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The aim of this study was determine the effect of different dietary supplements (algae, sunflower oil, 
or soybean oil) and age (12 and 18 weeks) on the fat content, fatty acid (FA) profile, and expression 
of the fat mass and obesity associated (FTO) and fatty acid binding protein 4 (FABP4) genes in 
rabbit muscle. Rabbits (n = 160) were randomly divided into four groups. The control group (C) 
received non-supplemented pellets, while in the other groups the pellet contained 1% algae (A), 3% 
sunflower oil (OS), or 3% soybean (SO) oil. Soybean and sunflower oil (3%) in the diet increased the 
linoleic acid (LA) content in meat of 12-week-old rabbits. The use of algae (1%) in the diet increased 
the n-3 PUFAs eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) compared with the 
vegetable oil and control groups, and decreased the n-6/n-3 ratio. The effect of the diet on FTO and 
FABP4 gene expression depended on the age of the rabbits. In older animals (18 weeks of age) the 
expression of these genes was highest in the group with 1% algae. Furthermore, the FA profile and 
FTO and FABP4 gene expression were affected by the age of rabbits, but not by sex. The results 
showed that diet is an important tool to modulate the FA profile in rabbit meat by changing the 
expression of fat metabolism–related genes.
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The rise in chronic diseases associated with food and lifestyle such as diabetes, 
cancer, or cardiovascular disease affects both developed and developing countries. 
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Due to the close relationship between food and health, consumers increasingly choose 
products that meet their nutritional preferences [Petrescu et al. 2020]. In recent 
years, consumers’ interest in functional food has grown. Nutritional factors have a 
powerful influence on the chemical composition of meat, and in particular on its lipid 
composition [Pereira and Vicente 2013]. In the prevention of lifestyle diseases, n-3 
and n-6 unsaturated fatty acids (FAs) are particularly desirable. Increasing the content 
of n-3 and n-6 FAs in animal feed can improve the nutritional value of meat [Costa 
et al. 2020] without forcing consumers to change their eating habits. This approach 
aims to produce high-quality products with a FA profile that will meet nutritionist 
recommendations [Teixeira and Rodrigues 2021]. With regard to nutrition and human 
health, rabbit meat fits in well with the current consumer preferences, being lean meat 
low in fat and cholesterol, rich in protein, and with high biological value [Petrescu 
and Petrescu-Mag 2018]. However, the n-6/n-3 ratio of rabbit meat is >4 [Perna et 
al. 2019] and this meat contains only small amounts of eicosapentaenoic acid (EPA) 
and docosahexaenoic acid (DHA) [Ramírez et al. 2005]. Therefore, to improve the 
nutritional value of rabbit meat the content of n-3 FAs needs to be increased.

In the nutrition of rabbits various raw materials (linseed oil, fish oil, white lupine 
seeds, and silkworm pupae) have been used to increase the level of unsaturated fatty 
acids (UFAs) and to decrease the n-6/n-3 ratio [Dal Bosco et al. 2018, Volek et al. 
2018, Rodríguez et al. 2019, Mattioli et al. 2020, Jaworska et al. 2020, Kowalska et 
al. 2020, Czauderna et al. 2021]. Unfortunately, there is a hazard of polyunsaturated 
fatty acid (PUFA) accumulation in animal tissues. They stimulate oxidative stress, 
producing a rancid odor and taste, both of which decrease consumer acceptance. 
Moreover, high levels of PUFAs have toxic effects on rumen microorganisms and 
inhibit their activity [Mattioli et al. 2020]. 

Vegetable oils, such as sunflower and soybean oils, are good sources of omega-6 
FA, mainly linoleic acid (LA), which is a precursor of vaccenic acid, the substrate 
for conjugated linoleic acid (CLA) synthesis [González et al. 2014]. The use of 
sunflower oil in diets is economically important in many countries. The high levels 
of naturally occurring antioxidants (tocopherols) and phytosterols in conventional 
sunflower oil [Sanchez et al. 2000] could maintain a better protective effect than 
other monounsaturated oils. Soybean oil is one of the most commonly used energy 
source ingredient in diets thanks to its high metabolizable energy content, as well 
as digestibility [Kierończyk et al. 2022]. Another rich source of FA is marine algae, 
characterized by a high content of long-chain n-3 PUFAs, mainly DHA and EPA 
[Mordenti et al. 2010]. Macro- and micronutrients as well as antioxidants present in 
algae could provide opportunities to save on other feed ingredients [Bature et al. 2022]. 
Adding algae to the diet is economical, as studies have shown that even exceptionally 
low levels of algal supplementation produce positive results [Kotrbáček et al. 2015].

Many studies have demonstrated that the fat content and FA levels are influenced 
by animal age [Bednárová et al., 2012] and the fat content increases with age [Polak 
et al. 2006]. 

D. Maj et al.
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Among the factors affecting body weight and fat tissue distribution, many genes 
play an important role, including the fat mass and obesity associated (FTO) gene 
responsible for obesity and its metabolic consequences [da Fonseca et al. 2019]. In rats 
a diet high in fat significantly increases FTO expression in the hypothalamus [Tung 
et al. 2010]. However, the mechanism, by which the FTO gene influences obesity 
development is still unexplained. Little is known about the FTO gene function in 
rabbits. Zhang et al. [2013] researched the relationship between the FTO gene and the 
growth and meat quality in rabbits. The authors found a relationship between the FTO 
gene and rabbit body weight. The intramuscular fat content in meat also depends on 
genes that encode proteins involved in the transport and metabolism of FAs in the cells. 
FA transport occurs via fatty acid-binding protein 4 (FABP4), among other proteins 
[Hong et al. 2015]. In addition, FABP4 messenger RNA (mRNA) and protein levels 
may be important metabolic indicators of an animal’s ability to deposit intramuscular 
fat, depending on the muscle type and breed [Albrecht et al. 2011]. However, little is 
known about dietary influence on the expression of lipid metabolism–related genes 
in rabbits. There have been several studies on the relationship between diet and FABP 
expression, but they are limited to sheep [Dervishi et al. 2011, Fan et al. 2019] and 
cattle [da Costa et al. 2013, Oliveira et al. 2014]. 

We hypothesized that dietary supplementation with algae, soybean oil, or 
sunflower oil positively affects rabbit meat by improving its FA profile. We also 
hypothesized that these ingredients in diets alter FTO and FABP4 gene expression 
in rabbit muscle and these changes depend on the rabbit’s age. Thus, we aimed to 
determine the effect of the inclusion of different ingredients in diets (algae, soybean 
oil, and sunflower oil) and rabbit age (12 and 18 weeks) on the fat content, FA profile 
(especially the n-6/n-3 ratio), and FTO and FABP4 gene expression in rabbit muscle 
(M. longissimus lumborum). 

Material and methods

Animals and diets

We used Blanc de Termonde rabbits (n = 160, 80 females and 80 males). Rabbits 
were weaned on day 35 of life and randomly sorted into four groups balanced for 
sex (40 rabbits/group, 2 rabbits/cage, 20 cages/group) according to diet. Animals 
were housed in the same environmental conditions (temperature 15-20°C, humidity 
65%-70%, lighting 14L:10D) in a closed rabbitry, in wire net cages (0.45 × 0.80 × 
0.55 m) arranged in batteries. From weaning to 12 or 18 weeks of age, the rabbits 
were fed pellets ad libitum and fresh water was available at all times from automatic 
nipple drinkers. Animals in the control group (C) received non-supplemented pellets 
throughout the experiment. In the other three groups, the pellets contained 1% 
marine algae (A) (DHA Gold®) - Schizochytrium sp., 3% sunflower oil (OS), or 3% 
soybean oil (SO). Marine algae (DHA Gold®) used as an additive contained 42.3% 
DHA, 17.7% docosapentaenoic acid (DPA),and 1.9% EPA of total FA (according to 
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 Table 1. Ingredients of the experimental diets (%) 
 

Component  Diet 
 C A OS SO 

Oat  25.00 24.10  23.09 23.09 
Alfalfa  22.00 22.00 22.00 22.00 
Wheat bran  19.88 19.00 19.00 19.00 
Sunflower meal  19.22 19.00 19.00 19.00 
Barley   5.00 10.00 5.00 5.00 
Beet pulp  4.07 - 5.00 5.00 
Rapeseed oil  1.28 1.28 - - 
Algae (DHA-Gold®)  - 1.00 - - 
Sunflower oil  - - 3.00 - 
Soybean oil  - - - 3.00 
Beet molasses  1.00 1.00 1.00 1.00 
Chalk fodder  0.9 0.9 0.9 0.9 
Min.-vit. premix, Rovimix 0.5%  0.50 0.50 0.50 0.50 
Binder   0.50 0.50 0.50 0.50 
Sodium chloride  0.39 0.39 0.39 0.39 
Lysine  - 0.07 0.36 0.36 
Dicalcium phosphate   0.14 0.14 0.14 0.14 
Herbal mixture -Bell Gold  0.05 0.05 0.05 0.05 
Sodium butyrate encapsulated   0.03 0.03 0.03 0.03 
Herbal mixture - Bell Premium  0.03 0.03 0.03 0.03 
Vitamin E 50%  0.01 0.01 0.01 0.01 

 
Diet –  control (C), algae (A), sunflower oil (OS), soybean oil (SO). 
 

 Table 2. Chemical composition and fatty acid profile of the experimental diets 
 

Component  Diet 
 C A OS SO 

Chemical composition (g/kg DM)  882 882 885 885 
Dry matter (g/kg)  75.22 72.71 74.71 74.71 
Crude ash   170 170 170 170 
Total  protein  33.37 42.28 49.61 49.61 
Crude fat  158 158 156 156 
Crude fibre   7.01 7.42 8.85  8.85 
Lysine   3.45 3.42 3.38 3.38 
Methionine   3.27 3.27 3.18 3.18 
Cysteine   6.50 6.39 6.39 6.39 
Threonine  2.36 2.34 2.31 2.31 
Tryptophan   9.42 9.71 9.91 9.91 
Metabolizable energy1 (MJ/kg DM)  0.12 0.45 0.11 0.43 
Fatty acid (% of total FA)      
  Myristic     C14:0      0.12 0.45 0.11 0.43 
  Palmitic     C16:0     4.55 12.5 6.40 11.00 
  Stearic       C18:0     3.14 4.32   4.10 4.20 
  Oleic          C18:1 c9       59.60 54.75   22.60 24.70 
  Linoleic     C18:2 n-6    23.84 24.83   65.40 53.60 
  Linolenic   C18:3 n-3    8.55 2.82 0.78 5.70 

 
Diet –  control (C), algae (A), sunflower oil (OS), soybean oil (SO); DM – dry matter. 
1Metabolizable energy of the diets was calculated according to NRC [1977]. 
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the producer: Novus Company, Poland). The diets were balanced by lowering the 
proportion of other feed components. All diets were isoprotein, but differed in their 
crude fat content. Pellets were prepared and supplied by the feed company Farmer 
Sp. z o.o. (Biskupice Ołoboczne, Poland). The metabolizable energy of the diets was 
calculated according to NRC [1977]. The ingredients and chemical composition of 
experimental diets are presented in Tables 1 and 2. The experiment consisted of two 
stages: stage I, slaughter of rabbits at 12 weeks of age, n = 80 (40 males and 40 females) 
with an average body weight of 2.5 kg; and stage II, slaughter of rabbits at 18 weeks of 
age, n = 80 (40 males and 40 females) with an average body weight of 3.4 kg.

Slaughter procedures 

Rabbits were handled following the guidelines for animal experiments, indicated 
in the EU Directive 2010/63/EU regarding the protection of animals used for 
experiments and Council Regulation (EC) no. 1099/2009 on the protection of animals 
at the time of killing. The animals were slaughtered under permission from the Local 
Ethics Committee (No. 2/2018). The animals were slaughtered after fasting for 24 h. 
The rabbits were stunned (using a captive bolt pistol for stunning), slaughtered by 
cutting the carotid artery and jugular vein, immediately bled, pelted, and eviscerated. 
After slaughter, samples (5g) for RNA analysis from the right loin (M. longissimus 
lumborum) were collected rapidly, immediately snap-frozen using liquid nitrogen, and 
stored at -80°C. Hot carcasses were suspended in a ventilated area for 45 min and then 
were chilled at 4°C until 24 h post mortem. The right loin (M. longissimus lumborum) 
was dissected and trimmed of allexternal fat and epimysial connective tissue. All the 
muscle samples (about 50 g) were vacuum-packed and transported on ice in thermal 
boxes to the laboratory and immediately frozen at -20°C until analysis (n = 20 in each 
group for fat content and n = 8 in each group for fatty acids and gene expression).

Chemical analyses

The chemical composition of the experimental diets and the intramuscular fat 
content (M. longissimus lumborum) were analyzed according to the procedures of the 
Association of Official Analytical Chemists [AOAC 2012]. Dry matter (procedure 
934.01), crude protein (procedure 2001.11), crude fiber (procedure 978.10), and ash 
(procedure 967.05) were determined. Lipids of diets and muscle were extracted using 
a mixture of chloroform and methanol (2/1,v/v) [Folch et al. 1957]. Fatty acid methyl 
esters (FAME) were prepared and analyzed using the same procedure described below 
for rabbit meat samples. Amino acids in the diets were determined on an automatic 
Amino Acid Analyzer, Model No. L8800 (Hitachi High Technologies America, Inc., 
Pleasanton, CA, USA).

Fatty acid composition 

The FA composition of muscle lipids (M. longissimus lumborum) was determined 
according to Folch et al. [1957], following extraction with a mixture of chloroform 
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and methanol (2/1, v/v). Aliquots of muscle lipids (10 mg) were methylated (0.5 N 
NaOH in methanol) and esterified (12% BF3 in methanol). The FAMEs produced were 
determined in hexane extracts using a gas chromatograph (TRACE GC Ultra, Thermo 
Scientific, Italy) with a flame ionization detector (FID) and a SUPELCOWA column 
(30 m × 0.25 mm × 0.25 m) by injecting 1 μL of the esterified extract. The injector 
temperature was 220°C and the detector temperature was 250°C. The carrier gas 
was helium (1 mL min-1). Individual FAMEs were identified by comparison with the 
standard mixture (Supelco 37 component FAME Mix, Sigma-Aldrich Co., Germany). 
Each sample was analyzed in two replicates. The FA content results are presented as 
the percentage of total FA detected; they were calculated with the ChromQuest 4.1 
software (Thermo Electron, Milan, Italy).

Total RNA extraction and reverse transcription

Total RNA from muscle samples (100 mg) was extracted using the TriPure 
Isolation Reagent (RocheDiagnostics GmbH, Germany) according to the 
manufacturer’s protocol. The RNA concentration was determined at 260 nm using a 
spectrophotometer (BioPhotometer, Eppendorf, Germany). The 260nm/280 nm ratio 
of all preparations was between 1.6 and 1.9. To determine the degree of degradation 
of the isolated RNA, electrophoretic separation was performed in a 1% agarose gel 
with the addition of ethidium bromide in 0.5 Tris-Borate-EDTA (TBE) buffer. Reverse 
transcription reactions were performed using the Transcriptor First Strand cDNA 
Synthesis Kit (Roche Diagnostics GmbH) according to the manufacturer’s protocol. 
A detailed description of the concentrations of the components in the complementary 
DNA (cDNA) synthesis mixture, which total volume was 20 μL, is given in Table 3. 
Then samples were stored at -20°C.

D. Maj et al. 

 Table 3. Composition of the reaction mixture (Roche Diagnostics GmbH, Germany) for the 
synthesis of complementary DNA (cDNA) 

 
Component  Volume  Final concentration 

Total RNA  1 µg/10 µl H20   
Random Hexamer Primer 600 pmol/ µl  2 µl  60 µM 
Mixture dNTP, 10mM each  2 µl  1 mM  
RNase Inhibitor, 40 U/ µl  0.5 µl  20 U 
Reverse transcription buffer 5x (8mM MgCl2 )  4 µl  1x 
Reverse Transcriptase 20U/ µl  0,5 µl  10 U 
RNase free water  1 µl   
Total volume  20 µl   

 
 
Real-time polymerase chain reaction 

The real-time polymerase chain reaction (PCR) was performed in a thermal cycler 
(LightCycler® 96, Roche Diagnostics GmbH) on 96-well plates using the FastStart 
Essential DNA Probes Master and Universal Probe Library (FAM) fluorescent probes 
(Roche Diagnostics GmbH) and primers for the FTO gene with the reference gene 
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glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) and the FABP4 gene with the 
reference geneβ-actin (ACTB). As there is 
very little information concerning reference 
genes for expression in rabbit muscles, we 
examined the expression of the five most 
common candidate housekeeping genes 
in the analyzed muscle. We performed the 
analysis with the most stable genes, namely 
GAPDH and ACTB. We designed primers to 
span exon-exon junctionsusing Primer3 Input 
(version 0.4.0) software (http://bioinfo.ut.ee/
primer3-0.4.0). The real-time PCR reaction 
was performed according to the manufacturer’s 
protocol (Roche Diagnostics GmbH). The 
reaction mixture contained 10 μL of FastStart 
DNA Master Mix, 2 μL of probe mix and 
primers specific for the tested genes (primer-
probe mix), 3 μL of water for PCR, and 5 μL of 
cDNA. The characteristics of the primers and 
probes used for the qPCR reaction are shown 
in Table 4. The reactions were carried out 
under the following conditions: preincubation 
at 95°C for 10 min, followed by two-step 
amplification at 95°C for 15 s and 60°C for 45 
s with total 55 cycles. The data were collected 
and analyzed using the LightCycler Software 
4.05 program. Expression of the examined 
genes was normalized to the reference index 
obtained by calculating the arithmetic mean of 
the expression of the reference genes: GAPDH 
for FTO and ACTB for FABP4. The relative 
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expression levels were calculated according to the method described by Pfaffl [2001], 
which is based on Ct values that are corrected for the amplification efficiency for each 
primer pair.

Statistical analyses 

We analyzed the results using the least squares method using the general linear 
model (GLM) procedure. We used the following linear model:

             yijkl = μ + Di + Sj + Ak + (DS)ij + (DA)ik + (SA)jk + (DSA)ijk + eijkl
 where:
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yijkl – the value of the trait; μ is the overall mean; 

Di – the effect of the i-th diet (i = 1,…, 4); 

Sj – the effect of the j-th sex (j = 1, 2); 

Ak – the effect of the k-th age (k = 1, 2); 

(DS)ij – the effect of the interaction between diet and sex; 

(DA)ik – the effect of the interaction between diet and age; 

(SA)jk – the effect of the interaction between sex and age; 

(DSA)ijk – the effect of the interaction between diet, sex and age;

eijkl – random error. 
Interactions between fixed effects were removed from the model if they were not 

significant.
We compared the least squares means for the studied groups using the Tukey-

Kramer multiple comparisons post hoc test. We considered p<0.05 to indicate 
significant differences. These statistical analyses were carried out in the SAS package 
[SAS 2014].

Because the analysis of variance and statistical tests showed no significant 
differences between male and female rabbits in the examined traits; therefore, the 
results summarized in Tables 5-8 and in Figure 1 are the averages for the examined 
rabbits of both sexes. 

Results and discussion

Fat content and fatty acid profile

Fat content and the FA profile in rabbit tissues depend on breed, age, sex, type 
of tissue, and diet. The FA profile determines the meat quality parameters, such as 
softness, hardness, oxidative stability, color and taste, affecting the overall acceptance 
of meat by consumers [Wood et al. 2008]. 

In this study the algae, soybean oil or sunflower oil used in the diet did not affect 
the intramuscular fat (IMF) percentage (Tab. 5). The average fat content was 2.4%, 
indicating a low fat percentage in rabbit meat. This intramuscular fat percentage is 
similar to that found by Costa et al. [2020] after inclusion of soybean and sunflower 
oils in the diet. We observed that the fat percentage decreased with age. Metzger et 
al. [2011] also found that the fat content in meat decreased in older rabbits and it 
increased in rabbits of higher body weight. 

Saturated (SFA), monounsaturated (MUFA) and polyunsaturated (PUFA) fatty 
acids, along with fatty acid types and ratios are shown in Tables 5-8. In the present 
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study among the FAs the percentages of palmitic acid (C16:0), oleic acid (C18:1 n-9), 
and linoleic acid (C18:2 n-6) were highest. The use of 3% vegetable oil (sunflower or 
soy) in the feed increased the PUFA content, including linoleic acid and the n-6/n-3 
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ratio. Costa et al. [2020] similarly showed that sunflower and soy oil treatments 
resulted in a higher n-6/n-3 ratio. The n-6/n-3 ratio is very important for human health; 
it should be < 4 [Perna et al. 2019]. Higher ratios can be due to the large amounts of 
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linoleic acid (18:2 n-6) in these oils. In contrast to our results, a significant reduction 
in the n-6/n-3 ratio has also been reported in the meat of rabbits supplemented with 
linseed oil [Mattioli et al. 2020], fish oil [Rodríguez et al. 2019], and lupine seed oil 
[Volek et al. 2018]. 

The n-6/n-3 and PUFA/SFA ratios are health indicators of FAs in foods. In this 
study the PUFA/SFA ratio was between 1.08 and 1.36, which is much higher than 
the recommended minimum of 0.40 [WHO 2008]. By increasing the proportion of 
PUFAs relative to SFAs, high dietary linoleic acid intake may improve the plasma 
lipid profile, glycemic control, and insulin resistance [Marangoni et al. 2020]. In the 
present study supplementation with algae (1%) led to an increase in the n-3 FAs (EPA 
and DHA) and a decrease in the n-6/n-3 ratio (about 2.5). Lowering the n-6/n-3 ratio 
can have beneficial health implications. Similarly to our results, Fan et al. [2019] 
observed in sheep that a diet with algae significantly increased EPA and DHA in meat 
and decreased the n-6/n-3 ratio. In contrast to our results, Peiretti and Meineri [2011] 
found an increase in n-6 FAs in the meat of rabbits fed with feed with the addition of 
algae (0%, 5%, 10%, or 15%). According to these authors, the n-6/n-3 ratio ranged 
from 9.4 and 21.4 in meat from the control group and the group fed with algae (150 g/
kg). The increase in n-6 PUFAs in the meat of rabbits fed with fodder with the addition 
of algae was also confirmed by Dal Bosco et al. [2014]. These authors reported a 
higher n-6/n-3 ratio compared with our results.

The FA composition of a tissue is determined by dietary lipid composition, de 
novo lipogenesis, desaturation, and the difference in the utilization of various FAs by 
the animal’s body [Fan et al. 2019].  FA in tissues may also originate from de novo 
synthesis or bioconversion of C18:3 n-3 and C18:2 n-6 into appropriate long-chain 
PUFAs [Masek et al. 2014]. Parveen et al. [2016] found that the levels of PUFAs in 
tissues can be influenced by their dietary concentration. In our study the reduction 
in the n-6/n-3 ratio and the increase in the n-3 FA (EPA and DHA) by algae (1%) 
supplementation implied an improvement in the nutritional quality of rabbit meat. A 
balanced n-6/n-3 ratio is important for health, as well as prevention and management 
of obesity [Simopoulos 2016]. 

We observed that the FA profile was affected by the age, but not the sex (data not 
shown) of the rabbits. According to Gašperlin et al. [2006], the FA composition varied 
slightly with slaughter age, whereas the n-6/n-3 ratio decreased as age increased. 
Trocino et al. [2018] found that SFAs and MUFAs increased and PUFAs decreased 
with age of farmed brown hares; similarly to our study, sex did not affect the FA 
content. Also Jaworska et. al. [2020] showed that the sex of rabbits did not have 
a statistically significant effect on the concentrations of SFA, MUFA and PUFA in 
muscle. Our results could be considered in the production of better-quality rabbit meat.

FTO and FABP4 gene expression

Animal feeding is an important tool to modify the FA profile in meat by changing 
the expression of genes related to fat metabolism [Dervishi et al. 2011]. Little 

Effects of diet and age on fatty acid profile and gene expression
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information is available in literature about gene expression levels in rabbit muscle 
and its regulation by dietary factors. Our study is the first to demonstrate that diet 
modulates the expression of the FTO gene in rabbit muscle. We found that in older 
rabbits (at 18 weeks) supplementation with algae and sunflower or soybean oil 
increased the FTO mRNA level compared with the control diet (Fig. 1). The study 
by Zhang et al. [2013] is the only other one that examined the FTO gene in rabbits, 

D. Maj et al. 

Fig. 1. Relative expression levels of FTO and FABP4 genes in the muscle (M. longissimus lumborum) 
of rabbits depending on diet and age. Diet – control (C), algae (A), sunflower oil (OS), soybean oil (SO); 
FTO – Fat mass and obesity associated; FABP4 – Fatty acid binding protein 4; bars present least square 
means (LSM) ± standard error of mean (SEM), for 8 rabbits per group; a, b, c, d – bars with different letters 
differ significantly (P<0.05). P-value: FTO – Diet <0.001, Age <0.001, Diet x Age <0.001; FABP4 – Diet 
0.612, Age 0.001, Diet x Age <0.001.
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but those authors analyzed polymorphisms of this gene. In rats restrictive feeding 
reduced the FTO mRNA level in the arcuate nucleus of the hypothalamus, in which 
gene expression is particularly high, suggesting that FTO is involved in the regulation 
of food intake [Tung et al. 2010]. Similarly to our results, another study showed that a 
high-fat diet increases FTO mRNA in white adipose cells in rats [Nowacka-Woszuk et 
al. 2017]. In sheep FTO mRNA was detected in the hypothalamus, pancreas, kidneys, 
heart, adipose tissue, liver, and skeletal muscle. These studies showed that in obese 
sheep there was a significant increase in FTO mRNA [Sebert et al. 2010]. FTO mRNA 
and protein expression in Suzhong pig tissues with a high fat content was significantly 
higher than in tissues with a low fat content. Based on the results obtained so far we 
suggest that the FTO gene may be involved in fat storage mechanisms and it is one of 
the major genes affecting meat quality traits. 

Research suggests that the FTO gene plays a role in white adipose tissue, 
modifying its response to a high-fat diet. In one study researchers fed wild-type and 
FTO-deficient mice for 16 weeks with a standard or high-fat diet. In FTO-deficient 
mice a greater expression of adipogenesis-related genes was observed, preventing the 
proliferation of adipocytes in mice fed a high-fat diet [Ronkainen et al. 2015]. Zhong 
et al. [2017] demonstrated that a high-fat diet did not affect FTO expression in mouse 
fat tissue. Madsen et al. [2010] showed that FTO expression in the cortex and in the 
cerebellum of Gottingen minipigs varied depending on the stage of brain development 
and diet (high cholesterol and normal mix). Yuzbashian et al. [2021] found a significant 
positive association between MUFA and PUFA intake and FTO gene expression in 
subcutaneous and visceral adipose tissues in humans. Our results also showed that 
FTO mRNA expression was affected by age and increased with rabbit age (Fig. 1). 
Similarly, Tao et al. [2013] demonstrated that FTO mRNA increased with the age of 
the pigs and with increasing body weight. There was also a significant interaction 
between the diet and rabbit age. The FTO mRNA expression was not affected by sex 
(data not show). Wang et al. [2018] showed in humans that the FTO protein level was 
not correlated with age or sex.

In our study FABP4 expression was not affected by diet, whereas we observed 
an interaction between the diet and age (Fig. 1); this finding suggests that the diet 
effect might be modified by rabbit age. In older rabbits (at 18 weeks) the use of algae 
or vegetable oils (sunflower or soy) in the feed increased FABP4 gene expression in 
muscle. The opposite occurred in younger rabbits (at 12 weeks). To our knowledge, there 
are no available data on the effect of diet on FABP4 gene expression in rabbits. In our 
previous study [Migdał et al. 2018] we showed that single nucleotide polymorphisms 
within the rabbit FABP4 gene were associated with fatness traits. Fan et al. [2019] 
found that dietary treatment (algae) had no significant effect on the expression 
of FABP genes in sheep muscle. On the other hand, FABP4 expressionin muscle of 
cattle fed with fodder with the addition of soy oil as a source of lipids was significantly 
higher than in the control group [Oliveira et al. 2014]. Higher FABP4 expression (3.83 
times) was found in the muscle of Barrosa cattle fed high-fat silage and low-fiber 

Effects of diet and age on fatty acid profile and gene expression
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content compared with low-fat silage and high-fiber silage [da Costa et al. 2013]. 
Teixeira et al. [2017] reported that Nellore bulls fed ground corn had greater FABP4 
expression. Our results also indicated that FABP4 gene expression depended on the 
age of the rabbits and increased with rabbit age (Fig. 1). Similarly, Li et al. [2018] 
observed that FABP4 gene expression increased with cattle age. Expression of this 
gene was also significantly higher in sheep at 160 and 200 days of age than at 90 days 
of age [Xu et al. 2011]. Albrecht et al. [2011] found a significant age influence on 
FABP4 expression in muscle of cattle at 10, 14, 18, 22 and 26 months of age: FABP4 
gene expression was highest at 22 months of age. Furthermore, we observed that the 
FABP4 mRNA expression was unaffected by sex (data not shown). To our knowledge, 
no study has examined the effects of sex on FABP4 expression. Our results provide 
new data to better understand the mechanisms underlying FA regulation in rabbit 
meat and will help nutritionists to use feed additives to modulate the expression of 
genes and increase meat quality, which could be valuable in human nutrition. 

Conclusion

Sunflower or soybean oil (3%) inclusion in the diet resulted in a higher linoleic 
acid content in meat of 12-week-old rabbits. The use of 1% algae in the diet increased 
n-3 FAs (EPA and DHA) and provided meat with health-promoting properties with a 
low n-6/n-3 acid ratio (2.5). FTO and FABP4 gene expression in rabbit muscle was 
regulated by dietary factors. The expression of these genes increased with age and 
was highest in the rabbits fed with 1% algae supplementation in the diet. The FA 
profile and FTO and FABP4 gene expression were affected by the age of rabbits, 
but not by sex. Our results indicate that dietary supplementation modifies FTO and 
FABP4 expression in muscle and changes the FA profile in rabbits. Further studies are 
required to better understand nutrigenomic regulation of lipid metabolism in rabbits.
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