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Abstract

Epidemiologic studies associate perinatal intake of eicosapentaenoic acid (EPA, 20:5n–3) and

docosahexaenoic acid (DHA, 22:6n–3) with reduced adiposity in children, suggesting that these

fatty acids may alter adipose tissue development. The objective of this study was to determine
whether enriching the perinatal diet in EPA and DHA reduces fat deposition in young chicks.

Cobb 500 broiler chicks were fed isocaloric diets containing fat (8% wt:wt) from fish oil (FO), lard,

canola oil, or flaxseed oil from 7 to 30 d of age. Adiposity (abdominal fat pad weight/body weight)

at 30 d was not significantly affected by diet, but FO significantly reduced adipocyte size,

increasing the abundance of small adipocytes. Plasma nonesterified fatty acid concentrations

suggest that reduced adipocyte size was due, in part, to enhanced mobilization of fatty acids from

adipose tissue. Our work indicates that dietary EPA and DHA effectively reduce the size of

developing adipocytes in juveniles, which may limit adipose deposition and provide metabolic
benefits. Curr Dev Nutr 2017;1:e001644.

Introduction

Approximately 27% of children in the United States are classified as overweight or obese by
age 5 y (1). Obese children are more likely to be obese adults, and both childhood and adult
obesity increase the risk of cardiovascular disease, diabetes, and other comorbidities (2). Lim-
iting excess fat accumulation in the first few years of life is therefore therapeutically impor-
tant for children and for the prevention of adult obesity. A plethora of studies have identified
factors that influence adiposity in mature animals and humans, in which changes in adipo-
cyte size are the primary basis for differences in fatness. Much less is known about control of
adipose mass in juveniles, when both adipocyte hypertrophy and hyperplasia actively con-
tribute to fat deposition.

PUFAs of the n–3 and n–6 series differentially regulate preadipocyte proliferation,
adipogenesis, and TG storage, all of which contribute to deposition of adipose tissue before
adolescence. n–6 PUFAs tend to be pro-adipogenic, whereas long-chain n–3 PUFAs (par-
ticularly EPA and DHA) attenuate lipid accumulation and promote an oxidative adipocyte
phenotype [reviewed in (3)]. Large-scale studies in mother-child pairs have associated n–6
PUFA intake with increased adiposity in children, whereas an inverse relation has been
shown with dietary n–3 PUFAs (4, 5). These associations suggest that the types of FAs
consumed early in life may influence the course of adipose development and subsequently
affect the predisposition to obesity.

Avian models are useful for testing the effects of diet on early adipose development be-
cause chicks eat independently at hatch, allowing direct manipulation of the diet very early
in life. Broiler chickens in particular are a valuable polygenic model of susceptibility to obe-
sity due to inadvertent consequences of selection for rapid growth (6). Broiler chicks begin
to deposit excess abdominal fat compared with other breeds within 2 wk of hatch. In con-
trast, most rodent models of obesity are monogenic or are induced by feeding a diet very
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high in fat. We used Cobb 500 broiler chicks, one of the most widely
used commercial broiler lines, to determine whether providing EPA
and DHA in the diet early in life attenuates adipose tissue deposition
in juveniles. Diets enriched in fish oil (FO; as a source of EPA and
DHA) were compared with diets containing equal amounts of lard
(LA), canola oil (CA), or flaxseed oil (FL) to evaluate the effects rel-
ative to other types of FAs. Experimental diets were provided begin-
ning at 7 d of age to coincide with initial deposition of the abdominal
depot and to focus on a developmental window in which hypertro-
phy and hyperplasia contribute comparably to adipose growth.

Methods

Animals and diets

All animal procedures were approved by the University of Tennessee
Institutional Animal Care andUse Committee. Fortymixed-sex Cobb
500 broiler chicks were fed ad libitum a commercial starter diet from
hatch until 7 d, then switched to 1 of 4 experimental diets. Experi-
mental diets were produced by adding fat (8% wt:wt) from LA, CA,
FL, or FO into a commercially formulated starter diet base (Supple-
mental Table 1). Final energy content of each diet was 3018 kcal/kg.
Chicks were fed experimental diets from 7 to 30 d. At 30 d, chicks
were weighed, then killed by carbon dioxide asphyxiation, and tis-
sues and blood were collected for experimental procedures. Com-
plete experimental details are provided in Supplemental Methods.

Statistical analysis

Datawere analyzed for effects of diet by using ANOVA implemented
in SAS (version 9.4; SAS Institute, Inc.), with P , 0.05 as the crite-
rion for significance. A significant F-test was followed by post hoc
comparisons with the use of Fisher’s least-significant-difference
test to identify pairwise differences between diet groups.

Results

Effects on body composition and growth rate

The FA composition of the diet significantly affected final
body weight (P = 0.045), with FO birds weighing less than

those in the LA group (Table 1; P = 0.02). Neither absolute
nor relative (adjusted for body weight) weights of the ab-
dominal adipose depot or of breast muscle differed significantly
between diet groups (P . 0.05). Plasma concentrations of
NEFAs (P = 0.002), but not glucose (P = 0.130), were affected
by diet, with increased NEFAs in FO chicks compared with
each of the other diet groups. As expected, the FA profile of
the abdominal fat reflected the dietary FA composition (Sup-
plemental Table 2). Feed intake did not differ across diets
(data not shown).

Despite similarities in fat pad weight, diet significantly affected
abdominal adipocyte volume (P = 0.020). Average adipocyte size
was smallest in FO chicks, differing significantly from chicks
fed LA or CA diets (Table 1). Adipocyte number varied with diet
(Table 1), but differences were not significant (P = 0.093). FO pro-
moted a shift in adipocyte size, favoring the abundance of rela-
tively small adipocytes compared with diets enriched in LA
or CA (Figure 1A). The frequency of very small (,2000 mm3) ad-
ipocytes was significantly increased in FO compared with either
LA or CA (P , 0.05). Conversely, frequencies of cells in each
size bin .4000 mm3 were lower (P , 0.05) in FO than in CA
chicks and in FO than in LA chicks for most bins. Adipocyte vol-
umes tended to be smaller in chicks fed the FL diet, with frequen-
cies intermediate between those of FO and LA or CA in most size
bins.

Effects on relative mRNA expression in visceral white

adipose tissue and liver

Dietary fat source significantly influenced expression of PPAR-g
(PPARG), early growth response transcription factor 1 (EGR1),
patatin-like phospholipase domain–containing protein 8 (PNPLA8),
and pyruvate dehydrogenase kinase 4 (PDK4) in abdomi-
nal adipose tissue (Figure 1B). Both PPARG and EGR1 were ex-
pressed at significantly lower levels in FO and CA chicks
relative to LA. The expression of PNPLA8 was significantly re-
duced in FO, CA, and FL chicks compared with LA chicks. Genes
associated with FA oxidation [acyl-CoA oxidase 1 (ACOX1) and
carnitine palmitoyl acyltransferase 1 (CPT1)], lipogenesis [FA
synthase (FASN)], lipid storage [lipoprotein lipase (LPL)], gluco-
neogenesis [phosphoenolpyruvate carboxykinase 1 (PCK1)], and

TABLE 1 Effects of dietary LA, CA, FL, and FO on body, adipose, and muscle weights and on serum metabolites in broiler chicks1

LA CA FL FO P2

Body weight, g 1752 6 46.7b 1650 6 54.6a,b 1694 6 45.1a,b 1562 6 45.0a 0.045
Breast weight, g 337.9 6 13.8 360.2 6 16.5 354.6 6 13.6 346.1 6 7.9 0.573
Relative breast weight,3 % 19.4 6 1.0 21.9 6 0.6 21.0 6 1.0 22.1 6 1.7 0.400
Adipose tissue weight, g 26.0 6 1.9 24.5 6 1.2 22.3 6 1.2 24.3 6 1.8 0.455
Relative adipose weight,4 % 1.48 6 0.09 1.51 6 0.07 1.33 6 0.07 1.56 6 0.12 0.499
NEFAs, mM 6.25 6 1.98b 6.49 6 0.79b 6.55 6 1.41b 10.04 6 0.96a 0.002
Glucose, mg/dL 175.7 6 12.8 184.5 6 10.8 189.4 6 7.0 168.1 6 5.7 0.130
Adipocyte volume, μm3 3651 6 420.7a 3706 6 184.1a 3098 6 95.2ab 2546 6 153.1b 0.020
Adipocyte number5 75.4 6 13.3 70.8 6 9.5 93.7 6 9.8 90.3 6 8.1 0.093
1Values are means 6 SEMs for all chicks in each diet group, n = 10/group. Means with shared superscript letters do not differ significantly, P , 0.05. CA, canola oil; FL,
flaxseed oil; FO, fish oil; LA, lard.

2Derived by using single-factor ANOVA for effect of diet.
3 [Breast weight (g)/body weight (g)] 3 100.
4 [Abdominal adipose depot weight (g)/body weight (g)] 3 100.
5Calculated from adipocyte volume and adipose depot weight.
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inflammation [chemokine C-C ligand 20 (CCL20), colony stim-
ulating factor 1 receptor (CSF1R)] were not significantly af-
fected by dietary fat type. In liver, expression of ACOX1, but

not CPT1 or FASN, was significantly affected by diet (Figure
1C). Expression of ACOX1 was higher in FO than in all other
diet groups.

FIGURE 1 Effects of dietary FO, FL, CA, and LA on abdominal adipocyte size distribution and on gene expression in liver and adipose
tissue. (A) Adipocyte area was measured from images of hematoxylin-and-eosin–stained sections of abdominal adipose tissue (Supplemental
Figure 1) by using ImageJ (version 1.48; NIH); areas ,500 mm2 were removed from analyses. Adipocyte volume (mm3) was calculated from
area (mm2). Frequency distributions were produced by grouping adipocytes into bins on the basis of volume and counting the frequency of
cells within each bin. ANOVA was used to evaluate the effect of diet within each bin. (B and C) Relative mRNA expression of genes involved
in lipid metabolism, adipogenesis, and inflammation in abdominal adipose tissue (B) and in lipid metabolism in liver (C); n = 6 birds/diet.
Values are group means 6 group SDs. Means without a common lowercase letter differ significantly (P , 0.05) based on post hoc testing
when ANOVA indicated a significant effect of diet (P , 0.05). ACOX1, acyl-CoA oxidase 1; CA, canola oil; CCL20, chemokine C-C ligand 20;
CPT1a, carnitine palmitoyl acyltransferase 1a; CSF1R, colony stimulating factor 1 receptor; EGR1, early growth response transcription factor
1; FASN, FA synthase; FL, flaxseed oil; FO, fish oil; LA, lard; LPIN1, lipin-1; LPL, lipoprotein lipase; PCK1, phosphoenolpyruvate
carboxykinase 1; PDK4, pyruvate dehydrogenase kinase 4; PNPLA8, patatin-like phospholipase domain containing protein 8; PPARG,
PPAR-g; PPARGC1B, PPARG coactivator 1 beta.
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Discussion

A number of studies in rodents have shown that dietary FO can at-
tenuate the obesogenic effects of a high-fat diet. These studies have
largely used mature animals, in which growth-related adipose ex-
pansion has ceased and changes in adipose mass result from effects
on adipocyte size. In contrast, we focused on the first few weeks af-
ter hatch to capture the period when the abdominal depot develops
and rapidly expands through both adipocyte hyperplasia and hyper-
trophy (7). Evaluating the effects of FO on these pathways is impor-
tant because both contribute to childhood obesity (8, 9). A specific
benefit of using an avian model, compared with a rodent model, is
that they lack uncoupling protein 1 (UCP-1) and thus the capacity
for adipose browning. This is valuable because recent studies indi-
cate that at least part of the antiobesity effects of FO in rodents
are due to induction of beige adipocytes in white adipose depots
(10). Therefore, our model enables us to evaluate the specific effects
of dietary FO on white adipocytes.

Unlike comparable diet studies in mature chickens [e.g., (11)],
we did not find an effect of dietary n–3 PUFAs on adiposity.
This may be due to the relatively brief period of feeding (23 d)
or because FA type was not sufficient to influence the inherent
stimulus for rapid adipose deposition during this age window.
However, both of the diets that were enriched in n–3 PUFAs (par-
ticularly FO) favored the abundance of small adipocytes relative to
diets enriched in LA or CA. Although adipocyte hypertrophy is a
normal component of adipose development, excessive hypertro-
phy presents very early in obese children and promotes insulin re-
sistance and adipose inflammation (9). Therefore, the ability of
dietary n–3 PUFAs to reduce adipocyte size in juveniles, even in
the absence of decreased fat mass, may provide metabolic benefits
for children prone to obesity.

Adipocyte size results from a balance between FA uptake and
mobilization, particularly in species (e.g., avians and humans) in
which de novo lipogenesis in adipose tissue is relatively modest.
Increased plasma NEFA concentrations suggest that enhanced
FA mobilization may have contributed to reduced adipocyte size
in FO chicks. Interestingly, elevated NEFAs, reduced adipocyte
size, and enrichment of adipose tissue in EPA and DHA are also
found in genetically lean lines of chickens relative to obesity-
prone broilers (12). Both DHA and EPA have been shown to stim-
ulate lipolysis and reduce adipocyte lipid accumulation in vitro (13,
14). The consumption of FO may therefore have reduced adipo-
cyte size by promoting mobilization of FAs that are then oxidized
by other tissues. Hepatic expression of ACOX1, the rate-limiting
enzyme for oxidation of very-long-chain FAs in peroxisomes,
was increased by dietary FO. However, expression of CPT1, which
regulates mitochondrial FA oxidation and is often coregulated
with ACOX1 (15), was not significantly affected by diet in liver.
Therefore, increased expression of ACOX1 in the FO group may
reflect a specific response to the abundance of very-long-chain
PUFAs (EPA and DHA) rather than a net increase in hepatic FA
catabolism. Dietary EPA has also been shown to enhance FA oxi-
dation within white adipocytes (16). However, our data do not in-
dicate that this pathway contributed to reduced adipocyte size in

FO and FL chicks on the basis of expression of CPT1 and ACOX1.
It is also possible that FO, and to some extent FL, increased the
abundance of smaller adipocytes by suppressing their progression
through differentiation, rather than altering the balance be-
tween lipid storage and mobilization. This possibility is supported
by a study in which dietary perilla oil (;52% a-linolenic acid,
18:3n23) downregulated the later stages of adipocyte differentia-
tion in rats (17). Additional characterization with stage-specific
markers of adipocyte differentiation is necessary to investigate
this possibility in our study.

None of the genes that we profiled were specifically affected by
the diets (FO and FL) that reduced adipocyte size. However, all
3 diets enriched in unsaturated FAs reduced expression of
PPARG, EGR1, and PNPLA8 compared with LA. PPARG is a well-
characterized transcriptional regulator of both adipocyte differen-
tiation and maintenance of the mature adipocyte phenotype (18).
Increased PPARG expression with dietary SFA- compared with
PUFA-enriched diets is consistent with comparable studies in ma-
ture broilers (19). EGR1 is a pleiotropic transcription factor that
has been linked to multiple aspects of adipocyte function (20).
Elevated EGR1 expression in adipose tissue is associated with
obesity in humans and mice, whereas loss of EGR1 enhances ad-
ipocyte metabolism and confers protection from obesity (21). De-
creased expression of this gene in the FL, FO, and CA groups
relative to LA may therefore reflect beneficial effects of dietary
fat quality on adipocyte metabolism. Calcium-independent
phospholipase A2g (iPLA2g, encoded by PNPLA8), is a phospho-
lipase that catalyzes the release of FA side chains from mito-
chondrial phospholipids to generate production of eicosanoids
and other lipid second messengers that regulate cellular ener-
getics. The specific roles of iPLA2g in adipose tissue are not
known, but PNPLA82/2 mice are resistant to diet-induced obe-
sity, with reduced adipocyte size relative to wild-type controls
(22). Although expression was not consistently associated with
adipocyte size in our study, reduced levels across all PUFA-
enriched diets suggest that dietary FAs may regulate mitochon-
drial lipid mediators and subsequently adipocyte metabolism
through PNPLA8.

In conclusion, we showed that dietary FO attenuates adipocyte
hypertrophy in juvenile chicks that are prone to rapid fat accumu-
lation. The mechanisms underlying this effect remain to be deter-
mined but may include increased mobilization of stored FAs for
oxidation by other tissues or disruption of adipocyte maturation.
Although the effect of diet on adipocyte size did not manifest as
significantly less adipose mass during the relatively brief period
of feeding used herein, it may nonetheless be sufficient to elicit fa-
vorable metabolic effects in children who are prone to obesity.
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11. González-Ortiz G, Sala R, Cánovas E, Abed N, Barroeta AC.
Consumption of dietary n-3 fatty acids decreases fat deposition and
adipocyte size, but increases oxidative susceptibility in
broiler chickens. Lipids 2013;48:705–17.

12. Ji B, Middleton JL, Ernest B, Saxton AM, Lamont SJ, Campagna SR,
Voy BH. Molecular and metabolic profiles suggest that increased lipid
catabolism in adipose tissue contributes to leanness in domestic
chickens. Physiol Genomics 2014;46:315–27.

13. Kim HK, Della-Fera M, Lin J, Baile CA. Docosahexaenoic acid inhibits
adipocyte differentiation and induces apoptosis in 3T3-L1
preadipocytes. J Nutr 2006;136:2965–9.

14. Barber E, Sinclair AJ, Cameron-Smith D. Comparative actions of
omega-3 fatty acids on in-vitro lipid droplet formation. Prostaglandins
Leukot Essent Fatty Acids 2013;89:359–66.

15. Kersten S. Integrated physiology and systems biology of PPARalpha.
Mol Metab 2014;3:354–71.

16. LeMieux MJ, Kalupahana NS, Scoggin S, Moustaid-Moussa N.
Eicosapentaenoic acid reduces adipocyte hypertrophy and
inflammation in diet-induced obese mice in an adiposity-independent
manner. J Nutr 2015;145:411–7.

17. Okuno M, Kajiwara K, Imai S, Kobayashi T, Honma N, Maki T, Suruga
K, Goda T, Takase S, Muto Y, et al. Perilla oil prevents the excessive
growth of visceral adipose tissue in rats by down-regulating adipocyte
differentiation. J Nutr 1997;127:1752–7.

18. Chawla A, Schwarz EJ, Dimaculangan DD, Lazar MA. Peroxisome
proliferator-activated receptor (PPAR) gamma: adipose-predominant
expression and induction early in adipocyte differentiation.
Endocrinology 1994;135:798–800.

19. Royan M, Meng GY, Othman F, Sazili AQ, Navidshad B.
Effects of conjugated linoleic acid, fish oil and soybean oil on
PPARs (alpha & gamma) mRNA expression in broiler chickens
and their relation to body fat deposits. Int J Mol Sci 2011;12:
8581–95.

20. SinghM, Shin YK, Yang X, Zehr B, Chakrabarti P, Kandror KV. 4E-BPs
control fat storage by regulating the expression of Egr1 and ATGL.
J Biol Chem 2015;290:17331–8.

21. Zhang J, Zhang Y, Sun T, Guo F, Huang S, Chandalia M, Abate N, Fan
D, Xin HB, Chen YE, et al. Dietary obesity-induced Egr-1 in adipocytes
facilitates energy storage via suppression of FOXC2. Sci Rep 2013;3:
1476.

22. Mancuso DJ, Sims HF, Yang K, Kiebish MA, Su X, Jenkins CM, Guan
S, Moon SH, Pietka T, Nassir F, et al. Genetic ablation of calcium-
independent phospholipase A2gamma prevents obesity and insulin
resistance during high fat feeding by mitochondrial uncoupling and
increased adipocyte fatty acid oxidation. J Biol Chem 2010;285:
36495–510.

CURRENT DEVELOPMENTS IN NUTRITION

Dietary enrichment alters adiposity 5


