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Most animals require specific (essential) dietary fatty acids, and 
deficiencies in these fatty acids typically exert a negative effect on 
their health at some level. The ω3 and ω6 families of fatty acids are 
essential polyunsaturated fatty acids (PUFA) or long-chain PUFA 
(LC-PUFA) for many animals, including humans; however, con-
sensus regarding the recommended dietary levels of these PUFA 
has not been achieved for any species, including humans. Several 
studies have proposed that a disproportionately high intake of ω6 
PUFA and LC-PUFA promotes inflammation, resulting in chronic 
inflammatory diseases associated with metabolic syndrome.10,22 
This ‘high’ intake is difficult to describe accurately because both 
individual as well as regional diversity in the dietary intake of 
ω3 and ω6 fatty acids exist globally. Over the last century, diets in 
the western hemisphere have shifted to a dramatically increased 
consumption of total lipids. This increase in total fat consumption 
is associated with increases in ω6 PUFA and ω6 LC-PUFA intakes 
and corresponding decreases in ω3 PUFA and ω3 LC-PUFA.16 
The shift in the dietary ω3:ω6 ratio, toward ω6 and away from 
ω3 fatty acids, in industrialized societies has been proposed to 
be the major factor contributing to inflammatory diseases.22 This 
proinflammatory effect is often attributed to the production of 
arachidonic acid metabolites, which act as potent proinflamma-
tory and plaque forming molecules, from ω6 fatty acids, like lin-
oleic acid.7 However, many antiinflammatory mediators also are 
produced during the metabolism of ω6. Several studies support 

a possible association between a reduced risk of coronary heart 
disease and increased dietary ω6 PUFA.7 The American Heart As-
sociation Science Advisory Panel has stated, “At present, there is 
little direct evidence that supports a net proinflammatory, proath-
erogenic effect of linoleic acid (18:2 ω6) in humans.”11 The authors 
of a recent review19 concluded that reducing the intake of dietary 
ω6 fatty acid did not change the levels of arachidonic acid in the 
plasma, serum, or erythrocytes of adults who consumed western-
type, high-fat diets. Other scientists18 have suggested that specific 
proportional combinations of ω3 and ω6 fatty acids may actually 
decrease the concentrations of proinflammatory cytokines.

Zebrafish continue to gain popularity as an animal model 
for cardiovascular disease.4 For example, blood vessel plaques 
formed in zebrafish that consumed a high-cholesterol (4%) diet, 
mimicking atherosclerosis in humans.24 Recent advances in the 
area of zebrafish nutrition25 allow the use of formulated diets, 
wherein the levels of specific nutrients, such as fatty acids, can 
be modified to evaluate response. The current study evaluated 
the effects of different dietary ω3:ω6 fatty acid ratios on weight 
gain, body composition, and inflammatory response proteins in 
the zebrafish.

Materials and Methods
Danio rerio (AB strain) were obtained from the Nutrition Obe-

sity Research Center Aquatic Animal Research Core at the Uni-
versity of Alabama at Birmingham. All animal protocols were 
reviewed and approved by the University of Alabama at Birming-
ham IACUC. Embryos were collected randomly from a mass 
spawn of adult zebrafish previously fed the mixed-protein diet 
(see Diet section). At 5 d after fertilization, hatched larvae were 
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per treatment) and stored in RNAlater (Ambion, Austin, TX) at 
–30 °C for RNA extraction at a later time. Total dry weights and 
body lipid were determined for individual female fish (n = 10 per 
treatment). To determine dry weight, fish were dried at 55 °C to 
a constant weight (48 h) and reweighed to determine moisture 
content. Dried fish were ground by using a Wiley mill, and a sub-
sample was removed for total lipid determination according to 
the method of Folch and colleagues.9 Adiposity was calculated 
as total body dry lipid (mg) divided by total body fat-free tissue 
mass (mg).

Expression analysis of inflammatory response genes. Vitello-
genin is upregulated during the inflammatory response in ze-
brafish.13 However, in female fish, it also is a key component in 
the reproductive cycle (egg production). Therefore, to eliminate 
any possible confounding effects of vitellogenin expression due 
the reproductive cycle, we assessed inflammatory response genes 
in male fish only. Livers of 3 fish selected randomly from each diet 
treatment were pooled to ensure sufficient tissue (approximately 
30 mg wet) for each replicate. Three replicates (each consisting 
of 3 livers) were obtained for each treatment. Total RNA was 
isolated by using the RNAqueous RNA isolation kit (Ambion). 
Equal amounts of total RNA from each pooled sample were used 
to prepare cDNA (RETROscript, Ambion) according to the man-
ufacturer’s protocol. A real-time PCR assay was performed by 
using the IQ SYBR Green Supermix (BioRad, Philadelphia, PA) 
in the BioRad MiniOpticon RT–PCR detection system. RT–PCR 
primer pairs used to amplify the genes for C-reactive protein, 
vitellogenin (Vg1), and serum amyloid A are described in Table 3. 
PCR reactions were performed according to the manufacturer’s 
protocol, using 2 μg cDNA and primer concentrations of 0.5 μM 
in a total volume of 25 μL. PCR conditions comprised 95 °C for 
3 min followed by 40 cycles of 94 °C for 10 s, 62 °C for 1 min.13 
Reactions for each sample were performed in duplicate. Zebrafish 
β-actin was used as a control to normalize the starting quantity of 

fed rotifers (Branchionus plicatilis) enriched with Nannochloropsis 
(RotiGrow Omega, Reed Mariculture, Campbell, CA) ad libitum 3 
times daily until 28 d after fertilization, at which point 250 fish of 
mixed sex were randomly introduced into 1.8-L tanks (10 fish per 
tank, 15 tanks), representing 5 replicates of each of the 3 dietary 
treatments. A photograph of all fish in each tank was recorded 
(DS FIL or D70 camera, Nikon, Tokyo, Japan), and the length of 
each fish was determined through image analysis (NIS Elements 
3.1, Nikon). Prior to the initiation of the experiment, averages 
were calculated for each replicate for all dietary treatments, and 
ANOVA indicated no significant difference among the treatments 
(7.00 ± 0.02 mm). All zebrafish were maintained at 28 °C in a recir-
culating system (Aquaneering, San Diego, CA). Flow rates were 
adjusted to provide at least 2 complete water-volume changes 
hourly within each tank. Municipal tap water was filtered 
through a 5-μm sediment filter, followed by charcoal, reverse os-
mosis, and cation–anion exchange resin (Kent Marine, Franklin, 
WI) prior to the addition of synthetic sea salts (Instant Ocean) to 
obtain a final conductivity of 1500 μS/cm for the system water 
source. Throughout the experiment, the fish tanks were rotated 
across rack positions weekly to reduce potentially confound-
ing effects due to environmental noise, light, vibration, or other 
sources. Uneaten feed and debris was removed weekly from the 
tank by siphon as needed. Sodium bicarbonate was used to adjust 
and maintain the pH of the system water at approximately 7.4. 
At least 20% of system water was replaced weekly. Total ammo-
nia nitrogen, nitrite, and nitrate were measured colorimetrically 
(Mars Fish Care, Chalfont, PA) and, except for nitrate, remained 
below detectable limits.

Diets. The ingredient composition of each of the experimental 
diets is provided in Table 1. Each diet was produced by using a 
single base mix of defined ingredients. The proportional amounts 
of menhaden oil (Omega Protein, Houston, TX) and corn oil (JM 
Smuckers, Orville, OH) differed to obtain a final fatty acid ratio 
(ω3:ω 6) of 1:2, 1:5, or 1:8 that included both PUFA and LC-PUFA. 
These ratios represent combined PUFA and LC-PUFA for ω3 and 
ω6 fatty acids and were chosen to reflect the variation in ω6 fatty 
acids reported for human Paleolithic ancestral populations and 
those characteristic of a westernized diet as consumed in many 
industrialized countries.22 In the current study, the primary di-
etary ω6 PUFA was linoleic acid (18:2ω6), and the primary di-
etary ω3 PUFA was α-linolenic acid (18:3ω3). The ω3 LC-PUFA 
were eicosapentanoic acid (20:5ω3) and docosahexaenoic acid 
(22:6ω3). Diets were mixed in an orbital mixer (KitchenAid, St 
Joseph, MO), extruded (KPEXTA, KitchenAid), air-dried to ap-
proximately 10% moisture content, and then stored at 4 °C until 
fed. Diets were analyzed for ω3 and ω6 fatty acid composition 
(Eurofins Laboratories, DesMoines, IA), and results are presented 
in Table 2. For feeding, diets were ground to a fine powder (250 to 
500 μm sieved) and weighed aliquots were manually (dispensed 
at ca. 900, 1300, and 1700 during the light cycle in surplus quanti-
ties). Fish were fed at a minimum of 3% to 5% body weight daily 
and observed to consume the diets throughout the water column.

Wet and dry weight and total body lipid of fish. After 5 mo 
of feeding the experimental diets, 10 male and 10 female fish 
were removed randomly from each diet group, blotted on ab-
sorbent towels, and weighed individually to the nearest 0.01 g. 
All fish then were euthanized as indicated by the lack of detec-
tion of opercular movement after submersion in ice water (ap-
proximately 5 min). Livers were dissected from male fish (n = 5 

Table 1. Diet ingredients, as percentages of the total diet (as fed).

ω3:ω6 ratio of diet

1:2 1:5 1:8

Fish protein hydrolysate 20 20 20
Vitamin-free casein 25 25 25
Isolated soy protein 5 5 5
Refined soy lecithin 4 4 4
Wheat gluten 10 10 10

Menhaden oil (ω3)a 3.337 1.0768 0.041

Corn oil (ω6)a 3.663 5.9232 6.959

Canthaxanthin 2.31 2.31 2.31
Cholesterol 3 3 3
Ascorbylpalmitate 0.04 0.04 0.04
Vitamin mix BML2 4 4 4
Mineral mix BTm 3 3 3
Betaine 0.15 0.15 0.15
KH2PO4 1.15 1.15 1.15
Sodium alginate 5.58 5.58 5.58
Dextrin 9.77 9.77 9.77
aThese were the primary sources of ω3 and ω6 in the diet; other 
ingredients in the diet may contribute to the actual ω3:ω6 ratios. Final 
ratios are based on chemical analysis of each diet as reported in Table 2.
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RNA. Gene expression levels are represented as the fold increase 
among exposure levels and are representative of results from in-
dependent experiments.

Statistics. Data are reported as mean ± SEM. Data were tested 
for homogeneity of variance by Levene test; means for wet and 
dry weights and percentages lipid and adiposity were compared 
by using ANOVA with arc-sine transformation of data where 
appropriate. When significance among responses to dietary 
treatment existed, the Tukey post-hoc test was used to identify 
significant differences between treatments. All statistical analysis 
was conducted by using SPSS version 21 (IBM, Armonk, NY).

Results
Wet weights. Survival exceeded 95% in all 3 dietary treatment 

groups. All diets supported weight gain. Wet weights for female 
fish were 469 ± 73, 392 ± 23, and 330 ± 20 mg for the 1:8, 1:5, and 
1:2 dietary treatments, respectively. All female fish were repro-
ductively mature, as evidenced by the presence of eggs. As total 
dietary ω6 increased, wet weight in female fish increased (P = 
0.07; Figure 1); increases in wet weights of male fish were not 
significant.

Body composition. At 5 mo (the end point of the experiment), 
total body dry weights for female fish were 30% higher in those 
fed the 1:8 diet than the 1:2 diet (121 ± 2.2 mg compared with 85.4 
± 5.7 mg dry weights, respectively). Percentage moisture did not 
differ significantly among female fish representing the different 
dietary treatments. The percentage of total body lipid in fish fed 
the 1:8 diet did not differ from that of fish fed the 1:5 diet (Table 4).  
Adiposity was lowest for those that consumed the 1:8 diet (P = 
0.048, Table 4). Variance in the fat-free mass increased significant-
ly as the proportion of ω6 increased (P < 0.011; Figure 2).

Proinflammatory response. The expression levels of all 3 proin-
flammatory genes varied widely among treatment groups (Figure 3).  
The expression of C-reactive protein was significantly (P < 0.05) 
lower in the 1:8 dietary treatment compared with both the 1:2 
and 1:5 diets. The expression of vitellogenin was significantly 
(P < 0.05) higher in fish fed the 1:2 diet compared with both the 
1:5 and 1:8 diets but did not differ significantly between the 1:5 
and 1:8 diet treatments. The expression of serum amyloid A was 
significantly (P < 0.05) higher for the 1:5 dietary treatment com-
pared with the 1:8 diet treatment, but there was no significant 
differences between the 1:2 diet treatment and the 1:5 or 1:8 diets.

Discussion
Several 18- to 22-carbon PUFA and LC-PUFA of the ω6 and ω3 

families are termed ‘essential fatty acids’ because they cannot 
be synthesized by most animals and must therefore be obtained 
from the diet.6 Dietary requirements for these essential fatty ac-
ids vary across phyla and have been reported for approximately 
30 fish species.17 Fish have a species-dependent requirement for 

Table 2. Total contents (%) of ω3 and ω6 fatty acids in zebrafish diets, ac-
cording to chemical analysis Eurofins Analysis Center, Des Moines, IA.

ω3:ω6 ratio of diet

Fatty acid 1:2 1:5 1:8

C08:0 Octanoic (caprylic) <0.01 <0.01 <0.01
C10:0 Decanoic (capric) <0.01 <0.01 <0.01
C11:0 Undecanoic (hendecanoic) <0.01 <0.01 <0.01
C12:0 Dodecanoic (lauric) 0.03 0.03 0.02
C14:0 Tetradecanoic (myristic) 0.31 0.17 0.10
C14:1 Tetradecenoic (myristoleic) <0.01 <0.01 <0.01
C15:0 Pentadecanoic 0.03 0.02 0.01
C15:1 Pentadecenoic <0.01 <0.01 <0.01
C16:0 Hexadecanoic (palmitic) 1.66 1.56 1.51
C16:1 Hexadecenoic (palmitoleic) 0.39 0.20 0.10
C17:0 Heptadecanoic (margaric) 0.03 0.02 0.01
C17:1 Heptadecenoic (margaroleic) <0.01 <0.01 <0.01
C18:0 Octadecanoic (stearic) 0.34 0.32 0.31
C18:1 Octadecenoic (oleic) 1.91 2.28 2.43
C18:2 Octadecadienoic (linoleic) 3.38 4.43 5.02
C18:3 Octadecatrienoic (linolenic) 0.27 0.26 0.25
C18:4 Octadecatetraenoic 0.12 0.06 0.03
C20:0 Eicosanoic (arachidic) 0.03 0.03 0.03
C20:1 Eicosenoic (gadoleic) 0.16 0.14 0.12
C20:2 Eicosadienoic 0.02 0.01 0.01
C20:3 Eicosatrienoic <0.01 <0.01 <0.01
C20:4 Eicosatetraenoic (arachidonic) 0.10 0.06 0.04
C20:5 Eicosapentaenoic 0.42 0.22 0.11
C21:5 Heneicosapentaenoic 0.02 0.01 <0.01
C22:0 Docosanoic (behenic) 0.03 0.03 0.02
C22:1 Docosenoic (erucic) 0.13 0.12 0.11
C22:2 Docosadienoic <0.01 <0.01 <0.01
C22:3 Docosatrienoic <0.01 <0.01 <0.01
C22:4 Docosatetraenoic <0.01 <0.01 <0.01
C22:5 Docosapentaenoic 0.12 0.06 0.04
C22:6 Docosahexaenoic 0.56 0.32 0.21
C24:0 Tetracosanoic (lignoceric) 0.03 0.04 0.03
C24:1 Tetracosenoic (nervonic) 0.04 0.03 0.03

C18:2 Octadecadienoic ω6 3.34 4.42 4.97

C18:3 Octadecatrienoic ω3 0.26 0.25 0.24

C18:3 Octadecatrienoic ω6 0.02 <0.01 <0.01

C18:4 Octadecatetraenoic ω3 0.10 0.05 0.03

C20:2 Eicosadienoic ω6 0.02 0.01 0.01

C20:3 Eicosatrienoic ω3 0.01 <0.01 <0.01

C20:3 Eicosatrienoic ω6 <0.01 <0.01 <0.01

C20:4 Eicosatetraenoic ω3 0.06 0.03 0.02

C20:4 Eicosatetraenoic ω6 0.04 0.02 0.02

C20:5 Eicosapentaenoic ω3 0.42 0.22 0.11

C21:5 Heneicosapentaenoic ω3 0.02 0.01 <0.01

C22:2 Docosadienoic ω6 <0.01 <0.01 <0.01

C22:3 Docosatrienoic ω3 <0.01 <0.01 <0.01

C22:4 Docosatetraenoic ω6 <0.01 <0.01 <0.01

C22:5 Docosapentaenoic ω3 0.10 0.06 0.04

C22:5 Docosapentaenoic ω6 0.02 <0.01 <0.01

ω3:ω6 ratio of diet

Fatty acid 1:2 1:5 1:8
C22:6 Docosahexaenoic ω3 0.56 0.32 0.21

Total content of ω3 fatty acids 1.54 0.94 0.65

Total content of ω6 fatty acids 3.44 4.47 5.01

Table 2. Continued.
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of dietary ω6 PUFA and LC-PUFA on inflammation are not as 
clear. One study12 suggested that ω6 PUFA increase inflammatory 
signals associated with cardiovascular disease. One potentially 
inflammatory product from the elongation of ω6 linoleic acid is 
arachidonic acid (20:4 ω6), which is a substrate for the production 
of proinflammatory, vasoconstrictive, and proaggregatory prod-
ucts such as prostaglandin E2, thromboxane A2, and leukotriene 
B4.11 Although this pathway has been hypothesized to link high 
dietary levels of ω6 PUFA and LC-PUFA to inflammation, few 
studies have identified a direct connection between dietary ω6 
PUFA and LC-PUFA and inflammation in humans. In contrast, 
studies have shown that arachidonic acid serves as a precursor 
for a group of potent antiinflammatory–antiaggregatory prod-
ucts21 such as prostacyclin, lipoxin A4, and epoxyeicosatrienoic 
acids.11 In human diets in which the dietary fat content does not 
exceed 30% of the consumed energy, ω6 fatty acids may provide 
substantial health benefits.10

An increase in the level of dietary ω6 fatty acids relative to that 
of ω3 fatty acids has been identified as a possible factor contrib-
uting to the increase in obesity and the inflammatory diseases 
associated with metabolic syndrome among people in industrial-
ized countries.22 However, in human diets, the effects of chang-
ing ratios of ω3:ω6 PUFA and LC-PUFA are often confounded 
by changing levels of total dietary lipid, which may sometimes 
mask the effects of ω3:ω6 ratios from PUFA and LC-PUFA.7 In the 
current study, we maintained total dietary lipid at approximately 
12% as we varied the ω3:ω6 PUFA ratios. This level of fat has been 
shown to promote growth and survival in zebrafish.23 The Ameri-
can Heart Association currently recommends that no more than 
30% of the total daily energy should be consumed as lipid10,11. 
Given the current results from zebrafish, the qualitative composi-
tion of the lipid contributing to that 30% level may play a critical 
role in influencing overall health, including terminal weight gain, 
fat content (obesity), and inflammation.

The specific ratio of ω3 and ω6 PUFA and LC-PUFA required 
in human and most animal diets continues to be debated. The 
mounting data suggest that the relationship between inflamma-
tion and dietary ratios of ω3:ω6 from PUFA and LC-PUFA is more 
complex than simply the ratios themselves. Because relatively 
small amounts of these dietary fatty acids are required, the to-
tal amount of dietary fatty acids consumed, possibly influenced 
by the ratio of ω3:ω6 consumed or the proportional contribution 
from PUFA and LC-PUFA sources, may be more important to 
cardiovascular health than is the ratio of ω3:ω6 from PUFA and 
LC-PUFA.26 One study18 found that in humans, dietary ω6 fatty 
acids do not inhibit the antiinflammatory effects of dietary ω3 
fatty acids and that the lowest levels of inflammation occurred 
when ω6 and ω3 fatty acids both were included in the diet. This 
observation is supported by the data we collected in the current 
zebrafish experiment, which shows that changes in combined 
PUFA and LC-PUFA ratios alone are sufficient to cause significant 

fatty acids that is influenced by environmental factors such as 
temperature: coldwater species have a higher requirement for 
ω3 family of PUFA and LC-PUFA, whereas warmwater species, 
such as zebrafish, require both ω3 and ω6 fatty acids.14,15 However, 
including ω3 LC-PUFA in the diet of warmwater species such 
as hybrid tilapia and channel catfish can significantly improve 
growth.5 Essential fatty acids are also important in reproduction; 
for example, the essential fatty acid content of broodstock diets 
has been shown to affect the fatty acid composition of eggs in 
Eurasian perch1 and Nile tilapia.20 In addition, insufficient dietary 
ω6 (PUFA and LC-PUFA) for zebrafish leads to decreased growth 
and quality of eggs.13 The complex chemical nature and multiple 
functional roles of lipids make it difficult to define specific dietary 
lipid requirements for many fish species.

In the current study, gene expression levels for the proinflam-
matory response proteins (C-reactive protein, serum amyloid 
A, and vitellogenin) decreased when combined PUFA and LC-
PUFA dietary ω6 fatty acids were proportionally higher relative 
to combined PUFA and LC-PUFA ω3 fatty acids at the evaluated 
levels of total lipid. In female fish, this relative increase in dietary 
ω6 fatty acids resulted in larger, leaner zebrafish with reduced 
adiposity. However, fat-free mass was highly variable, suggesting 
significant individual variation in the response to the proportion-
ally higher level of ω6 fatty acids.

In fish and humans, ω3 and ω6 fatty acids compete for many 
of the same elongation enzymes that form both antiinflamma-
tory and proinflammatory products. The antiinflammatory ef-
fects of ω3 fatty acids have been well documented in humans.2 
Men and women who consume comparatively high levels of 
ω3 PUFA have lower cardiovascular morbidity and mortality.8 
Dietary supplementation with ω3 decreases insulin resistance, 
triglyceride levels, heart rate, and blood pressure.3 The effects 

Table 3. Primers for real-time PCR analysis of zebrafish inflammatory genes

Gene Forward primer (3’’to 5′) Reverse primer (3’ to 5’)
Amplicon 
size (bp)

Reference 
(PMID)

C-reactive protein GGG TGG ACG GTC AAC GCA GT ACG GTG CCG CCA GGA CGA AT 70 16630661
Vitellogenin 1 CTT CTG GAT GCT CTT CCT GCT GT TCT GAA TGA ACT CGG GAG TGG TA 100 20006406
Serum amyloid A CGG GGT CCT GGG GGC TAT TG GTT GGG GTC TCC GCC GTT TC 141 16630661

β-actin CGA GCA GGA GAT GGG AAC C CAA CGG AAA CGC TCA TTG C 102 20006406

Figure 1. Wet weights for male (n = 10 per treatment) and female (n = 
10 per treatment) zebrafish fed diets varying in the ratio of ω3:ω6 fatty 
acids. Different letters indicate significant (P < 0.05) differences within 
sex. Male wet weights increased nominally (P = 0.07) with increasing 
ω6 fatty acids.
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tent, predominantly containing either saturated or unsaturated 
fats, determine physiologic outcomes.
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