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Abstract The current study was aim to the effects of n-6 and n-3 polyunsaturated 

fatty acids (PUFA, or palmitic acid sources) on expression of pro-inflammatory 
cytokines in lambs vaccinated against foot and mouth disease (FMD) virus. A 
total of fifteen Sangsari male lambs with an age of 6 ± 1 months and body weight 
of 42 ± 1 kg were randomly assigned to one of three experimental treatments as 
follows: 1) PO: received calcium soap of palm oil fatty acid (FA) in the diet as 
source of palmitic acid (16:0), 2) SO: received calcium soap of sunflower oil FAs 
in the diet as source of linoleic acid (n-6 18:2) and 3) LO: received calcium soap 
of linseed oil FA in the diet as source of α-linolenic acid (n-3 18:3). The lambs 
were offered an iso-energetic and iso-nitrogenous diet for 28 days (including 21 
days of adaptation and 7 days of sampling). The lambs were individually housed 
and had access to water ad libitum. The expression of interleukin-1β (IL-1β) 
mRNA was lower in LO when compared with PO and SO (P<0.05). The 
expression of tumor necrosis factor-α (TNFα) mRNA was higher in PO when 
compared with SO and LO and the lowest expression of TNFα mRNA was 
measured in LO (P<0.05). Lower concentrations of serum cholesterol and 
triglyceride (TG) were measured in vaccinated lambs on LO diet when compared 
with vaccinated lambs on palmitic FA diet (P<0.05). There was no significant 
difference between SO and LO groups in serum cholesterol or TG levels. There 
were no significant differences between treatments (P>0.05) in serum level of 
total proteins and albumin. The findings from the current study showed feeding 
α-linolenic acid diet following vaccination against FMD resulted in a decrease in 
serum levels of cholesterol and TG due to higher n-3 PUFA intake and 
suppressed the pro-inflammatory cytokine expression (IL-1 and TNFα).   
 
Keywords: acute-phase proteins, alpha-linolenic acid, conjugated linoleic acid, 
foot and mouth disease, linseed 

Introduction positive-sense RNA (De Los Santos et al., 2007). Foot 
and mouth disease is an economically devastating disea-  

Foot and mouth disease (FMD) is a highly contagious acute-  se and causes significant production losses in ruminants  
vesicular disease of ruminants(Park et al., 2006, Orsel et al.,  (Belsham, 1993). It has been shown that the L proteinase  

2007). It is caused by foot and mouth disease virus (FMDV:- of FMDV inhibited interferons (IFN-α and IFN-β) product-  

 family Picornaviridae; genus Aphthovirus), a single-stranded,  ion by infected cells  and shut off host protein translation  
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(Chinsangaram et al., 1999). 

Macrophages have a critical role in antigen 
processing and presentation to other immune cells 
(Kovacsovics-Bankowski et al., 1993; Colonna et al., 
2002). Alternatively activated macrophages (M2) are 
poorly microbicidal and have anti-inflammatory 
properties while classically activated macrophages (M1) 
are microbicidal and pro-inflammatory (Benoit et al., 
2008; Mosser and Edwards, 2008). M1 macrophages are 
stimulated by PAMPs, damage-associated molecular 
patterns and inflammatory cytokines like TNF-α and IFN-
γ, whereas M2 macrophages are stimulated by anti-
inflammatory cytokines like IL-10, IL-4, and IL-13 
(Hirayama et al., 2018). M1 macrophages also release 
tumor necrosis factor-α (TNFα) and interleukin-1β (IL-1β) 
which further aid in the elimination of pathogens (Al-
Khalaifah, 2020). Pro-inflammatory cytokines reduce the 
synthesis of albumin and lipoproteins (Loor et al., 2013) 
and increase the synthesis of acute-phase proteins 
(APPs) such as haptoglobin (Hp), serum amyloid A 
(SAA), C-reactive protein and ceruloplasmin (Cp) in the 
liver (Powanda, 1980). Also, a significant decrease in 
kidney and liver function maybe happen during bacterial 
and viral disease. 

The RNA molecules generated by FMDV are sensed 
by the cellular receptor for PAMPs (Ma et al., 2018), 
induce M1 polarization in macrophages (Sebastian et al., 
2020) and activate NF-κB signaling events (De Los 
Santos et al., 2007). Once activated, NF-κB translocates 
to the nucleus driving the expression and release of pro-
inflammatory proteins and cytokines including TNFα, 
pro-interleukin-1β, pro-IL-18, IL-6, IL-8, neutrophil 
chemo-attractants, monocytes and T-lymphocytes 
chemo-attractants and cell adhesion molecules (Nian et 
al., 2004, Coggins and Rosenzweig, 2012). 

Major stressors associated with animal production 
trigger the production of pro-inflammatory cytokines (Lee 
et al., 2016). Also, various nutrients can affect the 
metabolism and function of leukocytes (Schwager et al., 
2015). For example, fatty acids (FAs) alter both hormone 
and neuropeptide concentrations and their receptors 
(Bhathena, 2006). Polyunsaturated fatty acids (PUFA) 
are precursors for eicosanoids including prostaglandins, 
leukotrienes, and thromboxanes, which have hormone-
like activities (Lakdawala and Grant-Kels, 2015). Kaveh 
et al. (2019) showed preventive effect of α-linolenic acid 
on inflammatory markers in sensitized animals 
comparable to the effect of dexamethasone. However, 
Hadfield (2017) reported no clear benefit of 
supplementary n-3 PUFAs in reducing the inflammatory 
response.  

The n-9 FAs show a tremendous series of beneficial 
impacts like anti-oxidative properties, improved 
cholesterol levels, regulating immunity responses 
(Simopoulos, 2002, Alagawany et al., 2020). However, 
the n-6 PUFA such as linoleic acid (18:2 n-6) are the 
precursor of arachidonic acid (20:4 n-6) which can 
convert to prostaglandins (such as PGE2), leukotrienes 
and related compounds that have important roles in  

 
 
inflammation and in the regulation of immunity (Yaqoob 
et al., 2000). The metabolism of arachidonic acid to yield 
these mediators can be inhibited by the long chain n-3 
PUFA (Calder et al., 2002). Feeding n-3 PUFA results in 
partial replacement of arachidonic acid by 
eicosapentaenoic acid in membrane of cells involved in 
inflammation which leads to decreased production of 
arachidonic acid-derived mediators (Darwesh et al., 
2019). Thus, feeding n-3 PUFA results in a decreased 
capacity of immune cells to synthesis series-2 
prostaglandins from arachidonic acid (Yaqoob et al., 
2000) and induce formation of series-3 eicosanoids 
which have anti-inflammatory effects compared to 
series-2 prostaglandins (Gulliver et al., 2012). 

The aim of the current research was to investigate the 
effects of feeding saturated FA (16:0) and PUFA (18:2 n-
6 and 18:3 n-3) rich diets on pro-inflammatory cytokines 
expression and blood levels of proteins and lipids in 
lambs vaccinated against FMDV. 

 

Materials and methods 
 
Animals and management 
 
A total of fifteen healthy Sangsari male lambs with a body 
weight of 42 ± 1 kg and an age of 6 ± 1 months were 
randomly assigned to one of three experimental 
treatments. The lambs were considered free of infections 
and cutaneous disorders based on clinical inspection. 
Two weeks before the start of the study, lambs were 
treated against possible parasites with albendazole at a 
dose of 5 mg/kg body weight. The study started in the 
spring of 2018 at Karaj city, Alborz province. The 
average annual temperature and rainfall in this area are 
15.2 °C and 457 mm. 

Treatments were as follows: 1) The palm oil (PO) 
group which received calcium soap of palm oil FAs in the 
diet as source of palmitic acid (16:0), 2) the sunflower oil 
(SO) group which received calcium soap of sunflower oil 
FAs in the diet as source of linoleic acid (n-6 18:2) and 
3) the linseed oil (LO) group which received calcium soap 
of linseed oil FAs in the diet as source of α-linolenic acid 
(n-3 18:3).  

The diets were formulated according to nutritional 
requirements of sheep by Cornell Net Carbohydrate and 
Protein System (CNCPS) using Sheep CNCPS 1.0.21 
software. The ingredients and chemical composition of 
the experimental diets are presented in Table 1. The 
lambs were individually housed and offered the iso-
caloric and iso-nitrogenous diet for 28 days including 21 
days of adaptation period and 7 days of sampling period. 
The diets were fed three times daily as total mixed rations 
at 08:00 and 15:00 h. Fresh drinking water was 
continuously provided in each pen. After the adaptation 
period, the lambs were vaccinated subcutaneously using 
1-mL polyvalent FMD vaccine (inactivated, containing 
virus types O2016, A13, A15 and Asia1 strains; Razi 
Vaccine and Serum Research Institute).  
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Data and sample collection 
  
Blood sample was collected 7 days after vaccination (on 
day 28 of the experiment) before morning feeding by 
jugular venipuncture, after proper restraint, in labelled 
sterile serum tubes containing 1 mg / mL ethylene 
diaminetetracetate (EDTA). The serum was separated 
by centrifugation at 3000 rpm for 15 min and kept at 
−20°C for later analysis of metabolites.  
 

Serum analysis 
 
Plasma metabolites were quantified using commercially 
available kits according to the manufacturer’s 
recommendations (PishtazTeb Co., Arak, Iran). The total 
serum protein and total serum albumin were measured 
using a photometric method at a wavelength of 546 nm. 
Cholesterol and triglycerides in the serum samples were 
estimated using enzymatic cholesterol oxidase phenol 4-
aminoantipyrine peroxidase method at the wavelength of 
546 nm. 
 

RNA extraction 
 
Total RNA was isolated from blood samples using the 
RNeasy®Mini Kit (Qiagen, Hilden, Germany) following 
the manufacturer’s guidelines. The concentration and 
purity (260/280 nm ratio of absorbance readings) of RNA 
were quantified by Nanodrop 2000 spectrophotometer 
(Thermo Scientific, Wilmington, DE). Approximately100 
ng/μL purified RNA was converted into complementary 
DNA (cDNA) using Quantitect® reverse transcription kit 
(Qiagen, Hilden, Germany) following the manufacturer’s 
procedure. The genomic DNA removal was performed 
before the reverse transcription of RNA to cDNA. For the 
internal standard (housekeeping gene), GADPH gene 
was used to standardize the expression.  
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Table 1. Feed ingredients and chemical composition of 

the basal diet 

Ingredients (g/kg DM) 

Alfalfa hay  158 

Wheat straw  158 
Barley grain 330 

Dry corn grain 228 
Soybean meal 82 

Oil 28 

Limestone  8 

Di-calcium phosphate  2 

Salt  2 

Sodium bicarbonate 4 

Chemical Composition (g/kg DM) 
Metabolizable energy (Mcal/kg) 2.85 

Crude protein 140 

Neutral detergent fiber 257 

Non-fibrous carbohydrate 529 

Crude fat 27 

Calcium 7.9 

Phosphorus 4.3 

 

 

Real-time qPCR 
 
Real-time qPCR was performed with the Bio-Rad CFX96 
Real-time PCR system (Bio-Rad Laboratories, CA, 
USA). The cycling conditions for all genes were as 
follows: 5 minutes at 94°C, 45 cycles of 20 seconds at 
94°C, 20 seconds at 60°C and 20 seconds at 72°C, 
followed by a melt curve starting at 65°C rising to 94°C 
at 0.3°C per second (Smeed et al., 2007). Data were 
normalized using glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) housekeeping gene. The 
primer characteristics of cytokines and reference genes 
are described in Table 2.  

 
Table 2. Primer characteristics of cytokines and reference gene for real-time PCR amplification 

Target 
gene  

Primer sequence (5′ - 3′) Product size (bp) Gene Accession number 
 

IL-1β F - CCTTGGGTATCAGGGACAA 
R - TGCGTATGGCTTTCTTTAGG 

317 X56972 
 

TNFα F - GAATACCTGGACTATGCCGA 
R - CCTCACTTCCCTACATCCCT 

238 X56756 
 

GADPH F - GGTGATGCTGGTGCTGAGTA 
R - TCATAAGTCCCTCCACGATG 

265 AF030943 

F=Forward, R=Reverse, GADPH=Glyceraldehyde3-phosphate dehydrogenase, IL-1β=Interleukin-1β, TNFα =Tumor 
necrosis factor-α 

 
 

The analysis of melting curve was performed at the 
end of the amplification cycle to confirm the specificity of 
amplification. The relative expression levels of IL-1 and 
TNFα transcripts were measured by quantitative Real 
time-PCR. Comparative ΔΔCt method was used for 
quantification of Real-Time PCR outputs. The efficiency 
of amplification of target and housekeeping genes was 
determined by a 5-fold serial dilution of cDNA as a 
standard curve. Using the GenEx enterprise software, t- 

he fold changes were statistically analyzed. All the 
standard curves showed good PCR amplification 
efficiencies between 90 to 120%. 

 

Statistical analysis 
 
Data were subjected to ANOVA using the MIXED 
procedure of SAS (Statistical Analysis System) version 
9.2 (SAS Institute, USA). The model included fixed effe- 
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cts of the treatments, and the lamb as a random effect. 
Differences between treatment means were considered 
significant at P<0.05 using Tukey’s HSD test.  
 

Results  
 
The data for real-time PCR (qRT-PCR) revealed that 
there were significant differences in pro-inflammatory cy- 

 
 
tokines IL-1β and TNF-α (Table 3, P<0.05). The 
expression of IL-1β mRNA was lower in LO groups when 
compared with PO and SO (P<0.05). However, there 
was no significant difference between PO and SO in IL-
1β mRNA expression. The minimum expression of TNFα 
mRNA was measured in LO (P<0.05). Also, the TNFα 
mRNA expression was higher in PO when compared 
with SO and LO. 

 
Table 3. The relative gene expression of TNFα  and IL-1β in lambs fed palmitic acid (PO), linoleic acid (SO) or α-linolenic acid (LO) 

diets (n=3) 

 PO SO LO SEM P value 

IL-1β 1.52a 1.48a 0.67b 0.19 0.0001 

TNFα  1.41a 1.07b 0.78c 0.11 0.0001 

PO: palm oil treatment (palmitic acid); SO: sunflower oil treatment (n-6 PUFA, linoleic acid); LO: linseed oil treatment (n-3 PUFA, α-
linolenic acid); SEM: standard error of means.  
a, b: within rows, means with common superscript do not differ (P>0.05). 

 
 
Lower concentration of serum cholesterol (Table 4) 

was measured in vaccinated lambs on LO diet compared 
with the vaccinated lambs on palmitic FAs diet (P<0.05). 
Additionally, a significant decrease (P<0.05) in the level 
of triglyceride (TG) was also observed in LO compared 

with PO. However, the concentration of serum 
cholesterol and TG were not significantly different 
between palmitic acid and 18:2 n-6 FA (P>0.05). Also, 
there was no significant difference between SO and LO 
in serum cholesterol or TG levels. Serum levels of total 
proteins and albumin were not affected by treatments. 

 
Table 4. The serum metabolite levels (mg/dL) in vaccinated lambs fed palmitic acid (PO), linoleic acid (SO) or α-linolenic acid (LO) 

diets (n=5) 

 PO SO LO SEM P value 

Cholesterol 79.4a 75.4ab 65.5b 8.16 0.0419 

Triglycerides 28.4a 24.1ab 22.4b 3.61 0.0460 

Total proteins 4.63 4.85 4.79 0.32 0.5422 

Albumin 2.20 2.21 2.37 0.22 0.4299 

PO: palm oil treatment (palmitic acid); SO: sunflower oil treatment (n-6 PUFA, linoleic acid); LO: linseed oil treatment (n-3 PUFA, α-
linolenic acid); SEM: standard error of means.  
a, b: within rows, means with common superscript do not differ (P>0.05).

 

Discussion 
 
In this study the lambs were considered free of infections 
and cutaneous disorders based on clinical inspection. 
Also, the environmental condition was same for all 
groups and all animals had 3 weeks of adaptation to 
diets and housing. Then, differences among treatments 
on gene expression of cytokines, was related to the 
effects of sources of fatty acid in diets on responses of 
immune system to FMD vaccination. Our finding on IL-1, 
are in agreement with Zeng et al. (2016) who found that 
a high ratio of α-linolenic acid to linoleic acids in the diet 
significantly increased the complement C3 contents, 
promoted interleukin-10 mRNA abundance, whereas 
suppressed pro-inflammatory cytokines (like TNFα and 
IFNγ2, IL-1β, IL-8) and reduced signal molecules mRNA 
levels in the intestine of juvenile fish. In another study, 
the levels of IL-1 and TNF-α and expression of IL-1β 
increased in heat stressed lambs (Shi et al., 2020).  

Winnik et al. (2011) in a human study confirmed that 
the mRNA levels of TNFα, IFNγ and IL-4 decreased in  

response to α-linolenic acid. Matsuyama et al. (2005) 
showed that TNFα and IL-8 levels decreased 
significantly in the n-3 group, while there was no 
significant change in the n-6 group. Darwesh et al. 
(2019) implied that the anti-inflammatory and anti-fibrotic 
effects of n-3 PUFAs and their metabolites are ascribed 
to their ability to: (1) incorporate into the cell membrane 
and displace arachidonic acid as an alternative substrate 
for phosholipase A2, (2) alter the lipid raft restricting the 
dimerization and pro-inflammatory signaling of TLR, (3) 
activate G-protein-coupled receptor mediated signaling 
that stimulates PPARs and inhibit NF-kB activity, (4) 
undergo cytochrome P450 epoxygenase mediated 
metabolism into the corresponding anti-inflammatory 
oxylipins, (5) inhibit the NLRP3 inflammasome cascade, 
(6) prevent the activation of the profibrotic TGF-β 
signaling pathway, and, (7) undergo metabolism into 
anti-inflammatory and pro-resolving lipid mediators 
resolvins, protectins, and maresins. Our findings in this 
research suggested that the PUFA, especialyy n-3 
PUFA, could reduce the pro-inflammatory cytokine 
production in lambs vaccinated against FMD.  
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Pro-inflammatory cytokines such as TNF-α, IL-1β, 

and IL-6 induce catabolic metabolism, muscle 
proteolysis, adipose tissue lipolysis, insulin resistance, 
increase the synthesis of acute-phase proteins and 
decrease in protein synthesis in the liver (Powanda, 
1980, Bertoni et al., 2015). Also, it was shown that diets 
with increased concentration of saturated FAs could 
elevate cholesterol, TG and low-density lipoprotein 
(LDL) concentrations in blood plasma (Rowe et al., 
1999). In ruminants, the transcription factors such as 
SREBP1, PPARα and PPARγ regulate the expression of 
the stearoyl-CoA desaturase (SCD) gene (Dervishi et al., 
2010). Moreover, dietary PUFAs undergo the greatest 
changes during their passage from feed to dairy 
products due to the extensive biohydrogenation taking 
place in the rumen. Conjugated linoleic acid originates 
from ruminal biohydrogenation of dietary cis-C18:2 and 
linolenic acid (Griinari et al., 2000). The most 
represented isomer in milk lipids of ruminants is cis-9, 
trans-11 CLA (rumenic acid). CLA and rumen protected 
form of n-6 and n-3 PUFA can decrease cholesterol and 
TG in plasma (Majewska et al., 2016). Ebrahimi et al. 
(2014) showed that goats fed diets supplemented with 
high α-linolenic acid had an up-regulation of the PPARα, 
PPARγ and down regulation of the SCD gene compared 
to those fed a diet supplemented with high linoleic acid. 
In support of this concept, cellular TG accumulation 
decreased when hepatocytes were exposed to PUFA in 
rats (Ikeda et al., 1998, Kumamoto and Ide, 1998). 
Moreover, production of TNF-α inhibits the lipoprotein 
lipase which results in elevated plasma TG (Feingold et 
al., 1989). Although our findings showed that feeding 
PUFA especially n-3 FA resulted in lower TNF-α and IL-
1 expression in FMD vaccinated lambs which may 
improve cholesterol and TG synthesis in the liver, 
however the decrease in serum cholesterol and TG in 
PUFA-lambs shows that lower expression of main 
enzymes which are involved in TG and cholesterol 
synthesis had occurred in lambs on n-6 and n-3 diets 
when compared with lambs on saturated FA diet. 

A significant decrease in kidney and liver function 
maybe happen during bacterial and viral infections. Pro-
inflammatory cytokines reduce the synthesis of 
albumins, lipoproteins, retinol-binding protein and 
paraoxonase (Loor et al., 2013) and increase the 
synthesis of AAPs such as Hp, SAA, C-reactive protein 
and Cp in the liver (Powanda, 1980). It was reported that 
serum albumin and urea was lower, but serum globulin, 
cholesterol, TG, aspartate transaminase, and alanine 
transaminase activities were significantly higher in the 
Brucellosis affected cattle (Nath et al., 2014). Seo et al. 
(2019) showed that blood urea nitrogen was significantly 
increased, but albumin was decreased after FMD 
vaccination of Holstein steers. Also Ghanem and Abdel-
Hamid (2010) showed that the total protein and albumin 
were significantly reduced in cattle suffered from FMD. 

It was found that TNF-α and APPs were increased in 
FMD virus-challenged cattle compared with healthy 
animals (Bertoni et al., 2008). Albumin is classified as a  
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negative APP, which is dramatically decreased in 
inflammatory conditions. Albumin might also be 
decreased in FMD infection because it usually 
decreases during inflammation (Ghanem and Abdel-
Hamid, 2010). Anil and Gurudutt (2011) reported that the 
serum levels of total protein, albumin and globulin 
decreased in FMD affected sheep compared with the 
normal control. Barkakati et al. (2015) showed that FMD 
caused significant decrease in total protein, albumin and 
blood urea nitrogen in cattle. Also, Nahed (2010) showed 
a significant decrease in serum concentration of total 
protein and albumin in FMD infected cattle. Seo et al. 
(2019) showed that the vaccination of FMD decreased 
the hepatic albumin production. However, in this study 
there were no significant differences between treatments 
in serum levels of total proteins and albumin. Our 
findings showed that FA source of diet did not have any 
significant effect on serum levels of total protein and 
albumin. 
  

Conclusion 
 
Feeding α-linolenic acid diet to lambs that were 
vaccinated against FMD resulted in a decrease in serum 
levels of cholesterol and TG due to higher n-3 PUFA 
intake, and also suppressed the pro-inflammatory 
cytokine expression (IL-1 and TNFα).  
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