ncbi.nlm.nih.gov/
tools/primer-blast/), and obtained from IDT technologies 
(IA, USA); primer sequences are given in Table 3. Ampli-
fication was performed using iQ SYBER Green Super-
mix (Biorad, USA). The reactions were run in a reaction 
volume of 20 µl and 100 ng cDNA per reaction. The ΔCt 
was recorded for each gene of interest, and normalized 
with RPLPO (large ribosomal protein) as the house keep-
ing gene. The expression levels between the two groups 
were compared using the Pfaffl’s method [49]. The Pfaffl’s 
method is based on the relative quantification of mRNA 
expression level of the target gene relative to a reference 
gene. This method takes into account the difference in the 
efficiency between the target and reference genes. The Ct 
value of the target gene is normalized to that of the refer-
ence gene, and the change in Ct is normalized to a change 
in Ct of chosen calibrator sample; the expression ratio is 
calculated by the published Pfaffl’s equation [49].

Plasma Biochemical Parameters

Plasma biochemical parameters were measured using com-
mercially available kits according to the manufacturer’s 
instruction as per our previous publication [35] (kit #236-
17 and 234-60 for plasma triglycerides (TAG) and total 

Table 2   Fatty acid composition of the experimental diets

Data are expressed as mol% of the total extracted fatty acids

ΣSFA sum of saturated fatty acids, ΣMUFA sum of monounsaturated 
fatty acids, ΣPUFA sum of polyunsaturated fatty acids, ΣOmega-6 
sum of omega-6 fatty acids, ΣOmega-3 sum of omega-3 fatty acids, 
ND not detected

Fatty acids (mol%) Low n-3 Medium n-3 High n-3

14:0 0.13 0.48 1.56

16:0 6.91 8.13 9.58

18:0 5.27 4.47 2.65

∑SFA 12.31 13.08 13.79

16:1n-7 0.40 0.10 2.67

18:1n-9 + C18:1n-7 27.60 25.63 25.11

20:1n-9 ND 0.49 0.55

∑MUFA 28.10 26.22 28.34

18:2n-6 57.68 57.04 48.14

20:4n-6 0.10 0.13 0.21

18:3n-6 0.04 0.04 0.10

22:4n-6 0.08 ND 0.46

∑Omega-6 57.90 57.21 48.92

18:3n-3 0.55 0.64 0.79

20:5n-3 0.29 1.27 3.39

22:6n-3 0.33 0.99 2.74

18:4n-3 0.15 0.20 0.89

22:5n-3 0.39 0.27 0.57

20:4n-3 0.07 0.11 0.61

∑Omega-3 1.79 3.49 8.96

Table 3   Sequences of primers used for qPCR

All primers were designed using NCBI primer blast, and obtained 
from IDT technologies

S sense primer, AS anti-sense primer, DGAT2 acyl 
CoA:diacylglycerol acyltransferase 2, FABP4 fatty acid binding 
protein 4, PPARγ peroxisome proliferator activator receptor protein 
gamma, RPLPO ribosomal protein large (P0)

Gene Primers

DGAT-2 (S) ctagctagttaggctaggtttcac

DGAT-2 (AS) caggaggatatagcgccagag

FABP-4 (S) cataaccctagataggcgggg

FABP-4 (AS) ccagcttagtcaccatctcgt

Leptin (S) accaggcacccttaggagggg

Leptin (AS) tagtaggggccctcactccctag

PPARγ (S) tagttatagggtagaaactctaggg

PPARγ (AS) agagctagattccgaagttagg

RPLPO (S) tcactagtagccagctcagaac

RPLPO (AS) aatttcaataggtagcctctagg

http://www.ncbi.nlm.nih.gov/tools/primer-blast/
http://www.ncbi.nlm.nih.gov/tools/primer-blast/
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cholesterol (TC) respectively, Genzyme Diagnostics, PEI, 
Canada; and kit # 999-34691 for non-esterified fatty acids 
(NEFA), Wako Chemicals, VA, USA). Plasma high density 
lipoprotein cholesterol (HDL-c) was separated from non- 
HDL lipoproteins (LDL, VLDL, IDL, and chylomicrons) 
by precipitation using kit #200-26A (Diagnostic Chemi-
cals Ltd, Canada); the HDL-c concentration in the resulting 
supernatant after the separation was determined using total 
cholesterol assay kit #234-60 (Genzyme Diagnostics, PEI, 
Canada). Plasma low density lipoprotein cholesterol (LDL-
c) concentration was calculated according to the method 
of Friedewald et  al. [50, 51]. Fasting blood glucose con-
centration was measured at the time of sacrifice from tail 
blood using commercially available glucometer (Lifescan 
Inc, CA, USA). The current study on the effects of high n-3 
PUFA on adipocytes was conducted at the same time as our 
previous study describing the sex specific effects of peri-
natal and postnatal dietary n-3 PUFA on lipids and lipo-
proteins [35], and therefore share the same high n-3 PUFA 
group for plasma biochemical parameters.

Statistical Analysis

Data were analysed using IBM SPSS Statistics (version 
20.0). Sample means were compared using two way analy-
sis of variance (ANOVA) to determine main effects of sex 
and diet, and the interactions between them. Pairwise com-
parison using Bonferrroni correction was used to determine 
differences among the groups when there was an observed 
statistical significant difference. Results are expressed as 
mean ±  standard deviation (SD). Gonadal fat TAG fatty 
acid compositions were expressed as mol% of the total 
extracted fatty acids. Fatty acid composition data were then 
arcsine transformed and real-time qPCR data were log10 
transformed prior to statistical analyses. Differences were 
considered to be statistically significant if the associated P 
value was <0.05.

Results

No significant differences were observed in body weight, 
fat pad weight, and food intake (data not shown) amongst 
the dietary groups, and between males and females.

Fatty Acid Composition of Gonadal TAG of Mice Fed 
Varying Quantity of Dietary n‑3 PUFA

The gonadal TAG fatty acid composition of both male and 
female mice fed varying amounts of dietary n-3 PUFA is 
presented in Table 4. There was a concentration dependent 
significant increase in the gonadal levels of myristic acid 
(C14:0), with the high n-3 PUFA diet showing the highest 

amount (P < 0.0001) in both male and female mice. There 
was however, no effect of sex on C14:0 or an interaction 
between sex and diet. The male mice showed a significant 
independent increase in the levels of palmitic acid (C16:0), 
stearic acid (C18:0), and total saturated fatty acids (SFA) 
compared to the female mice (P  <  0.001). The levels of 
C16:0 and total SFA were significantly higher in the high 
n-3 PUFA group compared to the low and medium n-3 
PUFA groups in male offspring (P < 0.001). The level of 
C18:0 was higher in the high n-3 PUFA group compared to 
the medium n-3 PUFA group, but was not different from the 
low n-3 PUFA group. On the other hand, females showed 
higher level of C18:0 in the high n-3 PUFA diet compared 
to both the low and medium n-3 PUFA groups (P < 0.001). 
Similar to the males, females in the high n-3 PUFA group 
also showed the highest total SFA level followed by the 
medium and the low n-3 PUFA groups (P < 0.001).

Female mice showed a significantly higher level 
of palmitoleic acid (C16:1n7) compared to male mice 
(P  <  0.001); however, no effect of sex was observed in 
the TAG fatty acid levels of C18:1n9/C18:1n7, C20:1n9, 
and total MUFA. High n-3 PUFA group showed the low-
est level of C18:1n9/C18:1n7 compared to the medium 
and low n-3 PUFA groups in both male and female mice. 
The medium n-3 PUFA group showed significantly lower 
level of C18:1n9/C18:1n7 than the low n-3 PUFA group 
(P  <  0.001). No difference was observed in the level of 
C20:1n9 among the three dietary groups in male mice. The 
female mice fed the high n-3 PUFA diet however showed 
significantly lower levels of C20:1n9 compared to the 
medium and low n-3 PUFA groups (P  <  0.01). A lower 
concentration of total MUFA was observed in the high n-3 
PUFA mice compared to the low n-3 PUFA mice for both 
male and female mice (P < 0.001).

There was no effect of sex on individual and total 
gonadal n-6 PUFA levels, and no interaction between 
diet and sex was observed; however, there was a signifi-
cant independent effect of diet in both male and female 
mice (P  <  0.01). Interestingly, there was a significantly 
higher amount of linoleic acid (LNA; C18:2n6) and 
total n-6 PUFA in the high n-3 PUFA group compared 
to both medium and low n-3 PUFA groups in male mice 
(P  <  0.05). A similar trend was also observed in female 
mice; however, there was no statistically significant differ-
ence in LNA between high and medium n-3 PUFA groups. 
Arachidonic acid (ARA; C20:4n6) was significantly lower 
in the high and medium n-3 PUFA groups compared to the 
low n-3 PUFA group in the male mice; however, no dif-
ference was observed in the female mice among the three 
dietary groups.

There was a significant interaction of sex and diet in the 
levels of eicosapentaenoic acid (EPA; C20:5n3) (P < 0001), 
docosahexaenoic acid (DHA; C22:6n3) (P < 0.01) and total 



30	 Lipids (2016) 51:25–38

1 3

n-3 PUFA (P < 0.05). As expected, the high n-3 PUFA fed 
male and female mice had a significantly higher accretion 
of EPA, DPA, DHA and total n-3 PUFA compared to the 
low n-3 PUFA group (P < 0.001). There was however no 
difference in DHA and total n-3 PUFA between the medium 
and low n-3 PUFA group in the female mice. Interestingly, 
female mice had a significantly higher level of DHA and 
total n-3 PUFA compared to male mice (P < 0.01).

Adipocyte Area of Mice Fed Varying Quantity 
of Dietary n‑3 PUFA

H&E staining of the gonadal fat pads revealed smaller 
adipocytes in male mice fed the high n-3 PUFA diet com-
pared to other groups (Fig. 1a–c); however, no noticeable 
difference was observed among the three dietary groups in 
the female mice (Fig. 1d–f). Imaging and statistical analy-
ses of the stained sections showed a significant interaction 
between sex and diet on adipocyte area (P < 0.001; Fig. 1d). 
The female mice in the medium and low n-3 PUFA groups 
had significantly smaller adipocytes (P  <  0.001; Fig.  1g) 
compared to their male counterparts. Male mice on the 
high n-3 PUFA diet had significantly smaller adipocytes 
compared to male mice on both medium and low n-3 PUFA 
diet (P < 0.001; Fig. 1g); no difference was observed in the 

male mice between the medium and low n-3 PUFA groups. 
There was no difference in the size of adipocytes in female 
mice among the three dietary groups.

Gonadal mRNA Expressions of FABP‑4, DGAT‑2, 
Leptin, and PPARγ of Mice Fed Varying Quantity 
of Dietary n‑3 PUFA

The mRNA expressions of key genes involved in adipo-
cyte hypertrophy were measured using real time qPCR. 
No significant interaction was observed between sex and 
diet in the mRNA expression levels of FABP-4 and leptin; 
however, there were independent effects of sex and diet 
(Fig. 2a, b). The high n-3 PUFA diet revealed significantly 
lower mRNA expression of FABP-4 and leptin compared 
to low n-3 PUFA diet (P < 0.05; Fig. 2a, b). Interestingly, 
similar to the adipocyte data, the female mice fed the low 
and medium n-3 PUFA diets showed lower mRNA expres-
sion levels of FABP-4 and leptin compared to the male 
counterparts (P < 0.05; Fig. 2a, b). There was an interac-
tion between sex and diet on the mRNA expression of 
DGAT-2 and PPARγ (P < 0.05; Fig. 2c, d), where female 
mice showed a lower expression. The high n-3 PUFA group 
had significantly lower mRNA expression of DGAT-2 and 
PPARγ compared to the low n-3 PUFA groups in male 

Table 4   Gonadal triglyceride fatty acid composition of male and female mice fed diets varying in the quantity of n-3 polyunsaturated fatty acids

Data are expressed as mol% of the total extracted fatty acids. Values are expressed as mean ± SD, n = 6. Main effects and interactions were 
determined by two-way ANOVA after arcsine transformation. Letters (a, b, c) were used to denote significant differences between dietary groups 
in males, and letters (x, y, z) represent significant differences between dietary groups in females

ΣSFA sum of saturated fatty acids, ΣMUFA sum of monounsaturated fatty acids, ΣPUFA sum of polyunsaturated fatty acids, ΣOmega-6 sum of 
omega-6 polyunsaturated fatty acids, ΣOmega-3 sum of omega-3 polyunsaturated fatty acids, ND not detected, NS not significant

Fatty acids 
(mol%)

Male Female Main effect

Low n-3 Medium n-3 High n-3 Low n-3 Medium n-3 High n-3 Diet Sex Diet × sex

C14:0 1.0 ± 0.04c 1.28 ± 0.08b 2.06 ± 0.31a 1.0 ± 0.16z 1.2 ± 0.09y 2.0 ± 0.23x P < 0.0001 NS NS

C16:0 14.8 ± 0.49b 15.3 ± 0.82b 16.9 ± 1.56a 12.1 ± 1.44y 13.74 ± 1.24xy 15.0 ± 1.62x 0.0002 P < 0.0001 NS

C18:0 2.7 ± 0.35ab 2.4 ± 0.35b 3.3 ± 0.81a 1.86 ± 0.25y 2.1 ± 0.18y 2.62 ± 0.43x 0.0007 0.0005 NS

∑SFA 18.5 ± 0.72b 18.9 ± 1.00b 22.2 ± 1.76a 15.0 ± 1.76z 17.0 ± 1.35y 19.67 ± 1.82x P < 0.0001 P < 0.0001 NS

C16:1n7 4.4 ± 0.80 4.9 ± 0.62 4.9 ± 0. 8.0 ± 1.38 6.78 ± 1.39 6.23 ± 0.75

C18:1n9/18:1n7 49.23 ± 3.17c 44.8 ± 4.4b 34.4 ± 1.62a 48.6 ± 5.51z 43.1 ± 3.29y 34.4 ± 1.93x P < 0.0001 NS NS

C20:1n9 0.6 ± 0.07 0.5 ± 0.27 0.53 ± 0.03 0.84 ± 0.4y 0.59 ± 0.09y 0.37 ± 0.11x 0.009 NS NS

∑MUFA 54.2 ± 2.88b 50.3 ± 4.53b 39.8 ± 1.66a 57.5 ± 5.82z 50.5 ± 4.11y 40.96 ± 2.63x P < 0.0001 NS NS

C18:2n6 26.8 ± 3.18b 30.2 ± 4.41b 36.2 ± 2.18a 26.53 ± 7.17y 31.4 ± 3.16xy 37.8 ± 2.72x

C20:4n6 0.2 ± 0.03b 0.11 ± 0.03a 0.14 ± 0.02a 0.18 ± 0.06 0.14 ± 0.05 0.1 ± 0.06 0.001 NS NS

∑Omega-6 27.0 ± 3.2b 30.3 ± 4.43b 36.4 ± 2.19a 26.7 ± 7.17y 31.6 ± 3.2y 37.87 ± 2.73x P < 0.0001 NS NS

C18:3n3 0.17 ± 0.03 0.14 ± 0.11 0.18 ± 0.03 0.12 ± 0.1 0.19 ± 0.11 0.18 ± 0.11

C18:4n3 0.06 ± 0.06 0.08 ± 0.05 0.13 ± 0.05 0.3 ± 0.3 0.15 ± 0.11 0.3 ± 0.3 NS NS NS

C20:4n3 ND ND 0.09 ± 0.02 0.15 ± 0.09 0.12 ± 0.09 0.07 ± 0.06 NS

C20:5n3 ND 0.168 ± 0.07b 0.44 ± 0.13a 0.24 ± 0.12y 0.27 ± 0.09y 0.45 ± 0.15x P < 0.0001 0.003 P < 0.0001

C22:5n3 ND ND 0.25 ± 0.04 ND 0.1 ± 0.1y 0.24 ± 0.03x P < 0.0001

C22:6n3 ND 0.1 ± 0.1b 0.47 ± 0.07a 0.1 ± 0.07y 0.15 ± 0.06y 0.41 ± 0.06x P < 0.0001 NS 0.01

∑Omega-3 0.3 ± 0.16c 0.48 ± 0.19b 1.57 ± 0.25a 0.77 ± 0.49y 0.81 ± 0.24y 1.44 ± 0.35x P < 0.0001 P < 0.02 0.04



31Lipids (2016) 51:25–38	

1 3

Fig. 1   Effect of diets vary-
ing in the quantity of n-3 
PUFA on gonadal adipocyte 
size. Hematoxylin and eosin 
stained histological sections of 
gonadal fat of male mice (a–c) 
fed high, medium, and low n-3 
PUFA diets respectively; and 
female mice (d–f) fed high, 
medium, and low n-3 PUFA 
diets respectively at image 
capture of ×10 magnification. g 
represents the mean surface area 
of gonadal adipocytes in male 
and female mice; bar represents 
50 μm. Values are expressed as 
means ± SD, n = 5 per dietary 
group; 800 cells were measured 
per group. Data were assessed 
using two way ANOVA to 
determine the main effects and 
interactions of diets and sex; 
pairwise comparison using 
Bonferroni correction was used 
to determine differences when 
there was an observed statistical 
significant difference. Letters 
(a, b) represent significant dif-
ferences between dietary groups 
in male mice where P < 0.05 
was considered significant
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mice (P  <  0.05; Fig.  2c, d); however, no significant dif-
ferences were observed among the three dietary groups in 
female mice.

Plasma Biochemical Parameters of Mice Fed Varying 
Quantity of Dietary n‑3 PUFA

Obesity could result in hyperglycemia and dyslipidemia, 
characterized by an increase in plasma concentration of 
lipids and lipoproteins; thus we measured these parameters 
in mice fed the high, medium and low levels of n-3 PUFA 
(Table 5). The high n-3 PUFA male mice had significantly 
lower concentration of fasting plasma glucose compared to 
the medium and low n-3 PUFA groups (P  <  0.05); how-
ever, no statistical significant difference was observed 
among different dietary groups in the females. There 
was no independent effect of sex on plasma concentra-
tion of NEFA; there was also no interaction between sex 
and diet. However, both male and female mice fed the low 
n-3 PUFA diet had a significantly higher concentration of 
NEFA compared to the medium and high n-3 PUFA groups 

(P < 0.01). However, there was no significant difference in 
plasma NEFA concentration between the high and medium 
n-3 PUFA groups in both males and females. Similar to 
the adipocyte area data, there was a sex dependent effect 
of diet on plasma concentration of TAG (P < 0.001). The 
female mice in the low and medium n-3 PUFA groups had 
a significantly lower plasma TAG concentration compared 
to their male counterparts (P < 0.01). The concentration of 
TAG was significantly lower in the high n-3 PUFA groups 
compared to the medium and low n-3 PUFA groups in male 
offspring (P < 0.001); however, no difference was observed 
between the low and medium n-3 PUFA groups. Interest-
ingly, female mice showed no significant effect of the 
diet in any of the dietary groups. Plasma total cholesterol 
(TC) concentration was lower in female mice compared 
to male mice (P < 0.01). The high n-3 PUFA group had a 
significantly lower concentration of TC compared to the 
medium and low n-3 PUFA groups in both male and female 
mice (P  <  0.01). There was no effect of sex on plasma 
low density lipoprotein cholesterol (LDL-c) levels; how-
ever, similar to TC data, LDL-c was lower in the high n-3 
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Fig. 2   Effect of diets varying in the quantity of n-3 PUFA on 
gonadal mRNA expression. The data represent male and female 
gonadal mRNA expression of: a fatty acid binding protein-4 (FABP-
4); b leptin, c Acyl CoA:diacylglycerol acyltranferase-2 (DGAT-2), 
and d peroxisome proliferator activator receptor protein-gamma 
(PPAR-γ) normalized with RPLPO as the house-keeping gene. Values 
are expressed as means ±  SD, n =  6 per dietary group. Data were 

assessed using two way ANOVA to determine the main effects and 
interactions of diets and sex; pairwise comparison using Bonfer-
roni correction was used to determine differences when there was 
an observed statistical significant difference. Letters (a, b, c) repre-
sent significant differences between dietary groups in males, where 
P < 0.05 was considered significant. NS not significant
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PUFA group compared to the medium and low n-3 PUFA 
groups in both male and female mice, and no difference 
was observed between medium and low n-3 PUFA groups 
(P < 0.01). Diet and sex had no effect on the plasma con-
centration of high density lipoprotein cholesterol (HDL-c) 
in both male and female mice.

Discussion

The underlying mechanism connecting obesity with the 
pathogenesis of type-2 diabetes and CVD is poorly under-
stood; however, the role of adipose tissue has been impli-
cated [52]. In the current study, the sex-dependent effect 
of diets varying in the quantity of n-3 PUFA was investi-
gated on adipocyte hypertrophy, and the mRNA expres-
sion of key genes such as DGAT-2, FABP-4, leptin, and 
PPARγ involved in adipose tissue enlargement. We report a 
novel sex-specific effect of n-3 PUFA on the cellular events 
that lead to obesity by preventing adipocyte hypertrophy 
through the downregulation of the mRNA expression of 
DGAT-2 and FABP-4.

Adipose tissue composition of essential fatty acids 
is mainly determined by dietary intake [53]; it was thus 
imperative to assess the accretion of dietary n-3 PUFA in 
adipose tissue TAG. As expected, there was a dose depend-
ent accretion of EPA, DHA, and total n-3 PUFA in adipose 
tissue. The high n-3 PUFA group had the highest accre-
tion of EPA, DHA, and total n-3 PUFA compared to the 
two other groups; these findings are in line with previously 
reported data [53]. Interestingly, there was higher accre-
tion of medium chain and saturated fatty acids compared 
to longer chain and highly unsaturated fatty acids in the 
high n-3 PUFA group. Studies have shown that the mobi-
lization of fatty acids from adipose tissue is a function of 

their structure and not their composition in adipose tissue 
[54]. SFA was reported to be mobilized the least, followed 
by MUFA, and PUFA was mobilized the most, especially 
the 20 carbon PUFAs such as EPA and ARA because they 
serve as precursors to eicosanoids production [54]. Thus, 
the lower levels of EPA and ARA in our study could be due 
to rapid mobilization of these fatty acids for physiological 
functions. The high n-3 PUFA group, however, showed a 
lower concentration of ARA and higher concentration 
of EPA in the gonadal TAG. ARA is metabolized to pro-
inflammatory, pro-aggregatory, and vasoconstrictive eicos-
anoids, which support the development of CVD [55]. Con-
versely, EPA-derived eicosanoids are anti-inflammatory 
and prevent the development CVD [56]. Higher amounts of 
n-3 PUFA in mice fed with a high n-3 PUFA diet suggests 
that these fatty acids and their bioactive metabolic prod-
ucts could be responsible for regulating key genes involved 
in adipocyte metabolism, thereby preventing obesity and 
associated complications. Another interesting observation 
is the increase in gonadal SFA and a decrease in gonadal 
MUFA in the high n-3 PUFA group compared to both the 
medium and low n-3 PUFA groups; this increase could be 
due to the reduction in the desaturation of SFA to MUFA 
in the high n-3 PUFA group. Stearoyl-CoA desaturase-1 
(SCD-1) is the enzyme responsible for the synthesis of 
MUFA from SFA. Studies have reported a positive correla-
tion between SCD-1 and obesity [57], and a high activity 
of SCD-1 increases TAG synthesis and decreases fatty acid 
oxidation [57], consistent with obesity. Although we did 
not measure the expression of SCD-1, however, we suspect 
a downregulaion of the gonadal fat expression of SCD-1 in 
the high n-3 PUFA group, which could be responsible for 
the high SFA observed in the high n-3 PUFA group.

A change in the mass of the adipose tissue is character-
ized by an increase in size and/or number of adipocytes 

Table 5   Plasma biochemical parameters of mice fed diets varying in the quantity of n-3 polyunsaturated fatty acids

Values are expressed as means ± SD, n = 8. Data were assessed using two way ANOVA to determine the main effects and interactions of diets 
and sex; pairwise comparison using Bonferroni correction was used to determine differences when there was a significant difference. Letters (a, 
b) were used to denote significant differences between dietary groups in males, and letters (x, y) represent significant differences between dietary 
groups in females. P < 0.05 was considered significant

NEFA non-esterified fatty acids, TAG triglycerides, TC total cholesterol, LDL low density lipoprotein, HDL high density lipoprotein, NS not sig-
nificant

Lipids (mmol/L) Male Female Main effect

Low n-3 Medium n-3 High n-3 Low n-3 Medium n-3 High n-3 Diet Sex Diet × sex

Glucose 11.0 ± 1.3a 11.7 ± 2.0a 9.3 ± 1.5b 10.0 ± 1.43 9.6 ± 1.27 9.1 ± 2.27 0.03 0.03 NS

NEFA 0.49 ± 0.19a 0.32 ± 0.07b 0.27 ± 0.08b 0.41 ± 0.12x 0.3 ± 0.08y 0.24 ± 0.1y P < 0.0001 NS NS

TAG 0.41 ± 0.08a 0.46 ± 0.1a 0.23 ± 0.08b 0.28 ± 0.05 0.28 ± 0.08 0.28 ± 0.08 P < 0.0001 P < 0.0001 P < 0.0001

TC 1.78 ± 0.23a 1.86 ± 0.16a 1.25 ± 0.15b 1.63 ± 0.15x 1.54 ± 0.24x 1.1 ± 0.18y P < 0.0001 P < 0.0001 NS

LDL 1.22 ± 0.24a 1.34 ± 0.2a 0.77 ± 0.16b 1.15 ± 0.17x 1.13 ± 0.23x 0.71 ± 0.16y P < 0.0001 NS NS

HDL 0.38 ± 0.07 0.32 ± 0.1 0.41 ± 0.15 0.36 ± 0.13 0.28 ± 0.09 0.31 ± 0.08 NS NS NS
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[58]. Mature adipocytes are post-mitotic and can only 
undergo hypertrophy, as a result, new adipocytes arise 
from a population of preadipocytes [59]. The progression 
of obesity does not affect the death or production of adipo-
cyte, however there is enlargement of adipose tissue mass 
primarily by adipocyte hypertrophy [60]. Our data show 
a prevention of adipocyte hypertrophy in response to high 
dietary n-3 PUFA in male mice; however, this response was 
not observed in female mice. Furthermore, there was no 
effect of any of the diets on body weight of male or female 
mice. Only very few rodent studies have reported that n-3 
PUFA could reduce obesity by reducing the size of an 
adipocyte without affecting the adipocyte number and the 
body weight [25]. Given the gender disparity in the devel-
opment of obesity and CVD, no study has investigated the 
sex-specific effect of n-3 PUFA on adipocyte hypertrophy. 
We are the first to report the sex-specific effects of diets 
varying in the amount of n-3 PUFA on adipocyte hypertro-
phy. The mechanism for the observed sex-specific differ-
ences in adipocyte hypertrophy between male and female is 
unclear; our speculation is that the differences are mediated 
by sex hormones. Body composition differs between male 
and females, and fat deposition is driven by testosterone 
and estrogen differently in both genders [61]. The female 
sex hormone estrogen has been shown to drive adipose tis-
sue proliferation [62]. Furthermore, the metabolism of n-3 
PUFA is affected by estrogen [63]; thus there could be a 
possible interplay in the metabolism of n-3 PUFA, sex hor-
mones, and adipose tissue hypertrophy.

Adipocyte hypertrophy is mainly caused by excess stor-
age of TAG in the adipose tissue; therefore, regulating the 
storage of TAG in adipose tissue could be a potentially via-
ble mechanism for preventing obesity. DGAT catalyzes the 
final step of TAG synthesis [9], which makes it an impor-
tant enzyme in TAG accumulation in adipose tissue. Our 
study demonstrates that high n-3 PUFA diet reduced the 
mRNA expression of DGAT-2 in a sex-dependent fashion; 
with smaller adipocytes showing the lowest mRNA expres-
sion of DGAT-2. Two isoforms of DGAT have been identi-
fied [64, 65]; the genes that code for DGAT-1 and DGAT-2 
belong to different families, however, they have comparable 
substrate specificity [66]. Increased expression of DGAT-2 
is associated with the formation of large lipid droplets, on 
the contrary overexpression of DGAT-1 produces small 
lipid droplets [10], emphasizing the importance of DGAT-2 
in TAG synthesis. Furthermore, DGAT-2 can compensate 
for the function of DGAT-1, however, DGAT-1 cannot com-
pensate for DGAT2. In-vitro downregulation of DGAT-2 
results in reduction of TAG synthesis, and inhibition of 
DGAT-2 alleviates markers of hyperlipidaemia, obesity and 
CVD by inhibiting the enzymes involved in lipogenesis 
[67]. Our finding showing the inhibition of DGAT-2 mRNA 
expression by a high n-3 PUFA diet is novel, and to the best 

of our knowledge, no study has linked adipocyte hypertro-
phy to the regulation of DGAT-2 by n-3 PUFA. Dietary n-3 
PUFA could serve as a promising therapy for downregulat-
ing the expression of DGAT-2 and consequently preventing 
the cellular events that lead to obesity.

DGAT-2 requires the presence of free fatty acids to cata-
lyze the covalent binding of acyl CoA to DAG, and larger 
adipocytes are known to release more fatty acids into cir-
culation compared to smaller adipocytes [68, 69]. FABP 
are proteins found in the cytoplasm that binds strongly 
with a variety of fatty acids, and are evolutionarily con-
served between species and are involved in the transport 
of fatty acids for utilization by enzymes and tissues [70]. 
Under normal conditions, FABP-4 is responsible for regu-
lating the release and transport of fatty acids [71], and is 
largely expressed in adipocytes and macrophages [72, 
73]. It has been reported that the production and secretion 
of FABP-4 in the adipose tissue result in lipogenesis and 
excess secretion of free fatty acids and TAG, which could 
lead to ectopic lipid accumulation and consequent develop-
ment of metabolic syndrome [74]. We report for the first 
time, a reduction in the mRNA expression of FABP-4 in 
response to high n-3 PUFA diet and adipocyte hypertro-
phy; however, this effect was sex-specific, where female 
mice showed a lower mRNA expression of FABP-4 com-
pared to male mice. The role of FABP-4 in obesity is not 
well studied; however, it has been suggested that FABP-4 
could be a novel adipokine just like leptin and adiponec-
tin whose expression levels correlate with the size of the 
adipocyte [75]. Obese individuals have been shown to have 
higher expression of FABP-4 [12, 76] and individuals who 
lost weight were reported to have a reduced expression of 
FABP-4.

FABP-4 is transcriptionally regulated [77]; it has been 
suggested that FABP4 has a peroxisome proliferator recep-
tor element (PPRE) in its promoter region [78]. PPARγ is 
highly expressed in the adipose tissue and FABP-4 may act 
closely with PPARγ to elicit its biological function [79]. 
Upon interacting with PPARγ ligand, cytosolic FABP-4 
translocates to the nucleus where it interacts with PPARγ 
thereby stimulating its transcriptional activity [79]. Inter-
estingly, similar to our findings with downregulation of 
FABP-4 mRNA expression by a high n-3 PUFA diet, the 
mRNA expression of PPARγ was also significantly lower 
in the high n-3 PUFA group compared to the low n-3 PUFA 
group. Furthermore, the effect was sex-specific with female 
mice showing a lower expression of PPARγ compared 
to male mice. Targeting the expression of FABP4 by n-3 
PUFA could be a potential mechanism to prevent adipocyte 
hypertrophy and diet induced obesity.

The function of the adipose tissue is not only limited 
to the storage of TAG, it also functions as an endocrine 
organ, and release a number of adipokines such as leptin 
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into circulation [80]. The mRNA expression of leptin has 
been shown to be reduced by n-3 PUFA in both in vitro and 
in  vivo studies [81]. We found a sex-dependent reduction 
in the mRNA expression of leptin in response to high n-3 
PUFA diet, with the female mice showing a lower expres-
sion compared to male mice that correspond with the size 
of the adipocytes. Leptin is mostly expressed following the 
differentiation of pre-adipocytes to adipocytes which marks 
the onset of lipid accumulation in the cell [82]; and the 
expression is increased postweaning in rodents [83]. As the 
adipose tissue grows, the secretion of leptin also increases 
[84]. A strong association has been reported between leptin 
secretion and adipocyte size [85] which confirms our obser-
vations. We are however reporting for the first time that the 
effect of n-3 PUFA on leptin mRNA expression is sex-
specific. There is a direct correlation between the mRNA 
expression of leptin and PPARγ; a reduction in leptin 
mRNA expression also leads to a reduction in the mRNA 
expression of PPARγ [81]. Our findings demonstrate a 
reduction in leptin and PPARγ mRNA expression on a high 
n-3 PUFA diet, further supporting the regulation of leptin 
by PPARγ. It has also been suggested that leptin controls 
circulating lipid concentration and regulates the size of an 
adipocyte by influencing the expression of DGAT through 
the central nervous system thereby controlling the level of 
TAG synthesis [86], supporting our observations on similar 
changes in leptin, DGAT and adipocyte hypertrophy.

Obesity is closely associated with hyperglycemia and 
dyslipidemia, a disorder of lipid and lipoprotein metabo-
lism, involving hypercholesterolemia, hypertriglyceri-
demia, and elevated LDL-cholesterol concentrations [87, 
88]. One of the major causes of dyslipidemia is the altera-
tion of fatty acid metabolism in the adipose tissue [89, 
90]. It has been reported that the production and secretion 
of FABP-4 in the adipose tissue result in lipogenesis and 
excess secretion of free fatty acids and TAG, which could 
lead to ectopic lipid accumulation and consequent develop-
ment of metabolic syndrome [74]. The plasma biochemi-
cal parameters in our study showed that the high n-3 PUFA 
diet had reduced blood glucose and plasma concentrations 
of TAG and NEFA in the male offspring; however, the 
female mice showed no difference in plasma TAG concen-
tration, which is similar to the trend we observed in the adi-
pocyte cell size. Furthermore, n-3 PUFA has been shown 
to reduce TAG by stimulating β-oxidation of NEFA among 
other hypotriglyceridemic effects of n-3 PUFA [91]. N-3 
PUFA has also been shown to decrease the expression of 
srebp-1c a key regulator of lipogenesis [92]; it is possible 
that changes in the expression of srebp-1c in response to 
the high n-3 PUFA diet could be responsible for the low TG 
in males observed in our setting; this needs to be investi-
gated. An increase in the release of NEFA from adipocytes 
leads to the accelerated uptake of these fatty acids by the 

liver and channeled towards the production of TAG, choles-
terol and LDL [93]. This was confirmed in our study, as the 
low n-3 PUFA group had higher plasma LDL-c and NEFA 
concentration compared to the low n-3 PUFA groups.

A higher concentration of TC was also observed in 
low and medium n-3 PUFA groups compared to the high 
n-3 PUFA group in male mice. It has been reported that 
the higher concentration of cholesterol observed in obese 
individuals leads to the production of more LDL-c result-
ing in the downregulation of the expression of LDL-
receptor-(r) and reduced clearance of LDL-c [94, 95]. It 
was interesting however to notice that the plasma NEFA 
and TC cholesterol concentrations were lower in the high 
n-3 PUFA group compared to the low n-3 PUFA group 
in female mice, despite no significant difference in adi-
pocyte size, suggesting a sex specific effect on lipid and 
lipoprotein metabolism. We have previously reported 
the sex-specific effects of high n-3 PUFA diet on plasma 
lipids and lipoprotein concentration [35] likely due to a 
clear distinction in hormonal regulation between male and 
female [96].

Our findings suggest that targeting the expression of 
FABP-4 and DGAT-2 by n-3 PUFA may be a mechanism 
to prevent adipocyte hypertrophy and the cellular events 
that lead to obesity in males. Although we did not meas-
ure markers of type-2 diabetes, ectopic fat deposition and 
adipose tissue dysfunction which are common in obese 
individuals; we can infer from the plasma lipid and lipo-
protein data that the dyslipidemia associated with obesity 
is reduced by the administration of high n-3 PUFA diet. 
Furthermore, body composition differs between male and 
females, and fat deposition is driven by testosterone and 
estrogen differently in both sexes [61]. We acknowledge 
that we only studied gonadal fat depot which is one of a 
number of fat depots that may affect obesity. Future stud-
ies could compare the effects of dietary n-3 PUFA on the 
different major adipose tissue depot (subcutaneous and vis-
ceral) and adipocyte hypertrophy; this will give vital infor-
mation on the depot specific effect of n-3 PUFA on adipose 
tissue and how it relates to the cellular events that lead to 
obesity.

Taken together, our data suggest that n-3 PUFA could 
prevent the cellular events that lead to obesity in males. We 
are proposing that the downregulation of DGAT-2, FABP-4 
and leptin by n-3 PUFA is facilitated by PPARγ. Our find-
ings also demonstrate that although female mice had lower 
expression of the key genes involved in adipocyte hyper-
trophy, lower levels of lipids and lipoproteins, and smaller 
adipocytes compared to male mice, males appeared to me 
more responsive to high n-3 PUFA diet. Thus, our findings 
emphasize that sex differences should be incorporated in 
the dietary recommendation of n-3 PUFA for the preven-
tion of obesity and associated complications.
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