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Abstract
Background

Pork is of great importance in world trade and represents the largest source of fatty acids in the human
diet. Lipid sources such as soybean oil (SOY), canola (CO), and �sh oil (FO) are used in pig diets and
in�uence blood parameters and the ratio of deposited fatty acids. Scienti�c studies that improve our
nutrigenomic knowledge about pig and human health through the consumption of pork are of great
importance. In this study, the main objective was to evaluate changes in gene expression in porcine
skeletal muscle tissue resulting from the dietary oil sources and to identify metabolic pathways and
biological process networks through RNA-Seq.

Results

The addition of FO in the diet of pigs led to intramuscular lipid with a higher FA pro�le composition of
C20:5 n-3, C22:6 n-3, and SFA (C16:0 and C18:0). Blood parameters for the FO group showed lower
cholesterol and HDL content compared with CO and SOY groups. Skeletal muscle transcriptome analyses
revealed 65 differentially expressed genes (DEG, FDR 10%) between CO vs SOY, and 531 DEG for SOY vs
FO comparison, and 32 DEG for CO vs FO. The enrichment analysis of the DEG lists revealed lipid
metabolism, metabolic diseases, and in�ammation processes networks, such as "regulation of lipid
metabolism: RXR-dependent regulation of lipid metabolism via PPAR, RAR and VDR", “transport HDL-
mediated reverse cholesterol transport”, and "TNF- α , IL-1  β induce dyslipidemia and in�ammation in
obesity and type 2 diabetes in adipocytes".

Conclusion

The genes identi�ed in this study provided relevant information on biological processes and lipid
metabolism pathways. The enrichment of the basal diet with oil containing different FA pro�les
in�uenced fatty acid composition of intramuscular fat, blood parameters, and the gene differential
expression in metabolic pathways and processes network in skeletal muscle of pigs. The results provide
mechanisms to help us understand the behavior of genes according to fatty acids.

1. Background
Pigs (Sus scrofa) are monogastric animals, a widely used as scienti�c animal model, and one of the most
globally important species in meat production [1]. Pigs produce the most consumed meat in the world [2].
Dietary lipids in�uence the quantity and quality of fatty acids (FA) present in pork products [3]. Soybean
oil (SOY) is a primary source of lipids in pig diets and contains unsaturated fatty acids (UFA) ( [4, 5].
However, other lipid sources such as canola (CO) and �sh oil (FO) are also used in pig diets. Consumption
of SOY compared to CO leads to signi�cant differences between FA pro�les, mainly for linoleic acid (AL),
alpha-linolenic acid (ALA), and oleic acid (OA). Canola oil has approximately 7% of saturated fat (SFA)
content and a high ALA content (11%), which is re�ected in the ratio of UFA and SFA in pork carcass fat
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[6, 7]. Fish oils contain a bene�cial ratio of omega 3 (n-3) polyunsaturated fatty acids (PUFA) providing
bene�ts in reduced in�ammation, lipid metabolism, and reduced oxidative stress processes [8]. Feeding
pigs different mixed lipid sources, such as SOY, FO or CO, results in changes in lipid pro�les that can lead
to high levels of UFA [9–11]. Although the use of different dietary lipid sources has been well known to
result in changes in pig carcasses, the optimal lipid sources for pig growth and for support of human
health is unclear.

The FA composition of foods affects human nutrition by altering risks for obesity, high plasma
cholesterol, and cardiovascular disease [12, 13]. Monounsaturated (MUFA) and PUFA have appealing
functional properties, providing bene�cial effects on health, such as the prevention of chronic non-
communicable diseases, regulation of the immune response, reduction of the risk of atherosclerosis, and
reduced occurrence of type 2 diabetes [14, 15]. Some studies have demonstrated bene�cial effects on the
in�ammatory system caused by the inclusion of lipids in the diet [16, 17].

Therefore, scienti�c studies that allow us to improve our nutrigenomic knowledge about pork products,
and human health through their consumption, are of great importance. In this study, we evaluated
changes in blood parameters, fatty acid pro�le in Longissimus lumborum intramuscular fat, and gene
expression in the skeletal muscle tissue of immunecastrated male pigs fed diets enriched with different
FA pro�les, and identify affected metabolic pathways and biological process networks in which the
identi�ed genes are involved.

2. Results
In previous work of our group, Almeida et al. [18] observed that the inclusion of SOY or CO to pig diets
reduced loin shear force but the diets did not alter growth performance from day 0 to 21, day 21 to 42,
day 42 to 56, and day 70 to 98.  Consumer overall liking score in loins were greater from pigs fed SOY.
Thus, in the current study, we performed blood parameters, FA composition of intramuscular fat, and
differential expression analysis of the animals fed with diets containing different types of oils (SOY, CO,
FO). 

2.1 Blood parameters and fatty acid pro�le

The three different oil dietary sources altered serum concentrations of total protein, albumin (p-value
<0.01), cholesterol (p-value =0.04), and HDL (p-value =0.04). Total protein and albumin levels were lower
in pigs fed SOY compared with CO or FO (p-value <0.01) (Table 1). 

Table 1: Effects of dietary treatments on blood parameters of pigs  
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Variable Dietary treatment Pooled SEM2 p-value

CO FO SOY

Glucose (mg/dL) 86.11 89.54 83.40 5.07 0.48

Aspartate Aminotransferase  (U/L) 42.72 42.88 38.13 3.01 0.21

Total Proteins (g/dL) 6.84a 6.82a 6.46b 0.14 0.01

Albumin (g/dL) 3.80a 3.87a 3.46b 0.09 <0.01

Globulin (g/dL) 3.04 2.94 3.00 0.13 0.73

Triglycerides (mg/dL) 45.67 39.78 35.70 4.89 0.13

Cholesterol (mg/dL) 99.60a 90.34b 96.49a 3.72 0.04

HDL (mg/dL) 45.59a 40.11b 43.66a 2.21 0.04

LDL (mg/dL) 44.89 42.28 45.71 2.53 0.38

VLDL (mg/dL) 9.11 7.94 7.13 1.00 0.14
1Pigs (n = 54) fed a corn-Soybean meal diet enriched with 3% Soybean oil (SOY), Canola oil (CO), or Fish
oil (FO). Values represent the least square means from 18 pigs/treatment.

2SEM = standard error of the least square means.

a–bWithin a row, values without a common superscript differ (p ≤0.05) using Tukey’s method. 

The FA composition was different (p-value <0.05) in the Longissimus lumborum (LL) intramuscular fat.
Concentrations of palmitic acid (p-value <0.01), stearic acid (p-value <0.01), oleic acid (OA) (p-value
<0.01), ALA (p-value = 0.76), eicosapentaenoic acid (EPA) (p-value =0.52), docosahexaenoic acid (DHA)
(p-value <0.01), SFA (p-value <0.01), MUFA (p-value <0.01), total n-3 PUFA (p-value <0.01), and n-6:n-3
PUFA ratio (p-value <0.01), were different across dietary treatments. Considering all FA, there were
differences in the FO treatment compared to either SOY or CO. For palmitic acid (p-value <0.01), stearic
acid (p-value <0.01), EPA (p-value <0.01), DHA (p-value <0.01), SFA (p-value <0.01) and total n-3 PUFA (p-
value = <0.01) they were elevated in LL according to the FO dietary treatment. The FO dietary treatment
decreased oleic acid (p-value <0.01), MUFA (p-value = <0.01), and n-6:n-3 PUFA ratio (p-value <0.01). The
PUFA and the individual FA, myristic acid, palmitoleic acid, eicosenoic acid, LA, and ALA were similar
among all diets. The highest atherogenic index was identi�ed in FO group compared to other diets,
between the CO and SOY diets the index was lower (p-value =0.02) (see Table 2). 

Table 2: Effects of dietary treatments on the Longissimus lumborum intramuscular FA pro�le of pigs1. 
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Fatty acid (%) Dietary treatment Pooled SEM2 p-value

CO FO SOY  

Saturated fatty acid (SFA)            

Myristic acid (C14:0) 1.21 1.24 1.20   0.03 0.64

 Palmitic acid (C16:0) 24.95a 26.43b 25.05a   0.35 <0.01

 Stearic acid (C18:0) 11.28a 12.63b 11.83ab   0.30 <0.01

Monounsaturated fatty acid (MUFA)            

 Palmitoleic acid (C16:1) 3.05 3.22 3.18   0.11 0.48

 Oleic acid (C18:1 n-9) 44.95a 40.33b 44.28a   1.04 <0.01

 Eicosenoic acid (C20:1 n-9) 0.58 0.56 0.55   0.02 0.52

Polyunsaturated fatty acid (PUFA)            

 Linoleic acid (C18:2 n-6) 13.33 14.21 13.14   0.70 0.42

 Alpha-linolenic acid (C18:3 n-3) 0.53 0.56 0.57   0.04 0.76

 Eicosapentaenoic acid (C20:5 n-3) 0.09a 0.46b 0.15a   0.05 <0.01

 Docosahexaenoic acid (C22:6 n-3) 0.11a 0.61b 0.15a   0.05 <0.01

Total SFA 37.44a 40.29b 38.08a   0.59 <0.01

Total MUFA 48.59a 44.11b 47.84a   1.11 <0.01

Total PUFA 14.24 16.61 14.63   1.05 0.15

Total n-3 PUFA3 0.68a 1.70b 0.83a   0.12 <0.01

Total n-6 PUFA4 13.33 14.21 13.14   0.70 0.42

PUFA:SFA ratio5 0.39 0.41 0.38   0.03 0.73

n-6:n-3 PUFA ratio6 22.48a 8.96b 17.19c   1.14 <0.01

Atherogenic index7 0.48a 0.53b 0.48a   0.01 0.02

1Pigs (n = 54) fed a corn-soybean meal diet enriched with 3% Canola oil or 3% Fish oil or 3% Soybean oil
(SOY). Values represent the least square means from 18 pigs/treatment. 

2SEM = standard error of the least square means.

3Total n-3 PUFA = {[C18:3 n-3] + [C20:5 n-3] + [C22:6 n-3]}.
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4Total n-6 PUFA = C18:2 n-6.

5PUFA:SFA ratio = total PUFA/total SFA.

6Σ n-6/Σ n-3 PUFA ratio.

7Atherogenic index = (4 × [C14:0]) + (C16:0)/(total MUFA] + [total PUFA]), where brackets indicate
concentrations [19].

a,b,cWithin a row, values without a common superscript differ (P ≤ 0.05) using Tukey’s method (Adapted
from ALMEIDA et al. [18]. 

2.2 Sequencing data and differential expression analysis

The average numbers of sequenced reads before and after �ltering for samples from the skeletal muscle
for the CO group were 33,568,010 and 33,085,594; for the SOY group were 31,955,613 and 31,491,236;
and, for the FO group were 33,895,987 and 33,393,094 (Supplementary Table 1). A total of 65 DEG (log2-
fold change ≥1; ≤−1; FDR-corrected p-value < 0.10) were identi�ed between CO vs SOY groups, where 47
were down-regulated (log2-fold change ranging from -5.57 to -0.29) and 18 up-regulated (log2-fold
change ranging 0.22 from to 3.07) in the CO group. A total of 32 DEG (log2-fold change ≥1; ≤−1; FDR-
corrected p-value < 0.10) were identi�ed between CO vs FO groups, where 21 were down-regulated (log2-
fold change ranging from -4.84 to -0.47) and 11 up-regulated (log2-fold change ranging 0.50 from to
2.92) in the CO group. Finally, for the SOY vs FO groups, there were 406 down-regulated genes (log2-fold
change ranging from -4.99 to -0.23) and 125 up-regulated genes (log2-fold change ranging 0.21 from to
3.52) in the SOY group (Supplementary Table 2). Table 3 displays a summary of the genes and the log2-
fold changes between diet groups. 

Table 3. Differentially expressed genes in the skeletal muscle of pigs  

Diet group DEG¹

Down-regulated

log2FC²

 

DEG¹

Up-regulated

log2FC² Total DEG¹

CO vs SOY  47

 

-5.57 to -0.29

 

18

 

0.22 to 3.07

 

65

 

CO vs FO

 

21 -4.84 to -0.47 11 0.50 to 2.92 32

SOY vs FO

 

406 -4.99 to -0.23 125 0.21 to 3.53 531

¹Differentially Expressed Genes; ²log2-fold change. Comparisons between Canola Oil (CO); Soybean Oil
(SOY) and Fish Oil (FO). 
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Supplementary Figure S1 shows the Volcano plot of log2-fold change (x-axis) vs -log10FDR-corrected p-
value (y-axis) from the differential gene expression analysis for the skeletal muscle (A) CO vs SOY, (B)
SOY vs FO, and (C) CO vs FO. 

2.3 Functional enrichment analysis for skeletal muscle differential expression (CO vs SOY)

Ten different pathway maps (Figure 1) were detected (p-value <0.10), which are linked to the following
DEG, Alcohol Dehydrogenase 7 (Class IV) (ADH7): “Fatty acid omega oxidation” pathway (Figure 2);
Aldehyde Dehydrogenase 3 Family Member A2 (AL3A2, ALDH3A2): “FA omega oxidation” (Figure 2),
“leukotriene 4 biosynthesis and metabolism”, “triacylglycerol metabolism p.1”, and “oxidative stress in
adipocyte dysfunction in type 2 diabetes and metabolic syndrome X” pathways (Supplementary Figure 2,
3, 4); Angiopoietin 1 (ANGPT1): “role of adipose tissue hypoxia in obesity and type 2 diabetes” pathway
(Supplementary Figure 5); Nuclear receptor subfamily 0 group B member 2 (SHP, NR0B2): “regulation of
lipid metabolism RXR-dependent regulation of lipid metabolism via PPAR, RAR and VDR”, “regulation of
lipid metabolism FXR-dependent negative-feedback regulation of bile acids concentration”, “selective
Insulin resistance in type 2 diabetes in liver”, “regulation of metabolism: Bile acids regulation of glucose
and lipid metabolism via FXR” pathways (Supplementary Figure 6, 7, 8, 9); and, T-Cell Surface
Glycoprotein (CD4) DEG related to “breakdown of CD4+ T cell peripheral tolerance in type 1 diabetes
mellitus” (Supplementary Figure 10). 

In our study, several DEG were identi�ed, including the ADH7 in skeletal muscle of pigs fed with different
oils (CO vs SOY), which was more expressed in the CO group (log2-fold change +2.34). Moreover, AL3A2
(log2-fold change -0.79) DEG, which participates in the “fatty acid omega oxidation” (p-value <0.10)
(Figure 4) and “leukotriene 4 biosynthesis and metabolism” pathways (Supplementary Figure 2), was less
expressed in the CO group. The AL3A2 DEG was further enriched (p- value <0.10) for the “triacylglycerol
metabolism” pathway (Supplementary Figure 3) and identi�ed in the “oxidative stress in adipocyte
dysfunction in type 2 diabetes and metabolic syndrome X” pathway (Supplementary Figure 4), which
catalyzes the oxidation of 4-Hydroxy-2(E)-nonenal to the nontoxic 1,4-Dihydroxynonene.

The DEG angiopoietin-1 (Ang-1, ANGPT1) was identi�ed in our study as less expressed (log2-fold change
-1.22) in the group of animals fed 3.0% CO. The enrichment analysis demonstrated its relation with the
“role of adipose tissue hypoxia in obesity and type 2 diabetes” pathway (Supplementary Figure 5).
Another DEG was the nuclear receptor subfamily gene 0 group B member 2 (NR0B2). Nuclear receptors
(NRs) are a family of TF that play a critical role in different aspects in mammals as can be seen in the
pathways enriched by MetaCore analysis (Supplementary Figure 7, 8 and 9). Lastly, the SHP DEG was
more expressed in the CO group (log2-fold change +2.15).

The CD4, an essential gene in the immune response processes, was identi�ed as DEG when comparing
CO vs SOY diets, with lower expression (log2-fold change -1.55) in the CO group. This gene is involved in
the "breakdown of CD4+ T cell peripheral tolerance in type 1 diabetes mellitus" (Supplementary Figure 10)
pathway map, enriched by MetaCore.   
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To observe the interactions of DEG in gene networks, the process networks analysis was performed using
MetaCore software (Table 4) and allowed us to identify networks related (p-value <0.1) to immune
response, metabolism regulation and signal transduction. The identi�ed immune response networks
“antigen presentation” was enriched for the CD4 DEG (log2-fold change -1.55); the “transport bile acids
transport and its regulation”, “regulation of bile acid metabolism and negative FXR-dependent regulation
of bile acids concentration”, and “signal transduction_ESR2” pathways were enriched for the nuclear
receptor subfamily 0 group B member 2 (SHP, NR0B2; log2-fold change +2.15) DEG. 

Table 4. Processes networks by MetaCore software (p-value <0.10) from the list of differentially
expressed genes (FDR 10%) in the skeletal muscle of pigs fed with different oil sources (Canola oil and
Soybean oil CO vs SOY) 

Process Networks p-
value

DEG¹

Immune response_Antigen presentation 0.01 CD4

Transport_Bile acids transport and its regulation 0.07 SHP

Regulation of metabolism_Bile acid regulation of lipid metabolism and negative
FXR-dependent regulation of bile acids concentration

0.07 SHP

Signal transduction_ESR2 pathway 0.08 SHP

¹ Differentially Expressed Genes 

2.4 Functional enrichment analysis for skeletal muscle differential expression (CO vs FO)

Different pathway maps were detected using the gene list the CO vs FO comparison (p-value <0.10)
(Figure 3), most of them presented the stearoyl-CoA desaturase (SCD) DEG, such as “adiponectin in
pathogenesis of type 2 diabetes” (Figure 4); “regulation of lipid metabolism RXR-dependent regulation of
lipid metabolism via PPAR, RAR and VDR” (Supplementary Figure 11); “putative pathways for stimulation
of fat cell differentiation by Bisphenol A” (Supplementary Figure 12); “regulation of lipid metabolism via
LXR, NF-Y, and SREBP” (Supplementary Figure 13); and, “regulation of metabolism: Bile acids regulation
of glucose and lipid metabolism via FXR and Role of ER stress in obesity and type 2 diabetes”
(Supplementary Figure 14). We also detected pathways presenting the AL3A2 DEG, like the “fatty acid
omega oxidation” (Supplementary Figure 15); “leukotriene 4 biosynthesis and metabolism”
(Supplementary Figure 16); “triacylglycerol metabolism” (Supplementary Figure 17). As well as, the
“breakdown of CD4+ T cell peripheral tolerance in type 1 diabetes mellitus” pathway with the CD4
DEG (Supplementary Figure 18).

In our study, SCD expression was lower (log2-fold change -1.62) in the group of pigs fed CO diet. The SCD-
enriched pathways were “adiponectin in pathogenesis of type 2 diabetes”; “regulation of lipid metabolism
RXR-dependent regulation of lipid metabolism via PPAR, RAR and VDR”; “putative pathways for
stimulation of fat cell differentiation by Bisphenol A”; “regulation of lipid metabolism regulation of lipid
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metabolism via LXR, NF-Y and SREBP”; and, “regulation pathway of metabolism bile acids regulation of
glucose and lipid metabolism via FXR and Role of ER stress in obesity and type 2 diabetes”.

The AL3A2 gene was identi�ed as DEG between CO vs FO, the expression of AL3A2 was lower (log2-fold
change -0.60) in the CO group, as observed between CO vs FO in which AL3A2 was less expressed (log2-
fold change -0.79) in the CO group. This gene was enriched for “fatty acid omega oxidation”, “leukotriene
4 biosynthesis and metabolism”, and “triacylglycerol metabolism” pathways. Lastly, T-cell surface
glycoprotein CD4 (CD4) was enriched in pathways related to the “breakdown of CD4+ T cell peripheral
tolerance in type 1 diabetes mellitus”.

A process networks analysis was performed for better understanding of the enriched pathways through
interactions by gene networks, which are related to dietary oil manipulation. Emphasizing the pathways
regulation of bile acid metabolism and negative FXR dependent regulation of bile acid concentration,
signal transduction, in�ammation amphoterin signaling, chemotaxis, development skeletal muscle with
the genes SCD, AKAP3, Myosin heavy chain (MyHC), and CD4 (Figure 5).

2.5 Functional enrichment analysis for skeletal muscle differential expression (SOY vs FO)

Some pathway maps detected (p-value <0.10) are shown in Table 5 with the corresponding p-value and
DEG. The complete list of enriched pathway maps was showed in the Supplementary Table 3.

Table 5: Pathway maps enriched by MetaCore software (p-value <0.10) from the list of differentially
expressed genes (FDR 10%) in the skeletal muscle of pigs fed with different oil sources 

Pathway Maps p-value DEG

TNF-α, IL-1 β induce dyslipidemia and in�ammation in obesity
and type 2 diabetes in adipocytes 

1.165E-
04

AZGP1, PDE3B, APOE,
Perilipin, LIPS

Putative pathways for stimulation of fat cell differentiation by
Bisphenol A

4.803E-
04

PPAR-gamma, TCF7L2
(TCF4), SCD,
C/EBPalpha

Signal transduction_WNT/Beta-catenin signaling in tissue
homeostasis

1.367E-
03

TCF7L2 (TCF4),
Tcf(Lef), WNT, PPCKC

Adiponectin in pathogenesis of type 2 diabetes 4.446E-
03

SCD, PPCKC, ACOX1

Role of IL-6 in obesity and type 2 diabetes in adipocytes 5.884E-
03

PPAR-gamma, Perilipin,
LIPS

Dysregulation of Adiponectin secretion from adipocytes in
obesity, type 2 diabetes and metabolic syndrome X

9.516E-
03

PPAR-gamma, IL-18,
C/EBPalpha

Regulation of metabolism_Bile acids regulation of glucose and
lipid metabolism via FXR

1.173E-
02

APOE, SCD, PPCKC

Transport_HDL-mediated reverse cholesterol transport 1.252E-
02

APOE, CES1, SR-BI
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The genes zinc α-2-glycoprotein 1 (AZGP1), phosphodiesterase 3B (PDE3B), apolipoprotein E (APOE),
Perilipin 1 (PLIN1), and lipase E hormone sensitive type (LIPS) were identi�ed as DEG. The AZGP1 gene, a
lipid-mobilizing adipokine, was identi�ed with lower expression (log2-fold change -3.79) in pigs from the
SOY group. The cited genes were enriched in the “TNF-α pathway, IL-1 β induces dyslipidemia and
in�ammation in obesity and type 2 diabetes in adipocytes” pathway (Figure 6). In addition, APOE was
enriched in “regulation of metabolism: Bile acids regulation of glucose and lipid metabolism via FXR”
(Supplementary Figure 19) and “transport HDL-mediated reverse cholesterol transport” (Supplementary
Figure 20) pathways. 

Another DEG that may be inhibited by TNF-α is Perilipin 1, which presented lower expression (log2-fold
change -2.99) in the SOY group. APOE showed lower expression (log2-fold change -2.10) in groups fed a
diet containing SOY. Such as Perillipin 1, LIPS (log2-fold change -1.30) and PPARG (log2-fold change
-1.92) were identi�ed with lower expression in the SOY group. The second one, PPARG was enriched for
the “putative pathways for stimulation of fat cell differentiation by Bisphenol A” (Supplementary Figure
21); the “role of IL-6 in obesity and type 2 diabetes in adipocytes” (Supplementary Figure 22); and the
“dysregulation of adiponectin secretion from adipocytes in obesity, type 2 diabetes and metabolic
syndrome X” (Supplementary Figure 23) pathways, the last two pathways together with the CCAAT
enhancer binding protein alpha (C/EBP-alpha, log2-fold change -2.39). 

The SCD gene was identi�ed as a DEG with lower expression (log2-fold change -1.6) in the SOY group,
and was enriched in the “putative pathways for stimulation of fat cell differentiation by Bisphenol A”,
“adiponectin in pathogenesis of type 2 diabetes”, and “regulation of metabolism: Bile acids regulation of
glucose and lipid metabolism via FXR” pathways. The transcription factor 7 like 2 (TCF7L2) was
identi�ed as the DEG with the lowest expression (log2-fold change -0.96) in the SOY group. In addition,
TCF7L2 participates in the “signal transduction_WNT/Beta-catenin signaling in tissue homeostasis”
pathway (Supplementary Figure 24). C/EBPalpha was identi�ed as DEG in our study with the smallest
expression (log2-fold change -2.4) related to the SOY group. C/EBPalpha was enriched for the “putative
pathways for stimulation of fat cell differentiation by Bisphenol A” pathway.

 The analysis of process networks was performed using MetaCore software (Figure 7) to better
understand the observed interactions of DEG in gene networks. Networks related (p-value <0.1) to muscle
contraction (p-value 2.429E-06), “Regulation of angiogenesis” (p-value 7.863E-03), and “immune
response” (p-value 1.878E-02) were identi�ed herein. Some DEG were identi�ed enriched in the networks
like the GPCR in the “chemostaxis” network; PPARG, APOE, MELC, PACAP receptor 1 in the “development
neurogenesis axonal guidance” network; APOE, MELC, Actin, C/EBP, SR-BI, among others, in the “immune
response phagocytosis” network.

3. Discussion
Fatty acid pro�le and blood parameters: We observed with the analysis of the intramuscular lipid
composition, that the addition of FO in the diet of growing and �nishing pigs changed the FA pro�le



Page 12/33

composition mainly for C20:5 n-3, C22:6 n-3, and SFA content, as C16:0 and C18:0. The total SFA also
showed a higher content of pigs that were fed with FO. According to Jeromson et al. [20], diets rich in SFA
may be associated with the onset of obesity and type 2 diabetes. In the other hand, pigs fed FO
demonstrated the lowest n-6:n-3 PUFA ratio, thus showing the potential of the diet in modifying pork
composition through FA modulation in the pig diet [21]. Our �ndings corroborate with Jeromson et al. [20],
which reported that skeletal muscle may be manipulated according to changes in the animal diet.

In our study, we observed higher content of n-3 PUFA in the FO group. The n-3 PUFA has been linked to
protection against chronic and metabolic diseases, whereas omega 6 (n-6) PUFA may be related to
in�ammation, blood vessel constriction, and aggregation. Therefore, the proportion of these PUFA and the
dietary LA and ALA content may be relevant to the regulation of bodily homeostasis in�ammation and
anti-in�ammatory effect [22]. The modi�cation of pork FA can show us pathways and networks related to
both in�ammation and relevant diseases and metabolic processes. Moreover, the amount and type of fat
play a key role in regulating the metabolic health of the whole body, FA are components of cell
membranes, act as signaling molecules, and can change related to the muscle lipid pool, thus can modify
both metabolic and physical function of the skeletal muscle [20].

According to Saini and Keum [22], n − 3 and n − 6 PUFA have opposite effects on the metabolic functions
of the body, so they are important to be analyzed. Myristic acid, involved in the increase in plasma
cholesterol concentration has a harmful cardiovascular effect in humans [23].

According to Corominas et al. [24] modi�cations related to the replacement of SFA by MUFA or PUFA
decreases serum LDL-cholesterol and total cholesterol, in our study we did not observe a difference in
serum LDL-cholesterol and total cholesterol in the groups fed with FO and SOY compared to the CO
group. For FO diet, we observed higher total PUFA composition in the liver and in LL intramuscular FA,
with higher deposition of total n-3 PUFA. The analysis of blood parameters is essential, mainly referring
to serum lipids that are related to cardiovascular diseases and obesity-related metabolic diseases [25].

The CO diet showed the highest concentration of HDL, involved in the elimination of excess cholesterol,
despite the greater deposition of total cholesterol and no statistical difference between LDL and the other
oils used (SOY and FO). Evidence supporting the bene�ts of CO is related to the positive effects of MUFA
compared to SFA effects. Moreover, in addition, this oil in�uences biological functions that affect several
other disease risk biomarkers [26]. In our study we identi�ed a greater amount of OA and consequently
MUFA in animals of the CO group. The results of a systematic review and meta-analysis [27] on the effect
of CO in humans showed that CO consumption could decrease serum LDL compared to sun�ower oil and
saturated fat, although it did not change signi�cantly HDL, different from that the results obtained in our
study. Despite these �ndings, the exact mechanisms of CO on serum lipids are still not well understood
[27].

Canola oil has a high OA content, which leads to greater bene�cial health effects compared to other oils,
where a previous study showed that diets with higher oleic acid content increase HDL blood level [28].
Herein, we observed that our results corroborate with the previous study, the CO and SOY groups
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presented higher OA content in the skeletal muscle and HDL blood level compared with FO group. The
HDL regulates the level of transcription initiation by transcription factors, is related to post-transcriptional
regulation through microRNAs and other non-coding RNAs, among other mechanisms in various
processes [29]. Despite the CO group presenting a higher total blood cholesterol, an atherogenic factor,
most of this was represented by HDL, which has an antiatherogenic effect and is involved in the
decreased occurrence of in�ammatory injury and oxidative stress [30].

The atherogenic index is related to predicting the risk of developing atherosclerosis and coronary heart
disease. In addition, it is related to dyslipidemia, which is characterized by high plasma concentration of
triglycerides and total cholesterol, HDL, LDL [31]. In our results the highest serum concentration of
cholesterol was found in the CO group and the atherogenic index showed a low concentration in CO and
SOY groups compared to FO. Previous studies have already linked CO to interference in cholesterol
metabolism due to phytosterols that can inhibit cholesterol esterase enzymes reducing intracellular
cholesterol esteri�cation [27].

Transcriptome modulation in response to FA

The transcriptome analysis showed that the modi�cation of FA source impacted gene expression
between the comparisons. About the CO and SOY diets, led to similar deposited FA pro�les, and both
diets presented higher levels of cholesterol and HDL when compared to the FO group, in the
transcriptomic comparison resulted in several DEG and important pathways related to lipid metabolism.
Within the identi�ed pathways there were "fatty acid omega oxidation", “leukotriene 4 biosynthesis and
metabolism”, and “triacylglycerol metabolism”, with AL3A2 DEG down-regulated in the CO group.

Among the DEG identi�ed in the comparisons CO vs SOY and CO vs FO, the AL3A2 gene was identi�ed
down-regulated in the CO group for both diets. The encoded enzyme AL3A2 participates in the oxidation
of long-chain aliphatic aldehydes to FA [32], possibly being related to the oxidation of 12-oxo-dodecanoic
acid to dodecanedioic acid. Furthermore, the aldehyde dehydrogenase family may play a relevant role in
the function and induction of regulatory T cells, cellular detoxi�cation, and amino acid metabolism [33].
Moreover, it is important to the detoxifying role in the ethanol-caused accumulation of free FA and
triacylglycerol, ethanol inhibition of lipoprotein export, increasing FA uptake and lipid peroxidation [34].
Thus, the consumption of SOY and FO may be related to the improvement of lipid oxidation rate when
compared to the CO group. In our previous study, similar results were observed in the liver with
comparison of different proportions of SOY, in which the increase of SOY in the pig diet (3.0% of SOY)
resulted in a possible improvement of the lipid oxidation rate [35]. Studies are still needed to understand
the speci�c functions of AL3A2 [35]. Also, in the CO vs SOY comparison, the AL3A2 was enriched in the
“leukotriene 4 biosynthesis and metabolism” pathway. This pathway is important because leukotrienes
are pro-in�ammatory mediators. Leukotriene B4 (LBT4) is a lipid mediator derived from arachidonic acid
and plays a relevant role in chronic in�ammatory diseases such as arthritis, cardiovascular diseases,
cancer, and metabolic disorders. In studies using �broblasts, the LBT4 was increased in obese adipose
tissue, contributing to obesity [36–38]. Leukotriene B4 (20-Carboxy-LTB4) can undergo more beta
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oxidation, which can be directly impacted by the enzyme AL3A2, which in the CO group has lower
expression. In addition, AL3A2 was enriched in the “triacylglycerol metabolism” pathway. In muscle, FA
are a substrate for oxidation, producing triacylglycerol that will later be secreted as very low-density
lipoprotein. There is a cooperation among different tissues, mainly the adipose, liver, and skeletal muscle
tissues, so if there is an accumulation of triacylglycerol in skeletal muscle and liver it will probably result
in insulin resistance [39]. Furthermore, AL3A2 has been linked to Sjögren-Larsson syndrome, as an
interruption of AL3A2 function causes fat accumulation in cells, underscoring the importance of this
enzyme in detoxi�cation in various lipid degradation pathways [35]. The AL3A2 was also identi�ed in the
“oxidative stress in adipocyte dysfunction in type 2 diabetes and metabolic syndrome X” pathway. Lower
expression levels of AL3A2 and GSTA4 may result in attenuation of the lipid peroxide elimination system
in obese and insulin-resistant humans, increasing the levels of 4-Hydroxy-2(E)-nonenal, which, when
binding xanthine oxidase, increases oxidative activity, and consequently, the additional generation of
intracellular reactive oxygen species (ROS) [40–42]. When pigs were fed SOY, there was a higher
expression of AL3A2, which may be involved in the increase of the lipid peroxide elimination system.
AL3A2 have cell-speci�c functions associated with in�ammation, differentiation, or oxidative stress
responses in which the CO group may be targeting a lower incidence of the in�ammatory process [33, 43].

In this study, we observed that the enriched pathways in the CO vs SOY and CO vs FO comparisons
corroborate the relationship of SHP transcription factor (CO vs SOY) and DEG SCD (CO vs FO) to HDL in
"regulation of lipid metabolism: RXR-dependent regulation of lipid metabolism via PPAR, RAR, and VDR"
pathway. As well as between the comparison SOY vs FO with the enrichment of the pathways “regulation
of metabolism: Bile acids regulation of glucose and lipid metabolism via FXR”, and “transport_HDL-
mediated reverse cholesterol transport”. Due to the negative regulation of some identi�ed DEG that
participate in these pathways and are directly related to HDL functions, they may have caused an
increase in cholesterol as observed.

In the study performed by Puig-Oliveras et al., [44], SCD was enriched in FA divergent pigs related to
oxidation, accumulation, concentration, and lipid homeostasis. In this study, SCD was identi�ed as down-
regulated in the adipose tissue of animals with higher PUFA content in Iberian pigs x Landrace, and with
greater expression in animals that showed greater accumulation of intramuscular fat [45]. In addition,
SCD affected meat quality traits in the population of pigs analyzed by Piórkowska [45], in a work
evaluating mutations in candidate genes. The SCD DEG is also present in the “putative pathways for
stimulation of fat cell differentiation by Bisphenol A” pathway (SOY vs FO) was down-regulated in the
SOY group. We hypothesize that it is related to the biosynthesis of FA, mainly the synthesis of oleic acid,
fundamental in the regulation of the expression of genes that are involved in lipogenesis [32]. In a study
evaluating some candidate genes from commercial crossbred pigs (Shanzhu × Duroc), SCD expression
levels showed a correlation with intramuscular fat content [46]. Our �ndings indicate that even with a
higher expression of SCD, the diet with the addition of FO did not present a higher amount of OA when
compared to the other diets analyzed.
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In the “putative pathways for stimulation of fat cell differentiation by Bisphenol A” other DEG (TCF7L2
and C/EBPalpha) were enriched for SOY vs FO and may be related to a direct effect or mechanism on
PPARG. In addition, PPARG (down-regulated in SOY group) was enriched in "role of IL-6 in obesity and
type 2 diabetes in adipocytes", and "dysregulation of adiponectin secretion from adipocytes in obesity,
type 2 diabetes and metabolic syndrome X". Studies have identi�ed the relationship of PPAR to nutrition
and involvement in skeletal muscle, such as the study from Yu et al. [47] evaluating a diet high in
saturated fat (beef tallow) or high in unsaturated fat (�sh oil) in transgenic mice, which resulted in the
decreased deposition of lipids in the liver by PUFA, and the ability to stimulate the expression of
adipogenic genes and glucose metabolism genes in PPARG transgenic mice when fed FO. Another study
in mice identi�ed that PPARG knockout in muscle affected insulin sensitivity in skeletal muscle [48].
Furthermore, there is an important involvement of PPARG in the direct regulation of lipid metabolism in
immune cells [49] and may be related to adipogenesis [50]. The PPAR form heterodimers with retinoid X
receptors (RXRs) and these heterodimers regulate the transcription of several genes [32]. Thus, in the FO
group there seems to be a direction to be implicated in in�ammatory processes due to the PPARG
functions related to the pathology of diseases, such as obesity, diabetes, and also atherosclerosis and
cancer.

Another group of enriched DEG were related to pathways involved in obesity-associated metabolic
diseases, in which a higher expression of these genes was identi�ed in the FO group. AZGP1, APOE,
Perilipin, LIPS, and PDE3B (down-regulated in SOY group) were enriched in the “TNF-α pathway, IL-1 β
induce dyslipidemia and in�ammation in obesity and type 2 diabetes in adipocytes”. This signaling
pathway is related to the overexpression of TNF-α and IL-1 β, which in obese adipose tissue activate NF-
KB and EKR, impairing genes with important functions. Obesity predisposes to insulin resistance, type 2
diabetes, and cardiovascular problems [51]. The cytokines TNF-α, and IL1 β are considered the main
regulators of in�ammation involved in the pathogenesis of type 2 diabetes mellitus [52]. TNF-α inhibits
PDE3B leading to the accumulation of Cyclic AMP [53]. In this some pathway, TNF-α also inhibits both
LIPS inducing lipolysis, as well as AZGP1 and APOE that are underexpressed in obese tissue and may
promote the development of dyslipidemia [51, 54]. Thus, in the TNF-α pathway, the diet with FO leads to a
greater expression of important genes in normal functions in the body that, if inhibited by TNF-α, can be
relate to in�ammation.

The DEG AZGP1 (SOY vs FO) was identi�ed as DEG and is related to the stimulation of lipid degradation
in adipocytes, in addition to be involved in extensive fat loss in some advanced cancers [32]. The PLIN1
belongs to the Perilipin protein family and was differentially expressed in Longissimus muscle regulating
the deposition of the intramuscular fat content of commercial hybrids (Pietrain × Duroc) × (Landrace ×
Yorkshire) [55]. In the study performed by Li et al. [55], the authors suggested that a PLIN1 knockdown
can decrease the level of triglycerides and lipid droplet size in adipocytes. In Gandol� et al. [56] study,
Perilipin1 and Perilipin2 were expressed in the semimembranosus muscle of commercial crossbred male
castrated pigs and the speci�city of the antibodies was con�rmed by Western blot analysis [56].
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Another DEG identi�ed was APOE (SOY vs FO), a protein associated with lipid particles that is essential
for the normal catabolism of the constituents of triglyceride-rich lipoproteins, and is involved in the
immune innate adaptive responses. In addition, it participates in the biosynthesis of VLDL by the liver
[32]. Dysfunctions in APOE protein can result in familial dysbetalipoproteinemia (type III
hyperlipoproteinemia), and consequently, atherosclerosis [57]. Using the CRISPR/Cas9 technique, Fang et
al. [57] interrupted APOE expression in miniature pigs fed an induction diet high in fat and cholesterol,
revealing that the animals had severe hypercholesterolemia and developed progressive atherosclerotic
lesions. Additionally, APOE may be involved in the "transport HDL-mediated reverse cholesterol transport"
pathway, in which APOE increases HDL binding to SRBI and selective cholesteryl ester uptake [58]. In FO
group it was up-regulated, APOE helps in the normal function of parameters such as VLDL even though
no statistical difference was observed in our results. Finally, in a study performed by Song et al. [59], in
which the animals were fed a diet with an n-6:n-3 PUFA ratio of 4:1 or 2:1, LIPS/HSL showed a higher
relative gene expression compared to the control group with an 18:1 ratio. In our study, the pattern
obtained was similar, in which the FO diet showed a lower n-6:n-3 PUFA ratio and consecutively higher
expression of LIPS/HSL when compared to SOY diet.

The importance of enriched DEG that are involved in regulatory pathways and networks related to bile
acids that regulate glucose and lipid metabolism is noted. In relation to the processes networks enriched,
we identi�ed networks related to muscle contraction with DEG down-regulated from the SOY group,
demonstrating that SOY negatively regulated muscle contraction genes compared to animals from the
FO group.

We identi�ed (FDR 10%) 65 DEG between CO vs SOY, with genes involved in the improving of lipid
peroxide elimination system in SOY group; 531 DEG in the comparison SOY vs FO; and 32 DEG for CO vs
FO with genes related to lipogenesis regulation in FO. In general, the main processes involved are related
to lipid metabolism, metabolic diseases, and in�ammation. In addition, the different oils modi�ed the
cholesterol and HDL levels, with a lower amount in the FO group. The CO and SOY have a high OA
content, which leads to a greater bene�cial health effect, in addition to having a higher amount of HDL
when compared to FO group. More studies are needed to understand the genes directly related to each of
the fatty acids and their association with blood parameters.

4. Conclusion
The enrichment of the basal diet with oil containing different FA pro�les in�uenced FA pro�le, blood
parameters, and gene expression in the skeletal muscle of pigs. Diets containing CO and SOY showed
higher OA content, and higher amount of HDL when compared to FO group. Conversely, they also had a
higher amount of cholesterol. The FO showed a higher amount of EPA, DHA, total n-3 PUFA, and genes
related to the regulation of lipogenesis. The current study provided important details and relationships
between relevant genes in lipid metabolism, contributing to human health as the pig is an excellent
animal model. The results provide mechanisms to help us understand the behavior of concerning
different FA pro�le.
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5. Methods
All animal procedures were conducted in accordance with the Guide for the Care and Use of Agricultural
Animals in Agricultural Research and Teaching [60] and were approved by the Animal Care and Use
Committee of Luiz de Queiroz College of Agriculture (University of São Paulo, Piracicaba, Brazil, protocol:
2018.5.1787.11.6 and number CEUA 2018-28).

5.1 Animals and diets
Fifty-four genetically purebred male pigs (offspring of Large White sires x Large White dams) with 71 ± 
1.8 days of age and initial body weight (BW) of 28.44 ± 2.95 kg were allocated into one of three dietary
treatments in a randomized complete block design with six replicate pens per treatment and three pigs
per pen. Pigs were housed in an all-in/all-out double-curtain-sided building. Each pen was equipped with a
three-hole dry self-feeder and a nipple drinker which allowed ad libitum access to feed and water
throughout the experimental period (98 days). All pigs were halothane (RYR1 gene) homozygous-free
(NN) by molecular test and immunecastrated through administration of two 2-mL dose of Vivax® (P�zer
Animal Health, Parkville, Australia) on fatting day 56 (127 days of age) and fatting day 70 (141 days of
age), in accordance with the manufacturer’s recommendations.

The experimental diets were modi�ed according to growing and �nishing phases, where day 0 represents
the start of the trial when pigs averaged 71 days of age: day 0 to 21 for grower I diets, day 21 to 42 for
grower II, day 42 to 56 for �nisher I, day 56 to 63 for �nisher II, day 63 to 70 for �nisher III, and day 70 to
98 for �nisher IV diets [18]. Dietary treatments consisted of corn-soybean meal growing-�nishing diets I, II,
III and IV, supplemented with 3% canola oil (CO) or 3% �sh oil (FO) or 3% soybean oil (SOY). Diets were
formulated to meet or exceed Rostagno [61] recommendations for growing-�nishing pigs. No antibiotics
were used, and all diets were provided in a mash meal form.

5.2 Fatty acid pro�le of samples

5.2.1 Sample collection and FA pro�le
After 98 days on trial, all pigs were slaughtered (average �nal body weight of 133.9 ± 9.4 kg, and 155
days of age on average), and Longissimus lumborum muscle samples were collected. The tissue
samples were quickly excised, snap-frozen in liquid nitrogen, and then stored at -80oC until further
analyses.

The FA pro�le determination was performed from the total lipid isolated from 100 g of the Longissimus
lumborum samples using the cold extraction method by Bligh and Dyer (1959) and methylated according
to the procedure outlined by AOCS (2004; Method AM 5 − 04). A full description of the analyses can be
found in our previous study [18].

5.2.2 Blood parameters



Page 18/33

Four days before slaughter, blood was sampled from the jugular vein and immediately transferred into
serum separating vacuum tubes (Becton Dickinson Vacutainer Systems, Franklin Lakes, NJ, USA) for the
blood parameters analysis. Then, the samples were stored at room temperature for 2 hours to allow for
coagulation then centrifuged at 3,000 × g for 10 min to obtain serum that was stored in duplicated 1.5-
mL tubes at − 80°C. Serum lipid and others parameters were analyzed by using the Mindray BS-120
chemistry analyzer (Guangdong, China) in the Pathology Laboratory at the University of São Paulo,
Pirassununga, SP, Brazil. Blood serum glucose content was quanti�ed by the colorimetric enzymatic
method according to Trinder [62] using the commercial kits (VIDA Biotecnologia S/A, Minas Gerais,
Brazil), following the manufacturer’s protocol. The quanti�cation of total cholesterol and fractions was
performed by enzymatic-colorimetric method, by selective precipitation using commercial kits (Gold
Analisa Diagnóstica Ltda, Belo Horizonte, Minas Gerais, Brazil), according to the manufacturer's
instructions. The analysis for the determination of total proteins was performed using commercial kits
(VIDA Biotecnologia S/A, Lagoa Santa, Minas Gerais, Brazil), following manufacturer’s protocol with
modi�cations described by Gornall; Bardawill, and David [63].

5.2.3 Statistical analyses
Statistical analyzes to verify the differences in the FA pro�le of skeletal muscle between the diets were
performed using the MIXED procedure of the SAS statistical software (SAS Inst. Inc., Cary, NC, v. 9.4),
where a mixed model was �tted using restricted maximum likelihood (REML) methodology. In the model,
the block effects were assumed as random effects and the dietary treatments as �xed effects. The
UNIVARIATE procedure (v. 9.4) was used to test for divergence from a normal distribution with
homogeneity of residuals for each of the variables. Diagnostics of the density distribution of the
Studentized Residual of the model were made with the Shapiro-Wilk test (SAS v.9.4). Means were
adjusted by using the LSMEANS statement. Differences were declared signi�cant when p-value ≤ 0.05
based on the Tukey-test.

5.3 RNA extraction, library preparation and sequencing
Total RNA was extracted from muscle samples using the RNeasy® Mini Kit (Qiagen Hilden, Germany),
according to the manufacturer’s instructions. Total RNA quanti�cation, purity, and integrity were
evaluated by Nanodrop 1000 and Bioanalyzer. All samples presented an RNA Integrity Number (RIN)
greater or equal to seven. From the total RNA of each sample, 2µg were used for library preparation
according to the protocol described in the TruSeq RNA Sample Preparation kit v2 guide (Illumina, San
Diego, CA). The Agilent Bioanalyzer 2100 (Agilent, Santa Clara, CA, USA) was used to calculate libraries
average size, and the libraries were quanti�ed using quantitative PCR with the KAPA Library
Quanti�cation kit (KAPA Biosystems, Foster City, CA, USA). Quanti�ed samples were diluted and labeled
by barcoding and pooled to be run in different lanes (�ve pools of all 36 samples each), using the TruSeq
DNA CD Index Plate (96 indexes, 96 samples, Illumina, San Diego, CA, USA). All samples were sequenced
across �ve lanes of a sequencing �ow cell, using the TruSeq PE Cluster kit v4-cBot-HS kit (Illumina, San
Diego, CA, USA), and were clustered and sequenced using the HiSeq2500 equipment (Illumina, San Diego,
CA, USA) with a TruSeq SBS Kit v4-HS (200 cycles), according to manufacturer’s instructions. All the
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sequencing analyses were performed at the Genomics Center at ESALQ, localized in the Animal
Biotechnology Laboratory at ESALQ – USP, Piracicaba, São Paulo, Brazil.

5.4 RNA-sequencing, quality control, and alignment
The quality control and alignment processing was previously described [64]. Brie�y, sequencing adaptors
and low complexity reads were removed in an initial data �ltering step by Trim Galore 0.6.5 software.
Reads with Phred score higher than 33 and a length higher than 70 nucleotides were kept after trimming.
Quality control and reads statistics were estimated with FASTQC version 0.11.8 software
[http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc/]. Sus Scrofa 11.1 available at Ensembl
[http://www.ensembl.org/Sus_scrofa/Info/Index] was used as the reference assembly. The abundance
(read counts) of mRNAs for all annotated genes was calculated using STAR-2.7.6a [65].

5.5 Differentially expressed genes
Differentially expressed genes (DEG) between the pairwise comparisons of different diets (CO vs SOY,
SOY vs FO and CO vs FO) were identi�ed using DESeq2, available at Bioconductor open-source software
for bioinformatics, using a multi-factor design [66]. Prior to statistical analysis, the read count data was
�ltered as follows: i) unexpressed genes were genes with zero counts for all samples, ii) very lowly
expressed were genes with less than one read per sample on average; iii) rarely expressed genes that
were not present in at least 50% of the samples. Unexpressed, very lowly expressed and rarely expressed
genes were all removed from the analysis. Sire was �t as a factor in the multi-factor model. The cut-off
approach performed to identify the DEG was Benjamini; Hochberg, [67] methodology, used to control
false discovery rate (FDR) at 10% [68] according to previous studies and DESeq2 recommendations [66,
68].

5.6 Functional enrichment analysis
Between CO vs SOY the functional enrichment analysis by MetaCore software (Clarivate analytics) [69]
was applied to identify the pathway maps from the list of 65 DEG, and SOY vs FO to identify the pathway
maps from the list of 531 DEG (FDR 10%), and for CO vs FO the pathway maps from the list of 32 DEG.

The functional enrichment analysis of DEG (FDR < 0.10) was performed to obtain comparative networks
by “analysis of a single experiment” using Homo sapiens genome annotation as background reference
and a standard parameter of MetaCore software v.21.4 build 70700, �ltering for the metabolic maps:
energy metabolism, lipid metabolism, steroid metabolism; cardiovascular diseases: atherosclerosis;
regulation of metabolism; nutritional and metabolic diseases, and nervous system diseases.

Declarations
Ethics approval

All animal procedures were conducted in accordance with the Guide for the Care and Use of Agricultural
Animals in Agricultural Research and Teaching [60] and were approved by the Animal Care and Use



Page 20/33

Committee of Luiz de Queiroz College of Agriculture (University of São Paulo, Piracicaba, Brazil, protocol:
2018.5.1787.11.6 and number CEUA 2018-28). All procedures were carried in accordance with the ARRIVE
guidelines.

Consent for publication

Not applicable.

Data Availability Statement

The dataset supporting the conclusions of this article is available in the in the European Nucleotide
Archive (ENA) repository (EMBL-EBI), under accession PRJEB52629
[http://www.ebi.ac.uk/ena/data/view/PRJEB52629].  The original contributions presented in the study
are included in the article/SupplementaryMaterial, further inquiries can be directed to the corresponding
author.

Competing interest

The authors declare that the research was conducted in the absence of any commercial or �nancial
relationships that could be construed as a potential con�ict of interest.

Funding

This study was supported by the São Paulo Research Foundation (FAPESP, Grant numbers: 2020/10042-
6, 2017/25180-2, 2018/15653-3, 2018/26797-6, 2018/26816-0, 2021/06553-8, and 2014/02493-7, the
Brazilian National Council for Scienti�c and Technological Development (CNPq) that provided a
researcher fellowship to A. S. M. Cesar, L. L. Coutinho. This study was �nanced in part by the
Coordenação de Aperfeiçoamento de Pessoal de Nível Superior - Brasil (CAPES) - Finance Code 001.

Author Contributions

All authors contributed to this study. Conceptualization, S.L.F., G.C.M.M., J.R., J.K., D.K., H.F., J.C.C.B.,
M.D.P., L.L.C., and A.S.M.C.; writing-original draft preparation, S.L.F. and A.S.M.C.; performed data
analysis: S.L.F., V.V.A., F.A.O.F., and A.S.M.C.; interpretation and discussion of the results: S.L.F., G.C.M.M.,
V.V.A., L.L.C., H.F., L.C.A.R., A.L.F., A.S.M.C. critically reviewed and editing, B.P.M.S., J.D.G., V.V.A., B.S.V, J.A.,
G.C.M.M., J.R., J.K., D.K., D.G., H.F., L.C.A.R., G.B.M., L.L.C., S.M.A., A.L.F, and A.S.M.C.; supervision,
A.S.M.C.; funding acquisition, A.S.M.C. Corresponding author: correspondence to Aline Silva Mello Cesar,
alinecesar@usp.br.

All authors have read and agreed to the published version of the manuscript.

Acknowledgments



Page 21/33

We thank the collaborative efforts between the University of São Paulo and Iowa State University. We also
give thanks to DB Genética Suína for providing the animals, housing, feeds, and employees, who helped
in carrying out this research.

References
1. Pan Z, Yao Y, Yin H, Cai Z, Wang Y, Bai L, et al. Pig genome functional annotation enhances the

biological interpretation of complex traits and human disease. Nat Commun. 2021;12.

2. USDA. Livestock and Poultry. UNITED STATES DEPARTMENT OF AGRICULTURE PDS ONLINE. 2022.
https://apps.fas.usda.gov/psdonline/circulars/livestock_poultry.pdf.

3. Martins JM, Albuquerque A, Neves JA, Freitas AB, Charneca R, Tirapicos JL. In�uence of outdoor
rearing and oleic acid supplementation on lipid characteristics of muscle and adipose tissues from
obese Alentejano pigs. J Anim Physiol Anim Nutr (Berl). 2018;102.

4. Gomes JD, Costa KA, Almeida VV de, Luchiari Filho A, Cesar ASM, Fanalli SL. Effects of dietary oil
inclusion on meat quality of immunocastrated male pigs. Rev Bras Agrotecnologia. 2021;11.

5. Burnett DD, Legako JF, Phelps KJ, Gonzalez JM. Biology, strategies, and fresh meat consequences of
manipulating the fatty acid composition of meat. Journal of animal science. 2020;98.

�. Myer RO, Lamkey JW, Walker WR, Brendemuhl JH, Combs GE. Performance and carcass
characteristics of swine when fed diets containing canola oil and added copper to alter the
unsaturated:saturated ratio of pork fat. J Anim Sci. 1992;70.

7. Peñuela-Sierra L, Castañeda-Serrano R, Sanmiguel RA. Ácidos graxos poliinsaturados e ácido
linoléico conjugado na carne suína. Benefícios para a saúde humana: Revisão. PubVet. 2015;9.

�. Zhang J, Xu X, Zhu H, Wang Y, Hou Y, Liu Y. Dietary �sh oil supplementation alters liver gene
expressions to protect against LPS-induced liver injury in weanling piglets. Innate Immun. 2019;25.

9. Martins JM, Neves JA, Freitas A, Tirapicos JL. Rearing system and oleic acid supplementation effect
on carcass and lipid characteristics of two muscles from an obese pig breed. Animal. 2015;9.

10. Benz JM, Tokach MD, Dritz SS, Nelssen JL, DeRouchey JM, Sulabo RC, et al. Effects of choice white
grease and soybean oil on growth performance, carcass characteristics, and carcass fat quality of
growing-�nishing pigs. J Anim Sci. 2011;89.

11. Mitchaothai J, Yuangklang C, Wittayakun S, Vasupen K, Wongsutthavas S, Srenanul P, et al. Effect of
dietary fat type on meat quality and fatty acid composition of various tissues in growing-�nishing
swine. Meat Sci. 2007;76.

12. Shimizu N, Maruyama T, Yoshikawa N, Matsumiya R, Ma Y, Ito N, et al. A muscle-liver-fat signalling
axis is essential for central control of adaptive adipose remodelling. Nat Commun. 2015;6.

13. Park CY, Han SN. Lipid pathway in liver cells and its modulation by dietary extracts. In: The Molecular
Nutrition of Fats. 2018.

14. LOPES RM et al. Flavonóides. Biotecnol Ciência e Desenvolv. 2010;3:18–22.

15. Salgado J. Ácidos Graxos Essenciais. 2017.



Page 22/33

1�. Duan Y, Li F, Li L, Fan J, Sun X, Yin Y. N-6:n-3 PUFA ratio is involved in regulating lipid metabolism
and in�ammation in pigs. Br J Nutr. 2014;111.

17. Ramayo-Caldas Y, Mach N, Esteve-Codina A, Corominas J, Castelló A, Ballester M, et al. Liver
transcriptome pro�le in pigs with extreme phenotypes of intramuscular fatty acid composition. BMC
Genomics. 2012;13.

1�. Almeida V V., Silva JPM, Schinckel AP, Meira AN, Moreira GCM, Gomes JD, et al. Effects of increasing
dietary oil inclusion from different sources on growth performance, carcass and meat quality traits,
and fatty acid pro�le in genetically lean immunocastrated male pigs. Livest Sci. 2021;248:104515.

19. Ulbricht TLV, Southgate DAT. Coronary heart disease: seven dietary factors. Lancet. 1991;338.

20. Jeromson S, Gallagher IJ, R Galloway SD, Lee Hamilton D. marine drugs Omega-3 Fatty Acids and
Skeletal Muscle Health. Mar Drugs. 2015;13:6977–7004.

21. Ma X, Jiang Z, Lai C. Signi�cance of Increasing n-3 PUFA Content in Pork on Human Health. Crit Rev
Food Sci Nutr. 2016;56.

22. Saini RK, Keum YS. Omega-3 and omega-6 polyunsaturated fatty acids: Dietary sources, metabolism,
and signi�cance — A review. Life Sciences. 2018;203.

23. Kasprzyk A, Tyra M, Babicz M. Fatty acid pro�le of pork from a local and a commercial breed. Arch
Tierzucht. 2015;58.

24. Corominas J, Ramayo-Caldas Y, Puig-Oliveras A, Estellé J, Castelló A, Alves E, et al. Analysis of
porcine adipose tissue transcriptome reveals differences in de novo fatty acid synthesis in pigs with
divergent muscle fatty acid composition. BMC Genomics. 2013;14.

25. Uddin MJ, Duy DN, Cinar MU, Tesfaye D, Tholen E, Juengst H, et al. Detection of quantitative trait loci
affecting serum cholesterol, LDL, HDL, and triglyceride in pigs. BMC Genet. 2011;12.

2�. Lin L, Allemekinders H, Dansby A, Campbell L, Durance-Tod S, Berger A, et al. Evidence of health
bene�ts of canola oil. Nutr Rev. 2013;71.

27. Ghobadi S, Hassanzadeh-Rostami Z, Mohammadian F, Zare M, Faghih S. Effects of Canola Oil
Consumption on Lipid Pro�le: A Systematic Review and Meta-Analysis of Randomized Controlled
Clinical Trials. Journal of the American College of Nutrition. 2019;38.

2�. Saedi S, Noroozi M, Khosrotabar N, Mazandarani S, Ghadrdoost B. How canola and sun�ower oils
affect lipid pro�le and anthropometric parameters of participants with dyslipidemia. Med J Islam
Repub Iran. 2017;31.

29. Kardassis D, Gafencu A, Zannis VI, Davalos A. Regulation of HDL genes: Transcriptional,
posttranscriptional, and posttranslational. In: Handbook of Experimental Pharmacology. 2015.

30. White R, Giordano S, Datta G. Role of HDL-Associated Proteins and Lipids in the Regulation of
In�ammation. In: Advances in Lipoprotein Research. 2017.

31. Niroumand S, Khajedaluee M, Khadem-Rezaiyan M, Abrishami M, Juya M, Khodaee G, et al.
Atherogenic Index of Plasma (AIP): A marker of cardiovascular disease. Med J Islam Repub Iran.
2015;29.



Page 23/33

32. Stelzer G, Rosen N, Plaschkes I, Zimmerman S, Twik M, Fishilevich S, et al. The GeneCards suite:
From gene data mining to disease genome sequence analyses. Curr Protoc Bioinforma. 2016;2016.

33. Bazewicz CG, Dinavahi SS, Schell TD, Robertson GP. Aldehyde dehydrogenase in regulatory T-cell
development, immunity and cancer. Immunology. 2019;156.

34. Galli A, Price D, Crabb D. High-level expression of rat class I alcohol dehydrogenase is su�cient for
ethanol-induced fat accumulation in transduced HeLa cells. Hepatology. 1999;29.

35. Udhaya Kumar S, Thirumal Kumar D, Mandal PD, Sankar S, Haldar R, Kamaraj B, et al.
Comprehensive in silico screening and molecular dynamics studies of missense mutations in
Sjogren-Larsson syndrome associated with the ALDH3A2 gene. Adv Protein Chem Struct Biol.
2020;120.

3�. Chakrabarti SK, Wen Y, Dobrian AD, Cole BK, Ma Q, Pei H, et al. Evidence for activation of
in�ammatory lipoxygenase pathways in visceral adipose tissue of obese Zucker rats. Am J Physiol -
Endocrinol Metab. 2011;300.

37. Mothe-Satney I, Filloux C, Amghar H, Pons C, Bourlier V, Galitzky J, et al. Adipocytes secrete
leukotrienes: Contribution to obesity-associated in�ammation and insulin resistance in mice.
Diabetes. 2012;61.

3�. Wan M, Tang X, Stsiapanava A, Haeggström JZ. Biosynthesis of leukotriene B4. Seminars in
Immunology. 2017;33.

39. Frayn KN, Arner P, Yki-Järvinen H. Fatty acid metabolism in adipose tissue, muscle and liver in health
and disease. Essays Biochem. 2006;42.

40. Curtis JM, Grimsrud PA, Wright WS, Xu X, Foncea RE, Graham DW, et al. Downregulation of adipose
glutathione S-tansferase A4 leads to increased protein carbonylation, oxidative stress, and
mitochondrial dysfunction. Diabetes. 2010;59.

41. Grimsrud PA, Picklo MJ, Gri�n TJ, Bernlohr DA. Carbonylation of adipose proteins in obesity and
insulin resistance: Identi�cation of adipocyte fatty acid-binding protein as a cellular target of 4-
hydroxynonenal. Mol Cell Proteomics. 2007;6.

42. Unoki H, Bujo H, Yamagishi S ichi, Takeuchi M, Imaizumi T, Saito Y. Advanced glycation end products
attenuate cellular insulin sensitivity by increasing the generation of intracellular reactive oxygen
species in adipocytes. Diabetes Res Clin Pract. 2007;76.

43. Chu A, Najafzadeh P, Sullivan P, Cone B, Elshimali R, Shakeri H, et al. Aldehyde dehydrogenase
isoforms and in�ammatory cell populations are differentially expressed in term human placentas
affected by intrauterine growth restriction. Placenta. 2019;81.

44. Puig-Oliveras A, Ramayo-Caldas Y, Corominas J, Estellé J, Pérez-Montarelo D, Hudson NJ, et al.
Differences in muscle transcriptome among pigs phenotypically extreme for fatty acid composition.
PLoS One. 2014;9.

45. Piórkowska K, Małopolska M, Ropka-Molik K, Nędza MS, Wiechniak A, Żukowski K, et al. Evaluation
of scd, acaca and fasn mutations: Effects on pork quality and other production traits in pigs selected
based on rna-seq results. Animals. 2020;10.



Page 24/33

4�. Wang W, Xue W, Xu X, Jin B, Zhang X. Correlations of genes expression in PPAR signalling pathway
with porcine meat quality traits. Czech J Anim Sci. 2016;61.

47. Yu YH, Wu SC, Cheng WTK, Mersmann HJ, Shen TL, Ding ST. The function of porcine PPARγ and
dietary �sh oil effect on the expression of lipid and glucose metabolism related genes. J Nutr
Biochem. 2011;22:179–86.

4�. Hevener AL, He W, Barak Y, Le J, Bandyopadhyay G, Olson P, et al. Muscle-speci�c Pparg deletion
causes insulin resistance. Nat Med. 2003;9.

49. Welch JS, Ricote M, Akiyama TE, Gonzalez FJ, Glass CK. PPARγ and PPARδ negatively regulate
speci�c subsets of lipopolysaccharide and IFN-γ target genes in macrophages. Proc Natl Acad Sci U
S A. 2003;100.

50. Lazar MA. PPARγ, 10 years later. In: Biochimie. 2005.

51. Mracek T, Gao D, Tzanavari T, Bao Y, Xiao X, Stocker C, et al. Downregulation of zinc-α2-glycoprotein
in adipose tissue and liver of obese ob/ob mice and by tumour necrosis factor-α in adipocytes. J
Endocrinol. 2010;204.

52. Alexandraki K, Piperi C, Kalofoutis C, Singh J, Alaveras A, Kalofoutis A. In�ammatory process in type
2 diabetes: The role of cytokines. In: Annals of the New York Academy of Sciences. 2006.

53. Zhang HH, Halbleib M, Ahmad F, Manganiello VC, Greenberg AS. Differentiated Human Adipocytes
Through Activation of Extracellular Signal – Related Kinase and Elevation of Intracellular cAMP.
Diabetes. 2002;51:2929–35.

54. Zhi HH, Luque RM, Kineman RD, Mazzone T. Nutritional regulation of adipose tissue apolipoprotein E
expression. Am J Physiol - Endocrinol Metab. 2007;293.

55. Li B, Weng Q, Dong C, Zhang Z, Li R, Liu J, et al. A key gene, PLIN1, can affect porcine intramuscular
fat content based on transcriptome analysis. Genes (Basel). 2018;9.

5�. Gandol� G, Mazzoni M, Zambonelli P, Lalatta-Costerbosa G, Tronca A, Russo V, et al. Perilipin 1 and
perilipin 2 protein localization and gene expression study in skeletal muscles of European cross-
breed pigs with different intramuscular fat contents. Meat Sci. 2011;88.

57. Fang B, Ren X, Wang Y, Li Z, Zhao L, Zhang M, et al. Apolipoprotein E de�ciency accelerates
atherosclerosis development in miniature pigs. DMM Dis Model Mech. 2018;11.

5�. van der Velde AE. Reverse cholesterol transport: From classical view to new insights. World Journal
of Gastroenterology. 2010;16.

59. Song CH, Oh SM, Lee SH, Choi YH, Kim JD, Jang A, et al. The ratio of dietary n-3 polyunsaturated
fatty acids in�uences the fat composition and lipogenic enzyme activity in adipose tissue of growing
pigs. Food Sci Anim Resour. 2020;40.

�0. Fass. Guide for the care and use of agricultural animals in research and teaching. 3rd edition.
Champaign, IL: Federation of Animal Science Societies; 2010.

�1. Rostagno HS. Tabelas brasileiras para aves e suínos: composição de alimentos e exigências
nutricionais. Tabelas Bras para aves e suínos Compos Aliment e Exig Nutr. 2011;2:186.



Page 25/33

�2. Trinder P. Determination of Glucose in Blood Using Glucose Oxidase with an Alternative Oxygen
Acceptor. Ann Clin Biochem Int J Lab Med. 1969;6.

�3. GORNALL AG, BARDAWILL CJ, DAVID MM. Determination of serum proteins by means of the biuret
reaction. J Biol Chem. 1949;177.

�4. Fanalli SL, Silva BPM da, Gomes JD, Almeida VV de, Afonso J, Reecy JM, et al. Effect of Dietary
Soybean Oil Inclusion on Liver-Related Transcription Factors in a Pig Model for Metabolic Diseases.
Sci Rep. 2022;12 10318 (2022).

�5. Dobin A, Gingeras TR. Mapping RNA-seq Reads with STAR. Curr Protoc Bioinforma. 2015;51.

��. Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for RNA-seq data
with DESeq2. Genome Biol. 2014;15.

�7. Benjamini Y, Hochberg Y. Controlling the False Discovery Rate: A Practical and Powerful Approach to
Multiple Testing. J R Stat Soc Ser B. 1995;57.

��. Cesar ASM, Regitano LCA, Poleti MD, Andrade SCS, Tizioto PC, Oliveira PSN, et al. Differences in the
skeletal muscle transcriptome pro�le associated with extreme values of fatty acids content. BMC
Genomics. 2016;:1–16.

�9. MetaCore. MetaCore and Cortellis solution [Internet]. 2022.

Figures



Page 26/33

Figure 1

Pathway maps by MetaCore software (p-value <0.10) from the list of differentially expressed genes (FDR
10%) in the skeletal muscle of pigs fed with different oils (3.0 % canola oil vs 3.0% soybean oil).
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Figure 2

Fatty Acid Omega Oxidation pathway map by MetaCore software (p-value <0.10) from the list of
differentially expressed genes (FDR 10%) in the skeletal muscle of pigs fed different oil sources in the diet
(3.0 % canola oil and 3.0 % soybean oil). The blue thermometer indicates down-regulation of DEG (log2-
fold change -0.79), and the red thermometer indicates up-regulation of DEG (log2-fold change +2.37) in
the diet with 3.0 % of canola oil (CO). Green arrows indicate positive interaction and gray arrows indicate
unspeci�ed interaction. For a detailed de�nition, see

 https://portal.genego.com/legends/MetaCoreQuickReferenceGuide.pdf.
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Figure 3

Pathway maps by MetaCore software (p-value <0.10) from the list of differentially expressed genes (FDR
10%) in the skeletal muscle of pigs fed with different oil (3.0 % canola oil vs 3.0% �sh oil)
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Figure 4

Adiponectin in pathogenesis of type 2 diabetes pathway map by MetaCore software (p-value <0.10) from
the list of differentially expressed genes (FDR 10%) in the skeletal muscle of pigs fed different oil sources
in the diet (3.0 % canola oil and 3.0 % �sh oil). The large green arrows indicate path to start, blue
thermometer indicates down-regulation of DEG in the diet with 3.0 % of canola oil (CO). Green arrows
indicate positive interaction, red arrows indicate negative interaction (inhibition), gray arrows indicate
unspeci�ed interaction, and smaller blue boxes indicate normal process. For a detailed de�nition, see

https://portal.genego.com/legends/MetaCoreQuickReferenceGuide.pdf.
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Figure 5

Top 10 enriched networks identi�ed by MetaCore software from the list of differentially expressed genes
(FDR 10%) in the skeletal muscle of pigs fed with different oils (3.0 % canola oil and 3.0 % of �sh oil).
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Figure 6

TNF-α, IL-1 β induces dyslipidemia and in�ammation in obesity and type 2 diabetes in adipocytes
pathway map by MetaCore software (p-value <0.10) from the list of differentially expressed genes (FDR
10%) in the skeletal muscle of pigs fed different oil sources in the diet (3.0 % soybean oil and 3.0% �sh
oil). The large green arrows indicate path to start, blue thermometer indicates down-regulation of DEG in
the diet with 3.0 % of soybean oil (SOY). Purple lines indicate enhancement in diseases and purple dotted
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line emerges in diseases. Green arrows indicate positive interaction, red arrows indicate negative
interaction (inhibition), and gray arrows indicate unspeci�ed interaction. For a detailed de�nition, see
https://portal.genego.com/legends/MetaCoreQuickReferenceGuide.pdf.

Figure 7

Top 10 enriched networks identi�ed by MetaCore software from the list of differentially expressed genes
(FDR 10%) in the skeletal muscle tissue of pigs fed with different oils (3.0 % soybean oil and 3.0 % of �sh
oil).
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